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Abstract
The automation of thermoplastic composite production and the drive towards out-of-autoclave pro-
cesses, is of great relevance in the aerospace and lightweight composite structures industry. Hence,
there is a crucial need for developing the current state of material and process understanding, in order
to increase the technology readiness levels of automated, out-of-autoclave production processes.

Laser assisted fiber placement (LAFP) is a well-researched, automated production process which
has been used in developing various thermoplastic composite demonstrators. Theoretically, this pro-
cess does not require an autoclave consolidation cycle. However, one of the remaining challenge in
the process, is the relatively high void content in the produced laminates (>1%). This high void content
is impeding the development of thermoplastic composite structures with mechanical strength compara-
ble to structures produced through traditional processing techniques such as an autoclave. One of the
main reasons for the remaining void content in the laminates after consolidation by the roller, is thermal
deconsolidation during the rapid heating phase of the process. This is a very less researched aspect
of LAFP, due to which, not much is known about the changes that the incoming material undergoes,
due to the rapid laser heating and which mechanisms govern these changes. Due to this, thermal de-
consolidation is also not included in predictive models for the process and hence the accuracy of these
models in predicting the final part quality is poor. Therefore, this research focuses on gaining a better
understanding of thermal deconsolidation, in the context of rapid laser heating during LAFP, through
experimental investigation.

The influence of five process variables was studied in this work: heating time, heated spot length,
cooling rate, nip point temperature and the polymer type in carbon-fiber reinforced thermoplastic pre-
impregnated (prepreg) tapes. The deconsolidated state of prepreg tape specimens was captured after
rapid laser heating and the changes were characterized. The main results revealed that thermal decon-
solidation due to rapid laser heating is governed by multiple mechanisms. Some previously unreported
and non-intuitive results were observed in the material response to rapid laser heating, which are sus-
pected to have a strong influence on the quality of the laminates produced through LAFP. Based on a
qualitative and quantitative study of the influence of studied process variables on thermal deconsolida-
tion, some mechanisms were identified and later verified with confirmatory experiments.

The results of this study can be used as a starting point to develop predictive models for estimating
the deconsolidated state of thermoplastic prepreg tapes, at the end of the rapid heating phase, in
future work. Various topics for further research prevail. These include: studying the influence of tool
temperature on the deconsolidation response of the prepreg material, evaluation of the deconsolidated
state with superior characterization techniques in order to obtain in-situ microstructural data, simulating
the influence of boundary conditions that would be applied on incoming tape due to a compaction
roller and studying the influence of the deconsolidated tape state on intimate contact development,
under roller compaction pressure. By investigating these additional aspects, a robust and accurate
predictive model for thermal deconsolidation can be developed in future work, which shall help improve
the accuracy of a high-fidelity process model for LAFP, which is currently in development at TU Delft.
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1
Introduction

1.1. Background
The development of fiber-reinforced composites in the aerospace industry has been rapidly increasing
over the past few decades and is slowly but steadily replacing metals in the production of critical air-
frame parts. This is due to the higher specific properties of composites, higher chemical resistance,
great fatigue performance and possibility of tailorable properties, which result in lighter structures as
compared to traditional metal structures. This can be clearly seen by the successful introduction and
operation of aircrafts such as the Airbus A350XWB and Boeing 787, both of whose structures contain
at-least 50% by weight of advanced composites, resulting in about 20% weight saving in both aircraft
[1, 2]. The development and integration of these light-weight composite structures into the newer air-
frames, is partially responsible for the the increased operational efficiency in terms of a 25% decrease
in fuel consumption and an improved performance.

Thermoset composites have been developed and adopted in composite airframe structures more
commonly than thermoplastic composites. These composites typically require long production cycle
times, have limited recyclability and the raw materials often have a limited shelf life. Due to the pressing
need of increasing production rates of civil aircraft, cycle times must be reduced. Therefore, the use of
thermoplastic composites is being developed further, for cost-effectiveness and high-production rates,
for large scale composite structures. These composites can be processed by heating the fiber-polymer
network of input raw material, in the form of prepreg 1 tapes, to the polymer processing temperature2,
resulting in softening of the matrix. This is followed by consolidation and cooling processes. The ab-
sence of the need for additional curing, allows for shorter cycle times. Furthermore, thermoplastic raw
materials have infinite shelf life, bring about the possibility of fusion bonding and allow for relatively
easier automation concepts for the production process.

Thermoplastic fiber-reinforced composites have already been adopted for structural applications
in the aircraft industry; such as the fuselage clips and cleats of Airbus A350 XWB [3], the J-nose of
the Airbus A380, over-wing pressure bulkhead for the Gulfstream G500 aircraft and floor beams of
various aircraft, such as in the Airbus Beluga airframe [4]. However, the production rate is greatly
limited by the size of the components and only small parts such as the aforementioned fuselage clips
and cleats have been produced at high production rates. This is because, to date, all thermoplastic
structural components that have been certified as ’air-worthy’ in the civil aviation industry, have been
manufactured through an extra consolidation step that involves either an autoclave or a hot press.
These steps has proven to be very time and resource consuming and hence act as a bottleneck to the
use of thermoplastic composites for production of large-structures, that need a short cycle time. To this
end, one promising technology for out-of-autoclave processing is ’in-situ consolidation’ through laser
assisted fiber or tape placement. Since, thermoplastic polymers are made up of linear polymer chains
1Continuous fibers tows impregnated with a suitable resin in the form of tapes that can be readily collated to form a composite
laminate part.

2The processing temperature is generally slightly higher than the polymer melting temperature (ፓᑞ).

1



2 1. Introduction

Figure 1.1: Automated fiber placement end-effector [7]

that can be melted and solidified multiple times, they can be fusion bonded i.e. when heat and pressure
are simultaneously applied to the interface of the adjoining surfaces, the polymer chains diffuse across
the interface to form a bond. This technique is referred to as in-situ consolidation [5]. What differentiates
this manufacturing process from traditional thermoplastic composite manufacturing techniques is the
rapid heating and cooling cycles and most importantly, relatively short consolidation times. Hence,
in-situ laser assisted fiber or tape placement process has the potential to reduce production costs and
time due to rapid consolidation [6].

In automated fiber placement, prepreg fiber tows are fed through storage spools and are guided
through a delivery system to the deposition end-effector, as shown in figure 1.1. The end-effector
consists of multiple components, that ensure that the tape and substrate are heated, the tape is guided
to the right place on the tool and finally compacted on the tool surface through a compaction roller, which
may be made of rigid or deformable materials. This action of pressing tows onto the work surface (or
a previously laid ply) ’bonds’ the tows to the lay-up surface and removes trapped air, minimizing the
need for vacuum debulking.

Full in-situ consolidation3, has not yet been achieved, especially at the rapid layup speeds required
from the process to be qualified as a rapid manufacturing process [8, 9]. However, the technology is
being slowly, but steadily developed for industrialization.

1.2. Motivation
In structural applications and particularly in the case of development of primary-load structures for the
aerospace industry; the final consolidation quality of fiber reinforced thermoplastic composites plays a
very important role as it influences the mechanical performance of the laminate. The achieved con-
solidation quality can be characterized by physical parameters such as the void percentage in the
microstructure of the composite, the degree of crystallanity in the microstructure, the dimensional ac-
curacy and bond strengths of the intralaminar interfaces. One of the challenges that is faced by the
technology, that prohibits it from achieving full ’in-situ consolidation’, is the presence of interlaminar and
intralaminar voids in the obtained composite parts. The current state-of-the-art is at a minimum void
content of 1.6% voids through an in-situ placement process [10], which is higher than the maximum
allowable limit of around 1% void content set by aerospace standards.

The formation of interlaminar voids can be associated with the degree of intimate contact devel-
opment between two fiber tows or between the roller and fiber tow, during placement. Better intimate
contact is facilitated by smoother tape surface. Furthermore, intralaminar voids may be formed due to
volatiles or air trapped in the microstructure. Earlier studies on this topic indicate that the thermoplas-
tic tapes exhibit thermal deconsolidation when rapidly heated and this leads to an increase in surface
roughness and other physical effects such as void content increase and dimensional inaccuracies.

3Achieving a thermoplastic composite part with less than 1% global void content and perfect bonding between plies, that does
not require another consolidation step
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Hence, an initial definition of thermal deconsolidation can be expressed as: ”Meso-structure disinte-
gration as well as the resulting deterioration in macro-performance of the initially well-consolidated
composites during post-thermal processing” [11]. Deconsolidation has been reported in literature to be
a combination of effects, which include decompaction of the consolidated ply or laminate, as well as
changes in micro-structure (void content) and surface morphology. Decompaction of the thermoplastic
composite can be defined as the inverse of consolidation, i.e. the fiber reinforcements are released from
their frozen state due to residual stresses trapped in the ply or laminate, when heated above melting
temperature. Deconsolidation has been demonstrated to have an affect on intimate contact develop-
ment between plies and hence resulting in poorer bonding quality [12, 13] in addition to a higher void
content in the microstructure of the laminate [13]. Hence, it is important to gain a deeper understanding
of the thermal deconsolidation mechanism and its effect on the morphological properties of the prepreg
tapes in the laser assisted in-situ consolidation process. This forms the main motivation for this work.
This document presents the work performed as part of the master thesis project and highlights the main
outcomes of the research and how they are used to answer the main research questions proposed at
the beginning of the study and described in chapter 4.

1.3. Outline
In this report, the research activities conducted as part of the Master thesis is presented in detail. The
report is split up into four parts. Part I forms the literature review on the current understanding of thermal
deconsolidation in thermoplastic composites and the known information on thermal deconsolidation
under rapid heating, in the context of laser assisted fiber placement. Following this overview, gaps in
knowledge are identified and finally, the research questions that are to be answered in this work are
presented.

In part II, the research activities conducted as part of this study are presented. First, the experimen-
tal setup designed for this study is described and the choices made are motivated. This is followed by
a description of techniques used for characterizing the deconsolidation effects in thermoplastic prepreg
tapes. Then, experimental results are presented and discussed. Finally, based on experimental ob-
servations, the dominant mechanisms for the observed deconsolidation effects are presented and mo-
tivated.

In part III, the outcomes of the performed research activities are reviewed, their relevance to the in-
situ LAFP process are discussed and the author’s recommendations for further research is presented.
Finally, in part IV supplementary material to support the ideas presented in this thesis are given in the
form of appendices.
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State-of-the-art

2.1. Laser-assisted fiber placement
In-situ consolidation through automated fiber placement (AFP) or automated tape laying (ATP)1 is a
promising production technology that is being developed to achieve automated production of large-
scale and lightweight structures. One of the key aspects of in-situ consolidation through fiber place-
ment, is the temperature applied on the incoming tape, as it has a significant impact on bonding quality
as highlighted by Schell et al. [14]. Hence, by inference the heating source on the AFP end-effector
plays a crucial role. Some of the commonly used heating sources are hot-gas, infra-red and laser
devices; with advancements taking place in the development and characterization of in-situ consoli-
dation assisted by ultrasonic-vibration heating as demonstrated by [15]. Hot-gas devices have been
rigorously investigated in literature as a heating source for AFP, where correlations have been drawn
between the process parameters and achieved mechanical properties through single-lap shear test-
ing, interlaminar shear strength (ILSS) and fracture toughness tests [15]. However, hot-gas heating
method for an in-situ AFP process suffers drawbacks such as limited heat delivery due to convective
heat losses and expensive to operate in an industrial environment, since the setup requires inert gas
to prevent oxidation of the composite surface

Research has been performed by Comer et al. [10] on the use of laser-assisted tape laying process
to achieve in-situ consolidation of carbon fiber (CF)/Polyether-ether-ketone (PEEK) blanks. It was found
that laminates produced by the laser-assisted production process performed better than laminates
produced through an autoclave in terms of interlaminar toughness. However, they performed worse
in flexural strength and stiffness, interlaminar shear strength and open-hole compression tests. Fresh
impetus to research on LAFP has be given due to the further development of laser technology. With the
use of advanced lasers, Grouve et al. [16, 17] have demonstrated in their work on in-situ consolidation
of semi-crystalline CF/Polyphenyl sulfide (PPS) tapes, that excellent toughness and high weld strengths
can be achieved at high nip-point temperatures coupled with high placement speeds, in laser assisted
tape placement of quarter-inch tapes. High nip-point temperatures could be reached with lower input
energy using laser heaters as compared to with hot gas heaters. Schledjewski and Miaris [18] also
demonstrated through experimental work, that among 13 different heat sources for the thermoplastic
tape placement process, laser systems performed most efficiently in terms of temperatures achieved
vs input power required. Also, in recent research and industrial application, the use of laser heating is
preferred over other heat sources. The reasons for this can be summarized as [19, 20]:

• higher achievable temperatures due to better heat transfer
• better temperature control in a flat heating zone
• uniform heating projection
• can be easily integrated on an end-effector due to their compact design
• prevention of chemical reactions on the surface being heated

1Identical processes, with the main difference being the width of the tapes placed by the robot head. Wider tapes are placed in
ATP and narrower in AFP
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Because of the advantages of laser heating, the focus of research and development activities in
recent time has been on LAFP. At slow placement rates of prepreg tapes (25mm/sec), it has been
observed that Laser-assisted automated tape placement, is capable of producing high-quality compo-
nents with full in-situ consolidation [21]. However, as stated earlier, the quality of laminates produced
by the process at high-deposition rates, is not of sufficient standards yet and research is ongoing to
develop this process capability.

2.2. Bonding mechanism
The LAFP process involves the use of a material deposition end-effector like the one shown in figure
1.1. The end-effector is mounted on a robot that traverses over the tool surface in the required layup
direction and speed to deposit the thermoplastic tapes ’ply-by-ply’. In order to achieve the required
thickness and geometry of the part, usually multiple traverses of the robot over the tool is required.
The function of the end-effector can be illustrated with the schematic representation of the process,
shown in figure 2.1a. As can be seen in the figure, a material heater (which comprises of a laser heat
source in case of LAFP), heats up the incoming unidirectional thermoplastic tapematerial and substrate.
Simultaneously, the tape is guided in between the tool/substrate and the consolidation roller. The point
where the consolidation roller compacts the incoming tape and substrate together is called the ’nip-
point’. Due to the applied heat and consolidation pressure, the tape is bonded to the previously laid
substrate. Since, this process is similar to thermoplastic fusion bonding or welding, the mechanisms
that describe the in-situ consolidation process and welding process are the same and can be illustrated
as in figure 2.1b. In this figure, it can be seen that after the tape and substrate are compacted by roller
pressure at the nip-point, the first step of bond development is intimate contact between the substrate
and the incoming tape and this step is followed by inter-molecular diffusion of the polymer chains to
achieve healing or autohesion in the laminate. Hence, the two mechanisms can be summarized as:

(a) Schematic representation of the LAFP process

(b) Mechanisms of bond development: i. Intimate contact
and ii. Inter-molecular diffusion (Adapted from [17])

Figure 2.1: Laser assisted fiber placement process schematics

1. Intimate contact development at the interface
2. Autohesion/inter-molecular diffusion which facilitates healing of the polymermolecules in the bond

interface

The in-situ consolidation process is realized by completing three processing steps: heating up the
material above the polymer melting temperature for a short duration, applying pressure to achieve
intimate contact and rapid cooling under the application of pressure to achieve consolidation. In this
way, theoretically, an expensive and slow consolidation step (such as autoclave processing) can be
avoided, even for large and complex geometry parts [10].

2.3. Phases of the in-situ consolidation process
The different phases of the in-situ thermoplastic fiber placement process, which have an influence on
the final part quality are the heating phase, consolidation phase and release, as illustrated in figure 2.2.

In the heating phase, the incoming tape and the substrate are rapidly heated by the laser to the
processing temperature of the polymer. During this phase, no external pressure is applied. The inten-
sity of heat input required is dependent on the material placement rate, the inclination of the heater,
boundary conditions and parameters such as tool temperature. However, the rate of heating is always
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higher than that of processes such as autoclave or press consolidation. During the heating phase, the
voids and volatile present in the material microstructure are allowed to expand, since no consolidation
pressure is applied to the tape at this stage [22]. At the end of the heating phase and just prior to the
nip-point, the tape is heated to a temperature above the melting temperature (𝑇፠), which is known as
the processing temperature of the polymer. Here, it is suspected that some amount of thermal decon-
solidation of the tape takes place, resulting in an increased void content and deformation of the tape.
Although overheating of the tape may initiate the onset of thermal degradation of the PEEK polymer,
full-degradation would not happen at very short heating time (in the order of milliseconds) as can be
concluded from the study by Tsotra et al. [23].

Figure 2.2: Different phases of LAFP process [13]

Following the heating phase, in the consolidation phase, asperities on the surface of the heated
tape are flattened by the application of pressure; and intimate contact is developed between the sub-
strate and the tape. Once intimate contact is achieved, polymer chains can diffuse between the lower
tape surface and the upper surface of the substrate, gradually creating a fusion bond or weld at the
interface. This process is called autohesion. Ideally at this stage, the tape and substrate should be
fully consolidated into a single laminate and have close to zero void content and good inter-facial bonds
between the layers. However, as can be seen in figure 2.2, the temperature drops rapidly in the lami-
nate due to heat dissipation and hence the matrix starts becoming more viscous. As a consequence,
the intimate contact development, healing and void compression is inhibited and some voids may get
trapped in the interface.

Immediately after the heating phase, is the release phase of the process, where the part is released
from the compaction pressure of the roller. Depending on the temperature of the placed tape section at
release, the process of crystallization and build up of residual stresses may continue during this stage.
Furthermore, it is suspected that if the compaction pressure is released while the placed tape is close
to or above the processing temperature of the polymer, some deconsolidation can take place which
adversely affects the quality of the part. This may happen at very high placement speeds, such that the
tape temperature might not reduce below the melt temperature. Hence, some of the state-of-the-art
placement heads incorporate a chilling module which follows the consolidation roller [24], that ensure
that the placed tape is cooled to a temperature below the glass transition temperature of the polymer
(𝑇፠), before the compaction pressure is removed.

2.4. Process parameters and their influence
The LAFP process is a challenging production process to optimize, since it involves a large number
of variables that range from (1) hardware variables, (2) processing variables to (3) material variables.
Some of the common factors that affect the part quality obtained through the process are presented in
table 2.1. Out of the various influencing variables, this study focuses on the heating source, heat input,
material deposition speed, heating length and tape quality. While other variables are important to the
process as well, investigation into them is beyond the scope of the project. Hence, in this section, the
variables mentioned above are reviewed.

1. Heat input
The heat input provided to the tape and substrate is crucial in determining the quality of the finally
produced part after placement of the prepreg material. In order to achieve good intimate contact
and autohesion, it is necessary for the the tape and substrate surfaces to be heated to the polymer
processing temperature which is slightly higher than the polymer melting temperature (𝑇፦). This
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Table 2.1: Influencing variables of the LAFP process

Hardware Variables Process Variables Material Variables
•Heating source

•Heat input
•Fiber volume content of
prepreg

•Roller geometry
and number of rollers

•Consolidation pressure
•Cooling rate •Polymer matrix processing

parameters
•Roller hardness and deforma-
tion •Material deposition speed

•Surface roughness of tape

•Distance of heat source from
tape and substrate •Tape quality and composition
•Tool temperature
•Laminate thickness Viscosity

•Heated spot length

ensures that the matrix material melts and hence its viscosity decreases. This aids flattening of
asperities leading to intimate contact and subsequently polymer healing.

2. Material deposition speed
The deposition speed also plays an important role in the achieved laminate quality through the
process. Due to industrialization demands, higher speeds are constantly sought from the in-situ
consolidation process. As the parameter is still being investigated and no standard has been
defined yet, it is common to find values ranging from 10 mm/s to 400 mm/s. However, the upper
limit of achievable speeds for good consolidation quality in parts is limited to 25 - 100 mm/s
at the current technology readiness level. This is due to high interlaminar and intralaminar void
content obtained at higher deposition speeds. Furthermore, the speed of material placement also
affects the heating and cooling rate as well as heat flux that is applied on the incoming tape. This
is subsequently expected to affect the deconsolidation behavior of the thermoplastic material.
Hence, for static experimental tests, the effect of material deposition speeds can be evaluated by
incorporating the heating times that correspond to the range of deposition speeds; considering a
constant heated spot length.

3. Cooling rate
The influence of cooling rate on the mechanical properties of laminates produced through LAFP
has been extensively studied and it has been established by various authors that cooling rate has
a strong influence of the crystallanity of the placed tapes. In general, lower (optimized) cooling
rates, result in better crystallization in the tapes, leading to higher mechanical properties [10, 15].
However, an interesting aspect of cooling rates in terms of thermal deconsolidation is that, with
lower cooling rates after the rapid heating phase in automated fiber placement, it is suspected
by Kok et al. [13] and Kok [25], that since the placed tape remains at higher temperatures for
a longer time, the deconsolidation effects could be exacerbated. Hence, since the influence of
cooling rate seems to influence crystallization and deconsolidation in different ways, studying this
factor is deemed to be necessary.

4. Heated spot length
The size of the heated section of the tape has been proven to have an influence on the quality
of bonds achieved in the in-situ consolidation process. Since, the width of input prepreg tapes
theoretically remain constant, variation in spot size is brought about by varying the length of the
heated spot. Khan et al. [12] have demonstrated that with an increase in heated spot length,
better degree of bonding between plies could be achieved for hot-gas placement. Furthermore,
the influence of heated spot length on the heat transfer process at the nip-point is studied by Han
et al. [26] and the results indicate that the length of the heated spot length has an influence on the
temperature gradient on the tape surface along the length of the tape and this in turn influences
the bond quality. However, to the author’s knowledge, the influence of heated spot length has
not been studied on thermal deconsolidation due to laser heating in LAFP and hence this is a
parameter chosen to be investigated in this study.
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5. Tape quality and composition
During the LAFP process, the state of the tape evolves due to the various physical processes and
this plays an important role on the final consolidation quality. Ideally, the in-situ consolidation pro-
cess requires rectangular geometry with a homogeneous distribution of the fibers over the width
of the material and all perfectly impregnated by the thermoplastic matrix material. Furthermore,
the void content of the tapes should be as low as possible, since it is quite difficult to compress
interlaminar and intralaminar voids during the extremely short time of the tape under consoli-
dation pressure. It is also required that the incoming tapes have a smooth matrix-rich layer on
both surfaces, to aid intimate contact development as well as result in better interlaminar bonds.
After extensive effort in improving tape quality for the in-situ placement process, considerable
improvements have been made in tape parameters such as thickness variation over width, fiber
distribution, surface roughness and level of fiber impregnation. However, the tapes are not yet
ideal for the process and further research is required.
Various researchers have investigated the affect of tape quality on the in-situ consolidation pro-
cess and have proposed further improvement to tapes [24, 27, 28]. To evaluate the quality of
incoming tapes, Schledjewski and Schlarb [28] have proposed a quality index which allows com-
parison of different tape materials and can be used to identify the areas that require further devel-
opment. Furthermore, Lamontia et al. [29] developed critical specifications for placement-grade
thermoplastic tapes. Some of the most important attributes are presented in table 2.2.

Table 2.2: Critical specifications for placement-grade tapes and tows [29]

Tape Attribute Specification
Tow width 6.35 mm, +0.0 mm, -0.10 mm
Tape width 150 mm or 75 mm, +0.00 mm, -0.10 mm
Thickness variation Less than 6% of material thickness
Void Content Less than 1%

Fiber-matrix distribution
Uniform throughout cross-section with
pure resin at top surface with thickness =
1x fiber diameter

Furthermore, the composition of prepreg tape, in terms of the type of the thermoplastic polymer,
is an interesting aspect to be studied. The variation in as-received properties and polymer com-
position, and its influence on thermal deconsolidation can be investigated by varying the tape
polymer material (as long as the polymer matrix material for both types remains in the same
family of polymers).

