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Abstract

Automated Dry Fibre Placement (ADFP) is a derivative of Automated Fibre Placement
(AFP) where bindered dry carbon fibre tapes instead of prepregs are deposited. ADFP
uses similar deposition hardware as AFP but it has low cost potential and fewer resin
build-up issues compared to AFP. However, material behaviour of the bindered dry
carbon fibre tape is poorly understood which limits the rate and quality of ADFP
process. This thesis seeks to understand the material behaviour of the bindered dry
carbon fibre tape under ADFP consolidation in order to improve the quality of ADFP

manufactured preforms.

The influence of three key process parameters in ADFP: compaction force, process
temperature and deposition velocity on the quality of ADFP manufactured preforms
is investigated. Compaction behaviour of dry carbon fibre tapes and compaction
rollers is characterised. A material model of dry carbon fibre tapes in the through-
thickness direction is developed. A finite element (FE) model of roller compaction on
carbon fibres is established and experimental validated to research the compaction
pressure distribution on complex tool geometries. Thermal properties, including
pressure dependent thermal conductivity and temperature dependent specific heat,
of carbon fibre tapes are characterised. Joule heating of carbon fibre tapes with
configurations representative of an ADFP deposition head are investigated
experimentally. Analytical models for joule heating are also built and experimentally
validated to predict the joule heating temperature and efficiency. A dynamic FE heat
transfer model is built to simulate the temperature history of deposited carbon fibre

tapes.

Experimental studies show that bindered carbon fibre tapes have stiffer and more
stable response in through thickness direction compared to normal carbon fibre tows.
The interlayer bonding of carbon fibre tapes samples manufactured by the ADFP
consolidation is dramatically weaker that of the samples manufactured by long term
isothermal consolidation (oven heating) and it is also significantly weaker than AFP
manufactured prepreg samples. Therefore, process parameters for ADFP need to be
chosen more carefully and controlled precisely. Joule heating can be used in ADFP
when the contact resistance between carbon fibre tapes and electrodes, and the

distance between heating region and nip point are reduced.

From the FE model of roller compaction on carbon fibres, it is found that the force

applied by the deposition head when using different roller materials should be



adjusted to obtain equivalent compaction pressure on the preform. Target force
windows for roller compaction on tools with different curvatures have been obtained
from model results. Softer rollers exhibit larger target force window and increased
suitability for tools with larger curvature. From the dynamic FE heat transfer model
results, it is found when deposition velocity is high, deposited tapes accumulate heat
and have a relatively high temperature (around 130 °C when deposition velocity is
600 mm/s) during the deposition of the next layer. It is also shown that adjusting heat
inputs for different layers based on the substrate temperature could reduce the high
reheating temperature and differences of temperature histories between different
layers of tapes.

Control methods for compaction force and heating temperature in ADFP process are
developed with the help of the understanding of ADFP tapes behaviour and the
finding from the process models. A model-based feed-forward force control method
is developed in order to handle the large deformation of carbon fibre tapes and
deposition roller, and to accurately control deposition on complex tools. A PID
controller with a pulse-width modulation power control method is developed for
joule heating temperature control between two electrodes. The two methods are
implemented and tested in an ADFP rig. A high level of control accuracy of

compaction force and joule heating temperature can be achieved.
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1 Introduction

Carbon fibre reinforced polymer composite materials have been widely used in many
industries such as aerospace, automotive, wind energy and sports, because of their
high specific strength, high specific stiffness and ability to have their properties
tailored to suit specific applications. Automated composites manufacturing
processes have been developed to meet the high demand of composites parts and
to reduce costly touch labour. With the help of automation, composites parts can be
manufactured at high rates, with high repeatability, high quality and low waste.
Automated fibre placement (AFP) is a commonly used automated composites
manufacturing technique in the aerospace industry. It has been used to manufacture
large structural components, such as fuselage, wing skin and spars of several

commercial and military aircraft programmes.

1.1 Automated fibre placement (AFP)

Narrow unidirectional carbon fibre prepreg tapes with a typical width of 3.125 mm,
6.35 mm or 12.7 mm are used in the AFP process. Several (typically 8, 16 or 32)
prepreg tapes are heated and compressed onto a tool or substrate (i.e. previously
deposited layers) continuously by a deposition head mounted on a gantry system or
a robotic arm. Figure 1-1 shows a sketch of a typical AFP deposition head. The
consolidation roller is used to provide compaction pressure in order to conform
prepreg tapes to the required shape. The heating source is used to provide enough
heat in order to improve the tack of thermoset prepregs or to facilitate the bonding
of thermoplastic prepregs to substrates. The prepreg tapes are cut on-the-fly in the
deposition head and near net shape prepreg preforms can be manufactured. There
is no limitation on the fibre orientation in AFP process and curved fibre paths can also
be deposited with machine steering or tow shearing. These enable novel composites
design like ‘double-double’ [1] and variable stiffness laminates [2] where non-
conventional fibre orientations or curved fibre paths are used. AFP has been proven
to reduce manufacturing cost and material wastage over hand lay-up. AFP also
eliminates the labour-intensive hand layup methodology and significantly increases
production rates. Literatures [3, 4] summarize recent research and future directions

in AFP area.
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Figure 1-1 Sketch of a deposition head of AFP machine [5]

1.2 Automated dry fibre placement (ADFP)

Automated dry fibre placement (ADFP) process uses similar deposition hardware as
AFP but substitutes a bindered dry carbon fibre tape for the prepreg materials. After
the deposition stage is completed, ADFP-manufactured preforms are then
transferred to a liquid resin injection process such as resin infusion or resin transfer
moulding (RTM). This provides the benefit of allowing deposition on low cost tooling

where the costly cure tool is used solely for the curing step.

ADFP has advantages over AFP and dry fibre material manual layup processes. The
big potential benefit of ADFP over AFP is reduced costs because dry carbon fibre
tapes have simpler storage requirements and can be combined with a low cost out-
of-autoclave process for resin curing. ADFP tape lacks a matrix resin which eliminates
resin build-up issues. Downtime events and repair times due to resin build-up in
deposition hardware are significantly reduced when using dry fibre tapes [6].
Compared with the hand layup technique, laminates manufactured by ADFP with
vacuum resin infusion process show a 9 % increase of fibre volume fraction and
decreases of porosity and thickness variation than laminates manufactured by

manual layup with vacuum resin infusion [7, 8].

There are also some significant challenges for ADFP: The low cost potential is not yet
fully realised because commercial ADFP tapes are expensive and highly engineered
to suit deposition hardware originally designed for prepreg use. Typical commercial
ADFP tapes have permeability enhancement materials to accelerate the resin
infusion process and binder materials to provide adhesion to the substrate [9]. The



Chapter 1 Page |3

highly engineered tapes have different properties compared to prepreg tapes and
normal dry fibre reinforcement therefore experience gained in AFP and dry fibre
forming processes may not be directly applied to ADFP. The material behaviour of
ADFP tape is also poorly understood which could limit the rate and quality of ADFP
process. The binder in dry carbon fibre tapes needs a relatively high activation
temperature and laser heating is typically required for high rate deposition of dry
carbon fibre tapes [6]. Using laser heating creates health and safety issues [10] and

also increases costs.

Two trends in automation of composites manufacturing have been observed: The
first trend is towards the smart factory - process automation combined with
widespread data exchange and autonomous decision making is now widely
established across all areas of manufacturing technology and has become known as
‘Industry 4.0’. Critical to this transition is the development of cyber-physical systems
which can monitor processes based on detailed and accurate virtual copies of real
systems. This trend means more emphasis on sensors for data collection and
exchange, and more emphasis on exploiting the advances in computing power for
real-time simulation and autonomous decision making. The second trend is the fast
development of process models. Process models tend to become more complex and
to contain multi-physics and multi-scale simulation in order to provide accurate
prediction for complex composites manufacturing process. Machine learning and
artificial intelligence methods are also applied to the process models when high non-
linearity, poorly understood or non-determined mechanisms are involved in the
composite manufacturing process. A recent literature [11] presents a review of
current status of machine learning and its application to polymer composites process

simulation.

For relatively simple manufacturing process with well understood raw materials, like
the CNC milling process, the two trends are relatively easy to pursue because the
process, machine and material behaviour for CNC milling are all well understood and
highly predictable. For automated composites manufacturing process like AFP and
ADFP, there are several challenges: The composite design and manufacturing process
are more complex to monitor. AFP and ADFP composites layup have a hierarchical
structure: laminate, layer, course and tape. It is hard to monitor the whole
hierarchical structure during deposition especially for information at tape level such
as tape position, width, thickness and quality [10]. The material behaviour under

manufacturing process is poorly understood. Therefore process models have not
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been fully developed to include the complex physics in AFP and ADFP in order to
provide prediction with a sufficiently high level of accuracy.

1.3 Research objectives

This work is a part of a core project ‘Technologies framework for Automated Dry
Fibre Placement’ within the EPSRC Future Composites Manufacturing Research Hub.
The aim of this work is to investigate the material behaviour of carbon fibre tapes
under ADFP consolidation and develop process models for ADFP based on the
deposition behaviour. The models are used to facilitate real-time control of the ADFP
process which could help the ADFP process follow the ‘Industry 4.0’ trend with
consequent improvements in rate and quality. The following research question is

proposed.

Research question:
How can we enhance the quality of preforms manufactured by ADFP via improved
understanding of both the deposition behaviour of dry carbon fibre tapes and the

interactions between them and the deposition machine?

The following objectives are derived to answer this research question:

I.  Review the state of art research in AFP, ADFP and related dry fibre processing

techniques to determine the knowledge gaps.

II.  Understand the influence of process parameters on the quality of preforms

manufactured by ADFP consolidation.

lll.  Understand the material behaviour of carbon fibre tapes under ADFP process

conditions and develop models to simulate the material behaviour.

IV.  Apply the understanding of material behaviour and developed models in the

process parameter control of ADFP.
1.4 Thesis outline

This thesis is organised as shown in Figure 1-2 and each chapter outlines are as below:
e In Chapter 2, the state of art research of quality factors and influence of
process parameters on parts quality in AFP, ADFP and related dry fibre
processing techniques is reviewed.
e Chapter 3 presents the investigation on the influence of deposition process
parameters on the bonding quality of dry fibre preforms manufactured by
ADFP consolidation.
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In Chapter 4, the compaction behaviour of carbon fibre tapes and roller
compaction pressure on dry fibrous bed are characterised experimentally and
numerical models are developed.

In Chapter 5, the thermal properties of carbon fibre tapes are characterised.
A novel joule heating of dry carbon fibre tapes approach is investigated. The
temperature history of deposited dry carbon tapes are analysed by a finite
element heat transfer model.

Chapter 6 presents real-time compaction force and heating temperature
control methods based on the understanding of compaction and thermal
behaviour of dry carbon fibre tapes, and developed models in Chapter 4 and
Chapter 5. Demonstrations for the control methods are also presented.
Chapter 7 shows conclusions from this thesis and discussion of potential

future work for research in ADFP.

Literature review
(Chapter 2, Objective I)

Quality of ADFP manufactured preforms
(Chapter 3, Objective Il)

Compaction behaviour of carbon fibre tapes

(Chapter 4, Objective lll) (Chapter 5, Objective Ill)

\ 4 A

Process parameter control in ADFP
(Chapter 6, Objective IV)

A\ 4

Conclusions and future work
(Chapter 7)

Figure 1-2 Thesis organisation

Thermal behaviour of carbon fibre tapes
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2 Literature review

In AFP and ADFP processes, the compaction force, the heating temperature and the
deposition velocity are the three key process parameters. The compaction force
enables the conformance of the tapes on the tool surface and increases the contact
area between a compaction roller and substrates. Heating in the process could soften
the resin in prepreg tapes or activate the binder in dry fibre tapes to ensure enough
tack or bonding is achieved. The deposition speed influences the heating time,
pressing time and the production rate. Research on the influence of process
parameters on the quality of AFP and ADFP manufactured parts and are reviewed.
Research on material behaviour and process conditions related to compaction and
heating is then reviewed. Process control related research is also reviewed. Research

on AFP and ADFP is reviewed in two separate sections.

2.1 AFP

2.1.1 Quality measure and process parameters optimisation

Tack is considered to be an important property of thermoset prepregs for AFP [10].
It keeps the prepreg on the tool and resists the tendency of tapes pull off. A
continuous application-and-peel testing apparatus was developed to investigate the
impact of the process parameters on the tack between the prepregs and the tool
surface [12-14]. It was found that the tack is sensitive to the temperature and the
feed rate. The time-temperature superposition method could be used to predict
required temperature in a different feed rate to achieve same tack based on the
known results. The apparatus was also used to conduct the tack testing on aerospace
grade thermoset prepregs and it was found that the maximum tack between the tool
and the prepregs is achieved at low feed rates when temperature is low while when
the temperature is increased the maximum tack is achieved at increased feed rates
[12-14]. The apparatus was modified to investigate the interlaminar tack and the
influence of the compaction force and the roller material [15, 16]. It was reported
that the maximum interlaminar tack is significantly larger than prepregs-tool tack and
the interlaminar tack increases when compaction force increases and reaches a
plateau with further increase of the compaction force. It was also found that a
compliant roller could generate larger tack than a stiffer roller at the same level of
the compaction force because the compliant roller could increase the contact area
and the duration time of compaction. Probe tests are also used to measure the tack
of thermoset prepregs [17, 18]. The load-displacement curves from probe tests can
fit the traction-separation curve in the cohesive contact in ABAQUS simulation
therefore the tack can be simulated as a cohesive contact. The cohesive contact
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modelled tack combined with the shear and bending properties of prepregs can be
used to simulate the steering induced defects such as blisters and wrinkles [18, 19].
The influence of process parameters on the critical steering radius is also investigated
[19]. A floating roller peel test was also conducted to determine the adhesion
properties of the prepreg-tool interface. The influence of the compaction force, the
heating temperature and the layup speed was investigated. A two-level full factorial
design of experiments analysis was conducted to investigate the effect of the
individual parameter and the interaction between the parameters [20]. It was found
that the temperature has the greatest effect on the peel force and the two-level full
factorial design of experiments analysis results could be used to predict the peel force

under different process parameters.

Similar to tack, the bonding quality of thermoplastic prepreg is important for AFP.
The wedge peel test and the T-peel test were used to characterise the interlaminar
bonding of thermoplastic prepregs processed by the AFP and investigate the
influence of the process parameters [21-23]. An intimate contact with polymer
healing theory was developed to simulate the interlaminar bonding of thermoplastic
prepregs processed by the AFP [24, 25]. The simulation results showed similar trend
with the peel force results from the wedge peel test. A consolidation model and a
thermal model were combined with the intimate contact and polymer healing theory
in order to investigate the influence of the process parameters. The intimate contact
with polymer healing theory was modified and combined with a multi-pass pressure
model and a heat transfer model to obtain the homogeneity of interlaminar bonding
strength by using different process parameters when depositing different layers [26,
27]. The wedge peel test results showed that the method could achieve the same
level of the bonding strength of every interlaminar region. A concept of effective
intimate contact, which is based on the resin content at the surface, is introduced in
literature [28]. It is shown that in addition to the squeeze flow mechanism, which is
the base for the previous intimate contact models, through-thickness percolation
flow of the resin needs to be considered to explain the effective intimate contact
development. The influence of heating temperature, compaction force, tool
temperature, deposition velocity on the degree of effective intimate contact is also

investigated.

Research is also conducted on the process parameter optimisation for AFP. In
literatures [29, 30], the prepregs preforms processed by the AFP were evaluated by
marking them scores based on their quality. The response surface method and the

machine learning method were used to analyse the process parameters sensitivity
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and optimise the process parameters to achieve the highest score. A multiscale
method was built to optimise the process parameters for the AFP process [31-33].
This multiscale method includes a marco-scale FEA model, an energy transfer model
and a molecular dynamics model. High adsorption energy, high diffusion coefficient,
stable viscosity and low entropy, which indicate good layup quality, were achieved

by optimising the process parameters using the multi-scale method.

AFP enables the manufacturing of the variable stiffness laminates by introducing
curved fibre path using the tow steering or shearing. Researchers developed
different fibre path optimisation strategies such as using the lamination parameters
[34] and the polar parameters [35] to improve some specific performance of the
variable stiffness laminates. Introducing curved fibre path by the tow steering or
shearing leads to the tow deformation and defects during the deposition process.
The steered tow deformation mechanism [36], the steer-induced defects [18, 37] and
the influence of the tow deformation and defects on the fibre path planning [38, 39]
were investigated. Some researchers [2, 40, 41] applied the manufacturing defects
and constraints in the fibre path optimisation strategies to provide practical designs.
The layup strategies for different surfaces used in the AFP process including 3D
complex surfaces, planer surfaces with a hole in the centre, conical surfaces and
cylindrical surfaces were also developed [42]. However, most of the optimisation
strategies and the layup strategies remain in the theoretical and the simulation stage
and have not been used to manufacture variable stiffness composite laminates. One
reason for this might be that no automated method has been developed to convert
the optimised fibre path to the control codes for machine deposition. The fibre path
needs to be converted to the tow path. The fibre placement head delivers several
tows in the same path at the same time and these tows form a course. Thus, the tow
path also needs to be converted to the course path, which is the tool path of the

deposition head. This conversion process is less developed in the literature.

During the AFP process, several types of defects could be induced including gaps,
overlaps, bridging, wrinkle, twisted tow, missed tow, tow drop, folded tow and
foreign objects [43-45]. Research on the formation and the prediction of the defects
were conducted [46-48]. The influence of the defects on the mechanical properties
of the AFP produced laminates were investigated [49-52]. When manufacturing large
parts using the AFP, the defect inspection and rework process could take up around
40 % of the total production time [44]. In-process defects detection methods, such
as laser vision system [53, 54] and thermal monitoring system [55, 56] have been

developed to tackle this issue. The fibre Bragg grating sensors [57] and the eddy
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current methods [58] also show potentials to facilitate the in-process defects

detection.

2.1.2 Compaction

In the AFP process, prepreg materials are compressed on the tool or the substrate
layers by a compaction roller in the deposition head. The compaction force applied
to the roller influences the quality of the preforms and final parts. Therefore the
compaction force needs to be precisely controlled. The tack between prepreg
materials and the tool partially determines the quality of the parts and is strongly
influenced by the compaction force [15, 16, 20, 59]. The intimate contact and
bonding between adjacent layers are influenced by the compaction force [26, 27, 60].
Mechanical properties, such as the interlaminar shear strength, facture toughness
and bending modulus, of AFP-manufactured laminates are influenced by the
compaction force [25, 61-64]. Physical characteristics such as cured ply thickness and
the formation of defects, such as wrinkles and voids [24, 65, 66] are also influenced.

The roller transfers the compaction force applied by the machine to the compaction
pressure on the plies. A high level of uniformity of compaction pressure is required
in the AFP process to achieve optimal quality. Several researchers have analysed
rollers and sought to optimise the roller geometry to achieve a uniform compaction
pressure. For compaction on flat tools, the uniformity of pressure generated by solid
rollers with wide range of modulus, diameters and lengths is higher than 80% [67]
but perforated rollers have been shown to reduce the uniformity of the pressure
distribution compared with solid rollers and this reduction could lead to defect
generation [65, 68]. For compaction on non-flat tools, the pressure uniformity of
rollers could be reduced from 89% to 16% [67]. This non-uniform pressure
distribution restricts the application of AFP on parts with high curvature. The roller
geometry therefore needs to be optimised to tackle this issue. For simple non-flat
tools such as tools with single curvature or ramps, FE models have been built to
investigate the influence of roller material and geometry on the pressure uniformity
[46, 67, 69]. It is concluded that soft, compliant rollers generate a larger contact area
and a more uniform pressure distribution than stiff rollers. It is also found that carbon
fibre reinforced PA6 composites manufactured by an elastomer encased roller
exhibit better flexural strength, lap-shear strength, and percentage of crystallinity
than those of composites manufactured by a stiff steel roller [70]. In addition, rollers
with larger diameter and shorter length can generate more uniform pressure
distribution. Roller geometry selection criteria have been established based on the

deformability of rollers on surfaces with single curvature [71]. For complex irregular
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tools, a theoretical model has been built and validated to investigate the pressure
distribution applied by the compaction roller [72]. This model has been used to
analyse a segmented roller and it is found that for irregular tools, a segmented roller
could generate a more uniform pressure than a solid roller [73]. Besides optimising
the geometry or material of rollers, the pressure uniformity can also be improved by
dynamically controlling the yaw and roll angle of the head based on the tool
geometry [66]. These works focus on situations where the roller is compacted on
either the tool surface or with one layer of prepreg between them. No research has
been found investigating the pressure distribution on other common situations in the
AFP process, such as thick prepreg substrates and substrates with gaps and overlaps.

