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Summary

A growing interest in the use of thermoplastic composites (TPCs) in high-performance components
is seen over the past decades, due to their numerous advantages compared to the widely used ther-
moset composites. These advantages include excellent damage tolerance, high fracture toughness,
resistance to chemicals and solvents, recyclability, and the ability to be manufactured through in-situ
consolidation. TPCs are particularly well-suited for fast automated manufacturing techniques, such
as fusion bonding, which involves the application of heat and pressure. This makes TPCs a superior
choice compared to thermoset composites, which require chemical curing processes to achieve the
final mechanical properties and shape. The curing of thermosets is based on the use of an autoclave
step, which is both expensive and energy-intensive, and requires a significant amount of manual labor.

Laser-assisted fiber placement (LAFP) is a promising manufacturing technique for thermoplastic com-
posites, allowing for out-of-autoclave production and eliminating the need for post-consolidation steps
in an oven, press, or autoclave. In LAFP, thermoplastic carbon fiber tapes are heated above their melt-
ing point using a laser heat source and are then placed into the desired layup by a robot, while being
compressed by a pressure roller to generate intimate contact between the subsequent layers.

Although LAFP has many advantages, the technology is not yet ready for commercial use. One of
the major limitations is the quality of the laminate produced and the degree of consolidation achieved. A
key factor affecting the achieved intimate contact is the processing viscosity of the thermoplastic matrix.
As the material is heated, the thermoplastic matrix softens and its viscosity decreases, making it easier
for the surfaces to create a bond. In addition to temperature and pressure, the degree of crystallinity
plays a crucial role in determining the processing viscosity and thereby affects the mechanisms that
control the consolidation and laminate quality.

Despite extensive research on the polymer crystallization kinetics of thermoplastic materials, numerous
knowledge gaps persist. The crystallization behavior of thermoplastics in fiber-reinforced composites,
particularly in the context of rapid processing conditions in LAFP, has received limited attention in pre-
vious research. The state of crystallinity in rapidly laser-heated TPCs remains unknown, precluding
the accurate determination of the matrix-fiber processing viscosity. This limits the ability to predict the
achieved intimate contact and laminate quality in LAFP, making optimization of the process for indus-
trial applications difficult. The focus of this thesis is therefore on investigating the impact of rapid laser
heating on the crystallization of TPCs.

The experimental research work is divided into two primary phases. The first phase involves the pro-
duction of laser-heated samples using an experimental setup equipped with a vertical cavity surface
emitting laser (VCSEL) unit. During the heating process, a thermal camera is used to measure the sur-
face temperature of the samples in real-time. Two types of samples are produced based on the heating,
to temperatures either completely above or completely below the melting point. The results are used
to establish the correlation between the applied laser input and the achieved sample temperature. The
investigation revealed differences in heating and cooling times and rates, as well as temperature gra-
dients within the sample.

The second phase involves characterizing the samples using various characterization methods. Dif-
ferential scanning calorimetry (DSC) and X-ray diffraction (XRD) are used to study the crystallization
state of the material and calculate the degree of crystallinity. Both the laser-heated samples and the
as-received samples are analyzed to provide a comparative baseline. An increase in crystallinity is
observed for all laser heated samples, regardless of whether they are heated above or below their
melting temperature (7,,,). For the samples heated below T,,, and S-shaped correlation of the degree
of crystallinity to the surface temperature as well as the heated time are observed. For the samples
heated above T,,, lower levels of crystallinity are obtained compared to the samples heated below T,
and no correlation between the temperature evolution and crystallinity is identified.
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Abbreviations

Nomenclature

Abbreviation Definition

AFP Automated fiber placement

ATP Automated tape placement

CFRP Carbon fiber reinforced polymer

CF/PEEK Carbon fiber reinforced polyether ether ketone

CF/PPS Carbon fiber reinforced polyphenylene sulfide

DOC Degree of crystallinity

DSC Differential scanning calorimetry

IR Infra-red

LAFP Laser-assisted fiber placement

PBT Polybutylene terephthalate

PPS Polyphenylene sulfide

TGA Thermogravimetric analysis

TPC Thermoplastic composite

VCSEL Vertical cavity surface emitting laser

XRD X-ray diffraction

Symbols

Symbol Definition Unit
m Mass [9]
t Time [s]
73 Heating time [s]
te Cooling time [s]
T Temperature [°C]
Ty Degradation temperature [°C]
T, Glass transition temperature [°C]
T Melting temperature [°C]
T Equilibrium melting temperature [°C]
Th Heating rate [°Cls]
T, Heating rate [°Cls]
Vi Fiber volume fraction [-]
Wy Fiber weight fraction [-]
X, Degree of crystallinity [%]
AH, Enthalpy of cold-crystallization [J/a]
AH,, Enthalpy of melting [J/a]
AH¢ 100% Enthalpy of fusion of 100% crystalline material [J/g]
p Density [kg/m?]
Pm Matrix density [kg/m?]
pf Fiber density [kg/m?]
1 Viscosity [Pa.s]
T1/2 Crystallization half-time [s]
20 Bragg angle [°]




Introduction

1.1. Background

The trend seen for technological innovations in the manufacturing industry is to make components
lighter and stronger and processes faster and cheaper. These efforts have led to the successful imple-
mentation of composite materials such as continuous carbon fiber reinforced polymers (CFRP). Over
the past decades, CFRPs have been increasingly used as a replacement for metals in structural and
load-carrying components in aerospace, automotive, marine and wind applications. The main advan-
tage of CFRPs is their high specific strength and stiffness, resulting in a reduction of structural weight.
Additionally, they offer excellent durability and fatigue resistance, and a high chemical corrosion and
wear resistance. Due to their great design flexibility and high anisotropy, complex optimized designs
with tailored properties can be created, reducing the number of components in a part. These properties
do not only result in weight reduction and strength increase, but also an extended lifetime of produced
parts [1][2][3].

The two types of polymers used as matrix materials in structural composites are thermosets and ther-
moplastics. The fundamental difference between the two is their chemical microstructure. Thermosets
form a rigid structure held together by strong chemical bonds referred to as cross-links, while thermo-
plastics consist of flexible structure held together by weak intermolecular forces and entanglements
[4]. As a result they behave differently when exposed to heat, affecting their processing and the prop-
erties of the final product. At the moment, thermoset polymers are the preferred matrix material in
high-performance structural applications.

The rigid thermoset is created from a viscous resin through an hardening process, referred to as cur-
ing. After curing, a cross-linked network is formed, making the structure of the polymer fixed and the
cure process thermally and mechanically irreversible [5]. An advantage of thermosets is their low pro-
cessing viscosity prior to curing, leading to high fiber volumes achievable in thermoset composites. In
combination with their attractive properties, such as high thermal resistance and minimal compressive
creep, this makes thermosets the currently preferred matrix material in high-performance structural ap-
plications.

On the downside, thermosets cannot be reshaped and offer limited recyclability after the completion
of the curing process, due to the formed cross-links. Additionally, long production and curing cycles are
required for structural parts, needed to achieve the desired composite microstructure and mechanical
properties. Current manufacturing processes for thermoset composites rely on an autoclave step to
cure the thermoset polymer, which is an expensive step due to the high amount of energy, time and
manual labor involved [4].

A promising material able to overcome the need of a curing step and thereby achieve shorter cycle times
are thermoplastic composites. Composite thermoplastic resins consist of long linear flexible chains
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held together by entanglements and weak van der Waals forces, making the melting and solidification
process reversible. The processing of thermoplastic prepreg composites is achieved through fusion
bonding, during which heat and pressure are applied and polymer chains diffuse across the bound-
aries of the interfaces to form a bond. As a result, both solidification and consolidation are achieved
in a single step, referred to as in-situ consolidation [4], and the need for a separate autoclave curing
step is eliminated. Additionally, thermoplastics have a high impact resistance and excellent fracture
toughness due to their flexible structure.

A number of disadvantages are related to the processing of thermoplastics. Due to the high pro-
cessing viscosity and temperature of thermoplastics, they cannot be used in liquid composite moulding
processes, currently widely used to produce large structural thermoset components [4]. Additionally,
the lack of tack and drape of thermoplastic composite prepregs increases the generation of defects.
Especially out-of-plane buckling is observed, as the lack of tack decreases the strength of the attach-
ment of the prepreg to the substrate [3][6].

So far, thermoplastic composites have been mainly used for the production of small structural com-
ponents and substructures, such as the inboard leading edge of the Airbus A380 and the floor panels
of various aircraft, including the Airbus Beluga transport aircraft or the Gulfstream G400 and G500
business jets [7]. The size of these parts and the production rates achieved are still very low in com-
parison with thermosets. This makes the product development of thermoplastic composites expensive
and time consuming, and the possibility of further (large-scale) applications of the technology limited.
With a deeper understanding of the materials and processes at a fundamental level, thermoplastics do
have the potential to be a more cost-effective alternative to thermosets and provide higher production
rates with more sustainable resources [8].

In order to achieve the higher production rates driven by the growing global demand for composite
parts, not only the right material is needed, but also a suitable combination with a production process.
The production volumes of structural composites are currently limited due to two main reasons. Firstly,
a great amount of manual labor is involved in the layup and curing process of composite parts, espe-
cially for large structures used in the aerospace, marine or wind energy industry. Secondly, long curing
times, usually using an autoclave, are associated to the use of thermoset polymers [1].

These limitations have resulted in the development of automated manufacturing processes, de-
creasing the amount of manual labor throughout the manufacturing process, and the development of
thermoplastic matrix materials, eliminating many disadvantages related to thermosets and providing
the option of out-of-autoclave (OOA) in-situ consolidation and welding. Both these developments set
out to contribute to the increase of production volume, but currently still lack in maturity to achieve the
same level of quality as thermoset autoclave-cured parts.

A promising manufacturing method combining automated lay-up, in-situ consolidation and the use of
thermoplastics is Laser-Assisted Fiber Placement (LAFP). The method can be classified as additive
manufacturing as it builds a part ply by ply. The thermoplastic composite prepreg tape is heated above
its melting temperature and subsequently compressed by a compaction device. This way the melted
tape is bonded with the previous layer and in-situ consolidation takes place continuously as the part is
built up. With this method the post-consolidation step in an autoclave, oven or press can be omitted
and therewith a potential reduction in cycle time, energy consumption and cost. Thanks to the auto-
mated robotic deposition head supplying the prepreg tapes, optimized structures can be manufactured
by steering fibers and material waste can be reduced by producing near net shape components [9].
For LAFP to be successfully used as a manufacturing technique for large structural components,
a sufficient part quality must be achieved with economically beneficial cycle times, both depending on
the industry of application. The part quality is used as a general term for the combination of desired
end-product properties. Many industries have fixed requirements for the mechanical and structural
properties of the components used, making the part quality an important factor in the development of
thermoplastic composites and LAFP. The part quality depends on various parameters, such as the void
content and the degree of crystallinity. A lower void content is achieved for well consolidated parts with
a high degree of intimate contact between the layers and plays an important role in the final mechani-
cal properties [10]. A higher degree of crystallinity also affects the mechanical properties, such as the
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stiffness and tensile strength [11].

The achieved quality of a part produced with LAFP is linked to a large number of phenomena occur-
ring during the process. Due to the high speed of the process these phenomena are interconnected
and result from the three phases of LAFP: the heating, consolidation and cooling phases. The crys-
tallization mechanisms observed throughout the process are linked to all three phases, making the
understanding of LAFP very complex and currently still limited [9].

1.2. Motivation

So far, full in-situ consolidation, defined as a composite part with less than 1% void content and per-
fect bonding between plies, has not yet been achieved using LAFP. A commonly assumed reason for
this is the insufficient reduction in the thermoplastic viscosity at the rapid heating rates, causing a low
mobility of polymer chains needed to create a bond [12]. As the viscosity of semi-crystalline polymers
is highly influenced by the crystallinity [13], the crystallinity has both a directly affect on the part quality
and properties, as well as indirectly affects the consolidation quality. This makes it highly interesting
to study and better understand the process of crystallization during LAFP, at rapid heating and cooling
rates.

At the moment, the knowledge about the processes taking place within the material before com-
paction is limited, making the prediction of degree of intimate contact and consolidation inaccurate. A
deeper understanding of the crystallization taking place during LAFP is a first step in better understand-
ing the material reaction to the rapid laser heating and improve the accuracy of used models.

1.3. Outline

The aim of this thesis is to contribute to the understanding of the crystallization mechanisms that play a
role during LAFP, by investigating the effect the temperature evolution as a result of the laser heating
phase on development of crystallinity.

Chapter 2 provides a concise version of literature review conducted, which is split up into two main
parts. The first part gives a general overview of the LAFP process and the significance of crystallinity.
The second part delves into the current state of knowledge on polymer crystallinity in more detail. Based
on the literature assessment, the gaps are identified and the research questions and hypotheses are
formulated in Chapter 3. Chapter 4 presents the methodology used for the research, and describes the
experimental set-up, used material and characterization methods employed. The temperature mea-
surement results are presented in Chapter 5, and the effect of laser heating on the temperature evo-
lution in the tape is discussed. In Chapter 6, the crystallinity characterization results are shown and a
thorough discussion on the effect of temperature evolution on the degree of crystallinity provided. Fi-
nally, in Chapter 7 the research is concluded and recommendations for the direction of further research
presented.



Literature review

In order to identify the state-of-the-art and gaps in knowledge about the LAFP process and specifically
the crystallinity of samples produced using LAFP, a background literature study is performed. In this
chapter a concise version of the literature review is presented, containing the general background
information about LAFP and further focusing on the main phenomena of polymer crystallization.

First, the working principle of LAFP is presented in Section 2.1. The following topics are discussed in
this section: the process phases, the process variables and the parameters affecting the final laminate
quality. The second section of the literature review focuses on the crystallization process of polymers
and reviews the available literature about polymer crystallinity studied during LAFP or similar processes.

2.1. Laser-assisted fiber placement

Laser-assisted fiber placement (LAFP) is a manufacturing technique based on automated fiber place-
ment (AFP) technology. This process allows for in-situ out-of-autoclave consolidation, occurring dy-
namically as the tape or laminate are in motion with respect to the heating and consolidation device.

The LAFP process was first demonstrated in the late 1980s by Beyeler et al. [14] and has gained
renewed interest in recent years due to its high energy efficiency and precise control of the laser heat-
ing device, as compared to other AFP processes. This allows for efficient and accurate heating of only
specific regions of the material, reducing cycle times and energy consumption, and ultimately reducing
the cost of manufacturing [1].

However, to be competitive in industry, LAFP with in-situ consolidation must be able to achieve part
performance comparable to autoclave-produced parts at feasible process speeds [15]. The feasible
process speed is dependent on the industry of application and cannot be easily quantified. In previous
research a wide range of placement speeds between 10 and 400 mm/s has been studied [16]. So far,
acceptable quality has only been reported for placement speeds up to 100 mm/s, while the feasible
placement speeds for industry are often higher, in the range of 200 to 800 mm/s [17][18].

LAFP consists of three main phases, namely heating, consolidation, and release or cooling, as shown
in Figure 2.1. The process starts with the fiber tow being fed through a deposition head to the surface
of the tool or previous substrate layer. Clamps and rollers are used to guide the tape to the right place
on the tool, achieving a highly precise fiber alignment. A laser heat source is used to heat both the
incoming tow and the substrate, after which the two melted surfaces are brought together at the so-
called nip point and pressure is applied by a compaction device, resulting in intimate contact and a
bond between subsequent layers of the lay-up [1].
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Figure 2.1: Overview of the phases of the LAFP process and related governing mechanisms [19]

Heating

During the heating phase the incoming tape and substrate are continuously heated by the laser at a
rapid rate controlled by the placement speed. The resulting tape and substrate temperature is depen-
dent on the thermal properties of the material, including heat capacity and thermal conductivity, as well
as surface roughness and fiber distribution. The main process variables affecting the temperature are
the laser intensity, incidence angle and distance, the heated spot size, the shadow region, the place-
ment rate and the boundary conditions, such as the tool temperature and material and the ambient
temperature. These variables do not only affect the surface temperature but also the laser energy pen-
etration depth and thereby the heat soak and through-thickness temperature distribution [15].

As no pressure is applied during the heating phase, certain phenomena can be observed. As the
temperature increases in the tape, voids and volatiles in the material are allowed to expand, due to the
release of elastic energy stored in the fibers and the thermal pressure building up in the voids. When
the tape reaches the glass transition temperature (7,;) thermal deconsolidation of the tape takes place,
caused by the melting of the amorphous phase and a decrease in elastic modulus of the thermoplastic.
Thermal deconsolidation is characterized by an increase in tape thickness due to fiber decompaction,
increase in surface roughness and tape waviness and increase in void content [20]. When heated fur-
ther the melting temperature T, is reached, marking the transition of a solid phase into a liquid phase.
If no pressure is applied, the material stays in a severely deconsolidated state above T,,, but out-of-
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Figure 2.3: Mechanism of bond development in LAFP (adapted from [23])

plane deformations are limited as they cannot be structurally supported by the melted polymer. In the
case that the tape is exposed to extremely high temperatures above the degradation temperature (7};)
thermal degradation will occur, resulting in changes in the chemical structure of the material, like chain-
scission, branching and cross-linking, having a negative effect on the performance of the final laminate
[21].

The nip-point is the location where the incoming tape and substrate meet at the end of the heating
phase. As it lies in the shadow region in which the laser beam is blocked by the geometry of the roller
and no longer heats up the tape and substrate, the maximum temperature is reached before the “ac
tual” nip-point at the “visible” nip-point. How much the tape cools between these points depends on a
number of factors, such as the geometry of the roller and tool, the process speed, the composite mate-
rial properties and laser wave length [22]. Additionally, the temperature of the tooling and surrounding
material affect the nip-point temperature through heat transfer.

In the plot in Figure 2.2 a typical temperature distribution is shown. The temperature of the tape
and substrate at the nip-point, but also the related viscosity and crystallinity of the material, are the
input variables for the next phase, the consolidation. Therefore, the heating phase parameters are
determining for the final laminate quality and properties achieved.

The consolidation phase starts at the nip-point, where the incoming heated tape and substrate meet.
At this point pressure is applied by the compaction roller, deforming the tape and substrate to align with
each other and develop intimate contact. This allows the polymer chains to diffuse across the interface
between the layers, referred to as autohesion or healing, and create a bond. Provided the polymer
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chains have enough mobility and sufficient pressure is applied for a sufficient time, the interface be-
tween the substrate and tape completely disappears and a full bond can be obtained. The steps of the
autohesion mechanism of two interfaces is shown in Figure 2.3. Additionally, tape deformations on the
top surface of the tape are flattened by the compaction roller, such as the roughness created by the
deconsolidation process, and the expanded voids are compressed again.

Apart from compression, cooling and solidification take place due to heat dissipation from the tape
to the roller, gradually increasing the viscosity and elastic modulus of the thermoplastic matrix. As a re-
sult, residual stresses are built up in the compressed tape, as it is only locally heated and compressed.
If the temperature drops too fast, the high viscosity can prevent the surfaces from creating intimate con-
tact and the voids from compacting. On the other hand, if the temperature is too high and still above
T,, when the compaction pressure is removed, voids can expand again due to the low viscosity.

The consolidation phase parameters have a direct effect on the degree of intimate contact devel-
oped, but also affects the cooling of the material and thereby final laminate properties such as the
degree of crystallinity (DOC) and void content. It can again be stated that the consolidation phase is
determining for the final laminate quality and properties achieved.

Finally, the pressure is removed as the roller loses contact with the tape. After this the temperature
further decreases and the process of crystallization and thermal and residual stress build-up in the
material continues. The rate at which the material cools is determined by the previous phases and
surrounding temperature of the atmosphere, tool and laminate. The cooling rate strongly affects the
final laminate properties such as the DOC.

LAFP is considered a complex process in terms of the wide range of parameters and mechanisms
occurring. To achieve consistent and high-quality results, the process requires precise control of several
variables, including laser intensity, incidence angle and distance, heated spot size, shadow region,
placement rate, and boundary conditions. Additionally, the process must be optimized for the specific
material and application being used, as the properties of the material and desired end-use requirements
will affect the process parameters and outcome [1].

A summary of the variables affecting the outcomes of the LAFP process can be found in Table 2.1.
They are divided into three main groups, related to the set-up, the material, and the processing, and
will be further discussed in more detail in the following sections.

Table 2.1: Main LAFP variables affecting the outcomes of the process [1][24][20]

Set-up Material Process
Hardware Settings
e Lasertype * Heating intensity * Fiber material e Placement
speed

G;) * Incidence angle * Intensity variation * Resin material * Preheating
5 operations

e Distance from laserto | * Heating spot size ¢ Tape geometry

substrate / tape

5 | = Compaction roller * Compaction force * Fiber volume fraction
° material
_5 * Compaction roller * Compaction roller * Fiber distribution
E shape temperature
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Figure 2.4: Three main LAFP tools: laser heater, compaction roller and tool

Both the choice of material, as well as its specific as-received properties have a big effect on the LAFP
process. Parameters such as DOC, fiber volume content, melting and glass transition temperatures,
thermal conductivity, heat capacity and optical properties can vary for different tapes of the same mate-
rial, as they depend on the way of manufacturing and the thermal history of the composite [25]. Based
on the selected composite material, some of these properties can fixed or limited in range. Additionally,
the geometry of the used tape influences the process, depending on the tape thickness and width, but
also less obvious properties such as the surface roughness.
As laser heating is used, the choice of reinforcement fiber material is limited. The reason for this is that
thermoplastics are optically transparent for the wavelength of laser radiation, and therefore do not heat
up directly from the laser radiation. Carbon fibers are on the other hand highly absorbing, and there-
fore generate heat upon laser radiation, which can further heat up the thermoplastic matrix through
heat conduction [26]. Glass fiber reinforced thermoplastics cannot be used in combination with a laser
heat source, as glass is also transparent to laser irradiation, and are therefore unsuitable for LAFP.
The thermoplastic matrix material used during this thesis is polyphenylene sulfide (PPS), a semicrys-
talline thermoplastic polymer with symmetric rigid backbone consisting of aromatic rings linked by sul-
fides, as shown in Figure 2.4. It exhibits several appealing physical and chemical properties, such as
high thermal stability, excellent flame and chemical resistance and dimensional stability, high modulus
and tensile strength and good friction properties. Compared to other thermoplastics, PPS has a rela-
tively low melting viscosity (200 Pa.s), which makes the material a good choice for products with high
fiber content. Low viscosity also positively affects the degree of intimate contact developed, easing the
material flow at the layer interfaces [21]. The T, of PPS lies at around 90°C and melting occurs at a
T,, of around 285°C [27] [28] [29] [30]. In combination with reinforcement fiber, carbon fiber reinforced
polyphenylene sulfide (CF/PPS) is a perfect material for thermoplastic structural components. To date,
PPS composites (both carbon and glass fiber reinforced) have been used mainly in aircraft structural
applications, such as in wing structures of the Airbus A340-500/600 [31] [32].

