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Disclaimer

Both D2.3 and D2.4 are to be seen in close relation to each other describing the
experiments that have been conducted on the carbon-fibre thermoplastic composite
parts. Both reports form the basis of the thesis of ESR6 on the novel manufacturing

solution of wind turbine blades and automation.

This deliverable report, D2.3, is reflected in the journal publication (Appendix) entitled:
The role of melting on intimate contact development in laser-assisted tape

placement of carbon fibre reinforced thermoplastic composites.

Deliverable D2.4: Testing of large scale carbon fibre structures, is respectively reflected in
the scientific publication entitled: The role of Ply orientation on the Resin flow under

compaction in thermoplastic composites (Appendix of D2.4).
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1. Introduction
1.1. Context and background of the research question

Off shore floating wind energy has the potential to unlock green energy production for all costal countries in the European
Union. Such technology makes use of floating wind turbines that can be deployed in deep waters, anchored to the sea bed by
means of mooring lines. Compared to land based, i.e. on shore, wind farms, the levelized cost of energy are significantly higher
for off shore farms, as the deployment, maintenance and decommissioning are more challenging. Thus, it is paramount to
improve the productivity of off shore wind farms. Besides wind farm optimisation, increasing the rotor diameter of the wind
turbines improves power output of the turbines. Hence, more power can be obtained from the same number of turbines, or less
turbines are required to provide a certain power. This has led to an increase in the rotor dimensions over the recent years,
resulting in wind turbine blades of above 100 meters long. To achieve such dimensions while maintaining the structural integrity,
the thickness of the load bearing components in the turbine blades must be increased. Consequently, the lengthening of the
blades results in an increase in their weight not only because of the extra length, but also because of the needed extra
reinforcement. The weight increase is of major significance for any structure, even more a floating one, as it would negatively
impact the design of the foundation plus the transportation, installation and decommissioning of the turbines and farms. Thus,

reducing the weight while maintaining their mechanical performance is an important challenge for large blades.

An already adopted solution is to manufacture the blades with fibre reinforced composites. These materials consist of
continuous fibres embedded in a polymer matrix. The fibres are the main load bearing components in the material, while the
polymeric matrix holds the fibres together, transfers the loads between the fibres and bears the shear and out-of-plane loads.
These composites have high specific mechanical properties, which means that their mechanical performance is high compared
to their low density. Traditionally, wind blades have made use of glass fibre composites. And, although such fibres do allow to
build large blades, their relatively low stiffness under tension imposes the need to significantly increase the thickness of the load
bearing components in the blade, such as the spar caps. Alternatively, carbon fibre composites can be used to mitigate the
weight increase due to the lack of stiffness of the glass fibres. Carbon fibres are significantly stiffer and even have a lower

density. This leads to lighter blades than still can meet the performance requirements.

However, carbon fibre composites have their own drawbacks. Performance wise, it is acknowledged that their compressive
behaviour can be poorer than that of glass fibre composites. This is due to the presence of instabilities at the microscale,
caused by fibre misalignment, that leads to micro-buckling and the failure of the composite when loaded in compression. This
can lower the compressive strength of the carbon fibre composites below the glass fibre ones. To mitigate such phenomena, a
precise and accurate alignment of the fibre with the load direction is required. This is especially important in large blades. For
instance, a misalignment of 0.5° in the fibre angle along a 100 m blade would cause a fibre deviation of 0.9 m; if the
misalignment were 1°, the deviation would be of 1.7 m. Such potential misalignments imply that the blade would need to be
designed with increased safety factors, which, in turn, would result in a further increase in the thickness of the parts. Thus,
achieving a robust, precise and accurate fibre alignment is crucial to guarantee that the performance of the material is maximize

and the weight of the structure is minimised.