2.1.3 Heating

During AFP, heating the tapes could soften or melt the resin to obtain enough tack
or bonding of the tool-tape and the interlaminar interface. Several heating methods
have been used. In the AFP process, the heat source is typically hot gas torch [26],
infrared radiation [74], laser [75], flashlamp [3, 76]. The properties of the resin are
sensitive to the heating temperature. Thus, it is important to obtain the nip point
temperature and the temperature history of the tapes. Research on the influence of
the heat input power, the heating device configuration on the heat transfer and the
nip point temperature in the AFP deposition process has been conducted [74, 75, 77].
Several thermal models have been developed to investigate the nip point
temperature [5, 78, 79]. Temperature history of deposited materials is also important
because it can be used in intimate contact model, autohesion model, crystallinity
model and residual stress model and to predict interlaminar bonding between layers,
crystallisation of prepreg tapes, and residual stresses development [80]. A Lagrangian
formulation with changing boundary conditions method [81], a birth-death element
strategy [82] and a model expansion method [83] were developed to simulate the
entire temperature history of the tapes during the AFP process. Heat transfer model
for AFP deposition on complex tool geometry such as C-beam was also established
[84]. The information of path points as well as the heating time are incorporated to

the heat transfer model to predict the temperature distribution in C-beam structure.

In the thermal model for AFP, the characterisation of the thermal conductivity of the
tapes and the interlaminar thermal contact resistance are important for the accuracy
of the models. For prepreg materials, the thermal conductivity of the tapes remains
consistent under the compaction but the interlaminar thermal contact resistance is
influenced significantly by compaction pressure. The interlaminar thermal contact

resistance reduces the effective through-thickness conductivity by the factor of two
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and the thermal contact resistance is reduced when then compaction pressure
increases [85, 86]. Add thermal contact resistance to simulation could improve the
prediction accuracy of temperature history [87]. The effect of the compaction
pressure on the interlaminar thermal contact resistance has not been applied to the

thermal models mentioned above.

2.1.4 Process parameters control

In the AFP process, the defect inspection and rework process could take up around
40 % of the total production time [44]. This might be attributed to the offline control
where no adjustment can be performed when defects or machine errors are
detected. If real-time control is applied, the quality of parts and the production rate
will be improved. To facilitate the real-time control, sensor data is collected and the
defects are required to be detected online. The real-time model is running based on
the online data to evaluate the influence of the events, such as defects. Decisions are
made based on the results from the real-time model. The manufacturing database is
used to save the sensor data and the events in the deposition process [88, 89]. In this
section, real-time control in AFP related research are reviewed including online data

collection, real-time model and the manufacturing database.

The online data collection includes the process parameter monitoring and the online
defect detection. The process parameter monitoring could be achieved by using
different sensors. For the online defect detection, the laser vision system [53, 54] and
thermal monitoring system [55, 56] could be used. The laser profile scanner, the rings
of LED lights with sensor array and the image capture camera could be integrated to
the AFP deposition system to achieve online fibre orientation measurement and the
defects detection [89]. Thermal images taken by the IR camera in the deposition
system combined with the image process algorithm such as the convolution neural

network could facilitate the online defect recognition [88, 90].

An artificial neural network based real-time model is developed in literature [91] and
it could generate the relationship between the compaction pressure, the applied
force and the contact width. This model runs online to obtain the real-time
compaction pressure based on the sensor data of the applied force and then adjust
the force input in real-time to achieve the constant compaction pressure along the
deposition path. Similar concept has been developed for the real-time adjustment
for the tool centre point to reduce the unwanted forces and torques [92]. Online
deposition path correction methods based on the vision or vision-force scheme have

been developed to improve the deposition accuracy and to reduce the gaps and
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overlaps [93-95]. A surrogate model has been built to generate the knock-down
factor (decrease of the safety margin) of different properties caused by the
manufacturing defects. It could achieve online evaluation of the effects of the defects
[89, 96]. A inline tape width control method is developed to compensate the width
variation of prepreg tapes in order to reduce gaps [97]. The width of tape can be
controlled by changing compaction force during deposition. In literature [98], a real-
time defect detection and correction methods is developed. Defects such as wrinkles
are detected using laser scanner in real-time and the wrinkles are corrected by
automatically increasing the local compaction level and heating when depositing
next layer on the wrinkles position.

The manufacturing database could store the sensor data and the defect detection
and recognition results to produce a digital twin for the manufactured preforms [89].
The information stored in the manufacturing database could be analysed by the
machine learning method to investigate the influence of the process parameters on
the quality of the parts and to optimise the process parameters [88, 90]. The
manufacturing database could also store the path planning information and the
process information [90]. The HDFS5 file and the XML file has been used to produce
the manufacturing database. In literature [99], a smart interface is built in MAIO
platform to unify and automate data capture from multiple sources in AFP process.
Data from each source is contextualised in order to translate each measured data
point into to localised Cartesian position on the preform. A demonstration was
conducted on a complex tool and data of layup speed, compaction force, nip point
surface temperature and preform thickness can collected and visualised. In literature
[100], a data mapping technique has been developed and it enables the evaluation
of spatial data from many different sources within the AFP process. A global array of
data can be generated that includes all aspects of AFP manufacturing such as design
data, manufacturing data, inspection data and prediction data. The technique is used
to map data of a doubly curved part manufactured by AFP. It is shown that the

technique has the ability to map multimodality data into a uniform format.

2.2 ADFP and related dry fibre process techniques

Automated dry fibre placement (ADFP) is a relatively new technique to manufacture
large aerospace components [101]. The ADFP process uses similar deposition
hardware as AFP but substitutes a bindered dry fibre reinforcement for the prepreg
materials. Five types of commercial bindered dry fibre tapes, which could be used in

the ADFP were compared using the analytical hierarchy process and the comparison
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criteria were based on the quality of the raw materials, preforms and laminates
produced from the raw materials. It was found that the TX1100 (Solvay) dry fibre
tapes has the highest score among the five materials based on the comparison
method [9]. ADFP has many advantages over manual layup process. Laminates
manufactured by ADFP with vacuum resin infusion process show a 9% increase of
fibre volume fraction and decreases of porosity and thickness variation than
laminates manufactured by manual layup with vacuum resin infusion [7, 8]. A 12 to
16% increase of flexural strength and a 6% increase of interlaminar shear stress
compared with hand layup are also observed [7]. Compared with AFP, the
manufacturing costs of ADFP are theoretically reduced because of the use of low-
cost raw materials, liquid resins and out-of-autoclave process. Bindered dry fibre
reinforcement used in ADFP has no matrix resin, which could result in a decrease in
downtime events and repair times for the deposition machine and an increase of
laydown rates comparing with AFP [6]. The ADFP process could be combined with
the through-thickness reinforcement, such as stitching and tufting [102, 103]. ADFP
process can be followed by thermoplastic resin infusion to produce thermoplastic
composites [104].

2.2.1 Quality measure and process parameters optimisation

Similar to AFP, the tack or bonding quality of ADFP carbon fibre tapes are important.
A shear tests tack measurement method where the pulling direction is along the fibre
direction is developed for bindered dry fibre rovings [105]. It is found that the tack of
bindered dry fibre rovings remains on a high level once the temperature is higher
than the activation temperature and the binder is fully melted. The tack can be
increased slightly by applying more compaction pressure. In literature [106], the
wrinkle formation of the dry carbon fibre tapes induced by the carbon fibre tapes
steering was investigated and it is found that the tack, which is determined by the

process parameters, has a great influence on the critical steering radius.

Research on the bonding quality of preforms manufactured by ADFP has not been
found but research on the binder bonding in other dry fibre preforming techniques
is reviewed here. The binder bonding of the dry fibre preforms could be influenced
by the binder chemical properties, the binder content and particle size, the
compaction pressure, the heating temperature and the process time. The thermoset
binder and the thermoplastic binder have different bonding properties [107, 108].
The fibre-binder chemical interaction could also influence the bonding strength [109].
The size of the binder particles has influence on the bonding strength and the larger
binder particle size generates higher bonding strength [110]. The bonding strength
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increases initially with the increase of the binder content but reaches a plateau when
the interlayer region is fully covered by the binder [108, 111, 112]. The heating
temperature has great influence on the bonding strength. Low temperature does not
activate the thermoset binder or melt the thermoplastic binder while the too high
temperature will result in the binder flowing into the tow, which cannot contribute
to the interlayer bonding [107, 112]. Unnecessary long process time leads to poor
bonding strength because the binder might flow into the tow [112]. The compaction
pressure influences the bonding strength since it might change the binder coverage
area but no research has been conducted on this aspect for dry fibre materials. In the
ADFP process with high deposition velocity, the compaction time and the heating
time are much shorter than them in the research above and the binder behaviour
might show some differences. In the ADFP process, the physical nature of the binder
is spreading a viscoelastic polymer melt over the porous carbon fibre under the
compaction pressure [107], which is complex and different from the intimate contact
situation in the AFP process. No model for the binder flow and bonding has been
found, but intimate contact model with the polymer healing theory [24-27], the
capillary pressure model and the fibre wetting characterisation [107, 110] might be
helpful for building a binder flow and bonding model.

The preforms produced by the ADFP process have low permeability compared with
normal textile preforms. Several research was conducted on the characterisation of
the permeability of preforms produced by the ADFP [113-115] and the infusion
process for the ADFP preforms [8]. Gaps and overlaps are the common defects in the
ADFP process and their influence on the permeability was investigated [115-117].
Introducing gaps into the preforms could lead to higher permeability and it is shown
that intentionally introducing gaps with 0.4 mm size between fibre tapes in the ADFP
layup can increase the out-of-plane permeability 17 times and reduce the
compressive strength and modulus by 6 % and 7.2 % [118]. However, the engineering
gaps could have large geometry variation which leads to large variation of the
permeability [115, 117]. The influence of the through-thickness reinforcement
(stitching and tufting) on the preform permeability and the laminate properties was
investigated [102, 103].

The influence of compaction pressure, heating temperature and deposition speed on
the fibre volume fraction of the preforms produced by ADFP have been investigated
[90]. The process parameters optimisation for the fibre volume fraction was

conducted on five types of the commercial bindered dry fibre tapes. No research was
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conducted on the ADFP process parameters optimisation for other quality factors

such as the binder bonding, the permeability and the defects formation.

2.2.2 Compaction

Like AFP, in ADFP the compaction force could also influence the bonding of dry fibre
tape to the tool and adjacent dry fibre layers. Compaction pressure is even more
important in ADFP than AFP because the compaction pressure directly influences the
fibre volume fraction of the preforms which determines the mechanical properties
of the final laminates. Uniformity of compaction pressure is required in the ADFP to
manufacture preforms with consistent fibre volume fraction. The compaction on dry
fibres is a complicated process and the elasticity, plasticity, relaxation, viscoelasticity
and cyclic effects appear in the process [119]. Research on the compaction is also
important for the liquid composites moulding technique and the main focus is the
relationship between the compaction pressure and the fibre volume fraction. This
relationship is commonly described by a power law equation [119]. However in ADFP,
it has been shown that high compaction pressure can lead to lower fibre volume
fraction of the preforms [120, 121]. It is surmised that this reduction is caused by the
high compaction-induced through-thickness shear stress which leads to the
breakdown of the binder bond and the subsequent deconsolidation of the preforms.
This assumption needs further research on the stress field of the dry fibre-roller

interaction.

Using dry fibre reinforcement in automated placement process also brings challenges.
Dry fibre reinforcement exhibits a large geometry change under process conditions.
Thickness reduction of dry carbon fibre tows has been found to be higher than 20%
under sufficient compaction [119, 120] while that of thermoset prepregs under AFP
process conditions has been found to be less than 10% [122]. In practice, however,
commercial materials for ADFP are highly engineered to give consistent in-process
performance in the through-thickness direction. But the large thickness change still
exists and it can bring difficulties for ADFP force control. Commercial deposition
hardware tends to include some built-in compliance in the form of a pneumatic
cylinder in order to maintain a roughly constant compaction force. This compliance
introduces uncertainty in that the height of the deposition head is not known, there

may also be issues in responding to rapid changes in thickness or tool geometry.

Several material models for the dry fibre compaction were developed to describe the
compaction behaviour and generate the relationship between the compaction

pressure and the fibre volume fraction. For the elasticity, the isotropic linear elastic
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model [123], the linear transverse isotropic model [124], the elastic orthotropic
model with the non-linear response in the transverse direction [125], the
hyperelastic model [126] and the porous elastic model [127] have been developed.
Models for the plasticity [128] and the viscoelasticity [129] have been built. For the
cyclic compaction behaviour, no model has been built but some experimental
research has been conducted [130-132]. It is shown that the compaction response of
dry carbon fibre reinforcement shows differences between different compaction
cycles and the plastic strain is cumulative with successive compaction cycles. In the
ADFP process, cyclic compaction behaviour needs to be determined and a material
model considering the cyclic effects should be built. This is because every layer in the
preform has a different compaction history and, therefore, a different response to

the compaction and different thickness.

No research on experimental or simulation study of roller compaction pressure
distribution on dry fibres has been found. Related research in AFP as reviewed in
section 2.1.2 might be adopted for ADFP but the compaction behaviour of dry carbon
fibre tapes needs to be considered.

2.2.3 Heating

Inthe ADFP process, the binder activation temperature is relatively high and the laser
heating is commonly used [6, 10, 75]. The joule/resistive heating [133, 134] and hot
gas torch heating [118] are also used. For laser heating, the influence of the heat
input power, the heating device set up on the heat transfer and the nip point

temperature in the deposition process has been conducted [75].

Carbon fibres are electrically conductive and there is little resin present in the ADFP
tapes, therefore joule heating could potentially be a suitable heating method for
ADFP consolidation. Joule heating enables fast, efficient and local heating [133]. It
has many applications in the composites industry, such as curing of composite
laminates [135], de-icing [136], and towpreg manufacturing [137]. Joule heating in
these areas utilises different configurations especially the contact between carbon
fibre and electrodes compared with ADFP conditions. In ADFP process, cylinder or
roller electrodes are suitable for joule heating to ensure smooth feeding for carbon
fibre tapes. The contacts between cylinder electrodes and carbon fibre tapes are not
perfect and the electrical contact resistance therefore exists. The electrical contact
resistance consumes energy and causes heating in contact area therefore it needs to
be reduced. Research in [138] characterised the contact resistance between carbon

fibre tows and cylinder electrodes and it is found that the existence of contact
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resistance leads to the heating in the contact region and increasing fibre tension
results in a decrease of contact resistance. However, the contact resistance between
carbon fibre tapes used in ADFP and the cylinder electrodes has not been

investigated.

For the thermal properties of dry fibre reinforcement, only the effective thermal
conductivity of the dry fibre fabrics was investigated. Both the in-plane and through-
thickness effective thermal conductivity increase with the increasing fibre volume
fraction, which is achieved by increasing the compaction pressure [139-142]. No
research has been conducted on the thermal conductivity of the single layer of dry
fibres and the interlaminar thermal contact resistance of dry fibre preforms. The heat
transfer model for the ADFP process should consider the effect of the compaction

pressure.

For AFP process, many heat transfer models have been built to investigate the nip
point heating temperature and temperature history of deposited materials to
achieve thermal management of AFP process as reviewed in section 2.1.3. However,

no related research has been found for ADFP.

2.2.4 Process parameters control

Research on the process parameters control in ADFP is limited. For temperature
control, an open-loop laser heat power control method based on a semi-empirical
model is developed and used in ADFP deposition in literature [75]. Real-time control
strategies developed for AFP process as reviewed in section 2.1.4 have potentials to
be used in ADFP but the material behaviour of dry carbon fibre tapes needs to be

characterised and incorporated to the strategies.

2.3  Summary of findings

AFP and ADFP use similar deposition hardware but their process conditions have
differences. Table 2-1 presents the heating, pressure conditions, post processing
steps and main advantages of AFP using thermoset prepreg, thermoplastic prepreg
and ADFP using bindered dry fibre tapes. It is noted that the pressure range for
thermoplastic AFP and ADFP is less conclusive than heating temperature
requirement because in most related research compaction force instead of
compaction pressure is used. Compared to AFP, ADFP is a new manufacturing

technique and ADFP related research is limited. ADFP brings new challenges and
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research opportunities. From literature review, it is found that research in following

subjects is helpful for improving the quality of ADFP manufactured preforms:

I.  Influence of process parameters on the bonding quality of ADFP
manufactured  preforms and  process parameter  optimisation
methods/models for ADFP.

II.  Bonding formation mechanisms and models for the binder in dry carbon fibre
tapes under ADFP process conditions.

[ll.  Cyclic compaction behaviour and models of dry carbon fibre tapes.
IV.  Roller compaction pressure distribution on dry carbon fibrous bed.
V.  Characterisation of fibre volume fraction dependent thermal conductivity of
dry carbon fibre tapes.
VI.  Characterisation of fibre volume fraction dependent thermal contact
resistance of tape/tool contact and tape/tape contact.
VIl.  Application of joule heating in ADFP configurations.
VIIl.  Heat transfer analysis of the heating of dry carbon fibre tapes for nip point
temperature investigation.
IX.  Heat transfer analysis for deposited dry carbon fibre tapes for their

temperature history.

Table 2-1 Process conditions of AFP and ADFP

Thermoset AFP Thermoplastic AFP ADFP
) Low heat: High heat: Medium heat:
Heating ]
) typically less than 70 °C around 400 °C for around 200 °C for
requirement
[62, 65, 122] PEEK [28, 143] TX1100 tapes [8, 121]

Low pressure:

. ~0.25t00.87 MPa [7,
Pressure range typically less than 0.3 0.3 to 0.9 MPa [28]

MPa [62, 122, 144] 121]
) Autoclave o ]
Post Autoclave curing for best o Resin infusion and
] ] consolidation for ]
processing quality . curing
best quality
] Sustainability
Main Well understood ] S
In-situ consolidation Low cost
advantage Low heat and pressure

potential
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3 Influence of process parameters on the quality of carbon fibre
preforms manufactured by ADFP

3.1 Introduction

The influence of process parameters on the quality of ADFP manufactured preforms
and final laminates are poorly understood. Limited research has been conducted on
the influence of process parameters on the key quality measures of fibre volume
fraction and permeability as reviewed in section 2.2.1. The tool-ply and interlayer
bonding or tack behaviour has been found to be a key quality factor for AFP
manufactured thermoplastic or thermoset composite laminates as reviewed in
section 2.1.1. However, research on tool-ply / interlayer bonding behaviour for ADFP
manufactured preforms has not been found in the literature. The interlayer bonding
behaviour of dry fibre preforms (e.g. those manufactured for subsequent processing
via RTM) under long term (in minutes or hours) isothermal consolidation conditions
(constant temperature through the whole preform) has been investigated as
reviewed in section 2.2.1. However, high speed dry fibre consolidation shows
significant differences to isothermal consolidation. The process time period is very
short (the process time is 0.4 s when the contact length is 40 mm and the deposition
velocity is 0.1 m/s) and the deposited tapes make contact with cooler substrates. The
heat transfer between deposited tapes and cooler substrates also influences the
bonding quality. In this chapter, two sets of dry fibre tape samples are manufactured
by both long term isothermal consolidation and also via mock ADFP consolidation.
The interlayer bonding quality of the manufactured samples is characterised by T-
peel tests. The interlayer bonding quality of samples manufactured by the two
conditions is compared. The influence of three important process variables:
temperature, compaction force and deposition velocity on the interlayer bonding
quality of ADFP manufactured preforms is also investigated.

3.2 Sample manufacturing and peel resistance characterisation

3.2.1 Materials
24K TX1100 (Solvay) unidirectional bindered carbon fibre tapes with a width of 6.35

mm, a nominal thickness of 0.275 mm and an areal weight of 212 g/m? were used to
manufacture samples. The tapes have binder particles on one surface (termed binder
surface in later sections) and veils on the other surface (termed veil surface in later
sections) [9] as shown in Figure 3-1. During deposition of the tapes, the binder
surface faces down and makes contacts with either tool surfaces or veil surfaces of

substrate tapes.
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Figure 3-1 TX1100 carbon fibre tapes showing veil (left) and binder (right) surfaces (1 mm minor grid
spacing)

3.2.2 Sample preparation

Two sets of samples were manufactured. The samples manufactured using an oven
under long term isothermal consolidation are termed ‘static samples’ and the
samples manufactured using an ADFP rig are termed ‘dynamic samples’.