In Figure 2.4 the tools used in a LAFP configuration are shown. Three main tools are needed: a heat-
ing device, specifically a laser, a compaction device, often in the form of a roller, and a tool or mould
defining the shape of the final part. All three components will be discussed in this section in more detail.

Using a laser heating device as heat source has multiple advantages. Compared to alternatives, such
as a hot gas torch or IR (infra-red) devices, lasers provide the highest heating efficiency with shortest
response time. These have an effect on the placement velocity, allowing not only extremely fast tape
placement, but also large variations in placement speed useful in complex geometries. Additionally,
lasers provide a high energy density that can be localized to a precise region, providing focused con-
trolled heating. As a result, the induced stresses and material damage can be minimized. On the
downside, lasers are expensive and require strict safety precautions and equipment. Laser heating
systems are typically large, limiting the complexity of the parts produced [33] [14].

The thermal state achieved by laser irradiation heating is determined by the optical properties of the
composite material, governed by the absorption and scattering characteristics of its individual compo-
nents and its structural arrangement. Since thermoplastics are optically transparent to the wavelength
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of laser radiation, the heat absorption is entirely controlled by the reinforcement fibers. The laser light
is either directly absorbed by the carbon fibers on the surface of a heated sample, or scattered and
absorbed by the neighboring fibers. Due to the structure of composites, almost complete absorption
can be achieved in the first few fiber layers, leading to a high amount of energy concentrated at the
surface. This results in steep temperature gradients observed in laser-heated composites [34].

Based on different studies, three main laser parameters influencing the quality of the LAFP produced
laminate have been indicated. These are the laser power, laser angle, and laser spot size (controlled by
both the laser settings as well as distance between laser and substrate). With different combinations of
these parameters, an endless variety of heating profiles in terms of size and shape can be obtained [35].

The primary function of the compaction roller is to control the placement of the fibers or tapes and
apply a force pressing the melted layers together, resulting in development of intimate contact and sup-
pressing of voids. A secondary function of the roller is the cooling of the substrate after melting. The
temperature and material of the roller affect the heat dissipation from the tape. The final layup quality is
affected by the stiffness and architecture of the rollers, determining among others the applied pressure,
time of consolidation, cooling rate and casted shadow prior to the nip point [1].

As thermoplastics are processed at high melting temperatures the compaction roller must be able
to sustain these temperatures as well. For this reason, steel is the most commonly used material for
rollers, however silicone rollers have been used as well on more complex shapes [1]. Different types of
roller geometries are available, ranging from the simplest single roller set-up to more complex multiple
roller systems and area compactors. Systems with a single roller can potentially suffer from higher void
contents, mostly seen in the last layers of the laminate. This can be avoided by using a set-up with
multiple rollers or adding a repetitive pass [33].

The term tool is used in LAFP for the surface or mold the lay-up is placed on. Tool material and
temperature are the main two factors affecting the process outcome, as they influence the heat transfer
in the tape. Depending on the tool material and temperature, a certain amount of heat can dissipate
from the substrate to the tool. To control the temperature of the tool, heated tools are used. The
maximum temperature of the tool is usually below the T, of the laid down tape. This ensures the
amorphous part of the compacted tape stays in the glassy state and prevents unwanted changes in the
microstructure [26]. The effect of the tool material and temperature is more visible for thin laminates.
For thicker laminates only the lower layers are affected by the tool.

In addition to the above discussed hardware selection, the speed of the process is a key factor affect-
ing the final laminate properties. To achieve full bond development between the layers, sufficient dwell
times above the bond development temperature in combination with ample consolidation pressure are
required. This means the laser does not only have to provide enough heat to the surface but also
enough heat soak, defining how well the material can retain the high temperature. The process speed
directly affects the the time available for heating, and thereby the heat soak. For higher process speeds,
a reduction in heat soak is observed, resulting in faster cooling during the consolidation and release
phase. The increase in cooling rate negatively affects the development of intimate contact and limit the
crystallization process [16].

Some of the most important parameters affected by the process variables are the heating and cooling
rate. The achieved rates depend on all three categories, as they are the result of the selected material
and its properties, the laser heater settings, the compaction roller, tool and ambient temperatures, and
the placement speed.

The typical heating and cooling rates for LAFP are determined based on the experimental work
performed by Comer et al. [17] and Stokes-Griffin and Compston [16], both done using carbon fiber
reinforced polyether ether ketone (CF/PEEK). Comer et al. analyzed the temperature distribution during
processing with a placement speed of 133 mm/s and a laser power that resulted in a top surface
temperature of 420°C. Under these conditions, they observed heating rates of approximately 440°C/s
and cooling rates of 430°C/s during the consolidation phase and 124°C/s during the release phase.
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Stokes-Griffin and Compston a laser power of 745W at a speed of 100 mm/s, resulting in a heating
rate of 2150°C/s for the placed tape and 900°C/s for the substrate, and a cooling rate of 250°C/s. The
temperature profile they obtained is illustrated in Figure 2.2.

In conclusion, a wide range of heating and cooling rates are relevant for LAFP. Still, the heating and
cooling rates extensively studied in literature are significantly lower compared to the rates reported by
Comer et al. [17] and Stokes-Griffin and Compston [16]. This could have a significant impact on the
observed phenomena and process outcomes. As a result, the findings from studies conducted at lower
rates cannot be directly applied to LAFP.

The term "laminate quality” refers to the overall mechanical performance of a laminate, which is deter-
mined by various physical parameters, including the void content and the DOC. High DOC and low void
contents are considered favorable as they result in enhanced mechanical properties, such as increased
stiffness, shear strength, and tensile strength. Numerous studies have documented the effect of LAFP
processing on these parameters and their impact on the laminate’s mechanical behavior [31][11][36].

Thermal deconsolidation is a crucial process that occurs in fiber-reinforced thermoplastic composites,
when heated above their glass transition temperature without the application of pressure. As such, it
has a significant impact on the achieved laminate quality during LAFP, specifically during the heating
phase. During thermal deconsolidation, the matrix becomes soft, allowing the fiber reinforcement to
decompact and realign, and the resin to migrate. This can lead to meso-structural disintegration and a
reduction in mechanical properties of initially well-consolidated composites. The changes observed in
the meso-structure include void formation, delamination, buckling and surface roughening [37].

The driving forces behind the deconsolidation originate during the manufacturing of the sample.
To produce a composite prepreg sheet, external load is applied to compact and compress the fibers,
squeeze air and resin out, suppress voids, and increase the fiber volume fraction. During this process
elastic energy is stored in the fibers in the form of residual stress. This energy is released as the ther-
moplastic resin softens when above T, resulting in the decompaction of the fiber bed. As stated by Ye
et al., the release of elastic energy is considered as the dominant force driving the void growth during
deconsolidation [38].

Brezeski and Mitschang summarize the main causes affecting deconsolidation based on literature in
four points. These are the decompaction of the fiber reinforcement network due to the release of resid-
ual stresses, the thermal expansion of the matrix due to viscoelastic behavior, the expansion of voids
due to thermal expansion and internal void pressure and the shrinkage and coalescence of smaller
voids into larger voids due to surface tension [39].

Deconsolidation for rapid heating rates, as observed during LAFP, has been studied by Celik et
al. Significant changes in the micro- and meso-structure of the tape for heating times of as little as
0.2 and 0.8 seconds are observed, confirming that rapid laser heating also results in deconsolidation.
The changes observed include increases in surface roughness, out-of-plane deformation, width, void
content and thickness [15].

Bussink studied three different levels of deconsolidation: as-received samples, slight deconsoli-
dated samples heated to temperatures between 7, and T;,,, and highly deconsolidated samples heated
above T,,. A small increase in surface roughness was found between the as-received and slightly de-
consolidated sample. For the highly deconsolidated sample a severe increase in roughness was ob-
served, while a more gradual increase was observed for the void content and waviness of the sample
[40].

Currently one of the biggest challenges regarding the quality of in-situ consolidated LAFP laminates
is their high void content. The voids can either develop and grow as a reaction to the heating of the
tape or already be present in the initial tape. Based on the location of the voids in a laminate, they can
be split into interlaminar voids between the plies or intralaminar voids within a ply. The intralaminar
voids are related to the void content in the initial tape. As the quality of the raw thermoplastic materials
has increased over the past years, this type of void content has been almost completely eliminated
[19]. The interlaminar voids are on the contrary still strongly present in LAFP laminates and caused
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by insufficient bond quality between the tape and substrate [17][1]. So far, a minimum void content
of 1.4% achieved for placement speeds of 133mm/s has been reported by Comer et al. [17], and an
increase in reported void content is observed as the studied placement speeds increase. To put this
value into perspective, the void content acceptance criterion set for aerospace applications is 1% for
primary load-carrying structures [41].

The interlaminar physical properties of the laminate are related directly to the quality of the bond be-
tween subsequent layers. Among the first to describe the bond mechanism of thermoplastic composites
were Dara and Loos, who divided the process into two steps: the creation of intimate contact followed
by adhesion, as shown earlier in Figure 2.3. The prerequisites for autohesion to take place are a ran-
dom entangled chain network and macromolecules able to move within the bulk material. The strength
of the bond is a function of three processing parameters: applied pressure, temperature and time of
contact [42].

During the first step of the bonding process intimate contact is established, which is necessary for
the subsequent autohesion to take place. During this step, at temperatures above T localized de-
formations occur making the bonding surfaces fit on macroscopic level. The strength of the bond is
then developed during the next autohesion step. As a result of the increased molecular free volume
at temperatures above T, the polymer chains can move freely and diffuse across the interface. At
long contact times, in combination with the right pressure and temperature applied, the increase in
penetration depth of diffusing chains results in complete interfacial diffusion and the interface no longer
detectable in the bulk material [42].

Mantel and Springer present a simplified expression for the degree of bonding shown in Eq. 2.1,
where D, is the degree of intimate contact and D,;, the degree of autohesion [43]. As a simplification,
instantaneous autohesion is often assumed, as its completion is two orders of magnitude faster as
compared to the development of intimate contact [23]. In other words, the degree of intimate contact
can be considered to be the main parameter used to quantify the bond quality.

Db = DicDah ~ Dv(' (21)

Several models have been proposed for the intimate contact development, most of which are based
on the transverse squeeze flow of surface asperities. In these models it is assumed that the flattening
of the surface asperities is the governing mechanism behind the intimate contact development. As the
surface asperities are squeezed they increase in width and the distance between them decreases until
the point where they touch and full intimate contact can be obtained. These models suggest that other
mechanisms, such as percolation flow and fiber bed compaction can be neglected [19]. In squeeze
flow models, the surface asperities are modeled as rectangles. In Figure 2.5 the most simple surface
geometry representation is shown, with uniform asperity dimensions. With this model the intimate
contact can be rewritten as shown in Eq. 2.2 [19], where ag, by and wq are the initial height, width and
gap between in the asperities respectively and «(t) and b(¢) are the height and width of the asperities
varying over time. The two forms of the equation are related through the fact that the volume of the
asperities remains constant and agby = a(t)b(¢).

) ao/a(t)
Die = bo +wo 1 + wo/bo (2.2)

Apart from a representation of the surface geometry, the inputs needed to determine b(¢) and calculate
the intimate contact are the applied pressure (indicated in Fig. 2.5 with the letter P) and the material
viscosity of the fiber-matrix. The equation used by Mantel and Springer used for this can be found in
Equation 2.3 [43]. The newly introduced variables in this equation are the applied pressure P,,,,, fiber
matrix viscosity ufm and the contact time t. during which pressure is applied. This equation shows
the dependence of the achieved degree of intimate contact on the time-dependent viscosity.

D;. = lw 1+5<1+>< )/ ‘W’dt
1+ 3 bo bo M f
o s (2.3)
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In recent studies it was shown that only relying on the squeeze flow mechanism for the determination
on intimate contact is not sufficient, and through-thickness percolation flow plays an important role as
well [19][44]. During LAFP the surface of the tapes is rapidly heated prior to the pressure application,
making deconsolidation of the material unavoidable. As a result of deconsolidation, a local increase
in intralaminar void content and a rough and fiber rich surface are obtained. The intimate contact
development in fiber rich areas cannot be explained by the squeeze flow, as resin infiltration is needed.
Through percolation flow, the resin can permeate towards the surface and wet the dry fibers, in order to
enable intimate contact development. According to the results of an experimental analysis presented
by Kok [19], his intimate contact model based on percolation flow is better capable of predicting the
results for various LAFP process settings than the previously available models based on squeeze flow.

The relation used by Kok is shown in Equation 2.4, where z;,,,,, is the depth of the dry fiber bed
that can be impregnated. To determine the value of z;,,, Kok derived a governing partial differential
equation, with the following input variables: the fiber volume content, the matrix viscosity, and the
permeability of the fiber bed and fiber bed compaction stress, which are both a function of fiber volume
content. As the fiber-matrix volume is a function of both the matrix viscosity and fiber volume content, it
can be stated that the fiber-matrix viscosity is again the key parameter affecting the degree of intimate
contact obtained. As the viscosity and fiber volume content decrease, the value of z;,,, increases and
higher degrees of intimate contact can be achieved.

Do = 42.81#”% (2.4)

Figure 2.5: Rectangular asperity elements considered for the squeeze flow modeling of surface roughness flattening and
intimate contact development [23]

4| g - %

Figure 2.6: Percolation flow of a molten resin through a fiber bed [19]

For both intimate contact models discussed, viscosity is the key input variables. The viscosity used is
either the pure matrix viscosity, reasoned by the fact that the asperity size is smaller than the diame-
ter of fibers [40], or fiber-matrix viscosity. To determine the fiber-matrix viscosity a range of different
methods can be used, resulting in a range of viscosity values presented in literature. For example for
CF/PEEK composites, the values reported are found to differ by up to 2 orders of magnitude [40]. In
Figure 2.7 the variation between different models used in literature is plotted [19].
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Figure 2.7: Fiber-matrix viscosity of CF/PEEK and PEEK as a function of temperature, reported by different researchers [19]

Experimentally, the viscosity can be determined using different methods, such as off-centered rheol-
ogy, picture-frame experiments, fiber pull-out set-up or squeeze flow method [40]. However, the listed
methods are not suitable to experimentally measure the viscosity during LAFP.

Alternatively, the viscosity can be determined numerically, using an Arrhenius type equation as
shown in Eq. 2.5, expressing the viscosity as a function of temperature. In this equation ¢, and ¢,
are parameters used to fit the model to experimental results and T is the absolute temperature [19].
The difficulty in using this model is the determination of the experimental parameters, as well as the
measurement of the temperate during the LAFP process.

1o(T) = cpeap®/) (2.5)

Eq. 2.5 describes the increase of viscosity as a function of decreasing temperature. However, in addi-
tion to temperature, the applied pressure and the crystallinity of the material also affect their viscosity.
During the consolidation phase of LAFP, shear thinning occurs as pressure is applied. Shear thinning
is a rheological property of thermoplastic polymers, defined by an viscosity decreases with applied
pressure. This is beneficial for processing TPCs and enhances consolidation. During the heating and
release phases of LAFP, no pressure is applied and shear thinning is not relevant [1]. Conversely,
higher viscosity is observed in more crystalline materials, which negatively impacts the processing of
TPCs. For semi-crystalline polymers heated above T}, the mobility of chains in the amorphous phase is
hindered by the crystalline regions, resulting in higher viscosity [45]. Additionally, studies have shown a
memory effect is present some semi-crystalline thermoplastics. Due to this effect, residual metastable
nuclei remain and a significant degree of order is detected at temperatures of far above the 7,,,. For
PPS the memory effect was observed at temperatures of 370°C [46]. The previous crystallinity thus
still has an effect on the viscosity, even above the melting point.

As a result, different viscosity of the thermoplastic matrix in composites can be achieved for the
same temperatures and pressure conditions, depending on the degree of crystallinity and crystalline
morphology [13][47]. Due to the importance of viscosity for the LAFP process, a better prediction of its
values is needed than the one obtained with Eq. 2.5, for which the effect of crystallinity must be taken
into account. In addition to its impact on the processing of thermoplastic composites, crystallinity can
thus also be used to better understand the rheological behavior and viscosity evolution during rapid
temperature-varying processes such as LAFP.

Achieving high levels crystallinity is currently one of the two main challenges of in-situ consolidation tech-
niques, alongside perfect consolidation [48][36]. The crystallinity of a polymer matrix is a key property
that significantly affects the mechanical and physical properties of composite components, including
stiffness, shear strength, tensile strength, fracture toughness, damage tolerance, thermal stability, and
chemical resistance [49][50][51]. The DOC and the size and orientation of crystallites play a crucial
role in determining these properties, making the understanding and control of crystallinity in the poly-
mer matrix crucial for LAFP.
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During LAFP, non-isothermal crystallization is observed due to the continuous variation in temper-
ature. There are several non-isothermal crystallization kinetics that occur during heating and cool-
ing of thermoplastics, including cold-crystallization, melt-crystallization, and recrystallization. Cold-
crystallization occurs when the polymer is heated above T, and crystals form from the polymer chains
in a glassy state. Conversely, melt-crystallization takes place when the material is cooled below T,
from a molten state. Recrystallization occurs as a result of changes in the molecular arrangements, dur-
ing which metastable crystals are transformed into more thermodynamically stable crystal structures
[52]. Additionally, isothermal crystallization may be seen in special cases when keeping the material
at a constant temperature above T,, which can be achieved by for example heating the tool and com-
paction roller [36].

A number of studies have reported the cooling rate to be the primary processing parameter that af-
fects the DOC, crystal size, and shape [53][1]. The crystallinity is found to decrease for higher cooling
rates. As a result, the DOC in laminates produced by LAFP is lower compared to those manufactured
using autoclave or hot-press processes. Ray et al. compared the crystallinity of CF/PEEK composites
manufactured by autoclave and LAFP and reported values of over 40% and 17.2% respectively [54].
To control the cooling rate during LAFP, the temperature of the tooling can be adjusted. Comer et al.
and Chen et al. showed that by increasing the tool temperature and thus decreasing the cooling rate,
a significant increases the DOC can be achieved [55]. Comer et al. showed an increase in DOC from
17.6% to 29% for CF/PEEK (which has a T, of 145°C) when heating the tool from room temperature
to 120°C [17].

Even though numerous studies on the crystallinity of composites manufactured using AFP are avail-
able, the focus has been mainly on the impact of processing conditions, particularly tool temperature,
with limited attention paid to the underlying crystallization kinetics. As a result, the principal cause of the
low crystallinity reported in literature for LAFP manufactured composites remains unknown. Several
hypotheses have been put forth, including fast cooling or insufficient heating, but further research is
necessary to gain a full understanding of the crystallization mechanism and arrive at a definitive con-
clusion [54].

Therefore, the aim of this thesis is to expand the understanding of the crystallization mechanism
and influencing factors during rapid laser heating and subsequent cooling. To provide a strong foun-
dation for the study, the following section will provide a review of the current knowledge on polymer
crystallinity.

2.2. Polymer crystallinity

In this section, the mechanisms and kinetics governing the crystallization process in polymers are intro-
duced. First, a short general introduction about polymer semi-crystallinity is provided. Next, the phase
transitions related to the crystallization are discussed and the relevant knowledge about melting kinet-
ics provided. Finally, an overview of the current knowledge about crystallization kinetics is provided,
and the specific kinetics of non-isothermal melt-, cold- and recrystallization explained.

The PPS matrix of the CF/PPS samples studied during this thesis is a semi-crystalline polymer. This
means its structure consists of both crystalline and amorphous regions. As the amorphous and crys-
talline phases have different physical and mechanical properties, the proportion of these two phases
in the material has a key influence on its properties. To quantify the proportion of the two phases in the
material, the degree of crystallinity X, is defined as shown in Eq. 2.6, where p; is the density of the
whole sample and p, and p. are the densities of a fully amorphous and crystalline polymer respectively.

pe(ps — pa)

X.=
ps (pc - pa)

.100 (2.6)
Properties influenced by the DOC include hardness, strength, chemical resistance, stiffness, optical
clarity, and melting point. The crystalline phase has a positive effect on the stiffness and tensile strength,
whereas the amorphous phase increases the fracture toughness and the ability to absorb impact energy
[56]. For higher DOC in a polymer, both its melting temperature and enthalpy of fusion increase due to



2.2. Polymer crystallinity 15

stronger, more thermally stable intermolecular bonds within the crystalline regions as compared to the
amorphous regions. These bonds require more thermal energy to be overcome [57].

The crystallization process takes place between two phase transitions, namely the glass transition and
melting. At temperatures below the glass-transition temperature T,, the high viscosity results in insuf-
ficient mobility of the polymer chains to move and arrange into crystals. At temperatures above T,,,,
the crystals become unstable and melt. Understanding the effect of the phase transitions and espe-
cially the crystal melting above T;,, is essential in order to later properly analyze the crystallinity of laser
heated samples.

The glass transition is a reversible process of gradual change from a hard and brittle state into a viscous
and rubbery state upon heating and vice versa. Below the T} the chains of the amorphous materials
are frozen in place and behave like solid glass. Above the T, the chains gain more flexibility and the
semi-crystalline material softens. Fully fluid behavior is not achieved, as the crystalline raction remain
stable below T, preventing the material from flowing [56].