In the light of the aforementioned points, an additive manufacturing technology is studied for the manufacturing of wind turbine
blade spar caps. The automated fibre placement (AFP) technology is currently used in aerospace to manufacture carbon fibre
composite structures. The composite material for the AFP comes in the form of tapes with continuous unidirectional fibres
embedded in the polymer. These tapes are laid up one on top of, and next to, each other until the part is finished. As a
computer numerical control machine, AFP is capable of placing tapes with high precision over the required distances, ensuring

an adequate fibre alignment. In addition, it can do so following multi-angular layups, which can accommodate more complex

Step4Wind:Novel deSign, producTion and opEration aPproaches for floating WIND turbine farms 5



o Automated process and characterization of
EP- WIND
STEP_WIN

the laminates

part designs, targeted to minimise weight and reduce scrap material. An AFP consists of two main elements, the heating source
and the compaction roller. The heating source provides the energy required to bring the material to its optimal processing
temperature. The compaction roller applies pressure to the heated material so that a well consolidated part, with no gaps or
voids inside, is produced. Several parameters are of interest in AFP manufacturing, such as processing temperature,
compaction force or placement speed.

Furthermore, AFP has the potential to produce the parts in a single step, without further postprocessing, when combined with
carbon fibre reinforced thermoplastic composites. This is due to the so called in-situ consolidation capabilities of these
thermoplastic matrices. Thermoplastic polymers are viscoelastic materials that consist of long, linear polymer chains. These
chains are held together by entanglements, which are topological constraints that prevent them from flowing. These
entanglements are reversible, weak interactions, which formation depends on temperature. Below a certain temperature, called
the glass transition temperature, the entanglements are stable and the material has a more elastic-like behaviour, it cannot
easily flow. Above such temperatures, the entanglements disappear and the material becomes more viscous, easing its
flowability under pressure, and can be processed. Two types of thermoplastics can be identified based on the microstructure
below the glass transition temperature. If the polymer chains remain entangled in a random configuration, forming an
amorphous bulk, the thermoplastics are classified as amorphous. On the contrary, if part of the polymer chains can find a
structured alignment and rearrange themselves into crystalline regions, the thermoplastic is called semicrystalline. In the later,
the polymer microstructure then consists of amorphous and crystalline regions. The crystalline regions are significantly more
stable to temperature than the amorphous ones and, as such, display their own behaviour with it. The melting point, which is
higher than the glass transition temperature, is the temperature above which the crystals melt and a fully molten polymer is
achieved. The region between the melting point and the glass transition temperature is where crystallisation occurs. The
crystalline regions confer the thermoplastic and the composite mechanical and chemical properties that are of major interest for

composite structures. Hence, only semicrystalline polymers are discussed below.

To achieve in-situ consolidation in AFP, two phenomena shall occur during compaction. First, the polymer matrix from the tape
and the substrate must be brought together, into intimate contact, as it is called. Only then, the interdiffusion between the
polymer chains across the interface can occur and the bulk properties restored. Unfortunately, in-situ consolidation only takes
place when operating the AFP at very low rates, which are of no use for the wind energy industry. It has been estimated that
intimate contact development is the rate controlling step in in-situ consolidation. This is due to the low viscosity of the
thermoplastic matrices and low permeability of the fibre bed. The permeability of the fibre bed is a function of the fibre diameter
and the fibre volume fraction (FVF) of the composite. The small fibre diameter of carbon fibre, of approximately 7 um, and
relatively high FVF of structural composites, between 55% and 60%, significantly hinder the flow ability of the material.
However, these constrains are necessary to ensure the mechanical performance of the composite parts. Thus, it is the viscosity
of the polymer what can be further considered to improve the intimate contact development in AFP.

The viscosity of a material refers to its ease to flow under shear stresses. As semi-crystalline thermoplastic polymers are made
of long, entangled polymer chains, which are partially crystallised; their flowability is highly dependent on the length of these
chains, i.e. polymer molecular weight, and the stability of these entanglements and crystals. A higher molecular weight usually
delivers higher mechanical properties and lower viscosity, while a lower molecular weight polymer does the opposite. A
compromise between mechanical performance and processability must be achieved when choosing the right polymer molecular
weight for the intended application. For a given polymer molecular weight, it is both the temperature and the degree of
crystallinity which has the greatest impact on viscosity for a semicrystalline thermoplastic. The role of processing temperature
on intimate contact development has been extensively studied in literature, typically in combination with compaction pressure