2.5. Thermal deconsolidation
The phenomenon of deconsolidation in the in-situ consolidation process through LAFP is a temperature-
induced deformation of the incoming tape or deposited substrate. It has been identified in literature,
that this deformation of the thermoplastic prepreg material results in voids in the microstructure and de-
velopment of a rough, fiber-rich surface [13]. Furthermore, deconsolidation during the heating phase
is also suspected to contribute to increase in the width of the incoming tapes, which is a major contrib-
utor to overlaps and poor pressure application in the laminate [25]. However, the influence of thermal
deconsolidation on width increase, has not been experimentally verified, yet. Deconsolidation in the
heating phase of LAFP is undesirable, since the presence of voids in the produced laminate results in a
decrease in mechanical performance, such as loss of strength and stiffness of the laminates produced
[10]. Studies performed by Ageorges et al. [30] and Brzeski and Mitschang [31] indicate that a very low
external pressure of 0.2 MPa is sufficient to prevent deconsolidation of carbon fiber reinforced compos-
ites when they are heated to processing temperatures. Hence, deconsolidation does not take place
in conventional thermoplastic production technologies such as press forming or autoclave processing
since, some amount of pressure is applied constantly on the material, while it is at a temperature above
the processing temperature of the polymer. However, in the case of LAFP, deconsolidation can take
place during two points of the process:

• During the heating phase, the tape and substrate are heated at the nip-point as illustrated in figure
2.1a and 2.3. Although the time of heating is in the order of milliseconds, the tape and substrate
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reach melting temperature during the short time and since no pressure is being applied, they
show deconsolidation effects. This deconsolidation is characterized (based on literature) by an
increase in the surface roughness of the heated surface of the tape, increase in thickness due to
fiber reinforcement decompaction and increase in void content. Various authors have assessed
the severity of deconsolidation based on the latter effect, i.e.: increase in void content [32, 33],
however most of the research focus has been on deconsolidation during conventional processing
techniques and not rapid in-situ consolidation via LAFP.

Figure 2.3: Nip-point of interest in LAFP heating process [34]

• During the release phase, as identified in literature [22]; both experiments and predictive models
show that deconsolidation plays a role in determination of the final void content in the laminate,
after the consolidation pass. This is because at high placement rates, the placed ply may remain
at a temperature higher than the 𝑇፦, even after the roller pressure is removed; resulting in de-
consolidation of the placed ply. The authors identified that although deconsolidation is somewhat
mitigated due to multiple passes of the compaction roller, the effect was not completely removed
and hence some sort of quench cooling is required after the consolidation pass of the roller, to
freeze the consolidation state of the placed ply. To this end, a deposition head concept proposed
by Lamontia and Gruber [24] would be useful as it incorporates a ’cold area module’ in the ther-
moplastic tape placement head, which chills the laminate leaving the first compaction head, while
still applying pressure to prevent deconsolidation.

A substantial amount of work has been done on characterizing the deconsolidation behavior of consol-
idated laminates when they are heated during a post consolidation process (in the absence of external
pressure application). However, there is very less research performed on characterizing deconsolida-
tion of thermoplastic prepreg tapes during rapid heating and cooling during LAFP. Furthermore, the
effect of deconsolidation during the heating phase of LAFP, on the intimate contact development and
the final part quality obtained through the LAFP process is not well-studied or incorporated in predictive
process models.

2.5.1. Deconsolidation mechanisms
The severity of thermal deconsolidation in conventional processes is commonly characterized by the
void content in the produced laminate. Based on literature, four interdependent physical mechanisms
that contribute to deconsolidation during reheating and post-processing of thermoplastic composites
were identified. It is important to note that these mechanisms have not been verified for deconsolidation
of thermoplastic prepreg tapes/tows and substrate, due to a lack of work done on this topic. The
mechanisms identified for deconsolidation of ’consolidated’ laminates can be briefly stated as follows:

1. Decompaction in the thickness direction of the fiber-matrix network due to release of residual
stresses

2. Viscoelastic behavior of the matrix; causing thermal expansion
3. Thermal expansion of the voids
4. Shrinkage of voids and subsequent coalescence into larger diameter voids

Decompaction is a widely investigated deconsolidation mechanism for deconsolidation of thermo-
plastic composite laminates in a post-consolidation thermal treatment such as induction heating and
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fusion bonding. The decompaction mechanism can be described as a ’spring-back’ effect wherein
trapped elastic stresses in the fiber-matrix bed are released, resulting in increase in laminate thickness
as well as change in the fiber-matrix distribution [32]. Decompaction in the fiber-matrix interface re-
sults in increase in void content as well as increase in the thickness of the laminate. The latter effect
can be seen in figure 2.4. Various researchers have identified that void growth in the laminate takes
place simultaneously with the decompaction of the fiber-matrix network. Hence, in order to gain more
knowledge about the mechanism, it is important to evaluate the compressibility of the fiber reinforce-
ment under consolidation pressure. The compressibility of the reinforcement network is determined by
multiple parameters such as the critical maximum volume fraction of fibers (𝜇፟), architecture of the fiber
network and the elastic properties of the fibers. Hence the pressure required to compress a reinforce-
ment network to the maximum fiber volume fraction during consolidation can be expressed as:

𝑝|፜ = 𝑓(𝜇፟ , fiber network architecture,elastic properties of fiber) (2.1)

Due to this compaction pressure, during consolidation and solidification of the laminate, residual stresses
are stored. When the laminate is heated above the melting temperature of the semi-crystalline polymer,
these stresses are released in the form of laminate decompaction. The decompaction pressure can be
considered proportional to the 𝑝|፜.

Figure 2.4: Thickness increase due to decompaction in a glass mat thermoplastic (GMT) composite at deconsolidation times:
0s, 50s, 200s and 500s respectively [32]

Figure 2.5: Comparison of as-received and deconsolidated prepreg tape specimen cross-section. Deconsolidated tape
specimen exhibiting increased void content and dry-fiber rich surface

In addition to void growth because of the decompaction pressure, as discussed above; the viscous
and elastic properties of the polymer also play an important role in the void content development. Vis-
coelastic expansion is a mechanism through which decompaction of amorphous and semi-crystalline
polymers takes place. When the polymer is heated above its glass transition temperature (𝑇፠), the
viscosity decreases rapidly. This is generally taken as the point of onset towards a truly liquid melt.
However, when the temperature remains between the (𝑇፠) and the liquid melt temperature (melting
temperature 𝑇፦ in case of semi-crystalline polymers), the polymer retains some elastic and viscous
properties, and hence can deform continually under stress. In these condition, not only do microscopic
voids expand due to elastic traction but new voids are also created due to cavitation in the matrix [35].
As the temperature increases and approaches liquid melt temperature, the elastic properties of the
polymer decreases and hence traction becomes a decreasingly dominant driver of deconsolidation.
The viscoelastic effect of the polymer also results in ’migration of voids’ from one region of the mi-
crostructure to another. This phenomenon is particularly important in the case of in-situ consolidation
as it explains the development of voids in regions of the tape that were identified as ’void-free’ initially.
As the temperature of the polymer rises and the elastic properties disappear, the voids present in the
microstructure collapse as soon as some external pressure is applied. However, in some cases, due to
a particular direction of the heat flux, the voids may propagate in the same direction within the material,
resulting in a change in location of the voids. An example of the migration of void can be seen in figure
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2.6, where a carbon-fiber reinforced PEI laminate is heated to observe the effect of deconsolidation on
the void content and distribution. As can be seen in the figure, the location of the void (distance ’d’ from
the edge) changes after the deconsolidation treatment.

Figure 2.6: Migration of void in CF/PEI laminate after deconsolidation treatment [33]

Higher surface tension between the air and the thermoplastic matrix melt, is found to decrease the
effect of deconsolidation in fiber reinforced thermoplastic composites [31], while increase in the decon-
solidation effect is associated with thermal expansion of the void due to increased internal pressure at
high temperatures. However, Ye et al. [35] estimated that the thermal expansion of voids (in a dried
laminate) results in only an increase of 0.7 times the initial average void volume. The increase in void
volume determined in the study was the upper bound of the range, since the effect of elasticity of the
polymer matrix as well as surface tension was not incorporated in the calculation. The trivial contribu-
tion of void volume increase due to thermal expansion compared to the fact that void content increase
of 10-20% has been observed due to thermal deconsolidation, indicates that thermal gas expansion
does not have a dominant effect on the deconsolidation phenomenon [36]. However, this cannot be
assumed to be true for the LAFP heating process due to very different heat flux and heating times.

The shrinkage and coalescence of voids into larger ones, is considered to be an minor contributor
to the void content increase, as coalescence of voids itself does not add to the global void content in the
material. In reality, coalescence, like the word suggests converts smaller voids into larger ones, while
correspondingly also reducing the total number of voids. As the result, the global void content is not
considerably influenced. Thus, it appears that the increase of void content due to decompaction of the
fiber reinforcement network plays a major role for void growth in thermal deconsolidation, which was
verified experimentally by Ye et al. [35]. Furthermore, experimental observations indicate that that no
significant void growth has been observed in re-heating processes for pure thermoplastic matrix mate-
rial. This indicates and reinforces the observation made by Wolfrath et al. [32] that spring-back of the
fiber reinforcement plays a major role in the deconsolidation of thermoplastic composites. Furthermore,
this supports the idea that the mechanisms that play a major role in deconsolidation of consolidated
laminates may not play a major role in the deconsolidation of prepreg tapes, since the latter is subjected
to lower compaction pressures due to incomplete consolidation. This is identified as one of the aspects
to be investigated in the proposed research.

2.5.2. Theoretical Models
Studies indicate that due to deconsolidation, some of the LAFP sub-processes are affected, which
subsequently affect the final part quality. In literature, various models are proposed which evaluate the
degree of deconsolidation during thermal treatment of consolidated laminates under no external pres-
sure application. In this section, a brief review of some relevant models proposed in literature, which
address the effect of deconsolidation on the void evolution and thickness change due to decompaction
are presented.

1. Brzeski and Mitschang [31] developed a deconsolidation model based on the first law of thermo-
dynamics, incorporating the combination of energies related to: decompaction of the fiber-matrix
network, the void thermal expansion, internal void pressure and surface tension, among other
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mechanisms. The input and output parameters of the model can be schematically described as
in figure 2.7.

Figure 2.7: Input and output parameters of model proposed by Brzeski and Mitschang [31]

The decompaction of the fiber-matrix network is considered analogous to a spring-damper sys-
tem with settling effects. According to the authors, since during the compaction process, friction
and fiber rearrangement works against the compaction force, the residual stresses stored in the
laminate result in lower forces (during deconsolidation) than the applied compaction force. For
an elastic force 𝐹፬ (depending on specimen thickness 𝑥) and a damping force 𝐹 depending on
velocity 𝑣, the energy associated with decompaction can be expressed as:

𝐸፧፞፭ = ∫𝐹፬(𝑥)𝑑𝑥 + ∫𝐹 (𝑣)𝑑𝑡 (2.2)

where the expression is integrated over the specimen thickness x and time of fiber rearrangement.
Furthermore, void evolution was described in terms of void growth due to thermal expansion and
internal void pressure. The thermal expansion, as stated before, has a small effect on deconsoli-
dation, since it is an order of magnitude lower than the total observed void increase. Furthermore,
the authors proposed that there is some energy consumption due to the forced thermal expansion
of the gas which is represented as 𝐹፯. The energy of the decompaction due to void evolution was
described as follows:

𝐸፯፨።፝ = ∫−𝐹፯𝑑𝑥 = ∫−(𝑝። − 𝑝፞) ∗ 𝐴፯𝑑𝑥 (2.3)

where 𝑝። and 𝑝፞ are the internal pressure of the void and the atmospheric pressure respectively,
𝐴፯ is the area of voids at any cut area in the in-place direction and 𝐴፬፩፞ is the specimen area.
Only the void area is considered in the expression for void energy. The expression is evaluated
over the specimen thickness x. By incorporating the ideal gas law in Equation 2.3 (initial void
pressure, volume and temperature represented as 𝑝፨, 𝑉፨ and 𝑇፨) and 𝑥፜, 𝑥 and 𝑇 being the theo-
retical thickness of the composite, current thickness and temperature respectively, the following
formulation was proposed:

𝐸፯፨።፝ = −∫[
𝑝፨ ∗ 𝑉፨ ∗ 𝑇
𝑥 ∗ 𝑇፨

− 𝑝፞ ∗ 𝐴፬፩፞ ∗ (1 −
𝑥፜
𝑥 )] 𝑑𝑥 (2.4)

The surface energy in the model was described in terms of the surface tension factor 𝛾 and
evolved surface area of the void. Furthermore, 𝑑𝐴፯𝑜 was defined as the new surface area of the
void at any cut in the in-plane direction. The surface tension factor was determined experimentally
by an optical tensiometer. The relation for the surface energy was given as follows:

𝐸፬፮፫፟ፚ፜፞ = −∫𝛾𝑑𝐴፯፨ (2.5)

The surface tension factor is considered to contribute to void shrinkage and coalescence and
hence is considered to oppose the deconsolidation effects. The deconsolidation behavior was
finally formulated as a sum of the energy contributions from the various interactions which in
addition to the parameters defined above, includes energy of composite due to heat capacity,
thermal expansion, external compaction pressure and crystallanity. In the proposed model all of
these energy contributions were considered to be zero and no external pressure was applied.
The results obtained from the model showed good correlation to physical measurements in terms
of specimen thickness, void content and void radius.
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2. In a different approach to model deconsolidation behavior, Ye et al. [35] considered the effect of
thermal expansion of voids, coalescence of small voids into larger ones and the growth of voids
due to decompaction of the laminate. It was identified that void growth during deconsolidation is
primarily due to the decompaction, wherein the existing voids are expanded due to traction and
new voids are created through cavitation. The model proposed by the authors considered that
a void in the composite can be modeled as a representative volume element (RVE) as shown in
figure 2.8 and the mathematical description was established in terms of homogenization of the
voids and an averaging technique to obtain trends that would give further insight into thermal
deconsolidation. In the model, 𝛼 was defined as the average void content in N voids and 𝜇፟

Figure 2.8: Schematics of representative volume element

as the average volume fraction with regards to the fiber volume fraction in the numerous RVE’s
that make up the composite. The model assumed that the effect of coalescence of void is not
significant and hence it was omitted in the model. Based on this assumption, the term ’volume
equivalent radius’ was defined, as shown below:

𝑅፨፠ᑞ = Ꮅ√
𝑉፨፠ᑞ
ኾ
ኽ𝜋

(2.6)

𝑅፠ᑞ = Ꮅ√
𝑉፠ᑞ
ኾ
ኽ𝜋

(2.7)

and the initial and deconsolidated void content as:

𝛼፨፦ =
𝑉፨፠ᑞ
𝑉፠ᑞ

= 𝛼፨ (2.8)

and
𝛼፦ =

𝑉፠
𝑉፦

= 𝛼 (2.9)

where, 𝑉፨፠ᑞ is the initial volume of the m-th void, 𝑉፠ᑞ the global volume counterpart, 𝑉፨፦ is the
initial volume of the whole RVE and 𝑉፦ the current global counterpart. Hence the variation in void
content of the RVE was used to represent the void content in the composite.
The authors described the decompaction behavior by defining the elastic and viscous properties
in the model with the constitutive description:

𝜎።፣ = −𝑝𝛿።፣ + (𝑆።፣)፞፥ፚ፬፭።፜ + (𝜏።፣)፯።፬፜፨፮፬ (2.10)

where, p is the hydrostatic stress, (𝜏።፣)፯።፬፜፨፮፬ the viscous stress and (𝑆።፣)፞፥ፚ፬፭።፜ the elastic stress
which relates to elastic shear deformation in the composite. The elastic properties were defined
using a linear law whereas non-linear viscous effects were considered for the material using the
power-law, due to the observation that in the material, the viscosity decreased with an increase
in shear rate of the material during decompaction. The complete formulation of the model can
be found in [35], since it is too mathematically intensive to be presented in this report. Using
the finally obtained relation, the variation in void content 𝛼 for the laminate can be determined
by the equation 2.9 which can be used to determine the average degree of deconsolidation.
The results obtained from the model showed good correlation with experimental measurements
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of a deconsolidated glass fiber reinforced thermoplastic composite. Furthermore based on the
results, the authors concluded that the ’driving force’ for void growth is the decompaction of the
fiber reinforcement network and the elasticity of the matrix is responsible for further carrying the
’traction’ force and hence contributing to the void growth.

2.5.3. Literature on thermal deconsolidation during LAFP
An inital study on the effects of rapid laser heating on deconsolidation of thermoplastic prepreg tapes
has been performed by Kok et al. [13] and Kok [25]. The studies demonstrated that rapid laser heating
during LAFP heating phase does indeed result in deconsolidation effects. The authors have charac-
terized deconsolidation in terms of increase in void content, thickness and surface roughness of the
placed tapes. Furthermore, based on the inaccuracy of existing models to predict final tape widths
after placement, the authors proposed that deconsolidation may also result in increase of width during
the heating phase (before pressure is applied to compact prepreg tapes). This proposition however
remains to be experimentally confirmed and explained.

2.5.4. Relevance of current understanding for LAFP process
All of the mechanisms and models reviewed in this chapter have at least one thing in common: they
are all based on the deconsolidation of pre-consolidated thermoplastic laminates, which underwent a
re-heating process at relatively low heating rates. One of the main mechanisms that has been iden-
tified and implemented in the models proposed in literature, are the spring-back effect of the fiber
reinforcements and thermal expansion of voids. The former has been explained to be responsible for
decompaction of the laminate in the thickness direction. Since, decompaction of the fiber reinforcement
and the resultant fiber-rich (rough) surface has been observed in thermoplastic prepreg tape material,
the models on the spring-back effect are an important point to begin at to understand the underlying
mechanisms of thermal deconsolidation and trying to model the behavior for the prepreg material in
LAFP. Furthermore, due to rapid heating and very limited consolidation time for the LAFP process, it
is also suspected that void thermal growth influences the deconsolidation state of prepreg tapes. The
result of experimental investigations shall help identify whether the same mechanisms and models as
described in this chapter, are applicable to the prepreg materials as well. Hence the relevance of the
work done in this thesis is to experimentally investigate the deconsolidation phenomenon in tapes and
identify underlying mechanisms; which can be further used to model the behavior in future work. How-
ever, it must be noted that these mechanisms do not take place individually and do have an influence
on the other mechanisms. Since, the focus of the models proposed in literature is to predict void con-
tent development and thickness change, these models need to be broadened to investigate all other
effects of deconsolidation (in future work), such as the development of surface roughness, possible
increase in width and other possible effects which shall be revealed by experimental characterization
of thermal deconsolidation of prepreg tapes.

2.6. Conclusion
In this chapter, the state-of-the-art in ’in-situ consolidation’ through LAFP was presented and the in-
fluencing processing parameters considered in this study were introduced and the choices motivated.
The phenomenon of thermal deconsolidation of thermoplastic composites was discussed and the in-
formation presented in literature regarding deconsolidation of consolidated laminates was reviewed. It
was discovered that deconsolidation has been studied extensively in the context of consolidated lami-
nates, when they are subjected to post-consolidation heating processes where no pressure or reduced
pressure is applied. However, very little work is focused on thermal deconsolidation of prepreg tapes
in the context of rapid heating during LAFP. Hence, a major gap is identified in the understanding of the
phenomenon in the context of LAFP and hence a need was felt to perform research on this topic. The
gaps identified based on the literature reviewed is presented in chapter 3 and the research questions
that shall be answered in this study are presented in chapter 4.
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Gaps identified in literature

Major efforts have been spent on research in the topic of thermal deconsolidation in consolidated lam-
inates when they are subjected to temperatures near the polymer processing temperature. The high
interest in this area has been due to the effect of deconsolidation on the final quality of parts that un-
dergo processes such as fusion bonding(resistance welding, inductive welding and ultrasonic welding)
or inductive heating. However, the deconsolidation of thermoplastic prepreg tapes, during the rapid
heating process of LAFP, when no consolidation pressure is being applied on the tape for a short du-
ration, is a recent observation. Hence, not much research has been performed on this topic.

3.1. Research gaps
The mechanisms of deconsolidation that have been identified by various researchers through experi-
mental testing, have been used to develop theoretical models to describe the void evolution and lam-
inate decompaction due to deconsolidation. However, it is important to note that the mechanisms
and models discussed in chapter 2, have the following drawbacks with regards to deconsolidation of
prepreg material in the context of LAFP process:

• Since, the majority of investigative work on deconsolidation of thermoplastic composites, has
been performed in the context of post-consolidation heat treatment processes for thermoplastic
laminates, it is not known whether the same mechanisms and theoretical models proposed hold
true for the prepreg thermoplastic material as well. This is due to the incomplete consolidation
state of prepreg tapes, which may result in lesser fiber decompaction and possibly lesser void
growth due to lesser ’spring-back’ effect, for instance.

• The rapid heating and cooling rates that are characteristic of the LAFP process, are not accurately
represented in the experimental information, proposed mechanisms and theoretical models avail-
able in literature. This is due to the fact that previous studies on deconsolidation were done at
much lower heating rates and hence longer heating times. Therefore, the kinetics of LAFP ther-
mal treatment are different from the kinetics of traditional deconsolidation treatment of composite
samples and the influence of this change is unknown.

• Development of surface roughness has not been quantitatively addressed in the models avail-
able in literature and no mechanisms have been identified explicitly, which explain the fiber-rich
surface of the tape after deconsolidation. However, it can be assumed that fiber-reinforcement
decompaction due to spring-back effect may play a role in the development of surface roughness
as well. One of the common way of modeling intimate contact during LAFP, is by modeling the
process in the form of flattening of surface asperities when pressure is applied. Some authors
also propose that intimate contact requires matrix impregnation of a dry fiber bed (due to decon-
solidation). Hence, the models presented in literature, require to depict surface profile either in
the form of asperities or as a dry (and rough) fiber bed; in order to model the intimate contact
development between tape and substrate. Therefore, the state of surface roughness at the end
of the heating phase in LAFP is an important aspect to understand and be able to predict.

17
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• The most common materials used to characterize deconsolidation and propose underlying mech-
anisms that govern deconsolidation effects, were glass mat thermoplastic composites, as re-
viewed in chapter 2. This was motivated by the fact that glass mat composites are known to
compress and loft significantly, which aided in understanding the fundamental mechanism due to
the exacerbated decompaction effects. The same fundamental mechanism may apply to other
thermoplastic composite materials as well, however, since woven fabrics are known to store more
elastic energy than other fiber architectures, it is expected that the effect is significantly less pro-
nounced for laminates made from uni-directional prepregs [37]. Furthermore, the response of
carbon fiber reinforced thermoplastic prepreg tapes is not known, and since the material is cur-
rently being developed for large-scale in-situ LAFP process, this knowledge is deemed to be
important to attain.

• One of the major remaining challenges is the knowledge on how and to what extent the consoli-
dation quality of the pre-impregnated thermoplastic tapes is affected by the laser heating process;
before the compaction roller applies pressure on the heated area. Although some work on quan-
tifying the deconsolidation behavior is done by Kok et al. [13] and Kok [25], their work did not
incorporate a study of the influence of varying process parameters (quantitatively and qualita-
tively) on the tape quality and hence, conclusive evidence of dominant mechanisms of deconsol-
idation was not found. Furthermore, it was suggested by the authors that tape deformation in the
width direction could be a function of heated spot length, in addition to the heating temperature.
However, this has never been proven experimentally and no possible governing mechanisms are
proposed for the tape width increase other than the fiber-spreading induced by roller pressure.
This aspect needs to be investigated further in order to 1) verify whether tape deformation indeed
takes place before the application of pressure and 2) identify dominant mechanisms that govern
the width increase.

Hence, in general, more experimental investigation is required on the deconsolidation effects in
prepreg material, at rapid heating and cooling rates. This shall help identify the mechanisms which are
dominant in the process. Based on these experimental trends, predictive models may be developed
in future work, which shall help increasing the accuracy of process models used to predict final part
quality for the LAFP process.

3.2. Summary
In this chapter, the main research gaps identified from a literature review on the topic of thermal decon-
solidation of thermoplastic composites, are presented. Most of the gaps in knowledge are a result of the
fact that thermal deconsolidation of thermoplastic prepreg tapes due to rapid laser heating has not been
sufficiently researched and the hence the results published in literature and the general mechanisms
proposed, may differ from the case of LAFP; in terms of the following key aspects:

• The influence of rapid heating and cooling rates that are characteristic of LAFP, have not been
investigated experimentally.

• The influence of initial material consolidation state (semi-consolidated in case of prepreg tapes
and fully consolidated state in literature) on the deconsolidation response has not been studied.

• Influence of LAFP process parameters on the deconsolidation state of prepreg tape has not been
experimentally investigated.

Hence, the basis of this work was focused on filling these knowledge gaps. In order to do that some
research questions were proposed that the study aims to answer. The research question are presented
in chapter 4.
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Research questions and hypothesis

Based on the literature presented in the preceding chapters, certain gaps were identified in the knowl-
edge on thermal deconsolidation effects on thermoplastic prepreg tapes, during the rapid heating phase
of the LAFP process. In chapter 2, the main influencing variables of the LAFP process were identified
in table 2.1. However, in order to develop a fundamental understanding of the phenomenon, some re-
search boundaries need to be defined. Hence, it was decided to only focus on the influence of the heat
input (dictated by input power of the laser), the heating time to reach the processing temperature (cor-
responding to varying material deposition speeds), cooling rate (after the heating phase ends), heated
spot length and the type of polymer matrix in the prepreg tapes; while other variables mentioned in the
LAFP context were kept constant. The other main variables, whose influence was not studied and left
constant are: tool temperature, influence of consolidation pressure and distance of target from laser
source.