The glass transition temperature is not a fixed material property and depends on the packing of the
polymer molecules and chains. The transition is a result of free volume available around the polymer
chains. In the crystalline phase the space is minimized due to the optimization of all the intermolecu-
lar forces, while in an amorphous solid there is more free volume available [35]. It can therefore be
concluded that the T, increases with an increasing DOC. Other factors increasing the T, are higher
molecular weight, stiffer molecular backbone, chain symmetry and the presence of polar groups. Dur-
ing processing, a fast rate of cooling, resulting in a lower DOC, and the addition of additives, such as
plasticizers, both decrease the T} [58][59].

Above the melting temperature T,,, the crystalline regions gain sufficient energy to move around freely
in the form of a viscous fluid also known as melt. The thermoplastic melt can be processed and formed
into desired shapes and structures [56] [60]. The ideal melting can be considered as the reverse pro-
cess to crystallization, describing the transition between the fully entangled equilibrium melt and ideal
fully extended chain crystals. In reality, metastable states exist in between the ideal melt and crys-
tal. In the metastable crystalline phase small crystals (nucleus or embryo) or chain-folded crystals can
be seen, in the form of a randomly coiled or a locally ordered melt. The ideal melt is only achieved
after the equilibrium melting temperature T, is reached. T,,, is the melting point of a completely
crystalline polymers with all crystals in the extended chain conformation. In practice this means that
above T,,, no crystals remain, as both the folded and extended chain crystals melt, and an ideal melt
is obtained. Below 7, local order in the amorphous phase of the polymer remains and the polymer is
in a metastable form [61]. Whether a sample has been cooled above T,,,, has a direct influence on the
melt-crystallization during subsequent cooling [46].

Vice-versa, the melting process is also highly dependent on the thermal history of the crystallization
process. During crystallization upon cooling from a melt, randomly coiled entangled molecules form
either an amorphous or crystalline phase, determining the DOC and affecting the melting temperature.
The molecules in the crystalline phase can adopt an extended chain macro-conformation in equilibrium
state or form a folded chain crystal in non-equilibrium. The proportion of the different crystal confor-
mations also affects the melting temperature [62]. Generally, polymers crystallize in a chain folded
fashion upon cooling, because the energy required to unfold the polymer chain is greater than the en-
ergy gained by folding the chain back into a compact form. When heated, the chain-folded crystallites
can reorganize into more-stable extended states [63].

The complex melting behaviour of chain folded crystals has been studied by Toda et al., who identified
three characteristic phenomena:

* Firstly, a broad melting temperature range is seen, caused by the varying T,, of the different
crystal conformations in the polymer.

» Secondly, melting occurs in parallel with recrystallization and reorganization. Recrystallization is
defined as the crystallization of molten crystals into a more stable state. The chain-folded crystals
are metastable and melt at a lower temperature compared to the more-stable extended-chain
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crystals. This allows them to melt and subsequently recrystallize before reaching the equilibrium
melting temperature of the extended-chain crystals. This melting, recrystallization and remelting
behavior is another reason for the broad melting temperature range.

The third phenomenon is the superheating-dependent melting kinetics. Superheating is the term
used to describe the shift of the melting temperature to higher values for fast heating rates. At
these rates the polymer crystals are subjected to temperatures exceeding their melting point, yet
remain in a solid state due to the rapid rate of heating, which exceeds the rate of heat transfer
within the material leading to deformation rather than complete melting of the polymer crystals
[48][64]. As a result, a superheated liquid state in which the polymer chains are partially melted
and partially ordered is obtained [65]. This behavior is explained by a so-called kinetic barrier,
created by the melting and recrystallization acting in opposite direction and thereby competing
against each other [66][63].

In summary, melting occurs over a wide range of temperatures and the on- and offset of this range
depend on the heating rate applied. The dependency of the melting temperature range on the heating
rate is demonstrated in Figure 2.8.
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Figure 2.8: Normalized endothermic melting peaks for heating rates from 1 to 4000 K/s [63]

An interesting phenomenon seen during melting and greatly affecting the crystallization kinetics is the
so-called “memory effect”. This effect refers to the metastable crystalline phase that remains in the
melt prior to reaching an ideal fully molten state. These metastable phases are ordered domains in the
melt, serving as a memory of the previous solid-state structure and morphology, and act as nuclei for
the following crystallization, speeding up this process. The size and amount of these ordered regions
in the melt depends on multiple parameters, specifically the thermal history, initial DOC and stresses
imposed on the liquid polymer [67]. The full dissolution of these ordered regions is referred to as melt
relaxation.

Specifically for PPS, its rigid backbone with phenyl groups restricts the mobility of the chains and slows
down their relaxation, resulting in stronger effects of thermal history compared to flexible polymers. It is
therefore an ideal material to study the memory effect experimentally on and has been used extensively
to characterize the relationship between thermal history and crystallization.

D’llario et al. studied the isothermal crystallization as a function of the temperature and time of
dwell in the melt state. They found that with increasing the temperature and dwell time, the rate of
crystallization decreased, but did not reach a plateau even above TmO when all predetermined nuclei
were destroyed completely. This suggests that for rigid polymers like PPS, the memory effect cannot
be erased completely [67].

Finally, Yan et al. have come up with new insights into the memory effect of PPS. They studied the
melting and subsequent crystallization behavior of powder PPS, which consist of folded- and extended-
chain crystals. Due to the different crystal morphologies, two melting peaks are observed. Therefore,
the folded-chain crystals are eliminated completely at their Tm of 350°C, while extended-chain crystals
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remain in the material until 370°C. The fact that the memory effect is still active after long dwell times
at 370°C is explained by the slow melting relaxation of rigid polymers. During melting, the crystals
first undergo a fast conformational change from lamellar structure to an amorphous cluster. This is
followed by a slower topological change from large clusters to random coils with saturated entanglement
concentration. The longer the melting dwell time, the more time the material has to disentangle and form
into an equilibrium topological state with low entanglement density. The time needed for this melting
relaxation including the development of ordered regions to occur is very large for rigid polymers due to
their low chain mobility, which is the reason why the decrease in crystallization rate does not level off
[46].

The long times needed for the memory effect to be erased in PPS suggest that during LAFP thermal
history will have a big impact on crystallization and material performance. However, as the memory
effect has never been studied under rapid processing conditions, the extent of the melting relaxation
at extremely short dwell times is unknown.

The crystallization process can be split up into two phenomena occurring: an initial nucleation step
followed by a growth process. Nucleation is the initial process of the formation of a crystal, possible in
polymer melts below the thermodynamic melting temperature. During crystal growth the pre-existing
nuclei increasing in size, forming crystal structures. The growth continues until full impingement is
reached, as long as the sample stays within the crystallization temperature range, characteristic of
each material [68]. Polymers are able to crystallize at a temperature range extending from about 30°C
above T, to about 10°C below T;,. The crystallization window for PPS is one of the most extensive
ones reported for any polymer thus far. Lovinger et al. reported a crystallization temperature range of
100-280°C [69], while Zhao et al. determined the range to be 87-270°C [36].

The overall crystallization rate is governed by the system’s enthalpy and entropy balance. The en-
ergy required to form new crystalline regions is represented by an increase in enthalpy. The reduction
of disorder, on the other hand, increases entropy, resulting in the release of energy in the form of an
enthalpy. Crystal growth can occur if the decrease in enthalpy achieved by increasing order is greater
than the increase in enthalpy required for crystal formation [70].

Nucleation can be either homogenous or heterogenous. During homogenous crystallization small
regions of the crystalline phase in the pure supercooled melt are formed by the polymer chains them-
selves. Heterogenous nucleation is the formation of crystalline regions on or near surfaces of het-
erogeneities in the polymer, such as fillers, reinforcing materials or nucleating agents, but also the
processing tools or laboratory equipment. During processes like LAFP we therefore speak of heteroge-
nous nucleation [62][71].

Crystal growth occurs after nucleation and involves the expansion and refinement of the nuclei into
larger crystallites. This stage is characterized by the gradual ordering and alignment of the polymer
chains into a crystalline structure, increasing both the size and mass of the crystalline regions. The
crystal growth kinetics consist of two processes: primary and secondary crystallization. Primary crystal-
lization occurs directly after nucleation, as the nuclei begin to grow into spherulites that expand radially.
Secondary crystallization occurs as the existing crystallites continue to thicken and refine. The rate
of these two processes differs, as the primary crystallization is faster and follows the Avrami equation,
and secondary crystallization occurs at a slower rate and shows a square root time dependency [72].
The basic form of the Avrami equation is given in Eq. 2.7, where (X (¢) is the degree of crystallinity, ¢
the crystallization time, £ a crystallization rate constant, and n the Avrami exponent [1].

X(t) =1— exp[—kt"] (2.7)

Crystallization can occur under either isothermal or non-isothermal conditions. Studies on crystalliza-
tion kinetics often start by considering experiments performed under isothermal conditions. This pro-
vides idealized constant crystallization conditions, where cooling rates and thermal gradients can be
neglected. Additionally, when studying isothermal crystallization experimentally problems due to in-
strumental lag and thermal gradients within the sample are also limited. However, industrial processes,
including LAFP, often take place under continuously changing external conditions, making the non-
isothermal crystallization process more complex, which is why the focus of this thesis will be on non-
istothermal crystallization behavior [73].
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Crystal nucleation often occurs around well-defined foreign bodies. These vary from processing and
laboratory tools, such as moulds or DSC pans, to internal objects, such as fillers or reinforcing materi-
als. In some cases, specific substances are added with the purpose to promote intense homogenous
nucleation, referred to as nucleating agents. As a result, an increase in crystallization rate and crys-
tallization temperature as well as a decrease in crystal size is generally observed [74]. Whether these
geometries induce crystallization is determined by the competition between heterogenous nucleation in
the bulk polymer and on the geometry surface [69]. In the case of a high density of active nuclei on the
surface of a fiber, full extension of the spherulites is hindered and crystal growth is forced in perpendicu-
lar direction. Such growth results in a layer of column-shaped crystals, known as transcrystallinity [27].
Transcrystallinity is found to positively affect the mechanical properties of composites. An increase in
interfacial bond strength between fiber and matrix is observed. This effect is most profound for low fiber
volume contents, as there is more space between the fibers for large transcrystalline regions to form
[27][75].

Due to the reduced and often relatively small percentage of matrix polymer in composites it can
be assumed that the crystallization behavior of PPS within a composite shows differences from that of
the neat polymer. Additionally, fillers are often added to the matrix by the composite manufacturer to
improve processing speed, dimensional stability, and physical properties, further changing the crystal-
lization behavior compared to the neat polymer.

The three main types of non-isothermal crystallization are shown in Figure 2.9 [52]. Melt-crystallization
is observed when a polymer is cooled from a molten state, whereas cold- and recystallization are
obtained from the glassy state.

The process of melt-crystallization involves the transformation of polymer chains from a disordered
state in the melted form to an ordered and periodic structure. The long polymer chains must untangle
and fold upon themselves during this process, leading to the formation of the crystal phase. The result
of this process is a decrease in conformational entropy due to the decreased flexibility and reduced
movement of the polymer molecules. The slow crystallization process in polymers compared to mate-
rials with lower molecular weights, such as metals, can be attributed to the higher entropy losses due
to the complex polymer chains [70].

The cooling rate is considered to be one of the main factors affecting melt-crystallization. During
the melt-crystallization process, the release of energy results in an exothermic heat flow peak. As the
cooling rate increases, this peak shifts towards lower temperatures, and the enthalpy of crystallization,
equal to the area under the peak, decreases, leading to lower degrees of crystallinity.

The crystallization behavior is highly dependent on the type of polymer. For slow crystallizing poly-
mers with rigid chains and bulky side groups, rapid cooling can result in a supercooled liquid state,
where the polymer remains in a disordered and amorphous form instead of crystallizing. This state
can only be crystallized by subsequent heating above its T, [62]. On the other hand, for polymers with
highly flexible molecular chains, avoiding crystallization is not possible.

PPS belongs to the slow crystallizing polymers due to its symmetric rigid backbone. In different
studies a critical cooling rate of 20-30°C/s has been found, above which no crystallinity develops [30]
[76]. However, as additives are often added to the PPS matrix in composites and the ability to crys-
tallize is also affected by the heterogeneities in the material, this value could vary per sample studied.
For instance, a DOC of 20% was reached for CF/PPS composites using an experimental LAFP set-up
at a placement speed of 100mm/s in study conducted by Zhao et al. [36], despite the fact that typical
cooling rates exceed 100°C/s for such placement speeds [17].
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Figure 2.9: Schematic representation of the three types of non-isothermal crystallization of polymers [52]

Cold-crystallization occurs above T, as the molecules in the glassy state gain more freedom to move
and organize into more stable crystalline structures during heating. For low heating rates, the metastable
crystals can undergo further structural changes into stable structures during heating, called recrystal-
lization.

The enthalpy of cold-crystallization can be used to quantify the amount of nuclei present in the ma-
terial before heating. Whether cold-crystallization occurs depends on the number of nuclei and the
time for growth. The first is affected by the thermal history and previous cooling rates applied to the
material. The second is affected by the heating rate, and whether the sample spends sufficient time
within a temperature range between T, and T, so that the crystallinity can develop [77].

Furushima et al. have studied the effect of previous cooling rate and heating rate on the cold-
crystallization enthalpy AH. for polybutylene terephthalate (PBT), showing a general trend observed
amongst others for PPS. The relationship between enthalpy of cold-crystallization and previous cool-
ing rate for different heating rates is shown in Figure 2.10. Above a certain heating rate, the cold-
crystallization can be suppressed due to insufficient time for crystals to grow from the limited number
of heterogenous or homogenous nuclei. On the other hand, for a sufficiently low heating rate the cold-
crystallization is constant independently of the previous cooling rate, as enough time is available for
both nucleation and subsequent crystal growth. The gradual decrease of cold-crystallization enthalpy
with the increase of previous cooling rate is caused by the decrease in the number of nuclei formed
during cooling, that can grow during the following heating process. Above a certain cooling rate, no
nuclei form and thus no cold-crystallization enthalpy is observed during heating for the higher heating
rates [52].

Another observation made by Furushima et al. in their study is the fact that cold-crystallization upon
heating is faster than crystallization upon cooling. This was observed in measurements done with PBT
and talc-PBT, crystallized from a supercooled liquid without preexisting nuclei. They explain this by
the fact that the range for homogenous nucleation lies closer to 7, than to 7}, , meaning that during
cold-crystallization more homogenous nuclei develop at an earlier stage in the crystallization process
and more time is available for these nuclei to grow [52].
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Figure 2.10: Enthalpy of cold-crystallization as function of previous cooling rate from the melt for PBT samples [76]
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Figure 2.11: Schematic description of the progress of melting and recrystallization during heating [52]

Recrystallization is the process of the reorganization of crystals with a low thermal stability into more
stable crystalline structures. With an increase in temperature, energy is provided due to which the
unstable crystals can melt, resulting in an endothermic heat flow peak. Simultaneously, the melted
crystal recrystallize into a more stable crystal structure, resulting in an exothermic heat flow peak. The
combination of melting and recystallization results in an endothermic peak, as can be seen in 2.11 [76].

Similarly to cold-crystallization, the process of recrystallization is affected by the heating rates ap-
plied and the melting temperature of the crystal structures present in the material, a result of the previous
cooling rates applied. The heating rate determines how much time there is for the molten crystals to re-
crystallize before they reach the temperature of the second melting peak. If the melting temperatures
of the original unstable and newly formed stable crystals lies close to each other, double melting peaks
can be observed. The double melting peak can also be observed for fast heating rates [76].

At high heating rates above 10 000°C/s, recrystallization is the fastest process, compared to cold- and
to melt-crystallization. At these rates the crystals that melt at the lower T,,, peak do not have time to fully
disorder and therefore act as nuclei for recrystallization. At slower rates cold-crystallization becomes
the faster process, due to the high number of homogenous nuclei developed at an early stage in the
process [52]. For typical LAFP heating rates, cold-crystallization is thus the predominant crystallization

type.

Important parameters used to describe the crystallization process are the conversion rate and degree
of conversion. The conversion degree is the ratio of the transformed volume or mass to the entire
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volume or mass of the crystallizing polymer. The conversion rate is the increment of the conversion
degree in an infinitely small time interval. The conversion rate is a function of both the rate of formation
of nuclei (above the critical size) and the rate of growth of these nuclei to the final crystalline aggre-
gates, as shown in Figure 2.12 on the left [62]. Due to the location of the nucleation and growth rate
peaks, the total crystallization is faster during heating compared to cooling. This can be explained by
the fact that the range for homogenous nucleation lies closer to 7}, than to 7},, , meaning that during
cold-crystallization more homogenous nuclei develop at an earlier stage in the crystallization process
and more time is available for these nuclei to grow [52][78].

The bell-shape of the curves is given by the increase in viscosity close to T, and decrease in thermo-
dynamic drive close to T, both slowing down the growth rate of crystals [73].
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Figure 2.12: Crystallization rate and degree of crystallinity evolution over time [73][73]
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Figure 2.13: Half-time crystallization of PPS at different isothermal crystallization temperatures [76]

During experimental analysis of the process, additional parameters can be identified. These include the
crystallization half-time 7, /, equal to the time needed to reach half of the final crystallinity, the nucleation
density D equal to the number of nuclei per unit volume, the onset time of crystallization t;, the time
required for the sample to crystallize completely ¢t. and the broadness of the transition At equal to
the difference t. — t;,. These parameters are shown in Figure 2.12 for a non-isothermal crystallization
process as a function of time [73].

The half-time crystallization of isothermally melt-crystallized PPS is determined by Furushima et al.
and shown in Figure 2.13 for temperatures ranging from 110 to 230°C. The minimum value of this curve,
equal to the temperature at which the crystallization rate is fastest, is at 160°C, for which a half-time of
3 seconds is measured [76].
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2.3. Conclusion

The LAFP process was introduced and the purpose of the distinct heating, consolidation and release
phases explained. LAFP is found to be a complex process, with a large number of variable determining
the outcome parameters and quality, but also affecting each other. To gain a better overview of the
process, all influencing variables are identified and sorted into different categories, including the fixed
material, hardware choices and variable process settings. The process choices made with regard to
the heating phase greatly affect the consolidation phase and thereby the quality of the final laminates
produces with LAFP, making the motivation to focus on the impact of laser heat input on the crystalliza-
tion kinetics in PPS/CF tapes clear.

The following phenomena related to the heating phase were analyzed in more detail:

* Phase transitions: The influence of the DOC and thermal history on the glass transition and
melting temperature is discussed. During the heating phase of LAFP, both the crystallinity and
thermal history of the sample change, having an effect on the values of T, and T;,, and the peaks
observed in DSC analysis.

Deconsolidation: The micro- and macro-scale changes observed in thermoplastics upon heat-
ing without pressure application are explained. In recent studies the presence of deconsolidation
effects at rapid heating rates, characteristic for LAFP, have been verified.

* Crystallization: The complex crystallization process is introduced and the effect of the material
properties and thermal, geometrical and mechanical parameters discussed. For LAFP the ther-
mal parameters are most relevant, such as the heating and cooling rate, but also the effect of
thermal gradient. Parameters to quantify crystallization are the DOC and crystallization rate. Ad-
ditionally, the crystal morphology can provide useful insights into the crystallization process. The
critical rate at which melt-crystallization is observed is 20°C/min, at higher rates crystallization
from melt is supressed.

Recrystallization and Cold-crystallization: The two types of non-isothermal crystallization upon
heating are introduced and their effect on melting and melt-crystallization researched. Re- crys-
tallization was found to be more severe during high heating rates and thus more relevant for
LAFP. For rates above 10000°C, recrystallization is the fastest process, below this rate cold-
crystallization occurs at the fastest rate. For any rate, these two types of crystallization are faster
than the melt-crystallization during cooling.

Melt relaxation: This phenomenon is observed in the material melt, where for longer dwell times
the amorphous phase has time to disentangle and ordered amorphous regions with long entan-
glement density are formed, decreasing the crystallization rate. For rigid polymers such as PPS
the melting relaxation is found to be very slow and thus not expected to have a large effect during
the rapid LAFP process.



Research framework

3.1. Gaps in literature

The high process speeds required by industry currently limit the laminate quality achievable with the
state-of-the-art LAFP process. The main reason for the poor quality is the low degree of intimate con-
tact between subsequent layers. Recent studies show the degree of intimate contact is affected not
only by squeeze flow on the surface, but also the percolation flow in thickness direction. This makes
the viscosity an important variable in the ply consolidation process. In order to improve the LAFP pro-
cess and optimize the in-situ consolidation, more insight into the evolution of viscosity of the composite
during heating is needed.

Generally, viscosity is a function of temperature and time. As the temperature and heating time
increase, so does the viscosity. For thermoplastics, there is a maximum in the form of thermal degra-
dation temperature. Additionally, the viscosity is affected by matrix properties, such as crystallinity, and
composite properties, such as fiber volume fraction or dry fiber bed depth.

The fiber volume fraction is a fixed parameter for the selected composite material and cannot be
altered during LAFP. The crystallinity, on the other hand, is not only determined by the material choice,
but affected by the LAFP process as well. This makes the degree of crystallinity one of the key factors
influencing the viscosity during LAFP. How the crystallinity develops as a result of the rapid heating
and cooling rates characteristic for LAFP is so far unknown.

3.2. Research objective and questions

A research objective is defined and used to aid the formulation of the main research questions. This
objective follows from the identified gaps in literature presented in the previous section and is stated
as follows:

The research objective is to gain more insight into the effects of rapid laser heating on the devel-
opment of crystallinity in CF/PPS composite, by studying the effect of temperature parameters
on the degree of crystallinity of heated samples.

Based on this objective, the main general research question aimed to answer in this master thesis is:

What is the effect of rapid laser heating, as seen during LAFP, on the thermal history and
the development of crystallinity in carbon fiber reinforced PPS?

The main research question can be subdivided and made more specific, resulting in the following
set of sub-questions:
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RQ1

How does the laser heating input affect the temperature of the heated sample?