and placement speed. However, the role of crystallinity on intimate contact development has not been explored.
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It is well known that crystallinity has a major impact on the viscosity. The presence of crystals increases the viscosity of the
system to that of an elastic solid, hindering any flow. Crystallisation and melting refer to the formation and destruction of the
crystals, respectively. These phenomena are mainly controlled by temperature, the temperature’s rate of change and the
reinforcement. In crystallisation, upon cooling down below the melting temperature and above the glass transition temperature
of the polymer, crystallisation will start at a rate that is controlled by the mobility of the polymer chains which, in turn, is a
function of temperature. At temperatures close the melting point, the crystallisation is very slow as the polymer chains have an
elevated kinetic energy and is not favourable to arrange themselves into crystals. At temperatures close the glass transition
temperature, the chains do not have enough kinetic energy, which prevents the necessary molecular movements to form the
now more favourable crystals. A crystallisation optimum is found between these two temperatures. In turn, slower cooling and
heating rates allow more time for crystallisation, enhancing it; while sufficiently high heating and cooling rates would hinder it.
The role of the reinforcement in the crystallisation is complex and out of the scope of this thesis, therefore it will not be

discussed further.

As AFP imposes complex temperature profiles during manufacturing, the formation and disappearance of the crystallinity in the
composite could have a significant impact on its flowability and therefore in the intimate contact development. Thus,
characterising the evolution of crystallinity throughout the AFP process is crucial to gain a deeper understanding of the

technology and allow further optimisation towards achieving in-situ consolidation of composite parts.

1.2.Scope and outline of the thesis

In this thesis, it is chosen to explore the role that the phase transition kinetics of the thermoplastic matrix have on the intimate
contact development of carbon fibre (CF) reinforced polyphenylene sulphide (PPS) composites (CF/PPS), manufactured by

means of laser-assisted automated fibre placement.

In Chapter 2, the melting kinetics of PPS and CF/PPS are studied by means of fast scanning calorimetry (FSC). The
phenomena of interest are: (1) the change in melting temperature of isothermal and non-isothermal crystals with the heating
rate; (2) the effect of temperature and time on the melt memory effect; and (3) the effect that the fibre reinforcement may have
on the melting kinetics of the matrix. A melting kinetics model will be derived from the experimental data for both materials. The

melting models will be incorporated into a melting and crystallisation model in Chapter 4.

In Chapter 3, the non-isothermal crystallisation kinetics of PPS and CF/PPS are studied by FSC and differential scanning
calorimetry (DSC). The combination of both techniques allows to analyse the crystallisation kinetics in a wide range of heating
and cooling rates. This will improve the representativity of the experimental data towards developing a crystallisation model at
both rapid and slow cooling and heating rates. Both, melt and cold crystallisation are studied, to account for the effect of
nucleation on the crystallisation kinetics. A parallel Velisaris-Seferis model is chosen to represent such phenomena, as it
accounts for the simultaneous development of primary and secondary crystallisation of PPS. The crystallisation kinetics models
will be incorporated into a melting and crystallisation kinetics model in Chapter 4.

In Chapter 4, the melting kinetics model (Chapter 2) and the crystallisation kinetics model Chapter 3) are combined into a
holistic phase transition kinetics model for PPS and CF/PPS. The CF/PPS model is validated against experiments using a static
laser and laser assisted tape placement equipment. Validation of the PPS model is not possible by means of laser heating, as

PPS is transparent to the infrared laser available at our facilities.

In Chapter 5, the developed phase transition kinetics model is used to evaluate the influence of such kinetics on the intimate

contact development of the thermoplastic composites . The temperature region of interest lays between the glass transition and
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the melting point of the composite. An LAFP with a self-heated tool are used to generate the samples. Different heating and
cooling rates, as well as processing temperatures and placement speeds, will be impose to the material. The crystallisation and
melting upon heating and cooling will be modelled using the phase transition kinetics model described in Chapter 4. Such
kinetics will be studied against the intimate contact developed in the placement process. The final degree of crystallinity is also
measured by DSC and compared to the predicted value from the model, as a validation step. Surface and cross-sectional

microscopy are used to characterise the degree of intimate contact.