The purpose of the proposed research is to develop a deeper understanding about the influence of
the variables identified (which are relevant in the context of LAFP), on the degree of deconsolidation.
The term degree of deconsolidation in this study, can be initially defined as the evolution of changes in
the microstructure (decompaction and void development), morphology (surface roughness and wavi-
ness) and deformation (width increase) of the prepreg material.

4.1. Research Questions
The main research question that is expected to be answered through the proposed research can be
stated as follows:

How can the relationship between the selected process parameters and the degree of decon-
solidation of thermoplastic prepreg tapes, during the rapid heating phase of the LAFP process
be defined?
To answer the main research question, the following questions and sub-questions are framed:

I. How can the physical changes in thermoplastic prepreg tapes, due to thermal deconsoli-
dation during rapid laser heating, be characterized experimentally?

1. How can a static VCSEL laser heating setup be designed to simulate thermal deconsolidation of
thermoplastic prepreg tape, at rapid heating rates?

2. How can the deconsolidation phenomenon be studied ’in-situ’, during the rapid laser heating
phase?

3. What previously unreported deconsolidation effects can be observed in thermoplastic prepreg
tapes?

4. At what temperature does the onset of thermal deconsolidation during LAFP begin?
5. What are the qualitative and quantitative relationships between changes in surface roughness,
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void content development1, decompaction and other tape deformation effects of deconsolidated
prepreg specimens, due to the following variable parameters:

• Heating time
• Length of heated segment
• Cooling rate
• Temperature at the nip-point
• Type of polymer matrix (linked to as-received material quality and composition)

II. What are themain physical mechanisms that influence thermal deconsolidation in prepreg
thermoplastic material?

1. What is the common primary governing mechanism (if one all-explaining mechanism exists) of
thermal deconsolidation effects?

2. What is the relevance of theories proposed in literature (as reviewed in chapter 2), in explaining
thermal deconsolidation of thermoplastic prepreg tapes, in the context of LAFP?

3. How can the fiber-rich, rough surface in the deconsolidated prepreg tape be explained, based on
either previously identified mechanisms or possible new mechanisms identified through experi-
mental investigation?

4. What is the dominant mechanism explaining void formation?
5. What is the effect of changing prepreg tape polymer type on the observed deconsolidation effects?

III. What is the relevance of this work in the context of LAFP process and prepreg tape material
development?
IV. What are the limitations of this work and recommendation for further studies?

4.2. Hypotheses
The main hypotheses proposed are presented in this section. These hypotheses were made, based on
an initial understanding from available literature. However, since some previously unreported material
responses were observed during the experimental investigation, further propositions are introduced
and discussed in later chapters. The testing of proposed hypotheses as well as the description and
motivation for the further propositions is presented in chapter 8.

1. Out-of-plane fiber decompaction due to residual stresses is the main mechanism describing sur-
face roughness development and results in void formation near the heated surface (in the mi-
crostructure) due to traction and cavitation.

2. Out-of-plane fiber decompaction is the main contributor to increase in thickness of the tape spec-
imen at rapid heating rates, since less time is available for thermal expansion of voids through-
the-thickness of the specimen.

3. The deconsolidation effect is less pronounced for shorter heating times with higher heat intensity.

1Changes in void percentage, distribution and average void size
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5
Experimental details: Materials and

Setup

This chapter deals mainly with the research question: ”How can a static VCSEL laser heating setup be
designed to simulate thermal deconsolidation of thermoplastic prepreg tape, at rapid heating rates?”
To answer this question, the materials used for the study, the experimental setup designed to simulate
rapid laser heating conditions and the techniques used to monitor the process conditions are described
in detail.

5.1. Materials
The experimental work was conducted using carbon-fiber reinforced Polyether-ether-ketone (CF/PEEK)
prepreg tapes (TC1200 AS4D/PEEK). Further confirmatory experiments were also conducted using
carbon-fiber reinforced Polyether-ketone-ketone prepreg tapes (TC1320 AS4D/PEKK). Both tapes con-
tain uni-directional continuous fibers and are developed by TenCate Composites for application in au-
tomated tape laying and fiber placement machines. The properties of the materials, as obtained from
the material data sheets ([38, 39]) are summarized in table 5.1:

Table 5.1: Global tape properties of as-received tapes

Material Fiber-volume content (%) 𝑇፠ (፨𝐶)a 𝑇፦ (፨𝐶) b 𝑇፩(፨𝐶)c

CF/PEEK 59 143 343 370–400
CF/PEKK 65 159 337 370–400

aGlass transition temperature
bMelting temperature
cProcessing temperature

The dimensional properties of the as-received tapes were characterized using methods described
in chapter 6 and the obtained values are presented in in the results section.

5.2. Experimental setup
In order to simulate the rapid heating conditions of the LAFP process and create deconsolidated tape
specimens with varying process conditions in a controlled manner, an experimental setup was devised.
The main components of the setup were a laser heater, an infrared camera for temperature monitoring
and tooling to place the prepreg tapes. In order to study the changes of the heated surface profile
’in-situ’, a laser line scanner was also installed in the setup. In this section, the experimental heating
setup developed for conducting studies on the deconsolidation of thermoplastic tape specimens under
rapid heating, is described in detail.
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5.2.1. Rapid heating through VCSEL heater
The laser heat source comprised of a Philips vertical cavity surface emitting laser (VCSEL) module,
with an output capacity of 2.4kW. The laser contains 12 heating zones which may be independently
activated to get a tailored heating profile. The emitted infrared radiation has a wavelength of 120 nm.
The independent heating zones of the VCSEL heater were selectively controlled to obtain different
heating lengths for the study. Furthermore, since the distance of the tape samples from the heat source
was not varied in this study, the laser was mounted in a fixed position above the tool surface for each
configuration evaluated. The final configuration used to create deconsolidated samples in this study, did
not result in the VCSEL being mounted parallel to the specimen surface and hence a constant working
distance was not obtained. This shall be discussed further while describing the final configuration.

(a) Parts of the VCSEL heater. Modified from [40]

(b) Adjustable heating profile by individual emitter control [41]

(c) Intensity pattern as a function of distance for the VCSEL laser heater [42]

Figure 5.1: VCSEL laser heater [40–42]
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5.2.2. Process temperature measurement
To monitor the temperatures achieved on the tape surface and to identify the power settings required
to obtain the desired temperature, a FLIR A655sc high-resolution infrared (IR) camera was used. The
IR camera was used to capture thermal images of the specimen at a sampling rate of 25 frames per
second, which translates to 1 frame every 40 millisecond.

IR camera calibration
The calibration of the IR camera, depends among other parameters, on the emmissivity of the material,
the incidence angle of the IR camera to the surface to be measured and reflections of other surfaces.
To experimentally obtain the emmisivity of the prepreg material surface, the variation of the other two
parameters was minimized. This was achieved by fixing the camera angle to 55፨ inclination to the tape
surface and by minimizing the reflections from the tape and tool surface by applying black-matte paint
and enclosing the setup in a dark tinted enclosure.

A prepreg tape sample of length 100mm was positioned on the tool surface and fixed with Kapton
tape at the edges of the tape (approximately 5mm clamped at both edges). The optical properties of the
measured prepreg surface would be affected by a thermocouple attached on the surface and would
result in incorrect temperature readings. Hence, a modified procedure based on the ASTM E1933
standard [43] was used to experimentally obtain the apparent emmisivity of the tape surface. The
thermocouples were positioned with close contact to the tape surface on a defined region of interest
(ROI I) to the left side, as shown in figure 5.2 and secured in position with Kapton tape. The temperature
reading from the infrared camera was measured at ROI II on the right. ROI II consisted of 3x3 pixels
at the center of the intensity distribution (as seen in figure 5.2), and the measured values from the 9
pixels were averaged to obtain the temperature reading.

Figure 5.2: Prepreg tape specimen

Figure 5.3: Thermal image of calibration experiment
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Two zones of the laser were activated with the same power inputs over ROI I and ROI II; as can be
seen in the 5.3. The position of the thermocouples was carefully set at the center of the laser intensity
distribution, adjacent to each other. The readings from the thermocouples were averaged and com-
pared with the captured thermal image readings at the center of ROI II. The calibration was performed
in a temperature range of 360-420፨C. Using this technique, the apparent emmissivity was experimen-
tally determined to be 0.84 for CF/PEEK tapes and 0.855 for CF/PEKK material. The calibration data
can be found in Appendix A.

5.2.3. In-situ measurements
In order to study the effects of the laser heat on the tape surfacemorphology during and after completion
of the heating phase, a Micro-Epsilon scanCONTROL laser line scanner (LLS) was used. The LLS has
a maximum resolution of 2 𝜇m and a sampling rate of up to 20000 Hz.
The operating temperature of the laser line scanner is in the range of 0 to +45፨𝐶 and hence special care
was taken in the experimental setup to not allow reflecting VCSEL heater radiation to heat the device.
Furthermore, due to this consideration, the LLS was installed at the maximum possible distance away
from the surface of the specimen, while remaining within the measuring range of 53.5 to 78.5mm.
Hence, the LLS was installed at a predefined position above the sample and the laser line projected
by the sensor was aligned along the width of the sample, to the position where the temperature was
calibrated to reach the process temperature. In other words, the scanner was used to obtain the profile
variation over time, along the simulated ’nip-point’. The representative location of the simulated nip-
point during the heating process, for a 30mm heated spot length, can be seen in an IR camera snapshot
during the heating process in figure 5.5.

Figure 5.4: Surface profile comparison between LLS and LSCM

The use of the LLS was validated by comparing the obtained profile of the deformed tape after it
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cooled down to ambient temperature, with measurements from an Olympus OLS3000 laser scanning
confocal microscope (LSCM) of the same tape specimen. A small vertical offset was found between
the two profiles, due to the manner in which the tape specimens were fixed onto the confocal micro-
scope stage. However, the profiles obtained by both methods demonstrated the same characteristics.
Comparison of profiles from three randomly selected deconsolidated samples can be seen in figure
5.4. Furthermore, the peak-to-valley height of the waviness profile (𝑊፭) was calculated of a represen-
tative profile, for a quantitative comparison and the values were found to be just over 2% of each other
(650𝜇𝑚 and 635𝜇𝑚 from the LSCM and LLS respectively).

In order to obtain time-resolved data that could be compared with data obtained through the infrared
camera, 100 frames were captured per second of the surface profile of the tape specimens. Hence,
one surface profile was captured every 10ms of the heating process and therefore every 4th frame
could be compared to the data obtained through the IR camera.

Figure 5.5: Representative IR camera image of simulated nip-point

5.2.4. Final heating setup
The setup went through multiple iterations to arrive at the final configuration. Various different mounting
configurations of the laser heater were evaluated. In the initial trials, the laser heater was installed in
configuration 1, with the heating modules parallel to the surface of the tape specimen, at a height of
50mm, as seen in figure 5.6(a).
However in such a setup, due to the LLS being mounted at a large angle (45፨), the scanner was not
able to obtain enough data points on the surface and hence the resolution of the profile data obtained
was not high enough for quantitative analysis. As a result of this, configuration 2 was devised, with the
laser heater installed at a 45፨ inclination to the tool and tape surface as can be seen in figure 5.6(b).
The LLS was mounted perpendicularly above the tape surface in order to obtain enough data points
of the tape surface. However, configuration 2 resulted in variable heating temperature along the width
of the tape specimen. This was due to the fact that the VCSEL zones are aligned vertically as shown
in figure 5.1a and since the heat intensity is directly proportional to the distance of the target from the
laser, different locations along the width of the tape exhibited different temperatures.
Hence, to remove this variation of heating intensity along the width of the sample, configuration 3 was
designed. The laser was installed at a 45፨ inclination, with the individual VCSEL zones aligned along
the width direction of the tape. Hence, constant heating intensity was applied along the width. The LLS
was installed above the tape surface at a very small angle (4፨) to obtain better resolution data as can
been seen in figure 5.6(c). In the figure, the IR camera is not seen, however, the camera was installed
at an angle of 55፨ from the horizontal tape surface.

Hence, after multiple iterations, it was deemed that configuration 3 was themost suitable for creating
deconsolidated tape specimens , with uniform laser intensity application along the width of the specimen
at each location along the length. This configuration allowed the LLS to be installed and hence allowed
surface profile data to be captured ’in-situ’, during the heating phase. Finally, configuration 3 is an
interesting configuration to implement, as in the future, the VCSEL heater may be used in a LAFP
end-effector, where the laser would have to be installed at an angle similar to this. This would need to
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(a) Configuration 1 (b) Configuration 2

(c) Configuration 3

Figure 5.6: Various configurations of the experimental setup

be done in order to facilitate application of pressure using a roller. Hence, the results obtained through
specimens created with configuration 3 shall be also relevant for future work. Therefore, subsequent
experiments were conducted using the laser installed as in configuration 3 and the results presented
in following chapters are based on the characteristics of the setup.

5.3. Limitations of experimental setup and discussion
With the setup as described above, deconsolidated tape samples could be successfully created with
varying process parameters and intensity. However, before reporting results it is important to identify
the limitations of the experimental setup in this study, to put the results in context and to draw more
relevant conclusions from the obtained data. Some of the perceived limitations of this experimental
setup are as follows:

• Due to the design of the VCSEL laser and the absence of a temperature-feedback loop in the
setup, it was very difficult to maintain a uniform temperature distribution along the length of the
tape specimen (for tape geometry reader can refer to figure 5.2). This was due to the inclination
of the laser heater and therefore varying distance between individual laser modules and the tape
surface at different locations along the specimen length. An approximately uniform temperature



5.4. Conclusion 29

distribution was obtained while manufacturing specimens, however this was found to be quite
difficult to control accurately. Therefore, the temperatures in the range of 360 - 420 were achieved
along the heated spot length, with variations typically larger for larger spot lengths, due to more
number of individual zones being activated.

• The designed experimental setup simulates the heating of thermoplastic tapes in the configuration
of the substrate (placed on a tool), rather than the incoming tape which is fed by a spool with pre-
applied tension. Hence, the setup is not accurately representative of the LAFP process, however,
this serves the purpose of investigating the effects of rapid laser heating on the material response.

• The heated tape specimens were observed to remain above the 𝑇፠ and 𝑇፦ for a maximum time of
4s and 0.45s, respectively. Since, no convection cooling system was incorporated in this experi-
mental setup to freeze the deconsolidated state at the end of the heating process, it is suspected
that the microstructure continued to change after the laser heat was switched off. Furthermore,
it was observed that the tape continued to warp during the cooling phase. Hence, due to experi-
mental limitation, characterization of the void content and thickness change was done at ambient
temperature, after the tape was allowed to deform during the cooling phase. As a consequence,
it is important to note that the microstructure may have changed between the nip-point state and
the ambient temperature state and hence the thickness and void content information measured
may not be accurate. However, in order to understand the underlying mechanisms behind de-
consolidation response of the material, this limitation was ignored for the current study.

5.4. Conclusion
In order to experimentally characterize deconsolidation, a robust experimental setup was developed
that could be used to prepare deconsolidated tape specimens with varying parameters. The setup con-
sists of a VCSEL laser heater, an IR camera, a laser line scanner, tooling and K-type thermocouples.
The setup allows for samples to be created with rapid laser heating of varying heating times and with
varying spot lengths. Furthermore, the IR camera and LLS allowed capturing of the temperature profile
and surface profile variations along the width in the region of interest, during and after the heating pro-
cess. After creation of samples, the properties of the deconsolidated tape samples was characterized
using various methods, as described in chapter 6.
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After manufacturing deconsolidated tape specimens with varying process parameters, assessment of
the severity of thermal deconsolidation, using appropriate characterization techniques was required to
be done. In this chapter, the following research questions have been answered: ”How can physical
changes due to thermal deconsolidation of prepreg tapes be characterized experimentally?”, ”How can
the deconsolidation phenomenon be studied ’in-situ’, during the rapid laser heating phase?” and ”What
previously unreported deconsolidation effects can be observed in prepreg tapes?”. In order to answer
these questions, the choice and relevance of selected characterization techniques is motivated. The
phenomenon of thermal deconsolidation in the context of Laser assisted fiber placement is relevant
when the deconsolidation state at the end of the heating phase (at the ’nip-point’) is captured. Hence,
as stated before, the objective of this study was to understand the mechanisms behind the development
of deconsolidation effects and therefore, in-situ characterization techniques were focused upon (when
feasible) in this study.

6.1. Surface evaluation
To quantitatively and qualitatively study the surface profile of the deconsolidated specimens, two dif-
ferent types of measurement devices with different measurement techniques were mainly used: an
Olympus OLS 3100 Laser scanning confocal microscope (LSCM) and the Laser line scanner. Due to
the difference in resolution of both measurement techniques, micro-scale surface roughness measure-
ments were performed with the LSCM, while macro-scale surface out-of-plane deformations were stud-
ied using profile data obtained from the LLS. Furthermore, for qualitative comparison only, a Keyence
3D Laser scanning confocal microscope VK-X1000 was used due to its capability to scan large surface
area. However, this scanner was only used for qualitative comparisons at the the end of the study
and not for quantitative analysis of deconsolidation effects. All quantitative surface measurements
were performed along a line transverse to the fiber orientation in the UD tape specimens; hence the
measurements were done for the surface profile along the width of the specimen.

An important observation that was made in the initial experimental trials was that during the rapid
laser heating process, prepreg tapes exhibited warpage along the fiber direction and surface profile
waviness in the direction transverse to fibers (along width). This can be observed in figure 6.1 and
figure 6.2. In figure 6.1, it can be seen that the deconsolidated specimen (right) exhibits warpage
along the fiber direction, whereas the as-received specimen (left) is flat. In figure 6.2, a 2.5mm long
section of the tape along the width (only 11.52 mm captured of the 12.62mm total width) is captured
using the LSCM at 5x magnification in order to capture the surface profile waviness. The waviness
curve along the tape width exhibits peaks and valleys, with the maximum deformation in the z direction
being 809.991 𝜇𝑚 (orange region) and no deformation in the blue regions. Furthermore, the surface
roughness was found to be higher at the peaks of the waviness profile, resulting in a big scatter in
roughness values on the surface of the tape along the ’nip-point’. To the author’s knowledge, this
has not yet been reported in literature and further observations as well as possible causes of such
deformation behavior are discussed in following chapters. However, due to the observation of waviness
and warpage in the deconsolidated tape specimens, deconsolidation was characterized in terms of the
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out-of-plane deformation at the nip-point, in addition to micro-scale surface roughness, to account for
the out-of-plane deformation taking place at larger scales.

(a) Representative flat surface of as-received tape specimen

(b) Representative warped surface of a deconsolidated tape specimen

Figure 6.1: Comparison of surface profiles obtained from Keyence LSCM wide area scanner

Figure 6.2: Representative waviness in tape specimen along width due to rapid heating; captured using Olympus LSCM at 5x
magnification
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6.1.1. Surface roughness measurements: cooled state
Surface roughness measurements were made using the LSCM after the tape specimen had cooled
down to ambient temperature, after the heating process. All measurements were made at 20x magni-
fication. Each measurement captured an area of 640𝜇𝑚 (along fiber direction) x 480 𝜇𝑚 (transverse to
fiber direction), as can be seen in figure 6.3. In the figure, it can be seen that the fiber direction is along
the x-direction and waviness peaks are at higher magnitudes in the z-direction. From these measure-
ments, line surface profiles were extracted along the y-direction. The line profiles were captured at 10
different locations along the fiber direction (x-direction), in order to account for scatter. Following this,
a high-pass filter of 96 𝜇𝑚 was applied to each primary line profile obtained for an evaluation length
of 480𝜇𝑚 (transverse to fiber direction), in order to separate roughness profile from the primary pro-
file and remove any global curvature effects. The choice of filter was based on the ISO 4287 - 1997
standard [44], defined for obtaining the roughness profile from a primary surface profile. Finally, the
root-mean-square (RMS) roughness was calculated for each of the ten line profiles and the values were
averaged.

Due to the waviness in the tape and the resulting higher surface roughness at the peaks of the wavi-
ness curve (reason for this observation discussed in subsequent chapters), four measurements were
made for each specimen along 20%, 40%, 60% and 80% of the width at nip-point and the maximum
RMS roughness.

(a) Representative surface roughness of as-received tape specimen

(b) Representative surface roughness of deconsolidated tape specimen

Figure 6.3: Surface roughness measurements from Olympus LSCM
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6.1.2. Surface waviness measurements: laser heating phase
As described earlier, the LLS was used to obtain the tape surface profile during the heating phase with
a sampling rate of one profile every 10ms. Due to limited resolution of the LLS, the data could not be
used to determine the micro-roughness development during the heating phase. However, the profile
data could be used to obtain the global deformation of the prepreg surface at the nip-point and provided
a lot of information on how the surface deformation occurs during the heating phase, thereby indicating
governing mechanisms, that shall be discussed in further chapters.

6.1.3. In-situ surface roughness development
Due to limited resolution of the LLS, it was not deemed possible to monitor the development of surface
roughness, during the rapid heating process using the VCSEL laser. However, to study the changes in
the prepreg tape surface at various temperature levels, an alternative experiment was performed. This
was done by using a hot stage capable of heating the as-received tape specimen up to the required
temperatures. The Linkam THMS600 hot stage was placed onto the stage of the Olympus LSCM for
capturing surface developments at various temperatures at slower heating rates, as compared to the
VCSEL heater.

The as-received tape specimen with a smooth surface was placed on the stage and heated to
various temperature to observe the development of surface roughness due to fiber decompaction and
to identify the onset of the decompaction effects.

6.2. Cross-sectional microscopy
After surface characterization of the specimens, the effects of thermal deconsolidation in themicrostruc-
ture at the simulated nip-point were measured by cross-sectional microscopy. Tape specimens were
cut, with an offset of 3mm in the length direction from the nip-point, to account for material removal dur-
ing polishing and grinding. The cut tape specimens were then mounted on plastic thin-sample holders
(Struers MultiClips) to keep them oriented vertically and metal clips were attached to add additional
weight to the mount, as shown in figure 6.4a. The specimens were then placed in cylindrical moulds
and Struers EpoFix resin was poured into the moulds. The specimens were then ground and polished
using a Struers Tegramin-201 automatic machine as shown in figure 6.4b.

(a) Deconsolidated tape specimens vertically mounted for
embedding in epoxy

(b) Struers Tegramin-201 machine used for grinding and
polishing

Figure 6.4: Microscopy sample-preparation of deconsolidated tape specimens

6.2.1. Void evaluation
Optical microscopy
The prepared microscopy specimens were studied under a Keyence VHX-2000E digital microscope at
500-600x magnification, to observe the cross-section of the tape specimens, qualitatively and quanti-
tatively. To evaluate the void content over the entire width of the tapes along the nip-point position, the
Keyence microscope was used to capture multiple images along the width of the specimen which were
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later stitched together to allow digital analysis of global cross-sectional properties.

The quantitative void content analysis of the captured images was done using the image analysis
software installed on the microscope work-station. It was observed that void content was locally higher
at the locations that corresponded to the peaks of the deformed tape waviness curve. A possible expla-
nation for this non-uniformity of void content in the cross-section of the deconsolidated tape specimens
is discussed and motivated in later chapters. However, in order to make comparisons between spec-
imens with different process parameters, the global tape void content along the complete width of the
tape was determined and reported.

Scanning electron microscopy
To study void geometry and growth mechanisms in more detail, a scanning electron microscope (SEM)
was used to obtain images of the voids formed due to deconsolidation at high-magnification. The
measurements were made with a JEOL JSM-840 EDS microscope, which has a magnification in the
range of 20 – 300000x with a resolution of up to 3.5 nm. In order to obtain an electrically conductive
sample surface, the microscopy epoxy specimens were prepared by sputtering a very thin layer (∼
10𝑛𝑚) of gold particles on the polished surface to be studied.

6.2.2. Thickness evaluation
The change in thickness was characterized by digital analysis of cross-sectional images of the decon-
solidated tape specimens using the built-in software of the Keyence digital microscope . Thickness
was measured by measuring the perpendicular distance between the two surfaces of the tapes. Due
to the warpage and waviness in the tapes, it was also observed that void content and correspondingly
thickness at locations along the width corresponding to the peak of the waviness curve of the surface
profile was higher than at the tape regions located in the valleys. Hence, the thickness was measured
at 20%, 40%, 60% and 80% positions along the width of the tape and the values were averaged. The
measurements at each of the locations was made by averaging three observations each.