1.1 What is the effect of laser power and heating time on the temperature history of the heated
sample?

1.2 What is the effect of heated area on the temperature history of the heated sample?

1.3 How does the temperature distribution through the tape thickness change for different laser
energy inputs?

1.4 How does the temperature distribution over time change for different laser energy inputs?

RQ2 How does the temperature of the heated sample affect the crystallization?

3.3.

2.1 What temperature distribution parameters have an effect on the final degree of crystallinity?

2.2 How does the crystallinity change for samples heated below and above T,,,?

2.3 What is the effect of temperature of the surrounding material (changed by varying the heated
area) on the crystallinity?

2.4 What is the contribution of cold-crystallization to the final degree of crystallinity?

2.5 To what extend do crystals melt at temperatures above 7,,,?

2.6 Does melt-crystallization occur during the cooling phase of LAFP?

Hypothesis

Based on the state of the art and crystallinity theory discussed in chapter 2, a number of hypotheses
are formed. The labels H1 and H2 correspond to research questions 1 and 2 respectively.

H1.1

H1.2

H1.3

H1.4

H2.1

H2.2

H2.3

An increase in laser power and heating time result in higher temperatures obtained in the sample.
The same top surface temperature can be achieved with different combinations of laser power
and heating time. For these combinations, the temperature distribution through the sample and
over time will vary.

Combinations with a longer heating time and lower laser power will experience lower heating
and cooling rates and a smaller difference between top and bottom surface temperature, as the
sample is heated more gradually and the heat has more time to transfer through the tape (through
the thickness, as well as in length and width direction). As a result, the heat sink imposed by
the surrounding material on the sample is lower, allowing the sample to maintain the elevated
temperature for longer.

Combinations with a shorter heating time and higher laser power will experience higher heating
and cooling rates and a will see a bigger temperature gradient through the sample, as the heating
is more rapid.

When increasing the heated area, more material surrounding the sample is heated. This will
again result in a lower heat sink and a slower cooling rate.

Heating of samples to temperatures between the glass-transition and the melting temperature
will result in an increase in DOC. The increase in DOC is the result of cold- and re-crystallization,
which can occur during both the heating and cooling phases of the process.

Heating samples to temperatures above the melting temperature will result in a decrease in DOC
compared to the as-received tape. For these samples, a part of the crystalline regions will melt
when exceeding the melting temperature. However, some degree of order might remain in the
material due to superheating. The suppression of melt-crystallization at rates above 30°C/min,
expected to be seen in laser heated samples, will prevent the sample to re-gain its original crys-
tallinity.

Heating samples to temperatures above the equilibrium melting temperature will result in a near-
zero in DOC. The reason for the near-zero DOC is the full melting of crystals above the equi-
librium melting temperature and the suppression of melt-crystallization at rates above 30°C/min,
expected to be seen in laser heated samples.
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H2.4 For samples heated to temperatures between the melting end equilibrium melting temperature,
crystal nuclei will remaining in the polymer melt due to the memory effect and enhance the sub-
sequent melt-crystallization. As a result, a higher DOC will be obtained compared to samples
heated above the equilibrium melting temperature, but lower compared to samples heated below
the melting temperature.

H2.5 An increase in DOC is expected as the heating and cooling time increase and the heating and
cooling rate decrease.

H2.6 The sample temperature is is expected to have a positive effect on the crystallinity for tempera-
tures below T;,,, due to the increase in chain mobility. The biggest effect is expected to be seen
in the range between 140 and 180°C, where the isothermal crystallization rate is highest.



Experimental methodology

The experimental methodology used is the result of multiple iterations and adjustments, and was ad-
justed throughout the process based on intermediate results. In this chapter the final methodology used
is presented, of which an overview is given in Section 4.1.

For the preparation of laser heated samples, a suitable experimental set-up was built, providing a
simplified yet representative version of the heating phase of the LAFP process. With this set-up, a vari-
ation of laser heat inputs can be applied to heat the samples while measuring the temperature in-situ.
The set-up is discussed in Section 4.2, followed by a description of the used sample material in Section
4.3. Further characterization methods are chosen to analyze the heated samples and determine their
degree of crystallinity. Their working principles and the procedures used are presented in Section 4.5.
Finally, special attention was paid to the process of selecting the right laser heating settings, in order
to obtain wide set of samples with a variation in temperature parameters, as well as crystallinity. As a
result, a list of samples to be produced is obtained. Both the process of laser input selection as well as
the final set of samples are explained in Section 4.4.

4.1. Methodology flow-chart

Degree of crystallinity

As-received tape

. . Degradation behavior
characterization

Material microstructure

= Answer to Answer to
— Research Research
Heated sample Top and bottom surface Question 1 Question 2

production temperature history

Degree of crystallinity
Heated sample

characterization
Crystal size variation

Figure 4.1: Methodology flow-chart of experimental activities performed during thesis

In Figure 4.1 a flow-chart explaining the used methodology, based on the research questions and
hypotheses, is shown. The approach consists of three main tasks, namely the characterization of the
as-received material, the sample preparation of the laser heated samples using the experimental set-up,
and the characterization of these laser-heated samples. The results obtained from the measurements
of all three phases are related to the research questions as indicated by the arrows in Figure 4.1. The
results of the microscopy analysis of the as-received sample and the temperature evolution measured
during laser heating are presented and discussed in Chapter 5. The DSC and TGA characterization of
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the as-received sample and the DSC and XRD charaxterization of the heated sample are presented in
Chapter 6, and discussed together with the outcomes of Chapter 5.

An important part of the experimental tasks is the characterization of the as-received sample, to which
no laser heating was applied. For this three kinds of characterization methods are used. Firstly, DSC
is used to determine the degree of crystallinity and study the enthalpies and heat capacity changes
related to the glass-transition, cold-crystallization and melting. Secondly, TGA is used to determine
the degradation behavior, namely the degradation onset temperature and the effect of different heating
rates. Lastly, the as-received material is studied using microscopy, to determine the variation in base-
line properties, such as surface roughness and fiber distribution, as these could have an effect on the
heat transfer through the tape and the melting and crystallization kinetics.

The preparation of the samples was done using a stationary laser heating set-up, further discussed
in Section 4.2. The main goal of the laser heating is to create samples with a wide range of LAFP
representative heating inputs, and study whether and how their crystallinity changes. The temperature
of the tape surfaces is measured during the laser heating, which allows to relate the final degrees of
crystallinity to the temperature of the tape rather than the input laser settings, making the conclusions
more generally applicable to LAFP, independently of the laser and set-up used.

Two types of samples are produced based on the temperature they are heated to. The first type
of samples is heated to temperatures below T;,, but above T,. These samples are used to isolate and
study the cold-crystallization and re-crystallization behavior. The second type of samples is heated to
temperatures above T,,, for which the effect of time and temperature above T,, can be studied. In
Section 4.4 the test plan used to determine the exact laser input settings is explained and the sets of
samples produced are listed.

Finally, the laser heated samples are characterized and compared with the as-received state of the
material. DSC is used again to determine the final crystallinity of the samples. Additionally, XRD is
used to gain more insight into the crystal size. All characterization methods used are discussed in more
detail in Section 4.5.

4.2. Experimental set-up

During LAFP, the final crystallinity is affected by many different process parameters. As the goal of this
thesis is to study the crystallinity development as a result of different heating scenarios, it is beneficial
to isolate the heating phase from the other phases and focus on the sample laser heating only. For
this purpose a simplified stationary set-up is used, consisting of a vertical cavity surface emitting laser
(VCSEL) heater, tooling to adjust the sample to and thermal infrared (IR) camera to monitor the surface
temperatures.

The laser heater is installed directly above the sample, with the heating modules parallel to the
surface of the tape. The distance between the sample was set to 40 mm. The distance could be
easily varied, as the laser is attached to vertical aluminum extrusion profiles, but is kept constant for
the experiments done during this thesis. The sample itself is attached to the specimen holder using
kapton tapes at the outer edges. Markings are used to place all samples at the same location. The
thermal camera is installed under an angle of 22° at a distance of 240 mm (top surface measurements)
and 280 mm (bottom surface measurements). In Figure 4.4 an actual image of the set-up is shown.
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Figure 4.4: Experimental set-up

In order to be able to measure both the top and bottom surface temperature, the sample is placed in
air, with no tooling on the bottom surface and only clamped to the set-up structure at the ends. On the
top surface, the laser energy input is provided, after which the laser heat propagates through the tape.
At the bottom surface, heat can leave the sample through convection to air. This convection is also
possible at the top surface after the laser is turned off and the sample starts to cool.

The boundary conditions imposed by the surrounding material vary depending on the number of

laser emitters used during heating. When heated with 2 emitters, only the tested samples is irradiated
directly by the laser, and heat is transferred to the rest of the tape through conduction. When the
power is provided to the tape using all 12 emitters, the surrounding tape itself is also heated and less
heat is lost from the tested sample through the conduction to the surrounding material. The difference
in boundary conditions is visually represented in Figure 4.5. The amount of heat conducted to the
surrounding tape depends on the material properties such as the thermal conductivity and emissivity
and the temperature of the tape, but is also affected by the other boundary conditions, such as the
ambient temperature.
During LAFP the bottom surface boundary condition is the heat transfer to the tool or to previously
placed layers. This results in a discrepancy between the used set-up and the actual LAFP process in
terms of heat transfer observed in the tape and the final temperatures achieved. Nevertheless, this is
not considered a concern, as the focus of this thesis is on the analysis of the relation between DOC
and measured temperatures directly.
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Figure 4.5: Boundary conditions of the studied sample: side view of whole set-up (top) and close-up of the side view of the
heated tape for different heated areas (bottom)

The heating device used in the experimental set-up is a VCSEL, a type of semiconductor laser diode
with a laser beam emitted perpendicular to the top surface. This makes it differ from the more conven-
tional semiconductor lasers, which are edge-emitting. The main advantage of the VCSEL, apart from
reduced fabrication costs, is the possibility to be build in two-dimensional arrays. The heating modules
are assembled from emitters, each consisting of VCSEL chips and integrated micro-channel water
cooling, with thousands of micro lasers per chip. This architecture of the VCSEL heating device allows
flexible and dynamic adjustment of the heating intensity profile using discrete electrically-controllable
emitter lines [24]. During LAFP this is particularly beneficial, as it allows to control the intensity distri-
bution between the substrate and incoming tape in systems. The former, in combination with the very
compact source head and highpower density delivered makes VCSEL heaters the perfect heat source
to be used in LAFP [79].

The specific VCSEL used is the TRUMPF PPM412-12-980-24-c module by Philips, shown in Figure
4.6. This laser module emits IR light at a wavelength of 980 nm and can provide a maximum power of
2.4 kWh, divided over 12 heating zones. Each heating zone consists of two lines of emitters and can be
individually controlled by the software that connects with the laser driver. By independently activating
and adjusting the power of the zones tailored heating profiles can be obtained, offering different heated
lengths and heating times [15]. In Figure 4.7 the results of the laser intensity variation in the heating
profiles is shown.

Another way the heating profile can be controlled is through the position of the laser. Both the dis-
tance to the tape and the angle with respect to the tape have an influence on the laser power provided
to the material. For the experiments a constant distance is chosen to eliminate the effect of laser dis-
tance on the heat sink when comparing the results obtained. The distance of the laser to the tape is
40 mm in all experiments.
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Figure 4.6: Parts of the VCSEL heater (modified from [80])
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Figure 4.7: Effect of laser power variation and distance to sample on heating profiles [24][79]

Thermal camera

To monitor the temperature development of the sample surface during laser heating, a FLIR A655sc
high-resolution IR camera with a FOL25 lens was used. The IR camera was used to capture thermal
images of the specimen at a sampling rate of 200 frames per second, meaning the temperature is
recorded every 5 milliseconds. For this frame rate the image size is set to 640x120 pixels.

The data obtained from the temperature measurements are analyzed using the FLIR-tools analysis
software. From the recorded data, the average, maximum and minimum temperature over time can
be plotted for a single point or region. For every sample, the maximum temperature and the average
temperature of a ellipse, placed approximately at the same location as the part of the sample cut out
for DSC characterization. In Figure 4.8, this is shown for an example.
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Figure 4.8: Thermal recording of the laser heated tape (for two samples created simultaneously) used to determine the
maximum and average surface temperature evolution

A few limitations are identified for the used set-up. These are:

» Due to the stationary set-up, it was not possible to use staged heating. Staged heating can only
be achieved with a VCSEL laser heating different emitters to a different power, and moving the
sample at a certain speed through the created laser power zones.

* Only one thermal camera is available, meaning the top and bottom surface temperature cannot
be measures simultaneously. Two samples are therefore created per sample setting, where for
one the top temperature is measured and for the other the bottom temperature. These samples
are always created on the same day, to minimize the differences in environment, which could
affect the obtained temperature.

4.3. Sample material

The samples used for the experiments are carbon-fiber reinforced polyphenylene sulfide (CF/PPS).
The composite material was provided by Suprem, in the form of a uni-directional prepreg tapes with a
nominal width of 6.35 mm and nominal thickness of 0.14 mm. Other material parameters given by the
manufacturer can be found in Table 4.1.

PrVs

M eV eV @
To determine the fiber weight fraction, equation 4.1 was used, where V; is the fiber volume fraction, W,
is the fiber weight fraction and p; the fiber density and p,,, the matrix density. The calculated weight
fraction can also be found in Table 4.1.

The values found in literature for the crystallization enthalpy of 100% crystalline PPS vary from 50
to 150 J/g. The variability is caused by the impossibility of obtaining and measuring a 100% crystalline
sample, meaning the value has to be determined indirectly, such as the extrapolation of measured
values or the measurement of melting point depression [81]. The most common value used in literature
is 80 J/g, based on the early works of Brady [82]. As the calculated degrees of crystallinity are used
mainly for a comparative analysis between each other, the exact value used is not critical for the validity
of the conclusions drawn.
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Table 4.1: Given and derived properties of the CF/PPS prepreg composite tape (the value of AH ¢ 14g¢, is obtained from [82])

Suprem™ T 51% C10365 / PS1046 0.14 x 6.35

Property Description Value Unit
Tg Glass transition temperature 85-90 °C
Tm Melting temperature 280 - 285 °C
pm PPS / Matrix density 1.35 g/cm?
pf CF / Fiber density 1.81 g/cm?
Ve Fiber volume fraction 51 %
Wi Fiber weight fraction 58.3 %

AHf,100% | Crystallization enthalpy of 100% crystalline PPS 80 /g

Polyphenylene sulfide (PPS), a semi-crystalline thermoplastic polymer with a symmetric rigid backbone
consisting of aromatic rings linked by sulfides, as shown in Figure 4.9. It exhibits several appealing phys-
ical and chemical properties, such as high thermal stability, excellent flame and chemical resistance
and dimensional stability, high modulus and tensile strength and good friction properties. Compared
to other thermoplastics, PPS has a relatively low melting viscosity. Values of around 200 Pa.s have
been reported [83], but the exact value of the melt viscosity depends on many factors, such as the
molecular weight, temperature, branching and used additives. This makes the material a good choice
for products with high fiber content and positively affects the degree of intimate contact development,
easing the material flow at the layer interfaces [15].

The glass transition temperature 7, of the PPS matrix lies between 85 and 90°C and the melting
temperature T,,, between 280 and 285°C. [11][28][84][30] The ideal processing temperature is slightly
higher and lies between 305 and 320°C, due to the lower viscosity in this range. Yan et al. investigated
the equilibrium melting temperature of a PPS powder containing both folded-chain and extended-chain
crystals. They found that the equilibrium melting point at which the crystals were fully eliminated to be
at 350°C for the folded-chain crystals and 370°C for the extended-chain crystals. The authors also ob-
served a double melting peak at 281°C and 295°C, which they attributed to the melting of folded-chain
and extended-chain crystals, respectively [46].
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Figure 4.9: Structure of polyphenylene sulfide

The above-described properties in combination with reinforcement fiber make CF/PPS a perfect mate-
rial for thermoplastic structural components. An important factor affecting the performance of CF/PPS
is the degree of crystallinity, which depends on the manufacturing process and thermal history of the
material. PPS is known to be able to achieve high levels of crystallinity, reaching values of up to 60%
in commercial applications [9]. These values have however not yet been achieved using AFP manu-
facturing methods, for which the maximum reported value lies at 29%, according to Chen et al. [55].
The exact composition of the CF/PPS composite is unknown and could not be provided by Suprem.
However, it can be assumed that additives are added to the PPS matrix, enhancing the composite prop-
erties and behavior for desired applications. Additives such as nucleating agents, antioxidants, heat
stabilizers, UV stabilizers, plasticizers, pigments, adhesives, nucleating agents, and flame retardant
compositions are known to be commonly used in PPS [85]. The effect of the additives could among
others result in different crystallization kinetics and transition temperatures, compared to pure PPS.

4.4. Laser heating settings

Using the described set-up, the CF/PPS tapes are heated to different temperatures distributions over
time and space. In this section the steps taken to determine the final test plan, and an overview of
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all laser input settings used are presented. Two steps are described, namely the exploration and pro-
duction. During the exploration step the effect of different laser input settings is studied and related to
desired sample temperatures. During the production step, the samples are produced using laser inputs
based on the findings of the exploration step.

Based on the temperature achieved in the heated samples, two groups of samples are distinguished:

+ Samples heated above T,
+ Samples heated below T,,, (in these samples temperatures above T} are reached)

The reason T,,, is chosen as a criterion for the division of the samples is its relation to the crystallinity.
At temperatures above T,, the crystallinity is known to decrease, due to the melting of the crystalline
region. At temperatures between T, and 7}, only the amorphous phase melts, and no decrease in
crystallinity is expected. The crystallinity of samples in this temperature range can either increase or
stay constant, depending on the cold- and re-crystallization kinetics.

It is also possible to create samples in which the top surface is heated above T,,, while the bottom
temperature is kept below 7,,,. It was decided to not use these samples in the analysis, for the following
reason: the main goal is to better understand the effect of laser heating and achieved tape tempera-
tures on the crystallinity. As all sample characterization is done for the whole thickness of the tape as a
bulk, no distinction can be made between the crystallinity of the parts heated above and below 7,,,. By
heating the complete tape to temperatures either above or below T},,, more uniform crystallization and
melting kinetics throughout the tape are expected, and the bulk tape can be used to study the relation
between temperature and crystallinity.

The settings varied to obtain samples with different temperature histories are the laser power, heating
time, and heated area. As a result, the maximum top and bottom surface temperatures, heating rates
and heated times are affected. The relation between these three parameters is shown in Figure 4.10.
As it is not possible to only vary one of these parameters, while keeping the other parameters constant,
a different approach had to be selected. It was chosen to focus on keeping the maximum temperature
as constant as possible, while varying the heated time, resulting in different heating rates.

Constant maximum temperature:
Heating time increases with decreasing heating rate

To + (th 9n) = Tmax

Heating Heating
time (tp,) rate (g,)
Constant heating time: Constant heating rate:
Maximum temperature increases Maximum temperature increases
with increasing heating rate with increasing heating time

Figure 4.10: The relation between temperature, heating rate and heating time

During the exploration phase, the heated area is kept constant. The distance between the laser and
sample was fixed at 40 mm, and a constant number of 2 emitters was used to heat the sample. As
the width the irradiation area achieved with two emitters at 40 mm distance is in the same order as the
diameter of the tested samples during DSC, only the tested area is heated by the laser directly. Outside
of this area, the temperature only increases due to transverse heat flow from the directly heated area,
and the surrounding tape acts as a heat sink (as shown in Figure 4.5).

The two laser settings varied during the exploration phase are the laser power and heating time.
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The following procedure is used to study the dependence of the temperature evolution on the laser
settings:

1. A constant power is applied for a long heating time, until a temperature between 450 and 500°C
is reached. This step is repeated for a laser power of: 50W, 100W, 150W, 200W, 250W, 300W
and 400W.

2. To determine the heating time to be used for "Samples heated between T, and T,” for each
laser power, the top surface temperature is analyzed (as this is the maximum temperature of
the sample and has to be below T;,,). The time at which the maximum top surface temperature
reaches 220°C is derived from the FLIR camera data.

3. To determine the heating time to be used for "Samples heated above T,,,” for each laser power,
the bottom surface temperature is analyzed (as this is the minimum temperature of the sample
and has to be above T,,). The time at which the maximum bottom surface temperature reaches
350°C is derived from the FLIR camera data.

The times needed to reach these temperatures are calculated directly from the measured temperature
data, as shown schematically for a power of 50W in Figure 4.11.The results of the above mentioned
steps can be found in Table 4.2, rounded to the nearest multiple of 50 ms as this is the variable time
step using the VCSEL unit control software. The calculated times needed to reach 220°C and 350°C
are used as a starting point for the production phase.

Table 4.2: Derived times needed to reach the desired temperatures for the two sample sets for laser powers varying from 50 to

400W

Laser Time to reach a top Time to reach a bottom

power temperature of 220°C *  temperature of 350°C *
(W] [ms] [ms]
50 600 1700
100 300 800
150 200 500
200 150 400
250 150 300
300 100 300
400 100 200

* Rounded to the nearest multiple of 50ms

500

450 Top surface - Maximum temperature

400 —Bottom surface - Maximum temperature
® Bottom surface at 350°C

350 Top surface at 220°C

Maximum surface temperature [°C]

0 1 2 3 4 5 6 7 8 9 10
Time [s]

Figure 4.11: Maximum temperature profile of top and bottom surface of a sample heated with a laser power of 50W, with
indicated times to reach 220°C at the top surface and 350°C at the bottom surface

For the samples heated between T, and T,,, additional laser power settings are added, due to the short
heating times corresponding to the higher powers tested during the exploration phase. The powers
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used for the samples in this set are: 20, 30, 40, 50, 75 and 100W. It was found that the heating times
presented in Table 4.2 match the actual time needed to reach a maximum top surface temperature of
220°C relatively well, but in some cases small adjustments to heating times were needed. An overview
of all settings used to produce samples heated between T, and T;,, can be found in Table 4.3.