1.3. STEP4WIND deliverables related to the thesis

In light of these trends and developments, this thesis is reflected in two deliverable reports, which respectively are being
addressed in two scientific publications. These reports focus on the same topic and address the same matters as initially

thought, however the structured process steps, thus writing process, vary from the initial defined structure.

- D2.3 Automated process and characterisation of the laminates (addressed in this document);
- D2.4 Testing of large scale carbon fibre structures.

2. Automated process and characterisation of the laminates
2.1.Abstract

Autoamted fibre placement is a transient fast process which involves rapid heating of the composites. Such rapid heating can
reach just a few milliseconds as the placement speeds increase. In those conditions, it is important to characterise the
temperature profile of the composite, as the melting and crystallisation are dependent on the maximum temperature and the
rate of heating, as discussed in the Introduction. However, the experimental characterisation of the thermal history of the
composite during AFP is rather challenging. The rapid heating rates and the physical constraints of the AFP setup itself only
allow to capture partial thermal information. Hence, thermal simulations are crucial to further understanding the heating stage in
AFP. In this work, a thermal model is developed for the heating phase of AFP for CF/PPS. Several placement speeds and
heating powers are evaluated. As well, different thermal conductivity models are tested. The results show that higher placement
speeds result in (1) discrepancies between different thermal conductivity models and (2) significant temperature gradients in the

through-thickness direction of the composite.

The full conference paper can be found in the Appendix.

2.2.0bjectives

This report studies the temperature history of the composite material during the heating phase of automated fibre placement by

means of numerical simulations. The main objective are:

00 To develop a thermal model to analyse the temperature distribution during the heating phase in automated fibre
placement of carbon fibre reinforced polyphenylene sulphide composites.

0 To simulate the impact that different heating powers, placement speeds and the thermal conductivity models have on

the temperature profile of the composite during manufacturing.

O To highlight the relationship between the processing parameters and the modelling parameters on the model output.
As well as the implications that the different processing parameters can have on the processability of the composites.
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2.3.Conclusions
This work studied the modelling aspects of the heating phase during automated fibre placement, analysing the impact that
material and process definition have on the numerical simulations. The results were then correlated to the processability of the

material under different manufacturing conditions.

O The increasing placement speeds can generate significant thermal gradients in the composite tapes during

manufacturing. These were found for all tested thermal conductivity models.

0 The modelling of these gradients can be influenced by the thermal conductivity model chosen for the material. At low
placement speeds, all models predict similar temperature distributions within the composite. To the contrary, at higher
placement speeds, significant discrepancies arise between the different thermal conductivity models. Empirical model predict
the largest temperature gradients within the material. A correct definition of the thermal conductivity of the composite in the

through-thickness direction is crucial to produce high quality simulations.

O Such thermal gradients at higher placement speeds can hinder the intimate contact development of the material, as

viscosity gradients can arise through the thickness of the composite, preventing it from flowing.
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THE ROLE OF MELTING ON INTIMATE CONTACT DEVELOPMENT IN
LASER-ASSISTED TAPE PLACEMENT OF CARBON FIBRE REINFORCED
THERMOPLASTIC COMPOSITES

Alejandro Jiménez del Toro*>", Julie Teuwen®, Tomas Flanagan®, William Finnegan“®
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b: Delft University of Technology — a.jimenezdeltoro@tudelft.nl
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Abstract: Laser-assisted tape placement (LATP) and thermoplastic composites (TPCs) pre-
impregnated (prepreg) tapes are a promising combination of technologies, combining in-situ
consolidation of the TPCs and the high degree of automation achievable with LATP. Laminate
quality tends to decrease when increasing placement speed due to the shortening of heating
and consolidation window. Such heating windows require high laser power to achieve the
desired nip point temperature, which can hinder through-thickness temperature distribution
within the incoming tape during the heating stage. The effect of placement speed, laser power
and thermal conductivity model on the temperature and melt profile of tapes prior the
compaction phase will be investigated through simulations for carbon fibre reinforced
polyphenylene sulphide unidirectional tapes. Results show that significant through-thickness
thermal gradients occur within a tape at high laser power; and the obtained gradients differ for
each thermal conductivity model used.