3.2.2.1 Static samples preparation

The TX1100 tapes were cut into a length of 200 mm. Two tapes were laid up together
with the veil surface of one facing the binder surface of the second. A piece of release
film with a length of 50 mm was inserted in one end of the interlayer region of each
sample to produce a pre-crack. Six samples were laid up and compacted by a vacuum
pressure 0.1 MPa using a silicone rubber vacuum bag whilst heating in an oven to a
consolidation temperature to activate the binder. A thermocouple was connected to
the tool surface to measure the process temperature. When the thermocouple
measured temperature reached the consolidation temperature, this temperature
was maintained for 10 minutes before cooling. Vacuum pressure was applied until
they were cooled down to room temperature. Figure 3-2 shows the setup for static

sample preparation during the cooling period.

Figure 3-2 Vacuum consolidation setup for static samples: six samples can be observed through the
breather layer
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3.2.2.2 Dynamic sample preparation

A

(a)
Machine start point Moving direction Machine end point

—_—

Electrical wire Tape 1

Electrical wire

Tape 2

(b)
Figure 3-3 Mock ADFP consolidation setup for dynamic samples (a) experimental setup (b) sketch for
tapes position and machine moving path (Two electrical wires are connected to a power supply.)

For dynamic samples manufacturing, a mock ADFP consolidation setup was used
because the lab-scale ADFP rig was not fully developed. Figure 3-3 shows the
experimental setup and the sketch for the mock ADFP consolidation conditions. A
piece of TX1100 tape with a length of 200 mm is fixed on the tool surface with two
pieces of adhesive tape on the two ends and the binder surface faces the tool surface.
The other piece of TX1100 tape with a length of 240 mm is placed on the top of the
substrate tape with binder surface facing down and is fixed with four pieces of
adhesive tape. A joule heating method is used to heat the top tape (tape 1 in Figure
3-3 (b)) and details of the joule heating mechanism is given in section 5.3. The two
ends of the top tape are connected to an electric circuit using clips and wires. A power
supply (Velleman LABPS3010SM) is used to provide constant voltage to the circuit to
heat the top tape. The lab-scale ADFP rig is used to apply a compaction force with a
prescribed deposition velocity. The machine movement length (bonding length) is
25 mm shorter than the interlayer contact length. The initial uncompacted 25 mm
length is considered as a pre-crack. During the sample manufacturing process, the
top tape is firstly heated for 15 s to reach a nearly steady state heating temperature
and the deposition head then starts movement with certain compaction force and
deposition velocity. The joule heating stops when the deposition head arrives at the
end point. This consolidation conditions partially replicates the real ADFP conditions.
The main difference is in the cooling period: In real ADFP consolidation, tapes are

heated before the nip point and cooled with compaction during deposition while in
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this mock setup, top tapes are heated continuously before and after compaction. The

cooling of tapes then occurs without compaction.

3.2.3 Experimental design

The choices of three process parameters: process temperature, compaction force
and deposition velocity are described in this section.

3.2.3.1 Process temperature

For static samples manufactured using an oven, the isothermal condition is achieved,
therefore the thermocouple measured temperature (tool temperature) can
accurately represent the temperature in the interlayer bonding region. Four process
temperatures: 180, 200, 220, 240 °C are chosen because the activation temperature
of the tapes is around 160 °C [120]. These temperatures are termed ‘interlayer

temperature’.

For dynamic samples manufactured using the ADFP rig, the joule heating method is
used and the power supply voltages are varied to achieve different heating
temperatures. The heating temperatures generated by different voltage supplies are
characterised experimentally using the same setup as shown in Figure 3-4 (a). The
top tape is heated around 15 s and the heating temperatures of the top tape are then
measured using a FLIR C5 thermal camera. Figure 3-4 (b) shows an example of
heating temperature measurement. Average temperature in the centreline of the
top tape is calculated and recorded as heating temperature. Five measurements are
conducted for each voltage. Figure 3-5 shows the relationship between the power
supply and heating temperature for the mock ADFP setup. Five voltages 11, 12, 13,
14 and 15 V are chosen, and these voltages result in 136, 155, 193, 233 and 254 °C
heating temperature. These temperature can only represent the surface
temperature of top tape and are termed ‘heating temperature’. This heating
temperature is slightly higher than the average temperature of the whole surface
area of the tape because the edges (across the width) of the tape exhibit lower

heating temperature than the centre area as shown in Figure 3-4 (b).
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(b)

Figure 3-4 Joule heating temperature characterisation for mock ADFP setup (a) joule heating setup
(same as Figure 3-1 (b)) (b) thermal camera measurement of heated tapes
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Figure 3-5 Joule heating temperature generated by different voltage supplies for the mock ADFP
setup

3.2.3.2 Compaction force

For static samples manufactured using an oven, a full vacuum pressure (around 0.1
MPa) as used in many dry fibre process techniques is applied via a vacuum pump and
a lab manufactured silicone rubber vacuum bag which could withstand the high
process temperatures.

For dynamic samples manufactured using the ADFP rig, the compaction force is
applied by the deposition head with a proportional integral derivative (PID) controller,
details of which are given in section 6.2. The force data is collected by a force torque



Chapter 3 Page | 24

sensor (ATl Industrial Automation Axia80). Four compaction forces 10 N, 20 N, 30 N
and 40 N are chosen. These four forces result in four nominal pressures (average
pressure over contact area): 0.51 MPa, 0.77 MPa, 0.94 MPa and 1.05 MPa based on
simulation results shown in Figure 4-15 in section 4.3.2.5. These compaction pressure
values cover the range of commonly used compaction pressure in composites
manufacturing process and they are within the range of pressure used in ADFP
research in literature [121].

3.2.3.3 Deposition velocity

For deposition velocity, relatively low velocities are used because the lab scale ADFP
rig is not fully developed and high-speed deposition performance is not stable. Four
speeds 2, 5, 10, 20 mm/s are then chosen. The velocity data is collected from motion
data in the ADFP rig. The acceleration and deceleration stages on the two ends of
tapes are short (full deposition velocity is reached within 0.11 s for deposition
velocity of 20 mm/s) and then ignored.

In total 17 combinations of process parameters were used to manufacture dynamic
samples. Six repeat samples were manufactured for each combination. Table 3-1
shows the process parameters for all combinations.

Table 3-1 Process parameters combinations for dynamic samples manufacturing

Sample Voltage (V)/ Compaction force Deposition
reference temperature (°C) (N) velocity (mm/s)
1 11/136 20 10
2 12 /155 20 10
3 13 /193 20 10
4 14 /233 20 10
5 15 /254 20 10
6 14 /233 10 10
7 14 /233 30 10
8 14 /233 40 10
9 12 /155 20 5
10 13/193 20 5
11 14 /233 20 5
12 15 /254 20 5
13 14 /233 10 5
14 14 /233 30 5
15 14 /233 40 5
16 14 /233 20 2
17 14 /233 20 20
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3.2.1 Peel testing methods

Peel tests are commonly used to characterise the bonding behaviour. Among
different peel test methods, the T-peel type was chosen to compare the bonding
quality of manufactured samples as it uses simple equipment and it is a quick method
for comparison purposes. T-peel tests were conducted on an Instron universal testing
machine with a 1 KN load cell and the load rate was 75 mm/min. Figure 3-6 shows
the T-peel test apparatus. Six samples were tested for each combination of process
parameters. The total peel distance was around 300 mm and the average peel forces
and maximum peel forces were calculated from peel distance 50 mm to 250 mm, as

shown in the shaded area in Figure 3-7.

Figure 3-6 Experimental setup for T-peel tests
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Figure 3-7 Peel force curve from T peel test (average peel force is calculated from shaded area;
maximum peel force is from dash line)



Chapter 3 Page | 26

3.3 Experimental results of bonding quality

The peel resistance of static and dynamic samples are firstly compared in this section.
The influence of compaction force, temperature and deposition speed on the peel

resistance is then investigated.

3.3.1 Comparison between static and dynamics samples

Figure 3-8 shows the peel resistance characterisation results for static and dynamic
samples. For dynamic samples, the highest peel resistance results in all 17
combinations are shown in the 233 °C data points in Figure 3-8 (b). It is observed
that the peel resistance results show large variation especially for dynamic samples.
The average peel forces are around 0.5 % of the full rated output of the load cell and
the reading error could be 5 % at this low point according to the manufacturer. The
reading error could contribute to the large variation of results. The maximum peel
forces are much higher than the average peel forces and load cell error is much less
(within 0.25%). Therefore, maximum peel forces are more valuable results. For both
static and dynamic samples, the process temperature has a great influence on peel
resistance and this is discussed in section 3.3.3. Static samples have significantly
larger average peel forces and maximum peel forces than dynamic samples at all
process temperatures. The maximum peel forces of dynamic samples are even
smaller than the average peel forces of static samples. Figure 3-9 shows peel force
curves along the peel distance of typical individual static sample and dynamic sample.
It is observed that the peel resistance along the length of samples is not uniform
which could be caused by nonuniformity distribution of the binder and veil of tapes.
For both static and dynamic samples, peel force curves consist of peaks and low
plateaus. Peaks indicate the initiation of interlayer bonding crack and low plateaus
indicate the crack propagation. The shapes of peel force curves are in agreement with
the T-peel curves of in literature carbon fibre reinforced polypropylene samples
manufactured by AFP [22]. Static sample have more peaks with higher peel force
value. Dynamic samples have fewer peaks and their values are much lower than static
samples. These agree with the results shown in Figure 3-8. The distribution of peaks
are uniform along the peel distance for static samples while the most peel force
peaks of dynamic samples are located towards one end along the peel distance.
Different sections of dynamic samples have different heating time before and after
roller compaction, and the heating temperature is not uniform along the sample
length as shown in Figure 3-4 (b). These could lead to the non-uniform peel force

peaks distribution.
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Compared with carbon fibre reinforced polypropylene samples manufactured by AFP
in literature [22], the maximum peel force per unit width of the dynamic samples is
about tenth of that of AFP samples. This significant low peel resistance is due to the
lack of matrix resin in the interlayer region. The low peel resistance means lower

robustness and requires more precise process parameter control than AFP.
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Figure 3-8 Average and maximum peel forces of (a) static samples (b) dynamic samples under
different process temperatures (different y axis scales for (a) and (b))
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Figure 3-9 Peel force curve from (a) static sample (b) dynamic sample(different y axis scales for (a)
and (b))
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To investigate the failure mechanisms behind the large differences of peel resistance
between static samples and dynamic samples, macro-pictures are taken using a
mirrorless camera with a macro-lens for unprocessed tapes, peeled surfaces of static
and dynamic samples. Figure 3-10, Figure 3-11 and Figure 3-12 show the macro-

pictures for unprocessed tapes, peeled static samples and peeled dynamic samples.

(a) 3t : el ()

Figure 3-11 Macro-photograph of binder surfaces of processed and peeled static samples at the
boundary region between precrack area (right) and peeling area (left) (Veils left on the binder
surfaces are shown on the left-hand side. Peeling direction is from right to left.)

(a) (b)
Figure 3-12 Macro-photographs of processed and peeled dynamic samples (a) binder surfaces (b) veil
surfaces
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For static samples, Figure 3-11 shows pre-crack regions (on the right) and initial peel
regions (on the left) of binder surfaces. Clear boundaries between pre-crack regions
and peel regions can be observed. It is also found that veils from opposite tapes
remain on the binder surfaces after peel testing. Strong bonding was formed
between the powder binder and the veil, and the peeling action leads to cohesive
failure of the veil in the interlayer region. Figure 3-13 (b) shows the sketch of peeled
samples with cohesive failure and the location of the clear boundaries between pre-

crack regions and peel regions.

Peel force

Pre-crack

_______ Binder surface

Veil surface

Peel force

(a)

Boundary

(c)

Figure 3-13 Sketch of (a) Bonded tapes under T-peel test (b) peeled tapes with cohesive failure where
veils left on binder surfaces (Boundary region is shown in Figure 3-11) (c) peeled tapes with adhesive
failure
For peeled dynamic samples as shown in Figure 3-12, only small amount of veils or
binder (small white dots) are found left on the opposite tapes compared with

unprocessed samples as shown in Figure 3-10. It is concluded that adhesive failures
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are dominant for dynamic samples which results in much weaker bonding. Figure

3-13 (c) shows the sketch of peeled samples with adhesive failure.

There are various possible explanations for the observed lower bonding quality of
dynamic samples compared to the static samples. In the mock ADFP consolidation,
the process is non-isothermal which could lead to lower bonding strength. Joule
heating is used and its heating temperatures across the width of the tapes are not
uniform. The heating temperature of the edge of the tapes is lower than that of the
centre of the tapes as shown in Figure 3-4 (b). The heated tapes make contact with a
cooler roller and substrate. The compaction time of tapes might not be long enough
for forming good bonding. The tapes are still heated after roller compaction which

may degrade the bonding, but this only occurs in the mock ADFP consolidation.

3.3.2 Influence of compaction force on peel resistance
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Figure 3-14 Peel tests results of dynamic samples for different compaction forces under 233 °C
heating temperature and 5, 10 mm/s deposition velocity
Figure 3-14 shows the influence of compaction force on the peel resistance of
dynamic samples. For 10 mm/s deposition velocity, increasing compaction force from
10 N to 20 N leads to an 86% increase of maximum peel force and a 47% increase of
average peel force. High compaction force (40 N) results in lower peel resistance than
small compaction force (10 N). At 5 mm/s deposition velocity, the findings are same
as 10 mm/s deposition velocity but the peel force values are lower. The detrimental
influence of high compaction pressure agrees with the findings in the literature [120,
121], where it is shown that high compaction pressure can lead to lower fibre volume

fraction of the preforms and it is assumed that this reduction is caused by the high
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compaction-induced through-thickness shear stress and through-thickness tensile
stress. These stresses result in the breakdown of the binder bond and the subsequent
deconsolidation of the preforms [120, 121]. Other published research [62, 143]
shows that high compaction pressure also has negative influence on the interlayer

peel strength and interlaminar facture toughness of samples manufactured by AFP.

3.3.3 Influence of process temperature on peel resistance

For static samples, the temperature in Figure 3-15 (b) is considered to be ‘interlayer
temperature’ because it is a long term isothermal process. Figure 3-15 (b) shows that
peak peel resistance is observed at 200 °C and further increase of interlayer
temperature causes slightly decrease of peel resistance. High interlayer temperature
(220 °C and 240 °C) could generate better bonding than low interlayer temperature
(180 °C).

For dynamic samples, the temperature in Figure 3-15 (a) is the ‘heating temperature’
which could only represent the surface temperature of the upper tape. During the
manufacturing of samples, it was found that under voltage input 11V (133 °C heating
temperature), fragile bonding was formed after manufacturing but the bonding was
broken during handling process. To obtain acceptable bonding quality, the heating
temperature needs to be increased to a critical temperature, in this mock ADFP
conditions, around 150 °C. It was also found that weak bonding could be formed at

high temperature (233 °C and 254 °C) without roller compaction.
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Figure 3-15 (a) shows the influence of heating temperature on the peel resistance of
dynamic samples. The curve of dynamic samples shows similarity with the curve of
static samples. Both curves display peaks in the response and further increase of
process temperature decreases peel resistance. High heating temperature (254 °C)
leads to higher peel resistance than low heating temperature (155 °C and 193 °C).
Higher heating temperature of dynamics samples (233 °C compared with 200 °C
interlayer temperature for static samples) is needed to obtain peak peel resistance.
Two potential causes for this temperature difference are determined. The heated
tapes made contact with cooler underneath tapes under roller compaction therefore
the temperature in contact region is lower than the heating temperature. In addition,
the heating temperature is characterised in the centre line of tape and the average
heating temperature of the whole tape is slightly lower than the characterised

heating temperature.

At two deposition velocities 5 mm/s and 10 mm/s, the heating temperature has same

influence on the peel resistance but the peel forces values are lower at 5 mm/s.

3.3.4 Influence of deposition speed on peel resistance
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Figure 3-16 Peel tests results of dynamic samples for different deposition velocities under 233 °C
heating temperature and 20 N compaction force
Figure 3-16 shows the influence of deposition velocity on the peel resistance of
dynamic samples. The peel resistance increases with the increase of deposition
velocity from 2 mm/s to 10 mm/s. The peel resistance decreases with further
increase of deposition velocity to 20 mm/s. At lower deposition velocity, the tapes

have more compaction time which is helpful for forming good bonding but the tapes
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also have more heating time after compaction. This long heating time without
compaction and the resulting loss of consolidation while the binder is still softened
may cause relaxation and lead to poorer bonding quality.

In this mock ADFP consolidation, the deposition velocity influences compaction time,
heating time before compaction and heating time after compaction of dry carbon
fibre tapes. It is more complex than real ADFP consolidation where deposition
velocity only influences the compaction time of dry fibre tapes. The observations
found in this mock ADFP consolidation may therefore not agree with the real ADFP
consolidation. At two deposition velocities 5 mm/s and 10 mm/s, no coupling effects
between deposition velocity and compaction force, between deposition velocity and
heating temperature are founded as shown in Figure 3-14 and Figure 3-15 (a).
Changing deposition velocity has minimal influence on the shape of curves in the two
figures. However, only two velocities are investigated with difference compaction
forces and heating temperatures and the differences between the two velocities is
small. Therefore, to determine the coupling effects of three process parameters, a
full factorial experimental design is recommended to be conducted in the future.

3.4 Conclusions

In this chapter, two sets of dry fibre tape samples are manufactured by oven heating
with vacuum pressure and also via joule heating with the ADFP deposition head
compaction. The interlayer peel resistance of the manufactured samples are
characterised by T-peel tests. The peel tests results are analysed and the following

conclusions are obtained:

The interlayer bonding of samples manufactured by the mock ADFP consolidation
(dynamic samples) is dramatically weaker that of the samples manufactured by long
term isothermal consolidation (static samples). The failure mechanism of static
samples is the cohesive failure of veils in the interlayer region while for dynamic
samples, the adhesive failure of bonding is dominant. The non-uniform heating,
cooler substrate and shorter compaction time of the dynamic samples could lead to
weaker interlayer bonding. The interlayer bonding of dynamic samples is also
significantly weaker than AFP manufactured prepreg samples. Therefore, process

parameters for ADFP need to be choose more carefully.

The process temperature has a great influence on the interlayer bonding quality. The

carbon fibre tapes need to be heated to a critical temperature to activate the binder
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in order to provide sufficient interlayer bonding. For both static samples and dynamic
samples, when increasing process temperature above the critical temperature, the
peel resistance is increased significantly (around 71% for dynamic samples) before
decreasing slightly with further increases of process temperature. Compared with
static samples, dynamic samples require higher process temperature to obtain peak

peel resistance because of the cooler substrate.

The compaction force/pressure also has a great influence on the interlayer bonding
quality. Sufficient compaction level is required to obtain good interlayer bonding.
However, excessive compaction forces could decrease the interlayer peel resistance
up to 57%. The negative influence of excessive compaction forces agree with the
research on the fibre volume fraction of ADFP manufactured preforms [120, 121],
interlayer bonding of thermoplastic composites manufactured by AFP [143] and
tensile properties of thermoset composites manufactured by robotic lay-up of

towpregs [144].

The effect of deposition velocity is less conclusive; maximum interlayer peel
resistance is obtained at 10 mm/s but lower deposition velocities could not generate
better interlayer bonding in the mock ADFP conditions. The observed influence of
deposition velocity here may not fully represent real ADFP conditions. Further
research is recommended to be conducted using a fully developed ADFP deposition

head to investigate the influence of deposition velocity in the future.

Research as reviewed in section 2.1.1 shows that the tool/tape tack or bonding is
significantly lower than the interlayer tack or bonding in AFP. It is assumed that this
lower bonding quality between tool surface and dry carbon fibre tapes can also be
found in ADFP and it could bring more difficulties when depositing the first layer of
dry fibre tape. Precise control of process parameters for depositing first layer on tool
surfaces is therefore more crucial. However, the dry carbon fibre tapes/tool surfaces

bonding quality needs further investigation in the future.