For the samples heated above T;,, the heating times presented in Table 4.2 did not match the actual time
needed to reach a maximum bottom surface temperature of 350°C well. The reason for this could be
the difference in heat transfer through the tape, resulting in less consistent bottom surface temperature
measurements for constant laser input settings. After slight adjustments, the settings presented in
Table 4.3 are used to produce the samples heated above T,,.

An additional set of samples heated above T, is added, with an increase in heated area. For these
samples all emitters are turned on in a pyramid distribution, as shown in Figure 4.12. This choice of
a pyramid laser power distribution was made, as using full laser power on all 12 emitters at powers
higher than 100W caused the sample to reach the degradation temperature in less than 50ms, which
was selected as the smallest time interval that the laser control software and thermal camera can
confidently measure. For consistency reasons, the pyramid distribution is also kept for laser powers
below 100W. When compared to samples heated with 2 emitters, a higher temperature of the tape
surrounding the tested sample is generated. This has the expected effect of a weaker heat sink of the
surrounding tape on the tested sample, resulting in lower cooling rates and longer cooling times. An
overview of the settings used to produce these samples is also given in Table 4.3.

Table 4.3: Overview of laser settings used to produce heated samples

Heated between Tg and Tm Heated above Tm Heated above Tm
(2 emitters) (2 emitters) (12 emitters)
Laser power Heating times Laser power Heating times Laser power Heating time
(W] [ms] [w] [ms] (W] [ms]
20 1000, 1250, 1500, 25 2500 4-6-4 4200
1600, 1750, 1800 50 1300, 1750, 2000 9-12-9 2000
30 850, 950, 1100 100 600, 850, 900 18-24-18 1000
40 700, 800 150 500, 600, 650 38-50-38 400
50 500, 600 200 300, 450 75-100-75 200
75 550 250 350 150-200-150 100
100 300, 450 300 300

400 200, 250

200 W
150 W
100 W
= 75 W
2 50w
& 38 W
= 24W
-
3] _'_'_'_l_'—|_|_|_|_|_
2 18 W
& _:—'—'ﬂH
9w
6W

Emitter

Figure 4.12: Overview of pyramid laser power distributions used for the samples heated using all 12 emitters
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4.5. Characterization methods

Characterization methods are used to analytically determine the chemical, microstructure and physical
properties of materials. For the purpose of this thesis 4 characterization methods are used, namely
differential scanning calorimetry (DSC), X-ray diffraction (XRD), thermogravimetric analysis (TGA) and
optical microscopy.

DSC and XRD are both used to study the crystallinity in polymers, but both focus on a different
aspect of the broadly used term ’crystallinity’. DSC is used to determine the degree of crystallinity
(DOC), defined as the volume ratio of crystal regions to amorphous regions, expressed as a percentage,
while XRD is used to study the size of crystallite structures [48] [86].

TGA is a characterization technique used to asses the weight reduction of a sample as a function of
temperature, and thereby provide more information about the degradation behavior. It is suggested to
do TGA of a sample before using it for DSC, in order to set the temperature range for which the weight
reduction of the tested sample is kept below 2%.

DSC is a thermal analysis characterization method, used extensively within polymer science to study
processes involving a change of heat capacity (second order transformations) or change of enthalpy
(first order transformations). The method is commonly used to study the kinetics of melting, crystal-
lization, polymerization and glass transition [70]. During this thesis the focus is on the use of DSC to
indirectly calculate the degree of crystallinity.

The general working principle of DSC is based on the measurement of the amount of heat radiated
or absorbed by a sample as a function of temperature and time. During DSC the sample is placed in an
aluminum pan and the heat flow into or from the sample is measured during an isothermal or dynamic
temperature scan. By comparing the results to a reference measurement with an empty pan, the heat
transfer of the sample can be separated from the heat transfer of the pan it is placed in [70].

There are two main types of DSC based on the property they measure:

» Power-differential or power-compensation DSC measures the rate of heating power absorp-
tion, by placing the sample and reference in two thermally insulated furnaces heated separately
to the same temperature. A different heating power is needed to heat the two furnaces, which is
the value measured. The sign convention in the output diagrams is endothermic heat flow up.

* Heat-flux DSC measures the heat emission of sample and reference subjected to the same
thermal program by a single heater. The sign convention in the output diagrams is exothermic
heat flow up.

A schematic diagram showing the key features of the set-ups used and the typical output diagrams are
shown in Figures 4.13 and 4.14. Despite the difference in data measured, both methods are based
on the same physical principles and the results that are obtained should theoretically be identical, and
only slight differences in accuracy are reported [87]. For the majority of applications, the quality of data
obtained with either of the types of DSC is sufficient.

For the measurements performed during this thesis, both types of DSC are used. The reason for
this is break down of the primarily used DSC instrumentation throughout the course of the experimental
research. For the first part of the measurements the heat-flux TA Instruments DSC 250 machine is used.
For the second part of the measurements a switch is made to the power-compensation Perkin Elmer
DSC 8000 machine.
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Figure 4.13: Key features of the cell design and the typical output curve of power-compensation DSC [70]
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Figure 4.14: Key features of the cell design and the typical output curve of heat-flux DSC [70]

For the procedure used to carry out the DSC sample preparation, calibration, set-up, measurement
and analysis, the ISO 11357-1 to -3 and ASTM D 3418-03 standards are used as guideline [88][89].

Both types of DSC use the same kind of containers for the samples, specifically small cylindrical
aluminum pans with lids. The mass and size of the sample is limited by the dimensions of the container,
but generally a smaller sample (between 5-10 mg) is recommended as it gives a better resolution due
to more uniform heating. Additionally, good physical and thermal contact between the sample and
pan is required, to eliminate barriers in the heat transfer. Bad thermal contact can result in heat flow
discrepancies and a temperature lag between the pan and sample [48].

To extract samples for DSC from the prepreg CF/PPS tapes, holes with a diameter of 6 mm are
punched out using a hollow punch tool. For the laser heated samples, the location with the highest
laser energy input is marked and punched out the sample as closely as possible. The weight of all
samples is measured prior to the DSC procedure and used to obtain the weight normalized heat flow.
For the prepreg tape used, the weight of the described punched out samples lies between 6-7 mg.

DSC measurements are typically performed at heating rates of 10 to 20 K/min. At higher heating
rates, the time necessary for the sample to catch up with the programmed temperature increases,
negatively affecting the accuracy of the measurement. During the whole measurement the furnace
is filled with nitrogen serving as a purge gas and preventing oxidation of the tested sample. During
cooling liquid nitrogen (LN2) is used to provide controlled and efficient cooling.

The temperature cycle used for the experiments is shown in Figure 4.15. The heating from 30°C
(room temperature) to 350°C is done at heating rate of 10°C/min, followed by an 5 minute isothermal
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hold and cooling back to 50°C at a cooling rate of 20°C/min. The isothermal sections are added to
allow the signal to stabilize.
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Figure 4.15: DSC temperature cycle

Both the TA instruments and Perkin EImer DSC machines come with a build in software to analyze the
measured heat flow. For non-isothermal DSC analysis, the recorded and normalized heat flow is plot-
ted against the temperature experienced by the sample. Using the software the curves (and specifically
the peaks in the curves) can be integrated to calculate the change in enthalpy. Additional information,
such as transition or peak onset and offset temperatures and peak heights can also be determined.

The peak integration is done with respect to a baseline. In an ideal case, the baseline of the mea-
sured curve would be linear between the offset of the glass transition and degradation. This is however
often not the case. One reason is the changing heat capacity as a function of temperature. However,
other factors such as inconsistent gas flow, unavoidable differences between the sample and refer-
ence sensors and their surroundings, and differences in contact between pan and heating surface of
the sample and reference pans, can also affect the baseline shape [87].

As suggested in ISO 11357-3:2018 [88], sigmoidal baselines can be used for the peak integration
in cases of significant differences in the specific heat capacities around a peak, to improve the results.
In Figure 4.16, a schematic diagram is used to shows how quantitative data can be obtained from DSC
curves [70]. As not all DSC measurement baselines presented in Chapter 5 are linear, it was decided
to keep the analysis consistent and perform all peak integrations with respect to a sigmoidal baseline.

»c\ Tpeak

Area a AH

Figure 4.16: Schematic analysis of a heat-flux DSC curve, showing: a) the determination of T, defined as the onset
temperature of the transition step, and b) the peak temperature and area determination for an exotherm peak (the same
principles apply to an endotherm peak) [70]

When analyzing the peaks, it is important to keep in mind that both (cold-)crystallization and melting
are not instantaneous, and occur over a range of temperatures. This is caused by the characteristic
morphology of polymers, and specifically the crystalline portion consisting of a large number of different
crystal sizes, all melting and crystallizing at a slightly different temperature [70].

Theoretically, the crystals start to liquefy at the melting peak onset temperature, and are fully melted at
the offset temperature [70]. Due to the broad melting peaks observed in the DSC curves of polymers,
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the onset temperature cannot be precisely determined and therefore loses its physical meaning. As a
result, the peak melting temperature 7,,, is commonly used in the case of polymers, giving a measure
of the average melting temperature of the crystallites in the sample [90].

The results obtained from DSC analysis are directly dependent on the measurement conditions,
such as heating rate, sample mass and heat transfer (affected by the contact between sample and pan,
as well as the crucible material). The results can therefore not be used to determine the global material
properties, and different samples should only be compared for identically performed measurements
[90].

The measurement of DOC using DSC is an indirect method, using the measured heat of fusion to
calculate the DOC using Eq. 4.2. In this equation X. is the the DOC. AH,, and AH, are the specific
enthalpies of melting and cold crystallization respectively, obtained from the DSC measurements in J/g.
Wy is the calculated fiber weight fraction, using the densities of the PPS matrix and CF fiber provided
by the manufacturer and Eq. 4.1. Lastly, AH; 1009 is the specific melting enthalpy of an ideal crystal,
based on values found in literature (A H 199%=80 J/g) [82]. It should be noted that the selected value
for AH 1009 does not guarantee an accurately calculated DOC, and the outcomes should therefore
only be used to compare the results with each other.

AHm B AHC 0

X, A 100m (1 Wf).l()OA) (4.2)
The principle used in Equation 4.2 to determine the DOC is that it divides the enthalpy needed to
melt the crystals present in the sample by the enthalpy that would theoretically be needed if the material
was 100% crystalline. Due to the cold-crystallization occurring during the DSC temperature scan, the
crystallinity of the sample increases and a higher melting enthalpy is obtained. To compensate for this,
the enthalpy of cold-crystallization is subtracted from the melting enthalpy. This way, the DOC prior to

the cold-crystallization can be determined.

Cross-sectional microscopy provides insights about sample micro-structure and surface profile. Celik et
al. observed a relation between original surface profile and deconsolidation [91]. As the surface profile
of the incoming tape is not completely uniform and includes waviness and roughness, the temperature
profile obtained is non-uniform as well due to the various angle of incidence of the laser. This non-
uniform heating also affects the crystallization kinetics, and the variation in surface roughness and fiber
distribution within the as-received tape thus of relevance for this research.

Resin-casting of the tape is used for the preparation of microscopy specimens. The sample tapes are
cut with an offset of 3 mm to the area of interest, to account for material removal during grinding and
polishing. The cut samples are placed into thin-sample holders by Struers MultiClips to keep them
in the desired position, and placed into a cylindrical mould. Next, Struers EpoFix resin is poured into
the moulds and left to cure, after which the specimens are ground and polished, using the Struers
Tegramin-201 machine. The grinding and polishing routine used is based on the work of Bussink and
designed the remove 3 mm of the material [40]. This routine is shown in Table 4.4.

Table 4.4: Grinding and polishing routine used for the microscopy specimen preparation

Plate Solution Force [N] Time [mm:ss]
SiC Foil #180 Water 15 00:15
SiC Foil #320 Water 25 00:25
SiC Foil #1000 Water 25 00:30
SiC Foil #2000 Water 25 00:40
SiC Foil #4000 Water 25 00:40
MD Chem OP-S NonDry 15 03:00

MD Chem Water 15 01:00
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The microscopy specimens are studied under the Keyence VK-X1000 Laser Scanning Confocal Mi-
croscope (LSCM) using a magnification of 20x to 50x. In order to asses the cross-section properties
globally over the whole width, multiple images can be captured and stitched together using the ‘Focus
Variation’ and 'Laser confocal’ method of the Keyance software. This method uses the image with the
best focused focal depth for the stitching. The obtained cross-section images are analyzed qualitatively,
focusing on differences in fiber distribution and void content, both between multiple samples as well as
within a single sample.

X-ray diffraction (XRD) is a technique used to study the crystal structure of solid materials at atomic
scales. The working principle of XRD is based on the fact that the wavelengths of X-rays are in the
same order of magnitude as the distance between lattice planes in crystalline materials. These X-rays
are directed at the sample, scattered by the electron clouds around the atoms, and the diffracted rays
are collected. In the case of a periodical lattice, constructive interference of diffracted rays results in
peaks when plotted against the Bragg angle 26. From these plotted peaks the lattice distance and an
estimation of the crystal size can be calculated [92]. The physical principle in schematically shown in
Figure 4.17.

A typical X-ray diffractometer consist of three basic elements: an X-ray tube, a sample holder, and
an X-ray detector, as shown in Figure 4.17. For this thesis the D8 ADVANCE diffractometer from Bruker
is used to perform wide-angle X-ray diffraction (WAXD) measurements, using a Cobalt radiation source.
As an alternative, small-angle X-ray scattering (SAXS) could be used as it can effectively measure the
average crystalline lamellae thickness more accurately [86]. This was however not possible with the
available equipment.
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Figure 4.17: X-ray diffractometer components (left) and application of Bragg’s law to XRD (right)

The samples used for XRD can either be in powder or tape form. The advantage of using powdered
samples is that the bulk property of the material is distributed more uniformly. The area of interest in the
samples studied is however only a few mm wide and the thickness of the tapes is 0.3 um. The X-rays
can penetrate through the whole depth of the tape and a width of 3 mm is used in the measurement
settings. Therefore, a tape could be used and creating a powder was not necessary.

Additionally, XRD was done on a sample of pure carbon fibers, to be able to distinguish the CF
spectrum from the PPS spectrum. In order to separate the fibers from the CF/PPS tape, the tape was
heated in an oven under nitrogen purge gas at 600°C for 10 hours. Under these conditions, the PPS
matrix can fully dissolve, while the CF remain. As can be seen in Figure 4.18, slight damage to the
carbon fibers is observed, most likely due to leakage of oxygen into the oven causing oxidation. The
parts of the fibers that were not damaged are used for the XRD analysis.
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Figure 4.18: Pure carbon fibers after degradation of the PPS matrix

The average crystallite size d can be calculated using the Scherrer equation 4.3. In this equation, K is
the shape factor (usually around 0.9 [86]), \ is the X-ray wavelength (1.789A for Cobalt), 3 is the full-
width at the half maximum intensity of the diffraction peak and 6 is the Bragg angle. In this thesis, XRD
is used to compare the morphologies of the heated samples, providing complementary information to
the degree of crystallinity obtained from DSC measurements.

K\

- B.cost (4.3)

Thermogravimetric analysis (TGA) is an analytical characterization method used to determine a ma-
terial’'s thermal stability, in which the mass is monitored as a function of temperature or time while
subjected to a controlled temperature program in a controlled atmosphere. This way information about
physical and chemical phenomena can be obtained, such as phase transitions and thermal decompo-
sition.

For the experiments in this thesis the Perkin Elmer TGA 4000 is used. A typical thermogravimetric
analyzer consists of a sample pan supported by a precision balance, all placed into a furnace with
a programmable control temperature. The mass of the sample is continuously monitored during the
experiment. The environment within the surface is controlled using a purge gas, which for the experi-
ments performed van nitrogen. The samples used for TGA are similar to the punched out circles used
for DSC, but with a smaller diameter of 4 mm in oder to fit in the sample holders.

The main purpose of the TGA measurements is to determine the thermal degradation behavior of
the used CF/PPS sample tapes. The onset degradation temperature (7y) is of importance for both the
laser sample heating as well as the DSC analysis. For the laser heating of the samples, the degradation
onset temperature should not be exceeded, as this would have an unknown effect on the crystallinity,
making the analysis of the results more complicated. For DSC the temperature at which a weight loss
of 2% is observed should not be exceeded, as this could damage the equipment.

The TGA experiments are done at two different heating rates, heating from room temperature to
750°C. Different rates are used to determine the effect of heating rate on degradation. The maximum
available heating rate of 30°C/min and a very low heating rate of 5°C/min are used.



Temperature evolution in laser heated
samples

In this chapter the measured temperature evolution, as a result of a variation of laser heating inputs, is
analyzed. First, the microstructure of the as-received tape is analyzed in Section 5.1, and the impact on
the heat transfer in the material is discussed. In Section 5.2 the measured temperatures are presented
and analyzed. The aim of this chapter is to answer RQ1: “How does the laser heating input affect the
temperature of the heated sample?”, which will be reflected on in Section 5.4.

5.1. Microscopy results

In Figure 5.1, the baseline microscopy images of three samples are shown, captured at a magnifica-
tion of 50x. The samples used to analyze the microstructure of the as-received tapes are taken from
different parts of the roll of tape, at locations approximately 1 meter apart. The images are analyzed
visually, and attention is paid to fiber distribution and fiber or resin rich tape surfaces.

Figure 5.1: Microscopy images of as-received tape

Based on the visual analysis of the images, two main conclusions can be drawn that might have an
influence on the heat transfer in laser heated samples. Firstly, the resin rich surfaces are mostly found
on the bottom surface of the tape and the top surface is generally more fiber rich. This difference is
consistent for all three samples. As a result, the tape orientation could have an effect on the heat
transfer within the tape. Therefore, the top surface from the spool is always kept on top during laser
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heating, to minimize the effect of variation in surface fiber distribution on the obtained temperatures.

Secondly, a non-uniform fiber distribution throughout the whole thickness of the tape can be ob-
served. In Figure 5.2, these are indicated for one of the baseline images (the top image in Figure
5.1). The effect of this is that for different samples heated using the same laser settings a difference
in measured temperatures could be observed, especially at the bottom surface which is more strongly
affected by the heat transfer through the tape.

rich surface

Figure 5.2: Microscopy image of as-received tape with indicated phenomena affecting the laser heated sample production

5.2. Thermal data measurement

In Figures 5.4 to 5.6 the evolution of the surface temperature over time for all samples is presented.
The temperature value used in these plots is the maximum temperature. The average temperature is
not plotted, but follows a similar trend as the maximum temperature, which is shown for one example
in Figure 5.3.
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400 Top surface
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Figure 5.3: Maximum and sample average surface temperature plotted for one example sample, showing the similar shape of
both plots

In some of temperature plots, bumps can be seen caused by an error in the temperature data collection
by the FLIR camera (for example the “50W 600ms” bottom temperature curve in Figure 5.4 or the “50W
1750ms” bottom temperature curve in Figure 5.5). Depending on the severity and location of the errors
in the measurement, some measurements were removed from further analysis.
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Figure 5.4: Temperature evolution for samples heated to temperatures between T, and T7,,
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Figure 5.5: Temperature evolution for samples heated to temperatures above T;,, using 2 emitters
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Figure 5.6: Temperature evolution for samples heated to temperatures above T, using 2 emitters

The peak top and bottom temperatures obtained from the measured temperature evolution are shown
in Tables 5.1 and 5.2 for the samples heated with 2 and 12 emitters respectively. In the tables a color
scale is added per column, indicating the highest temperature in red and the lowest temperature in
green.

Two unexpected trends are seen in the data, when comparing samples heated with identical laser set-
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tings, and when studying the effect of increasing heating time for constant laser powers. The samples
with identical laser settings are indicated in Tables 5.1 and 5.2 with light gray shading. Temperature
differences of up to 25°C are observed between these “identical” samples. For the samples heated
with a laser power of 20W for different heating times, a decrease in both top and bottom surface tem-
perature is observed as the heating time increases, for some of the samples heated for 1500-1800ms.
It remains unknown whether the inconsistent temperature measurements are caused by an actual
variation in heat transfer between the samples, or the result of inaccurate temperature measurements.
The differences in sample microstructure observed in Section 5.1 might affect the heat transfer from the
laser through the tape. As not all samples were produced on the same date, external conditions such
as ambient temperature could also have an effect on the heat transfer and measured temperatures.
On the other hand, the FLIR camera calibration and discrepancies in the positioning of the camera and
sample might also result in differences in temperature measurements when carried out on different
days.
The comparison of the top and bottom surface temperatures shows varying temperature gradient be-
havior. For the samples heated below T, a maximum temperature gradient of 54°C is reached (for
the sample heated with 20W for 1750ms), but no evident relation between temperature gradient and
used settings is observed. For the samples heated above T,, using 2 emitters, bigger gradients are
observed of up to 181°C (for the sample heated with 400W for 250ms). Higher gradients seem to be
related to samples heated at higher laser powers, but again no consistent relation is observed. On the
contrary, for the samples heated with 12 emitters an increase in temperature gradient is determined for
samples heated at higher laser powers for shorter heating times. As can be seen in Figure 5.6, these
settings are associated to more rapid heating profiles.