Keywords: laser-assisted tape placement; melting, heat transfer model; thermal conductivity;
heating stage

1. Introduction

Laser-assisted automated tape placement (LATP) of carbon fibre (CF) reinforced thermoplastic
composites (TCs) is a versatile technology with the potential to utilise the in-situ consolidation
capabilities of TCs to bring one-step manufacturing of composite parts. The in-situ
consolidation of the part is achieved by continuous bonding of the incoming tape to the
substrate, in which the interface between the two heals and restores bulk-like properties[1].
Such properties are developed when a high degree of bonding is achieved; which results from
the contribution of the degree of autohesion and intimate contact, D,.. However, current in-
situ consolidation in LATP is not a robust process.

Prior to autohesion, it is crucial to achieve a high degree of intimate contact. Current intimate
contact development models[2,3] rely on resin squeeze flow to describe the flattening of the
surface’s asperities upon compaction, and are unable to successfully predict experimental D;.
measurements[4]. Recent work has revealed that tape’s surfaces are heterogeneous and can
have resin poor areas. Kok[5] found a logarithmic relationship between D,. and the resin poor
surface depth, achieving D;. approximately to 1 when that depth was close to zero, meaning
the surface was resin rich. This shows that contrary to what current D;. models, due to resin
poor surface areas, both squeeze and through-thickness percolation flow are relevant in D;.
development. Hence, since through-thickness resin flow is required, not only surface

242/1151 ©2022 Alejandro et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC
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temperature but also its distribution within the tape become relevant parameters to analyse in
LATP.

To improve deposition rates, both placement speed and/or tape’s fibre areal weight can be
increased. Elevated placement speeds can lead to significantly reduced processing times and
impose very elevated heating rates regardless of the tape’s thickness. Time scales in the order
of tens of milliseconds and heating rates well above 5 000 °C/s can be expected. Polymers are
thermal insulators and composites’ through-thickness thermal conductivity, k,, is highly
influenced by this fact[6], which could compromise the temperature distribution within a tape
upon heating in such short processing times. Thermal conductivity, k, is a function of thermal
diffusivity, a, density, p, and specific heat capacity, ¢, as per Eq.(1).

k = apc, [W/mK] (1)

It is worth noticing that all these properties depend on temperature and porosity, among
others[7]. For several neat polymers[8], including polyphenylene sulphide (PPS)[9], «
decreases with temperature. Also, k, for CF/PPS composite has been reported to decrease
with temperature[10], whereas an increase with temperature has been identified for CF
reinforced polyether-ether-ketone (CF/PEEK)[7]. Several models have been developed to
predict k, values in composites and some of them will be used in this work. Examples of LATP
modelling of heat transfer in composites with constant[11] and temperature-dependent[12]
values of k, can be found.

Given the low k, of composites and the rapid surface heating due to elevated placement
speeds, thermal gradients within the tape might occur and hinder percolation flow and
intimate contact development. The presence and influence on intimate contact development
of these thermal gradients has not been studied yet. The aim of this work is to evaluate the
presence of through-thickness thermal gradients within a tape during the heating phase, prior
to consolidation, using different placement speeds, laser powers and k, models, by means of a
finite element model (FEM). The steps followed in the study are: (1) a laser source and CF/PPS
unidirectional composite are modelled based on previously reported studies; (2) the thermal
history and through-thickness temperature profile of a CF/PPS unidirectional tape heated up
by a laser source at different placement speeds, laser powers and thermal conductivities is
simulated by finite element method; (3) the influence of k, on the simulation results is
evaluated.

