~+|  Australian
<=/ National

M University

AUTOMATED FIBRE PLACEMENT
WITH IN-SITU ULTRAVIOLET
CURING AND ON-THE-FLY RESIN
IMPREGNATION

Adriano Di Pietro, BEng (Hons)

A Thesis submitted for the degree of
Doctor of Philosophy of

The Australian National University

August 2015

C Copynght by Adnano Dy Pyctro 2015
All Rights Reserved






Declaration

This thesis is an account of research undertaken between July 2007 and August 2015 at
the College of Engineering and Computer Science, The Australian National University,

Canberra, Australia.

This thesis contains no material that has been accepted for the award of any other
degree or diploma in any university. To the best of the author’s knowledge and belief, it
contains no material previously published or written by another person, except where

due reference has been made in the text.

=
[z

Adriano Di Pietro






























BT | [ T 110 i e T o 400

I8 TR TS TS s e cni e S O R e S e o e e e MR e 402
A Ty D e T G e et e ke e S e R S e e T 427
11.1 ATIDSITEN B Loy e o e kP o T e T P T e et 427
11.2 APPENAIX 2....viiiieirieiieiicieete et eete ettt eae et ebeste et eeseeaaensesss e s esesssenneetaernenaenn 429
11.3 AN o) 1118 B I e v O e e 436







































Equation 65 — Mass loss versus Dose





















Chapter | - Introduction

Figure 1 = An AFP system by Coriolis Composites

A small number of commercial AFP models are currently available for both
thermoset and thermoplastic composites, and offer vastly improved lay-up times and
quality in comparison to manual lay-up. Industries such as the acrospace and
aeronautical industries have adopted these units in their manufacturing lines to meet fast
throughput time on new high production models [11][12]{13][14]. However, in spite of
the potential benefits, a number of limitations exist that have implications for industrial

application of the technology
1.2 Limitations of AFP

AFP is a highly automated state-of-the-art technology however, due to a number
of limitations; the technology is currently restricted to specific applications where the
throughput and cost can be justified, for example, commercial and military aircraft that
have high margins and low volume orders. The primary limitations of the AFP process

arc.
1. Design of AFP systems — limited reach and access

Due to the design of the hardware systems of AFP, the process has limited capacity

to produce 3D shapes and access tight comers. This limits the range of parts the









Chapter 1 - Introduction

Ultimately, this work aims to demonstrate the feasibility that environmental
regulations can be met by decreasing fuel consumption of transportation vehicles (such
as acroplanes and automobiles) through vehicle lightweighting. The global context of
the thesis, the ultimate impact, problem, cause, cost, effect of the environmental

regulation, and the drivers of this effect are presented schematically in Figure 2.
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Figure 2 — Thesis context schematic
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1.3.1 Research Hypothesis

The research approach for this thesis was centred on addressing the previously
mentioned key limitations of current AFP processes. Nine hypotheses were tested in

this work, each a driver of vehicle weight: design, materials and process.
1. Design of Automated Fibre Placement Systems (Experiments 1 and 2)

a. Reducing the size of the AFP placement head will increase the reach

and accessibility of the AFP placement head within the lay-up tool.

b. By decreasing the arm extension, decreasing feed rate, increasing

spindle speed, and decreasing the point filtering for the path generation
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Chapter 1 - Introduction

of industrial robots, will increase the path following accuracy of the

industrial robot.

2. Material Selection and Development (Experiment 3 and 4)

a.

Increasing the tension and compaction force of the lay-up process of
AFP will reduce the width and thickness variability of dry glass fibre

tows.

By using glass fibre and vinylester resin impregnated on-the-fly and
cured in-situ using UV will result in a composite material of
comparable mechanical properties to aluminium, steel and composites

manufactured by traditional hand laid-up thermally cured techniques.

3. Process Optimisation for Resin Impregnation and Curing (Experiments
5,6,7,8and 9)

a.

By using dry glass fibre tows and on-the-fly resin impregnation, the
impregnation time will be decreased in comparison to existing AFP

processes.

By using high intensity UV light the dose will be increased over a

shorter period of time and increase the degree of cure during UVAFP.

Applying the curing mechanism in a ply-by-ply in-situ approach will
result in equivalent mechanical properties of the glass fibre vinylester

composite cured using traditional at-once thermal processing.

Testing the height of the UV light, the intensity of the UV light and the
speed of the placement will define the accurate dose of UV light and

degree of cure of the composite during UVAFP.

Testing the height of the UV light. the intensity of the UV light and the
speed of the placement will define the temperature during processing

and the degradation of the composite during UVAFP.
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also required. This research aims to address some of these limitations and propose a
new concept in AFP that can provide the manufacturing process the industry needs to
meet macro and political pressure to produce lightweight vehicles. This thesis was
undertaken as an isolated study, outside any large research program. The conception,
design and manufacture of the UVAFP prototype and the tests were undertaken by the
author with the support of university supervisors. The project was funded by the
Australian National University’s internal funding for equipment and travel and the

Australian Government research grants for larger investment for the industrial robots.
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2.1.1 Wet Lay-up

Wet lay-up (Figure 4 [20]) involves the impregnation of the resin into the fibres
within an open mould tool in a manual process either through simple pouring or
spraying of the resin. Consolidation is usually accomplished through rollers and
brushes. Due to the high likelihood of air entrapment wet lay-up is rarely used on
critical structures and components that need to withstand elevated temperatures due to
the possible expansion of the air bubbles and consequent delamination. This approach is

often used in low technology applications.
t Optional
Reinforcemen /_ Quionl
oy e
r
Resin
_\ -

Figure 3 -~ Wet lay-up schematic
2.1.2 Manual Prepreg Lay-up

Manual prepreg lay-up is the standard manufacturing technique used in the
composites industry for the manufacture of high quality components [21]. In its
simplest form, manual prepreg lay-up involves the manufacture of composites using
pre-impregnated (i.¢. the name prepreg) fabrics of structural fibres and resin laid up by
hand onto an open mould. as shown in Figure 4 [22]. The process is labour intensive,
requiring accurate placement of each ply of material, cut to a specific shape and at a
specific orientation onto the tool. Plies can be cut by hand using templates, or as is more
common, by using a ply cutting machine. The lay-up is finally vacuum bagged and
compacted onto the tool and then cured using any number of curing techniques such as
autoclaves, ovens, press moulding or simply at room temperature under the vacuum

bag. The use of heat pressure and high temperatures causes the viscosity of the resin to
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drop and to the wet-out across interfacial ply surfaces and consolidation of the fibre
preform and resin to form the final part thickness. Finally at the appropriate temperature
the resin reacts and cures. In the aerospace industry this generally requires autoclave

curing at high pressures (7 bars).

Figure 4 - Manual prepreg lay-up

The lay-up generally occurs in an environmentally controlled room where

temperature and humidity are dictated by the sensitivity of the resin, which has been
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partially pre-cured or b-staged onto the fabric, to dust, temperature and moisture
ingress. For this reason, prepreg materials are almost always kept in sealed packaging
frozen until ready to be used. Often the prepreg is rolled and stored on backing paper or
film to avoid adhering to itself and/or anything else until such time as the lay-up
technician is ready to apply the prepreg to the lay-up stack [21]. Operators must be
trained are considered a highly skilled workforce, increasing the cost of staff and
overhead to maintain expertise. Methods for adhering the prepreg to either the tool
surface for the first ply or previously laid ply for every subsequent ply vary. Often a
debulking step is required which uses vacuum bagging compaction to ensure correct
adhesion and removal of air bubbles between plies. Figure 6 [20] demonstrates this

process.

Figure 5 - Prepreg lay-up scheme
2.1.3 Resin Infusion

Resin infusion in comparison to prepreg lay-up removes the pre-processing step
where the resin is impregnated onto the structural fibre fabric. Dry or bound fabric is
laid up in plics in a similar fashion to prepreg lay-up, although in some instances where
geometry is complex, to ensure the dry fabric maintains position and no fibre splaying
occurs the lay-up a binder activation step follows lay-up, adding a step where one was
removed during the preimpregnating (prepregging) phase. The bound or laid up fibre is
termed a preform, due to the fact that fibres have been formed into shape prior to wet-

out. Once laid up and cither vacuum bagged or the tool closed, the resin is then added to
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the lay-up by vacuum assist from outside the bag or tool through atmospheric pressure.
The resin is drawn into the fabric wetting out the lay-up and filling voids. Because the
pre-impregnating step is removed the process is considered to be more economical than
prepreg, but preforming steps required for the fibres, like binder activation, reduce this
advantage. Resin infusion requires resins of a much lower viscosity to ensure flow and
therefore toughening agents and additives to the resin become difficult to incorporate.
Further, fibre volume fraction control is less precise than prepreg where the resin laid up

is controlled by the prepreg ratios (Figure 7 [20]).

Figure 6 - Resin infusion setup
2.1.4 Resin Transfer Moulding

In Resin Transfer Moulding (RTM), a preform is manufactured as with resin
infusion however the resin is injected under pressure into a closed mould (Figure 8
[20]). This resin pressure and closed mould controlled volume provides for greater
control over fibre volume fraction. The process is often implemented in a press in order
to withstand the resin injection pressures but variants of the process. such as RTM
‘light’, utilise lightweight composite tooling simply clamped together and the resin

pressure are significantly lower.
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|

Figure 7 - Resin transfer moulding process schematic
2.1.5 Resin Spray Transfer

Newer techniques such as Resin Spray Transfer (RST) or “Spray-Up™ as
developed by Quickstep [23] and the Bayerpreg CSM systems are currently used in
advanced composites industries to either apply or apply and wet-out the fibre tows.
These resin spraying processes employ the use of the spray technology within the
tooling, effectively producing a semi-impregnated preform within the tool. In the RST
process, resin is sprayed onto the tool, a dry fibre preform of the shape of the part is
then placed into the tool onto the resin, if necessary further spraying operations follow
and the tool is then prepared for curing by vacuum bagging or closing the mould and
then heat and pressure are applied in order for impregnation to occur and final
consolidation and cure. The process utilises industrial robots and metering, mixing

equipment to deliver the resin.
2.1.6 Filament Winding

In a typical filament winding process. fibre tows are run through a resin bath and
then pulled onto a rotating tool surface, which provides tension and compaction of the
tows. However, this process is limited to parts that do not contain concavities in the
rotating symmetry, as the fibre tension would cause the fibres to *bridge’ over the

concave sections (Figure 8 [20]).
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Figure 8 ~ Filament winding schematic
2.1.7 Pultrusion

Pultrusion is a continuous process for manufacture of composite materials with
constant cross-section. As the name implies, reinforcing fibres are ‘pulled’ through an
extrusion die in order to produce the components. The fibres are generally pulled
through a resin, possibly followed by a separate preforming system. and into the heated
die, where the resin undergoes polymerization. Many resin types may be used in
pultrusion including polyester, polyurethane, vinylester and epoxy. An example of the
process flow is represented in Figure 9 [20]. The die is situated following the polymer
injection at the heaters.

The technology can be applied to both thermosetting and thermoplastic
polymers. Pultrusion of polybutylene terephthalate (PBT), polyethylene terephthalate
(PET) and other thermoplastics is now common practice. For thermoplastics
impregnation occurs either by powder impregnation or by surrounding it with sheet
material of the thermoplastic matrix, which is then heated. a technique used in the
manufacture of cables.