Table 5.1: Peak top and bottom surface temperature obtained for the samples heated with 2 emitters (both the maximum value
reached by a single point in the sample and the average value taken over a circular specimen are listed)

Heated below Tn Top surface Bottom surface Heated above Tn Top surface Bottom surface
(2 emitters) temperature temperature (2 emitters) temperature temperature
measurement measurement measurement measurement
Laser power Heating time [ Maximum Average Maximum Average Laser power Heating time| Maximum Average Maximum Average

(W] [ms] [°cl [°cl [°cl [°cl (W] [ms] [°cl [°cl [°cl [°cl
20 1000 172 153 142 127 25 2500 324 305 317 281
20 1250 193 166 162 144 25 2500 321 301 320 279
20 1500 222 199 183 159 50 1300 352 328 349 327
20 1500 197 187 199 175 50 1300 344 326 355 318
20 1500 203 190 206 182 50 1750 421 389 349 319
20 1600 235 206 192 169 50 2000 447 405 378 332
20 1750 251 217 197 169 100 600 348 324 339 298
20 1800 221 208 220 198 100 600 340 321 333 305
20 1800 225 208 232 212 100 850 444 415 372 326
30 850 204 178 172 153 100 900 472 433 384 337
30 950 221 193 187 163 150 500 419 375 355 316
30 1100 240 211 200 175 150 600 482 444 379 334
30 1100 229 213 221 199 150 650 491 454 402 355
30 1100 232 222 231 204 200 300 389 352 360 334
40 700 211 186 179 158 200 300 366 341 340 313
40 800 236 207 200 173 200 450 492 459 389 342
50 500 192 173 169 157 200 450 494 454 397 359
50 600 213 183 185 163 250 350 491 448 402 350
50 600 212 201 206 188 300 300 519 462 398 342
50 600 209 197 208 187 300 300 504 459 410 351
75 550 260 236 229 211 400 200 462 420 366 311
100 300 217 195 189 168 400 250 582 507 401 351
100 300 203 191 205 189

100 450 279 241 251 226
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Table 5.2: Peak top and bottom surface temperature and the temperature gradient for the samples heated with 12 emitters
(both the maximum value reached by a single point in the sample and the average value taken over a circular specimen are

listed)
Heated above T e SUrEEE Blotitein SHrie: Temperature gradient
(12 emitters) USEEE USRS (per laser input)
measurement measurement
Laser power Heating time| Maximum Average Maximum Average Maximum Average
(w] [ms] [°cl °cl [°cl [°cl °c °cl
4-6-4 4200 305 273 302 253 15 10
4-6-4 4200 305 246 305 246
9-12-9 2000 357 293 350 291 25 3
9-12-9 2000 338 283
18-24-18 1000 377 312 362 311 7 4
18-24-18 1000 361 318
38-50-38 400 357 304 318 281 25 135
38-50-38 400 329 285
75-100-75 200 366 319 325 284 30 35
75-100-75 200 344 319
150-200-150 100 421 390 337 304 84 86

5.3. Temperature data analysis

Apart from the peak surface temperatures, the following parameters can be derived from the tempera-
ture evolution data, which will be used as input for the DOC analysis in Chapter 6:

» Heating and cooling time (¢;, and t.)

« Average heating and cooling rate (73, and 7,.)
« Time spent above T, (t7>71,)

» Time spent above T, (tr>1..)

m

* Temperature integral over time spent above T},
» Temperature integral over time spent above T,

For the average heating and cooling rate the Equations 5.1 and 5.2 are used. For the time spent above
T,, the time between surpassing T, during heating and during cooling is taken, meaning it includes the
time above T,, as well. The time above T,, is simply the time between surpassing T,,, during heating
and cooling. Similarly, for the temperature integral above T,, the whole area under the curve between
the passing of T, during heating and cooling is taken. The whole temperature integral above T, is thus
included in the temperature integral above T,.

Ty, = Tinaz — Ty (5.1)
th
T. = T”““; Ty (5.2)

The temperature integral is related to the heat absorption by the material, as shown in Eq. 5.3, where
AQ is the heat absorption, ¢, is the heat capacity of the material and m is the mass of the system. As
the heat capacity is a function of temperature, the temperature integral can be used as a measure of
AQ for comparison of the samples, as shown in Eq. 5.4.

T

AQ =m cp(T)dT (5.3)

T>

t1,(T=T7y)
/ T(t) = / T(t)dt
ta (T=Ty)

t1$(T:T7n) (5'4)
- / T(t)dt
2 (T=Tpm),2
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In Figure 5.7 the derivation of the data listed above is shown schematically. All values can be deter-
mined for both the top and bottom temperature, as well as using the maximum temperature or the
average sample temperature.
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Figure 5.7: Temperature data derived from measured temperature history

The tables containing the calculated parameters for all samples can be found in Appendix A. In Ta-
ble 5.3 the range obtained per temperature parameter for each set of samples is shown. The bigest
temperature range does not necessarily result in the largest variation of other temperature parameters.
For the samples heated below T, a variation of 1.22 and 2.37 seconds are obtained for the heating
and cooling time respectively. For the samples heated above T, with 2 emitters, the range of heating
times is similar, and longer cooling times are observed. However, despite the bigger range of tem-
peratures measured, the variation in cooling times is smaller compared to samples heated below T,.
For samples heated with 12 emitters above T,,, the variation in heating time increases. The cooling
times increase as well, but again a narrow range of values varying by 1.02 seconds is obtained for all
samples in this set.

The main conclusion based on Table 5.3 is that for samples heated above T,,, the heated area is

the main factor affecting the cooling time. For a constant number of emitters used to heat the sample,
a narrow range of cooling times is obtained.
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Table 5.3: Range of values and difference between maximum and minimum value obtained for each temperature parameter,
listed per set of samples

Time from T;  Time from Ty

Maximum Heating Cooling Total time Total time toT o Heating Cooling | Temperature Temperature
temperature time time above T, above T, m - rate rate integral >T, integral >T,
G (heating) (cooling) g
[c] Is] fs] [s] ls] 5] [s] c/sl  rc/sl | [c.s] [°c.s]
Heated below T, (2 emitters)
Range 172-279 0.2-16 3.1-55 3.8-6.4 - 0.2-16 3.1-55 95-524 27-34 | 470-1193 -
Difference 107 1.22 2.37 2.61 - 1.22 2.37 428 8 724

Heated above T (2 emitters)
Range 321-582 0.2-22 6.6-8.2 6.9-9.6 0.7-26 0.1-1.6 6.0-6.6 106-1984 36-62 1226-2045 207-950
Difference 261 2.00 1.61 2.65 1.89 1.53 0.59 1878 26 819 743
Heated above T, (12 emitters)
Range 305-421 0.1-3.7 8.0-9.0 8.7-11.7 0.7-15 0.04-3.0 7.7-79 59 -4813 27-38 1521-2138 219-479
Difference 117 3.60 1.02 2.99 0.81 2.96 0.21 4754 11 617 260

As the cooling rate varies significantly over time (see plots in Figures 5.4 to 5.6), which cannot be
expressed using the average heating and cooling rates. Therefore, the instantaneous heating and
cooling rate are also plotted, providing a better perception of the temperature rate variation over time.
In Figure 5.8 this plot can be found for one of the samples, and all the plots can be found in Appendix
C. Based on these plots, it can be determined how long the material has been cooled at certain cooling
rates. It is interesting to analyze the time during which the sample is cooled at rates below the critical
cooling rate of PPS, because at these rates melt-crystallization might take place. For most samples
a time of around 2-3 seconds was determined during which the sample is at temperatures above T}
while being cooled at a rate slower than 25°C. This implies that the occurrence of melt-crystallization
is theoretically possible and could affect the DOC of the tested samples. Consequently, it is predicted
to have a significant effect on hypotheses H2.2 and H2.3 which assumed the cooling rates would lie
above the critical cooling rate of PPS, and will be further discussed in Chapter 6.
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Figure 5.8: Plot showing both temperature and temperature rate evolution over time. The green box indicated the time frame
during which the temperature is between T, and T3, and the heating rate is between the critical cooling rate as reported for
pure PPS

5.4. Conclusion

In this chapter the results of the microscopy characterization of the as-receives tape and the tempera-
ture measurements done during the sample laser heating are presented and discussed.

The microscopy images of the cross-section of the as-received tape showed a variation in fiber dis-
tribution, which is later used to explain the different temperatures measured for samples heated with
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identical laser inputs. The difference in temperature is at most 25°C, and could also be caused by
inconsistent thermal camera calibration and sample positioning with respect to the laser unit. The ob-
served variation in sample microstructure thus result in a maximum temperature variation of 25°C, for
the range of laser inputs tested.

The temperature measurements are used to study the effect of the laser power, heating time and heated
area on the thermal evolution of both the top and bottom surfaces of the heated samples. Additionally,
the temperature measurements are used to derive a number of temperature parameters.

The temperature measurements reveal the following thermal behavior:

» Rapid laser heating leads to greater temperature gradients within the tape, which is particularly
pronounced in the sample heated with 12 emitters.

» Anincrease in laser power results in faster heating rates and initial cooling rates.

* The cooling rates at temperatures between T, and T;,, remain more or less constant for the sam-
ples within the sets.

* The variation of time spent between T, and T;,, during cooling per sample set is less than a second
for samples heated to temperatures above T,,,. This means that the variation of laser power and
heating time mainly affects the heating phase and initial cooling at temperatures above 7,.

» The main outcome of the increase in heated area is the increase in cooling time, presumably
caused by the decrease of heat sink in the surrounding tape.

* For all samples, a decrease of cooling rate below 25°C/s is observed at temperatures above T,
over a time of 2-3 seconds.



Crystallinity of laser heated samples

This chapter focuses on studying the dependency of degree of crystallinity on the temperature data pre-
sented in the previous chapter, and answering RQ2: “How does the temperature of the heated sample
affect the crystallization?”

Before this can be done, the results of the needed sample characterization (DSC, TGA and XRD)
are presented in the first three sections. The TGA results are presented in Section 6.1, providing valu-
able information about the degradation behavior during heating. In Section 6.2 the XRD results are
discussed, adding findings about the crystal structure to the DSC crystallinity analysis. Section 6.3
discusses the DSC analysis of both as-received and laser heated samples and the DOC calculation.

The relationship between thermal history and DOC is discussed in Section 6.4, using the temper-
ature data from the previous chapter, and the determined DOC presented in Section 6.3. The main
conclusions of this discussion can be found in Section 6.5.

6.1. TGA results

In Figures 6.1 and 6.2 the changes in sample weight as a function of increasing temperature are plotted
for two heating rates, specifically 30°C/min and 5°C/min. For the analysis done at 5°C/min, the first
part of the heating up to 250°C is done at a faster rate of 25°C/min to save time, as it is known that
no significant change in weight occurs below this temperature. The heating rate of 30°C/min is the
maximum heating rate of the Perkin ElImer TGA equipment.

Based on previous experience, the degradation onset temperature is defined as the temperature
at which a 2% weight loss is observed. When heating at a rate of 30°C/min, the degradation starts at
525°C. For the slower heating rate of 5°C/min, the degradation onset temperature decreases to 475°C.
The computation of T} is indicated in the plots with arrows. Based on the two measurements, it can be
concluded that the degradation temperature depends on the applied heating rate. The same behavior
has been reported in literature by Day et al. [93] and Chang et al. [94].
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Figure 6.1: TGA results of analysis done at a heating rate of 30°C/min, showing the sample weight (as the percentage of the
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Figure 6.2: TGA results of analysis done at a heating rate of 5°C/min, showing the sample weight (as the percentage of the

original weight) and weight derivative as a function of temperature and time

Due to the heating rate limitation of the TGA instrumentation, the onset degradation temperature for
rapid heating rates representative for laser heating could not be determined. Additionally, TGA only
measures weight loss, and does not provide detailed information about the chemical and structural
changes that occur within the material as it degrades. Decomposition of polymer chains is related to
the decrease in material weight, while other phenomena such as chain-scission and the formation of by-
products only affect the chemical structure and molecular weight, and can thus not be detected using
TGA. These changes in the chemical structure are relevant for the analysis of the laser heated samples,
as they can result in an alteration of the degree of crystallinity. The effect of thermal degradation
on the crystallinity can be either temporary or permanent, depending on the specific conditions and
mechanisms involved. The measured values are therefore taken purely as an indication and the fact

that degradation might occur at temperatures below 475°C is kept in mind during further analysis.
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6.2. XRD results

XRD was used to investigate the effect of different heating conditions on crystal size and shape. In
the plot shown in Figure 6.3 the diffraction spectrum obtained for a set of samples with varying laser
heating settings and DOC are presented. As XRD is a non-destructive characterization method, the
samples could be further used for DSC analysis, which is how the DOC of the samples was determined.
The results show a perfect overlap in peak locations, and a difference in peak height a 26 angle of 20°.

A sample of pure carbon fiber was also examined, for which a similar intensity is measured. The
only difference is seen around the peak at 26°, where the pure carbon shows a single peak, while the
carbon PPS samples show a double peak. This means that the peak at 20° is characteristic for the
PPS matrix of the composite sample, and all other peaks observed are caused by the diffraction of
carbon fibers.

X, = 25.9%
—X_=24.4%
—X.=20.9% (18-24-18W 1000ms)
—X.=15.2% (200W 300ms)

Pure carbon fiber

20W 1800ms)
30W 1100ms)

—_——~— —

Intensity [a.u.]

30
2 Theta [°]
Figure 6.3: XRD spectrum of pure CF and CF/PPS samples with different degrees of crystallinity

The tested samples consist of two samples heated below T;,, (20W for 1800ms and 30W for 1100ms)
and two samples heated above T,, (18-24-18W for 1000ms and 200W for 300ms). The increase in
peak height is observed for the two samples heated above T,, and seems to be stronger as the DOC
increases. As the number of crystal planes available to diffract the X-rays increases for higher DOC,
an increase in the intensity of the diffraction peaks relative to the background intensity is expected.
However, other factors, such as the crystal size, orientation, and crystal shape, can also influence the
peak height in XRD. An increase in crystal size results in higher diffraction peaks, and commonly ap-
pears along with higher DOCs [95]. However, as the location of the diffraction peaks is not affected by
the different temperature histories of the tested samples, this indicates that the same type of crystal is
formed for all samples.

Theoretically, different crystallization mechanisms could result in a variation in crystal size and
shape. Generally, larger highly-oriented crystals are formed during cold-crystallization and melt-crystallization
results in smaller, more random crystals [96]. However, this depends on the exact crystallization con-
ditions, and cannot be confirmed based on the generated experimental data.

6.3. DSC results

The DSC analysis was carried out for both as-received samples and laser heated samples. The calcu-
lated DOC for the as-received samples serve as a baseline for the crystallinity, that the laser heated
samples can be compared to. The DOC of the laser heated samples is used to further study the effect
of temperature parameters on the DOC.

The DSC analysis was done using two different types of equipment, namely the TA Instruments
DSC and Perkin Elmer DSC. The switch to the Perkin ElImer DSC had to be made due to failure of the
TA Instrument DSC. The results are presented separately, after which a comparison of the results is
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done.

The DOC of the as-received sample is determined for both the TA Instruments and Perkin ElImer DSC.
All DSC measurements were performed at a heating rate of 10°C/min, except for sample TA7, which
was tested at 5°C/min. The cold-crystallization (A H..) and melting (A H,, ) enthalpies used for the DOC
calculation and the final DOC values are presented in Table 6.1. The measured DSC curves can be
found in Figures 6.4 and 6.5. The peak integration performed on these curves to determine the en-
thalpies of cold-crystallization and melting can be found in Appendix B.

Table 6.1: Measured cold-crystallization and melting enthalpies and calculated DOC of as-received samples using
a) TA Instruments (TA) and b) Perkin EiImer (PE) DSC

Heat of fusion Heat of fusion

. Degree of
Heat of fusion Heat of fusion (cold-cryst.) (melting) lini
. Degree of AH AH crystalinity
(cold-cryst.) (melting) . . c m
crystalinity

AH. AHm Sample [V/g] [V/g] [%]
Sample [J/g] [J/g] [%] PE1 7.22 10.36 9.4
TA 1" 11.20 16.66 16.6 PE 2 8.78 11.84 9.2
TA 2 8.02 12.81 14.6 PE 3 8.33 11.70 10.1
TA3 9.89 15.21 16.2 PE4 8.36 12.12 11.3
TA4 8.60 13.56 15.1 PES 8.51 11.88 10.1
TAS 9.37 13.13 11.4 PE 6 9.27 13.13 11.6
Average 9.4 14.3 14.8 PE7 8.63 12.16 10.6
* Analysis done at a slower rate of 5°C/min PE 8 8.84 11.92 9.2
Average 8.5 11.9 10.2

The results show a significant difference between the DOC for the two types of DSC. Using the TA
Instruments DSC an average DOC of 14.8% is obtained, whereas the average DOC obtained using
the Perkin ElImer DSC is 10.2%. The main reason for this is the difference in the melting enthalpy, which
lies between 12.8 and 15.2 J/g for the TA Instruments DSC (for the samples analyzed at a heating rate
of 10°C/min) and between 10.4 and 13.1 J/g for the Perkin ElImer DSC. For the cold-crystallization
enthalpy, similar values in the range of 7.2 to 9.9 J/g are obtained for both types of DSC.

As-received samples:

1 2 3 —4 —5

Exo —

Normalized heat flow [J/kg.K]

25 75 125 175 225 275 325
Temperature [°C]

Figure 6.4: DSC curves of the as-received samples tested using the TA Instruments DSC
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As-received samples:
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Normalized heat flow [J/kg.K]
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Figure 6.5: DSC curves of the as-received samples tested using the Perkin Elmer DSC

For the DSC curves obtained using the TA Instruments DSC, the cold-crystallization and melting peaks
and the overall baseline curve remain constant for all measured samples. A small difference can be
seen for sample TA 1, which was tested at a slower heating rate resulting in a lower cold-crystallization
peak temperature and higher melting onset temperature [97]. For the Perkin EImer DSC curves, the
location of both the cold-crystallization and melting peak is constant, but a variation in the baseline curve
of the measurements is observed. The region in which this is most eminent is at high temperatures
around T,,,, where the baseline is no longer linear and an upward curve is observed for some of the
samples. Additionally, the slope of sample PE 6 varies significantly from all other samples. Even though
the baseline is not related to the cold-crystallization and melting enthalpies directly, it does affect the
peak integration.

To conclude, a difference is seen in baseline of DSC curves between the TA Instruments and Perkin
Elmer measurements. Additionally, a curvature seen in the baseline of the Perkin EImer measurements
around T,,,. As a result, a lower melting enthalpy is obtained for the Perkin Elmer analysis, resulting in
a different range of DOC values obtained for the two types of DSC.

In Tables 6.2, 6.3 and 6.4, the cold-crystallization and melting enthalpies and final DOC values are
presented for the samples heated below T, and above T,, respectively. The maximum top surface
temperature is included in the tables along with the used settings, to provide more insight into the
applied laser heating.
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Table 6.2: Overview of degrees of crystallinity obtained for samples heated between T, and T:,,, measured using both types

of DSC
Maximum top | Heat of fusion  Heat of fusion Degree of
Laser Laser . L.
. surface (cold-cryst.) (melting) crystalinity
power heating time
temperature AHc AHm Xc
(W] [ms] q [J/gl /gl [%]
20 1000 172 8.97 14.71 17.2
20 1250 193 8.25 14.51 18.8
20 1500 222 5.72 12.78 21.2
20 1600 235 5.32 15.29 29.9
*E 20 1750 251 5.12 15.79 32.0
g 30 950 221 5.64 12.44 204
§ 30 1100 240 6.40 14.57 24,5
£ 40 700 211 8.05 15.88 235
= 40 800 236 6.52 14.42 23.7
50 500 192 9.36 15.60 18.7
50 600 213 8.04 15.78 23.2
75 550 260 7.75 16.34 25.8
100 450 279 8.80 14.88 18.2
20 1500 200 6.08 13.86 233
20 1500 200 5.68 13.65 23.9
E 20 1800 223 4,98 13.51 25.6
o 30 1100 230 6.43 14.45 24.0
~§ 30 1100 230 6.20 13.52 22.0
& 50 600 211 6.98 14.01 21.1
50 600 211 6.69 14.44 23.2
100 300 210 7.42 13.46 18.1

Table 6.3: Overview of degrees of crystallinity obtained for samples heated above T7,, with 2 emitters, measured using both

types of DSC
Maximum top | Heat of fusion  Heat of fusion Degree of
Laser Laser . .
L surface (cold-cryst.) (melting) crystalinity
power heating time
temperature AHc AHm Xc
(W] [ms] rd /gl /gl [%]
50 1750 421 8.24 12.90 14.0
50 2000 447 9.83 15.95 18.3
100 850 444 10.91 18.19 21.8
100 900 472 9.03 14.58 16.6
*3 150 500 419 9.85 15.59 17.2
g 150 600 482 9.19 14.76 16.7
g 150 650 491 8.70 14.24 16.6
2 200 450 493 9.56 14.40 145
pus 200 450 493 9.03 13.95 14.7
300 300 511 8.19 13.90 171
300 300 511 9.64 16.01 19.1
400 200 462 9.41 15.59 18.5
400 250 582 8.72 14.99 18.8
25 2500 322 7.78 13.95 18.5
E 25 2500 322 8.71 15.51 20.4
w 50 1300 348 9.00 15.14 18.4
;E 50 1300 348 8.61 15.06 194
& 100 600 344 9.10 15.33 18.7
200 300 377 8.20 13.70 16.5
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Table 6.4: Overview of degrees

of crystallinity obtained for samples heated above T;,, with 12 emitters, measured using
Perkin Elmer DSC

Maximum Heat of fusion  Heat of fusion Degree of
Laser Laser top surface (cold-cryst.) (melting) crystalinity
power heating time

temperature AHc AHm Xc
(W] [ms] [°d [/gl /gl [%]
4-6-4 4200 305 8.38 13.39 15.0
5 9-12-9 2000 347 8.20 13.99 17.4
£ 18-24-18 1000 369 8.35 16.32 23.9
E 38-50-38 400 343 8.53 13.67 15.4
E 75-100-75 200 355 8.73 15.49 20.3
& 75-100-75 200 355 7.91 14.92 21.0
150-200-150 100 421 8.97 15.61 19.9

In Figures 6.6 and 6.7, examples of the cold-crystallization and melting peak integration are shown

for the TA instruments and

Perkin Elmer data respectively. In Appendix B, the computation of the

enthalpies for all other samples are presented.

Figure 6.6: Example of enthalpy computation from DSC plots, for the sample heated at 400W for 250ms

—— 400W 250ms
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Figure 6.7: Example of enthalpy computation from DSC plots, for the sample heated at 50W for 1300ms
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Next to the as-received samples, a number of samples with identical laser heating settings have also
been characterized using both types of DSC. These samples can be used to compare the results of
the TA Instruments and Perkin Elmer DSC. In Table 6.5 the measured top surface temperature and
cold-crystallization and melting enthalpies, and the calculated DOC are listed. A difference of less than
2% DOC is obtained between the two types of DSC for all laser heated samples, based on which it
was decided to not distinguish between the DSC equipment used to determine the DOC for the further
analysis of the relation between crystallinity and temperature parameters in Section 6.4.