2. Numerical modelling methodology

The finite element model was performed in COMSOL Multiphysics® 5.6, using the Backward
Differentiation Formula solver for a transient heat transfer problem in which a moving laser
heat source passes over a static rectangle of CF/PPS unidirectional composite. The geometry
used was a 150 mm length and 0.15 mm thick rectangle. A triangular mesh with a maximum
element size of 7 um was sufficiently refined to observe no significant difference in the
simulation results. The laser source have been modelled following the irradiance distribution
described by Grouve [11], which has been simplified to an skewed top hat distribution to
mimic the effect of the laser losing sight of the tape as it rolls under the roller. The reflection
from the substrate are not accounted for in this model, and the roller is considered
transparent to the laser and at constant temperature. The initial tape, ambient and roller
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temperatures are 293.15 K. The upper surface of the geometry receives the radiation from the
laser, and loses energy by means of convection with the environment and radiation. The
lateral surfaces lose energy by the same means as the upper one but do not receive heat input.
The bottom surface is always in perfect contact with the roller and loses energy by conduction.
All parameters regarding geometry, placement and laser are listed in Table 1. The matrix-
reinforcement distribution is considered homogeneous throughout the composite and its
properties are listed in Table 2.

Table 1. Placement and laser simulation parameters.

Property Symbol Units Value
Sample length S cm 1.5

Sample thickness St mm 0.15

Laser power Ly kw 1,3,6

Laser length L, mm 45

Laser width Ly, mm 28

Laser shadow length Lsnadow mm 3

Placement speed S mm/s 100, 400, 800
Time step tstep S 0.001

Table 2. Composite, PPS and CF material properties.

Property Symbol Units Value
Composite surface emissivity[10] € - 0.9
Composite absorptivity[11] A - 0.9
PPS molecular weight M,, kg/mol 1
PPS melting temperature T °C 298
PPS density[13] Pm kg/m?3 1300
CF density[14] Py kg/m3 1790
Specific heat capacity of PPS[13] cf,%id (298K) J/gK 1100
Heat capacity change of PPS at T, [15] Acyma(Ty) 1/8:K 0.27
CF specific heat capacity[14] Cp.f J/kg-K 750 4+ 2.05 - T[K]
Fibre volume fraction X5 - 0.55
CF/PPS-air heat transfer coeff.[10] hair W/m?K 2.5
CF/PPS-roller heat transfer coeff.[11] hrotier W/m?2K 100

The heat capacity of CF/PPS, Cp, as a function of temperature was calculated from the
individual heat capacities of each component applying the rule of mixtures. The specific heat of
PPS, cp,m, results from the heat capacity of solid, czs,"’lri?(T), and molten, cg‘%llt(T), PPS which
were estimated as described elsewhere[16]. cgff,{t(298 K) was estimated as cgff,llt(298 K) =
czs,f’,l,ild (298 K) + Acp o (Ty). It is assumed that the heat capacity of the molten polymer is
achieved above T,. Both, CF, P and PPS, p,,,, densities are assumed constant and the
composite density, p, results from applying the rule of mixtures. Values for thermal diffusivity
of PPS, a,,,(T), are based on Chukov’s[13] experimental work. In the presented thermal model,
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they are calculated by means of cubic spline interpolation from 25 to 250 °C, and considered
constant outside that interval. Thermal conductivity of PPS, k,,,, has been estimated by Eq. (1),
using ., (T), py, and ¢, p, previously described. The thermal conductivity of carbon fibre in
the longitudinal, kx,f, and transverse, ky’f and kz,f, direction have been estimated as
described elsewhere[14].

2.2 Composite thermal conductivity

In this work, the influence on the temperature distribution of a tape has been studied for four
different k, models for the CF/PPS composite. These models are listed in Table 3.

Table 3. Composite through-thickness thermal conductivity, k,, model equations used in the
present study.

Model k, [W/m-K]

kz,fkm
kz,me + km)(f

k <1+c77)(f> _ (kz,f/km)_l

Rule of mixtures[17]

Halpin-Tsai[18]

n= 6=
1—nxs (kpp/km) +¢
Linear[10] 0.5—3.5-1074T
Constant[7] 0.72
3. Results

The presented simulation results have been obtained at the vertical middle section of the
geometry, 0.75 cm, at the end of heating stage for each placement speed, including the laser
shadow. The simulation times are therefore a function of the placement speed as: 555 ms (S =
100 mm/s), 138 ms (S = 400 mm/s) and 69 ms (S = 80 mm/s). The laser shadow length is
kept constant at 3 mm, as defined in Table 1. To assess the validity of results of this study, they
have been compared to those experimentally produced by Grouve[11] for CF/PPS composites.
The order of magnitude of the simulations results seem to agree with the experimental
observations.