Utilisation of the pultrusion process has grown steadily at around 8-10% in
recent decades [23]. Pultrusion is a relatively energy-efficient and resource-saving

process given the concentrated and localised heating as well as it continuous operation.
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Figure 9 ~ Pultrusion process schematic
2.1.8 Automated Tape Laying

In Automated Tape Laying (ATL), tapes are often greater than the standard
25.4mm or 1 inch and therefore can only be placed on smooth minimal curve surfaces,
such as the wing skin shown in Figure 10 [24]. In a typical ATL process, unidirectional
fibre tapes (versus tows), approximately 12.7mm and wider, which are pre-impregnated
with resin. are laid onto a di¢ using a gantry or robotic system. In the ATL process.
tapes are fed from bobbins and compacted using a roller. The tapes are collimated to
increase the width of the tape band, and Cut, Clamped and Restarted (CCR), as the
placement head is moving. This is commonly termed “on-rhe-fly”. The ability to cut,
clamp, stop and start tapes allows the tape bandwidth to be changed according to
product geometry and the programmed tape path. Using AFP or ATL is often a
compromise between the lay down rates versus the complexity of the part to be laid up.
Throughput is typically seen as being higher in ATL systems and with a high degree of
uniformity throughout the part. ATL can achieve this due to the reduced number of
mating surfaces between tapes. Recent advancements in the speed of cutting mechanism
and feed drives that match the velocity of the tow with the velocity of the placement
head. comparable lay-up rates (kg/min onto the tool) to ATL have been achieved with
AFP [25]. ATL is similar in its approach to AFP except for the difference in the width

of the tape used versus the tows used in AFP.
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Figure 10 — ATL of a low contour surface wing skin
2.1.9 Automated Fibre Placement

In the AFP process, fibre reinforcement tows are pulled from a spool or supply
creel and directed to the placement head (commonly known as the end-effector device)
located at the end of an industrial robot or high accuracy gantry system [26][27] through
which placement onto a mould surface is achieved. The tows or narrow slit tapes are
often 6.35mm or % inch wide. The narrow width is used to allow for the placement of a
collimated band onto geometry with complex curvature without wrinkling, bucking or
pulling occurring. Energy, usually in the form of heat, is supplied directly at the
application point to allow the resin to heat and reduce in viscosity, aiding wet-out of the
fibres and adhesion to the substrate or previous ply only. The heat is not sufficient to
cure the resin but in some instances can b-stage (partially cure and then freeze the
reaction from further progressing) the matrix. It is during the post cure, which often
occurs in an autoclave, where further and much greater amounts of energy are applied

across the entire laid up component to cause full wet-out, consolidation, migration of
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Figure 11 — AFP simplified process model'

" For a detailed analysis of the design and make up of an AFP system please see Chapter 3 The UVAFP Prototype Design and Build
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The design and form of the AFP system is driven by the functional elements.
AFP systems are functional engineering machines that are often skeletal in nature, with
visibly exposed subsystem equipment. These subsystems are identified in Figure 12
[10] as the:

1. Fibre placement head:

o

Robotic articulation system;

L)

Fibre and resin creel system;

4. Programming software/controller/human machine interface (HMI); and

N

Placement tool.

Figure 12 - The Coriolis Composites AFP system

A comparison of current composite manufacturing approaches in popular liquid
moulding processes, such as resin infusion and Resin Transfer Moulding (RTM), as
detailed above, fibre reinforcement preforms are placed into a mould or die and are
impregnated with resin. Typically. these processes require long setup times, use large
amounts of consumable materials and waste and offer limited possibilities for
automating the entire process. Furthermore. the preforming of the fibre reinforcements

is often undertaken in a separate process 28], which requires a significant amount of
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rapidly position AFP as the current state-of-the-art technology in automated composite

manufacturing.

Figure 13 - Automated fibre placement machine TORRESFIBRELAY-UP.

A comparison of all the manufacturing approaches, including types of materials,
lay-up rates, and a summary of the advantages and disadvantages, is shown in Table 1
[1]{31][32]. As can be seen, AFP results in the most advantages and least disadvantages
and offers lay-up rates between 2 and 20 kg/hr. This is not the fastest process rate,
however the flexibility of AFP, as is shown in the advantages, layable paths and surface
curvatures in Table 1, compensates for the reduced maximum speed. In addition, AFP
can support high-speed lay-up even with increasing complexity of the part [33]. AFP
also has the potential to produce large components with the greatest accuracy of all the
automated processes available [34]. Large commercial aircraft structures, such as the
fuselage sections of the Airbus® A350 XWB (extra wide body), as shown in Figure 13
[4](35], as well as the tail, nose and fuselage sections of the Boeing 787 Dreamliner

[35] are now commonly being produced with AFP technology. These aircraft programs,
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Table 1 - Description of composite manufacturing processes and functionality

L

required

Process Supply Advantages Limitations Part Size Lay-up Layable | Concave | Convex
Material restriction Rates Paths Surfaces | Surfaces
(kg/hr)
Wet lay-up | Dry fabric of | Robust and easy to | Completely manual with very little | No limit 100 Geodesic | Y Y
chopped fibre | apply. Non-skilled quality control. Low temperature & non-
matte and labour. Quick applications only. geodesic
liquid resin application
Manual Reinforcement | Highly articulate Slow, and expensive labour with No limit 1to 10 Geodesic | Y Y
Prepreg fabric with and flexible, in-situ | health risks as well as quality and & non-
Lay-up pre- inspection and repeatability issues variation from geodesic
impregnated rework possibilities, | part to part
resin manipulation and
manual adjustment
possible
Resin Dry fabric or Low material cost, Requires specific low viscosity Vacuum system and | 5 Geodesic | Y B
Infusion preformed low porosity, low resins, slow infusion process, oven size & non-
reinforcements | temperature curing limited success with cores. high geodesic
and liquid or and low capital consumables requirement
films of resin | equipment cost
Resin Dry fabric or High quality surface | Expensive two sided tooling, high | Press size and 20 Geodesic | Y Y
Transfer preformed finish on all sides of | capital cost, requires expensive tonnage & non-
Moulding | reinforcements | part, low porosity press, high pressure process geodesic
and liquid parts, accurate
resin geometric
conformity
Resin Dry fabric or High quality surface | Low cost low pressure open mould | No limit 200 Geodesic | Y X
Spray preformed finish on all sides of | tools possible. Limited to specific & non-
Transfer reinforcements | part possible but resin chemistries due to geodesic
and liquid generally open sprayability requirements. Reach
resin mould, low porosity | of robot and spray system limits
parts, accurate access and limited to certain
geometric thicknesses due to permeability
conformity before an additional spray layer is




Filament Liquid resin High rates, low cost | Cant lay-up concavities, add or Rotary axis and 200 Geodesic | N Y
Winding and dry and easily scaled drop or 0° ply rotations longitudinal axis
unidirectional length
fibre tows or
pre-
impregnated
tows
Automated | Pre- Accuracy, few gaps | Geodesic paths and limited Gantry size 2 to 30 Geodesic | Y Yo
Tape impregnated and angular cuts contours only, reliability not
Laying unidirectional secure, low rates and high machine
tape cost
Pultrusion | Dry tows and | High speed, high Fixed profile, small processing Thickness 200 N/A N/A N/A
liquid resin quality components, | window (only while in the tool) restrictions and tool
endless lengths, high pressures, single fibre opening
directionalised orientation
fibres
Automated | Pre- Accuracy, high Limited reliability, low rates and Gantry size 2to0 20 Geodesic | Y b
Fibre impregnated conformity, tight high machine cost & non-
Placement | or dry radiuses, adjustable geodesic
unidirectional | bandwidth, close cut
slit tape or adherence to part
tows edge, low scrap rate,
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maintenance and patents to the vendors. With this transfer to a commercial technology.
data on the process and its development has been limited and technical developments
are highly protected.

The increasing popularity of liquid moulding processes however, has seen
alternatives to prepreg manufacturing, such as RTM and RI become a target for AFP
use. AFP systems are increasingly being utilised for preform manufacture using dry
fibres. The dry fibres are coated in a binder and placed before then being infused with
resin as part of the final curing process. The binder is activated through localised
heating and pressure during the AFP process creating a completely tailored preform in a
single process. By being able to manufacture the preforms for use in later processing.
AFP has expanded its useable scope from just part manufacture coupled with a

particular curing process to providing the fundamental constituents for other processes.

Number of AFP related Patents per Year

Number of Patents

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Year

Figure 14 — Patent Statistics for Automated Composite Manufacturing Processes
While AFP technology appeared soon after ATL was conceived, development of
the system did not progress rapidly until late in the 1980’s. From 1980, AFP systems

surpassed the number of ATL installed in production lines within the acrospace industry
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[24][48][49]. Since 1990, competing technologies using broad-goods [50] and fabrics
[51] instead of tows, filament and tapes were developed: however, few of the
technologies have progressed to production. Ewald [52][53] developed a modular
design AFP type system, splitting lay-up tasks into two individual stages. The first stage
machine de-spooled, cut and re-spooled the tape lengths into courses, while the second
stage laid the pre-cut courses from the spool onto the tool. The two stages are shown in
Figure 15 [52][54]. Due to process complexity when attempting to design a system that
integrates many tasks, such as tape cutting. clamping and re-feeding, the AFP head
becomes complicated and the size of the head increases dramatically, limiting its ability
to lay in tight geometries and slowing its production rate. Ewald’s two-stage machine
provided for simplified equipment and greater clearance and reach of the placement
head. Furthermore the machine had a higher lay-up rate than current single stage AFP
machines. Utilising only wide tapes, this machine shared the same limitations as ATL
systems, including limited geometry, conformity and high scrap rates. While this
approach offered potential benefits in terms of speed and simplicity of mechanisation, it
is arguable that the total time benefits and the cost to the factory floor footprint limited
production feasibility. However, limited data is available to quantitatively substantiate

this.

Figure 15 ~ Forest-Line ACCESS System (L) and ATLAS System (R)

Another similar process to AFP is the patented process used by Fibreforge [55].
This system includes a proprietary software algorithm which determines flat net formed
blanks from 3D design shapes. A tape-laying machine lays the flat blanks according to

a generated flat pattern. This pattern is then transferred to a stamping press where it is
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Figure 16 ~ The composite material value chain for AFP processing
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The fibres and polymer matrices most commonly used in AFP are detailed in
Table 3 [56] with the polymer-matrix determining the processing method. From the
table it can be seen there are numerous materials therefore this section will review only
the most common materials and associated processing, with a focus on the curing and

handling methods employed to date.

Table 3 - Fibre and Resins (thermoset and thermoplastic) used in AFP

o PRSI

* Glass * Thermoset * Thermoset
« Carbon  Bismaleimide (BMI) * Autoclave
* Boron « Bisphenol-A Epoxy * Room temperature
* Aramid « Polyimides « Electron beam (EB) curing
* Basalt « Polyester * High intensity Laser curing
* Graphene * Vinylester * Fluid heated tooling
* Phenolic * Quickstep
« Thermoplastic «Oven
« Polyetheretherketone (PEEK) » Vacuum bag only
« Polyetherketoneketone (PEKK) « Resin transfer moulding (RTM)
* Polypropylene (PP) + Compression moulding
* Polyamides (PA) * Microwave curing
* Polyetherimide (PEI) « Induction heating (eg: roctool)
« Polyethyleneterephthalate (PET) * Thermoplastic
« Polyethersulfone (PES) + Autoclave
» In-situ heating and cooling
* Welding

= Vacuum forming
» Compression moulding
* Pressing / Forming

2.3.1 Thermoset and Permanently Cross-Linking Composites

In the AFP process, thermoset composites can be used in a number of ways.
Often, 50% resin weight towpreg is used during fibre placement. Thermoset resin
prepregs require pre-heating to control the resin viscosity and hence the resin tack
during feeding and prior to placement onto a mould. At the application nip point, the
temperature is raised to reduce viscosity, increase tack and affect wet-out and intimate
bonding to the substrate, while being compacted by the compaction roller. After
placement, in systems without in-situ curing mechanisms, the composite part requires
the application of further energy, usually in the form of heat but other options such as
radiation can be used, to cure the resin and maximise the material properties [57]. For
most epoxy-based prepregs, the thermal cure stage requires an autoclave cure, which
increases cost and cycle time. This extra stage compromises the potential productivity

gains from AFP versus using in-situ methods [58]. Advantages of thermoset resin
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Figure 17 = MAG Cincinnati Viper horizontal gantry configuration