6.3. Tape deformation
During the thermal deconsolidation of prepreg tapes during rapid laser heating in the LAFP process, it
has been suspected by researchers that the tapes undergo deformation in the width direction. Further-
more, as mentioned earlier, it was observed in the initial experimental trials that the specimens warp
and hence exhibit an out-of-plane deformation. Hence, in order to characterize these deformations,
some techniques were identified, which are described and motivated in this section.

(a) Representative as-received surface profile of CF/PEEK tape (b) Representative deformed surface of deconsolidated CF/PEEK tape

Figure 6.5: Surface profiles obtained using ScanControl software

6.3.1. Width increase at nip-point
The use of the LLS to capture ’in-situ’ data on the tape surface allowed capturing of the state of the tape;
during the heating phase, at the end of the heating phase as well as after the tape was allowed to cool
down. The profile data obtained from the LLS through the ScanControl Configuration Tools software (as
seen in figure 6.5) was post-processed in MatLab to obtain the deformations in the width direction of the
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tape. It was observed that due to warpage of the tape, the areal measurements in the width direction,
were not representative of the actual width of the tape and hence, the captured surface profile was
used to obtain the arc-length width of the specimens. Furthermore, in order to avoid inaccuracies in
measurement due to a fiber-rich top surface, the waviness profile was extracted from the raw surface
profile and the former was used to obtain the width of the tape specimen by arc-length calculation.

6.3.2. Width increase due to CTE
Width increase due to a positive coefficient of thermal expansion (at lower heating rates than the VCSEL
heater) was measured by heating the tapes using a hot stage and measurements were made using
the LLS as can be seen in figure 6.6. In order to account for variability in the properties of as received
tapes, measurements were made using the LLS at ambient temperature as well as at 150፨𝐶. It was
observed that at uniform heating of the specimen, with lower heating rates to 150፨𝐶, deconsolidation
effects were not observed to the same extent as deconsolidation effects in specimens rapidly heated
to 150፨𝐶 with the VCSEL heater. Hence, it can be assumed that the width increase captured using the
hot stage, was representative of the increase due to CTE.

Figure 6.6: Setup for measurement of width increase due to CTE (in-situ)

It is important to not that the width increase results presented in subsequent chapters are a com-
bination of width increase due to CTE and thermal deconsolidation. This was done since it was not
possible to determine the amount of width increase due to CTE during the rapid heating process of the
laser. However, it was observed that the amount of expansion due to CTE (for slower heating rates) at
150፨𝐶, was small (0.13-0.20 % width increase) and this indicated that in addition to thermal expansion,
a major portion of the width increase takes places due to thermal deconsolidation.

6.3.3. In-situ warpape and out-of-plane deformation
The warpage of the tape and the resulting out-of-plane deformation was captured during the heating
phase, at the end of the heating phase and during the cooling phase to ambient temperature; from
the line profile data at the nip-point obtained through the LLS. The deformations were captured as a
function of time and the maximum out-of-plane deformation at the end of the heating phase or at the
nip-point was captured and reported. The data was normalized by calculating the deformation from the
surface of the as-received tape, in order to account for scatter in thickness properties in the as-received
tape samples.

Furthermore, the global deformation in a representative deconsolidated tape specimen was also
studied qualitatively using a lab-scale micro computed-tomography (micro-CT) scanner, capable of
180kV/0.5mA. However, due to limited resolution of the device and the small size of samples, only qual-
itative analysis was possible. Hence, only one sample was scanned at different resolutions (3.13𝜇𝑚
and 6𝜇𝑚). However, the obtained 3-dimensional images of the specimen provided some valuable
information about the deconsolidation phenomenon, as discussed in further chapters.
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6.4. Discussion
As described in earlier section, various characterization techniques were identified and adopted in
order to characterize the different material responses of thermal deconsolidation due to rapid laser
heating with a VCSEL heater, as were reported in literature. in addition to that, during initial trials,
observations were made regarding non-uniform material response during deconsolidation, which to
the extent of the author’s knowledge have not been reported adequately in literature. Hence, some
further characterization were devised to obtain a clearer picture of the reasons for the non-linearity
and find possible explanation for this new experimental observation. Furthermore, these techniques
were also used to characterize ’as-received’ tape specimen properties, which were used as baseline
properties to evaluate severity of deconsolidation. The measured properties of the tape specimens
were determined as presented in table 6.1.

Table 6.1: Measured tape properties of as-received tapes (standard deviation in brackets)

Material Thickness
(𝜇m)

Void-volume content
(%)

Width
(𝜇m)

RMS Surface Roughness
(𝜇m)

CF/PEEK 151.34 (7.7) 0.71 (0.10) 12627 (50) 1.69 (0.39)
CF/PEKK 145.8 (2.55) 0.64 (0.2) 6320 (41) 2.102 (0.32)

6.4.1. Limitations of characterization methods
The characterization techniques as described above were useful in obtaining information about the
reasons for deconsolidation and the influence of different process parameters. However, it is also
important to identify limitations of the characterization techniques in order to make accurate conclusions
based on the results obtained.

• The Keyence digital microscope system available was not able to store the number of images
required to stitch the entire width of the CF/PEEK tape at 500x magnification. Hence, during void
content analysis, the entire tape width was not evaluated and approximately 0.5 mm width at both
edges were not considered in the analysis.

• Due to experimental limitations, the void content and thickness of rapid laser heated tape spec-
imens was measured at the ambient temperature state of the tape after the specimens were
allowed to cool down. As explained earlier, it is suspected that the thermal deconsolidation ef-
fects continue longer than the heating time. This is due to the fact that the tape remains above
the 𝑇፠ and 𝑇፦; with no application of consolidation pressure, even after the heating phase ends.
Hence, the void content and thickness obtained through measurements may not be precisely
representative of the void content at the nip-point.

• In-situ measurements made by heating the tape specimens using the hot stage have a limitation
that the heating rates of the hot stage are not comparable to the rapid heating of the VCSEL
laser. This is due to the fact the hot stage was capable of heating at a maximum heating rate of
150፨𝐶 per minute, whereas the heating rate of the laser flash was as high as 1600 ፨𝐶 per second.
Although, one of the main knowledge gaps identified in literature was the lack of knowledge of
the effect of rapid heating on deconsolidation effects, this experiment was deemed necessary
to understand the underlying mechanisms and in order to test certain hypotheses made in this
research.

6.5. Conclusion
Techniques to characterize various material responses due to thermal deconsolidation of thermoplas-
tic prepreg tapes were selected and the choice was motivated in this chapter. In addition to known
deconsolidation effects such as increase in void content, increase in thickness and surface roughness
development; early experiments indicated that deformation of tape also takes place during thermal
deconsolidation during the heating phase with no external pressure applied on the specimens. This
deformation was observed in terms of width increase and warpage of the tapes (resulting in out-of-
plane deformation in the tape surface profile). Furthermore, it was found that properties such as void
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content, surface roughness and thickness had a large scatter, when measured at multiple different
locations along the width of the tape. This effect was suspected to be due to higher temperatures ob-
served at the regions at the nip-point, which deform out-of-plane. More discussion on this can be found
in following chapters. However, this is an important observation, as to the author’s knowledge, this has
not yet been reported in literature.

Hence, characterization of the deconsolidated specimens was planned to be done in a way such
that different samples could be compared, and hence the effect of process parameters could be stud-
ied. Therefore, it was decided to characterize the tape deconsolidation in terms of five responses:
surface roughness, maximum out-of-plane deformation, width increase, void content and thickness at
the nip- point. Keeping this in mind, an experimental plan was devised which incorporates a Design of
Experiments (DoE) approach, to minimize the experimental effort to obtain valuable information about
the process. The details of the experimental trials and the obtained results are presented in chapter 7.
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Empirical results

To identify the influence of the selected factors (reader can refer to research questions in chapter 4)
on the deconsolidated state of the tape specimens and to identify key factors that influence the tape
properties being measured, a set of experiments were conducted. The research questions addressed
in this chapter are as follows: ”What are the qualitative and quantitative relationships between changes
in surface roughness, void content development, decompaction and other tape deformation effects of
deconsolidated prepreg specimens due to rapid laser heating with varying process parameters1” and
”At what temperature does the onset of thermal deconsolidation during LAFP begin?”

The first two sets of experiments (phase I and II) were performed using Design of Experiments
(DoE) approach and analyzed the influence of three of the five factors identified in the research ques-
tions (heating time, heated spot length and cooling rate). DoE is a useful experimentation tool, which
combines statistical methods to investigate the influence on one or more response variables with a
smaller amount of experimental effort than a full experiment with all factors varied. Furthermore, a DoE
experimental design can also provide statistical information to determine the repeatability and reliability
of the experiments. Instead of varying one factor at a time, a DoE based experimental design can vary
factors simultaneously. The different design configurations (different settings for influencing factors)
that were generated by the DoE were first created and then characterized to obtain the responses.
Finally, conclusions were drawn on the main effects and interactions between factors; based on statis-
tically significant results with the least amount of trials. Following this the influence of different nip-point
temperatures (fourth factor - temperature at nip-point) was studied in phase III of experiments. A set of
confirmatory experiments were also performed (including the fifth factor - type of polymer matrix), how-
ever they are discussed only in chapter 8 in order to verify the trends obtained from the experimental
results.

The objective of the first set of experiments was to estimate the key factors influencing the ther-
mal deconsolidation response of CF/PEEK prepreg tapes, in terms of surface roughness, thickness
changes, void content, width increase and out-of-plane deformation. For this purpose, a Plackett-
Burman (P-B) screening design was selected to study the influence of three of the five factors identified
in chapter 4. A P-B design provides the advantage of the ability to study multiple variable more eco-
nomically than factorial (partial or full) designs and with less negative confounding effects (extraneous
influence that may influence results and their relevance). A second set of experiments were done with
CF/PEEK tapes to further study the influence of the main factors identified from the first set of exper-
iments, on the response variables. This was done by using a full- factorial three level experimental
design for two main factors identified from the first set of experiments. A third set of experiments was
performed with CF/PEEK tapes by varying the heating temperature in order to identify the onset of
deconsolidation effects as well as study the influence of temperature on the severity of deconsolidation
effects. Finally the objective of the final set of experiments with CF/PEKK tapes was to verify whether
similar material response could be obtained in other thermoplastic tapes with a different polymer matrix.

1Variation of heating time, heated spot length, cooling rate, nip-point temperature and polymer matrix type
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7.1. Phase I: P-B Screening design
A Plackett-Burman screening design was used to evaluate the influence of three out of five parameters
(called factors in the DoE study) chosen to be studied in the first set of experiments: heating time,
cooling rate and heated spot length. This was done due to the fact that all of these factors cannot be
varied simultaneously, since they are interdependent. The other factors were studied in subsequent
experiments (phase III and IV). Hence in phase I, the heating temperature (average nip-point temper-
ature 360፨𝐶) and polymer matrix type (CF/PEEK) were kept constant. The characterization of thermal
deconsolidation was done in terms of surface roughness, void content, thickness increase, width in-
crease and out-of-plane deformation of the tape specimens at the nip-point as explained in chapter
6.

7.1.1. Factors evaluated and test matrix
• Heating time: One of the most important process parameter in LAFP is the material deposition
speed or the placement speed. As the placement speed increases, the heating time available
before the roller applies pressure on the tape is reduced. To account for this shorter time, higher
input power resulting in higher laser intensity, is typically required. Hence, heating time (with
varying required power levels) was chosen as a parameter to be included in the experiments,
to study the influence of varying heating times and indirectly the influence of placement speed.
As the heating time in the LAFP process is dependent on both the heated spot length and the
deposition speed, for the purpose of this study, it was required to keep one of the two factors
constant. Hence, for the ease of calculations, a 30mm spot length was used to calculate the
corresponding placement velocity for each configuration (despite the heated spot length being
longer in some configuration). This choice was motivated based on standard heating lengths
used in literature [34]. The high and low configuration of the heating time was set to 200 ms and
800ms, respectively. The lower limit of the heating time was chosen due to the inability of the laser
module to heat the tape surface to the desired temperature at shorter heating times, while the
upper limit was chosen based on the corresponding placement velocity calculated and verifying
if the calculated speed was relevant to be studied in the context of the LAFP process. Due to
a combination of varying heating times and a fixed heated spot length, the apparent placement
velocities simulated in this study ranged between 150 mm/s (200ms heating time over a 30mm
length spot) - 37.5 mm/s (800ms heating time over a 30mm length spot). It is important to note
that this is an assumption made to obtain a relevant heating times. However, since the focus
of the study was to identify the effects of heating time on the deconsolidation effects, the exact
corresponding placement velocity is not calculated in the traditional way of dividing entire heated
spot length by heating time. Furthermore, as the reason for varying the heated spot length was
to be able to study the influence of boundary conditions to the nip-point (length of melted section
of the tape adjacent the nip-point), calculation of placement speeds based on the heating time
and the actual heated spot length serves no important purpose.

• Heated spot length: Another setting of the laser heater that can be varied in the LAFP process
is the spot size of the laser irradiation. The influence of spot size on the deconsolidation state
at the nip-point in the LAFP process is not known and hence this was investigated by varying
the spot length, while the spot width remained the same as width of the tape specimens. The
relevance of a study on heated spot length is suspected to be very high as this changes the
boundary conditions that are applied at the nip-point which is at the center of the spot (in the
length direction). As the spot length increases, a larger section of the tape is above melting
temperature of the polymer and hence some variation in deconsolidation behavior is expected.
This is due to the fact the change in boundary condition (for a larger heated spot size) would result
in greater freedom for fiber to de-compact from the tape surface, out-of-plane, in order to reach a
lower stress state. As explained in previous chapters, fiber decompaction is suspected to be due
to residual stresses in the fibers of the prepreg tape, introduced during the tape manufacturing
process. The VCSEL heater was configured to heat the entire heated spot to a temperature above
𝑇፦ of the tape material (343፨𝐶). The deconsolidated state was characterized along the width at
center of the sample, i.e. the intended nip-point. A high configuration of 80mm spot length and
a low configuration of 30mm spot length were selected for the experiment. The upper and lower
limit were chosen due to the design of the VCSEL heater; the 30mm spot length was achieved by
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activating 3 independent zones of the laser, while the 80mm spot length by activating 11 zones
out of 12. As the amount of input energy required from the laser to melt the entire heated spot
and obtain an average temperature of 360፨𝐶 at the nip-point, varied with varying spot lengths;
the power levels had to be experimentally determined. Hence, a trial and error method based
on engineering intuition was used to determine the required power levels for each configuration
before the specimens were manufactured.

• Cooling rate: Since the laser heating process is very rapid, freezing the deconsolidation state
without application of external pressure or convection cooling was not found to be possible, due
to experimental limitations. In order to study influence of cooling rate on thermal deconsolida-
tion, initially, a tool with cooling water running through was tested. It was found that activating
the cooling flow instantaneously after the rapid heating through laser flashes, was not possible.
Hence, for a preliminary study on the influence of the cooling rate on the tape deconsolidation,
two different tool surfaces (with different surface areas) were used to place the tape specimens,
resulting in different cooling rates. The dimensions of the tool and the cooling rates obtained are
presented in table 7.1.

Table 7.1: Cooling rates obtained using different aluminum tooling

Tool material Surface area (𝑚ኼ) Obtained cooling rate on tape surface (፨𝐶/𝑠)
Aluminum tool I 0.15 121
Aluminum tool II 0.28 184

To evaluate the influence of these three factors on the deconsolidation response of the material, 8
configurations were defined based on a geometric Plackett-Burman design which included replicates
for configurations (1.2,1.7,1.8 and 1.10). Hence, 12 specimens were created with configurations as
shown in table 7.2. Due to the methodology of the Plackett-Burman design, the test matrix includes
some duplicates in order to check repeatability of the experiment and the characterization techniques
chosen. This helped the statistical software determine the significance levels of the results and account
for experimental scatter. Furthermore, for the configurations which did not have replicates in the design
(1.1,1.3,1.4 and 1.5), two samples were manufactured and the values were averaged before inputting
in the Minitab software for analysis.

Each configuration was heated to an average nip-point temperature of 360 ፨𝐶 while the range of
temperatures at the nip-point ranged between 340 ፨𝐶 - 400 ፨𝐶 due to the observed deformation and
local temperature peaks as explained in earlier chapters. In table 7.2, the power levels required for the
different configurations, in order to reach an average nip-point temperature of 360 ፨𝐶 are presented.
These power levels indicate the total power (sum of all individual zones activated), during the heating
process. As can be seen, shorter heating time and higher heated spot length, required higher power
levels when compared individually. For specimens heated to 30 mm spot length, 3 individual zones
of the laser were activated and for specimens heated to 80 mm spot length, 11 individual zones were
activated. For more details regarding power levels, reader can refer to table B.1 in appendix B.

Table 7.2: Configuration settings used in the P-B screening design. High levels are indicated by color shaded cells

Parameter Unit Symbol Configuration
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 1.10 1.11 1.12

Heating time 𝑚𝑠 𝑇፡ 800 800 200 800 200 800 200 800 200 200 200 800
Cooling rate ፨𝐶/𝑠 𝑅፜ 184 184 184 121 121 184 184 121 184 121 121 121

Heated spot length 𝑚𝑚 𝐿፬ 80 30 30 30 80 30 80 80 80 30 30 80

Power input 𝑊 - 660 222 600 222 1980 222 1980 660 1980 600 600 660

7.1.2. Results of screening design
Rapid heating of the CF/PEEK tape specimens was done using the laser heater, with factors set ac-
cording to the different configurations as described in table 7.2. During the heating phase, in-situ profile
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data was captured using the laser line scanner (LLS). After completion of heating, characterization of
the samples was done to study the effect of the different configuration on the response variables. The
obtained results from characterization tests are presented in figure 7.1. As discussed earlier, for con-
figurations without any replicates in the design (1.1,1.3,1.4 and 1.5), two samples were created and
characterized, and their average value was used as input to Minitab. As can be seen in the results
that this was not done for microscopy specimens and hence void content and thickness information
from one sample each was taken. Furthermore, the configurations which had replicates in the design
(1.2/1.6,1.7/1.9,1.8/1.12 and 1.10/1.11), were each manufactured once and then characterized. The
results for similar configurations are plotted overlapping each other as can be seen from the blue and
yellow bars, in order to indicate the similarities and scatter in properties of samples created with the
same settings. Furthermore, standard deviation in the measured values is presented as error bars in
the plots. For measurements made with the LLS (width increase and out-of-plane deformation), error
was ±0.1% of the measured range.

(a) Maximum Root-mean-squared (RMS) surface roughness (᎙፦) (b) Width increase (%)

(c) Maximum normalized out-of-plane deformation (᎙፦) (d) Thickness increase (%)

(e) Void content increase (%)

Figure 7.1: Results of screening design

The results of the specimen characterization were processed through the statistical software Minitab
in order to obtain statistical information and the relevance of the effect of the factors chosen to be
studied. The statistical results are presented in the form of a Pareto chart of the standardized effects
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(t-statistics that test the null hypothesis that the influence of the effect is 0) and a main effects plot.
The former plot indicates the largest effect to the smallest effect in absolute values of the standardized
effects. A reference line is drawn at 2.306 along the horizontal axis in the chart, which can be used
to determine whether an effect is statistically significant in the design space or not (effects equal to or
higher than the reference line have a significant influence). The reference line is dependent on the
confidence level chosen for the analysis (95% for this analysis).

The analysis of variance (ANOVA) data supporting the presented results can be found in Appendix
C. It must be noted that the results of the screening design are only used to identify main effects and not
used to study interactions. This is due to the fact that in a P-B design, in case an interaction between
factors is not negligible, its effect might be confounded with individual factors. This makes it hard to
draw conclusions and hence, the first experiment is used only to study the independent influence of
the chosen factors on the response variables.

• Surface roughness
The maximum root-mean-square roughness was determined for each sample by taking rough-
ness measurements at 4 locations along the nip-point at locations corresponding to 20%, 40%,
60% and 80% of the width of the tape, as described in chapter 6. There were large differences in
the measured roughness values, due to the waviness of the tape specimens. Hence, the maxi-
mum roughness value was obtained from the four measurements, and reported as can be seen
in figure 7.1a. The very high scatter in roughness values of configuration 1.1 was attributed to dry
fibers poking out of the deconsolidated surface due to the fiber decompaction, resulting in very
high local roughness at those locations. Similarly, the high roughness values for both configura-
tions 1.8 and 1.12 can be attributed to dry fibers on the top surface due to the heating process.
A representative figure of regions with locally high roughness values due to fibers can be seen in
figure 7.2
In the statistical results, it can be observed from figure 7.3a, that the heated spot length has
a significant standardized effect on the roughness values (with a standardized effect of 2.32).
Furthermore, heating time is also seen to have a moderate influence (although not found signifi-
cant in this design space). These observations can be verified by studying the main effects plot
(figure 7.3b), where the slopes for the heating time and heated spot length are steeper than for
the cooling rate. Although the effect of heating time was not found to be significant in the design
space considered in these experiments, it was suspected that heating time may also play a strong
role on the roughness development and hence further analysis was required, which was done in
phase II of the experiments.

(a) Surface profile of deconsolidated tape specimen through LSCM at
20x magnification

(b) Micro-CT reconstruction of deconsolidated tape specimen at
3.13᎙፦ resolution

Figure 7.2: Representative example of high local roughness due to dry fibers

• Width increase
Width measurements were made using the LLS as described in chapter 6. The width change was
measured ’in-situ’. Therefore, the measurements were made to capture the change in width at the
the end of the heating phase. In order to account for variability in the width of as-received tapes,
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(a) Standardized Pareto plot (b) Main effects plot

Figure 7.3: Screening design: influence on surface roughness

the increase in width was obtained by subtracting the measured width at the nip-point by the
as-received width of the same specimen. Very little scatter was observed in the measurements
(seen in figure 7.1b) indicating that the width increase is not strongly affected by the amount of
waviness at the nip-point and corresponding temperature peaks, rather is more dependent on the
average temperature at the nip-point.
The Pareto plot (figure 7.4) suggest a strong main effect of the heated spot length and a moderate
influence of the heating time. This can be verified by studying at themain effects plot where a large
difference in mean values of width increase is observed, between the two heated spot lengths
of 30mm and 80mm. It was interesting to note that the increase is width was lower for a higher
heating time. This aspect was investigated further in phase III of experiments.

(a) Standardized Pareto plot (b) Main effects plot

Figure 7.4: Screening design: influence on width increase

• Maximum out-of-plane deformation
The out-of-plane deformation and the tape waviness, caused by the warpage of tape specimens
was characterized for the different configurations. Some scatter is observed in the results ob-
tained (seen in figure 7.1c), especially for configurations 1.7, 1.8 and 1.10 (and their replicates).
This scatter was attributed to experimental error. Due to the way the as-received tape material
was stored in a spool, it is possible that due to the bending, some specimens were not entirely
flat on the tool surface, even when restrained with Kapton tape at the edges. Hence, some slight
height variations on the surface of the tape are possible. This is suspected to have influenced
the measured results and result in outliers.
The statistical information as presented in figure 7.5 indicates that the heated spot length had
a large standardized effect on the tape warpage and hence the out-of-plane deformation. This
observation was in agreement with the observations made for surface roughness.
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(a) Standardized Pareto plot (b) Main effects plot

Figure 7.5: Screening design: influence on out-of-plane deformation

• Global Thickness increase
The thickness was measured after the tape specimen cooled down to ambient temperature by
examining cross-sectional images of the microstructure at the nip-point. The reported values are
represented as a percentage increase of the as-received thickness of the prepreg tape speci-
mens. The measurement was performed at 4 locations (20, 40, 60 and 80% of tape width) as
described earlier in this section and then averaged to obtain the global thickness increase. Due to
the tape waviness, local spots along the nip-point were heated to higher temperatures and higher
thickness increase was observed at these local spots. However, due to the chosen method of
measuring the average thickness, a large amount of scatter was observed in the results, since
the measurements were very sensitive to the location of measurement. The scatter can be seen
through the large standard deviation for the reported values in figure 7.1d. A representative cross-
sectional micrograph that shows the influence of tape waviness, i.e. higher thickness increase at
the peaks of waviness curve, can be seen in figure 7.7. It can be seen that thickness increase is
due to the combined effect of voids in the cross-section and movement of dry fiber bundles to the
surface. Furthermore, it is interesting to note that at the peaks of the waviness curve correspond
to the temperature peaks of the surface temperature distribution, as can be seen in a represen-
tative deformed tape profile plotted along with the temperature on the surface at the measured
nip-point (figure 7.8).