3.2. Laser power and placement speed effect on thermal history

As previously discussed, higher laser power is required for shorter heating times in order to
achieve the desired temperatures, which leads to higher heating rates. The effect of the
heating rates in the through-thickness temperature distribution, using Halpin-Tsai model for k,
calculation, can be observed in the solutions obtained for the configurations in Table 4 , shown
in Figure 1. The temperature at the top surface (T¢), which is heated by the laser, and the
bottom surface (Tyg), which is on the opposite side of the tape, are evaluated at each time
step during the heating phase for the middle section of the tape. An initial temperature
plateau is seen before the laser reaches the middle section of the geometry, since T; = Ty =
Tys. Once the laser heats up the middle section, T;; and T increase differently as a function
of Lp and k,, generating a through-thickness temperature difference, AT; = T;s — Tjs- As the
tape enters the laser shadow region, a sudden temperature drop is experienced. Two AT are
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of interest: ATE™ = T — TEM4, which defines the through-thickness temperature
difference at the end of the heating phase; and that between the maximum and final Ty,

ATtdmp = T/ — TE"A which represent the required tape superheating to achieve T4,

ts

Table 4. Temperature evolution through the heating stage of the upper, T, and bottom, T,
faces for two distinct LATP configurations: (1A) Lp = 1.0 kW and § = 100 mm/s; and (1B)

Lp = 6.0kWand S = 800 mm/s.

N L S Time TR ATZP  Tgnd Tgnd ATEnd
Configuration P 15 ts Ls bs o

& [kw] [mm/s] [ms] [C] [«c]  [°C] [ [C]
1A 1.0 100 555 427 15 412 409 4
1B 60 800 69 471 66 405 296 109

Configuration: 1A
Lp: 1.0 kW, 5: 100.0 mmy/s

Configuration: 1B
Lp: 6.0 kW, S: 800.0 mm/s

400 b
&)
o 300 b
= Tape temperature
E Tbs
o T,
Q - i ts
= 200
Q
|_

100 b

0= T T T T T T
0 200 400 0 20 40 60

Time, ms Time, ms

Figure 1. Upper, Ty, and bottom, Ty, surface temperatures of a tape heated by (1A) a 1.0 kW
laser at 100 mm/s; and (1B) a 6.0 kW laser at 800 mm/s.

Similar TfS"d are estimated for these two laser power and placement speed configurations, 405

and 412 °C for configurations 1A and 1B, respectively. As expected, to reach similar
temperatures higher heating rates are seen in configuration 1B, since the heating window is
approximately 10 times shorter. ATtend changes significantly with the power of the heat
source, from 4 to 109 °C for configurations 1A and 1B, respectively. In addition, T} is below
298 °C, the melting point of PPS, for configuration 1B. The superheating required to achieve

similar final temperatures is greater for configuration 1B than 1A, 471 and 427 °C, respectively;
which results in smaller AT;imp for configuration 1A than 1B, 15 and 66 °C, respectively. The
temperature drop for configuration 1A occurs right at the start of the laser shadow, whereas

the drop for configuration 1B starts, with a lower slope, several milliseconds earlier.

3.2. Effect of k, model on thermal history

The role of k, on ATte”d, being 0 um the bottom surface and 150 um the top surface heated by
the laser, is shown in Figure 2. The melting line for PPS is plotted as temperature references.
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All four k, models used show different behavior as a function of the laser power. For
configuration 2A, all models show similar AT{md except for the linear model, which predicts a
higher value. In configuration 2B, all predictions show larger ATtend than in configuration 2A,
being Halpin-Tsai and constant models the most moderate and closer to each other in their
predictions; whereas the rule of mixtures and linear models show significantly wider
temperature ranges. It is worth noticing that the linear model already predicts Tlf;‘d does not
reach the melting temperature at the end of the laser shadow. For configuration 2C, the
predicted ATtend has broaden up for all models and values considered. The linear model
produces results with a Tlfsnd below the melting line, respectively. The rule of mixture and
Halpin-Tsai models show Tlf;‘d < T, too. The constant model is the only one predicting a full
melt of the tape in configuration 2C. As the laser power increases from configuration 2A to 2C,

the relative difference of T£'¢ and TZ"® between the different models became larger as well.