The binder bond formation mechanism are complex. Binder melting, flow or curing
and binder solidification could occur during the formation of the bond and these
processes are influenced by temperature, pressure, process time and their coupling
effects [107, 110]. To fully capture the science behand it, the temperature dependent
viscosity of binder, the wettability of binder on dry fibres, the cure kinematics of
binder and etc. need to be characterised and a multi-physics binder flow model needs

to be established. These are out of scope of this thesis. The experimental results in
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this chapter show the importance of proper choice and precise control of process
parameters. Fragile bonding or even no bonding will be formed if process parameters
are out of control. To implement precise control of process parameters,
understanding the compaction and heat transfer behaviour of dry fibre tapes under
ADFP consolidation are required and these are investigated in the following two

chapters.
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4 Compaction behaviour of carbon fibres processed by ADFP
4.1 Introduction

In the ADFP process, dry fibre tapes are compressed on the tool or the substrate
layers by a compaction roller mounted on a robotic arm or gantry system. The
compaction force applied to the roller influences the quality of manufactured
preforms, such as fibre volume fraction [121] and peel resistance as evidenced by the
results in section 3.3.1. The roller transfers the compaction force applied by the
machine to the compaction pressure on the plies. The compaction pressure is the
real factor determining the preform quality. A high level of uniformity of compaction
pressure is required in the ADFP process to achieve optimal quality. The compaction
pressure distribution depends on compaction roller geometry and materials,
compaction behaviour of dry carbon fibres, and tool geometry. In state-of-art ADFP
deposition hardware, only compaction force instead of compaction pressure can be
monitored and controlled. The required compaction force targets for the hardware
controller need to be determined based on the compaction pressure requirement.
The force targets are not straightforward because the contact areas are difference
for different roller and the compaction pressure is not uniform especially for complex
tools. In this chapter, a roller compaction on dry carbon fibres model is developed to

bridge the gap between the compaction force and compaction pressure distribution.

The compaction mechanism of the dry fibres is complicated and includes elasticity,
plasticity, relaxation, viscoelasticity and cyclic effects [119]. In the ADFP process, the
compaction time is short (the compaction time is 0.4 s when the contact length is 30
mm and the deposition velocity is 0.1 m/s) therefore the relaxation and
viscoelasticity of dry fibres are not investigated. In this chapter, the elastic and cyclic
compaction behaviour of dry carbon fibre materials are characterised experimentally.
A power-law based material model is used to describe the through-thickness elastic
properties of dry carbon fibre materials. The roller materials are also characterised
experimentally. A finite element (FE) model is then developed to analyse the roller-
applied pressure on the fibrous reinforcement bed. The model has been validated by
using a pressure sensitive film. The influence of roller material, tool curvature and
substrate thickness on the pressure distribution are investigated. To obtain the
compaction force targets for the hardware controller, a target pressure requirement
is chosen. The compaction pressure distribution simulation results under different
compaction force are analysed and force target bounds for tools with different

curvature are determined.
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4.2 Compaction behaviour of dry carbon fibres

In this section, the compaction behaviour of dry carbon fibre reinforcement materials
is characterised and a compaction material model is then explained.

4.2.1 Compaction experiments
4.2.1.1 Materials and experimental setup

24K TX1100 (Solvay) bindered carbon fibre tapes and normal 24K carbon fibre tows
with a measured width of 6.92 mm, an areal weight of 237 g/m? were also used. The
tapes and tows were cut into lengths of 60 mm. One piece of tape or tow was tested
under compaction at a time. Testing was conducted on an Instron 5969 universal
machine with a 50 KN load cell and two parallel circular platens as shown in Figure
4-1. Two Linear Variable Differential Transformers (LVDT) (MICRO-EPSILON
D6/02500ARA-L10) were used to measure the instantaneous thickness of the tape
and the average value of the two sensors was used to calculate the fibre volume
fraction of the tape using equation (4.1). The initial fibre volume fraction of the tape
was calculated using measured thickness of the tape when the load was 5 N before
starting to increase. The peak compaction force was 500 N and the loading rate was
0.3 mm/min. The load 5 N for initial fibre volume fraction calculation is very small
compared to the load cell capacity 50 KN and the force reading could have 5 % error.
The force error could lead to initial fibre volume fraction error up to 0.4 % (calculated
from measured thickness value at force range of 5 N #5%). A single compaction test
and a 15-cycle cyclic compaction test were conducted. The compaction loading
curves were recorded. From the compaction loading curves, the compaction
pressure and tape material properties at loading stage can be obtained. While the

viscoelastic and relaxation behaviour of the tape cannot be investigated.
AF
f = o (4.1)
Where Ap is the areal weight of the carbon fibre tapes. py is the fibre density. ¢t is the

thickness of the tape.

Figure 4-1 Dry fibre tapes and tows compaction testing experimental apparatus
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4.2.1.2 Compaction experimental results

Figure 4-2 (a) shows the compaction curves of the normal 24 K carbon fibre tow and
the TX1100 tape. The two curves exhibit same power-law shape, which describes the
compaction behaviour for most dry carbon fibre reinforcement materials [119].
However, to achieve same fibre volume fraction, less compaction pressure is needed
for the TX1100 tapes. Figure 4-2 (b) shows the thickness change under different
compaction pressure. The TX1100 tape shows less thickness change and stiffer
compaction response than the normal 24 K carbon fibre tow. Compared to the
compaction results of commercial prepreg materials in literature [122], the TX1100
tapes show a 136 % greater reduction of thickness under same compaction pressure
in the room temperature. This large deformation can bring difficulties for ADFP force
control. In the cyclic compaction testing, TX1100 tapes show a more stable response
than 24 K tows, as shown in Figure 4-3. Their thickness shows a minimal change after
five compaction cycles, while for 24 K carbon fibre tows, after ten compaction cycles,
obvious cycle-to-cycle thickness change is still evident. Figure 4-4 shows the cyclic
compaction curves of two materials. The TX1100 tapes show relatively consistent
compaction response after a few compaction cycles. For 24 K tow, the compaction
response shows noticeable increased stiffness under each compaction cycle. The
stable compaction response of the TX1100 tapes under cyclic compaction testing
may require fewer debulk cycles after deposition. The two materials have different
format, which leads to the different compaction response. The TX1100 tapes are
highly engineered and they have veils on one side and powder binder particles on
the other side. They were also consolidated during their manufacturing process.
These contribute to a more stable response. The 24 K carbon fibre tows only have a

small amount of sizing without pre-consolidation.

In the ADFP process, when using different dry carbon fibre materials, the compaction
pressure setting and control should be adjusted because dry fibre materials with
different format shows large differences in compaction response. The dry carbon
reinforcement bed is compacted multiple times and the cyclic effects should be
considered when choosing compaction pressure requirement for different layers.
This cyclic effect is less concerned for highly engineered commercial tapes because

they have more stable response.
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4.2.2 Compaction material model
4.2.2.1 Power law empirical model

Power law equation is a commonly used empirical model to describe the elastic
compaction behaviour of dry fibre materials [119]. Figure 4-5 shows the
experimental compaction curve of the TX1100 carbon fibre tapes and the power law
fitted curve. The power law is also applicable for TX1100 tapes and it shows good
agreement with the experimental curve when the compaction pressure is higher than
0.1 MPa. A power-law equation P = 4975 V;'**? is the best it for the experimental
curve. This was obtained by using a nonlinear least squares method provided by the

Matlab curve fitting toolbox. This results in an R squared value of 0.998.
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Figure 4-5 Compaction curve of TX1100 tapes from experimental results with power law fitted curve

4.2.2.2 Power law based material model for compaction behaviour

The power law model shows the relationship between compaction pressure and fibre
volume fraction of carbon fibre tapes. The method developed by Sherburn [145] is
modified to obtain the elastic stress-strain relationship of dry fibre tapes in the
through-thickness direction using the power law fitted equation. In the through-

thickness direction, the stretch ratio A can be expressed as:
t

A= = (4.2)
0
Where t is the thickness of deformed carbon fibre tapes and ¢, is the initial thickness

of undeformed carbon fibre tapes. The logarithmic strain & is then expressed as:

e=lIn (é) (4.3)

exp(e) = — (4.4)

t
to
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Substituting equation (4.1) to equation (4.4), the fibre volume fraction V; during

compaction is calculated by:
%
V= % (4.5)
Where V is the initial fibre volume fraction of the dry fibre tapes before compaction.
The relationship between the compaction pressure P and the fibre volume fraction
V¢ is fitted using a power law with two parameters a and b according to the following
equation:
P=a Vfb (4.6)
The through-thickness stress o has the same value as the compaction pressure P but
with a minus sign:
o= —P (4.7)
Substituting equation (4.5) and (4.6) to (4.7), the stress-strain relationship in the

through-thickness direction is obtained:

o= —a () (4.8)

exp(e)

4.3 Roller compaction on dry fibres

In section 4.2, the compaction behaviour of dry fibre materials is investigated. In
ADFP process, the dry fibre reinforcement bed is compacted by a compaction roller.
In this section, compaction rollers are characterised and roller compaction on dry
fibre reinforcement bed is investigated experimentally. A roller compaction on dry
fibre model is then established and the roller compaction pressure distribution is

investigated using model results.

4.3.1 Roller compaction on dry fibres experiments
4.3.1.1 Roller materials, manufacturing and characterisation

The roller is made from four parts: a rubber cover, a sleeve, a shaft and two bearings
as shown in Figure 4-6. Three materials: silicone rubber (Polycraft FS30) with a shore
A hardness of 28, silicone rubber (Easycomposites AS40) with a shore A hardness of
40, and polyurethane rubber with a shore hardness of 95 (DuroFlex 95) were used
to manufacture the roller cover. The hardness level is comparable with the hardness
level of rollers used in commercial AFP machines [28, 121]. Steel was used to
manufacture the sleeve and the shaft. For the two silicone rubber covers, the silicone
rubber and the cure catalyst were mixed thoroughly with the weight ratio of 10:1 and
the mixture was then degassed with a vacuum chamber. The degassed mixture was

filled into the roller mould containing the sleeve. They were transferred to an oven
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with a temperature of 50 °C. The silicone rubber was then cured in the oven in an
hour. The rubber cover with the co-moulded sleeve was then demoulded. For the
polyurethane rubber cover, the polyurethane part A and part B were mixed
thoroughly with the weight ratio of 1:1 and the manufacture proceeded as above.
The diameter of the rollers is 70 mm and their width is 28 mm. The diameter of the
sleeve is 35 mm. The dimension of three rollers is same as the dimension of the roller
used in a lab-scale ADFP rig [146] to lay down four tows each course. The diameter
of the rollers is same with the diameter of rollers in commercial AFP machines [28,
121].

rubber cover

e

-« sleeve

|

bearing

(a) (b)

Figure 4-6 Compaction roller (a) Manufactured roller (b) Cross-section view of roller in CAD

4.3.1.2 Testing description

The properties of rollers were characterised by conducting compression testing of
rollers. The rollers were installed on an Instron 5966 universal machine with a fixture
as shown in Figure 4-7. The rollers were compacted on a flat rigid surface with the
compaction force of 700 N and a load rate of 2 mm/min. The roller was rotated 90°
after one test and four repeats were conducted in total to check the influence of the
material uniformity of the roller. The load-displacement curves of the rollers were
obtained.

Figure 4-7 Compaction roller with fixture for roller compaction testing
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The roller compaction on fibre test were conducted after the roller characterisation
test. Static roller compaction testing on a fibre bed was conducted in this research.
In the real ADFP process, the roller is rotating dynamically but at the velocities of
interest the roller rotation has a negligible influence on the value of compaction
pressure [67]. For analysis of compaction pressure, static testing can therefore
generate valuable results. Five TX1100 tows with a length of 100 mm were placed on
a steel flat tool with no gaps between them. The binder surfaces were adjacent to
the tool surface. The width of the roller is slightly larger than the width of one course
which contains four tows. When depositing the current course, the extra width of the
roller compacts the previous course. Thus, five tows in total are compacted during
the deposition. Pressure sensitive films were placed on top of the five tows. The roller
was compacted on the centre of the tapes covered with the pressure sensitive films
by an Instron 5966 universal machine. The experimental setup is shown in Figure 4-8.
Three load levels were tested on the three rollers as shown in Table 4-1. The load
rate was set to achieve the load level in around 5 s and the load was then held in 2
minutes according to the pressure sensitive film manual. The pressure distribution

was then measured by the pressure sensitive films.

Roller

z
Pressure fim

Tow1 | Tow 2 Tow3 Tow4 Tow §

(b)
Figure 4-8 Experimental setup for compaction on fibres test (a) machine setup (b) illustration of the
relative location of the roller and fibre tows (x direction is along the width of tapes. z direction is
along the thickness of tapes.)

Table 4-1 Forces used to determine compaction behaviour

Roller Hardness (HA) Load level 1 (N) Load level 2 (N) Load level 3 (N)

28 100 250 400
40 70 200 380
95 20 30 50
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4.3.1.3 Pressure measurement method

Fujifilm LLLW pressure sensitive films with measurement range from 0.2 MPa to 0.6
MPa were used to measure the compaction pressure. The films show different colour
density of red colour after being compressed. The procedure developed by He et al.
and lJiang et al. [72, 73] was used to obtain the pressure values from the pressure
film. The manufacturer manual which has all sample red colours rectangular pattern
and their colour density p is scanned by a flatbed scanner. The average grayscale a
of each sample colour rectangular pattern is calculated by Matlab. The relationship
between the sample colour density p and their average grayscale a is then fitted as
p = f(a). The relationship between the sample colour density p and the pressure
value P is provided as a curve by the manufacturer and can be fitted as P = g( p).
The relationship between the average grayscale a and the pressure value is then
obtained as P = g(f(a)) = F(a). The pressure sensitive films were scanned
alongside a paper scale in a flatbed scanner. The grayscale of each pixel in the
scanned picture is calculated by Matlab and then the pressure distribution is
calculated by using the relationship P = F(a). Figure 4-9 shows the compacted
pressure sensitive films and the pressure results. It is shown that the pressure values
are scattered instead of continuous due to the inhomogeneous red dots in the
pressure sensitive films. To reduce this inhomogeneity, the average greyscale value
of 0.5 mm by 0.5 mm area instead of the greyscale of each pixel is used to calculate
the pressure value for the whole area, since the relationship P = F(a) is obtained
using average grayscale values of sample colours. The use of 0.5 mm by 0.5 mm
reduces the inhomogeneity without losing many resolutions. Values below 0.2 MPa
are deleted and the values above 0.6 MPa are set to 0.6 MPa due to the
measurement range of the film. Figure 4-10 shows the comparison of pressure values
along the centreline of the tow in y direction (the dash line in Figure 4-9) obtained by
raw data and averaged data. The experimental pressure values in following sections

are obtained using the averaging method described above.
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Figure 4-9 Pressure film and pressure results (a) scanning picture of pressure sensitive film (x
direction is along the width of tapes and y direction is along the length of tapes) (b) calculated
pressure values from Matlab
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Figure 4-10 Averaged pressure results along tow centreline in y direction (the dash line along the
length direction of tapes in Figure 4-9 (a)) calculated using average grey scale of 0.5 mm by 0.5 mm
area)

4.3.1.4 Experimental Results

Figure 4-11 shows the load-displacement curves of the rollers from the experiments
and the FE model (shown in section 4.3.2) with fitted linear elastic material
properties. It is found that the hardest 95 HA roller had a very low displacement in
the compaction direction compared to the softer rollers under the same compaction
force. This low displacement makes precise force control difficult, particularly when
the positional accuracy of deposition head is limited. Table 4-2 shows the compaction
pressure distribution of the three rollers with the three load levels from Table 4-1.
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Peak pressure (a pressure spike) is observed at the area around the roller edges.
Pressure drops are found between adjacent tows although the tows were butted
together without visible gaps. It is found that for the same load level, the hardest 95
HA roller generates the smallest contact area with a highly non-uniform pressure,
which is not desirable for the requirements of the manufacturing process. Thus, 95
HA roller is not analysed in later sections.

700 7
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200 + —— 28HA Experiment Bounds

- - =28HAFE
——40HA Experiment Bounds
100 T - - —40HA FE
95HA Experiment Bounds
95HA FE
0 4 . S . - .
0 2 4 [ 8 10

Displacement (mm)

Figure 4-11 Load displacement curves of three rollers from experimental and FE results (experimental
curves show upper and lower bounds based on four repeats)

Table 4-2 Compaction pressure distribution results from pressure sensitive films under three different
load level for three rollers

Roller Hardness Load Level 1 Load Level 2 Load Level 3

28

40

95
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4.3.2 FE model of roller compaction on dry carbon fibres
4.3.2.1 FE model description

A finite element model of roller compaction on dry carbon fibres is established using
ABAQUS/CAE. The model consists of four parts: a sleeve, a tool, a rubber cover and
dry carbon fibre tapes. Because of the symmetry of the structure and the load, half
of the structure and the load are used during the FE analysis as shown in Figure 4-12,
and symmetric boundary conditions are used. The sleeve with a diameter of 35 mm
is modelled as a rigid body and the compaction force is applied to its reference point.
The tool is constrained as a fixed rigid body. The dimension of the half tool is 45 mm
x 40 mm. The interactions between the rubber cover and the sleeve, between the
dry fibre tapes and the tool are modelled as tie constraints. The contact between the
rubber cover and the dry fibre tapes and the contact between the rubber cover and
the tool are modelled as hard contact conditions. The degrees of freedom of
displacement of the rubber cover except in the through-thickness direction are
constrained to zero and the 8-node linear brick C3D8 element is chosen for the
rubber cover. For the dry fibre tapes, five tows are modelled as one part with the
dimensions 40 mm x 31.75 mm x 0.275 mm and again the C3D8 element is chosen.
The relative location of the roller and fibre tows is the same as the experimental
setup shown in Figure 4-8 (b). After a mesh size dependency analysis, the mesh size
for the top and bottom half rubber cover is chosen to be 2 mm and 0.75 mm
respectively. The mesh size for the dry fibre tapes is chosen to be 0.18 mm. A
modified transversely isotropic elastic material model with a nonlinear response in
the through-thickness direction based upon the method developed by Lin and
Sherburn [125, 145] is used for the dry fibre tapes, the details are given in the section
4.3.2.3.

rubber

sleeve

Figure 4-12 FE model setup for roller compaction on a layer of dry carbon fibre
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4.3.2.2 Material model and properties for roller

For the silicone rubber, a linear elastic isotropic material model is chosen. The
material property parameters are obtained by fitting the load-displacement curve
from the roller characterisation testing as shown in Figure 4-11. It is shown that the
linear elastic model used for the rubber cover can provide good agreement with the
experimental data. The material properties used for the three rollers are shown in
Table 4-3.

Table 4-3 Input values for material model of three rollers

Roller Hardness (HA) Modulus (MPa) Poisson’s Ratio
28 0.165 0.475
40 0.275 0.475
95 12.5 0.475

4.3.2.3 Material model and properties for carbon fibres

The compaction mechanism of the dry fibres is complicated and includes elasticity,
plasticity, relaxation, viscoelasticity and cyclic effects [119]. This model focuses on
the quasi-static compaction pressure distribution when the dry fibre tapes are
compacted by the roller and only the elasticity is currently considered in this model.
In the longitudinal fibre direction, the modulus is modelled as a linear function of the
fibre volume fraction V; of the dry fibre tapes [125]. In the compaction testing
conducted by the authors and in literature [132], the length of the dry fibre tow
shows no change after the compaction. Thus, the values of the Poisson’s ratio vy,
V13, V31 and v, are assumed to be zero. The stress in the longitudinal direction is
then described by the following equation:

o, = EgVre (4.9)
Where E| is the modulus of the carbon fibre. V¢ is the fibre volume fraction of the

dry fibre tapes.

In the through-thickness direction, the response is nonlinear. Equation (4.8) is used

to calculate the through-thickness stress o3.

_ Vo b
0= —a (—exp(s3)) (4.10)

In compaction testing, the Poisson’s ratio v,3 shows a nonlinear relationship with the
through-thickness strain €5 and its value is typically lower than 0.1 [132, 147]. For
simplicity, its value is assumed to be zero in this model. The through-thickness stress
o3 is then the function of only &5 as shown in equation (4.10). The transverse

isotropic model is used, and the in-plane transverse direction shows the same
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response as the through-thickness direction. The stress o, is defined according to the

following equation:

o, = —a (L)b (4.11)

exp(ez)

For the shear stresses, the shear moduli G,,, G,3, G,3 are described by linear elastic
material models. The material property inputs are shown in the Table 4-4. E, is
obtained from the fibre manufacturer datasheet. G;, and G,3 are obtained from
literature [125]. Data for G,3 is limited but it has minimal influence on the
compaction response. Thus G,3 assumed to be a small value of 2 MPa. V¢, a, b are
generated from the experiments described in section 4.2.1.2. This dry fibre material
model is implemented using the subroutine UMAT in Abaqus.