Goodman, Byme and Yen [65] and Goodman, Weidman, Byme, & Byankov
[66] examined in-situ EB curing in ATL for large integrated structures using a custom
machine designed to simulate EB curing ATL lay-up processes. The study developed
one of the first true in-situ curing models using irradiation initiated curing in automated
composite manufacturing, which could also be applied to AFP. The paper not only
presented data on the mechanical and thermal properties of parts produced, but also
examined the design trade-offs when incorporating EB curing and the limitations to part
geometry due to the size of the EB system. Three different modes of EB energy
application were tested on cationic resin systems only. For mode A, a fractional dose of
EB curing of a newly laid tape occurred immediately after heat and pressure
consolidation. In mode B. a full dose of EB was applied to the previous tape layer
immediately before a new tape layer is applied. In mode C, the incoming tape is
exposed 10 a full dose of EB immediately before consolidation. It was found that
Mode's B and C required less EB energy and were more efficient and suited to dynamic
current (DC) electron beam guns, while mode A required higher energy to penetrate

through more layers and more suited to low frequency EB guns. The mode of
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Figure 18 — The UVAFP prototype work-cell

2.3.2 Thermoplastic Composites

Thermoplastics do not permanently cross-link and therefore when heated above
a critical glass transition temperature, parts can be formed, bonded and cooled in-situ.
In-situ consolidation of thermoplastics is performed using localised heating of the layers
to be bonded just prior to the nip point. The layer of thermoplastic to be applied to the
thermoplastic substrate is then consolidated using pressure to promote bonding and
chemical chain migration across the bond interface. The process is then immediately
followed up with localised cooling and thus re-solidification. This negates the need for
an autoclave, such as in thermoset systems, which is a major influence on composite
part size, cost and throughput time [64]. A number of different technologies have been
proposed in order to achieve in-situ thermoplastic bonding. These include hot gas guns,
open gas torches, infrared lamps [74], high intensity lasers, and EB, microwave and

high intensity UV radiation [31][63][73] [75][76][77].
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in-situ curing and impregnation techniques to AFP, such as UV photo-curing and resin
nip point dispensing for on-the-fly resin impregnation. Fourth, using flexible industrial
robots in such applications and utilising their six degrees-of-freedom to produce
complex parts. Finally, the models of the AFP dynamic and transient process for
controlling process quality and predicting processing rates. This includes impregnation,
consolidation, curing and the ultimate thermal and mechanical properties. Therefore,
this research focuses on contributing to the literature in these five areas to develop this

beyond the current state-of-the-art for AFP.
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Table 4 — Requirement to specification development for the UVAFP system

Requirement Priority | Driver Specification Units Target Validation
Lay fibre and resin uniformly and cure in-situ y Process Resin matrix family type type Thermoset or thermoplastic | By design
effectively
Resin type Vinylester (with ability to By design
handle other liquid resins)
Fibre type E-Glass (with ability to By design
handle other 6.35mm or "4
inch tows)
Material Processing type Separate fibre and resin By design
Faster than hand lay-up B Process Curing Method type Ultraviolet By design
In-situ Y/N Y By design
In-situ curing locations 1-pre,2- 2 and/or 3 By design
post, 3 -
during
Min Lay-up Speed min mm/sec | 0.5 Experiment
Max Lay-up Speed max mm/sec | 3000 Experiment
Flow Rates of Resin ml/min 0.3 to 30 Experiment
Min Tow Width mm 3 Experiment
Max Tow Width mm 6.5 Experiment
Tow Thickness mm 0.38 Experiment
Produce higher quality parts to hand lay-up * Process Voids % <3 Experiment
Compaction Pressure N 10-1500N Experiment
Compaction Mechanism type Pneumatic Actuator By design
Critical Distance mm <800mm By design







DOF internal to head # 3 -head (1 compaction, 2 By design
roller passive)
Durable 4 Design Time to change head min <1 Experiment
COTS Components List Cutter, roller, bearings, By design
pneumatic cylinder
Roller Material material Steel with elastomer surface | By design
Cutting Technique type Guillotine By design
Accept varying material systems 5 Materials | New Features List Closed loop pressure By design
control, resin viscosity
control, compliant roller,
Tow payout, Scraper to
minimise lofting
Auto fibre feed Y/N Y/ By design
Modular 6 Design Time to change supply sec <60 Experiment
materials
Number of Tows #to# 1 (but scaleable) By design
Tow width range mm 55t07 Experiment
Low capital cost 7 Design Cost $ <10.000 By design
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While all survey respondents and end users questioned were exclusively in the
acrospace industry, for the first prototype and target market of automotive it was
deemed acceptable to use a lower performance material system of glass fibre /
vinylester. This was on the one hand to reduce cost but also to aid the selected curing
process performance (UV curing) by increased transmissibility of glass fibre. As
detailed in the specifications the system was designed to handle other resins and fibres
but these investigations would be outside the scope of this thesis. Metrics with specified
ranges provided the opportunity for process control and acted as the independent
variables for the process optimisation study. Figure 19 shows the corresponding process

window for the prototype based on the target specification.

UVAFP Prototype Processing Window

s W0 — A X

Consoldation Force N
10000
1000
Tow Tension N 100 Lay-up Speed mm/sec
14
UV source distance -
Resin flow rates mi/min
(height) mm v e /
UV intensity W/cm2 Roller Diameter mm

Figure 19 - UVAFP prototype processing window

In many instances, metrics were determined based on benchmarked state-of-the-
art AFP systems. These included MAG Cincinnati’s VIPER and FPX system
[92][93](70][94][95]. Coriolis composites AFP unit [96](97][10] MTorres" Fiberlayup
system, Electolmpact’s AFP system and Ingersoll’s Mongoose system and Automated
Dynamics Corporation’s V3 to V5 machines amongst others. Some metrics were
defined according to limits placed on the experimental unit having only 1 tow feed

system. This was the case for the resin flow rate. This was set at a maximum of 30
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Figure 21 - UVAFP curing of a glass-fibre/vinylester composite.
3.3 Experiment 1: Placement Head Size, Reach and Access

For an AFP system to place continuous fibre tows onto a tool surface to lay-up a
composite component, the geometry of the surface must not exceed certain complexity
limits. These limits are driven by the interaction between the placement head and the
tool surface in order to avoid collisions and ensure the normal orientation of the
placement head in relation to the tool surface. The normality of the AFP placement head
orientation in relation to the tool surface has been found to be critical in ensuring a high
quality lay-up. The normal orientation ensures adequate compaction, no wrinkles, and
accurate placement of tows with controlled spacing onto the ool [98].

One of the primary features of AFP technology is the ability to lay fibres into

concave geometries not just convex geometries of the filament winding process. It is the
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point, however the modular design incorporates the entire creel system within the end
effector itself, meaning the overall placement head is very wide amongst benchmarks,
this ultimately limits the clearance of the placement head and the complexity of parts

that can be produced

Figure 22 ~ Electrolmpact Modular AFP head
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Figure 24— Placement head reach and access geometry simplified
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The formulae defining each of the coordinates and functions were derived using
the trigonometric definition of the process conditions and geometric constraints. The
limits on the range of the minimum tool radius is shown in Equation 1.

(0 + Troller o rwrist)
Troller = Tmin = (W) ” 2

Equation 1 — Tool radius range

It was determined that the minimum radius and maximum arc length occurred
when the widest point of the placement head and the point where the line created by the
clearance angle coincided with the arc created by the tool radius. This assumption was
possible because the minimum radius was examined as an isolated radius in the tool
surface with only straight tangent lines preceding and proceeding the radius arc length.
That is, there was only one curvature and no double curvature. Therefore the maximum
arc length was equal to or less than 90°. Beyond 90°, the width and height of the total
placement head had to fit within the concavity. That is (as per Equation 1), the tool
radius was less than or equal to the head width and less than or equal to half the distance
of the head offset, plus the roller radius plus the articulator wrist radius. The equation
for the roller where (a, b) are the coordinates of the circle centre point and r is the circle
radius, therefore as per Equation 2.

(x—a)*+ (y—b)? =r?
(x —0)? + 7 — troner)? = Tiotier

Equation 2 — Compaction roller function

The equation for the head clearance angle is defined by a simple straight line as
per Equation 3, where m is the gradient and b is the y axis intercept. In this case m is
defined by the clearance angle and b by the relationship of the clearance angle as a

tangent to the roller radius which then determines the y-axis intercept:

y=mx+b
m = tan(90 — f)
b = Trotter — rsr;)l:l;r
1
b = Troper(1 — W

1
y =xtan(90 — B) + ryoper (1 — —
sin 8
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Roller Radius vs Reach and Access
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Figure 25 - Roller radius versus minimum tool radius and maximum arc length

Figure 25 shows that by increasing roller radius the expected outcome of
increased minimum radius and a decreased maximum arc length occur. Therefore the
smallest roller radius is best for optimisation of reach and access as defined by
minimum tool radius and maximum arc length. In many commercial designs of AFP
systems, the roller radius is increased for a number of reasons, going against the
findings of this work. These reasons include increasing the contact area of the roller
onto the tool aiding adhesion and consolidation and reducing lofting of the tow
immediately after the roller due to the high upward shear forces caused by small roller
radius and small contact area. It is evident however from this work that the gains in
consolidation come at a cost to reach and access and therefore should be considered in

the design of placement heads and their target applications.
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Placement Head Width vs Reach and Access
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Figure 26 — Placement head width versus minimum tool radius and maximum arc length

Figure 26 details the effect that the placement head width has on the minimum
tool radius and maximum arc length. There is a linear relationship between placement
head width and minimum radius. The relation to arc length surprisingly exhibits a
positive logarithmic nature. This suggests that increasing the placement head width
actually increases the possible arc length for the mid-range values chosen for the other
design parameters. These influences suggest that while minimising the width of the
placement head has a significant impact on the access in terms of the minimum tool
radius, the smallest width is not the optimal design for ensuring maximum arc length of
the radius. For the example, for a 45° clearance angle and 50mm roller radius as was set
in this case, the width can be up to 400mm with significant gains made in arc length.
Above 400mm the arc length gains diminish and therefore exceeding this width should
be avoided.
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Placement Head Clearance Angle vs Reach and Access
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Figure 27 - Placement head clearance angle versus minimum tool radius and maximum arc length

Figure 27 indicates that the optimal design range for the clearance angle is less
than 45°. Clearance angles greater than this very quickly diminish accessibility in terms
of tool radius and arc length. Due to the geometric constraints, the overall height of the
placement head increases given the same width as the clearance angle decreases. This
leads to larger and larger minimum tool radiuses as the clearance angle decreases. In
this case, the width was set to 300mm, leading to a maximum arc length of 90° at
clearances angles less than 45°. This was because beyond 90° the height of the
placement head would have led to a collision with the tool radius tangent surface.

Utilising the full factorial data set a search was undertaken on the optimal design
that minimised the tool radius and maximised the arc length. A bipartite parameter
ranking technique was used to score all parameter combinations. The highest ranking
was applied to the parameter combination that scored highest in each quality measure as
an aggregate by adding the individual ranks. The highest scoring combination for the
design parameters were a roller radius of 7Smm, a head width of 100mm and a
clearance angle of 25°, achieving a minimum radius of 100mm and a maximum arc¢
length of 90°. The reason for this selection is based on the process conditions limits and

not directly from the calculated trigonometric problem. Certainly other variable sets
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dry to allow binder or resin flow) was important to reducing the steering radius without
inducing wrinkling or gaps [ 105].