The purpose of the as-received sample characterization is to provide a baseline DOC value of the
material prior to laser heating. Due to the difference in DOC for the two types of DSC, a range of 10.2
to 14.8% is used for the baseline DOC. An increase in DOC is defined for values above 14.8%, and
decrease for DOC values below 10.2%.

Based on this definition, a small decrease is only obtained for 3 samples, all heated to temperatures
above T,,. These are the sample heated with 50W for 1750ms, for which a DOC of 14% is measured,
the two samples heated with 200W for 450ms, for which DOC values of 14.5% and 14.7% are measured.
For all other samples an evident increase in DOC is observed.

Table 6.5: Comparison of TA Instruments and Perkin EImer DSC results for measurements using samples with identical laser
heating settings

TA Instrument DSC Perkin Elmer DSC Comparison
Power Time Tmax AH AH DOC Tmax AH AH DOC AT, A DOC
(top surface) ¢ m (top surface) ¢ m max

[W] [ms] [°C] [)/g] [)/g] [%] [°C] [)/g] [J/g] [%] [°C] [%]

As-received - 9.4 14.3 14.8 - 8.5 11.9 10.2 - 4.57

20 1500 222 7.0 14.5 225 200 6.1 13.9 23.3 22 1.28
5.7 13.6 24.2

30 1100 240 7.8 16.0 21.2 230 6.4 14.5 24.0 10 1.96
6.2 13.5 223

50 600 213 9.2 16.6 21.2 211 7.0 14.0 21.4 2 1.29
6.7 14.4 23.6

200 300 354 9.1 14.7 16.8 377 8.2 13.2 15.2 23 1.63

6.4. Relationship between temperature evolution and DOC

In this section, the parameters derived from the measured temperature data as explained in Section
5.2 are combined with the DOC determined using the DSC characterization. First, a number of general
observations is discussed. In the following sections, the effect of each temperature parameter on the
DOC is discussed separately. For most parameters, a distinction is made between the samples heated
below and above T,,, as different phenomena are believed to affect the final DOC in these samples.

In Table 6.6 the range of the DOC obtained for each set of samples is listed. The variance of the DOC
provides a measures of the spread of the data around the mean, where a higher variance means a
bigger spread of data. A significantly higher variance is obtained for samples heated below T, than
for samples above T,,. In Figure 6.8 the spreading of the DOC measurements is shown visually. The
following two general observations are made:

» Higher DOC’s and a bigger range of DOC values is obtained for samples heated to temperatures
below T,,, in line with hypothesis H2.1.

* Lower DOC’s and a smaller range of DOC values is obtained for samples heated to temperatures
above T,,.

These obtained range of DOC values is also affected by the variation of laser heating settings and
the resulting temperature histories. Therefore, it is not conclusive that the extent of DOC variation is
directly related to heating to temperatures below or above T,,.
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Table 6.6: Maximum and minimum DOC and variance in measured values, listed for sample sets with different temperature
ranges

Maximum DOC ~ Minimum DOC  DOC variance

Heated below Tr, 32% 17% 13.90
Heated above Tm (2 emitters) 22% 14% 3.97
Heated above T, (12 emitters) 21% 15% 4.68

Heated below Tr, (2 emitters)
Heated above Tr, (2 emitters) *» DO e o o

Heated above Tr, (12 emitters)

125 15.0 17.5 20.0 225 25.0 275 30.0 325
Degree of crystallinity [%]

Figure 6.8: Distribution of measured DOC values of all tested samples, presented for sample sets with different temperature
ranges

The results in Table 6.6 challenge hypotheses H2.2 and H2.3, as the DOC values indicate that
samples that were rapidly cooled from temperatures both above 7,,, and T,,,, have a DOC that is equal
to or higher than the original as-received tape. These hypotheses were premised on the belief that the
cooling rate would not surpass 25°C/s, and that such a rate would prevent melt-crystallization.

Despite the average cooling rate for samples heated above T,,, being between 36-62°C/s, Section
5.3 highlights that the cooling rate decreases below 25°C/s during cooling at temperatures above Tj,.
This provides the necessary conditions for melt-crystallization to occur. Moreover, itis also possible that
melt-crystallization may happen even when the cooling rate exceeds 25°C/s. The following theories
might explain a possible increase in critical cooling rate and melt-crystallization at elevated cooling
rates:

» The unique memory effect seen in PPS leads to a faster crystal growth during the subsequent
melt-crystallization, caused by the ordered structure that can survive in a polymer melt even after
all nuclei are eliminated at temperatures above T,, o [46]. The increase in crystallization rate
results in higher critical cooling rates. However, the memory effect was studied by Yan et al. for
long heating dwell times in the range of minutes [46], and has not yet been studied for rapid
heating cycles as the ones applied to the tested samples.

» Well-defined foreign bodies such as nucleating agents, fillers and reinforcing fibers can serve as
nucleation sites for crystal growth, resulting in an increase in crystallization rate and crystallization
temperature [74][70]. The critical cooling rate of 20°C/min was determined experimentally for pure
PPS samples [30] [69] and is expected to be higher for PPS formulations with additives and PPS
reinforced composites. Higher critical cooling rates of up to 5°C/s have so far been reported for
studies using commercial CF/PPS composite prepregs.

In Figure 6.9, the top and bottom surface temperatures are plotted against the DOC. The vertical lines
indicate the T,,, of 285°C and a range for T,,,, between 350°C, reported by Yan et al. to be the equi-
librium melting temperature at which folded-chain crystals are completely eliminated. This value is
used, as the melting peaks observed for the heat flow curves obtained by DSC lies between 280°C
and 285°C, which is assigned to the melting of folded-chain crystals in the same study [46].
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Figure 6.9: The relationship between measured surface temperatures (top and bottom) and the determined DOC

For the top surface temperature, an increase in DOC is observed for temperatures between 172°C and
251°C. At 251°C a maximum DOC of 32% is measured, after which a significant decrease in DOC is
observed for all samples with higher top surface temperatures. A dependence on temperature is thus
observed for top surface temperatures of up to around 260°C, after which the DOC stays within the
range of 14% to 18% independently of the temperature.

As can be seen from the DSC heat flow measurements presented in Appendix B, the onset of the
melting peaks starts around temperatures of 250°C. The partial melting occurring in the parts of the
sample heated above 250°C could be the reason for the observed decrease in DOC at temperatures
below the T,,, of 280-285°C.

An S-shaped trend is observed for the samples heated to temperatures between 172°C and 251°C,
consisting of an initial gradual increase in DOC, followed by a steeper increase at temperatures be-
tween 200 and 235°C, after which it flattens off. For the bottom surface temperature, the shift from
initial gradual DOC increase to a steeper increase occurs at a lower temperature of around 175°. An
explanation for the variation in DOC increase rate could be the different crystallization rates and their
dependence on temperature. The highest crystallization rates are observed at 160°C for isothermal
crystallization. This temperature seems to be higher for the rapid non-isothermal crystallization during
laser heating.

For samples heated above T, the independence of the DOC on the maximum temperature is not sur-
prising. As the melt-crystallization, presumed to be a likely cause for the measured crystallinity in these
samples, occurs at temperatures between T,,, and T, the peak temperature above T,,, does not affect
the crystallization directly. However, what is expected to be affected by the maximum temperature
above T,, are the melting kinetics, namely the superheating and memory effect, influencing the pres-
ence of unmelted crystals, ordered conformations and entanglements in the melt. The dependence of
the melting kinetics on the maximum temperature, and its effect on the final crystallinity, could not be
proved based on the results obtained.

For samples heated above T,,, the lack of dependence of DOC on the maximum temperature at-
tained is not unexpected. As the phenomenon of melt-crystallization, which is believed to be a likely
contributor to the observed crystallinity in these samples, occurs in the temperature range between T;,,
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and T,, the maximum temperature attained above T;,, does not have a direct impact on the crystalliza-
tion itself. However, it is expected that the maximum temperature above T,,, would influence the melting
kinetics, including superheating and memory effects, which can affect the presence of unmelted crys-
tals, ordered conformations, and entanglements in the melt. The dependence of the melting kinetics
on the maximum temperature, and its effect on the final crystallinity, could not be conclusively shown
based on the results obtained.

For the bottom surface temperature, the above described behavior is less prominent in the range be-
tween T, and T,,, as the variation in DOC obtained for samples with similar bottom temperatures is
bigger. The most extreme example of this is a DOC of 32% and 18.1%, obtained for a samples with
the same bottom surface temperature of 197°C. In Figure 6.10 the temperature range between top and
bottom surface is shown for samples heated below T,,,. The big variation in temperature gradient be-
tween the samples explains the difference observed between the top and bottom surface temperature
plots.
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Figure 6.10: Relation between DOC and temperature gradient (range between the surface top and bottom maximum value)

For the samples heated above T,, no difference in DOC is observed when the temperature of the
sample exceeds the equilibrium melting temperature, above which all residual nuclei are completely
eliminated [46]. This could be caused by a number of reasons. As the T,,,, of 3560°C was determined
for pure PPS, the actual T,,,, for the PPS formulation used in the samples might be higher. This could
result in residual nuclei remaining in the microstructure even if the temperature is increased above 350°,
having the same effect of the crystallization and DOC odf all samples. On the other hand, it is also
possible that these residual nuclei are removed immediately after the melting temperature, resulting in
no impact on the crystallization in any of the tested samples. No conclusive evidence of the effect of
residual nuclei on the DOC can be determined based on the obtained data. The results suggest that
in the temperature range between the T,,, and 410°C, the maximum bottom surface temperature, no
effect of the residual nuclei on the DOC was observed.

The plots showing the relation between the DOC and the total heating and cooling time can be found
in Figure 6.11. A comparable range of heating times is obtained for samples heated both below and
above T,,. For the cooling times on the other hand, significantly higher values are obtained for samples
heated above T,,,, compared to those heated below T,.
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Figure 6.11: The relationship between DOC and the heating time (top plot) and cooling time (bottom plot)

Figure 6.12 displays the relationship between DOC and heating and cooling time, for samples heated
below T, only. The data shows an increase in DOC for both increasing heating time and cooling
time, which supports hypothesis H2.5. This can be explained by the fact that cold-crystallization can
occur continuously throughout the heating and cooling cycle, and thus, a longer duration of heating and
cooling provides more time for crystals to grow, leading to higher DOC values.
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Figure 6.12: The relation between DOC and heating (left) and cooling time (right) for the samples heated to temperatures

below T,

The rate of cold-crystallization during the process is dependent on temperature and the heating and
cooling rates, and it generally occurs at a faster rate during heating than cooling [52]. This would
suggest that the heating time is the main influencing factor for the final DOC. On the other hand, sub-
stantially more time is spent in cooling compared to heating, allowing more crystals to form during this
stage and making the cooling time the more important factor. To isolate the effects of heating and
cooling time, Figure 6.13 presents the DOC values of groups of samples with consistent heating and
cooling times. This allows for the separate examination of the effects of heating and cooling times on



6.4. Relationship between temperature evolution and DOC 63

the DOC.

In the left plot, the influence of cooling time on DOC is analyzed for groups of samples with similar
heating times. For the sample groups with lower heating times (0.37-0.38s and 0.46s) the DOC remains
relatively constant and no effect of cooling time on the DOC is observed. For the groups with higher
heating times (0.64-0.74s and 0.86-0.96s), a slight increase in DOC is seen with increasing cooling
time. Between the groups, no increase in DOC is observed as the heating time increases.

In the right plot, an increase in DOC with increasing heating time is seen for the groups with longer
cooling times (4.34-4.43s and 4.66-4.93s). This is not the case for the group with a cooling time of
3.73-4.01s where the relation between DOC and heating time is less clear. A vague trend towards an
increase in DOC with increasing cooling time was also observed between the groups.

The results in both plots show an inconsistent dependency of DOC on the heating and cooling time.
Based on these observations, it can be concluded that the DOC is the result of a complex interplay
between heating and cooling time, as well as other factors, leading to the unsteady relations observed
in Figure 6.13. Therefore, it is not possible to solely use heating or cooling time to analyze the DOC
and both must be taken into account.
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Figure 6.13: Plots showing the relation between the DOC and:
a) the cooling time for groups of samples with similar heating times, and b) the heating time for groups of samples with similar
cooling times

In Figure 6.11 the plots showing the relation between the DOC and time spent between temperatures
of T, and T,,, both during heating and cooling are presented. For the samples heated below T,,, this
parameter is equal to the total heating and cooling time discussed above, which is why only the samples
heated above T,,, will be discussed in this section.
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Figure 6.14: The relationship between DOC and heating and cooling time spent between T, and T,

In Figure 6.15 the two parameters are plotted for the samples heated above T, only. No dependence
of the DOC on the time spent between T, and T, is seen, for neither heating nor cooling. The heating
time between T, and T,, is only expected to have an impact on the DOC if the cold-crystallization that
occurs during this period survives the melting phase. The absence of an effect on heating time between
T, and T;,, on the DOC may indicate that no cold-crystallization occurs during heating, or that there is
no occurrence of superheating during melting, or that the influence of melt-crystallization on the DOC
is significantly stronger.

For the cooling time between T, and T, a direct effect on the melt-crystallization and thus the final
DOC are expected, with longer times resulting in a higher DOC. However, the data does not show any
correlation. A possible explanation for this may be the small range of relatively constant cooling times
obtained for the tested samples, all lying between 6 seconds to 6.42 seconds. This variation is much
smaller compared to samples heated below T;,, (as seen in Figure 6.14). As a result, almost the same
amount of time is available for the melt-crystallization for all samples in this set. To better analyze the
effect of cooling time between T, and T;,, on DOC, a sample set heated above T;,, with a wider range
of cooling times is needed.
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Figure 6.15: The relation between DOC and time spent between T, and T3, during heating (left) and cooling (right) for the
samples heated to temperatures above T,

In Figure 6.16 the plots showing the relation between DOC and the time spent above T, and the inte-
gral taken over this time range are presented. The total time spent above T is the sum of the heating
and cooling time. Previous findings indicate that for samples heated above T,,, no correlation exists
between heating time and DOC and that the range of cooling time was insufficient to study its effect on
DOC. Therefore, additional analysis of the effect of the total time spent above T,, on DOC for samples
heated above T,, is not deemed necessary.
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Figure 6.16: The relationship between the DOC and the total time spent above T, (top plot) and the temperature integral for
temperatures above T}, (bottom plot)

For the samples heated below T, an increase in DOC is observed as the time above T, increases.
This is consistent with the results obtained from the heating and cooling time and can be related to
the longer time available for cold-crystallization to take place. A stronger and more confined correla-
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tion between DOC and the time spent above T} is observed compared to the relations seen for the
separately analyzed heating time and cooling time (shown in Figure 6.12). The correlation between
the parameters can be best described by an S-shaped trend. The initial increase in the DOC is slow,
followed by a more substantial growth between 4.75 and 6 seconds, beyond which the trend levels
off. A similar trend has been described in literature for the relation between crystallization time and
DOC for isothermal crystallization, caused by the different rates of primary and secondary crystalliza-
tion. In Figure 6.17 the relation between isothermal crystallization time and DOC is shown for PPS [76],
showing the effect of the fast primary and slow secondary crystallization. For comparison, the relation
between DOC and time above T} is shown in Figure 6.18 for all samples heated with a laser power
of 20W, for which the similar S-shaped trend is very clear. Even though the crystallization studied is

not isothermal, the crystallization rates dependence on crystallization time could be used to explain the
S-shaped behavior.
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Figure 6.17: Crystallllmty as a function of annealing time for temperatures above T}, for samples heated using a laser power
PPS annealed at different temperatures (120 to 220 °C) of 20W and varying heating times between 1000ms and
obtained by Furushima et al. [76] 1800ms

A parameter related to the total time above 7} is the integral over temperatures above 7,. Using
this parameter the influence of temperature evolution over time can be quantified, combining both the
effect of temperature and time on the DOC. The downside of this parameter is that it cannot distinguish
between samples slowly heated to lower temperatures and samples heated rapidly to higher tempera-
tures. Despite this, an increasing DOC can be observed for higher integral values for samples heated
below T,. Again, the parameter seems to follow an S-shaped trend.

The relation between the DOC and the time above T;,, and integral over this time range are shown in
Figure 6.19 for the samples heated above T,,. For neither of the parameters, an effect on the DOC is
observed. Similarly as for other temperature parameters, the DOC shows a relatively constant behavior.
The fact that time spent above T;,, does not influence the DOC indicates that the same melt condition is
obtained for all samples, and the tested laser inputs do not affect the melting. Two possible scenarios
are formulated as a hypothesis for the lack of DOC dependence on the melt phase:

» Therapid laser heating leads to superheating in all samples. In the superheated state the crysallinity
prior to melting is maintained. The increase in DOC with respect to the as-received tape can
then be explained by either cold-crystallization during heating, or melt-crystallization of the super-
heated state during cooling, or a combination of the two.

» A perfect melt without residual nuclei is achieved as a result of the rapid laser heating. This
would mean that the as-received crystallinity and any DOC gains due to cold-crystallization are

lost during the melting phase, and the final DOC is the result of the melt-crystallization during
cooling.
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The main difference between the hypotheses is the crystallinity of the sample in the molten state, directly
affecting the processing viscosity and thus the intimate contact and laminate quality achieved during
LAFP. For the superheated state, the crystallinity remains unchanged and at least equal to DOC of the
as-received, whereas the DOC of the perfect melt approaches zero.

In the section discussing the effect of maximum temperature on crystallinity, a decrease in DOC was
observed as the maximum temperature approaches 7,,., caused by the melting onset at 250°C. The
decrease in DOC related to the onset of melting contradicts the superheating hypothesis and provides
strong support for the second hypothesis, as a further decrease in DOC would be expected with longer
melting times.
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Figure 6.19: The relationship between the DOC and the total time spent above T,,, (top plot) and the temperature integral for
temperatures above T, (bottom plot)

Finally, the samples heated using 12 emitters and a pyramid laser power distribution, and thus a bigger
heated area, are analyzed. Compared to the samples heated with 2 emitters, the surrounding tape
temperature for the samples heated with 12 emitters is higher. This temperature affects the boundary
conditions of the samples analyzed using DSC. The surrounding tape temperature determines to what
extend the boundary conditions of the tested sample act as a heat sink. For higher surrounding temper-
atures, a smaller heat sink and thus slower cooling is observed. Additionally, the mobility of the polymer
chains surrounding the tested sample increases with temperature, and might affect the crystallization
within the sample itself.

From the plot in Figure 6.20, showing the relation between cooling time between T, and T,,,, it can
be seen that the longer cooling time achieved with the bigger heating area does not affect the DOC. As
the range of DOC values obtained when heated with 2 and 12 emitters is similar, in can be concluded
that either no difference in chain mobility is achieved for the surrounding tape of the tested samples or
that the surrounding chain mobility does not have a strong effect on the DOC.
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As shown in Figure 6.21, longer times spent at temperatures above T}, result in a decrease in DOC.
This is unexpected, as it suggest that as the time available for crystallization to take place increases the
DOC decreases. From the separate analysis of the heating time and cooling time, the same unexpected
relation is observed for the heating time, while the cooling time shows the expected increase in DOC
for longer times. A hypothesis formed based on these results is that the cooling phase is determining
for the final DOC, and the effect of heating time on the DOC can be disregarded due to the elimination
of crystals formed during cold-crystallization during melting.
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Figure 6.21: The relation between DOC and:
a) total time spent above Ty, b) heating time, and ¢) cooling time

No all temperature parameters are discussed in this section, as no relevant data was obtained from

them. All additional plots showing the relation between DOC and temperature parameters can be found
in Appendix D.

6.5. Conclusion

In this chapter, the outcomes of the TGA, XRD and DSC analysis were presented and the results dis-
cussed. In this section, the main findings and conclusions will be summarized.

The TGA analysis showed that the degradation temperature at which a decrease in weight is observed
lies at 475°C when heated at a rate of 5°C/min and further increases for higher heating rates. As the
heating rates for the laser heated samples are significantly higher, it was assumed no degradation phe-
nomena related to weight loss take place in the tested samples. However, as degradation is a complex
process that involves chemical and physical changes in the material, and weight loss may not always

be the most sensitive indicator, the occurrence of degradation at lower temperatures can not be ruled
out.
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The XRD characterization of samples heated both above and below T, revealed a relatively constant
diffraction pattern with variation only in diffraction peak height but not in peak location. This result indi-
cated that despite differences in heating conditions and temperature evolution, the same type of crystal
was formed in all samples.

The DSC analysis was performed with the TA Instruments DSC and Perkin EImer DSC. The comparison
of the obtained results showed that the variation between the two types of equipment is negligible, and
no differentiation between them was made in the subsequent analysis of the data.

For the samples heated to temperatures below T, a significant increase in DOC compared to the
as-received tape was observed and a big variation in results obtained. The DOC of the samples heated
above T,, also increases with respect to the as-received tape, but this increase is lower and the variation
in DOC values obtained smaller.

The surface temperature and time spent above T}, show the best correlation to the DOC for samples
heated below T;,,. An S-shaped trend is observed with an initial strong increase in DOC which flattens
off both at higher temperatures and longer heating times. This behavior is attributed to the variation of
crystallization rate throughout the laser heating temperature cycle.

For the samples heated to temperatures above T,,,, no relation of the DOC to any of the studied
temperature parameters is observed. A possible explanation for this is the narrow range of cooling
times obtained, resulting in the same time available for melt-crystallization. Finally, the same range of
DOC was obtained for samples heated with 2 and 12 emitters, from which it was concluded that the
heated area has no significant effect on the crystallization for the samples tested.



Conclusions

The aim of this master thesis was to gain more insight into the effects of rapid laser heating on the de-
velopment of crystallinity in CF/PPS composite tapes.This was done by first studying the effect of laser
heating on the temperature evolution in the tape, followed by the analysis of the effect of temperature
parameters on the degree of crystallinity of heated samples.