Table 4-4 Input values for material model of TX1100 dry carbon fibre tape

Input Symbol Value

Power law parameter a 4975

Power law parameter b 13.42
Initial Fibre volume fraction Vs, 0.3997
Modulus of fibre E, 290 GPa

Poisson’s Ratio V12, V13, V23 0

In-plane shear modulus G132, Gi3 5 MPa
Transverse shear Modulus Gos 2 MPa

4.3.2.4 Experimental validation of FE model

Figure 4-13 shows the compaction pressure distribution along the tow centre line in
y direction from the pressure sensitive film measurement compared to the FE model
results. Pressure from load level 1 is smaller than the measurement range of pressure
film, therefore pressure distribution from load level 2 and load 3 are compared with
the FE results. It is shown that the experimental curves have significant fluctuations
due to the inherent variability of the pressure sensitive film, and the FE result curves
have good agreement with experimental curves although the pressure values show
low level differences. The +10% measurement error of the pressure sensitive film,
the pressure calibration method and the averaging method all contribute to the

pressure fluctuations and differences observed.
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Figure 4-13 Compaction pressure distribution along tow centreline in y axis from experimental and FE
results (a) 28 HA Roller (b) 40 HA Roller (y direction is along the length of tapes.)

4.3.2.5 Parameter analysis

A flat tool and tools with radius of curvature of 20 mm, 30 mm, 50 mm, 100 mm, 200
mm and 500 mm are chosen to investigate the influence of tool geometry on the
pressure distribution uniformity which is calculated by equation (4.12). The tool and
dry fibres have a single curvature and the direction of the curvature is shown in Figure
4-14. The relative location of roller and dry fibre tows is shown in Figure 4-8 (b). The
boundary between tow 2 and tow 3 is positioned at the highest point of the tool.
Three sets of material properties for the rubber cover materials are used to
investigate the influence of the roller material. These are chosen to fit the load-
displacement curves obtained from the experiments described above. Investigation
of thick dry fibre substrates is also conducted. The thickness of dry fibre substrates
are chosen as 0.275 mm (1 layer), 2 mm, 5 mm and 10 mm. The model is slightly
simplified for the thick dry fibre substrate cases to speed up the simulation. The width
of the dry fibre substrate in the x direction is set as the same width as the width of
the roller. Coarser mesh sizes are chosen for thick substrates. Mesh sizes of 0.4 mm,
0.5 mm and 0.7 mm are used for dry fibre substrates with the thickness of 2 mm, 5

mm and 10 mm respectively.

Figure 4-14 FE Model setup of roller compaction on dry carbon fibre with single curvature tools
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Compaction pressure uniformity calculation
2
1 Pi—D
u=1-[tyr, (27 (412)
Where n is the number of nodes. p; is the contact pressure value at the node i .p

is the average contact pressure value of all nodes.

Influence of roller material on roller deformation and contact area
Table 4-5 Simulation results of the roller deformation and the contact area of three rollers under a
compaction force of 400 N

Contact Area

Roller Roller Deformation
U, CPRESS
+1.561e+00
01
+6.6 02
+0.000e+00
28 HA
26.7 mm x 18.5 mm
U, CFRESS
+2.17 1e+00
+£.000e-01
:
R,
+1.3
+6.667e-02
+0.000e+00
40 HA
26.7 mm x 16.1 mm
U, Magnitude CPRESS
+1.000e+00
+9.167¢-01
+8.333e-01
+7.500e-01
- 46.667e-01
+5.833e-01
<‘5 01)&:7()1
+0.000e+00
95 HA

26.7 mm x4.1 mm
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Table 4-5 shows the roller deformation and the contact area of 28 HA, 40 HA and 95
HA rollers under a compaction force of 400 N. It is found that under same compaction
force, the 95 HA roller exhibits lowest deformation and smallest contact area
compared with the 28 HA and 40 HA rollers hence the compaction pressure from 95
HA roller is the highest among three rollers. Figure 4-15 shows the average
compaction pressure (nominal compaction pressure) calculated by the compaction
divided by the contact area for three rollers. The nominal pressure generated by 95

HA roller is around three times higher than that generated by the other two rollers.

95 HA
40 HA
—28HA

08 1+

Nominal pressure (MPa)

06 1

04 1

0.2 1

0

0 50 100 150 200 250 300 350 400
Compaction force (N)
Figure 4-15 Nominal compaction pressure for three rollers under compaction force up to 400 N
(Nominal pressure is calculated by force divided by contact area.)

Influence of tool curvature on compaction pressure
Figure 4-16 shows the compaction pressure distribution along the x-direction under

a compaction force of 600 N generated by the two softer rollers on both a flat tool
and the curved tools. A pressure spike is observed at the edge of the contact area
which was also found in the compacted pressure sensitive film. It is shown that for
flat tools, the compaction pressure is uniform except in the pressure spike area for
both rollers and that the pressure generated by the 40 HA roller is higher than that
generated by the 28 HA one. Whilst for the convex tools, the compaction pressure
has a convex shape and the shape becomes more pronounced when decreasing the
radius of curvature. 40 HA roller has a less uniform compaction distribution than the
28 HA roller under the same radius of curvature. Figure 4-17 shows the influence of
radius of curvature on the pressure uniformity under a compaction force of 600 N.
Pressure uniformity is calculated from the nodes on the tow 3 and tow 4 shown in
Figure 4-8 (b) to avoid the influence of the local pressure spike. It is shown that the
28 HA roller has higher pressure uniformity than the 40 HA roller under the same

radius of curvature, which is in agreement with the observations in Figure 4-16. For
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both rollers, the pressure uniformity decreases slightly with an increase of curvature
when radius of curvature is higher than 100 mm before decreasing dramatically for
radii smaller than 100 mm.
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Figure 4-16 Simulated compaction pressure distribution of (a) 28 HA roller and (b) 40 HA roller on
curved surfaces under a compaction force of 600 N (0 in x axis is positioned at the boundary between
tow 2 and tow 3 shown in Figure 4-8 (b). X direction is along the width of tapes.)
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Figure 4-17 Pressure uniformity (calculated using equation (4.12) for tow 3 and tow 4 shown in
Figure 4-8 (b))) of two rollers on curved surfaces under a compaction force of 600 N

Target force windows of rollers on curved tools

In other research on roller compaction on curved tools, the pressure uniformity given
by different compaction rollers was compared for the same applied force. However,
the pressure generated by different hardness rollers vary under the same applied
force (due to the difference in effective contact area). In this work the pressure
uniformity is found to depend on the force input according to the curves shown in

Figure 4-18. For both rollers, pressure uniformity increases monotonically with the
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applied compaction force. At a low level of compaction force, the rate of increase is
almost constant but this then decreases more gradually above 200N. In this research,
instead of comparing the pressure uniformity of two rollers under the same force
input, force ‘windows’ of the two rollers are determined for curved tools to satisfy
the compaction pressure requirement (between 0.5 MPa and 0.9 MPa in this case),

to ensure good consolidation of the bindered tape without excessive force.
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Figure 4-18 Influence of compaction force on pressure uniformity (calculated using equation (4.12)
for tow 3 and tow 4 shown in Figure 4-8 (b))) for roller compaction on the tool with radius of

curvature of 30 mm

Figure 4-19 shows the influence of applied force on the maximum and minimum
contact pressure between the roller and the dry fibre substrate for the 28 HA roller
on a tool with a radius of 30 mm. The maximum and minimum pressures are
calculated from nodes in tow 3 and tow 4 as shown in Figure 4-8 (b) to avoid the
influence of the pressure spike. It is found that maximum and minimum pressure
shows a linear relationship with compaction force when the force is higher than 200
N. The other compaction results on different tool curvatures and roller materials
show similar trends. The target force window is obtained from the intersection points
of maximum and minimum pressure curves with the target pressure requirement
bounds. Target force window results for other combinations are shown in Table 4-6.
The maximum force applied in the FE simulation is 600 N but in reality, the actual
upper bound of force which satisfies the compaction pressure requirement is above
600 N for 28 HA roller compaction on tools with radius of curvature greater than 100
mm. It is found that neither roller meets the pressure requirement for tools with
radius of curvature of 20 mm, but the 28 HA roller can satisfy the requirement for a
radius of curvature of 30 mm while the 40 HA roller cannot. For tools with other
curvatures, 28 HA roller has a larger force window than the 40 HA roller. These force

windows provide guidance for the force control of the ADFP process and it is
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recommended that forces toward the upper end of the acceptable range should be
chosen for force input since the pressure uniformity has been shown to increase with
increasing compaction force. These force windows are used as the target force inputs
for a force control strategy shown in section 6.2.
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Figure 4-19 Influence of compaction force on maximum and minimum observed contact pressure
between 28HA roller and the tool with radius of curvature of 30 mm

Table 4-6 Force windows of two rollers for tools with different curvatures

Radius of Curvature (mm) 28 HA Roller 40 HA Roller
20 - -
30 480-513 N -
50 435-563 N 447-492 N
100 398-600* N 350-538 N
200 347-600* N 320-557 N
500 338-600* N 304-597 N

*Actual upper bound is larger than 600 N.

Influence of substrate thickness

The simulation results show that the thickness of dry fibre substrate has minimal
influence on compaction pressure since uniform material properties are used in this
model for the dry fibre substrate. However, different layers of dry fibres have
different compaction properties due to their different compaction history [131, 132].
The cyclic properties of carbon fibre are beyond the scope of this research and the

model will be improved to consider the non-uniform properties of thick dry fibre
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substrates in the future. Thick dry fibre substrates exhibit large deformation which is
greater than twice the deformation of thermoset prepregs in the AFP process [122].
This larger deformation leads to larger displacement of the roller during the
deposition process as shown in Figure 4-20. This larger displacement potentially
complicates force control. If a position/displacement-based control strategy is used
and the large displacement of the 10 mm dry fibre substrate is not considered, a force
error around 43% can be produced. Thus, a force-based control strategy instead of
position/displacement-based control strategy should be used for ADFP. Commercial
deposition hardware deals with this issue by including some kind of built-in
compliance (often in the form of a pneumatic cylinder) in order to maintain a roughly
constant compaction force. The method developed here to use a target force window,
when combined with real-time force feedback and knowledge of local tool geometry
has the potential improve the quality of preforms by having tighter control over

height and force. This idea is implemented by a force control strategy shown in

section 6.2.
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Figure 4-20 Load displacement curves for two compaction rollers on dry fibre substrates with
different thickness (Displacement consists of the deformation of rollers and dry fibre substrates.)
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4.4 Conclusions

In this chapter, compaction behaviour of dry carbon fibres and compaction rollers is
investigated. A material model of dry carbon fibres in the through-thickness direction
is developed. A FE model of roller compaction on carbon fibres is established to
research the compaction pressure distribution. The following conclusions are

obtained:

Commercial ADFP tapes have the same shape of compaction curve as normal dry
fibre tows but they exhibit a stiffer response. The widely used power law equation
can fit the compaction curve of commercial ADFP tapes with good agreement. For
cyclic compaction properties, commercial ADFP tapes have a much more stable
response than normal dry fibre tows and the tapes show minimal thickness change

after 5 cycles of compaction.

The force applied by the deposition head when using different roller materials should
be adjusted to obtain equivalent compaction pressure on the preform in order to
optimise the binder performance in the finished preform. Harder rollers generate
smaller contact areas and greater pressure non-uniformity. Precise force control is
more challenging for harder rollers due to their low compliance under compaction.

Therefore, harder rollers are not recommended for ADFP hardware.

For deposition on curved tools, compaction pressure uniformity decreases with
increasing tool curvature for a given force. However, for a given curvature, pressure
uniformity is directly proportional to applied force. Target force windows for roller
compaction on tools with different curvatures have been obtained. Softer rollers
exhibit larger force control window and increased suitability for tools with larger
curvature. Given the high influence of tool curvature on required force, a priori

knowledge of the tool curvature could significantly improve preform quality.

Thick dry fibre substrates exhibit large deformation under compaction during the
ADFP process which brings complexity to the force control strategy. If an improper
control strategy is used and the large deformation of thick dry fibre substrates is

disregarded, a force error up to 43% can be generated.

These results provide guidance for the choices of roller and force control strategy for
ADFP process. In common with existing research on AFP, it is recommended that

compliant rollers should be used in ADFP process because they are more applicable
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for precise force control and deposition on curved tools. Thermal resistant surface
layer or coating is also recommended to protect compaction roller from high
temperature dry carbon fibre tapes. Target force windows for roller compaction on
curved tools provide force control input for ADFP. A force-based control strategy,
instead of a position-based control strategy, is recommended for ADFP process
especially for deposition on thick dry fibre substrates. Details of force control

strategies are described in section 6.2.
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5 Joule heating and heat transfer analysis of ADFP process
5.1 Introduction

Process temperature has great influence on the quality of both AFP and ADFP
manufactured parts as evidenced by quality chapter 3.3.3 and literature review
section 2.1.1 and 2.2.1. For AFP process, research on configurations of heating
devices, nip point heat transfer analysis and temperature history of deposited
materials are being conducted to improve the thermal management of AFP process
and the quality of manufactured parts as shown in literature section 2.1.3. However
for ADFP, the related research are limited. This chapter’s work contributes to the

research.

The thermal properties of commercial dry carbon fibre tapes are less understood.
The tapes used in ADFP process are highly engineered with complex structures (veils,
binders) which could lead to large differences in thermal properties compared with
dry fibre tows and prepregs. In this chapter, thermal properties of commercial ADFP
tapes, including temperature dependent specific heat capacity, binder thermal
behaviour and fibre volume fraction dependent thermal conductivity, are firstly

characterised.

In state of art of ADFP, laser heating is commonly used but the laser heating creates
health and safety issues [10]. Since there is little resin present in the ADFP tapes,
joule heating could potentially be a suitable heating method for ADFP consolidation.
Joule heating has many applications in the composites industry, such as curing of
composite laminates [135], de-icing [136], and towpreg manufacturing [137]. Joule
heating in these areas utilises different configurations compared with ADFP
conditions. In this chapter, the joule heating of dry fibre tapes with configurations
representative of an ADFP deposition head are investigated experimentally.
Analytical models have been built and experimentally validated to predict the joule
heating temperature and efficiency. The models are used to predict the heating

temperature with different power inputs and deposition velocities.

After heated by joule heating, the carbon fibre tapes make contacts with cooler
substrates at the nip point. The temperature history after contact influences the
properties therefore it is important to obtain the temperature history carbon fibre
tapes after deposition. A finite element model is built in this chapter to analyse the

heat transfer of dry carbon fibre tapes through the whole deposition process. It is
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also used to investigate the effect of the process parameters on the temperature

history of deposited dry fibre tapes.

5.2 Thermal characterisation of dry carbon fibre tapes

No published data of thermal properties of the TX1100 tapes has been found.
Therefore, in this section, the fibre volume fraction dependent thermal
conductivities of dry carbon fibre tapes are measured in the through-thickness and
in-plane directions. The temperature dependent specific heat capacity and binder
thermal behaviour of dry carbon fibre tapes are characterised by using modulated
differential scanning calorimeter (MDSC). The characterised properties are also used

as the input of models developed in later sections of this chapter.

5.2.1 Thermal conductivity measurement

5.2.1.1 Experimental setup

Figure 5-1 Hukseflux devices: THASYS (front) for through-thickness measurement and THISYS for in-
plane measurement (back) [148]

Heating Sample Heat
element sink

Sample

\
gﬁit\ \

Figure 5-2 Configuration of THASYS device for through-thickness thermal conductivity measurement
[148] (Through-thickness heat flow and temperature difference between heat sink and heating
element are measured and used to calculated through-thickness thermal conductivity.)
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Figure 5-3 Configuration of THISYS device for in-plane thermal conductivity measurement [148] (In-
plane heat flow and temperature difference between the centre of the sample and the edge of the
sample are measured and used to calculated in-plane thermal conductivity.)

The thermal conductivity measurement used the methods described in [142, 148].
The through-thickness and in-plane thermal conductivity were measured using
Hukseflux THASYS™ and THISYS™ devices as shown in Figure 5-1, Figure 5-2 and
Figure 5-3. The devices require one or two flat samples with dimensions around 70
mm by 110 mm. TX1100 tapes were used to manufacture samples for thermal
conductivity measurement. Tapes were cut into length of 110 mm. Nine tapes were
butted together unidirectionally without visible gaps to form a layer with dimension
of 69.85 mm by 110 mm. Eight layers in total were laid up together to make up a
sample with a layup of [0s] (0 ° is along the length 110 mm direction). All samples
mounted between spring-loaded heater plates with adjustable spacing were
compacted to precise thickness values using accurately milled spacers. The spacers
have low thermal conductivity and they are inserted away from heat transfer
pathways in the devices. Samples were tested with four thicknesses ranging from
2.20 mm to 1.68 mm which results in fibre volume fraction ranging from 40.04 % to
52.43%. The devices cannot measure the compaction pressure directly. However,
based on the compaction curve shown in Figure 4-5, to achieve the fibre volume
fraction values, compaction pressures ranging from 0.02 MPa to 0.86 MPa are
required. Table 5-1 shows the thickness, related fibre volume faction and required
compaction pressure values of samples. For thermal conductivity measurements of
each thickness, five repeats were conducted. The measurement results from these
tests are the effective thermal conductivity of samples. The effective thermal
conductivity is the combination of thermal conductivity of the carbon fibre tapes and
the interlayer thermal contact conductance. The thermal conductivity of individual
layer and interlayer thermal contact resistance cannot be separated using this

method.
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Table 5-1 Thickness, fibre volume fraction and related compaction pressure of TX1100 samples used
for thermal conductivity measurement

Thickness (mm)  Fibre volume faction (%)  Compaction pressure (MPa)

2.20 40.04 0.02
2.00 44.04 0.08
1.84 47.87 0.25
1.68 52.43 0.86

5.2.1.2 Thermal conductivity measurement results
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Figure 5-4 Effective in-plane and through-thickness thermal conductivity measurement results
Figure 5-4 shows the influence of fibre volume faction on the thermal conductivity of
TX1100 dry carbon fibre tapes. The in-plane thermal conductivity of dry carbon tapes
is significantly higher than the through-thickness thermal conductivity. For in-plane
thermal conductivity, there is an almost linear increase with the increase of fibre
volume fraction which is expected from rule of mixtures. However, it is unexpected
through-thickness thermal conductivity remains almost constant for the four tested
fibre volume fractions. Findings observed in these experiments display some
differences from that in dry carbon fabric materials measurement results in the
literature [139, 141, 142] where both in-plane and through-thickness thermal
conductivity increase with the increase of fibre volume fraction. This difference is
assumed to be caused by the pre-consolidation of TX1100 tapes during their
fabrication process. Thermal conductivity measurement results for non-crimp fabric
(NCF) materials in the literature [142], show that after three cycles of compaction,
the in-plane thermal conductivity of NCF materials still increases with increasing fibre

volume fraction, while the through-thickness thermal conductivity remains almost
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constant. The pre-consolidation of TX1100 tapes has same effect as the three cycles

of compaction in the literature [142].

The thermal conductivity of dry carbon fibres also is anisotropic in the in-plane
direction. The in-plane thermal conductivity obtained from these experiments
cannot be decoupled to thermal conductivities in fibre direction and transverse
direction due to the measurement procedure. Thermal conductivity values obtained
in this section are used in joule heating analytical models and finite element heat

transfer model in later sections.

5.2.2 MDSC testing

Modulated differential scanning calorimeter (MDSC) tests were conducted using a
DSC Q2000 (TA Instruments) device with temperature ranging from room
temperature to 350 °C and the heating ramp rate of 2 °C/min. The modulation period
is 60 s and the modulation amplitude is + 1 °C. Three samples cut from TX1100 dry
carbon fibre tapes were tested. The specific heat capacity of the tapes and the heat

flow curves were obtained.