The obtained Pareto plot and main effects plot (figure 7.6), indicated that none of the considered
factors have a statistically significant effect on the increase of thickness. This is suspected to be
due to the large scatter in the measurements, although it might also be due to lower influence of
the considered factors on the thickness increase. Since, the data is inconclusive, the influence
of the considered factors was further investigated in phase II of the experiments.

(a) Standardized Pareto plot (b) Main effects plot

Figure 7.6: Screening design: influence on thickness increase
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Figure 7.7: Representative cross-sectional image of tape showing higher thickness increase and void content at peaks of tape
waviness curve

Figure 7.8: Representative temperature variation over the tape surface profile (higher temperatures at peaks of tape waviness)

• Global void content
Similar to thickness increase, the influence of the considered factors was not found to be sta-
tistically significant in the considered design space, on the void content. Although, the global
void content was measured at the cross-section of the nip-point, some scatter can be seen in
the results for replicated configurations (figure 7.1e). This scatter may be linked to the following
limitations of the characterization technique:
(1) the void content measured through digital analysis of cross-sectional micrographs is highly
sensitive to the exact location of the cross-sectional cut along the length of the specimen. Since,
the voids were found to be ellipsoidal in nature, the diameter of voids varies at different locations
along the fiber direction. This can be seen in figure 7.9. Therefore, the accuracy of results is
suspected to be highly influenced by the obtained location of the cross-sectional cut, which is
dependent on the accuracy of grinding and polishing process of the samples.
(2) Errors due to the microscopy sample preparation process are also suspected, wherein the
epoxy could have entered into voids and hence the calculated void content from digital microscopy
may not be very accurate.
The obtained standardized Pareto plot indicates that the heating time has relatively stronger in-
fluence on void content compared to the other factors, as can be seen in figure 7.10a. The main
effects plot (figure 7.10b), indicates that the void content is higher in case of a longer heating; i.e.
increase in void content is higher when the heating time is 800ms than at a heating time of 200ms.
However, since these results were inconclusive further experimental studies were performed in
phase II and phase III, in order to determine the main influential factor and therefore, the driving
mechanisms behind void content increase in the microstructure at the nip-point.
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Figure 7.9: Ellipsoidal nature of void seen with varying diameter of voids along the fiber direction (captured at 5000x
magnification using SEM)

(a) Standardized Pareto plot (b) Main effects plot

Figure 7.10: Screening design: influence on void content

7.1.3. Discussion
The following main observations were made from the results of phase I of the experiments:

1. It is clear that the studied factors have a different amount of influence on different deconsolidation
effects, which also suggests that no common mechanism can describe all of the deconsolidation
effects observed in thermoplastic tapes. The information obtained from the screening design was
used to identify trends in the material response, however, any non-linearity in the response had
to be further investigated, hence the obtained results were used to design further experiments.

2. Based on the observations that tape specimens warp during the heating process (and hence
lose contact with the tool surface), as well as the statistically low influence of cooling rate on the
material response as observed in this study, it was decided that with the proposed experimental
design, the influence of cooling rate could not be objectively studied. Hence, studying the influ-
ence of cooling rate through heat conduction through different tool surfaces was not found to be
a feasible approach. Therefore, in all further experiments the tool with surface area of 0.28 𝑚ኼ
was used.

3. Even though all factors show different trends, the influence of heated spot length was found to
be the most significantly influencing factor on three of the five response variables considered:
surface roughness, width increase and out-of-plane deformation.

4. The relatively equal influence of heated spot length and heating time on thickness increase as
can be seen in figure 7.6, suggests that either the considered factors do not have an strong
influence on the thickness at all or that thickness increase may be more strongly influenced by
a combination of factors (therefore suggesting multiple driving mechanisms). On the contrary,
heating time exhibited a stronger influence on the void content increase as compared to other
factors. Hence, further analysis on these observation was done in phase II and phase III of
experiments.
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The obtained results provided some information about the hypotheses being tested, as presented in
section 4.2. The preliminary results suggest that fiber decompaction, which is tied to the influence of
heated spot length, is indeed important to describe surface roughness. Furthermore, it was found that
the influence of fiber decompaction is also significant for out-of-plane deformation and width increase.
Hence, the initial hypothesis was expanded to link two of the material responses together (surface
roughness and maximum out-of-plane deformation), as it is highly suspected that both are governed
by the same mechanism. Further analysis on the factors affecting width increase is required as the
results suggest that both heating time and heated spot length have a strong influence.

Based on the observations above, it was concluded that a more in-depth analysis of heated spot
length and heating time was required, while keeping the cooling rate constant. Furthermore, non-
intuitive observations such as the lower amount of width increase for a longer heating time, needed to
be further investigated. Finally, the limitation of the screening design that interactions between factors
and their influence on the material response were not obtained, needed to be taken in account. Hence,
a more detailed full factorial experimental design was created which tested the material response at
three factor levels, in phase II of experiments.

7.2. Phase II: Detailed investigation of influencing factors
7.2.1. Factors evaluated and test matrix
Further analysis on the influence of heated spot length and heating time on the five response variables
was done by implementing a 3-level, full factorial design. Such a DoE approach is useful for identifying
and investigating quadratic effects as well as interaction effects between different factors. The design
matrix is presented in table 7.3. No replicates were made in this study and in each configuration an
average nip-point temperature of 360 ፨𝐶 was aimed. In order to keep the cooling rate constant, a tool
with surface area of 0.28 𝑚ኼ was used to place tapes for the laser heating experiment.

Table 7.3: Configuration settings used in the full-factorial design. Intermediate and high levels are indicated by color shaded
cells

Parameter Unit Symbol Configuration
2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Heated spot length 𝑚𝑚 𝐿ᑤ 30 30 50 50 80 30 80 80 50
Heating time 𝑚𝑠 𝑇ᑙ 800 500 800 500 800 200 200 500 200
Cooling rate ᑠ𝐶/s 121

Power input W - 222 420 320 560 660 600 1980 880 880

7.2.2. Results
Specimens were manufactured with specifications as presented and table 7.3 and characterization of
the deconsolidated state of the specimens was done. The results of the characterization tests (figure
7.11) were used as input to the Minitab software to obtain statistical information. For each of the
measured response, the standardized effects, main effects plot and interaction plots are presented in
this section. The Pareto charts and the main effects plot can be interpreted in the same way as the
screening design results, whereas the interaction plots can be used to study the variation in material
response with both factors (heating time and heated spot length) being varied simultaneously. It is
important to note that the reference line drawn in the Pareto charts is not at the same value as that in
the screening design (2.776 instead of 2.306). This indicates that since the factors are better defined in
the full-factorial design, the significance levels of the influence of the factors on the response changes,
as can be expected. Furthermore, due to removal of the cooling rate factor, the amount of scatter
introduced by it is reduced, resulting in more statistical significance of the results.
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(a) Maximum Root-mean-squared (RMS) surface
roughness (᎙፦) (b) Width increase (%)

(c) Maximum normalized out-of-plane deformation (᎙፦) (d) Thickness increase (%)

(e) Void content increase (%)

Figure 7.11: Results of three-level full-factorial design

• Surface roughness
Surface roughness was measured by the same method, as described earlier. Analysis of the
maximum surface roughness values (maximum of the 4 measurements done at 20%, 40%, 60%
and 80% of the width) at the heated nip-point confirmed the trends obtained in the results of
first set of experiments, in terms of the significant influence of heated spot length on the surface
roughness. However, with a 3-level setting and a full-factorial design (due to a well-defined de-
sign space), the influence of heating time was also found to have a significant influence on the
measured maximum RMS roughness value, as can be seen in 7.12. Furthermore, the main ef-
fects plot indicated an approximately linear increase in RMS surface roughness with both heating
time and heating length in the configuration range considered, as can be studied through the
main effects plot presented in figure 7.12b. The deviation seen in the interaction plot 1 (figure
7.12b) for the roughness value of configuration: 80mm heated length and 500ms heating time, is
considered to be an outlier which can be ignored due to the method used to obtain the maximum
roughness values at the nip-point. The same reason could possibly explain the minor deviation
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seen in the interaction plot 2 (figure 7.12d). Hence, in both cases, it is possible that the actual
maximum roughness value along the width of the specimen, might not have been measured,
since only four measurements were made.

The influence of heating time was found to be significant, although the influence was not found
as strong as the influence of heating length. The significance of the heating time indicates that
the roughness might be influenced by the amount of time the tape nip-point spends above the
𝑇፦. This aspect shall be discussed further in chapter 8. Furthermore, the two factor interaction
was found to be negligible as can be seen in the Pareto plot. This indicates that the effect of both
factors can be considered relatively independent of the other.

(a) Standardized Pareto plot (b) Main effects plot

(c) Interaction plot for main effects 1 (d) Interaction plot for main effects 2

Figure 7.12: Full-factorial design: influence on surface roughness

• Width increase
The results for width increase at the end of the laser heating phase agree with results obtained
in the screening design as can be seen in figure 7.13. A linear increase in width is seen with
increase in heated spot length, indicating a strong influence of boundary conditions applied on
the tape nip-point in terms of the distance of the non-melted tape region from the nip-point. Fur-
thermore, it was observed (in agreement with the first set of experiments) that the amount of
width increase, is lower for a longer heating time, as seen in the main effects plot. Hence, this
non-intuitive observation which was also observed in the screening design was verified and can-
not be attributed to experimental error. Further discussion on the possible explanations for this
observation is presented in chapter 8. The two factor interaction for width increase was observed
to have a negligible effect on the material response. This indicates that the effect of both factors
considered is relatively independent of the other.

• Maximum out-of-plane deformation
The out-of-plane deformation resulting from a combination of fiber decompaction (out-of-plane)
and global warpage of the tape at the nip-point was characterized. The obtained results for maxi-
mum out-of-plane deformation are presented in figure 7.11c. The statistical results are presented
in figure 7.14.
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(a) Standardized Pareto plot (b) Main effects plot

(c) Interaction plot for main effects 1 (d) Interaction plot for main effects 2

Figure 7.13: Full-factorial design: influence on width increase

(a) Standardized Pareto plot (b) Main effects plot

(c) Interaction plot for main effects 1 (d) Interaction plot for main effects 2

Figure 7.14: Full-factorial design: influence on out-of-plane deformation
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The results confirmed one of the observations made in the screening design, that the out-of-plane
deformation is higher for a longer heated spot length, while the final deformation magnitude at
the end of the heating phase is lower for a longer heating time (within the configuration range
considered). Furthermore, it can be observed from the interaction plots (figure 7.14c and 7.14d)
that this behavior is approximately linear when both the factors are varied between the high,
mid and low configurations. An interesting observation made was that heating time showed a
significant influence on the out-of-plane deformation as can be seen in figure 7.14a, while it did
not in the screening design. This difference is suspected to be due to a well-defined design
matrix, with the three-level configuration, as this would influence the design space in which the
null hypothesis is tested.

It is important to recollect that due to tape deformation, the tape temperature at the peaks in
the waviness curve, is locally higher than at the valleys. This was suspected to play a role in
the observed influence of the heating time. Further discussion on this aspect is presented in
chapter 8. Finally, it was also observed that the two-factor interaction was low and hence it can be
assumed that the influence of the two factors on the material response, is relatively independent
of each other.

• Global void content
On analyzing the void content results obtained from deconsolidated specimens, manufactured
according to the three-level full-factorial design, it was observed that the heating time has a sig-
nificant effect on the void content (standardized effect slightly higher than 4), whereas, heating
length does not, as can be seen in figure 7.15. The significant influence of heating time was
not observed in the results of the screening design. This difference is suspected to be due to
the well-defined full factorial design, which alters the design space in which the null hypothesis
is tested. A full-factorial design also allows for the effect of factors to be estimated at untested
levels, with greater accuracy than with a P-B screening design. Furthermore, the void content
was found to increase proportionally with increase in heating time, which indicates that time avail-
able for void expansion has a strong influence on the final void content. The trends observed in
figure 7.15(b) are not the same for all three heating lengths, as can be seen through the variation
between the curves. A possible reason for this is tied to one of the limitations of the characteri-
zation technique, i.e. it is very difficult to measure void content exactly at the nip-point. Hence,
it is suspected that scatter in observed results could be a result of inaccuracies in the grinding
and polishing of microscopy samples, resulting in the void content being measured at a different
position of the cross-section than at the nip-point location along the length of the tape. Hence, no
conclusive inferences could be made with the obtained results from the three-level design. How-
ever, the significant influence of heating time suggested that further experiments were required to
understand the reasons for void content increase. Two possible explanations for the significant
influence of heating time, based on experimental observations are: i) As seen in the results for
out-plane-deformation, at a longer heating time, the magnitude of maximum out-of-plane defor-
mation is lower. Furthermore, it was observed that the temperature distribution became relatively
more uniform over the width at longer heating times. This indicates that the void content increase
could be linked to a more uniform temperature over the width of the specimen and ii) Higher void
content at the peaks of waviness curve of the specimen nip-point (corresponding to the temper-
ature peaks) indicates that temperature at the tape surface of the tape plays an important role in
determining the void content. The first observation is further analyzed in chapter 8, whereas the
second observation was studied further in phase III of experiments.

Finally, the two-factor interaction is found to be low as compared to the effect of heating time on
the void content. However, the approximately equal effects of the heated spot length and the
two-factor interaction, indicates that the factor B (heated spot length) was heavily confounded
(both effects combined), indicating that the effect of factor B could not be observed separately.
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(a) Standardized Pareto plot (b) Main effects plot

(c) Interaction plot for main effects 1 (d) Interaction plot for main effects 2

Figure 7.15: Full-factorial design: influence on void content

(a) Standardized Pareto plot (b) Main effects plot

(c) Interaction plot for main effects 1 (d) Interaction plot for main effects 2

Figure 7.16: Full-factorial design: influence on global thickness increase
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• Global thickness increase

The thickness increase was characterized using the samemethod as explained in earlier sections.
The scatter of the data as seen in figure 7.11d, is suspected to be due to the method chosen to
obtain the global thickness increase, wherein four measurements were made along the width
at the nip-point location and the average thickness increase was determined. Hence, due to
the big variation in thickness values over the width of the tape at the nip-point, it is important to
acknowledge that these results may be inconclusive. The statistical results presented in figure
7.16 indicates that similar to earlier results obtained in the screening design, the two factors do
not have a significant influence.
However, it is interesting to note that the material response for both sets of results suggest that
both factors have an approximately equal effect. Furthermore, the data suggests that for a shorter
heated spot lengths, the global width increase is higher as compared to that for longer heated
spot length. This is found to be counter-intuitive as the a longer heated spot length was expected
to increase the amount of out-of-plane fiber decompaction on the heated surface of the tape. An-
other interesting observation made in the main effects plot (figure 7.16a that with a longer heating
time, the amount of thickness increase is higher as compared to shorter heating times. This con-
firmed the previous observation that void content increase (and hence thickness increase) is
influenced by the amount of time the tape undergoes heating and remains above the 𝑇፦ of the
polymer. Hence a clear indication between thickness increase and void content increase could
be observed. Further analysis of these observations is done in later sections.
Finally, the low effect of the two-factor interaction suggests that the response of both effects was
relatively independent of each other.

7.2.3. Discussion
Due to the higher resolution of the full-factorial design and three-level configuration settings, a lot of
information was gained over phase I of the experiments. From the obtained results, verification of
trends observed in the screening design was done, linearity of the measured response variables as a
function of the factors was studied and two-factor interaction were considered in the design.

The following main observations were made in phase II of experiments that are useful in under-
standing the deconsolidation phenomenon:

1. The roughness development results confirmed that the heated spot length at the nip-point greatly
influences the final roughness after deconsolidation. This was interpreted as an indication that the
boundary conditions applied on the nip-point (in terms of the length of melted tape section adjacent
to the nip-point) highly influences the amount of fiber decompaction. This further influences the
surface roughness due to the resultant fiber-rich top surface.

2. The observation that amount of increase in width, is higher for a shorter heating time as compared
to longer heating time, was found to be counter-intuitive. It is important to acknowledge that the
reported width increase is due to a combination of thermal expansion in the direction transverse to
the fibers as well as thermal deconsolidation effects in the microstructure of the tape specimens.
Further analysis of width increase by taking into account the other factor chosen to be studied
(temperature variation) is required before drawing conclusions.

3. The relatively low 2-factor interaction effect for all of the characterized responses, suggests that
the influence of both heating time and heated spot length is relatively independent and very minor
confounding of the effects takes place. This is a important result as it verifies the trends observed
in the screening design, where interaction effects could not be studied due to lower design reso-
lution. The almost equal effects of heated spot length and two-factor interaction in the response
for void content, indicates that the influence of heated spot length is heavily confounded in the
results and the individual influence on the spot length cannot be isolated from the obtained re-
sults. This could be due to scatter in results because of experimental limitation or could be due
to heated spot length indeed not having a strong influence on the void content. However, further
analysis of the material response in terms of void content and thickness increase is required to
make further conclusions.

4. Additional information was gained about the linearity of the measured material responses by
implementing a 3-level design. It can be seen that for surface roughness increase, width increase
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and out-of-plane deformation, the influence of both considered parameters (heated spot length
and heating time) is approximately linear (some minor deviations were observed due to unequal
intervals for heated spot length). Scatter due to possible experimental error may be the reason
for inconclusive results for void content increase and thickness increase. This aspect needed to
be further evaluated after reviewing information obtained from phase III of experiments.

5. The observation that increase in specimen thickness is higher at longer heating times indicates
that through-the-thickness void content may have a stronger influence than previously suspected.
Furthermore, the inversely proportional effect of heating length on the thickness increase in-
dicates that the influence of fiber decompaction may not be the primary driving force behind
thickness increase. Hence, this directly contradicts the hypothesis made in chapter 4, that fiber
decompaction out-of-plane is the primary driving force for observed thickness increase. Investi-
gation to verify this effect was done in further experiments.

Based on the observed results of the detailed design, no common influencing factor could be iden-
tified for all of the response variables characterized in this study. It could be concluded that heated
spot length and heating time both have significant influence on the deconsolidation response of the
CF/PEEK tape material, in terms of surface roughness, out-of-plane deformation as well as width in-
crease at the end of the heating phase. While, the considered factors also influence the void content
and thickness of the tape specimens, their effect was not found to be statistically significant.

7.3. Phase III: Temperature variation experiments
In the first two phases of experiments, the influence of three of the five parameters to be evaluated
in this study was considered i.e. heated spot length, heating time and cooling rate. Based on the
results obtained from the two DoE runs, some mechanisms influencing deconsolidation in terms of
surface roughness development, out-of-plane deformation and width increase could be identified which
shall be discussed further in chapter 8. However, the performed experimental trials did not indicate a
significant influential factor for void content increase and thickness increase. While, thickness increase
is influenced by out-of-plane fiber decompaction, the influence of heated spot length (which directly
influences out-of-plane decompaction of fibers) was found to be statistically insignificant. Hence, based
on literature, it is suspected that void growth in the cross-section due to thermal expansion could be an
explanation for void content increase. Furthermore, this idea was reinforced by the observation that in
the deformed tapes, at the peaks of the waviness curve (and corresponding high temperature regions),
higher void content and thickness was observed, as was seen in figure 7.7 and 7.8. This indicated that
temperatures at the surface of the tape, locally influenced the amount of void content and thickness
increase.

Based on this information, a set of experiments was conducted with different average temperatures
at the nip-point (ranging between 150፨𝐶 and 400፨𝐶) between different samples, in order to study the
influence of temperature on the resultant thermal expansion of voids. Furthermore, the influence of
different temperatures at the nip-point was also studied on the width increase, roughness development
and out-of-plane deformation, in order to gain more information about the possible mechanisms that
explain the results obtained in phase I and II of the experiments. in addition to gaining more information
about mechanisms that govern the deconsolidation responses characterized in previous experiments,
this section aims to answer the research question: ”At what temperature does the onset of thermal
deconsolidation during LAFP begin?”.

7.3.1. Test matrix
The test matrix used to manufacture specimens with deconsolidated regions is presented in table 7.4.

7.3.2. Results
The results obtained after characterization of the manufactured specimens with the different configu-
rations as described in table 7.4 are presented in figures 7.17-7.21.

Global void content
The results for void content as a function of average nip-point temperature can be found in figure 7.17.
Data for the specimen heated to 200፨𝐶 was not recorded due to sample damage during the prepara-
tion for microscopy. The void content can be seen to increase with increasing nip-point temperature,
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Table 7.4: Test matrix for nip-point temperature-variation experiments

Specimen Heated spot length (mm) Heating time (ms) Average nip-point temperature (ᑠ𝐶)
1

50 500

150
2 200
3 250
4 300
5 320
6 350
7 400

approximately linearly. It is suspected that possible reasons for the lower void content measured for
the specimen heated to 250፨𝐶 could be (1) scatter in initial void content of as-received tapes or/and (2)
choice of wrong cross-section along the tape length which might not have corresponded to the nip-point
of interest. It is important to note that although the temperature distribution over the nip-point of the
tape remains relatively constant for specimens heated to 150 ፨𝐶 (indicating that no a low amount of
waviness and warpage takes place); at higher heating temperature, out-of-plane deformation of fibers
takes place and the temperature distribution over the nip-point is not uniform. At higher average nip-
point temperatures, this effect is exacerbated, as can be seen in the figure. Hence, the characterization
was done by considering the average temperature over the width direction, while the error bars indicate
the range of surface temperatures that were observed at the nip-point.

Figure 7.17: Void content as a function of varying nip-point temperatures

Global thickness increase
The results obtained from global thickness increase show that thickness shows an approximately ex-
ponential growth, with an increase in average temperature at the nip-point, as can be seen in figure
7.18. This indicates that thickness increase may be influenced by another mechanism, in addition to
out-of-plane fiber decompaction, as stated in the initial hypothesis. On studying cross-sectional micro-
graphs, such as the one presented in figure 7.7, it can be identified that the increase in thickness is
due to both fiber decompaction and void content in the cross-section. It is interesting to note that the
rate of thickness increase rises sharply in samples heated to temperatures above an average nip-point
temperature of 300፨𝐶. As can be seen in the sample heated to 300፨𝐶 (average), the actual range
of temperatures at the nip-point does not exceed the 𝑇፦ of PEEK (343፨𝐶). Hence, although due to
lack of experimental data, the exact temperature at which rapid increase in thickness takes place is
not identifiable, the results indicate that this exists in the range between 300-350 ፨𝐶. This indicates
that at a nip-point temperature range above 𝑇፦, a rapid increase in thickness can be observed. The
suspected reason for this behavior shall be further discussed in chapter 8.
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Figure 7.18: Thickness increase as a function of varying nip-point temperatures

Surface roughness
The maximum roughness on the tape surface exhibited an increase with increasing temperatures at
the measured spot. It must be noted that the results reported for surface roughness values are plotted
against the corresponding temperature at the location of measurement along the nip-point. Hence, the
data is not plotted against the average nip-point temperature. The experimental data suggests that this
increase is not linear (as can be seen in figure 7.19) and the increase in roughness values takes place
at a relatively lower rate till a point in the 250-300 ፨𝐶 range, followed by a rapid increase in roughness
values. Due to lack of experimental data, it cannot be clearly identified at which exact temperature the
increase takes place rapidly, however, it can be deduced based on the obtained data, that it exists in the
range between 250 -300፨𝐶. A possible explanation for this may be that although some decompaction
starts to occur at temperatures above the polymer 𝑇፠, a minimum temperature may be required for
the polymer viscosity to reduce below a critical value which allows for rapid decompaction and hence
higher surface roughness.

Figure 7.19: Increase in maximum RMS roughness as a function of actual temperature at the measured spot
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Width increase

The width increase at the nip-point, as a function of average nip-point temperature was characterized,
as can be seen in figure 7.20. It can be observed that the tape width increases approximately linearly
with increase in the nip-point temperature. These results agree well with the observations made by
Kok [25] that tape width increases linearly as a function of temperature. However, a major difference
between the two studies is that the author measured the tape width increase after placement of the
tape (post consolidation by roller) and not at the end of the heating phase (before consolidation), as
done in this study. The relevance of this difference is discussed in subsequent chapters.

It was initially suspected that due to a high polymer viscosity below the melting temperature 𝑇፦,
increase in width at temperatures between 𝑇፠ and 𝑇፦ could be dominated by the positive coefficient of
thermal expansion of CF/PEEK prepreg material, in transverse direction. In order to check the validity
of this theory, measurements were made with the LLS, of the tape width increase by heating tape spec-
imens to 150፨𝐶 using the hot stage at lower heating rates than with the VCSEL laser. The measured
width indicated that an increase in the range of 0.13-0.20 % increase of the tape width could be ex-
pected due to thermal expansion. However, vales obtained from the laser heating experiments suggest
that the actual width increase is much higher and hence it can be deduced that thermal deconsolida-
tion has a strong influence on the observed width increase phenomenon. Hence, these experiments
provided further information about the deconsolidation response on the material, which can be used to
identify the possible dominant mechanism that explain width increase due to thermal deconsolidation.
However, it is important to note that the presented results indicate the total width increase (due to ther-
mal CTE as well as thermal deconsolidation), since it was impossible to distinguish between the two
during rapid laser heating. A discussion on the proposed mechanisms can be found in chapter 8.