In this chapter, a summary of the research conclusions based on Chapters 5 and 6 is presented.
First, the key findings will be related to the research questions in Section 7.1. In Section 7.2 the rele-
vance of the thesis for the research and development of laser-assisted fiber placement (LAFP) will be
highlighted. Finally, recommendations for further research based are proposed in Section 7.3.

7.1. Answers to research questions

For the analysis of heating input settings on the sample temperature, 57 samples were produced and
measured in total, of which 24 samples were heated to temperatures below T;,,, and 33 samples to
temperatures above T,,. Different combinations of laser power (ranging from 25W to 400W), heating
time (ranging from 100ms to 4200ms) and heated area (using 2 or 12 emitters) were applied. As a
result, significant differences in temperature histories were obtained, including maximum surface tem-
peratures between 172°C and 582°C. Additionally, various parameters quantifying the temperature
evolution over time were defined and studied.

The laser power is found to be the main factor affecting the speed of the temperature evolution. This
effect is seen during the heating phase and initial cooling phase, where more rapid rates are observed
as the laser power increases. This became especially clear for the sample set with an increased heated
area. On the other hand, the cooling rate at temperatures below the melting temperature (7,,) remains
constant regardless of the laser power.

For the variation of heated area an effect on the cooling time is observed. As the number of emitters
used to heat the sample increased from 2 to 12, an increase in cooling time and time spent between
glass-transition temperature (7},) and melting temperature was observed. However, for samples heated
with the same number of emitters, relatively constant cooling times are measured. This is explained
by the decrease in heat sink induced on the measured sample by the surrounding tape, as a more
constant temperature throughout the tape is observed.

Finally, the heating time primarily affects the maximum temperature achieved in the tape. This
parameter was therefore used to regulate the maximum temperature achieved in the tape when varying
the laser time and heated area inputs.

To answer this research question, the temperature parameters derived from the thermal camera mea-
surements and the degree of crystallinity (DOC) obtained using differential scanning calorimetry (DSC)
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characterization were plotted and visually analyzed, and the observed behavior was discussed.

For the samples heated to temperatures below T,,,, a good correlation between the DOC and a number
of temperature parameters is obtained. Both the maximum temperature and time spent above T, show
an S-shaped trend, and an increase in DOC values as the temperature and time increase.

For the maximum temperature, a drop in DOC is observed for samples approaching the melting
temperature. This was explained by the onset of melting, observed to be around 250°C based on the
DSC heat flow curves. The low DOC obtained for samples heated to low temperatures was explained
by the slower crystallization rates, due to the low chain mobility at these temperatures.

The study found that the total time above T,, as well as the heating and cooling times, have a
positive effect on the DOC. The results showed that separating the effect of heating and cooling time
on DOC was difficult, and the strongest correlation to DOC was seen when considering the total time
above T,. This implies a complex interaction of crystallization kinetics during both heating and cool-
ing. The results also showed an S-shaped, and the trend was found to be similar to the relationship
between annealing time and DOC for isothermal crystallization. For the isothermal crystallization, the
S-shaped trend was ascribed to the different rates of primary and secondary crystallization. The results
indicate that the varying rates of primary and secondary crystallization may also impact non-isothermal
crystallization during rapid laser heating.

In contrast, no dependency of the DOC on any of the temperature parameters is observed for the sam-
ples heated above T, using 2 emitters. However, an increase in DOC is observed compared to the
as-received tape, meaning that either cold- or melt-crystallization play a role in the final DOC obtained.

Samples heated to temperatures both above and below the equilibrium melting temperature (75,,,)
were tested, with a variation of time spent above T;,, from 0.66 to 2.55 seconds. The constant DOC
obtained independently of the temperature parameters associated with the melting phase suggests
that similar melting conditions were achieved for all tested heating inputs, which could range from a
complete melt with no residual nuclei to a superheated semi-crystalline state. For samples heated
below T,, a dependence of the DOC on temperature was determined, which showed a decrease in
DOC as the sample approached the melt. This trend supports the hypothesis of a further decrease in
crystallinity during melting, ruling out the possibility of full superheating. However, the results of the
experiments and data collected are not comprehensive enough to form definite conclusions regarding
the composition of the melt and the evolution of crystallinity at temperatures above T,,.

For the parameters related to the heating and cooling phase, an namely the times spent between
T, and T, during heating and cooling, no dependency of the DOC was observed. For the cooling time
between T}, and 7T,,,, assumed to be related to the melt-crystallization, a small range of times between
6 and 6,6 seconds was tested, which could be the explanation for the constant DOC values obtained.
For the heating time between T, and T,,,, a wider range of times was measured between 0.1 and 1.6
seconds, and the lack of relation insinuates the cold-crystallization has a less pronounced effect on the
final DOC. From the analysis of the samples heated above T,,, using 12 emitters, two additional conclu-
sions are obtained. Firstly, an increase in cooling time between T, and T},, with respect to the samples
heated with 2 emitters is obtained, but no difference in DOC observed. This affirms the conclusion that
the DOC is not dependent on the cooling time. On the other hand, a dependency of DOC on cooling
time is observed for the sample set tested using 12 emitters.

Due to the lack of correlation between the temperature parameters and DOC and some contra-
dicting trends observed, it remains uncertain what the effect of cold- and melt-crystallization on the
final DOC is. The data strongly suggest that melt-crystallization is the main source of crystallinity in the
final sample, but further research necessary to establish a solid relationship between these parameters.

The conclusions lead to the following new hypotheses formed for RQ2, that should be further re-
searched:

» For the samples heated below T;,, the increase in crystallinity is attributed to cold-crystallization
during both heating and cooling.

» The rate of cold-crystallization during the temperature cycle of samples heated below T, is not
constant, and varies both as a function of time and temperature.

» Even for very short times spent above T;,,, melting takes place and the crystallinity decreases.
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» The main factor causing the increase in DOC for samples heated above T, is the melt-crystallization
upon cooling.

7.2. Relevance for LAFP

In the study, two different sets of samples were analyzed, heated to temperatures either completely
below or above T;,,. During LAFP, a combination of both these types of heating can be observed. The
incoming tape and the substrate are heated to temperatures above T,,, by direct exposure to the laser.
Depending on the laser power applied, different temperature gradients are achieved, as was shown in
Chapter 5. With higher laser powers resulting in greater temperature gradients, it is likely that the di-
rectly heated tape and substrate will experience strong temperature gradients during LAFP. As a result,
the incoming tape may not be fully heated to temperatures above T,,, and portions of the tape might
remain at temperatures below 7;,,. Additionally, parts of the laminate in earlier layers that are farther
away from the laser source may experience heating to temperatures between T, and T,,.

For the samples heated to temperatures above Tm, no significant effect of the whole laser heating
process on the final crystallinity is observed, with the DOC values measured lying between 14% and
20.4%. The crystallinity in the molten state is expected to be lower, which is beneficial for the consol-
idation process during LAFP, due to the associated reduction in processing viscosity. The research
was however not successful in determining the exact crystallinity evolution throughout the whole laser
heating and cooling cycle, which remains to be relevant gap in knowledge for the optimization of the
laser heating applied during LAFP. Additionally, it is important to note that the experiments did not in-
clude the application of pressure and did not account for the effect of shear thinning that would occur
under the compaction roller.

For the samples heated below T,,, the most relevant conclusion of LAFP is the ability for the material
to cold-crystallize under the rapid laser heating conditions. This will result in an increase in crystallinity
for previously placed layers, as more layers are added to the laminate.

7.3. Recommendations

The presented research provided many useful insights about the crystallization behavior as a result
of rapid laser heating, which can be related to the LAFP process. However, a lot of conclusions are
still based on hypotheses, new questions are formulated and phenomena are observed that cannot be
explained with the currently available knowledge. The following research focus is suggested to improve
the performed experiments and to further understand the phenomenons observed in this research:

» Staged heating: In the tested samples, many parameters vary simultaneously making it difficult
to distinguish between their effect on the crystallinity. A way to improve the suitability of the
samples to analyze the effect of certain parameters separately is the use of staged heating. This
allows to heat samples to the same temperature and apply a dwell, and this way more objectively
study the effect of a single parameter. For example for the effect of time above T, this would
mean samples can be heated at the same heating rate to the same temperature above 7,,, and
kept at this temperature for varying times. What would vary per sample is the cooling time and
rate, as due to longer melting times a bigger part of the material is expected to melt and the heat
sink effect becomes less strong. Additionally, it is known that the heat sink and mobility barrier
differences could also affect the crystallinity. The effect of this on the measurements could be
limited by using a big laser heating area and only studying a central located sample.

» Fast scanning calorimetry (FSC): DSC is performed at significantly lower heating and cooling
rates compared to laser heating. This means DSC cannot be used to simulate the heating phase
of LAFP and only to characterize the outcomes of the process. A newly developed type of DSC
able to overcome the temperature rate limitation is FSC. By using micro-machined sensors ultra-
high scanning rates of up to 50000°C/s can be achieved. This allows to investigate crystallization
kinetics during the separate phases of the LAFP process, namely heating to 7,,,, melting above
T,, and cooling. The downside of FSC is the small sample weight and size. To get results repre-
sentative for the whole laminate grinded powder samples could be used. As material melting is
needed to obtain good contact of the sample with the sensor, the thermal history of the sample is
affected prior to measurements. This limitation could be overcome by using DSC to characterize
the effect of this thermal history alteration.
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» Multiple heating cycles: During LAFP, parts of the tape might be heated multiple times. Study-

ing whether previous heating cycles to temperatures above T,,, have an impact on the crystallinity

obtained during subsequent heating cycles to temperatures below T, is therefore relevant for

LAFP. Additionally, this could provide valuable information regarding the melting and crystalliza-

tion kinetics, as previous cooling rates have been reported to impact crystallization in the literature.

Crystallinity extremes: With the current research, little information is gained about the effect of

melting on the crystallization. It would be interesting to increase the time spent at temperatures

above T, until a minimum in crystallinity is found. Similarly, increasing the time spent in the
cold-crystallization region until a maximum in achievable crystallinity is found could provide new
insights.

+ Simultaneous top and bottom surface measurement: For the purpose of this thesis, only
one IR camera was available. This was a big limitation, as this means the top and bottom sur-
face temperature could not both be measured for each sample. As the temperature differences
between the samples heated with identical laser heating settings, the effect of this limitation is
also significant. Additionally, by using two IR cameras and performing simultaneous temperature
measurements, more accurate information about the temperature gradient in the sample can be
obtained and the effect of this parameter on the DOC analyzed. As the bulk DOC is measured
during DSC, this could have an impact on the interpretation of the results.
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Temperature parameters

In this appendix the Tables with all measured and generated temperature parameters are presented.

Heated below T,, (2 emitters)

Table A.1: Maximum top surface temperature parameters for samples heated below T,

Top surface measurement
Laser Laser heating | Maximum Heating Cooling Total time Heating Cooling | Temperature
power time temperature time time above Tg rate rate integral >Tg
W] [ms] [d [s] [s] [s] [C/s] [°C/s] [°c.s]
20 1000 172 0.68 3.09 3.76 121 27 470
20 1250 193 0.96 3.75 4.70 109 28 632
20 1500 222 0.64 4.42 5.05 99 30 741
20 1500 197 1.08 3.85 4.92 100 28 669
20 1500 203 1.10 3.74 4.83 104 30 671
20 1600 235 1.38 4.66 6.03 114 31 890
20 1750 251 1.45 4.93 6.38 112 33 980
20 1800 221 1.40 4.44 5.83 94 30 847
20 1800 225 1.40 4.30 5.69 97 31 838
m 30 850 204 0.63 3.91 4.54 182 29 618
TE 30 950 221 0.74 4.34 5.08 177 30 722
€ 30 1100 240 0.88 4.80 5.68 171 31 847
E 30 1100 229 0.86 4.39 5.24 163 32 768
f;’ 30 1100 232 0.86 4.47 5.33 167 32 787
40 700 211 0.53 4.01 4.54 231 30 628
40 800 236 0.64 4.73 5.36 231 31 788
50 500 192 0.37 3.73 4.10 279 27 736
50 600 213 0.46 3.99 4.45 268 31 620
50 600 212 0.45 4.12 4.57 273 30 632
50 600 209 0.45 3.91 4.35 269 30 595
75 550 260 0.46 5.40 5.86 371 31 1183
100 300 217 0.24 3.88 4.11 550 33 565
100 300 203 0.23 3.80 4.03 497 30 542
100 450 279 0.38 5.46 5.84 498 34 1193
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Table A.2: Average top surface temperature parameters for samples heated below T,

Top surface measurement

Laser Laser heating | Maximum Heating Cooling Total time Heating Cooling | Temperature
power time temperature time time above Tg rate rate integral >Tg
W] [ms] q [s] [s] [s] [°Cc/sl [°Cc/sl [°C.s]
20 1000 153 0.61 2.39 2.99 105 27 353
20 1250 166 0.74 2.99 3.72 103 25 461
20 1500 199 0.63 3.70 4.32 88 29 597
20 1500 187 1.05 3.24 4.28 93 30 566
20 1500 190 1.07 3.23 4.30 94 31 573
20 1600 206 1.21 3.83 5.03 96 30 699
20 1750 217 1.38 4.02 5.39 93 32 778
20 1800 208 1.36 3.87 5.22 87 30 737
° 20 1800 208 1.37 3.60 4.96 87 33 703
7:; 30 850 178 0.58 3.07 3.65 152 29 462
E 30 950 193 0.69 3.53 4.21 152 29 558
é‘ 30 1100 211 0.84 3.98 4.81 146 31 671
g 30 1100 213 0.83 3.86 4.68 149 32 662
Eé’ 30 1100 222 0.84 4.05 4.88 158 33 706
:% 40 700 186 0.49 3.20 3.68 197 30 477
40 800 207 0.60 3.99 4.37 196 30 618
50 500 173 0.34 3.05 3.39 246 27 419
50 600 183 0.42 3.17 3.59 223 29 459
50 600 201 0.43 3.65 4.08 258 30 549
50 600 197 0.43 3.43 3.85 252 31 513
75 550 236 0.44 4.80 5.24 333 30 758
100 300 195 0.22 3.36 3.57 489 31 468
100 300 191 0.22 3.25 3.47 469 31 451
100 450 241 0.37 4.56 4.92 413 33 716
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Table A.3: Maximum bottom surface temperature parameters for samples heated below T,

Bottom surface measurement

Laser Laser heating | Maximum Heating Cooling Total time Heating Cooling | Temperature
power time temperature time time above Tg rate rate integral >Tg
(w] [ms] [°cl [s] [s] [s] [°C/s] [°c/s] [°C.9]
20 1000 142 0.57 2.45 3.01 93 21 343
20 1250 162 0.82 3.22 4.03 90 23 492
20 1500 183 1.07 3.74 4.81 87 25 587
20 1500 199 1.08 3.07 4.15 102 31 860
20 1500 206 1.10 4.01 5.10 107 29 716
20 1600 192 1.20 3.97 5.16 85 26 697
20 1750 197 1.32 4.16 5.47 82 26 747
20 1800 220 1.39 4.58 5.96 94 28 876
20 1800 232 1.42 4.81 6.22 101 30 938
@ 30 850 172 0.58 3.47 4.05 142 24 490
TE 30 950 187 0.68 3.76 4.43 145 26 583
£ 30 1100 200 0.84 4.25 5.08 132 26 696
é 30 1100 221 0.84 4.51 5.32 157 29 770
3 30 1100 231 0.85 4.66 5.50 167 30 816
e 40 700 179 0.50 3.75 4.25 184 24 543
40 800 200 0.60 3.87 4.47 185 28 615
50 500 169 0.35 3.55 3.90 227 22 484
50 600 185 0.48 4.02 4.27 201 24 582
50 600 206 0.46 4.14 4.59 257 28 633
50 600 208 0.44 4.17 4.60 272 28 637
75 550 229 0.50 5.35 5.85 314 26 1125
100 300 189 0.27 3.93 4.19 370 25 557
100 300 205 0.24 4.09 4.32 497 28 592
100 450 251 0.38 4.65 5.03 281 26 703
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Table A.4: Average bottom surface temperature parameters for samples heated below T,

Bottom surface measurement

Laser Laser heating| Maximum Heating Cooling Total time Heating Cooling | Temperature
power time temperature time time above Tg rate rate integral >Tg
(W] [ms] [d [s] [s] [s] [°C/s] [C/sl [c.sl
20 1000 127 0.47 1.74 2.19 79 21 236
20 1250 144 0.71 2.38 3.09 77 23 355
20 1500 175 1.01 2.99 4.00 84 28 511
20 1500 182 1.04 3.12 4.15 89 30 545
20 1500 159 0.97 2.90 3.86 72 24 469
20 1600 169 1.09 3.17 4.25 73 25 535
20 1750 169 1.18 3.26 4.43 67 24 558
20 1800 198 1.32 3.65 4.96 82 30 684
° 20 1800 212 1.37 4.05 5.41 90 30 776
7:; 30 850 153 0.52 2.68 3.19 122 23 377
z) 30 950 163 0.61 2.94 3.55 121 25 435
% 30 1100 199 0.79 3.64 4.42 138 30 603
§ 30 1100 204 0.80 3.68 4.48 143 31 619
&P 30 1100 175 0.76 3.40 4.15 113 25 529
g 40 700 158 0.44 2.90 3.34 157 23 411
40 800 173 0.54 3.15 3.69 154 26 465
50 500 157 0.33 2.92 3.24 209 23 387
50 600 188 0.43 3.42 3.84 228 29 505
50 600 187 0.42 3.30 3.71 235 29 486
50 600 163 0.41 3.10 3.50 182 24 427
75 550 211 0.38 4.65 5.03 281 26 703
100 300 168 0.22 2.97 3.18 358 26 396
100 300 189 0.23 3.41 3.64 442 29 479
100 450 226 0.37 4.61 4.98 368 29 715
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Heated above T, (2 emitters)

Maximum top surface temperature parameters for samples heated above T,

Table A.5
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Average top surface temperature parameters for samples heated above T,

Table A.6
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Maximum bottom surface temperature parameters for samples heated above T},

Table A.7
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Table A.8: Average bottom surface temperature parameters for samples heated above T,
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Heated above T, (12 emitters)

Maximum and average top surface temperature parameters for samples heated above T,

Table A.9
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Table A.10: Maximum and average bottom surface temperature parameters for samples heated above T,
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DSC data analysis

In this appendix, the results of the heat flow peak integration obtained using DSC characterization
are presented for all tested samples. A sigmoidal baseline was utilized to integrate both the cold-
crystallization and melting peaks. The linear region of the heat flow was considered to determine the
endpoints for the integration. The manual selection of tangential arms for the sigmoidal baseline was
required during data analysis using the Perkin Elmer software, whereas the TRIOS software, used for
the analysis of TA Instrumentation results, is capable of performing this step automatically.

Perkin Elmer

Figure B.1: PE 1
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Figure B.2: PE 2
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Figure B.4: PE 4
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Heat FlowEndo Down (m) —— ——

Figure B.6: PE 6
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Figure B.8: PE 8
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Figure B.9: PE: 20W 1500ms
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Figure B.10: PE: 20W 1500ms
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Figure B.11: PE: 20W 1800ms
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Figure B.12: PE: 30W 1100ms
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Figure B.13: PE: 30W 1100ms
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Figure B.14: PE: 50W 600ms
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Figure B.15: PE: 50W 600ms
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Heat FlowEndo Down (mW) — —

Figure B.16: PE: 100W 300ms
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Figure B.17: PE: 25W 2500ms
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Figure B.18: PE: 25W 2500ms
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Figure B.24: PE: 9-12-9W 2000ms
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Figure B.26: PE: 38-50-38W 400ms
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Figure B.28: PE: 75-100-75W 200ms
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Figure B.30: TA: 20W 1000ms
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Figure B.32: TA: 20W 1500ms
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Figure B.34: TA: 20W 1750ms
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Figure B.36: TA: 30W 1100ms
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Figure B.38: TA: 40W 800ms
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Figure B.40: TA: 50W 600ms
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Figure B.42: TA: 100W 450ms
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Figure B.44: TA: 50W 2000ms
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Figure B.46: TA: 100W 900ms
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Figure B.48: TA: 150W 600ms
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Figure B.50: TA: 200W 450ms
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Figure B.52: TA: 300W 300ms
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Figure B.54: TA: 400W 200ms
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Temperature rate evolution

In the plots in this section, the sample temperature evolution over time is plotted together with the
corresponding temperature rate. To minimize the noise in the derived temperature rate, the average
per 25 time steps was taken, resulting in an average offset of 0.0625 seconds between the temperature
and temperature rate curves.

The green box in the plots indicates the time range in which the temperature lies within the range
between T, and T,,,, and the cooling rate is between 25 and 0°C/s. For samples heated above T,,,, this
corresponds to the time frame in which melt-crystallization is theoretically possible. Due to the irregular
time step size in the temperature measurements and noise obtained in the temperature, it was difficult
to determine the exact time at which the cooling rate slows down below the critical 25°C/s. Additionally,
the crystallization temperature range is know to end a few degrees above T}, but the exact range for
the used material is unknown. Similarly, the exact critical cooling rate for the used material is also
unknown and suspected to be higher that 25°C/s. Therefore, the melt-crystallization window should be
used purely as an approximate indication, and no exact times are listed.

In Figure C.1 the plots for samples heated above T;,, are shown. In Figure C.2 the plots for samples
heated below T,,, are shown.
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Figure C.1: Temperature rate evolution for samples heated above T,
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Figure D.1: Additional plots for the sample set heated with 12 emitters to temperatures above T, showing the relation
between DOC and: Maximum top and bottom surface temperature, heating and cooling rate, heating and cooling time
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Figure D.2: Additional plots for the sample set heated with 12 emitters to temperatures above T, showing the relation
between DOC and: Time spent above Ty and T, time spent between T; and T’,, during heating and cooling, Temperature
integral for temperatures above T, and T},
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