5.2.2.1 Specific heat capacity
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Figure 5-5 Specific heat measurement results from MDSC tests

Figure 5-5 shows the specific heat capacity measurement results for three samples.
The specific heat capacity of dry carbon fibres increases with increasing temperature
and their values at 350 °C are about 2.5 times as many as the values at room

temperature. Three solid curves show a similar shape with value differences. The
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samples for MDSC tests are very small (their weight is around 5 mg) and the veil and
binder materials are not uniformly distributed in the very small samples which leads
to the differences. A linear average fitted curve is plotted as a dashed line shown in
Figure 5-5 to represent the temperature dependent specific heat capacity of dry
carbon fibre tapes. The linearly fitted curve is used in joule heating analytical models

and finite element heat transfer model in later sections.

5.2.2.2 Binder behaviour
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Figure 5-6 Heat flow measurement results in MDSC tests

Figure 5-6 shows the heat flow data for three samples. Non-uniformly distributed
veils and binders again lead to the differences of three curves. Three transition
temperatures (around 70 °C, 250 °C and 320 °C) are observed and these agree with
the slope change of specific heat capacity curves shown in Figure 5-5. Carbon fibres
are stable over this whole temperature range and the heat flow changes at three
temperatures are related to the binder/veil state transition or reaction. The
transition temperatures have no obvious link with the optimal temperature for peak
peel resistance as shown in section 3.3.3. Research in [121] also shows that the
transition temperatures are not optimal process temperatures for optimum fibre

volume fraction of ADFP manufactured preforms.

5.3 Joule heating of dry carbon fibre tapes in ADFP configuration

5.3.1 Introduction

In state of art of ADFP, laser heating is commonly used but the laser heating creates

health and safety issues [10]. For ADFP, joule heating could potentially be a suitable
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heating method, especially for high speed deposition because it has high heating
rates and fast response times [134]. However, applying joule heating in ADFP has two
challenges: the contact resistance between carbon fibre tapes and electrodes, and

cooling before nip point.

In the ADFP head, cylinder or roller electrodes are suitable for joule heating to ensure
smooth feeding for carbon fibre tapes. The contacts between cylinder electrodes and
carbon fibre tapes are not perfect and the electrical contact resistance therefore
exists. The electrical contact resistance consumes energy and causes local heating
therefore it needs to be reduced. Research in [138] characterised the contact
resistance between carbon fibre tows and cylinder electrodes and it is found that the
existence of contact resistance leads to the heating in the contact region and
increasing fibre tension results in a decrease of contact resistance. However, the
contact resistance between carbon fibre tapes used in ADFP and the cylinder
electrodes has not been investigated. In this section, the contact resistance between
TX1100 dry carbon fibre tape and copper cylinder electrodes is characterised under
different contact angles, fibre tension levels and heating temperatures. An analytical
model is built using measured electrical resistances to predict the heating
temperature. The influence of contact resistance on the joule heating efficiency is

also investigated.

Joule heating is a local heating method and only the tapes between the electrodes
are heated. In ADFP, the tape is cooled when travelling from the joule heating area
to the nip-point position due to convection, radiation and contact with cooler
compaction roller. This cooling limits the deposition speed and brings difficulties for
the nip point temperature control. In this section, an analytical model is built and
experimentally validated to understand this cooling behaviour. The influence of the
deposition speed and cooling region distance on the nip point temperature achieved

by joule heating is investigated using the model.

5.3.2 Joule heating experiments

In this section, the electrical resistance and contact resistance between carbon fibre
tapes and copper electrodes are characterised under different contact angle, fibre
tension and heating temperature. Steady-state joule heating tests of carbon fibre
tapes are conducted. Joule heating tests of carbon fibre tapes in an ADFP deposition

head with fibre feeding are also conducted.
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5.3.2.1 Characterisation of electrical resistance and contact resistance

A procedure used in literature [138] is used to measure the contact resistance
between carbon fibre tapes and copper cylinder electrodes. A joule heating test rig
as shown in Figure 5-7 is used to measure the contact resistance. The rig consists of
two electrode tubes and a guide tube. The distance between the two electrode tubes
can be changed. A digital multimeter (KEITHLEY 2110) with a four-wire arrangement
is used to measure the electrical resistance between the two tubes shown in Figure
5-7. The total electrical resistance measured by the multimeter is the sum of the
contact resistance of the two contact regions, the carbon fibre tape resistance and
copper electrodes resistance. Copper electrodes resistance is ignored. The total
resistance is measured with four different tape heating lengths (50 mm, 100 mm, 150
mm and 200 mm) between the two electrodes. The electrical resistance of the carbon
fibre tape increases linearly with the increase of tape length. When the total
resistance values for four tape lengths are plotted, the data points are fitted linearly
and the intercept in y axis of the fitted line is the contact resistance. The resistances
of carbon fibre tapes at different length are obtained by the total resistance
subtracting the contact resistance. The influence of fibre tension and contact angle
on the contact resistance can also be investigated using this rig. Fibre tension is
applied by hanging weight at the one end of the carbon fibre tape. The contact angle
on the right electrode where fibre tension is applied is a constant of 90° but the
contact angle on the left electrode is changed by guiding fibre path using a copper
tube. Four contact angles (31.0°, 42.7°, 82.4° and 116.1°) can be obtained by install

the guiding tube in different locations.

electrode alternative electrode position tape path alternative tape path

(a)
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heating
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Figure 5-7 Joule heating rig (a) sketch (b) rig with a tape (Copper tubes on the top are used to change
heating length. Guiding tube on the bottom is used to change contact angle. Two wires on the top
copper tubes are connected to a multimeter for total resistance measurement.)

5.3.2.2 Static joule heating of carbon fibre tapes

In static joule heating tests, electrical currents pass though the joule heating rig
shown in Figure 5-7 to heat the carbon fibre tapes. Figure 5-8 shows the electric
circuit for static joule heating testing. A power supply (Velleman LABPS3010SM) is
used to provide constant voltage to the circuit. A shunt resistor (PCN RXM50) with an
electrical resistance of 0.1 Q is used for the current measurement. A Beckhoff EL3164
analogue input terminal is used to measure the voltage across the shunt resistor. The
current in the circuit is obtained from the Beckhoff terminal voltage values divided
by the shunt resistor’s electrical resistance of 0.1 Q. The digital multimeter is used to
measure the voltage between the two wires of the joule heating rig. The total
resistance between the two wires in the joule heating rig is then obtained from the
multimeter voltage value divided by the circuit current value Fibre tension and
contact angle are applied using the same method as the electrical resistance

measurement experiments.

digital multimeter

2N

1 I | S|

power supply joule heating rig

beckhoff channel shunt resistor

Figure 5-8 Electric circuit for static joule heating testing

In the static joule heating process, the carbon fibre tapes are heated up to a steady-

state temperature in a few seconds. When the steady state is achieved, the circuit



Chapter 5 Page | 68

current and multimeter voltage value are recorded. A FLIR C5 thermal camera is then
used to measure the temperature of the carbon fibre tape. The average resulting
temperature along the centreline of tape is recorded.

Using this static joule heating setup, the contact resistances between the carbon
fibre tapes and copper electrodes at different temperature are also characterised. At
each tape length, the tapes are heated to five different heating temperatures ranging
between room temperature and 250 °C and the total resistances at different
temperatures are measured. The total resistance versus heating temperature curves
are fitted with quadratic polynomial equations. The equations are used to calculate
the total resistance at a certain heating temperature for four tape lengths. The
contact resistance at the certain heating temperature is the characterised using the

method described in section 5.3.2.1.

5.3.2.3 Dynamic heating of joule heating

The dynamic joule heating test was conducted using a lab scale ADFP deposition head
as shown in Figure 5-9. The carbon fibre tapes are heated between the two
electrodes and then fed to the nip point with a constant velocity by a fibre feeding
system. To simplify the experiment, the deposition head is stationary but feeds the
carbon fibre tape under different velocities with joule heating. For the joule heating
setup in the head, a constant voltage of 30 V is generated from a power supply and
a duty cycle method developed in literature [134] is used for the control of power
input of the joule heating. The details for the duty cycle method are described in
section 6.3.1. A shunt resistor (PCN RXM50) with an electrical resistance of 0.1 Q is
also connected for the current measurement. A FLIR C5 thermal camera is used to
measure the temperature of carbon fibre tape at the nip-point. Figure 5-10 shows

the thermal camera measurement.

- First Electrode
Second Electrode

Figure 5-9 Joule heating setup in the ADFP deposition head (Dash line is the tape path. Tape is heated
between two electrodes.)
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deposition head

5.3.2.4 Experimental results

Influence of residual deformation and surface finish of tapes on contact resistance

Figure 5-11 Tape with residual deformation after cutting from bobbin termed ‘bent’ tape (Top
surface is veil surface and bottom surface is binder surface.)

12

—e—bent —o—flat
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Figure 5-12 Contact resistance results of deformed and flattened carbon fibre tapes with (a) veil
surface (b) binder surface contact with electrodes with 82.44° contact angle (difference y axis scales)
under heating temperature around 50 °C
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The TX1100 carbon fibre tapes were used in the tests. The binder surface and veil
surface of TX1100 tapes have different surface finish which results in different
contacts with electrodes and contact resistance. The tapes also exhibit residual
bending deformation after cutting for bobbins as shown in Figure 5-11. This
deformation also influences the contact with electrodes. To investigate the influence
of residual deformation on the contact resistance, the carbon fibre tapes were
compacted by a metal ruler to release the residual deformation and these tapes are
termed ‘flat’ tapes. The tapes without compaction are termed ‘bent’ tapes. Figure
5-12 shows the influence of residual deformation and surface finish of tapes on the
contact resistance. For veil surface contacting with electrodes, the residual
deformation has significant influence on contact resistance. The contact resistance
for bent tapes is dramatically larger than that for flat tapes at 100 g weight of tension
(52.5 Q vs 15.1 Q). The differences decrease with the increase of the fibre tension
since fibre tension could release some residual deformation. When veil surface faces
electrodes, the direction of bend deformation is the opposite of the cylinder
electrode curvature direction. This leads to poor contact and high contact resistance.
For binder surface contacting with electrodes, the residual deformation has minimal
influence on the contact resistance because the bending direction is the same with
the cylinder electrode curvature direction. Results from later sections were obtained

using flat tapes to avoid the influence of residual deformation.

The contact resistance for binder surface is lower than that for veil surface (9.6 Q vs
15.1 Q at 100 g tension and 2.1 Q vs 4.1 Q at 600 g tension). On the binder surface,
binder powders are scattered while for veil surface, veil almost fully cover the carbon
fibres. Therefore, carbon fibres have more effective contact area with electrode on
the binder surface, which leads to lower contact resistance. Increasing fibre tension

could generate better contact and then reduce this difference.

Influence of contact angle and fibre tension on contact resistance

Figure 5-13 shows the results of contact resistance for binder surface under different
contact angles and fibre tension at room temperature. It is found that for all contact
angles, when increasing the tension, the contact resistance drops significantly at low
level of tensions and gradually reaches a plateau at high level of tension. Increasing
fibre tension increases the number of filaments contacting with electrodes and the
filament contact length, which decreases the contact resistance [138]. When most of
filaments contact with electrodes, increasing fibre tension could not further decrease
the contact resistance. Increasing contact angle can also lead to a decrease of contact

resistance especially at low tension level because the contact area is larger with
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higher contact angle. However, the contact angle is limited by the deposition
hardware therefore in practical situations, increasing the tape tension is a more
feasible way to reduce the contact resistance. It is also found that the contact
resistance of 82.4° contact angle in Figure 5-13 is smaller than that in Figure 5-12 and
Figure 5-14. The tests for Figure 5-13 were conducted firstly. After the testing, the
electrodes show a few signs of abrasion and oxidation. It is assumed that the abrasion
and oxidation lead to poorer contact and higher contact resistance results shown in
Figure 5-12 and Figure 5-14.

—8— 31.0° —8— 427" --M--82.4 --m--116.1°

iy
o
1

Contact resistance (ohm)

0 100 200 300 400 500 800 700 800
Tension by weight (g)

Figure 5-13 Contact resistance results without current passing in the circuit (at room temperature)
under four different contact angles and seven different tension levels

Influence of heating temperature on contact resistance

binder surface in contact

veil surface in contact

Contact resistance (ohm)

0 40 80 120 160 200 240 280
Temperature (°C)

Figure 5-14 Contact resistances under different heating temperature with 82.4° contact angle and
fibre tension by 300 g weight for binder surface in contact and 500 g for veil surface in contact
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Figure 5-14 shows the influence of heating temperature on the contact resistance.
For both binder surface and veil surface, the contact resistance decreases with the
increase of heating temperature and there are slope changes for two curves around
70 °C. This slope change may link to the first transition temperature found in MDSC
testing in 5.2.2.2. This needs further investigation with more data points because
only three heating temperatures under 100 °C were used during the test. Research
in literature [138] also shows that increasing heating temperature leads to significant
drops of contact resistance and it is concluded that the transverse thermal expansion
of carbon fibre filaments leads to better conformation on electrodes resulting in

smaller contact resistance.

5.3.3 Joule heating analytical model

In this section, analytical models are built for joule heating using joule heating rig to
calculate the efficiency of joule heating and steady state heating temperature.
Another analytical model is also built for joule heating using the ADFP deposition
head with fibre feeding to predict temperature when dry carbon fibre tapes reach
the nip point.

5.3.3.1 Analytical model for static joule heating

Efficiency of joule heating

The two contact resistances and the fibre resistance are connected in series. The
current passing through them is the same and represented as I. The power used on
heating contact area P, and carbon fibre tapes Pr can be calculated from equation
(5.1-5.2) based on Joule's law. R and Ry is the total contact resistance and fibre tape
resistance and their values are measured experimentally. The power efficiency of
joule heating E is then calculated by equation (5.3).

P. = IZRC (5.1)
Py I?Ry Ry (5-3)

"~ Pg+P; I2Rc+I?Ry  Ry+Rc

Steady state heating temperature
When a steady state is achieved, the power from joule heating is equal to the power
of radiation and convection cooling. This can be expressed in equation (5.4) according
to heat transfer theory [149] and the steady state heating temperature T is then
obtained.

I?R; = hA(Ts — T,) + 0€A(T* — T,.*) (5.4)
Where h is the convection coefficient of air and its value is 10.45 W/(m?K). 4 is the
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surface area of the carbon fibre tape which depends on the length of the carbon fibre
tape in the heating area. T, is the room temperature. o is the Stefan-Boltzmann
constant and its value is 5.67x1078 Wm™K™. ¢ is the emissivity of the carbon fibre
tape and a constant value of 0.9 is used for simplicity. I is the current in the electric
circuit and it is measured from the static joule heating testing.

5.3.3.2 Analytical model for dynamic joule heating model

During ADFP deposition process, fibre tapes are heated between two electrodes
before moving to the nip point with certain deposition speed. To predict the nip-
point temperature, a one-dimensional transient heat transfer model considering the
effect of deposition speed has been built. The model has a total length of 145 mm
consisting of 40 mm-length joule heating region and 105 mme-length cooling region
according to the dimension of the lab-scale ADFP machine. In this model, the heat
transfer between the fibre tapes and the compaction roller is not considered. The
one-dimensional transient heat equation with joule heating, conduction, convection
and radiation can be expressed by equation (5.5).

ﬂa_T _ az_T djh _ dcon _ Grad (5 5)

k ot  ox%  k k k
Where T is the temperature of the carbon fire tape. p is the density of the carbon

fibre tape. ¢, is the specific heat capacity of the carbon fibre tape and the
temperature dependent values characterised in section 5.2.2.1 are used. k is the
thermal conductivity along the fibre direction of the carbon fibre tape and in-plane
value characterised in section 5.2.1.2 is used. g, Gcon and Grqq are the volumetric
heat generation or dissipation by joule heating, convection and radiation respectively

and they can be calculated by following equations.

. I’R
Q=2 (5.6)
. hA(T-Ty)
Qcon = v (5.7)
. A(T*-T,*
Qrad = 7oAl v ) (5.8)

Where [ is the current in the electric circuit and it is measured from the dynamic

joule heating testing. V is the volume of the carbon fibre tapes.

A finite-difference method is used for equation (5.5). The discretisation of time is

shown in following equations.

t = pAt (5.9)
ar TP -1
Sl =" (5.10)

Where t is the time. At is the time interval. p is the integer to denote the time
dependence of T. i is the integer to designate the location of discrete nodal points.
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For the discretisation of the conduction heat transfer term, an explicit method with

a forward-difference approximation is used and shown in equation (5.11).

— Li+1
0x2 (Ax)?

Where Ax is the length interval. Substituting equations (5.6-5.8) (5.10-5.11) into

equation (5.5), equation (5.12) is then obtained. It is used for the joule heating region

2 P P _omP
a2t _ Th +TF 2T

(5.11)

while for the cooling region the joule heating term is removed and the other terms

are the same.

4
pep TP*1-TP TP 41P 2P 2R, hA(TP-T,)  oeA(TP -T,*)
— = + - — (5.12)
ko At (Ax)? % % kv

To simulate the movement of carbon fibre tapes, at the start of each time interval,

the temperature distribution moves a certain distance along the discrete nodal
points based on the deposition speed and the room temperature is assigned to the
nodal points of the certain distance in the initial location of the model. Then the

equation (5.12) is used to calculate the temperature of each nodal point.

5.3.3.3 Analytical model simulation results

Efficiency of joule heating
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Figure 5-15 Joule heating efficiency results at contact angle of 82.4° under four different heating

lengths (50 mm, 100 mm, 150 mm, 200 mm) and six different tension levels
Figure 5-15 shows the joule heating efficiency results calculated by equation (5.3)
using the experimental contact resistance results. At fibre tension of 100 N, the tape
resistance is smaller than the contact resistance. Therefore, the heating efficiencies
are lower than 50 %. When fibre tension increases to 600 N, the heating efficiencies
for the four lengths double approximately. It is also found that longer heating length,

due to their higher resistance, leads to higher efficiency. It is recommended to
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increase the length of heating region in the deposition head design to reduce the

energy waste at the contact region.

Steady state heating temperature

Figure 5-16 shows the steady state heating temperature results from experiments
and static analytical model from equation (5.4). It is found that reducing contact
resistance results in a significant increase of heating temperature with a constant
voltage supply. The results from the static analytical model show good agreement
with the experimental data. The analytical model is then used to investigate the
influence of contact resistance and heating region length on the steady state heating
temperature. Figure 5-17 shows the benefits of reducing contact resistance by fibre
tension. Decreasing contact resistance could increase heating temperature
significantly. In the case of 50 mm heating length, the steady state heating
temperature at tension of 600 N is more than three times of that at tension of 100
N. With a constant voltage supply, shorter heating length leads to higher heating
temperature due to the lower resistance. If the power supply is limited, the heating
length should be short enough to achieve enough heating temperature. However, if
the power supply is sufficient, long heating length is recommended because it has

higher heating efficiency and in real ADFP head, the tape has more heating time.
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Figure 5-16 Static joule heating results for 50 mm length with 31.0° contact angle under a constant

voltage supply
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Figure 5-17 Analytical results of steady state heating temperature for 31.0° contact angle under four
different heating lengths (50 mm, 100 mm, 150 mm, 200 mm) and six tension levels with a constant
voltage of 5V

Dynamic joule heating simulation results

To validate the dynamic analytical model, a simple joule heating testing with a step
power input was conducted using the joule heating rig shown in Figure 5-7 and Figure
5-8. A thermocouple was attached to the surface of the tape to measure the
temperature continuously. The measured current values from the shunt resistor are
used as the input of the dynamic analytical model to generate the heating and cooling
curve. The temperature calculated by the model agrees with the experimental data

as shown in Figure 5-18. The equation (5.12) used in the model and the finite-

difference method are then validated.
60
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Figure 5-18 Joule heating and cooling curve of carbon fibre tape under step power input
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Figure 5-19 shows the nip point temperature from dynamic joule heating with fibre
feeding in the ADFP head. It is found that the nip point heating temperature increases
approximately linearly with the increase of duty cycle. The model prediction agrees
with the experimental data. The dynamic joule heating model is then validated. The
model can be used to obtain the relationship between feeding speed, power input

and the nip point temperature.
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Figure 5-19 Nip point temperature from dynamic joule heating with 100 mm/s feeding velocity
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Figure 5-20 Model calculated temperature distribution in the ADFP head from heating region to the
nip point (Heating region is from 0 to 40 mm. Cooling region is from 40 mm to 145mm. The right-
hand end is the nip point)

Figure 5-20 shows the model predicted temperature distribution in the ADFP head
from heating region to the nip point under different feeding velocity and current

input. With same current supply, lower feeding speed leads to higher nip point
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temperature because the tape has more heating time. The power supply should be
adjusted for different feeding velocity to achieve the same nip point temperature
and this model can provide guidance as shown in the solid lines in Figure 5-20. The
lower feeding speed also leads to more cooling time. The black curve in the Figure
5-20 shows a near 100 °C temperature drop in the cooling area. In this situation,
although the nip point temperature achieves the required temperature, the tape is
overheated in the heating region which might degrade the binder in the carbon tapes.
It is recommended that the distance between the end point of the heating region

and the nip point should be minimised to reduce cooling effects.