The compaction roller width and the number of tows being laid side by side on
the tow band both drives the production capacity of the system but also the complexity
of parts that can be produced. A wider roller and more tows means greater throughput

but reduced flexibility for complex geometries.
3.3.4.2 Benchmarking Study

For the benchmarking study design variables measurements were collected for
the six most common state-of-the-art placement heads. Photographs were collected from
public sources and using the ImageJ image analysis software and reference scale lengths
contained at the same depth within the photo field to collect measurements. An example

of the photographic analysis is shown in Figure 28 [104].

Figure 28 — Design variable benchmark analysis

Because the measurements were taken using photographs and scaling techniques
the tolerances on all measurements should be considered very large. The results give

only an indication of the access that current systems have and allow for a design
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Table 7 - Design variable benchmarking data
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“Variable | Units | Automated | Coriolis | Electrolmpact | Ingersoll | MAG | MTorres | Optimised
| Dynamics | Composites Cincinnati UVAFP
T Corporation head
Model I | Mongoose | |
| Vs Unknown Unknown Vi Viper Fiberlayup
[Image
|
‘
|Image source \ " Google i
ADC Coriolis i Fives image
Corporation | Composites | Electroimpact Ingersoll ‘ Machines scarch
Head clearance, faas | ° | 40 73 72 73 |60 60 30
Head width, ¥ |mm | 485 335 425 250 2625 400 1100
| Head offset, O mm |75 | 870 A 11500 [ 1300
Tmp;ﬁim Roller mm ] 7l 75
radius, Froler 25 375 25 55 50 60
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The access limits of each benchmark system is shown below in Figure 29
plotting minimum radius against maximum arc length. The design with the most access
is defined by the series closest to the upper left of the processing window. For future
work, examination of a sample tool set for a representative structure and the reach and
accessibility of each machine in 3D would be useful. It can be seen that from the data
gathered the design with the least accessibility and the ability to produce the least
complex parts is the Electrolmpact design [102]. This can be attributed to the width of
the head design by incorporating the creel system within the placement head. While
minimising travel paths of the tows and mitigating tension issues as well as allowing for
quicker head changes the design configuration clearly limits the access of the system.
An alternate design aiming for the same concept is the Ingersoll Mongoose head design
with the vertically mounted creel system within the placement head. The Ingersoll
system however is limited by its poor clearance angle due to tow guide equipment that
is situated just prior and post the consolidation area of the compaction roller. Of all the
design the Automate Dynamics Corporation VS head design shows the greatest
accessibility due to its steep clearance angle and small compaction roller radius.

AFP Design Study Benchmarking - Min. Radius vs Max. Arc
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Figure 29 — Head design geometric study benchmarking results
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Figure 30 — The system architecture of the UVAFP prototype
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Redirect
roller

N\
\

Individual tow payout
ith controlled tension

Figure 31 — A generic embodiment of an AFP placement head

The clearance angle and design of the UVAFP prototype was based upon results
of a design study experiment detailed in section 3.3. With a tangential fibre approach
for only 1 tow no second tangent plane was necessary, however all of the sub system
elements were incorporated as well as additional features to standard fibre placement
systems, namely the UV light curing and the resin dispensing spray nozzle.

Automated fibre placement heads come in a variety of sizes from small systems
laying only 1 tow at a time [107] to large scale industrial units that can lay-up to 32
collimated tows simultaneously [92]. AFP can be scaled to produce large composite
components with great accuracy [108]. Conversely, while AFP systems can also be
scaled to produce small size components with lower throughput [109] functional
packaging limits mean that most AFP systems currently have limited clearance for quite
large minimum concave tool radii. Abdalla et al., [110] developed a low cost FW

machine for experimental use and highlighted the need for cheaper, smaller, scaled
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Figure 33 — The UVAFP prototype placement head cross section

The prototype places single tows onto the tool while resin is sprayed directly
onto the tool or tow. The tow is compacted and consolidated with the resin using the
compaction roller and force control system and then cured using UV light supplied from
a spot curing system delivered by a liquid filled light guide. The system is capable of
cutting the tow, re-feeding for the start, and end of placement paths, and can control the
tension of the tow during placement. Below the mounting platform sat the placement
head assembly containing the fibre tow guides, the CCR, the UV curing system, the
resin spraying system and the compaction roller. The following sections discuss the
CCR system., the curing system., the resin impregnation system and the compaction

system in detail.
3.6 The Cut, Clamp and Restart System

The cut, clamp and restart (CCR) system is an integral part of an AFP placement
head. It is found just prior to the nip point where the tows are collimated into a single

band and pressed onto the tool/mould by a compaction roller. The CCR mechanism
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clearances are increased. The largest and most cumbersome of systems usually required
in the CCR is the heating and cooling systems to protect the towpregs and keep them
within their operating ranges. In addition large ducting systems for convective heating
and cooling or conductive heating systems requiring large surface areas with large
power electronics elements are needed adding significant volume, mass and complexity
to the placement head. By removing the need to heat or cool towpregs a significant
saving in the head size and particularly clearance just prior to placement can be

achieved, ultimately leading to greater access.

Figure 35 — Fibre guide, compaction roller convergence and robot wrist noting height of end-
effector

Figure 35 shows one of the initial design sketches for the compaction roller
system and the supplying CCR system. The articulator wrist is also identified at the top
of the figure. The figure shows the considerations made for the clearance angle and the

head offset distance in order to maximise reach and access for the lay-up of complex
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Figure 36 — The JR3 45E15A4 6 degree of freedom load cell

T'he compaction cylinder assembly provided an additional vertical degree of
freedom to the placement head and robot system. This assembly comprised of the
compaction cylinder itself, a Festo high load, short stroke pneumatic cylinder. model
ADN-63-25-A-P-A, connected to a proportional pneumatic regulator, model VPPM-6L-
L-1-G18-0L6H-VIN by Festo. The compaction cylinder was a large bore short stroke
unit designed for high pressures and high speeds. The 4 lincar bearings were included to
ensure linear motion and maintained stiffness between the robot and placement
assembly and inhibit rotation of twisting. The 4 lincar bearings linked the cylinder
housing to a mounting platform forming the interface to the placement assembly was
moved by the compaction cylinder. The connection of the mounting platform to the
cylinder end was coupled with a misalignment joint to compensate for any possible
misalignment in the assemblics. The mounting platform incorporated a large number of

mounting holes for auxiliary systems such as the pneumatic actuators
3.8 The Fibre and Resin Creel System

The material supply creel system (the creel) incorporates both the material

supply and spooling source, The creel can either be mounted externally and separate
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Figure 37 — Production of the V-22 Upper wing Skin-using Fibre Placement Technology

For example, the production AFP system shown in Figure 38 [119]. Figure 38 is
a MAG Cincinnati system used for producing FA -18 E/F Super Hornet fuselage skins

by Northrop Grumman Corporation [48].
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Figure 38 — Fibre Placement of the Northrop Grumman F/A-18 E/F Fuselage Skin

Alternatively, industrial robots articulation setups offer a more economic, smaller
footprint and higher flexibility in the kinematics (commonly 6 degrees of freedom).
Traditionally utilised for point to point, pick and place and welding applications,
industrial robots are now seeing use in path critical applications such as AFP. Industrial
robots also offer the added benefit of reduced size and increased degrees of freedom.
While robots cannot often support the same loads as a gantry system they are capable of
supporting loads in the ranges required for AFP — primarily the compaction force. The
high degree of freedom of industrial robots and the relatively small arm and interface to
the placement head improves the reach and access of the placement head and therefore
are well suited to smaller, more complex parts with tight geometries. Several
approaches have been used to investigate the possibility of applying AFP as a general
purpose process, with generic machinery. Most of these studies focus on the use of
anthropomorphic robots installation [120] adding degrees of freedom, reducing cost and
increasing reach and access. Recent AFP installations for research and low volume
production such as at NASA Langley [121] and in The Automated Composite
Manufacturing Technology (ACM) Centre at the National Aerospace Laboratory NLR,

Netherlands [122] and the Fraunhofer, Functionally Integrated Lightweight Structures
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of the workcell was developed in the ABB offline-programming environment, Robot

Studio.

Figure 39 -~ The ABB IRB6600 and ABB IRB1600 robot workeell.

The load capacity of the IRB6600 robot was 175 kg, and the reach was
nominally 2.55 metres. The workspace limits of the robot are shown in Figure 40. The
accessible area is shown in blue and because of the continuous rotatable nature of the

first axis (the base) the area can be revolved in 360°.
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Figure 40 — IRB6600 work area and part size calculation

Prior to establishment of the UVAFP prototype design the suitability of the
robots in terms of accuracy and reach had to be determined. An experiment examining
accuracy for tool centre point (TCP) path following was undertaken as described in
Section 3.10 [124] . The experiment was based on robotic milling but provided insight
into the effect of specific process conditions related to the use of an anthropomorphic
robot on accuracy. As with any structure moment forces become greater with distance.
ABB provides design guides for end effector load limits, to ensure the robots can

maintain path and point accuracy drive motors and the couplings.

142



Chapter 3 - The UVAFP Prototype Design and Build

(v
=
o, i - g L
1 C)
| o el
o s 4 .
Vercs et [
|
= = 3 l\n_-_}
T |’~‘ —
s v ‘ v
£ | i
) 4] : : 2
L L -
“arseg ,
X e W W @ 3 e
% S \ | . Y e :
[~ .. \? it
(> \‘.‘ e |
11 we
\! }
‘l“ o= }
oe L B L =
‘;:} il
i | -y
0¥ ox ew m ow w) |
E L Sntance =) -~ ]
5 e A %
3 |
|
|
5
i
|
S W - - e

Figure 41 — Load limits for a horizontally alignment and vertical alignment of the 5™ axis wrist

The orientation of the robot wrist (the 5™ section counting from the base axis up
the arm) has different load limits when used in different orientations. This is particularly
important for AFP where the 5™ axis acts to ensure normal perpendicular orientation of
the placement head in relation to the tool surface. The horizontal and vertical limits are
shown in Figure 41. In the vertical orientation, higher payload limits are shown
indicating a stiffer configuration of the robot in this orientation and therefore a vertical

mounting configuration was chosen for the UVAFP placement head.

3.10 Experiment 2: The Degrees of Freedom of AFP Articulation
Systems and Reach

Nove: This work way amdersaten in conjuncrion with Jason Schicmer and Paul Compstom of the Australian National Universiry,
College of Engincering and Computer Science as part of a joint collaborarion project
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3.10.2 Experiment Apparatus

The robotic milling set-up is shown in Figure 42. The robot was an ABB
IRB1600 with IRCS controller. The robot has a reach of 1.45 m, payload capacity of
Skg and repeatability of +/- 0.05 mm. The maximum feed rate is 1000 mm/s. A 140W
spindle from Dremel’s 400 series [130] with a speed range of 5,000-33,000 rpm was
mounted to the robot. The total mass of the adaptor and spindle was 1.578kg with a
centre of gravity at the coordinates (0.-2.32,101.91) from the 0.0,0 of the robot wrist

mounting face, thus giving a mass distance of 101.91mm.