Figure 7.20: Width increase as a function of average nip-point temperature

Out-of-plane deformation

The maximum out-of-plane deformation on the tape surface was characterized for each of the speci-
mens and the results can be seen in figure 7.21. It can be observed that the magnitude of out-of-plane
deformation increases at a low rate till an average nip-point temperature in the range of 300-350፨𝐶.
Beyond this average nip-point temperature, the magnitude of deformation increases very rapidly. This
is an interesting observation as it indicates that the amount of deformation is temperature dependent
but it shows a non-linear response to increase in temperature. Further discussion on the relevance of
these results is presented in subsequent chapters.
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Figure 7.21: Out-of-plane deformation as a function of average nip-point temperature

7.4. Discussion and conclusion
The obtained experimental results indicate that the thermal deconsolidation response of thermoplastic
prepreg tapes does not have one primary driving mechanisms and is a result of multiple mechanisms,
acting simultaneously. It was identified from the DoE trials that the heated spot length and heating time
have a strong influence on the fiber decompaction behavior in the out-of-plane direction, resulting in
a rougher surface as well as higher out-of-plane deformation. Furthermore, an influence of varying
nip-point temperature on void content, thickness increase, surface roughness, width increase and out-
of-plane deformation was identified in phase III of the experiments.

It was apparent from the obtained results that the surface roughness and out-of-plane deformation
of the tape heated surface are interlinked to a great degree. This is due to the fact that decompaction
of fiber in the out-of-plane direction was found to influence both the properties to a large extent. This
conclusion is based on the strong influence of the heated spot length on the response of the materials
in terms of these effects. However, it is important to note that warpage of the tape also influences the
measured out-of-plane deformation and hence the effect cannot be explained purely due to fiber de-
compaction. Furthermore, it was identified that the response of thickness increase of the tape material
is influenced by the amount of void content in the cross-section as well as the decompacted dry fibers
on the heated surface.

The higher void content in the microstructure, at regions along the tape width with higher local tem-
peratures due to the tape waviness (as explained in previous sections), was an interesting observation
made in the initial experiments. Further analysis of the effect of average nip-point temperature on the
void content, confirmed that the void content is directly proportional to the temperature on the sur-
face of the tape. This indicates that an increase in void content could be due to thermal expansion of
pre-existing voids in the microstructure, in addition to the voids created due to movement of fibers.

An interesting observation made as an outcome of the experimental trials was that the width of tape
specimens increase during the rapid heating phase of the LAFP process, when no external pressure is
applied. This contradicts models found in literature, which explain width increase of placed tapes during
LAFP, as a result of squeeze flow of melted tape matrix material due to the consolidation pressure and
subsequent fiber spreading. Furthermore, the increase in width as a function of the heated spot length,
heating time and heating temperature was also studied and the obtained results were used to identify
possible mechanisms and changes in the tape cross section which may explain the observed results.

Experiments performed with varying nip-point temperatures indicate that at temperature just higher
than the 𝑇፠, i.e. at 150፨𝐶, some effects of thermal deconsolidation can already be seen, albeit the
magnitude of these effects is very low. The increase in void content, thickness and width is particularly
low, whereas a relatively large increase in surface roughness can be seen. Hence, it can be concluded
that the onset of deconsolidation begins at temperatures above the glass-transition temperature, how-
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ever, only the increase in surface roughness is large, probably due to slight decompaction of fibers in
the out-of-plane direction. On the other hand, void increase through-the-thickness and width increase
is negligible. Further discussion about all of the observations made in this chapter, can be found in
chapter 8 and confirmatory experiments performed to verify the obtained results are also presented.



8
Mechanisms governing thermal
deconsolidation during LAFP

In the previous chapters, the experimental approach, the characterization techniques and the obtained
results were presented and the choices motivated. In this chapter, a discussion on possible governing
mechanisms that explain the observed material response to rapid laser heating is provided and some
hypotheses are tested. This chapter aims to answer the main research question: ”What are the main
physical mechanisms that influence thermal deconsolidation in thermoplastic prepreg material?” and
all sub-questions, as proposed in chapter 4.

8.1. Main mechanisms identified
As described in previous chapters, the main material responses due to thermal deconsolidation in
CF/PEEK prepreg tapes can be classified into five distinct categories. These include width increase,
surface roughness increase, tape deformation (out-of-plane), void content increase as well as thickness
increase. No common dominant mechanism was identified for all of these responses and hence each
mechanism is discussed individually in this section. The proposed mechanisms are then justified with
experimental evidence obtained during this study.

8.1.1. Decompaction of fiber-bed
1. Initial hypothesis: Fiber decompaction in the out-of-plane direction (possibly due to residual

stresses introduced in the tape during tapemanufacturing), is themainmechanism behind surface
roughness development
Further proposition: Fiber decompaction has a strong influence on out-of-plane deformation in
addition to surface roughness.
The statistically significant influence of the heated spot length on the deconsolidation response
in terms of surface roughness, out-of-plane deformation, width increase as well as void content,
indicates very strongly that fiber decompaction is one of the main mechanisms that influences
deconsolidation in prepreg tapes during laser assisted fiber placement. This is due to the fact
that a change in heated spot length, changes the boundary condition applied at the nip-point,
in terms of the length of tape region that is above 𝑇፦. Furthermore, the distance of the heated
section to the clamped part, where the tape specimen is restrained to the tape surface is also an
important aspect, which is experimentally confirmed in section 8.2.3.
Fiber decompaction as explained earlier is believed to occur due to release of residual fiber
stresses within the tape material, which are frozen when the polymer is below glass-transition
temperature (𝑇፠). When the tape is heated to temperatures above the 𝑇፠, the fiber stresses work
against the polymer viscosity in order to decompact and hence reach a lower stress state. As
can be observed in the plot of surface roughness as a function of temperature (figure 7.19); as
the temperature increases and polymer viscosity decreases, the fibers encounter less resistance
to decompact and hence increase the surface roughness of the tape. Therefore, due to a longer

60
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section of tape above 𝑇፦, a higher amount of fiber decompaction can be expected, as the fibers
try to achieve a lower stress state. Furthermore, the experimental data suggested that the time
spent by the tape above 𝑇፦ had a direct influence on the RMS roughness values as observed in
figure 8.1. The roughness values increase with a higher time specnt above 𝑇፦ for different spot
lengths.

Figure 8.1: Time above ፓᑞ at tape nip-point vs RMS roughness values obtained; for different heating lengths (30mm, 50mm
and 80mm)

It is also suspected that fiber decompaction is a reason for warpage in the tape and both of these
physical phenomena result in out-of-plane deformation in the tape. This shall be discussed more
in further sections. Hence, it can be concluded that the proposed initial hypothesis is true and it
can be further extended to state that Fiber decompaction in the out-of-plane direction, is the main
driving mechanism explaining surface roughness of the deconsolidated sample and it strongly
influences the magnitude of out-of-plane deformation.

2. Initial hypothesis: Fiber decompaction results in void formation near the heated surface (in the
microstructure)
Further proposition: Fiber decompaction is a minor contributor to void content increase during
the heating phase.
In figure 8.2, a comparison of cross-sectional micrographs of the deconsolidated specimens
heated to different average nip-point temperatures for the same heating time of 500ms is pre-
sented. In subfigures b-e, the lower surface was the one heated by the VCSEL heater. It can be
seen that at nip-point temperatures lower than 𝑇፦ = 343፨𝐶, the dominant cause of voids in the
microstructure is fiber decompaction. This can be seen as the density of voids near the heated
surface are higher than in the mid-section through the thickness (indicated within white boxes).
Furthermore, the average diameters of the voids near the heated surface are either close to the
fiber diameter or the combined diameter of a fiber bundle adjacent to it. This indicates that when
the fibers decompact, they create voids in their original position due to traction and subsequent
cavitation in the polymer matrix. As the temperature increases and gets close to the 𝑇፦, the voids
in the cross-section begin to grow and hence voids due to cavitation are no longer dominant. This
can be seen in subfigures d-e where an increase in the void content is seen through-the-thickness
mid section, which is clearly higher than the void content at the edges of the tape.
The cross-sectional micrographs (figure 8.2), suggest that at nip-point temperature higher than
the 𝑇፠ but lower than the 𝑇፦ of the polymer, void content due to fiber decompaction is dominant.
However at nip-point temperatures higher than the 𝑇፦, another mechanism (thermal void growth)
may play a stronger role, which shall be discussed in section 8.1.2. It is important to note that
for longer heating time (800ms), the amount of voids in the middle of the through-the-thickness
cross-section, as compared to the voids at the surface increase rapidly and the onset of change in
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dominant mechanism is at a temperature lower than 𝑇፦, suggesting that these mechanisms are
very dependent on the temperature dissipation through-the-thickness (more uniform for longer
heating times). At higher nip-point temperatures, it is suspected that a higher amount of heat is
dissipated through-the-thickness, resulting in growth of voids due to thermal expansion. At lower
nip-point temperatures, as the heating time remains the same, lower amount of heat is dissipated
through-the-thickness and hence void content is mostly located near the heated surface due to
fiber decompaction. A similar phenomenon was seen to occur in specimens heated for a longer
heating time, as it allows for more time for the tape to achieve more uniform through-the-thickness
temperature. Hence in specimens heated for a longer time, the proportion of voids in the middle
of the cross-section were found to be higher than at the surface. Furthermore, voids due to fiber
decompaction resulting in traction and cavitation can be seen in more detail in figure 8.3. It is
important to note that the voids due to cavitation are not clearly seen in figure 8.2 (not a sharp
contrast), due to the embedding process for microscopy, wherein the resin entered the gaps be-
tween fiber bundles as well as some open voids on the viewing surface. However, the visible
gaps in between decompacted fiber bundles and the tape cross-section can be considered as
voids for the purpose of this study.

Figure 8.2: Comparison of cross-sectional micrographs of deconsolidated specimens at varying nip-point temperatures: a)
ambient temperature, b) ኻ኿ኺᑠፂ, c) ኼ኿ኺᑠፂ, d) ኽኺኺᑠፂ and e) ኽ኿ኺᑠፂ ; heated for 500ms. The bottom surface in the subfigures

b-e is the surface heated by laser
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(a) (b)

(c)

Figure 8.3: Voids due to traction and cavitation after fiber decompaction

Hence, based on the information reviewed, it can be concluded that the initial hypothesis pro-
posed: ”Fiber decompaction results in void formation near the heated surface” is true, however,
the experimental data also indicates that the influence of fiber decompaction on the void content
increase is minor at processing temperature (above 𝑇፦), while another mechanism has a stronger
influence on the final void content.

8.1.2. Void thermal growth
Proposition: Increase in void content at processing temperature (above 𝑇፦ and within the range of
370፨𝐶 to 400፨𝐶) is primarily due to thermal void growth in the cross-section of the prepreg.

As explained in previous sections, the results obtained from experimental trials suggest that the void
content majorly influenced by fiber decompaction at temperatures between the 𝑇፠ to 𝑇፦. Due to the
increase in void content, an increase in thickness is also seen. However, as the nip-point temperature
approaches 𝑇፦, it was observed that there was an increase in void content (and thickness) in the middle
of the cross-section. This is suspected to be due to thermal expansion of voids already present in the
as-received tape, based on the observation that samples heated to higher temperature exhibited higher
void content in the middle of the through-the-thickness cross-section, as compared to near the heated
surface. This can be seen in figure 8.2.

The influence of heating time on the void content, as seen in chapter 7 clearly indicates that the
void content is sensitive to the time the tape nip-point spends above the melting temperature 𝑇፦ of
the polymer (reader can refer to figure 8.4 for verification). This can be further verified by studying
cross-sectional micro-graphs of specimens heated at heating time of 200ms and 800ms, as seen in
figure 8.5. Furthermore, the average temperature at the nip-point also influence the void content as
was observed in figure 7.17.
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The reason for these observations can be attributed to the fact that since the laser heats up fibers
at the tape surface (discussed in more detail in section 8.1.4), heat needs to dissipate through-the-
thickness for any void growth. When the tape specimens are heated to different temperatures at the
same heating time, the specimens heated to a higher temperature dissipate more heat through-the-
thickness as compared to specimens heated at a lower temperature. Furthermore, with an increase in
heating time, with the same average nip-point temperature, the temperature dissipation over the tape
microstructure becomes more uniform, resulting in more voids due to thermal expansion.

Figure 8.4: Void content at the nip-point as a function of time spent above melting temperature (ፓᑞ ዆ ኽኾኽᑠፂ) for 50mm heated
spot length

Figure 8.5: Influence of heating time on the void content. Left: smaller size voids at shorter heating time and right: larger voids
at longer heating time. Suspected due to larger thermal expansion

8.1.3. Polymer matrix chain movement in melt phase and void coalescence
Since, width increase has not been reported due to thermal deconsolidation in the heating phase (before
roller pressure is applied), no initial hypothesis was framed. However, based on the observed experi-
mental results, the following explanation for width increase during rapid laser heating is proposed:

Proposition: Width increase during the heating phase occurs primarily due to polymer movement
in its melt phase and is also influenced by void coalescence and fiber rearrangement (due to relaxation
of tape out-of-plane deformation) during deconsolidation.

It was experimentally observed that the increase in width (% of as-received width), rises with an
increase in average nip-point temperature in prepreg tape specimens, when the heated spot length
and heating time remains constant. This is indicated by the plot of temperature versus width increase,
as can be seen in figure 7.20. While, it must be acknowledged that a portion of width increase is due to
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the positive coefficient of thermal expansion (CTE) of PEEK tapes in the direction transverse to fibers,
on further analysis of this observation, it was concluded that the CTE only accounts for a minor portion
of the total width increase observed. Therefore, it can be concluded that a major portion of the width
increase is due to thermal deconsolidation in the prepreg tape specimens.

Zero shear viscosity of CF/PEEK and its dependence on the temperature can be used as an indica-
tion that the polymer matrix chain movement or ’flow’, may be the primary driving force behind increase
in width during the heating phase. It is suspected that since the tape specimens were restrained in
the length direction during the heating trials, the polymer movement is seen predominantly in the width
direction. The zero shear viscosity is measured at very low shear rates and indicates the viscosity of a
material at rest. The zero shear viscosity and the Newtonian viscosity of PEEK and CF/PEEK compos-
ites has been found to decrease with an increase in temperature ([12, 42]), as can be seen in figures
8.6a and 8.6b, respectively. Although, the boundary conditions applied on the tape specimens in the
laser heating experiments, may not the same as zero shear test conditions, the observed trend of vis-
cosity decrease with an increase in temperature, can be used as an indication that polymer movement
in the melt phase may explain the measured width increase.

(a) Zero shear viscosity of PEEK and CF/PEEK composites vs
temperature as proposed by [42]

(b) Newtonian viscosity of PEEK and CF/PEEK composites vs
temperature as proposed by [12]

Figure 8.6: Temperature vs viscosity for PEEK and CF/PEEK

Figure 8.7: Influence of heating time on width increase: Left- multiple small voids (heating time 200ms) typically seen at shorter
heating times contributing to larger width increase and Right - coalesced voids (heating time 800 ms), typically seen at higher

heating times, contributing to lower overall width increase

Furthermore, while the primary mechanism describing width increase may be linked to viscosity
variation and matrix movement or ’flow’, some secondary forces contribute towards the observations
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made regarding the width increase, in the experimental results. As pointed out in chapter 7, an inter-
esting observation was made that the increase in width for longer heating times of the laser, resulted in
lower amount of width increase as compared to specimens heated for shorter time. This can be seen
in figure 7.13b. Based on this two mechanisms are suspected that may explain this observation:

• Due to the tape specimens remaining at temperature above 𝑇፦ for longer heating times, small
voids in the cross-section (which were identified in specimens heated for shorter heating times),
coalesce together, resulting in less displacement of the tape constituents in the width direction
and therefore contributing to the lower observed width increase. This phenomenon can be seen
in figure 8.7. In part (a) the sample heated for 200ms exhibits more number of voids clustered
together, whereas (b) exhibits typically coalesced voids in specimens with 800ms heating time.

• The magnitude of out-of-plane deformation was observed to be lower for longer heating times,
as observed in chapter 7. The reason for this is discussed in the following section. However, the
waviness of the tape specimen along the width (due to fiber decompaction), resulted in exten-
sion of the tape along the width. Since, the viscosity is lower at the processing temperature, less
resistance to width change is posed by the polymer matrix. As the width increase was character-
ized as the arc length of the waviness curve of the deformed tape specimen along the width, this
change in width was captured. Hence, this is suspected to be a reason why the increase in width
was observed to be larger at shorter heating times. A visual representation of an un-deformed
tape vs a deformed tape with a longer width can be seen in figure 8.8.

Figure 8.8: Increase in width observed in the same specimen, before and after deconsolidation (heating time 200ms - heated
spot length 80mm) - captured with the LLS. Note: the observed width is the areal width and not the arc-length calculated from

the waviness profile (which would be higher)

Since, the changes in the microstructure could not be monitored in-situ, due to experimental limita-
tions, the proposition holds true for the results obtained in this study. However, it must be acknowledged
that the proposed mechanism are what the experimental results indicate.

8.1.4. Warpage of tape
The deformations observed in the tape in the out-of-plane direction can be categorized into two distinct
types and each takes place in two different axes: (1) waviness of the tape surface along the direction
transverse to the fibers and (2) warpage of the tape surface along the length of the specimen (parallel
to fiber direction). Waviness as explained earlier is caused due to fiber decompaction on the heated
surface. Due to different regions of the tape along the width showing different out-of-plane deforma-
tion, the surface profile exhibits waviness. Minor variation in temperature along the length of the tape
specimen (due to the variable intensity distribution of the inclined VCSEL laser) as well as variation in
surface quality of the tape is identified as the reason that the waviness of surface profile along the width
was different at different locations (along the length). Due to this, the tape exhibits warpage along the
length during and after the heating process.

Experimental observation of waviness along the tape width (nip-point) confirms the observations
in literature such as by Slange et al. [45]. According to the author ”deconsolidated AFP specimens
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showed significant out-of-plane waviness”. These observations by the author specifically pertained to
individual fibers/fiber bundles ”popping out-of-plane”, hence resulting in rough and fiber-rich surfaces.

In order to investigate the source of the warpage and how it influences the temperature distribution
on the surface of the tape at end of the heating phase; the temperature distribution and the surface
profile was compared for all specimens during the heating phase ’in-situ’. Since, the LLS captured a lot
of noise during the laser heating phase (due to reflections), the deformed state was characterized at the
end of the heating phase (which also represents the nip-point state). The deformation vs temperature
plot (figure 8.10), indicates that the temperature peaks corresponded exactly with the peaks of the
waviness profile for all specimens. Furthermore, it was found that at the peaks of the profile waviness
curve, there was a local increase in void content, surface roughness and thickness. Data for more
samples can be found in appendix B for reference.

Figure 8.9: Representative comparison between surface profile and temperature distribution at the beginning of laser heating
phase

Figure 8.10: Representative comparison between surface profile and temperature distribution over nip-point of a specimen

This typical plot of deconsolidated tape surface and corresponding temperature distribution over
width, indicates that the incident laser energy absorption is primarily done by the fibers, which then
heat up the matrix through dissipated heat. According to Beer-Lambert’s law [47], the absorption char-
acteristics of laser irradiation in a composite material is a function of the incident laser intensity, surface
reflectivity, absorption coefficient and the penetration depth. In the case of laser heating of unidirec-
tional composite materials, the heat transfer process is mainly determined by the physical properties
of the matrix and fibers. This agrees with the simulative study done by Yan et al. [46] which indicates
that due to higher absorbance of fibers as compared to polymer matrix material, a temperature profile
variation can be expected on the surface heated by a laser source. These results can be seen in figure
8.11. In the figure, a geometrical representation of the modeled CFRP is presented in subfigure (a), the
surface temperature field distribution over the unidirectional CFRP sample is presented in subfigure (b)
and the cross-sectional temperature distribution in the thickness direction is presented in subfigure (c).
It is interesting to note that the temperature variation seen over the surface is much lesser than the
variation observed in this study. A possible explanation for this observation is presented below.

Since, the absorption rates of fibers is higher than the matrix material [46], the incident energy is
deposited on the surface of the fibers. As the fibers decompact OoP from the tape surface and move
closer to the laser source, they absorb more laser energy. Furthermore, due to the decompacted fiber
bundles being resin-poor, the local temperature at these location remains higher as compared to other
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regions along the surface profile. Hence, it can be expected (and seen in experimental results) that as
the fibers decompact during the heating process, the temperature at the peaks of the waviness curve
increases higher than the other regions and this effect is exacerbated during the heating process.

It is interesting to note that in the beginning of the heating process, the temperature variation along
the width of tape specimens created in this study had a small variation of 0.8% (close to the simulated
variation of 0.5% reported in [46]), however, as the heating process progresses, temperature variation
of up to 50% is observed along the width (figure 8.10), with a uniform laser intensity. This is very
different from what is reported in [46]. The reason for this is suspected to be the rapid decompaction of
fibers, exacerbating the non-uniformity of temperature field. This is not seen in the results of literature,
since the authors have assumed a constant surface profile. In figure 8.11(a), it can be seen that the
authors do not account for out-of-plane decompaction of fibers from the unidirectional CFRP and the
model geometry stays the same during the heating process. Hence, the variation in temperature seen
in figure 8.11 (b) and (c), does not show as large a variation of temperatures over the surface, as
observed in this study.

Figure 8.11: Temperature field distribution in a uni-directional CFRP composite with laser intensity of ኼኺኺፖ/፜፦Ꮄ on the
surface along the width of the sample. Modified from [46]

Proposition: The main mechanism identified and proposed, based by the experimental results is
that the tape deformation in the out-of-plane direction takes place in the following order of events:

1. Heating up of fibers on the surface of the as-received tape. The fibers/fiber bundles in the regions
with a locally higher roughness (due to fibers not well impregnated in matrix material), absorb
more laser energy than the surrounding matrix as well as adjacent fiber bundles which are well-
impregnated in matrix (less rough regions) and heat up to higher temperatures.

2. As some regions of the specimen heats up to higher temperature, the matrix material surrounding
the heated fibers is heated locally through heat dissipation. This results in the onset of fiber
decompaction (out-of-plane), due to release of residual stresses and lower resistance from the
less-viscous polymer matrix around the fibers. Hence, some regions rise higher than others as
can be seen in figure 8.10.

3. Due to the fiber decompaction: 1) the locally decompacted fibers move closer to the laser heat
source and absorb relatively more energy, 2) exhibit higher temperatures due to lack of surround-
ing matrix material where heat may dissipate and 3) reflect away some laser irradiation from the
tape surface regions present in the valley of waviness curve. Hence, the temperature peaks
are seen at the peaks of the waviness curve and this further exacerbates the non-uniformity in
temperature along the nip-point.
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4. Due to the inclined orientation of the laser and varying distance of spots along the length of the
tape to the laser source, different locations along the length have a different laser intensity applied.
Hence, the waviness at different regions along the length of the tape is different (also depends
on the as-received tape uniformity). Therefore, the tape exhibits warpage along the length of
the fibers and a waviness in the direction transverse to the fibers. The combined effect of these
mechanisms results in the tape deformation as seen in figure 6.1b and 8.22b.

Time dependent deformation: Influence of input energy
The time-resolved data of maximum out-of-plane deformation (captured using the LLS) obtained for
80mm of heated spot length and different heating times is presented in figure 8.12. All specimens were
heated to amaximum temperature in the range of 400-420 ፨𝐶. In the presented results, the region of the
tape specimen (along the width) that exhibits the maximum deformation at the end of the heating phase
was considered by averaging the data for 30 data points (in order to avoid noise in the measurement
due to the LLS laser reflection). This data was plotted against temperature at the considered spot of the
tape during the heating process, corresponding to the time-resolved deformation. The plot suggests
that a few aspects govern the maximum deformation (averaged value of 30 data points) at the end of
the heating phase in the tape specimens. The observations made based on figure 8.12 and verified
with data from other specimens with the same configuration, as shown in figure B.3, are as follows:

Figure 8.12: Representative time vs average deformation plot at the end of heating phase for different heating times. O marks
the maximum out-of-plane deformation observed as well as the end of the heating phase (time) for each specimen

• For shorter heating times, a larger amount of input energy, results in a higher local out-of-plane
deformation of the tape as well as a steeper increase in deformation with respect to time. The
incident laser radiation generates heat when the energy of photons is absorbed by fibers on the
tape surface. At rapid heating (200 ms) with higher input energy (1980W) (as compared to longer
heating time - 800ms, at lower input energy of 660 W), local spots in the tape are instantaneously
heated to higher temperatures, whereas for lower heating times, the rate of temperature increase
is lower. Hence, the magnitude of out-of-plane deformation at the nip-point and the rate of defor-
mation is directly proportional to the amount of input energy.