5.4 FE model of heat transfer of ADFP process

Using the dynamic analytical model developed in the joule heating section 5.3.3.2,
the temperature of carbon fibre tapes at the nip point can be obtained. The
temperature history of the tapes after deposition is obtained using the model
developed in this section.

5.4.1 FE model description

In the heat transfer model, a progressive activation of elements strategy where
elements are activated step by step to simulate a dynamic process is used. This
strategy can replicate the deposition process and it has been successfully used in the
heat transfer analysis of additive manufacturing of thermoplastic composites [150]
and steel [151], AFP process of thermoplastic composites [82, 152]. The whole model
geometry with certain number of courses and layers, and the stacking sequence is
defined as a normal FE model. In the analysis process, all elements are deactivated
at the first solution step and then activated according to the deposition head position
history in sequence to simulate the heating transfer in continuous ADFP deposition
process. In each step, elements of carbon fibre tape representing a course with the
nip point temperature which can be obtained from the dynamic joule heating model,
are activated in the model and remain in the model in subsequent steps. The lay up
speed is adjusted by altering the duration time of each step. This strategy is
implemented in ABAQUS with the ‘model change’ interaction. Figure 5-21 shows a
model example consisting two courses in a layer and deposition direction from the
right hand end. In the first step, elements for the first pieces of tapes in the first
course in the first layer are activated as shown in Figure 5-21 (a). After finishing the
heat transfer analysis in the first step, second pieces of tapes in the first course in the
first layer are then activated and heat transfer is analysed for all activated elements

as shown in Figure 5-21 (b). Figure 5-21 (c) and (d) show the results from first step
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for the second course in the first layer and first step for the second course in the

second layer.

HTiL

+1.8002+01

(d)
Figure 5-21 Element activation strategy for simulating continuous ADFP deposition with moving
direction from right to left (a) first step for the first course in the first layer (b) second step for the
first course in the first layer (c) first step for the second course in the first layer (d) first step for the
second course in the second layer (Colour map shows the temperature distribution.)

A model consisting of five layers of carbon fibre tapes has been built using the above
strategy. The layup is unidirectional ([0s]). Each layer has two courses (four tapes per
course) with dimensions of 300 mm x 50.8 mm x 0.275 mm. A tool with dimensions
of 381 mm x 76.2 mm x 1 mmi is also built in the model. An 8-node linear heat transfer
brick (DC3D8) element is used for both carbon fibre tapes and the tool. Aluminium
material thermal properties are assigned to the tool. For the material properties of
the carbon fibre tapes, the linear fitted temperature dependent specific heat
capacity values from section 5.2.2.1 are used. Effective thermal conductivity as
characterised in section 5.2.1.2 is used and the interlayer thermal contact resistance
is set to zero because thermal contact resistance cannot be separated from the
experimental measurement of thermal conductivity. However, the measurement

results can capture both the thermal conductivity of carbon fibre tape itself and the
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interlayer thermal conductance (reverse of resistance). The thermal contact
resistance between the carbon fibre tapes and the tool surface is also set to zero
because no published data has been found. This zero thermal contact resistance
could lead to an underestimation of the predicted temperature [85, 86, 153].The
convective and radiative cooling of tapes is much smaller than conductive heat
transfer to the substrate and the two cooling mechanisms have minimal influences
on the temperature history of carbon fibre tapes according to the preliminary study
using the model (differences are smaller than 5.4 %). Therefore, they are not
considered in the model. No external heat flux is modelled in the model because the
tapes at nip point are not heated. The elements are activated with a nip point
temperature which could be the output of dynamic joule heating model in 5.3.3.2.
History outputs for elements are requested and average temperature of all nodes
within an element are calculated to obtain the temperature history of carbon fibre

tapes.

5.4.2 Parameter analysis

In this section, the heat transfer model has been used to investigate the influence of
compaction pressure, deposition velocity and heat input on the temperature history

of carbon fibre tapes.

5.4.2.1 Influence of compaction pressure on temperature history

The compaction pressure only influences the thickness of carbon fibre tapes under
compaction. But the tapes spring back after compaction. The TX1100 tape also has
stable cyclic compaction performance and after a few times of compaction, it springs
back to a relatively constant thickness (thickness before compaction) as shown in
Figure 4-4. Because of the stable cyclic compaction performance of the TX1100 tape
and short compaction time, the decrease of thickness under compaction is not
modelled and a constant thickness is used for all five layers to simplify the model.
The constant thickness also means constant fibre volume fraction of carbon fibre
tapes and therefore constant thermal conductivity. The influence of compaction
pressure is therefore not significant with the model as currently setup. Exaggerated
conditions where all tapes have highest thermal conductivity values or lowest
thermal conductivity values in section 5.2.1.2 are investigated using this model. It is
found that the temperature histories show minimal differences (smaller than 3 °C)
between high thermal conductivity inputs and low thermal conductivity inputs. The
through-thickness heat transfer is dominant because of the large temperature
differences in the through-thickness direction. But the through-thickness effective

thermal conductivity of carbon fibre tape is constant independent of compaction
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pressure therefore the heat transfer in through-thickness direction is almost the
same. Changing compaction pressure only influences the in-plane heat transfer.
Compaction pressure could influence the thermal contact resistance between the
first layer of tape and the tool surface therefore it could influence the temperature
history of first layer carbon fibre tapes but this needs further investigation in order

to help to deposit first layer successfully.

5.4.2.2 Influence of deposition velocity on temperature history

Figure 5-22 and Figure 5-23 show the temperature history of carbon fibre tapes
during the deposition of five layers with a deposition velocity of 60 mm/s and 600
mm/s and the heat inputs (nip point temperature) for the five layers kept constant.
The temperature of the tape drops sharply just after contacting the cooler substrate
and then decreases gradually over next one second for 600 mm/s deposition velocity
or ten seconds for 60 mm/s deposition velocity. When hot carbon fibre tapes in later
layers make contact with the previously deposited tapes, the temperature of the
previously deposited tapes increases (as shown in 10, 20, 30, 40 s in Figure 5-22 and
1, 2, 3, 4 s in Figure 5-23) and then decreases due to conductive heat transfer to the
lower layers. The increase in temperature of deposited tapes is termed ‘reheating’.
For the lower deposition velocity, deposited tapes have more time to transfer heat
to lower layers and the tool. Heat is not accumulated much within the deposited
substrates. When depositing the next layer, the reheating of deposited material is
not significant (reheating temperature is around 70 °C as shown in Figure 5-22). For
high deposition speed, previously deposited tapes are minimally cooled down when
depositing the next layer. The reheating temperature is therefore high. In the case of
600 mm/s deposition velocity, the temperature of layer 4 can increase to around
130 °C for after layer 5 contacts with layer 4 as shown in Figure 5-23. If more layers
are simulated in the model, this reheating temperature can increase to the binder
activation temperature (around 150 °C) and could therefore lead to a softening of
the binder bond. This could have a negative influence on the quality of manufactured
preforms. This reheating of carbon fibre tapes due to later deposited layers therefore

needs to be considered and possibly limited.

It is also found that for high deposition velocity, the temperature histories of
different layers show large differences (around 25 °C temperature difference
between adjacent layers at the time one second after deposition). These large
differences could lead to different interlayer bonding properties which is not desired

for manufacturing preforms with uniform quality across the whole thickness.
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Figure 5-22 Temperature history of elements activated in the first step of each layer with deposition
velocity of 60 mm/s with 250°C nip-point temperature of five layers
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Figure 5-23 Temperature history of elements activated in the first step of each layer with deposition
velocity 600 mm/s with 250°C nip point temperature of five layers

5.4.2.3 Influence of heat input and tool temperature on temperature history

The high reheating temperature and different temperature histories between layers
observed for high deposition velocity are related to the accumulated heat in the
previously deposited layers. Adjusting the heat input (nip point temperature) based

on the substrate temperature is proposed to tackle the two issues. Table 5-2 shows
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an example of manually optimised different heat inputs for different layers based on

the substrate temperature at the time tapes is about to make contact with substrate.

Table 5-2 Different heat input based on the substrate temperature

Layer number Heat input (nip point temperature) (°C)  Substrate Temperature (°C)

1 310 20.0
2 280 24.3
3 250 45.9
4 225 72.3
5 205 89.7

Figure 5-24 shows the temperature histories of five layers using the heat inputs
shown in Table 5-2. The maximum reheating temperature is reduced from around
130 °Cto around 110 °C compared with the temperature history results with constant
heat input for all layers shown in Figure 5-23. Smaller differences of temperature
history between adjacent layers are shown for all layers except layer 1. It is concluded
that controlling heat input based on substrate temperature is somewhat effective in
tackling the two challenges.
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Figure 5-24 Temperature history of elements activated in the first step of each layer with different
heat inputs for different layers at deposition velocity of 600 mm/s
To reduce the differences between the temperature history of first layer and
subsequent layers, higher tool temperature is used. Because the tool temperature is
altered, the heat inputs for different layers also need to be adjusted. A hotter tool

with temperature of 40 °Cis modelled with the heat inputs shown in Table 5-3. Figure
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5-25 shows that differences between the temperature history of first layer and other
layers are reduced. The maximum reheating temperature increases about 10 °C due
to the hotter tool, but this heating is still less significant than the constant heat input

using tool with room temperature as shown in Figure 5-23.

Table 5-3 Different heat input based on the substrate temperature when using hotter tool

Layer number Heat input (nip point temperature) (°C)  Substrate Temperature (°C)

1 310 40.0
2 275 44.2
3 240 65.1
4 210 87.3
5 185 101.1
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Figure 5-25 Temperature history of elements activated in the first step of each layer with different
heat inputs for different layers and hotter tool at deposition velocity of 600 mm/s

5.5 Conclusions

In this chapter, the thermal properties of ADFP tapes are characterised then used in
the developed models. The challenges of applying joule heating in ADFP process are
investigated and tackled by characterising of the electrical contact resistance to

increase the heating efficient and building analytical models to predict the joule
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heating temperature. A dynamic FE heat transfer model is also built to investigate
the influence of process conditions on the temperature history of deposited carbon
fibre tapes. The following conclusions are obtained.

The in-plane thermal conductivity of TX1100 dry carbon fibre tapes increases linearly
with the increase of fibre volume fraction but the through-thickness thermal
conductivity of the tapes is independent of the fibre volume fraction. The pre-
consolidation during the fabrication process of the tapes may contribute to this

unexpectedly constant through-thickness thermal conductivity.

The electrical contact resistance between the carbon fibre tapes and cylinder copper
electrodes at low levels of fibre tension is comparable or even higher than the
electrical resistance of carbon fibre tapes. This results in low heating efficiency and
heating temperature. Increasing fibre tension and contact angle can decrease the
contact resistance and the joule heating efficiency is significantly increased. It is
found that reducing contact resistance by increasing fibre tension can triple the
heating temperature under same voltage supply.

When applying joule heating in the ADFP hardware, the cooling of tapes when
travelling from the end of heating region to the nip point is significant especially at
low deposition speed, therefore the cooling distance should be reduced as much as
possible. The length of heating region should also be large enough because the
carbon fibre tapes have more heating time and the energy wasted at the contact area
is reduced. The established dynamic joule heating model predicts the nip point
temperature after cooling under different deposition velocities. The predicted nip
point temperature is used as the input of the heat transfer model for the whole ADFP

process.

From the dynamic FE heat transfer model simulation results, the compaction
pressure has minimal influence on the temperature history of deposited carbon fibre
tapes except in the first layer deposition because the through-thickness thermal
conductivity of the tape is independent of fibre volume fraction and compaction
pressure. However, the compaction pressure can influence the thermal contact
resistance between carbon fibre tapes and tool surfaces. The tool/tapes bonding is
more challenging than the interlayer bonding and the temperature history of carbon
fibre tapes in the first layer can influence the tool/tapes bonding quality. Therefore,
the pressure dependent nature of the thermal contact resistance between carbon

fibre tapes and tool surfaces needs to be characterised to refine the FE heat transfer
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model and investigate the influence of compaction pressure on the temperature
history of first layer of carbon fibre tapes. This can provide guidance for improving
bonding quality between the first layer and the tool.

From the dynamic FE heat transfer model simulation results, it is found when
deposition velocity is relatively high (600 mm/s), deposited tapes accumulate heat
and have a relatively high temperature during the deposition of the next layer. This
accumulated heat leads to undesired high reheating temperature of deposited tapes
and significant differences of temperature histories of adjacent layers. It is also
shown that adjusting heat inputs for different layers based on the substrate
temperature could tackle the two challenges: high reheating temperature and
different temperature histories of different layer of tapes. Using a hotter tool is also
helpful to reduce the temperature history differences between first layer of carbon

fibre tapes and the other layers.

In this chapter, the temperature history of carbon fibre tapes in the whole ADFP
process including joule heating between electrodes, cooling before nip point and
deposition on substrates, is fully captured. The observed results and developed
models provide guidance of a real-time temperature control strategy proposed in
6.3.2.
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6 Process parameter control of ADFP process

6.1 Introduction

Process parameters have a profound influence on the quality of ADFP manufactured
preforms as evidenced in chapter 3. Precise process parameter control is desired to
manufacture preforms with optimum quality. The deposition behaviour of carbon
fibre tapes and simulation models developed in chapter 4 and chapter 5 provide
foundations for this precise control. In this chapter, the understanding of deposition
behaviour of tapes obtained in previous chapters is combined with capabilities of a

lab-scale ADFP rig to implement precise parameter control.

Figure 6-1 shows the four-axis lab-scale ADFP rig. A deposition head in the rig has
three movement axes, x axis (left and right in the Figure 6-1), z axis (up and down in
the Figure 6-1) and c axis (rotation axis). A tool in the rig has y axis (front and back in
the Figure 6-1) movement. The rig is designed to deposit up to four tapes with width
of 6.35 mm. To provide process parameters feedback in real time, several sensors
are installed: Axis encoders are installed to determine the position of each of the four
axes. Three infrared (IR) thermometers (MICRO-EPSILON CT-SF15-C3) are installed to
conduct contactless temperature measurement. One thermometer is used to
measure the temperature in the joule heating region. The second one is used to
measure the substrate temperature ahead of the nip point. The third one provides
additional temperature measurement capability. A six degree of freedom force
torque sensor (ATl Industrial Automation Axia80) can measure the forces and
moments that act on the deposition head in all three orientations. A laser line
scanner, which can measure surface profiles of the deposited material or the tool

surface, is also included.

Figure 6-1 Lab-scale ADFP rig
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An industrial PC (Beckhoff Automation) is used to control the rig and collect data from
sensors. The industrial PC is a Windows based system which contains the
programmable logic controller (PLC), Input/Output (I/O) terminals and Numerical
Control (NC) within the same location, enabling real-time data exchange between
each of them. Control codes for PLC are programmed using TwinCAT 3 (Beckhoff
Automation) software. 1/0O terminals are used to collect data from sensors and send

control commands to related devices.

Based on the deposition behaviours of tapes and the machine behaviour of the ADFP
rig, a novel force control method is proposed and implemented for deposition on
complex geometries. Two demonstrations are provided to show its effectiveness. A
joule heating temperature control method is also developed and implemented. A

real-time nip point temperature control framework is then proposed.

6.2 Compaction force control

Tapes used in ADFP process displays larger through-thickness deformation than
thermoset prepregs during compaction in AFP as evidenced by the results in
section 4.2, which means deposition head force control (particularly for thick,
compliant substrates) is potentially more complex. Compliance of the deposition
head and roller, material variability, and high deposition rates are known to
contribute to final product variability. In many cases this variability cannot be
designed out, this is therefore motivation to control machine parameters in real
time based on force sensor feedback alongside models of machine and material
behaviour. Complex tools, such as curved tools and tools with ramps, are
commonly used in industrial applications which further complicates the control
of compaction force at high speed. Work in this section shows that a single
feedback controller does not work well for tools with complex geometry,
therefore a model-based feed-forward control strategy is proposed to address
these difficulties. The strategy is implemented on the lab ADFP rig and two

demonstrations are given to show the effectiveness of proposed strategy.
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Figure 6-2 Flow chart for the model-based feed-forward force control strategy

Figure 6-2 shows the proposed force control strategy which consists of three main
blocks: a force feedback control using proportional integral derivative (PID)
controller, a feed-forward controller and a model-based control block. The tool
geometry information can be obtained from design files of the tool or measured
online using the laser line scanner. The tool geometry information is then
transferred to the model based control block and the feed-forward controller. The
model-based control block is used to calculate the target force based on tool
geometry and models of machine and material behaviour. The feed-forward
controller is used to handle tool geometry changes. The force feedback controller
is used to handle the machine compliance and tape deformation. The outputs
from the PID controller and the feed-forward controller are combined together
and sent to the deposition head. Details of the three blocks are given in following

sections.

6.2.1.1 Force feedback control

There are many potential sources of force error in the ADFP process including: the
roller compliance and the large deformation of the dry fibre bed as shown in section
4.3, as well as material variability and machine compliance. A simple open-loop
control method like a height based control from offline programming cannot
eliminate the force errors from these multiple sources. A demonstration of height
based control was conducted using the ADFP rig. The deposition head was firstly

moved down to obtain a target compaction force of 50 N (as shown in Figure 6-3
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when x position is zero). Z axis motion was then deactivated so that changes in height
would not take place, and the deposition head started moving in the x direction.
Figure 6-3 shows the force data when using a height based control method in the
ADFP rig. It is found that the compaction force increases from 50 N to around 380 N
when the deposition head arrives the middle area of the tool. The compaction force
then decreases to around 100 N with further head movement. The maximum force
error is about 330 N which is very large when compared with the target force 50 N.
This is due to the bending deformation of the frame supporting the deposition head.
The deflection of the frame causes compression on the compaction roller which leads
to higher compaction force. A closed-loop feedback control method using online

force data could potentially improve this error.
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Figure 6-3 Force data when using a height based control method

A PID controller is chosen because it is relatively simple, robust and widely used
in many industries. The PID controller is implemented using a built-in function
block in the TwinCAT 3 software. The force sensor data in the z direction is inputted
to the PID function block. The control output from the PID function block is sent to
the motion control block of z axis to move up or down the deposition head in order
to generate the desired force. The force sensor and encoder for the z axis have a
sampling rate of 1 ms. This means the PID controller can generate control command
every 1 ms. A Ziegler—Nichols method [154] is used to tune the PID controller
manually. Three gains values: k,, of 0.01, T; of 750 ms and T of 187.5 ms are then
obtained. Figure 6-4 shows force and z position data when using the PID control
method with target compaction force of 150 N. It is shown that most of the
compaction force data ranges from 145 N to 155 N and the force error is around 3.3%.

The deposition head moves up to overcome the deflection of the frame in order to
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maintain the target force as shown in the z position curve. The PID control method

shows good performance for simple flat tool geometry.
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Figure 6-4 Force data when using a PID control method (negative direction in the z axis means
moving head up)

6.2.1.2 Model based control

The model-based control method is used to provide target force for the force
feedback controller. The target force is dependent on the compaction properties
and geometries of tools. The roller compaction on dry fibres model developed in
section 4.3.2 allows the derivation of target force windows for complex tools.
Table 4-6 shows an example of target force windows for tools with different
curvatures. For other complex tools, the same methodology shown in Figure 4-19

can be used to generate target force windows.