Figure 42 - Robotic milling setup of the ABB IRB1600 with spindle and foam sample

The cutting tool was an 8 mm diameter high speed steel ball-mill with 14 flutes.
The foam blocks for milling were adhered to a table placed directly in front of the robot.
The sample was positioned with its origin at a Cartesian coordinate of (x, 0, 200). with x

being varied as the arm extension within the robot co-ordinate frame.
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Figure 44 — Error vector comparison to CAD example
3.10.4 Experiment Results and Discussion

An analysis of means (ANOM) was applied to the results to clucidate the parameter
effects. The mean and maximum error values were averaged; for example, the error
values from experiments 1. 2. and 3 were used to find the average errors for arm
extension of 750 mm; and the errors from experiments 1, 4, and 7 were used to find an
average error for feed rate of 200 mmys, etc. These average errors were plotted against
the parameters settings. The average shape error from each experiment is given in the
final column of Table 9. Two representative error maps, from experiments 2 and 8 are
shown in Figure 46. For clarity, the top view is shown and the error patterns are typical
for all samples. The main errors occurred in centre of the sample and were caused by
insufficient material removal. Nevertheless, good accuracy was achieved with average
error ranging from 0.06 mm (experiment 4) to 0.10 mm (experiment 8). By decreasing
the arm extension, decreasing feed rate. increasing spindle speed, and decreasing the

point filtering for the path generation of industrial robots, the path following accuracy
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and hence surface accuracy of the milled samples were improved concurring with the

experiment hypothesis.
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Figure 45 - Parameter effect (interaction) plots for (a) average error and (b) maximum error (AE =
arm extension, FR = feed rate, SS = spindle speed, PTSP = point to point filtering)

A greater understanding of the effects of the parameter and level settings can be
gained from the ANOM results which are plotted in Figure 45. The greatest error in
Experiment 8 agreed with the hypotheses that at the greatest reach and comparable feed
rate and highest point filter spacing the greatest error would occur. In the DOE findings
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(a)

(b)

Figure 46 - Error maps from (a) experiment 2 and (b) experiment 8

A greater understanding of the effects of the parameter and level settings can be

gained from the ANOM results which are plotted Figure 47. There appears to be no
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Figure 48 - UVAFP electrical control circuit (SV = solenoid valve)
The Labview control software was devised using a series of event-triggered
algorithms. Events were called within move commands and timed according to position

from the start or end of a placement path run. These algorithms are presented as block
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diagrams in Figure 49. As the sequences explains, a digital input (DI) is received from
the robot controller through a data acquisition (DAQ) interface. The motor controller
would then initiate the output required for the motor to run through the DAQ to serial
connection. During operation integrated encoders would feedback to the controller and

determine when the motor should stop, for example after a set distance had been rotated

for the re-feed of the tow to be complete.

Figure 49 ~CCR task control algorithm

The force control algorithm is displayed in Figure 50, as per the CCR algorithm
the force controller proportional-integral-derivative (PID) would manage the set point
via feedback from the load cell that provided the control variable to a PID pneumatic

regulator that provided the driving pressure within the compaction actuator in order to

provide the force required for consolidation.
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Figure 50 - Force control algorithm
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To program and control the UVAFP prototype, a novel “CAD to CAM™
approach was developed. The digital surface geometry was imported into a standard
computer aided manufacture environment, in this project SurfCAM was used for its
inbuilt 5 axis machining capability. A placement path was generated, as per the in-built
“machining” path programming tools but using the machining parameters to simulate
placement parameters. For example, straight paths across a flat face with run off over

part edge as well as spacing to match the tow band width as shown in Figure 51.

D ————— NI

“o Xageomme » L R oPiBalEs B @ 52 Deses] ot

Figure 51 — Surfcam generated flat face “machining path™ used as flat placement path for AFP

The path was then exported into a generic numeric control format known as
CAM APT-CL code. APT stands for Automated Programmable Tool and includes
simple x.y.z point data that came outputted with 1,k orientation data. This APT-CL
code was then imported into an NC to robot language converter known as IRBCAM.
IRBCAM was developed to convert the tool point coordinate and orientation commands
as well as the G code event handling commands (eg: on/off) into ABB’s RAPID move
command language with x.y.z and quaternion orientation data needed for ABB robot
controllers. In order to do this global strategy options had to be selected for handling of

the 6™ axis. The resulting RAPID program was then loaded into a custom post processor
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written by the author of this thesis specifically for the UVAFP process, that examined
the program for placement move commands and added UVAFP path trigger events that
would initiate certain 10 channels used for device control such as CCR during

placement. The process flow is shown in Figure 52.

l 5 mnutes >

|Surface Geometry NC Tool Path RAPID Path UVAFP Path

SOLIDWORKS SURFCAM IRBCAM Post Processor

Figure 52 — The fibre placement path generation process

This process kept the intelligence of path generation algorithms within the
functionality of the computer aided manufacture package used and allowed a quick and
highly flexible approach to converting CAD to the appropriate IRBCAM path program
[63] with minimal additional leaming curve for CNC programmers. The time to
generate a path using this post processor approach depended upon the size and
geometric complexity of the CAD model. Programming time for generating a path for
the UVAFP prototype on a simple mould (a flat tool similar to that shown in Figure 51
500 x 500mm) for a single ply using a single tow approximately 6.35mm wide with a
straight section and then a steering radius of 500mm half way along the part length took

less than 5 minutes [7][63].
3.12 Summary

This chapter detailed the design, development and building of the UVAFP
prototype and the QFD design approach and experimental validations undertaken in
consideration of the final product. The QFD approach was detailed showing the focus
on compliance to the requirements and therefore quality expectations for the UVAFP
prototype. Each sub-systems was considered individually for the prototype and the final
system provided the full functionality of an AFP system for a single tow, suitable for

research and proof-of-concept purposes. The design of the prototype was undertaken as


















Table 10 — The material selection criteria

Photo-initiator

Requirements Material Specification Metric target
Low cost Fibre Cost < E-glass
Resin < SMC matrices (poly and vinyl ester)

< MEKP

No material preparation and easy to load

Fibre
Resin

Photo-initiator

Supply form

Single end Roving
Bulk liquid (drum, pail etc.)
Soluble powder/liquid stable in dark

Optimal properties at lowest $/kg

Fibre

Fibre resin content

50:50

Photo-initiator

Tack time

Resin
Can cure using UV light when combined with fibres Fibre Transparent Glass

Resin Vinylester
Fast curable in-situ Resin Cure time < 10 seconds

<1 second gel (ASTM D3167)

Photo-initiator

Can be used in automated systems Fibre Tow thickness tolerance + (0.05mm
Resin Tow width tolerance = 0B mm
Photo-initiator Low viscosity 100 cPs
Ratio <1 pph
Able to conform to complex geometry Fibre Single tow width 0.25" or 6.35mm
Comparable mechanical properties to traditionally laid | Fibre Mode I mechanicals > E-glass
up and thermally cured glass fibre reinforced polymers | Resin Mode II mechanicals > Vinylester
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Advanced Fibre Stress-Strain
8000
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— Advantex ~——f-Glass Rglass ~—Sglass ——Aramid NS Carbon

Figure 53 - Typical structural fibre stress-strain curves

The filament winding process requirements closely reflects the AFP process and
therefore fibres developed for this process were short listed as potential candidate fibres.
Tows must be continuous and uniform in dimension, high tensile properties, very low
stringer and fuzzing and appropriate sizing to protect the fibre during delivery through
guide system where high abrasion or wear can occur. Table 11 [153][154][155] shows
the mechanical and thermal properties for the various glass fibre candidates examined

for use in the UVAFP system.
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Table 11 - Fibre tow properties

Property Units Test Method R&G ocv ocvV ocV Standard | Jushi E6
Hollow WindStran | XStrand Advantex | E-Glass CPR
Gilass dH Roving Single IS6T
Fibre EPWIT End Direct
Roving Roving
Type 30
Product Code = = = [T= == 190 050- MCXS | SEI200 E6DRI
X 21 7-1200-
I86T
Fibre Designation ASTM DS78.05 H-glass R-Glass S-Glass E-CR E-Glass E-glass
ghass
"Cost SUS/Ke
Average fillament diameter microns
Tex gkm
Roving Width Mm
Roving Thickness Mm
Density (@ 25°C) [ em' | ASTM (693
Refractive Index (bulk annealed) NA ASTM Cl648
Resin Compatibility Resin
Thermal Conductivity (@ 25°C) WimK ASTMC17?

ocvy
FlteStran

d Roving

MCF 14

S-Glass
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| Coefficient of Thermal Expansion @23- | = 10¢ [TASTM D69

3IeC em'em( |
“Specific Heat Capacity @ 23°C kg K TTAST™M (332

| Pristine Fibre Tensile Strength MPa | ASTMD2101

?;nig‘;rm{l-lu\ GPa =

["Specific Modulus 3 X10° m Cakulaied

| hhngn;i';n at Break %

* Tensile Strength RET ASTM2343 with Epoxy
Tensile Modulus MPa ASTM 2343 with epoxy
Score Green = 3, Amber = 1, Red
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Of the candidate fibres Owens Corning Advantex E-glass Single end Roving
type 30 was selected for proof of concept testing. Owens Coming E-glass Single end
Roving type 30 was chosen due to its low cost and comparable performance properties
in relation to other glass fibres. As presented in Table 11, the fibre has middle of the
range to optimal properties in cost, TEX (weight in g per 1000m), width and thickness,
Young's modulus, specific modulus and elongation at break. While the glass had
slightly lower performance in refractive index (important for UV curing the difference
was considered negligible to other glass fibres. Most important however was its supply
form, as a single end roving. This allowed for easier integration and design of the creel
system for the UVAFP prototype. In order to quantify this assumption and confirm that
the single end roving was suitable for AFP and not just its originally intended purpose
in filament winding a study of the fibre cross section was undertaken as detailed below

in section 4.3,
4.3 Experiment 3: Evaluation of Dry Fibre Tows in UVAFP

Automation systems are centred on repeatable process control. Understanding
the uniformity and regularity tolerances of supply maternials is vital to designing an
appropriate electromechanical systems for any automated system that can repeatedly
and accurately undertake a task. Flexibility and adaptability are sacrificed for speed,

consistency and repeatability which ultimately drives the process costs.

AAARRRARAAS

Figure 54 - Precision Feed End Effector (PFE)
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Figure 55 - Fibre lay-up simulation experiment setup
4.3.3 Experiment Method

A design of experiments test matrix was established as a column reduced L16
Taguchi orthogonal array [157] with two dependent variables: the tow width and
thickness: and. two independent variables: tow tension and compaction roller force.
Four levels for each independent variable were selected. Tensions were varied over a
range benchmarked with other AFP systems (as per [63]), from no tension applied, or 0
to 1, 40 and 70 N. Compaction forces were varied from uncompacted, or 0 to 1, 100 or

1000N. Only normal loads (F:) were measured as shown in Table 12.
4.3.4 Experiment Results and Discussion

The results of the experiment are split into two sections. The first section
summarises the fractional factorial experiment according to the L16 Taguchi orthogonal
array. The second section includes the gap/lap analysis based upon optimised settings
and a prediction of average gap and lap in order to quantify average placement quality.

Average variance and signal to noise ratio variance were analysed and
presented. The selection of optimal settings of the tension and compaction to provide a
stable and robust process achieving a nominal target width and thickness with
minimised variance was also presented. Prediction of the optimised setting effects were
made and validated in the gap and lap analysis. Increasing the tension and compaction
force of the lay-up process of AFP reduced the width and thickness variability of dry

glass fibre tows as hypothesised.
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4.3.4.1 Tow Width and Thickness

The fibre tow dimensions of the Owens Corning Advantex E-glass Single End
Roving Type 30 showed significant variability even in its original form over the 10m
length. The images used for width measurements are shown in Figure 61 and Figure 69.

The width measurements were recorded and are presented in Table 12.