• The second main observation made is the varying amounts of deformation obtained at the differ-
ent heating times. The lower amount of deformation during longer heating time is suspected to
be due to the fact that during a longer heating time, the input laser intensity is lower and the time
available for heat dissipation from the fibers to the matrix and to the surrounding regions along



70 8. Mechanisms governing thermal deconsolidation during LAFP

the tape width is higher. This results in a relatively more uniform temperature distribution at the
end of the heating phase and hence the magnitude of deformation at the particular spot at the
tape is lower.

• The steep drop in deformation corresponding to a steep drop in temperature at the end of the
heating phase, indicates that the out-of-plane deformation (as captured in this study), is influenced
not only by out-of-plane fiber decompaction but also the global warpage of the tape. After the
heating stage ends, no further out-of-plane deformation of fibers would take place as the polymer
matrix surrounding the continuous UD fibers, starts cooling down, providing higher resistance to
any further movement of fibers. Furthermore, on reviewing the time resolved variations over the
entire tape surface (as captured by the LLS), it can be concluded that a major contribution to
the observed relaxation in figure 8.12 (for all three specimens), is due a change in warpage of
the tape. As different sections of the tape cool with different cooling rates (due to some sections
remaining in contact with the tool as well as variable heating along the length), the surface profile
along the width continues to warp and this accounts for the drop in the measured deformation
at a section of the tape width. However, due to limitations of the in-situ data from the LLS, it is
difficult to conclusively state the exact reason for the observed observations, with regards to the
out-of-plane deformation after the heating phase ends.

• Through-the-thickness temperature distribution is also an important aspect to consider. It is ex-
pected that the tape temperature through-the-thickness becomes more uniform with time, after
the heating phase ends. As the surface temperatures remain high (above 𝑇፠) for a few seconds
after the heating ends, it is suspected that further increase in thickness of the tape continues.
Another aspect to consider is the changes in the tape warpage during the cooling of the tape.
The combined effect of these factors is suspected to be the reasons that the tape deformation
continues to rebound after the initial drop. Therefore, a combination of non-uniform temperature
distribution over the length of the tape and through-the-thickness directions causes further tape
deformation, after the heating phase ends, as can be seen in figure 8.12. The lower amount of
rebound for the specimen heated for 500ms may be the linked to the limitation of the approach,
where the section of the tape where deformation was measured, not exhibiting a thickness in-
crease during the cooling phase.

Hence, due to a complicated test setup and measurement technique, this information must be eval-
uated critically and should only be used as an indication towards the reasons for the observed response
of the material. Despite the experimental limitation, it is important to realize that for the LAFP process,
only the deformation at the end of heating phase is relevant, since the deconsolidation state would be
rapidly cooled and compacted by the roller, as soon as the heating phase ends.

8.2. Confirmatory experiments
8.2.1. Influence of polymer matrix type on deconsolidation effects
This goal of this part of the research activities, was to answer the research question: ”What is the effect
of changing prepreg tape polymer type on the observed deconsolidation effects?”

To ascertain whether similar material response to what has been observed and reported in previous
chapters can be expected from carbon fiber reinforced tapes with a different polymer matrix, some
confirmatory experiments were performed with CF/PEKK tapes, with as-received properties as given
in tables 5.1 and 6.1. Specimens were manufactured with different average nip-point temperatures
while keeping the heating time and heated spot length constant (500 ms and 50mm, respectively).
The specimens were then characterized and the results compared to the results obtained for CF/PEEK
tapes.

In figure 8.13, the maximum RMS surface roughness values obtained for the different tape speci-
mens can be seen. The roughness values are plotted against the temperature at the same spot where
the roughness was measured, using the IR camera data. The results show a similar behavior of both
materials, suggesting that fiber decompaction is opposed by the viscous matrix, till the tape reaches
a temperature in the range of 250-300 ፨𝐶. After this critical temperature, the viscosity of the matrix is
suspected to drop to sufficient levels for rapid out-of-plane movement of fiber bundles [12, 42] (pro-
posed variation in viscosity with temperature can be seen in figures 8.6a - 8.6b). This trend can be
seen for both the materials although CF/PEEK shows a steeper increase in roughness values. This
difference could be attributed to variation in the polymer melt kinetics of the PEEK and PEKK material.
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Furthermore, the experimental data for CF/PEKK suggests a slight shift to the right (rapid increase
after a higher temperature). This could be due to higher 𝑇፠ of PEKK as compared to PEEK (PEEK -
𝑇፠ = 143፨𝐶 and PEKK - 𝑇፠ = 159፨𝐶), which may delay the onset of rapid fiber decompaction.

Figure 8.13: Comparison of roughness development as a function of measured temperature for different thermoplastic materials

Figure 8.14: Comparison of width increase as a function of nip-point temperature for different thermoplastic materials

In figure 8.14, the experimental results for width increase of CF/PEKK and CF/PEEK tapes are plot-
ted for comparison. It can be seen that both materials exhibit an approximately linear increase in width
with an increase in temperature. As explained in earlier sections, a small ratio of the width increase
takes place due to the positive coefficient of thermal expansion of the prepreg tapes in the transverse
direction, while the majority of the width increase is due to thermal deconsolidation during the laser
heating process. A higher width increase of 0.31% was observed due to CTE in CF/PEKK tapes (as
compared to 0.12-0.2% for CF/PEEK), when they were heated to 150፨𝐶. The variation in the percent-
age of width increase observed for both the materials could be due to the difference in width of the
as-received tape material (12.6 mm wide CF/PEEK tapes and 6.3 mm wide CF/PEKK tapes), different
as-received void content (0.71% and 0.64% for CF/PEEK and CF/PEKK respectively) as well as the
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difference in amount of thermal expansion.

Similar to the width increase observed for CF/PEEK, a proportional increase in void content and
thickness increase was observed for CF/PEKK tape specimens heated to different nip-point tempera-
tures, as seen in the plots presented in figure 8.15 and 8.17. This can be also be qualitatively observed
in the cross-sectional micrographs of the specimens, as can be seen in figure 8.16

Figure 8.15: Comparison of void content as a function of temperature for different thermoplastic materials

Figure 8.16: Void content at different average nip-point temperatures for CF/PEKK tapes: a - specimen at ambient temperature
(as-received), b - specimen heated to 150ᑠፂ, c - specimen heated to 320ᑠፂ and d - specimen heated to 420ᑠፂ



8.2. Confirmatory experiments 73

Figure 8.17: Comparison of thickness increase as a function of temperature for different thermoplastic materials

The out-of-plane deformation was also compared for both materials, as a function of temperature.
Due to few data point, the temperature beyondwhich the increase in deformation for CF/PEKK becomes
rapid, could not be identified. However, the measured material response of CF/PEKK showed a similar
trend as that for CF/PEEK. Hence, it can be concluded that the rapid rise in out-of-plane deformation
is linked to an increase in viscosity of the polymer matrix in the range of temperature around 𝑇፦.

Figure 8.18: Comparison of out-of-plane deformation as a function of temperature for different thermoplastic materials

8.2.2. Influence of heating rates on fiber decompaction
The amount of fiber decompaction observed for tapes heated with rapid laser heating (1200፨𝐶/𝑠) as
compared to a heating through the hot stage at considerable lower heating rates (130፨𝐶/𝑚𝑖𝑛), was
much higher. Both samples were heated to a temperature of 400 ፨𝐶 and the roughness characterization
was done using the LSCM. The tape warpage and waviness were qualitatively studied.

On characterizing the tape surface with the LSCM, it was observed that although the tape surface
deforms due to the different CTE of prepreg material in the transverse and longitudinal directions to
the fibers, almost no global waviness in the surface profile (along the width) as well as no warpage
of the tape was observed. Further the roughness values obtained for both specimens indicated that
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roughness is higher in the case of rapid laser heating as compared to relatively slower heating through
the hot stage. The results of roughness measurements can be found in table 8.1 and figure 8.19.

The results indicate that fiber decompaction is exacerbated in the case of rapid laser heating due
to the nature of energy absorption on the tape surface. Since the incident energy is mostly absorbed
by the fibers on the top surface of the prepreg tapes, non uniformity in the temperature field occurs.
This results in fibers to decompact in some regions of the tape, while some regions remain flat. On the
other hand due to a relatively more uniform heating of the tape specimens through the hot stage, local
fiber decompaction is not observed to be as exacerbated. Furthermore, while roughness values do
increase, no waviness and resulting warpage is observed. Hence, this provides a possible reason why
fiber decompaction is not found to be as exacerbated as what can be observed with rapid laser heating.
This observation confirms findings by Slange et al. [45], that after deconsolidation of blanks through
LAFP, some out-of-plane waviness was observed at the ply interfaces. The authors also reported that
after deconsolidation of blanks through oven heating (at lower heating rates), a more intact ply interface
was observed, which indicates that the heating rate and the mechanisms of energy absorption during
the heating process, influences the amount of out-of-plane fiber decompaction.

Table 8.1: Comparison of RMS surface roughness for CF/PEEK tape specimens heated at different heating rates

Sample As-received RMS roughness (𝜇𝑚) Deconsolidated RMS roughness (𝜇𝑚)
Heated by hot stage 2.43 (0.26) 4.51 (0.39)
Heated by laser 2.17 (0.14) 11.21 (0.6)

(a) Deconsolidated tape surface due to laser heating. Maximum
z-axis measurement - ዃኻ᎙፦

(b) Deconsolidated tape surface due to hot stage heating. Maximum
z-axis measurement - ኿ኽ᎙፦

Figure 8.19: Comparison of surface roughness for CF/PEEK tape specimens heated at different heating rates

8.2.3. Influence of boundary conditions on the tape
To study the effect of tape tension and boundary conditions on the out-of-plane deformation and to
verify whether warpage of the tape can be observed even in tensioned tapes in the context of LAFP,
an experiment was performed. Specimens restrained to the tool surface, with only the heated region
left unrestrained were created and compared with tape specimens restrained at the edges only; as
can be seen in figure 8.20. The same parameters were used for both specimens; 50 mm heated spot
length, 500 ms heating time and 560 W input power to achieve an average nip-point temperature of
400 ፨𝐶. The specimens were then characterized to study the material response in terms of out-of-plane
deformation and surface roughness. The results can be seen in figure 8.21 and table 8.2.
As can be seen in figure 8.21, the amount of warpage of tape is relatively less in the case of the more
restrained tape specimen, whereas the edge-restrained specimen exhibits waviness and warpage over
the heated spot. By a qualitative analysis, it can be seen that due to the restraint, fibers are not allowed
to decompact out-of-plane to the same degree as in the case of restraints at the edges. The data
presented in table 8.2 suggests that although the magnitude of out-of-plane deformation is almost the
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Figure 8.20: Heating setup for simulating different boundary conditions on the heated tape specimen

same for both cases, on studying the surface scans of the obtained surface profile, it can be observed
that the out-of-plane deformation is mainly at the free edge of the tape. Fiber decompaction in the
center of the tape surface is not prominent and the variations in the temperature profile at the nip-point
were found to be much lower. Furthermore, a smaller width increase can be observed for the restrained
specimen. This agrees with the proposition presented earlier, that width increase in influenced by the
amount of out-of-plane fiber decompaction and the resulting fiber re-arrangement. Hence, it can be
concluded that tape tension during the heating process, has an influence on the amount of surface
roughness development observed as well as the width increase, since it inhibits fiber decompaction in
the out-of-plane direction.

(a) Deconsolidated region restrained specimen

(b) Deconsolidated region edge-restrained specimen

Figure 8.21: Effect of tape boundary conditions on deconsolidation state

8.3. Discussion and Conclusion
Based on the results obtained through experimental phases I-III, as presented in chapter 7, multiple
mechanisms were proposed that explain the various deconsolidation effects seen in carbon fiber rein-
forced thermoplastic prepreg tapes. Experimental evidence was presented to substantiate the propo-
sitions made in this chapter. These mechanisms can be classified into four main categories:
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Table 8.2: Deconsolidated state characterization of restrained and un-restrained specimens

Specimen Maximum Peak-to-valley height:
wavinessᑎᑥ(ᒑᑞ)

Maximum RMS roughness
ᑉᑢ (ᒑᑞ) Width increase (%)

Restrained CF/PEEK tape 636.8 8.423 (0.4) 2.506
Edge restrained CF/PEEK tape 631.98 11.214 (0.6) 3.4679

1. Fiber decompaction in the out-of-plane direction.
It is proposed that fiber decompaction takes place in the out-of-plane direction due to residual
stresses introduced during tape manufacturing. Release of these stresses during the heating
process results in a rougher surface and more out-of-plane deformation of the fibers. This indi-
rectly causes warpage of the tape specimen and creates voids near the heated surface due to
traction and cavitation due to fiber/fiber bundle movement.

2. Void thermal growth
It is proposed that at processing temperature of the polymer (370-400 ፨𝐶 for PEEK and PEKK), the
growth of voids through-the-thickness of the specimen, is primarily due to thermal expansion of air
and volatile. This proposition was substantiated qualitatively and quantitatively by studying cross-
sectional micrographs of the tape specimens created at different configurations. Furthermore,
void growth is also suspected to contribute to thickness increase during the heating process.

3. Polymermatrix movement in themelt phase which results in width increase of the tape specimens.
The increase in width of the prepreg tape specimens is suspected to take place primarily due to
movement of polymer chains in the melt phase, during the rapid heating. Due to the boundary
conditions applied on the tape (restrained in the fiber direction), the movement of polymer chains
was found to be in the transverse direction resulting in width increase.

4. Warpage of the tape
Non-uniform temperatures were observed in the direction transverse to fiber direction (along the
width) as well as the along the fiber direction. The former was caused by out-of-plane fiber
decompaction while the latter due to setup of the VCSEL heater. As a result, different amounts
of tape waviness were observed at different locations along the fiber direction, which resulted in
warpage of the tape.

In order to verify the observed material response, some confirmatory experiments were performed.
The results of the confirmatory experiments are summarized as below:

1. Influence of polymer type on the observed trends
Heating trials were conducted with CF/PEKK material in order to verify whether similar mate-
rial response to thermal deconsolidation can be expected, as was observed in CF/PEKK tape
specimens. The results indicate that similar trends were exhibited by deconsolidated CF/PEKK
specimens, which strengthen the proposed mechanisms that provide possible explanations for
the deconsolidated state of thermoplastic prepreg tapes under rapid laser heating.

2. Influence of heating rate
It was found that the amount of fiber decompaction observed in specimens heated uniformly at
lower heating rates was much less than specimens heated with rapid laser heating. Hence, it was
concluded that both the rapid heating rate as well as the laser energy absorption mechanism of
carbon-fiber reinforced thermoplastic tapes has a strong influence on the deconsolidation effects
observed.

3. Influence of tape tension
By performing an experiment it was identified that on tensioning tape specimens by restraining
the specimen onto the tool surface, fiber decompaction in the out-of-plane direction, amount of
warpage as well as the width increase observed in the tapes was much lower than specimens
which were less restrained. This confirmed the proposition that decompaction of fibers is de-
pendent on the boundary conditions applied at the nip-point. Furthermore, this indicated that
the effects of thermal deconsolidation may be reduced by applying a minimum critical tension on
the tapes. To determine the tension required to minimize fiber decompaction in the out-of-plane
direction, further research is required.
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Hence, based on the experimental investigation conducted on the phenomenon of thermal decon-
solidation, information was gained on the degree to which the studied parameters influence the material
response. This information was further used to identify, propose and verify possible underlying mech-
anisms that explain the deconsolidation process. The obtained results are significant as they helped
identify the key mechanisms that take place during the rapid heating process and explain the obtained
deconsolidated state. Various aspects of the tape deformation due to deconsolidation were identified,
which were unreported in previous work on prepreg deconsolidation under rapid laser heating, such
as the work by Kok et al. [13], Kok [25] and Slange et al. [45]. Furthermore, some of the observa-
tions made in literature, regarding the thermal deconsolidation of pre-consolidated laminates (at lower
heating rates), do not hold true for deconsolidation of prepreg tapes at rapid heating rates. The main
inconsistency is due to the fact that in literature it has been identified that thermal expansion of voids
only accounts for a small portion of the total void increase [35], whereas in this study, it was concluded
that thermal expansion plays a major role in determining the void content in the deconsolidated tape
specimens.

The observed deformations and change in quality of the prepreg tapes due to rapid laser heating,
makes the phenomenon very important to be taken into account when developing predictive models, as
the final part quality is dependent on the state of the material before it is consolidated by a compaction
roller. The non-uniformity in the temperature profile at the nip-point due to deconsolidation effects, is
also a cause for concern, as it may influence the quality of interlaminar bonds during placement. Further
analysis of the relevance of the obtained results is presented in chapter 9 and recommendations for
further research are provided in chapter 10.
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9
Research conclusion

In this chapter, a summary of research conclusions made, based on the information presented in the
previous chapters is summarized. The influence of various process parameters was studied on the
deconsolidated state of prepreg tapes and based on the obtained results, possible governing mech-
anisms were proposed and substantiated. Although, it has been stated in literature [45], that at rapid
heating rates and at deposition speeds characteristic of LAFP process, thermal deconsolidation due to
fiber decompaction may not be possible; it has been proven otherwise in this study. Even at heating
times as low as 200ms, effects of fiber decompaction as well as thermal void growth were seen.

In order to create deconsolidated tape specimens with rapid laser heating, an experimental setup
with the VCSEL heater was designed and implemented. Various characterization methods were iden-
tified to study the influence of varying parameters on the deconsolidated state of the material. The
material characterization was done in terms of expected material responses, based on literature, as
well as some previously unreported material responses, that were exhibited by deconsolidated prepreg
tape specimens. Hence, five properties were characterized for each specimen: surface roughness,
maximum out-of-plane deformation, width increase, void content increase and thickness increase.

Influence of studied factors on thermal deconsolidation response of material
The factors selected in the beginning of the study, whose influence was studied on the deconsolidated
state of the tape specimens were: heated spot length, cooling rate, heating time, nip-point temperature
and the polymer matrix type. It was found that the influence of the studied parameters varied, based on
the response variable measured. From the design of experiments approach (experimental phase I and
II), it was identified that the heated spot length and heating time have a strong influence on the fiber
decompaction behavior in the out-of-plane direction, resulting in a rougher surface as well as a higher
magnitude of out-of-plane deformation. Furthermore, an influence of varying nip-point temperature on
void content, thickness increase, surface roughness, width increase and maximum out-of-plane defor-
mation was identified.
It could be concluded from the experimental observations that surface roughness and out-of-plane de-
formation on the heated tape surface are interlinked and are governed by the same primary mechanism:
fiber decompaction in the out-of-plane direction, due to release of residual stresses. This conclusion is
based on the strong influence of heated spot length on the deconsolidation response of the material, in
terms of roughness and out-of-plane deformation. As explained in previous chapters, the heated spot
length influences the boundary condition applied at the nip-point, since, a larger heated spot length
would increase the length of melted tape section adjacent to the nip-point. Furthermore, the response
of thickness increase of the tape material is influenced by the amount of void content increase in the
cross-section due to internal void pressure (due to thermal expansion), as well as due to decompacted
dry fibers or fiber bundles on the heated surface.

Main mechanisms identified
The main mechanisms that describe the observed effects of thermal deconsolidation, as identified in
chapter 8, are recapitulated here:

80



81

1. Fiber decompaction in the out-of-plane direction.
It is proposed that fiber decompaction takes place in the out-of-plane direction due to residual
stresses introduced during tape manufacturing. Release of these stresses during the heating
process results in a rougher surface and more out-of-plane deformation of the fibers. This indi-
rectly causes warpage of the tape specimen and creates voids near the heated surface, due to
traction and cavitation of the decompacted fibers/fiber bundle.

2. Void thermal growth
It is proposed that at processing temperatures (above the 𝑇፦ of the matrix material), the growth of
voids due to internal void pressure, is primarily responsible for the high void content through-the-
thickness. This proposition was substantiated qualitatively and quantitatively by studying cross-
sectional micrographs of the tape specimens created with different configurations. Furthermore,
higher void content is also suspected to contribute towards increase in width of the tape during
the heating process. Here, it is important to acknowledge that the deconsolidated state at the
end of the heating phase could not be captured and the void content was characterized only
after the tape cooled down to ambient temperature. However, for specimens heated for 200ms
(with 30mm heated spot length), the tape remained above 𝑇፦ for as little as 250ms (reader can
refer figure to 8.4) and yet an increase in void content was observed. This indicates that thermal
expansion of voids does take place even at very short time spent by the tape surface, above 𝑇፦.

3. Thickness increase. A hypothesis was proposed in the beginning of the study stating that: ”Fiber
decompaction is the main contributor to increase in thickness of the tape specimen, at rapid heat-
ing rates, since, very less time is available for thermal expansion of voids through-the-thickness
of the specimen”. However, on reviewing the experimental data, it was identified that although
the out-of-plane fiber decompaction does contribute to thickness increase, a more significant con-
tribution is due to increase in void content after deconsolidation. Despite the short heating times,
a large increase in void content was observed, contributing majorly to the observed thickness
increase of the tape cross-section. This observation can be verified from qualitative analysis of
cross-sectional micrographs as well as the obtained trends of the influence of heating time and
heated spot length on thickness increase, as discussed in chapter 7.

4. Polymer matrix movement in the melt phase results in width increase of the tape specimens.
The increase in width of the prepreg tape specimens is suspected to take place primarily due
to movement of polymer chains in the melt phase, during the rapid heating. Due to the bound-
ary conditions applied on the tape (restrained in the fiber direction), the movement of polymer
chains was found to be in the transverse direction resulting in width increase. Furthermore, some
contribution of void content in the microstructure is also expected towards width increase. It was
observed that for longer heating time, void coalescence takes place which results in a lesser width
increase as compared to shorter heating time.

5. Warpage of the tape
Non-uniform temperature distribution was observed along the fiber direction as well as transverse
to fiber direction. The former was caused by the setup of the VCSEL heater, while the latter due to
out-of-plane fiber decompaction (and higher laser energy absorption by the decompacted fibers).
Due to this, different tape waviness was observed at varying locations along the fiber direction,
which resulted in warpage of the tape.

Relevance of obtained results for LAFP process
This section answers the research question: ”What is the relevance of this work in the context of the
LAFP process and prepreg tape material development activities?”. This section also evaluates the
validity of the proposed hypothesis: ”The deconsolidation effect is less pronounced for shorter heating
times with higher heat intensity”.

1. The observation that width increase takes place during the rapid laser heating phase in this study,
was found to be an important result for the LAFP process, as it indicates that the width increase
can be expected even when no compaction pressure is applied on the tapes. A maximum width
increase up to 5% of the initial tape width (0.66mm increase in width) was observed for one of the
specimens at the end of the heating phase. Contrary to this, the generally reported width increase
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in literature (not considering deformation due to thermal deconsolidation) after tape placement is
in the range of 5-10% (approximately 1mm for a 12.5mm width tape) [28].
This is a significant observation, as it indicates that the available models that describe width in-
crease as squeeze flow of molten matrix under consolidation pressure and the subsequent fiber
spreading, are based on an inaccurate approach. Hence, they do not accurately predict deforma-
tion, as has been reported in literature. This observation about width increase during the heating
phase, with no external pressure applied, has not been experimentally observed in literature and
is an important aspect to consider for better process understanding.
The significance of an unaccounted-for increase in width for the placed tape was identified by
Schledjewski and Schlarb [28]. The authors suggest that when tapes with drastic width fluctu-
ations are used during ATP, gaps and overlaps may occur, which result in poor (non-uniform)
pressure application on the placed tapes and eventually cavities trapped in the microstructure.

2. Due to out-of-plane fiber decompaction and the resultant waviness of the surface profile of the
nip-point, it was observed that the temperature distribution at the nip-point was not uniform and a
large variation in the temperature range was observed (±100፨𝐶). This is a significant observation
for the LAFP process, since such temperature variations may results in some parts of the tape
being at a temperature lower than the 𝑇፦ or 𝑇፩, which in turn may result in poorer interply bonding.