The target force is also dependent on the kinematics of the ADFP rig. When
depositing on ramped tools, the force applied by the deposition head has an angle
with the vertical direction of ramp surfaces because the ADFP rig lacks a rotational
degree of freedom. Figure 6-5 shows the sketch for deposition on the tool with
ramps. 6 is the ramp angle. F is the force applied by the deposition head. This force
is measured by the force sensor and sent to the feedback control loop. Ft is the force
applying compaction to ramp surface or material surfaces. This force can be
optimised using compaction model developed in section based on the compaction
behaviour of tapes and compaction pressure requirement. When an optimised Ft is
given, the equation F=Ft/cos@ is used to calculate the target force input F for the

force feedback control loop.
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7}

Figure 6-5 Sketch of roller compaction on ramp tool
6.2.1.3 Feed-forward control

The PID control method shows good performance for simple flat tool geometry. In
practical applications, tapes are deposited on complex tools with geometry change.
The feed-forward controller is therefore employed for rapid adaptation to tool
geometry change based on knowledge of the underlying tool geometry. The
geometry data in the compaction direction (z direction) along the deposition path
derived from the tool geometry information is transferred to the feed-forward
controller to pre-empt geometry changes. Due to the inertia of the deposition
machine and the delay of control action (transportation lag), the deposition head
cannot follow the tool geometry changes rapidly if the control output is sent to
the deposition head at the location where geometry change occurs. A look-ahead
distance, which is a function of deposition speed, is then introduced to
compensate for the transportation lag. Figure 6-6 shows the concept of the look-
ahead distance. The controller compares the geometry in the z direction of the
tool at the current location with the geometry of the tool at the look-ahead
distance location and generates control output to start moving the deposition

head before the location where geometry change occurs.

LookAhead Distance

LookAhead
Point

e(t) | | |

| |

Figure 6-6 Sketch of feed-forward control strategy using a look-ahead distance




Chapter 6 Page |93

6.2.2 Demonstration on tool with steps

e

Figure 6-7 ADFP deposition head compaction on a tool with steps

A demonstration on a tool with steps was conducted using the lab-scale ADFP
deposition rig as shown in Figure 6-7. There is no tape deposition in the
demonstration for the simplicity. The tool has steps with a height of 5 mm (5 mm
instant height decrease). For demonstration purposes, the geometry information
is stored in the PLC in a format of a simple two-dimensional profile. Figure 6-8
shows the results from only using a PID control and using the proposed control
strategy when the deposition speed is 20 mm/s and the target compaction force
is 100 N. The force data response is similar for all five steps, therefore only the
data for the first step is shown in the Figure 6-8. Figure 6-9 shows the adaption
time and maximum force errors for only using a PID control and using the
proposed control strategy. When only a PID controller is used, it took around 1 s
for the compaction roller to contact the tool surface after the step (adaption time)
and the compaction force dropped to around 30 N from 100 N during this time. It
is therefore shown that a single PID controller does not perform well for the tools
with steps even at a low deposition velocity of 20 mm/s. While for the proposed
control strategy, it took around 0.6 s for the compaction roller to reach the tool
surface (adaption time) and compaction force dropped to around 60 N. It is
therefore shown that the proposed strategy is able to handle the tool geometry
change and reduce the force error. In the future, the feed-forward controller can
be further improved by optimising the look ahead distance and control

parameters (like gain values).
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Figure 6-8 Compaction force data and z movement for the tool with steps using (a) PID control (b)
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6.2.3 Demonstration on tool with ramps

A demonstration on a tool with ramps was also conducted using the lab-scale
ADFP deposition rig as shown in Figure 6-10. There is no tape deposition in the
demonstration for simplicity. The tool has two ramps with different ramp angles.
For demonstration purposes, the geometry information is stored in the PLC in a
format of a simple two dimensional profile. Two deposition velocities 20 mm/s
and 100 mm/s were used and the target compaction force is 100 N. The
performance of only using PID controller and using the proposed control method

are compared.
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Figure 6-10 ADFP deposition head compaction on tool with ramps

Figure 6-11 shows the force data from only using the PID controller. The
performance of the PID controller is acceptable at the low deposition velocity.
Only low level of force errors can be observed near the geometry change area as
shown in the circles in Figure 6-11. Figure 6-12 shows the results under 100 mm/s
deposition velocity from both PID control and proposed control method. It is
noted that the force data has oscillations with large amplitude under 100 mm/s
deposition. These oscillations are due to the vibration of the deposition head. The
deposition head is not stiff enough for relatively high deposition velocity. Despite
the large oscillations of force data, the advantage of the proposed control
strategy over the PID control can still be observed. Larger force errors are
observed near the edges of ramps for only PID control method, while most of the

force data remains in the shaded area for the proposed method.
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Figure 6-11 Compaction force data for PID control on the tool with ramps under deposition velocity of
20 mm/s with target compaction force of 100 N
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Figure 6-12 Compaction force data for (a) PID control (b) Proposed control on the tool with ramps
under deposition velocity of 100 mm/s with target force of 100 N
The two simple demonstrations show the effectiveness of proposed method without
tapes deposition. When depositing tapes on dry fibre bed, the proposed method
could still have good performance for thin dry fibre substrate because the PID
controller is robust and thin tapes substrate has minimal influence. While for thick
dry fibre substrate, the PID controller parameters might need to be tuned according
to the substrate thickness. Also tool geometry information from design files is not
accurate enough to describe substrate information. An online substrate geometry
measurement like via laser line scanner is required and it is used as the inputs for the

model-based control block and the feed-forward controller.

6.3 Temperature control

Joule heating method is used in the ADFP rig and it is a local heating method where
only tapes between two electrodes are heated. Tapes have a cooling period before
reaching nip point. Two temperatures need to be controlled: the joule heating
temperature between electrodes and the nip point temperature. In this section, a
joule heating temperature control method is developed and implemented. To
indirectly control the desired nip point temperature via control of the joule heating
temperature between electrodes, a real-time model-based temperature control

framework applying the knowledge and models developed in chapter 5 is proposed.

6.3.1 Joule heating temperature control
6.3.1.1 Pulse-width modulation power control method

In the ADFP rig, a constant 30 V is supplied to the joule heating circuit. A pulse width
modulation method is used to adjust the power input. The joule heating input power

is controlled by turning on and turn off the power supply in a cycle time periodically.
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Figure 6-13 shows the principle of the method. ¢, is the duty cycle time for
switching on and switching off once. ¢, is the time of power switching on and ¢, ¢
is the time of power switching off. Duty cycle is defined by t,;,/t;yce. Duty cycle
ranges from 0 to 1 meaning no power input to full power. These switching on and off
actions are achieved by using a digital output signal to control a solid state relay
connected to the joule heating circuit. When the digital output is ‘1’, the solid state
relay will the turn on the heating circuit continuously and when the digital output is
‘0’, the solid state relay will cut off the circuit.

Digital
Signal cycle

A
A 4

7'y
—

y

\ 4

Time (ms)

Figure 6-13 Pulse-width modulation method [146]

6.3.1.2 PID joule heating temperature control
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Figure 6-14 PID controller for joule heating temperature control with solid state relay in heating
circuit
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A closed-loop feedback control method is also required in the joule heating
temperature control due to the material variability and temperature dependent
properties of carbon fibre tapes. A PID controller is used to control the joule heating
temperature. The PID controller is implemented using a built-in function block in
the TwinCAT 3 software. The temperature sensor data is inputted to the PID function
block. The control output is duty cycle which is sent to a solid-state relay to control
the power input. Figure 6-14 shows the PID controller and the joule heating circuit

with a solid state relay.

The PID temperature control with pulse-width modulation power control method is
tested without fibre feeding using the joule heating rig shown in Figure 5-7 with a
constant power supply of 15 V. The target temperature is 250 °C and duty cycle time
is 50 ms. Figure 6-15 shows the temperature data with the closed-loop PID control
method. It is found that temperature date is within the range from 247 °C to 250 °C
and the average temperature data over the time period of 40 s is 248.9 °C. This
average temperature is slightly lower than the target temperature. This lower
resulting heating temperature is also observed for high target heating temperature
situations. The cooling of tapes during t,¢ (the time when heating circuit is cut off)
could lead to this slightly lower heating temperature. This issue is less concerning

when the heating temperature is low because the cooling is less significant.
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Figure 6-15 Temperature data with PID control of joule heating with target temperature of 250 °C
duty cycle time of 50 ms (y axis scale from 246 °C to 250 °C)
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Results shown in Figure 6-15 were generated from joule heating of static tapes
without movement. Feeding movement of carbon fibre tapes could bring some
variabilities for joule heating, such as contact resistance variability, feeding velocity
variability and changes of fibre tension between two electrodes. However, the PID
control method is robust and it is assumed that a similar level of control accuracy
could be achieved for heating temperature control of tapes with feeding movement
after fine tuning the PID controller. The temperature control accuracy using the
developed method is significantly higher than laser heating of ADFP tapes using an
open-loop heat power control based on a semi-empirical model in literature [75]. The
open-loop method with the semi-empirical model in literature [75] has relatively high
prediction confidence intervals of + 12 % because the open-loop method cannot
react with the variability of laser heating, and the model cannot capture all physics

during the deposition.

6.3.2 Real-time model-based temperature control framework

From the conclusions of chapter 3 and chapter 5, the nip point temperature and
temperature history after deposition could influence the quality of ADFP preforms.
Applying control to the nip point temperature and resulting temperature history is
ideal for quality control. However, the nip point temperature cannot be measured
with the capability of deposition head as currently configured. Even if the nip point
temperature can be measured by some methods, the measured nip point
temperature is not directly helpful for the joule heating temperature control. Unlike
laser heating, where heating directly enters in the nip point and the effects of control
action based on the nip point temperature measurement take place in the nip point,
joule heating only occurs between the two electrodes, therefore the effects of
control action only take place between electrodes. These effects are ‘delayed’ when
the heated tapes travel to the nip point due to the non-negligible cooling after the
second electrode. A prediction of the delayed effects of control action taking place
between the electrodes on nip point temperature is required. Additionally, the
temperature history of deposited tapes also depends on the substrate temperature
and substrate temperature measurement is required. Considering the delayed
effects of control action and the effects of substrate temperature, a real-time
temperature control framework based on models developed in chapter 5 is proposed

to control the nip point temperature and temperature history to some extent.
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Figure 6-16 Real-time model-based temperature control framework

Figure 6-16 shows the proposed framework which consists of three main blocks.
Figure 6-17 shows the sketch of heating unit in the ADFP rig. The block on the left-
hand side of Figure 6-16 applies the knowledge obtained using the dynamic FE heat
transfer model developed in section 5.4: controlling heating power based on the
substrate temperature is helpful for improving preform quality. Substrate
temperature is measured by ‘Temperature sensor 2’ shown in Figure 6-17 in real-
time. Based on the measured substrate temperature, target temperature history and
FE model results, an optimised nip point temperature target can be calculated
dynamically and then inputted to the second block in the middle of Figure 6-16. This
block applies the dynamic joule heating model developed in 5.3.3.2. The measured
current and deposition velocity are combined with the dynamic joule heating model
results to calculate the required joule heating temperature which can compensate
for the cooling effects between the second roller and the nip point. The required
joule heating temperature is then inputted to the closed-loop PID controller blocks
on the right hand Figure 6-16. The joule heating temperature is measured by

‘Temperature sensor 1’ shown in Figure 6-17 in real-time.

model results || [ZZZTTTmmTooo NPT TS T T T T t=—————-
Target heatin duty cycle -
ter%peraure g Deposition head
Temperature
%
sensor 1



Chapter 6 Page | 101

Tape

First electrode O

< Temperature

sensor 1
Second electrode
Compaction roller
Temperature
sensor 2

Nip point

Figure 6-17 Sketch of temperature sensor location for proposed real-time model-based temperature
control framework
This framework has not yet been implemented to the lab-scale ADFP rig because it
has not been fully developed. The efficacy of this framework also depends on the
sampling rate of sensors and the computing time of the models. The thermometers
have a sampling rate of 150 ms. It is ideal that the real-time model computing time
is less than 150 ms. For the dynamic joule heating model, the computing time is short
and simulation interval time as shown in equation (5.9) can be optimised to further
reduce computing time without losing significant prediction accuracy. For the
dynamic FE heat transfer model, there are two methods which could help to reduce
the computing time: The model can be simplified by reducing the time of interests
and dimension of interests, like a one-dimensional model simulating temperature
history in a period of 1 s; The model could generate large number of simulation
results under different process conditions and the results could be used to train a

machine learning based model.

6.4 Conclusion

In this chapter, the capability of the lab-scale ADFP rig is introduced. Control methods
for compaction force and heating temperature in ADFP process are developed with
the help of the understanding and models of ADFP tapes behaviour obtained in
chapter 4 and chapter 5. The following conclusions are obtained.
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A model-based feed-forward force control method is developed in order to handle
the large deformation of carbon fibre tapes and deposition on complex tools. The
force control method is implemented in the ADFP rig. Two demonstrations using
tools with ramps and steps are conducted and it is shown that smaller force errors
and more rapid response to tool geometry change are obtained using the proposed
force control method compared to the traditional PID control method. For tool with
significant geometry change (such as high steps) or deposition with high velocity, the
proposed model-based feed-forward force control method is a better option than

traditional PID control method.

A PID controller with a pulse-width modulation power control method is developed
for joule heating temperature control between two electrodes. The method is
implemented and tested using a joule heating rig. A high level of control accuracy can
be achieved. For a target heating temperature of 250 °C, the joule heating
temperature erroris less than 1.6 %. This is achieved without fibre feeding movement
and the fibre feed movement could bring fibre tension changes which might lead to
contact resistance variation and heating temperature variation. However, fine tuning
of the PID controller could in some extent handle variation due to fibre tension

changes and it will be conducted in the future.

A real-time model-based temperature control framework is proposed to indirectly
control nip point temperature by controlling the local joule heating temperature with
the help of the dynamic joule heating model and the FE heat transfer model
developed in chapter 5. The framework can be implemented in the lab-scale ADFP
rig when it is fully developed and the models are simplified to achieve fast real-time

computing.
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7 Conclusions and Future Work

7.1 Conclusions

ADFP has the potential for manufacturing preforms with high rate and high quality,
but this is currently limited by poor understanding of the material behaviour of ADFP
tapes under relevant process conditions. In this thesis, to improve the quality of ADFP
manufactured preforms by improved understanding the deposition behaviour of
carbon fibre tapes, the influence of key process parameters on the bonding quality
of ADFP manufactured preforms is firstly investigated. The material behaviour of dry
carbon fibre tapes under roller compaction and joule heating is then investigated.
Simulation models are built to aid understanding and provide guidance for accurate
process parameter control. Real-time model-based process parameter control
methods are developed and implemented to the lab-scale ADFP rig. The following

conclusions are obtained:

Although commercial ADFP tapes are relatively expensive and highly engineered,
they have a more stable and stiffer performance in the through-thickness direction
than normal dry carbon fibre tows and fabrics. The commercial tapes exhibit less
deformation under compaction than normal tows, which reduces the difficulty of
compaction force control. The thickness and compaction response of the tapes have
a minimal change after a few compaction cycles in cyclic compaction testing. This
means that debulking cycles for the tapes after deposition might be minimised. The
effective through-thickness thermal conductivity of the tapes is found to be
independent of the fibre volume fraction. This leads to relatively simple
understanding and modelling of temperature history of deposited tapes. Along term
goal is to improve ADFP process or deposition hardware to reduce the demand on
high performance expensive highly engineered tapes in order to reduce material

costs.

The interlayer bonding quality of ADFP manufactured preforms is significantly lower
than that of both preforms manufactured by long term isothermal consolidation and
that of AFP manufactured prepreg preforms. Therefore, process parameters for
ADFP need to be chosen carefully and controlled precisely. For the influence of
process parameters on the interlayer bonding quality, increasing heating
temperature above a critical temperature increases the interlayer bonding but peak
bonding quality is observed at 233 °C for TX1100 tapes. Low levels of compaction
force are helpful for improving bonding quality but excessive compaction forces have

a negative influence on the bonding quality. This negative influence of excessive
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forces agrees with the research on the fibre volume fraction of ADFP manufactured
preforms [120, 121] and interlayer bonding of AFP-manufactured thermoplastic
composites [143].

Aroller compaction on dry fibre bed finite element model is built with experimentally
characterised non-linear compaction response of the tapes. The model is validated
using a pressure measurement film. The model is used to analyse the roller
compaction pressure distribution on a dry fibre bed with complex shaped tools.
Target force windows are obtained for curved tools based on the compaction
pressure requirement and the compaction pressure distribution. The target force
windows are also used as the input of the controller used in compaction force control.
It is recommended that compliant compaction rollers should be used in ADFP process
because pressure distribution on curved tools generated by the compliant

compaction rollers is more uniform.

Two main challenges have been found in attempting the application of joule heating
methods in an ADFP configuration: the electrical contact resistance between carbon
fibre tapes and cylinder electrodes reduces the joule heating efficiency and
temperature; the rapid cooling upon leaving the joule heating region brings
difficulties for nip point temperature control. It is found that the contact resistance
can be reduced significantly by increasing the fibre tension and the contact angle
between tapes and electrodes. An experimentally validated dynamic joule heating
analytical model is built to predict the joule heating temperature in the heating
region and the nip point temperature after cooling under different deposition
velocity. It is shown that the cooling before nip point is significant especially when

the deposition velocity is low.

A dynamic FE heat transfer model is built using experimentally characterised thermal
conductivity and specific heat of the tapes to simulate the temperature history of
deposited tapes. From the simulation results, two challenges have been found:
‘reheating’ of carbon fibre tapes and different temperature histories of different
layers. It is found that adjusting the nip point temperature based on knowledge of
the substrate temperature could address the two challenges: the maximum
reheating temperature shows a 15% drop and differences of temperature history is

reduced.

A model-based feed-forward force control method is developed and implemented in

the ADFP rig in order to handle the large deformation of carbon fibre tapes and
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compaction rollers and to more accurately control deposition on complex tools.
Target force windows generated by the roller compaction model are used as the
input of the controller. Two demonstrations of deposition on tools with ramps and
steps are conducted and it is shown that a 47 % smaller force error and more rapid
response to tool geometry change are obtained using the proposed force control

method.

A PID controller with a pulse-width modulation power control method is developed
and implemented in the joule heating rig for joule heating temperature control
between two electrodes. A high level of heating temperature control accuracy
temperature (error is less than 1.6 %) can be achieved. A real-time model-based
temperature control framework is proposed to indirectly control nip point
temperature. The target nip point temperature is calculated dynamically according
to the substrate temperature measurement and the learning from dynamic FE heat
transfer model. The target heating temperature for the PID controller is calculated
based on calculated target nip point temperature and the joule heating model. The
framework will be implemented in the lab-scale ADFP rig when it is fully developed.

7.2  Future work

The following work could be conducted in order to further improve the quality of

ADFP manufactured preforms in the future.

1. Implement the proposed model-based real-time temperature control

framework.

To implement the framework, the PID controller of joule heating temperature control
between two electrodes needs to be tuned with the tape feeding movement to
handle the heating temperature variation due to the inevitable variation of fibre
tension during tape feeding. The dynamic FE heat transfer model needs experimental

validation before simplification.

2. Investigate the influence of high deposition velocity on the quality of ADFP

manufactured preforms.

The influence of deposition velocity on the quality of ADFP manufactured preforms
has been investigated at low deposition velocities (from 2 mm/s to 20 mm/s) and the
results are not highly conclusive due to the mock ADFP setup in this work as discussed
in 3.3.4. It is recommended to manufacture samples under different deposition
velocity with real ADFP consolidation to investigate the influence of deposition

velocity. To manufacture good preforms at higher rates, the influence of high
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deposition velocity (around 1 m/s) on the quality of ADFP manufactured preforms is

also required to be investigated.

3. Test the proposed force control method in more challenging scenarios: with

tape deposition, deposition on thick substrates and high velocity deposition.

The model-based feed-forward force control method shows effectiveness without
carbon fibre tapes deposition. The deformation of tapes especially for thick substrate
could bring more variabilities and difficulties which influence of efficiency of the force
control method. High velocity deposition could also bring more variability and
difficulties such as vibration of deposition head or roller, high requirement of cycle
time of PLC and controllers. Therefore, the controllers in the proposed method may

need adjustment and turning in these more challenging scenarios.

4. Investigate influence of process parameters on the tool/first layer bonding
quality.

Sufficient tool/tapes bonding is believed to be more challenging to obtain than
interlayer bonding. To deposit the first layer successfully, the influence of process
parameters on the tool/first layer bonding needs to be investigated for the purpose
of process parameter optimisation. Understanding the temperature history of tapes
in first layer is beneficial to investigate the bonding formation. The dynamic FE model
could predict the temperature history of the first layer but the compaction pressure
dependent tool/first layer thermal contact resistance needs to be characterised in

order to improve the accuracy of temperature history prediction.
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