Table 12 — Fibre cross-section analysis experiment L16 fractional factorial matrix for tow width

Chapter 4 - Automated Fibre Placement Materials

Sample | Tension | Compaction | Mean | StDev | Signal to Noise Ratio
(nom)
Units N N $i i SNrom
1 0 0 6.530 |0.537 |21.702
2 0 1 8.863 | 0.579 | 23.693
3 0 100 11.172 | 1.331 | 18.478
4 0 1000 11.182 | 2.795 | 12.042
5 1 0 6.149 | 0.383 |24.101
6 1 1 5.549 | 0.009 |55.371
7 1 100 6.997 |0.003 | 66.406
8 1 1000 79755 101010 [F57:978
9 40 0 5928 |0.160 |31.375
10 40 1 5.436 | 0.003 | 65.379
11 40 100 6.749 | 0.001 | 82.445
12 40 1000 6.709 | 0.000 | 83.055
13 70 0 4929 |0.143 | 30.729
14 70 1 4.329 |0.003 |63.921
15 70 100 5.885 | 0.001 | 75.267
16 70 1000 6.863 | 0.000 | 84.526
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peak SN ratio occurred at 40N tension, indicating an optimal setting for reduced

variance.
Tow Width SN Ratio Effect - Tension and Compaction
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Figure 56 — Tow width signal to noise effect response

Likewise, the variable providing the highest average effect, as shown in Figure

57, was again tension. Therefore tension has the greatest effect on the average width of

the tow and therefore is the most important parameter in controlling the width to a

nominal target. In the case of achieving the 6.35mm or % inch industry standard this

implies 40N tension force is required. The variable providing the highest average effect

was again tension, meaning that tension had the greatest effect on the average width of

the tow and therefore the most important parameter in controlling the width target. 40N

was considered quite high as a tow tension for use on concave surfaces, but was not

tested in practice on 3D geometries.
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Tow Width Average Effect - Tension and Compaction
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Figure 57 — Average effect response for tow width

The results for the analysis of thicknesses are shown in Table 14. The nominal
average thickness of the dry glass fibre tow was determined to be 0.275mm, this is
slightly higher than that of current standard AFP matenials, which are usually between
0.185 and 0.2mm. The difference can be attributed to the larger filament diameter and
high TEX of the chosen single end roving.
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Table 14 - Fibre cross-section analysis experiment L16 fractional factorial matrix for tow thickness

Sample | Tow Compactio | Mean | St Dev | Signal to Noise
Tension | n Force Ratio (nom)
Units N N i §i? SNiom
1 0 0 0.320 | 0.002 | 43.243
2 0 1 0.256 | 0.001 52.148
3 0 100 0.233 | 0.002 |43.124
4 0 1000 0.221 | 0.005 | 33.359
5 1 0 0.318 | 0.003 | 41.347
6 1 1 0.332 | 0.002 | 43.533
7 1 100 0.312 | 0.001 | 46.945
8 1 1000 0.290 | 0.000 | 71.513
9 40 0 0.325 | 0.000 | 63.149
10 40 1 0.308 | 0.000 | 69.401
11 40 100 0.291 | 0.001 54.650
12 40 1000 0.242 | 0.001 | 48.433
13 70 0 0.305 | 0.003 | 40.641
14 70 1 0.364 | 0.000 | 58412
15 70 100 0.266 | 0.001 53.829
16 70 1000 0.231 [0.002 |42.864
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compaction provides for a very good stability or robustness due to the fact that little

variance to the ratio occurred across the tested range.

Tow Thickness SN Ratio Effect - Tension and Compaction

o

-

B N

000

Figure 58 - Tow thickness SN effect response

The highest average effect for thickness was compaction, as shown in Figure 59.
This result is to be expected given the direct action compaction has on a materials
thickness. Therefore compaction is the most important parameter in controlling the
thickness of a tow to a nominal target. In the case of achieving 0.275mm thickness a
compaction of 100N is required.

Significant to any composite processing is the permeability of the fibre stack or
tow. The results indicate shuffling and reorganisation of the fibre packing under the
various load conditions as reflected by the change in dimensions. By increasing load
cases tighter and tighter fibre packing occurs. This packing while good for higher fibre
volume fractions could drastically effect permeability and final laminate quality. An
optimal setting that minimises variance, consolidates the tow but does not overload or

pack the fibres is therefore an impontant finding of this experiment.
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Tow Thickness Average Effect - Tension and Compaction

come

Figure 59 - Average effect response for tow thickness

Using the results of the study the optimal configuration for meeting the nominal
width and thicknesses requirements for the AFP system and ensuring minimal variance
and robustness are presented as below in Table 16. The optimised settings examining all
findings provides that a setting of 40N tension and 100N compaction would provide for

the best tow dimensional response.

Table 16 — Optimisation of settings for robustness and control to nominal for tow dimensions

Dimension Robustness Control to nominal

Width Tension = 40N Tension = 40N

Thickness Tension = 40N Compaction = 100N
Compaction > ON

The concomitant relationship between width and thickness of the tow was
plotted as shown in Figure 60. Most models investigating fibre spreading show a
negative exponential relationship between thickness and width [157][158].

y = 0.4241¢70057x

Equation 12 - Thickness vs width of tow exponential trend line
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The results of this study showed large scatter according to a second order
exponential trend with the best fit relationship shown in Figure 11 only providing an R*

value of 0.5675 — low correlation to the trend line.

Thickness vs Width of Fibre Tow
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Figure 60 ~ Thickness vs width of fibre tow and all load (tension and compaction) conditions

The significance of this result is the lack of reasonable correlation between the
width and thickness of the tow and the stability of fibre bundle. In an idealised form
when a tow is tensioned and compacted by the round compaction roller two
mechanisms occur [158]. Initially the upper most layers of fibres are forced downwards
into the bundle of lower fibre layers and secondly the lower layers spread outwards,
widening or spreading the overall tow dimensions. The overall result is a thinner, wider
ow.

In order to validate the study predictions and verification tests were performed,
this was done by assessing the contributions of the optimised variable levels. The

average of the average was also calculated; this was done according to Equation 13.

Equation 13 - Average of the averages






Table 17 — Predicted contributions of the optimised variable levels

Values Predicted Contributions
Variable Variable Level Average | SN Average SN
Width Tension 40N 6.205 65.563 -0.747 15.784
Compaction 100N 7.701 60.649 0.748 10.870
TOTAL 0.000 26.654
OPTIMAL PREDICTION VALUE TOTAL + Tsn 6.953 76.433
Thickness | Tension 40N 0.291 58.908 0.003 8.496
Compaction 100N 0.275 49.637 -0.013 -0.775
TOTAL -0.010 7721
OPTIMAL PREDICTION VALUE TOTAL + Ts~ 0.278 58.133
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Figure 61 - Photographic width measurements of OCV Advantex Single End Roving Type 30 glass
fibre tows

Photographic analyses showed stringer fibres in the Owens Corning Advantex
E-glass Single end Roving type 30, as can be seen in the close-up of Figure 61 and even
Figure 63 where tension and compaction had been applied. While increased tension did
not reduce the amount of stringers it improved the uniformity and the stability of the
tow bundle reducing the occurrence of further stringing or *fluffing’ when handling the

tow which would be advantageous during guidance in the creel system.

Figure 62 — Dry glass fibre tow “straightness™ test for single tow placement

0sI
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Figure 63 ~ Tensioned and compacted fibre tow with a very small amount of resin cured to fixed
the stack in the *as applied” form. Note the gap in the tow and stringer filaments

The results show with increasing tension the width decreases in a linear faction
according to the trend line with good correlation, as expressed in the R* value of 0.8766
shown in Figure 64. Increasing compaction increased the width of the tow in a
logarithmic trend. Linear best fit trending showed poor correlation as expressed in an R*
value of 0.3509 as shown in Figure 65. These two variable work in opposition on the
tow width. On the one hand tension decreases the width and from the variance analysis
stabilising the tow width the added compaction works to spread the tow and widen it

accordingly.
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Width vs Tension
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Figure 64 - Width versus tension
Width vs Compaction
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Figure 65 — Width versus compaction

In regards to thickness, tension also works to thin the tow, it is presumed
through tighter fibre packing. Compaction likewise thins the tow. The effect of

compaction on thickness was observed to be much greater than tension.
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Thickness vs Tension
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Figure 66 — Thickness versus tension
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Figure 67 - Thickness versus compaction

The implications of this result to the ¥ of the material were not studied in this
work. The compression of a fibre tow during consolidation and the reduction in
thickness indicates an increased fibre volume fraction and tighter packing of fibres.

Therefore with increasing V7 is directly related to the square root of the pressure applied
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Figure 69 — Close up photographic scale of OCV Advantex Single End Roving Type 30 glass fibre
tow analysis

From visual inspection, no width or thickness trend could be identified over the
10m length suggesting that dimensional variation was a short range or local phenomena.
Figure 70 shows a trial lay-up of adjacent tows in a short section length (50mm). The
gaps and overlaps seen are caused entirely by the width and thickness variations of the
tows across short ranges. A combined fibre spreading and fibre coating system to go on
the placement head to improve fibre spreading control pre-placement, this was not
considered as part of this work but could be made as a modular addition in future work.

This would be more complicated, but give more options for resin systems.
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Tow

Figure 70 < Dry fibre tow lay-up gap and overlap test samples

Experimental lay-up trials following the simulated gap/lap analysis highlighted
other issues in ensuring a well aligned and uniform lay-up. An apparent ‘twist’ in the
tow which caused lofting and a lack of conformance to the part surface as visible in
Figure 69 was seen throughout most lay-ups. It was clear from the close-up photos that
the twisting presented as waves and kinks in the tows with clear fibre misalignment
where the twisting occurred. It is unclear if the twisting was caused by the placement
head and if the creel system was successfully handling the twist, however the effect
appeared to only be reversible if a counter twist was applied but could often still be
observed in wet-out and cured panels even though the effect was significantly reduced
by counter twisting and applying tension and compaction during lay-up. For future
work an external pull-off bobbin would be a better material supply solution in order to

avoid twist.
4.3.5 Experiment Conclusion

The functional tolerance limits for the creel, guide, tension and compaction for
the UVAFP prototype were determined from simulation and experimental work. The

results of this work shows a maximum possible width and thickness section of 8mm x
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tanks (in gas stations) with satisfactory service life. They are also used in applications

where contact with salts and mild acids may occur [159].

4.4.2 Bisphenol-A Epoxy

Epoxy covers are a broad family of resin chemistries. The most common are
prepared from the reaction of bisphenol-A (BPA) and epichlorohydrin and contain a
reactive functional group in their molecular structure. Epoxy resin systems show
extremely high three dimensional crosslink density which results to the best mechanical
performance characteristics of all the common resins. The most demanding
strength/weight applications often use epoxy almost exclusively. It has excellent
strength and hardness, very good chemical heat and electrical resistance. Disadvantages
include higher cost. processing difficulty including the need for precise resin and

hardener ratio control and. often heat curing is required [159].
4.4.2.1 Vinylester

While often categorised as a resin chemistry of its own. vinylester is actually an
enhanced polyester polymer. The chemistry is a bisphenol chlorinated, or a combination
of polyester and epoxy. If the vinylester is an epoxy combination it is often referred to
as a ‘vinylester epoxy’. Some advanced vinylester chemistries have also been produced
with even further improved properties. It’s curing, handling and processing
characteristics are similar to those of polyester, but it often exhibits higher properties for
mechanical strength, corrosion and temperature resistance. While vinylesters generally
cost more than standard polyesters, they are widely used due to their attractive

compromise between cost and performance [159].
4.4.2.2 Resin Selection

Hybrid thermal and UV systems were initially considered for the UVAFP
prototype, including peroxides, 1,1-di-fe/t-butyl peroxy-3,3,5-trimethylcyclohexane,
and sec-isopropyl percarbonate or a combination thereof. This excluded phenolic resins
and most polyester resins, however all were quickly discounted due long elevated

thermal dwell temperatures needed. In the end, resin options were limited to those resins
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example. UV curable epoxies exist, although generally with a slower curing time.
Commingling of glass and carbon fibres could also be a solution but will not be
considered in this thesis. Likewise hybrid curing systems can also be applied in order to
address the lack of UV transparency of other fibres or alternatively using comingled
glass and carbon fibre composite structures [175] in order to use the glass fibres to
allow for UV penetration. Future work should look at examining such concepts of
alternate material options and the possible benefits and limitations. Further, trials using
the UVAFP prototype specifically should be performed covering an extensive test
matrix of material properties to not only characterise the materials but verify the

operation and reliability of the UVAFP head and system.
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the number of fibres within the tow and the size of the fibres. Where 4 is the area, 7 is
the thickness, w is the width, N is the number of fibres in the tow, ryis the radius of the
fibres and V7.