Configuration: 2A Configuration: 2B Configuration: 2C
Le: 1.0 kKW Lp: 3.0 kKW Lp: 6.0 kKW
5:100.0 mm/s 5:400.0 mm/s 5:800.0 mm/s
500 :
L 450 1 § k,
oy —— Rule of mixtures
2 4007 Halpin-Tsai
o]
g 350 - —_— Clonstant
c —— Linear
Yo o N N SO I o=l A7 A E Melting line (298 °C)
250 A A
QD00 Dm0 09080 DH0
v eTA NN VAT SN

Location, um

Figure 2. Estimated through-thickness temperature distribution (from the bottom surface, 0
um, to the upper surface, 150 um) at the end of the heating stage as a function of different k,
models for tapes heated up by (2A) a 1.0 kW laser at 100 mm/s, (2B) a 3.0 kW laser at 400
mmy/s; and (2C) 6.0 kW laser at 800 mm/s.

4, Discussion

The simulated through-thickness thermal histories of a laser heated tape show results which
depend on LATP configurations and k. Using Halpin-Tsai k, model, as seen Figure 1, higher
heating rates are produced to achieve similar Ttesnd as the placement speed and laser power
increase; as a results, larger AT, ATt‘im” and T/?%* are experienced in the tape. Hence,
choosing elevated nip point temperatures with high laser powers may produce polymer
degradation upon heating. According to the simulations, this effect is not likely to occur at
lower laser powers, since the tape superheating is not significant.

The effect of the LATP configuration and k; model used on ATt"’"d is shown in Figure 2. As
laser power and heating rate increase, the larger ATte”d becomes, which results in
measurements of the tape’s surface temperature not being representative of the actual tape
through-thickness temperature. In fact, the rule of mixtures, Halpin-Tsai and the linear models
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predict T,fsnd below T,,,. This is not the case for low placement speeds, in which temperature

homogenisation occurs prior compaction, as seen in Figure 2 (configuration 2A).

As the heating rates increase, the through-thickness temperature distributions obtained with
the different k, models also diverge from each other, as seen for the different configurations
in Figure 2. Hence, the significant differences found between the k, models as a function of
the laser power make it necessary to experimentally determine the thermal conductivity to
reach a higher confidence on the simulation results.

The existence of large through-thickness temperature distributions would also generate
gradients in temperature dependent properties, such as viscosity and thermal expansion,
among others. According to Darcy’s law on percolation, it would hinder percolation towards
the surface as the viscosity would increase from the heated surface into the tape. To the best
of our knowledge, the effect of thermal gradients in the tape on the development of intimate
contact has not yet been explored in literature

5. Conclusions

This work studied the development of through-thickness temperature gradients within a
CF/PPS tape upon heating in LATP, as a function of different placement speeds and laser
powers, by means of FEM analysis; as well as the influence of different k, models on the
obtained solutions. For all k, models used, temperature gradients appear, and increase their
value, as the laser power, and therefore heating rate, increase; some of them predict Tbesnd <
Ty, for 6 kW laser power. For those configurations where through-thickness thermal gradients
are present, readings of T by means of a thermal camera would not represent the actual
temperature of the tape. Different k, models predict significantly different through-thickness
temperature distributions for laser powers 3 and 6 kW; hence generating experimental data on
this magnitude as a function of temperature seems necessary to improve the accuracy of the
simulations. Resin flow may be hindered by the existence of thermal gradients within the tape
thickness, which could be a negatively contributing factor to the development of intimate
contact at high placement speeds.

Future work includes (1) the study of thermal history within a tape by experimental means,
especially for elevated placement speeds; (2) the adequate characterisation of the composite
properties as a function of temperature; (3) improvement and validation of the presented
thermal model; (4) the possible role that the existence of thermal gradients might have on
intimate contact development in LATP of CF/PPS composites.
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