3. The amount of fiber decompaction is related to the amount of residual fiber stresses in the mi-
crostructure and purely depends on themanufacturing process adopted by the tapemanufacturer.
To this end, techniques such as annealing to relieve these stresses in tapes developed for LAFP
would be helpful.

4. The as-received tape roughness (due to fibers on the heated surface), influences the amount of
fiber decompaction and hence the amount of tape warpage as explained in chapter 8. To avoid or
to minimize warpage of the tape, two parameters that can be varied are the applied tension on the
tape and the thickness of resin-rich layer on both surfaces of the tape. This forms an important
aspect to be investigated further.

5. Choice of prepreg, in terms of the manufacturer (and manufacturing process), has been proven
in literature to be have an influence on the observed deconsolidated state of the tape. Quality
criteria for placement-grade tapes have also been defined, which produce better results ([28]).
As similar trends were observed from the CF/PEEK and CF/PEKK tapes in this study, it is sus-
pected that one possible reason for this observation, is that both tapes were made by the same
manufacturer. In the work of Kok [25], it has been observed that tapes from different manufac-
turers show different deconsolidated state (with the same input parameters) and hence further
investigation with prepreg tapes from different manufacturers, is required to verify whether the
proposed mechanisms hold true in all cases. However, the presence of warpage due to fiber
decompaction and subsequent non-uniform heating, is a strong indication of the fact that a tape
with a different fiber matrix ratio or less fiber density at the heated surface (resin rich surface)
would deform in a different fashion.

6. It was found that shorter heating time with a higher laser input intensity, resulted in lower amount
of increase in surface roughness, void content and thickness at the nip-point. However, the out-
of-plane deformation and the width increase were observed to be higher. Hence, the proposed
hypothesis that ”the extent of thermal deconsolidation is lesser for shorter heating time (with
higher input laser intensity)”, as stated in chapter 4, cannot be objectively tested to be true or
false.

7. It is not known to what extent the out-of-plane deformation of fibers during the heating process,
influences the intimate contact development, since the decompacted fibers as well as the overall
tape warpage would get flattened by the compaction roller. However, it is suspected that due to
a rough fiber rich surface and waviness of the tape surface, full intimate contact development will
be prohibited. Therefore, the obtained results indicate that deconsolidation effects might have
adverse effects on the interlaminar bond development. Further experimental analysis is required
to assess the influence of the different deconsolidated tape states (due to the varying parameters
as investigated in this study), on intimate contact between two prepreg tapes.



10
Recommendations

The focus of this work was to investigate the phenomenon of thermal deconsolidation on thermoplastic
prepreg tapes and to identify the main influencing factors. Based on this information, possible govern-
ing mechanisms were proposed. A major conclusion of this research is that the deconsolidated state
of prepreg tapes due to rapid laser heating has different characteristics than the deconsolidated state
of laminates due to thermal treatment at slower heating rates. Despite this observation, some common
mechanisms that describe the deconsolidated state for both, were identified. This work provides an
understanding of the influential factors and mechanisms that govern the material response of prepreg
tapes during deconsolidation, due to rapid laser heating and can be used as a starting point for devel-
oping predictive process models.

The following main recommendations that require attention in future work, to improve the current
process knowledge on thermal deconsolidation during LAFP, are proposed:

1. The influence of a heated tool surface is known to influence the quality of placed tapes in LAFP.
However to the author’s knowledge, a study on the influence of tool temperature, on thermal
deconsolidation during LAFP, has not been conducted. Hence, an investigation on this aspect
would add to the current understanding of deconsolidation effects and possible ways to minimize
the effects during LAFP.

2. The characterization of microstructural changes was done after the tape specimens were heated
and then allowed to cool down to ambient temperature, without the use of a rapid cooling mech-
anism. It was identified in this work that the tape surface may remain above 𝑇፦ of the polymer
for as long as 480 ms and above the 𝑇፠ for as long as 3000ms, after the heating phase ends.
It is suspected that during this time the tape continues to deform. Due to this limitation, it was
impossible to capture the exact deconsolidated state (in terms of microstructural information) that
could be expected at the nip-point of the LAFP heating phase. Hence, it is recommended that in
further work on this topic, a freezing mechanism using rapid convection cooling be implemented.

3. The observed fiber decompaction in the out-of-plane direction and the resulting non-uniformity
of temperature on the tape surface is a big concern for the LAFP process. This is because it
was observed that in some cases the temperature variation may result in some sections along
the nip-point to be below 𝑇፠ of the polymer while other sections remain above the 𝑇፦ (more than
±100፨𝐶 variation). To this end, as-received tapes with thicker neat matrix layers on both surfaces,
might result in lower fiber-rich top surface and hence higher interlaminar bond quality.

4. The experimental setup designed for this work, does not simulate the exact conditions that are
present during LAFP. This is due to the fact that in the LAFP process, the incoming tapes are fed
in by an overhead spool and the tape is heated by the laser on the lower surface. The substrate
on the other hand is already consolidated in the previous run of the machine, and hence the
consolidation state is different than the as-received prepreg. To verify whether similar material
response can be expected from the incoming tape configuration, a modified experimental setup
is required to simulate that boundary condition.
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5. In this work, the 2D spatial distribution of prepreg constituents (fibers, voids and matrix) was
studied qualitatively and quantitatively. Furthermore, some micro-CT scans were obtained of the
deconsolidated tape section, to study the 3D spatial distribution of the tape constituents. How-
ever, the study was limited to a qualitative analysis, due to insufficient resolution capability of the
available equipment. A 3D reconstruction of voids in the deconsolidated section of the specimens
would provide a lot of information on the void formation mechanisms. Another important reason
for obtaining 3D reconstructions to study void content is linked to the limitations of the speci-
men preparation method for 2D optical microscopy, wherein, due to the embedding and polishing
process, it is suspected that a lot of information is lost (such as voids getting filled with resin).
Hence, it is recommended that qualitative and quantitative studies of void geometry and spatial
distribution be done in future work, using high-resolution micro-CT reconstructions.

6. Confirmatory experiments with CF/PEKK tapes showed similar material response to deconsolida-
tion, as CF/PEEK tapes. However, it is suspected that the deconsolidation response of thermo-
plastic tapes during LAFP is sensitive to the manufacturing method adopted for the as-received
prepreg, the initial quality as well as the constituent properties (such as geometry, energy ab-
sorption, viscosity etc.). A similar trend of the effects of deconsolidation on the material response
was observed, due to the fact that both the materials which were tested were made by the same
manufacturer. To this end, it is recommended that further investigation be conducted on the in-
fluence of a variation in tapes of different manufacturers. This in turn will help verify whether the
proposed mechanisms are material specific or can be expected from all types of thermoplastic
composite tapes.

7. A large scatter in void content, thickness and roughness properties was observed during this
work, due to the tape deforming out-of-plane during the heating process. This made it difficult to
identify trends and draw conclusions. Hence, the characterization techniques must be adapted
to obtain more accurate properties of the deconsolidated sample. This recommendation is also
linked to the experimental limitations of the available characterization equipment.

8. It was observed that tensioning the tape by completely restraining the non-heated section to the
tool surface with Kapton tape, as explained in figure 8.20 resulted in lower amounts of fiber de-
compaction in the out-of-plane direction and hence lower surface roughness values. Furthermore,
due to lower tape waviness at the nip-point the temperature distribution on the tape surface was
found to be more uniform. This indicates that tape tensioning may be be used to minimize the
degree of deconsolidation and further investigation on the optimum pre-tension force is required.
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A
Appendix A: Infrared camera calibration

The data obtained from the calibration experiments is provided in this appendix. The calibration process
was based on a modification of the ASTM E1933 standard [43], as was explained in chapter 5. In order
to calibrate the IR camera for the rapid heating cycles, the emmissivity of the prepreg tape material
was determined experimentally. The aim of the calibration experiment was to achieve comparable
results between the thermocouple readings and the temperature readings from the infrared camera in
the range of 350 - 450 ፨𝐶. The tapes were heated for 500ms with the VCSEL heater.

It must be acknowledged that since the emmissivity varies as a function of temperature on the sur-
face of the tapes (and hence the changing reflectivity), the comparison was approximate. Furthermore,
it is also important to acknowledge that since the tapes deform during the heating process, some error
due to changing reflectivity due to surface deformation was present. The average of the measurements
from the two thermocouples was compared to the measurement of the IR camera and the experiments
were repeatedthree times each. In order to match the temperature profile in the temperature range of
interest, the emmissivity was varied from the default emmissivity of 0.95.

In figure A.1 and A.2, the representative calibration data for CF/PEEK andCF/PEKK tape specimens
is provided.

Figure A.1: Representative calibration for CF/PEEK tapes - Comparison of thermocouple readings to calibrated and
un-calibrated infrared camera readings during laser heating. Camera inclination ኿኿ᑠ
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88 A. Appendix A: Infrared camera calibration

Figure A.2: Representative calibration for CF/PEKK tapes - Comparison of thermocouple readings to calibrated and
un-calibrated infrared camera readings during laser heating. Camera inclination ኿኿ᑠ

A deviation of approximately 5፨𝐶 was observed between the calibrated IR camera readings and the
thermocouple readings. This deviation is suspected to be due to two main reasons:

• The response rate of thermocouples is much lower than the IR camera measurements. Hence,
the rate of change of recorded temperatures by the thermocouples was not entirely accurate. Fur-
thermore, the sampling rate of the data acquisition system for the thermocouples did not provide
data at equal intervals, as can be seen in the plots.

• Due to out-of-plane deformation during the heating phase, some error due to varying reflectivity
of the tape surface was present.

However, these possible errors were acknowledged while evaluating the obtained results in this study.
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Appendix B: DoE specimen results

Power levels for DoE specimens

Table B.1: Power levels of individual zones of VCSEL heater for DoE I

Configuration VCSEL zones activated Power in each zone (%) Total input power (W)

1.1 1 - 11 30 660
1.2 7 - 9 37 222
1.3 7 - 9 100 600
1.4 7 - 9 37 222
1.5 1 - 11 90 1980
1.6 7 - 9 37 222
1.7 1 - 11 90 1980
1.8 1 - 11 30 660
1.9 1 - 11 90 1980
1.10 7 - 9 100 600
1.11 7 - 9 100 600
1.12 1 - 11 30 660

Table B.2: Power levels of individual zones of VCSEL heater for DoE II

Configuration VCSEL zones activated Power in each zone (%) Total input power (W)

2.1 7 - 9 30 222
2.2 7 - 9 70 420
2.3 6 - 11 32 320
2.4 6 - 11 56 560
2.5 1 - 11 30 660
2.6 7 - 9 100 600
2.7 1 - 11 90 1980
2.8 1 - 11 40 880
2.9 6 - 11 88 880
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Surface profile vs temperature at nip point: Verification data

(a) Sample 1

(b) Sample 2

Figure B.1: Comparision of surface profile and temperature distribution at nip point of heated tape: Verification - I
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(a) Sample 3

(b) Sample 4

Figure B.2: Comparision of surface profile and temperature distribution at nip point of heated tape: Verification - II
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Average deformation vs time during heating phase: verification

Figure B.3: Average tape out-of-plane deformation during the heating phase: verification

Figure B.4: Closer look at influence of temperature on out-of-plane deformation: verification
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Appendix C: DoE specimen ANOVA

Table C.1: Recapitulation of configuration settings used in the P-B screening design. High levels are indicated by color shaded
cells

Parameter Unit Symbol Configuration
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 1.10 1.11 1.12

Heating time 𝑚𝑠 𝑇፡ 800 800 200 800 200 800 200 800 200 200 200 800
Cooling rate ፨𝐶/𝑠 𝑅፜ 184 184 184 121 121 184 184 121 184 121 121 121

Heated spot length 𝑚𝑚 𝐿፬ 80 30 30 30 80 30 80 80 80 30 30 80

Power input 𝑊 - 660 222 600 222 1980 222 1980 660 1980 600 600 660

Table C.2: Recapitulation of configuration settings used in the full-factorial design. Intermediate and high levels are indicated
by color shaded cells

Parameter Unit Symbol Configuration
2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Heated spot length 𝑚𝑚 𝐿ᑤ 30 30 50 50 80 30 80 80 50
Heating time 𝑚𝑠 𝑇ᑙ 800 500 800 500 800 200 200 500 200
Cooling rate ᑠ𝐶/s 121

Power input W - 222 420 320 560 660 600 1980 880 880
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Full factorial 3-level design 

General Factorial Regression: Max RMS roughness ... e; 

Heating length 
Factor Information 

Factor Levels Values 

Heating time 3 200; 500; 800 

Heating length 3 30; 50; 80 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 5,7876 1,44690 40,35 0,002 

  Linear 4 5,7876 1,44690 40,35 0,002 

    Heating time 2 1,9787 0,98933 27,59 0,005 

    Heating length 2 3,8089 1,90446 53,11 0,001 

Error 4 0,1434 0,03586       

Total 8 5,9310          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,189363 97,58% 95,16% 87,76% 

Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 9,4346 0,0631 149,47 0,000    

Heating time                

  200 -0,4752 0,0893 -5,32 0,006 1,33 

  500 -0,1629 0,0893 -1,82 0,142 1,33 

Heating length                

  30 -0,8036 0,0893 -9,00 0,001 1,33 

  50 0,0138 0,0893 0,15 0,885 1,33 

Regression Equation 

Max RMS roughness = 9,4346 - 0,4752 Heating time_200 - 0,1629 Heating time_500 

+ 0,6381 Heating time_800 - 0,8036 Heating length_30 

+ 0,0138 Heating length_50 + 0,7898 Heating length_80 

 

General Factorial Regression: Normalized-out-of-plane 

... ating length 
Factor Information 



Factor Levels Values 

Heating time 3 200; 500; 800 

Heating length 3 30; 50; 80 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 250866 62717 35,83 0,002 

  Linear 4 250866 62717 35,83 0,002 

    Heating time 2 72762 36381 20,78 0,008 

    Heating length 2 178105 89052 50,87 0,001 

Error 4 7002 1750       

Total 8 257868          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

41,8383 97,28% 94,57% 86,25% 

Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 665,6 13,9 47,72 0,000    

Heating time                

  200 115,4 19,7 5,85 0,004 1,33 

  500 -11,6 19,7 -0,59 0,589 1,33 

Heating length                

  30 -166,2 19,7 -8,43 0,001 1,33 

  50 -11,6 19,7 -0,59 0,589 1,33 

Regression Equation 

Normalized-out-of-plane deform. = 665,6 + 115,4 Heating time_200 - 11,6 Heating time_500 

- 103,9 Heating time_800 - 166,2 Heating length_30 

- 11,6 Heating length_50 + 177,8 Heating length_80 

 

General Factorial Regression: Width increase (arc length) 

... ing length 
Factor Information 

Factor Levels Values 

Heating time 3 200; 500; 800 

Heating length 3 30; 50; 80 

Analysis of Variance 



Source DF Adj SS Adj MS F-Value P-Value 

Model 4 12,8204 3,2051 15,37 0,011 

  Linear 4 12,8204 3,2051 15,37 0,011 

    Heating time 2 3,2983 1,6492 7,91 0,041 

    Heating length 2 9,5221 4,7610 22,84 0,006 

Error 4 0,8340 0,2085       

Total 8 13,6544          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,456613 93,89% 87,78% 69,08% 

Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 3,066 0,152 20,14 0,000    

Heating time                

  200 0,580 0,215 2,70 0,054 1,33 

  500 0,255 0,215 1,18 0,302 1,33 

Heating length                

  30 -1,339 0,215 -6,22 0,003 1,33 

  50 0,178 0,215 0,83 0,454 1,33 

Regression Equation 

Width increase (arc length) % = 3,066 + 0,580 Heating time_200 + 0,255 Heating time_500 

- 0,835 Heating time_800 - 1,339 Heating length_30 

+ 0,178 Heating length_50 + 1,161 Heating length_80 

 

General Factorial Regression: Void content versus ... e; Heating 

length 
Factor Information 

Factor Levels Values 

Heating time 3 200; 500; 800 

Heating length 3 30; 50; 80 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 4,7984 1,1996 7,46 0,039 

  Linear 4 4,7984 1,1996 7,46 0,039 

    Heating time 2 4,4418 2,2209 13,81 0,016 



    Heating length 2 0,3566 0,1783 1,11 0,414 

Error 4 0,6432 0,1608       

Total 8 5,4416          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,400988 88,18% 76,36% 40,16% 

Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 3,649 0,134 27,30 0,000    

Heating time                

  200 -0,897 0,189 -4,75 0,009 1,33 

  500 0,079 0,189 0,42 0,696 1,33 

Heating length                

  30 0,181 0,189 0,96 0,393 1,33 

  50 -0,277 0,189 -1,47 0,216 1,33 

Regression Equation 

Void content = 3,649 - 0,897 Heating time_200 + 0,079 Heating time_500 

+ 0,818 Heating time_800 + 0,181 Heating length_30 - 0,277 Heating length_50 

+ 0,096 Heating length_80 

 

General Factorial Regression: Thickness increase % ... ; Heating 

length 
Factor Information 

Factor Levels Values 

Heating time 3 200; 500; 800 

Heating length 3 30; 50; 80 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 381,78 95,45 3,85 0,110 

  Linear 4 381,78 95,45 3,85 0,110 

    Heating time 2 189,00 94,50 3,81 0,118 

    Heating length 2 192,78 96,39 3,89 0,115 

Error 4 99,16 24,79       

Total 8 480,94          

Model Summary 



S R-sq R-sq(adj) R-sq(pred) 

4,97898 79,38% 58,76% 0,00% 

Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 26,70 1,66 16,09 0,000    

Heating time                

  200 -3,01 2,35 -1,28 0,269 1,33 

  500 -3,46 2,35 -1,48 0,214 1,33 

Heating length                

  30 6,30 2,35 2,68 0,055 1,33 

  50 -1,60 2,35 -0,68 0,533 1,33 

Regression Equation 

Thickness increase % = 26,70 - 3,01 Heating time_200 - 3,46 Heating time_500 

+ 6,48 Heating time_800 + 6,30 Heating length_30 

- 1,60 Heating length_50 - 4,70 Heating length_80 

 

Screening Design 

Screening design model: Max_rms_roughness versus 

... Heating length 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 3 313,849 104,616 2,49 0,134 

  Linear 3 313,849 104,616 2,49 0,134 

    Heating time 1 85,859 85,859 2,04 0,191 

    Cooling rate 1 2,962 2,962 0,07 0,797 

    Heating length 1 225,028 225,028 5,36 0,049 

Error 8 335,965 41,996       

  Lack-of-Fit 4 162,184 40,546 0,93 0,526 

    Pure Error 4 173,781 43,445       

Total 11 649,814          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

6,48040 48,30% 28,91% 0,00% 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 



Constant 12,23 1,87 6,54 0,000    

Heating time 2,67 1,87 1,43 0,191 1,00 

Cooling rate 0,50 1,87 0,27 0,797 1,00 

Heating length 4,33 1,87 2,31 0,049 1,00 

Regression Equation in Uncoded Units 

Max_rms_roughness = -4,2 + 0,00892 Heating time + 0,0158 Cooling rate + 0,1732 Heating length 

Alias Structure (up to order 2) 

Factor Name 

A Heating time 

B Cooling rate 

C Heating length 

Aliases 

I + AA + BB + CC 

A - 0,33 BC 

B - 0,33 AC 

C - 0,33 AB 

 

 

Screening design model: Thickness_increase versus ... ; 

Heating length 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 3 217,85 72,62 1,42 0,307 

  Linear 3 217,85 72,62 1,42 0,307 

    Heating time 1 48,24 48,24 0,94 0,360 

    Cooling rate 1 73,59 73,59 1,44 0,265 

    Heating length 1 96,03 96,03 1,88 0,208 

Error 8 409,34 51,17       

  Lack-of-Fit 4 228,99 57,25 1,27 0,411 

    Pure Error 4 180,35 45,09       

Total 11 627,19          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

7,15316 34,73% 10,26% 0,00% 

Coded Coefficients 



Term Coef SE Coef T-Value P-Value VIF 

Constant 28,06 2,06 13,59 0,000    

Heating time 2,00 2,06 0,97 0,360 1,00 

Cooling rate -2,48 2,06 -1,20 0,265 1,00 

Heating length -2,83 2,06 -1,37 0,208 1,00 

Regression Equation in Uncoded Units 

Thickness_increase = 42,9 + 0,00668 Heating time - 0,0786 Cooling rate 

- 0,1132 Heating length 

Alias Structure (up to order 2) 

Factor Name 

A Heating time 

B Cooling rate 

C Heating length 

Aliases 

I + AA + BB + CC 

A - 0,33 BC 

B - 0,33 AC 

C - 0,33 AB 

 

Screening design model: Width increase versus Heating ... ting 

length 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 3 27,4836 9,1612 31,38 0,000 

  Linear 3 27,4836 9,1612 31,38 0,000 

    Heating time 1 4,5294 4,5294 15,52 0,004 

    Cooling rate 1 0,7781 0,7781 2,67 0,141 

    Heating length 1 22,1762 22,1762 75,97 0,000 

Error 8 2,3353 0,2919       

  Lack-of-Fit 4 0,3600 0,0900 0,18 0,936 

    Pure Error 4 1,9753 0,4938       

Total 11 29,8190          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

0,540292 92,17% 89,23% 82,38% 



Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 3,313 0,156 21,24 0,000    

Heating time -0,614 0,156 -3,94 0,004 1,00 

Cooling rate 0,255 0,156 1,63 0,141 1,00 

Heating length 1,359 0,156 8,72 0,000 1,00 

Regression Equation in Uncoded Units 

Width increase = 0,113 - 0,002048 Heating time + 0,00808 Cooling rate 

+ 0,05438 Heating length 

Alias Structure (up to order 2) 

Factor Name 

A Heating time 

B Cooling rate 

C Heating length 

Aliases 

I + AA + BB + CC 

A - 0,33 BC 

B - 0,33 AC 

C - 0,33 AB 

Fits and Diagnostics for Unusual Observations 

Obs 

Width 

increase Fit Resid Std Resid  

8 2,714 3,803 -1,089 -2,47 R 

R  Large residual 

 

Screening design model: Void content (%) versus ... te; 

Heating length 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 3 2,5480 0,8493 0,60 0,632 

  Linear 3 2,5480 0,8493 0,60 0,632 

    Heating time 1 1,5460 1,5460 1,10 0,326 

    Cooling rate 1 0,7689 0,7689 0,55 0,481 

    Heating length 1 0,2331 0,2331 0,17 0,695 

Error 8 11,2854 1,4107       

  Lack-of-Fit 4 9,1012 2,2753 4,17 0,098 



    Pure Error 4 2,1842 0,5461       

Total 11 13,8334          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

1,18772 18,42% 0,00% 0,00% 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 3,780 0,343 11,02 0,000    

Heating time 0,359 0,343 1,05 0,326 1,00 

Cooling rate 0,253 0,343 0,74 0,481 1,00 

Heating length 0,139 0,343 0,41 0,695 1,00 

Regression Equation in Uncoded Units 

Void content (%) = 1,65 + 0,00120 Heating time + 0,0080 Cooling rate + 0,0056 Heating length 

Alias Structure (up to order 2) 

Factor Name 

A Heating time 

B Cooling rate 

C Heating length 

Aliases 

I + AA + BB + CC 

A - 0,33 BC 

B - 0,33 AC 

C - 0,33 AB 

 

Screening design model: Normalized max out of plane ... ating 

length 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 3 218958 72986 2,72 0,115 

  Linear 3 218958 72986 2,72 0,115 

    Heating time 1 8112 8112 0,30 0,598 

    Cooling rate 1 16280 16280 0,61 0,459 

    Heating length 1 194565 194565 7,25 0,027 

Error 8 214808 26851       

  Lack-of-Fit 4 59907 14977 0,39 0,810 



    Pure Error 4 154901 38725       

Total 11 433766          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

163,863 50,48% 31,91% 0,00% 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 564,5 47,3 11,93 0,000    

Heating time -26,0 47,3 -0,55 0,598 1,00 

Cooling rate 36,8 47,3 0,78 0,459 1,00 

Heating length 127,3 47,3 2,69 0,027 1,00 

Regression Equation in Uncoded Units 

Normalized max out of plane def = 149 - 0,087 Heating time + 1,17 Cooling rate 

+ 5,09 Heating length 

Alias Structure (up to order 2) 

Factor Name 

A Heating time 

B Cooling rate 

C Heating length 

Aliases 

I + AA + BB + CC 

A - 0,33 BC 

B - 0,33 AC 

C - 0,33 AB 

Fits and Diagnostics for Unusual Observations 

Obs 

Normalized 

max out of 

plane def Fit Resid 

Std 

Resid  

7 1053,3 754,6 298,7 2,23 R 

R  Large residual 
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