A=tw
Equation 18 — Fibre tow cross section area by thickness and width

NTrer
5= A

Equation 19 — The fibre volume fraction by the fibre tow cross sectional area, filament number and
diameter

The fibre volume fraction can also be determined for a unit area of a laminate, of
thickness d, containing n plies of reinforcement with areal weight of wyrews as per
Equation 20.
Vf - MWareal

prd

Equation 20 — Simplified Fibre volume fraction according to areal weight and density

Fibre spreading during processing can have a significant impact on the tow
dimensions as the tow cross section changes from circular to rectangular, as previously
shown in Chapter 4 experimental results and explained schematically in Figure 74
[158]. The figure demonstrates the change that can occur in a tow due to fibre spreading
(A) in an un-spread fibre tow bundle (B) and is flattened with a marked difference to

thickness and width.

Fibre Spreadng B

Figure 74 — Fibre spreading (A) in an unspread fibre tow bundle (B) schematic












Table 22 — Axial and transverse permeability models for composites
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Figure 76 — A diagram showing void formation caused by differential micro and macro flow fronts

Shotton-Gale [158] presented an impregnation model in his dissertation on the
design of a ‘clean’ filament winding impregnation unit. The model considered the
various permeability and impregnation parameters governing the impregnation time and
degree of impregnation based on the foundation of Darcy’s law for fluid flow, as shown
in Figure 77. Permeability was considered both in the axial and transverse directions
and the pressure functions considered capillary and applied pressure from processing.
Shotton-Gale’s model was derived from two models previously developed models. The
first by Foley and Gillespie [191] and the second by Gaymans and Wevers [192]. The
models of Foley and Gillespie [191] and Gaymans and Wevers [192] allow for the
theoretical calculation of the residence time versus the resulting degree of impregnation
for various methods of impregnation, namely pin-assisted (rolling the fibre tow over a
radius introducing a pressure difference in the tow), immersing the tow to utilise

capillary pressures and/or applied pressure impregnation techniques.

[39]
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Figure 78 — Preimpregnating machine using hot melt and knife-coaters / filmers for resin coating
5.2.2 Open Impregnation Systems

The most basic resin impregnation systems are open impregnation systems using
resin baths. Resin bath systems can be divided into two main types, drum and dip
(Figure 79 [193] & Figure 80 [194]). In the drum type (Figure 79). the dry fibre tows
are compacted over a roller drum onto which a resin film has already been applied by
partially submersing the drum into the resin bath and using surface tension and a doctor
blade to draw up the resin to come into direct contact with the tow. The quantity and
thickness of the resin draw is usually controlled by temperature and speed of the drum
working with the rheology and surface tension of the resin. The resin and tow are then
compacted at the drum and through additional rollers in later steps to ensure
impregnation. Additional rollers downstream of the drum then apply further pressure to

impregnate the fibres and then strip excess resin.
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Figure 79 < Drum style resin bath system

In dip-type resin baths (Figure 80 [195]). the tow is dipped below the surface
level of a bath of resin. Following dipping, the tow is then drawn through a series of
pressure rollers submersed in the bath to impregnate the fibres. The wet tow then passes
over a series of smaller diameter rollers out of the bath to complete the impregnation

and remove excess resin.

Figure 80 — Dip style resin bath

Another style of impregnation system often used in prepregging machinery is hot

melt *knife coaters’ or *filmers’ (as shown in Figure 78 and Figure 81). In these svstems
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the reinforcement is not actually dipped or drawn through the resin but rather a curtain
film of resin is applied to the fibre before passing through a variable gap determined by
a doctor blade or knife. As the moving reinforcement moves under the doctor blade or

knife the thickness is controlled allowing for the resin content to be determined.

Figure 81 — A Knife over roller system.
In order for impregnation to occur a number of consolidation options are
available. These include nip rollers, multi-nip rollers and S-Wrapping [196], as shown

in Figure 82.

NIP ROLL METHOD OF IMPREGNATION

_~— HEATED
/" COMPACTION
ROLL

FINISHED
PRODUCT
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_MULTIPLE NIP ROLL COMPACTION PROCESS

“S" WRAP IMPREGNATION PROCESS

PAPER

Figure 82 — impregnation options used in prepregging machines including nip roll, multi roll and S

One of the main drawbacks of resin bath and hot melt systems is that the resin’s
viscosity changes over time as temperature and humidity from the open environment
affect the processing parameters. The doctor blade is set while the system is idle, and
cannot generally be adjusted while the fibres are being drawn over the impregnation
roller. The pulling speed and fibre tension affect the impregnation roller speed, which
varies the hydraulic pressure of the resin between the doctor blade and the resin

impregnation roller, so there is no possibility to predefine the fibre/matrix ratio.
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Figure 83 — A preimpregnating machine used for coating woven and unidirectional textiles such as
composite fibre reinforcements

A further disadvantage is that a large surface area of resin is exposed to air,
causing a release of monomers into the production environment. The monomers, usually
styrene, not only have an impact on the resin’s viscosity and pot life, but also raise
concerns for workplace health risks associated with volatile organic compound

exposure [193].
5.2.2.1 Spraying and Curtain Coating

An open impregnation concept that is often used in the application of gel coats
or in bulk wet lay-up is spray coating technology. In some instances this technique is
called “spray-up™ whereby the resin is sprayed onto the fibre reinforcement either
within the tool or in a pre-process step. Spray laminating systems include curtain
coating machines as used to produce electronic circuit boards. Curtain coating is an
automated method of applying liquid industrial coatings to planar surfaces. During the
curtain coating process, a horizontally flat surface passes on a conveyor underneath a
steady stream of coating material [197). This technique of impregnation dates back

many centuries but modem process using impregnates and curtain coating machines
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with temperature and humidity changes are also mitigated. Closed systems however
require regular servicing and the down time associated with disassembly in order to
access the closed areas reduces efficiency. Slot-die and knife systems work using this
principle, however the application of the resin (in excess) occurs in an open system.
There are two main ways to impregnate a fibre tow in a closed system, one using
high pressure and the other, low pressure. A high pressure design requires guiding the
tow through a die that has a specific geometry that causes a pressure build-up as resin is
injected at high pressure. This consolidates the fibres and resin while at the same time
controlling the output fibre geometry, fibre/resin ratio and removal of gases. These
systems are used in pultrusion, extrusion and injection moulding. The main
disadvantages of such designs are the resin backflow, the fibre abrasion caused by the
high compaction as the fibres pass through the die or mould. and the fixed fibre/matrix

ratio.

Figure 85 — Slot die film coater

For the closed impregnation of fabrics or broad goods, a variant of the system is
slot-die coating, shown schematically in Figure 85 [195]. A slot die gradually reduces in
geometry drawing resin in with the fibre at high pressures. This drawing process
produces a pressure front causing some impregnation through the fibres. These systems

are generally classified as *filmers’, however the difference is that resin is delivered by
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a dosing system and the applicator geometry, generally a knife blade, applies resin at
the exit. The exit has a controlled thickness to ensure the appropriate fibre content and
removing excess resin, These coaters can either impregnate the fibres fully or coat the
fibre on one side or both depending upon the slot geometry and resin rheology. Knife
applicators generally provide better coating thickness control with less impregnation,
while slot dies provide some pressure but thickness control is more complicated. A low
pressure design impregnates the fibre by applying a low hydrostatic pressure on the

resin and accelerating fibre bed wetting through the action of capillary pressure.

Figure 86 — The siphon closed impregnation system design
One such low pressure design is the siphon impregnation mechanism.

Impregnation occurs as a single roving runs through three curves in a closed path as the
required amount of resin is injected at the entry [193]. The rovings slide over the curved
surface of the siphon and a thin resin film is created between the rovings and the siphon
surface. This is induced by the changing siphon geometry and the change to the roving
path. The roving tension causes an increase of the resin pressure on the film layer. The
fibre pack is impregnated due to the pressure rise on the resin film. The pressure on the

resin layer causes the resin to flow through the permeable roving.
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Impregnation die formed
by standard TPFE tubes

Figure 87 — A siphon impregnation design as produced by Institut fur Verbundwerkstoffe, IVW

The siphon concept was prototyped (Figure 87) and successfully tested by
Miaris at Institut fur Verbundwerkstoffe [193] with a wide spectrum of processing

parameters.

Figure 88 - 24K carbon fibre roving impregnated with the siphon prototype

Figure 88 [193] shows cross sections of carbon fibre rovings that were fully

impregnated using the siphon system. One of the main advantages of this impregnation

method is the ability to actively control the fibre/matrix ratio simply by controlling resin

metering (Figure 89 [193]). The siphon system has also been tested in the pultrusion
process, to fully impregnate tows prior to pulling though the die profiles to form the

part.
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Table 23 — Resin impregnation advantages and disadvantage options

High impregnation pressures
Controlled resin content

Minimal air introduction
Variable roll width impregnation
Low part count — easier to service

Continuous process

Category | System Advantages Disadvantages
Open Drum Resin High throughput Exposed resin
Bath Large impregnation surface area Environment control required

Sensitive to foreign object damage
Minimum quantity run required
Mess

Large amount of waste

Fume health risk to operators

Risk of clogging from fibre stringers

Speed limited due to surface tension used to apply resin film to drum

Fixed path serial process
High capital cost

Large factory footprint

Dip resin bath

High throughput

High tension impregnation

No air present during impregnation
Variable roll width impregnation
Controlled resin content

Continuous process

Exposed resin

Environment control required
Sensitive to foreign object damage
Minimum quantity run required
Mess

Large amount of waste

Fume health risk to operators

Risk of clogging from fibre stringers
Compaction controlled only though tension
Fixed path serial process

High capital cost

Large factory footprint
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Film coaters —

multi nip rollers

High throughput

High tension impregnation

No air present during impregnation
Variable roll width impregnation
Controlled resin content

Very high compaction and impregnation

Continuous process

Exposed resin

Environment control required
Sensitive to foreign object damage
Minimum quantity run required
Mess

Fume health risk to operators

Risk of clogging from fibre stringers
Compaction controlled only though tension
Highest part count, hard to service
Fixed path serial process

High capital cost

Large factory footprint

Film coaters — S-

Wrap nip rollers

High throughput

High tension impregnation

No air present during impregnation

Variable roll width impregnation

Controlled resin content

Extremely high compaction and impregnation
Large impregnation surface area

Continuous process

Exposed resin

Environment control required
Sensitive to foreign object damage
Minimum quantity run required
Mess

Fume health risk to operators

Risk of clogging from fibre stringers
Compaction controlled only though tension
Highest part count, hard to service
Complicated fibre routing

Slower speeds

Fixed path serial process

High capital cost

Large factory footprint

Spray / curtain

coating

High throughput
Flat process path
Variable roll width impregnation

High compaction and impregnation

Possible air introduction during spraying / coating

Environment control required
Sensitive to foreign object damage

Fume health risk to operators
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Large impregnation surface area
Continuous process
Less mess and waste

Variable speeds

Regular cleaning required
Fixed path serial process

High capital cost

RST

Moderate throughput
Impregnation at the tool
Any width/size reinforcement

Less mess and waste

Possible air entrapment during spraying
Requires later consolidation using pressure and temperature

Resin

Closed

Pultrusion and

Film coaters —

High throughput

High tension impregnation

Minimum quantity run required

Mess

slot die No air present during impregnation Risk of clogging from fibre stringers
Variable roll width impregnation Compaction controlled only though tension
Controlled resin content High part count
High compaction and impregnation Speed limited due to surface flow front
Continuous process Fixed path serial process
Closed impregnation environment High capital cost

Large factory footprint
Siphon Closed environment Low pressures possible poor impregnation

Low mess

Low waste

Minimal fumes

Controlled resin content

Low pressure

Simple design

No moving parts

Scalable — single tow to full roll

High tow tension

Excellent impregnation due to pressure differential siphon

Can be applied on-the-fly

Requires re-tooling for different fabric widths

Speed limited

Closed die requires downtime for servicing and cleaning
Unable to watch or see the impregnation area

Recalibration required for different resin viscosities and shear stress
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Metering of only resin required — low minimum quantity

Cross section shape variable

o
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tension and the compaction pressure. The resin spraying, tow placement and

compaction roller concept is shown schematically in Figure 90.

Capury Pessure Aves ~

Prevounly i phes

Figure 90 ~ Resin spraying and compaction roller experimental setup

To aid impregnation and reduce the time for full impregnation three pressure
zones were devised within the concept as highlighted in Figure 90. First, pressure is
created by the capillary effect as the tow is brought down into contact with the resin
already applied to the tool surface. Second. the compaction roller consolidation pressure
drives the fibre and resin together. Working simultancously is the change in geometry
as with pin assisted impregnation due to the fibre bending around the roller. This, as
with the siphon impregnation system design, the tow tension draws resin into the tow
band after the roller. The concept relies on the moving pressure front caused by the
compaction roller, the tow tension and the application of resin on the opposite side of
the tow to the pressure front. The concept lends from the wet lay-up approach involving
first spraying and capillary impregnation then consolidation and compaction. The resin
spraying approach ensures accurate metering of only the required resin volume and
likewise precise delivery of the resin at the precise location it is required just prior to
consolidation.

While optimisation of the process settings has been undertaken previously in
Chapter 4 to assess the stability of material for automated handling and feeding, these
results need to be validated against an ultimate quality measure of the final product, in

this case the degree of impregnation and the impregnation time. The differing
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UV Light

Spray Head

\
N\,

»
Compaction Roller

Figure 91 — Resin spray and compaction roller experimental setup
5.3.3 Experiment Method

The experiment method followed the sequential characterisation of the process
variables effecting impregnation either according to the models developed by Shotten-
Gale [158]. First, the matenals were charactenised during processing. A design of
experiments test matrix was established as a column reduced L16 Taguchi orthogonal
array [157] with one dependent variable: the tow area: and. two independent vanables:
tow tension and compaction roller force. Four levels for each independent variable were
selected. Tensions were varied over a range benchmarked with other AFP systems [63],
from no tension applied, or 0 to 1, 40 and 70 N. Compaction forces were varied from
uncompacted. or 0 to 1, 100 or 1000N. Only normal loads (F:) were measured.

Following the material characterisation, the process pressures were
characterised. All data was then used in the complete models to predict degree of
impregnation and impregnation time.

Following modelling, experimental impregnation trials were undertaken to
validate the model predictions. A number of commissioning trials were undertaken to

*dial in™ the experimental method. Different setups were tested during these
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commissioning trials and were considered relevant to the outcomes of the experiment
and recorded in the results and discussion.

Impregnation trials were performed by feeding the glass fibre tows from the
roving in the creel, through to the placement head mounted on the industrial robot to the
compaction roller. Within the placement head the fibres were tensioned at the nip point
(measured at the pinch rollers within the CCR), resin was sprayed onto the tool just
prior to the compaction roller, the fibre and resin were compacted onto the tool causing

impregnation.

Figure 92 ~ Fibre and resin placement, impregnation, consolidation and UV curing in-situ using the
UVAFP prototype

Immediately after compaction the resin was cured using high intensity UV light
from the light guide mounted immediately after the roller. UV light and the curing
settings were not optimised in this study. Curing was only undertaken in order to
solidify the lay-up for examination of the impregnation quality. The samples were
exposed by passing the light guide over the vinylester resin as it was sprayed onto the
mould, as shown in Figure 92. The samples had the thickness built up ply-by-ply
placing the tows and impregnating with resin simultaneously and curing building up the
thickness to 8mm or 6 plies. All plies except the final ply were exposed to
approximately 11.5 W/em® and laid at a speed of 10 mm/sec with an exposure area of

2} ST 0 . e 4
20 mm in diameter. This meant that each unit area of resin was exposed to 23 J/em per
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Effects 20.218 8.008
Rank 1 2

The signal to noise ratio effect of the tow area response to the controls of tension
and compaction is shown in Figure 93 according to a desired nominal. The variable with
the highest signal to noise ratio was tension. Therefore, ensuring higher tension levels
would ensure a stable tow area; providing for a more robust process and reducing
variance. The peak SN ratio occurred at 40N tension, indicating an optimal setting for

reduced variance according to a desired nominal area target.

Tow Cross Sectional Area SN Ratio Effect - Tension and Compaction
" /\

Torwan (N} Compacton W)

Figure 93 — Tow cross sectional area signal to noise ratio effect correlations for tension and
compaction

Likewise the variable providing the highest average effect, as shown in Figure
94, was again tension. Therefore tension has the greatest effect on the average area of
the tow and therefore is the most important parameter in controlling the area to a
nominal target. In the case of achieving the 2mm? area or approx. 45% F;a tension
force of 10.428N is required, according to linear interpolation based on Equation 32.

A =—0.007T + 2.073

Equation 32 -~ Tow tension to average arca
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The variable providing the highest average effect was again tension. This shows
that tension had the greatest effect on the average area of the tow and therefore is the

most important parameter in controlling the area to a nominal for a consistent V.

Tow Cross Sectional Area Average Effect - Tension and Compaction

. f

o

S

Teraon (W) Compocton (W)

Figure 94 - Tow cross sectional area average effects by changes in tension and compaction
separately
The concomitant relationship between tension and arca and compaction and area
of the tow were plotted as shown in Figure 95 and Figure 96. The linear relationships
derived are shown in Equation 35 and Equation 34,
= —0.0066T + 2.038

Equation 33 — Area vs Tension of tow linear trend line
A = 0.0002F o mpaction + 2.2964
Equation 34 ~ Area vs Compaction of tow linear trend line
The results showed reasonable to low correlation to the trend for tension — as
expected with its higher impact on stability and average effect providing an R? value of
0.7863 whereas for compaction the results showed very low correlation if not no

correlation, providing an R* value of 0.1636, as well as a very low coefficient value

(0.0002) suggesting little influence on process stability in terms of controlling the cross
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sectional area to a nominal or average figure. This suggests little increase in area with

increased compaction force.

Area vs Tension
2.500
y * 0 0066x + 2 038
2000 * R = 07863
. -
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Figure 95 — Area change versus tension
Area vs Compaction
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Figure 96 — Area change versus compaction
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Dimensional changes related directly to the fibre packing and compressibility of
the tow and a relationship to tow tension and compaction was calculated. To determine
the fibre volume fraction of the dry glass fibre tow during impregnation, the fibre
dimensions were taken from the averages under the optimised processing conditions to
determine the tow cross sectional area. The thickness and width data collected in
Chapter 4 were used in Equation 18. An average tow cross sectional area of 1.961 mm?*
was determined using the average tow widths and thicknesses. Individually, the average
width and thickness at the optimal process parameters (tension 40N, compaction 100N)
was 6.749mm and was 0.291mm respectively. The area was then used in Equation 19 to
calculate the average V;. For the calculation, 4000 filaments per tow was used along
with 17um filament diameter [154]. Using the average arca observed for the selected
dry glass tows in Chapter 4, the ¥, was calculated to be 46.31%. The calculated ¥y
correlated closely with previous experimental studies where results from 30 to 50%

were achieved, depending upon tooling and processing parameters.

Cross Sectional Area vs Fibre Volume Fraction
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Figure 97 — The calculated cross sectional area of fibre tows based on the fibre volume fraction
according to the number of filaments and filament radius.

For the selected glass fibre diameter and TEX, the changing cross sectional area

of the tow was plotted according to changing V; as shown in Figure 97 in order to



Chapter 5 - AFP Impregnation Systems and Pre-Processes

understand the areal and volume relationship. As expected, as the area increases and the
tow spreads apart, the fibre volume density decreases. The relationship was negatively

exponential according to power of 2 of the filament diameter.

5.3.4.2 Permeability

Axial permeability was predicted by applying Gebart’s model. The calculated
axial permeability is shown below in Equation 35. The fibre radius, 77 was taken as
8.5um [154]. The fibre bundle architecture was assumed to have a hexagonal and the
constant ¢ was taken accordingly as 53 for such a fibre bundle. The V; was taken as

46.31% according to the results of previous trials in Chapter 4.

3
P Ul /1

S V7
v = 5.78 % 10710 y 0.155
& 53 0.214
e 8.946 x 10~ 11
& 11.366

K, =787 x 10712
Equation 35 — Axial permeability as characterised for the UVAFP tow materials

Transverse permeability was likewise calculated according to Gebart’s model, as

shown in Equation 36. The same fibre radius as well as V as the axial permeability

were applied. The maximum possible packing factor (V) of 0.9 was applied.

5/2
16rf2 V4
K hexagonal = —__ — — =il
& a6 \ | Vs

1.16 x 107°
K

<3
y,hexagonal = W(1-384 —1) /2

1.16 x 107°
Ky,hexagonal = W x 0.0915

Ky,hexagonal = (S

Equation 36 — Transverse permeability as characterised for UVAFP materials
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Fibre Volume Fraction vs Capillary Pressure
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Figure 99 — Capillary pressure versus fibre volume fraction according to the properties of UVAFP

and the materials selected for the study

For the V; 4, of 46.31% the capillary pressure was determined to be as below in

Equation 37. In the transverse direction capillary forces contributed to a pressure of

4.018kPa and in the axial direction 8.036kPa. As can be seen, the relationship is exactly

double from transverse to axial,

P o 4{cos@
Capillary DE
4{cos@
PCap!llary = 7 8rE N\
(7 a- s))
P o 4 X 44cos57
e (8 X 0.0000085 x 0.5369
2(0.4631) )
Peapitiary trans = 4.018kPa
P = 4 X 44cos57
Capillary.axial = m
4(0.4631) )

Peapittary,axiar = 8.036kPa

Equation 37 — Formula for capillary pressure in UVAFP for 1 4, 46.31%
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Figure 100 — The impregnation time of the UVAFP tow during processing

The impregnation and time was also calculated by rearranging the degree of
impregnation model developed by Gaymans and Wevers as shown in Equation 43.

neTg
2KAP

= (DI)2

Equation 43 — Gaymans' and Wevers® derived impregnation time prediction

The resulting impregnation time is shown in Figure 100. Under the processing
conditions of the UVAFP sctup at the selected parameter settings full impregnation of
the tow is predicted to be achieved in approximately 0.00064 sec using Gaymans® and
Wevers’ model. This is approximately double the time prediction of the Foley and
Gillespie model. The two models also differ considerable in the velocity of the
predicted flow front. Foley and Gillespie predict slower impregnation at the beginning,
accelerating as the impregnation progresses, whereas Gaymans and Wevers predict that
the impregnation starts more rapidly than it finishes with full impregnation occurring as
an approaching limit. The different rates of impregnation between each model are
consequent to the fitting functions used. It was observed that the model of Foley and
Gillespie was more appropriate to the UVAFP process, likely due to changes in the

pressure front following initial infiltration and flow.
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Figure 101 — Resin flow rate calibration trials using the robotised setup

At the commencement of the trials a number of issues were identified that had to
be addressed before comparable quality laminates could be produced. These issues
included excessive resin flow rate from the spray nozzle, excessive bleed due to over
compaction, excessive tow spread to the point of tow breakup, tow fracture due to
excessive localised pressure of the compaction roller and lofting of fibres due to tow
breakup and sticking of the resin to the roller. To address these issues a number of
improvements were made to the experimental setup. These improvements included
reduction of the nozzle size to reduce the flow rate as well as reducing the resin delivery
pressure, precise tension control of the tow. All improvements were implemented for
the manual lay-up trials and carried forward in the automated trials and quantified in the

methods in further experiments.
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Figure 102 — On-the-fly impregnation trials

Figure 102 shows the results of the first trials by hand and the issues with tow
spread and fibre misalignment, excessive resin bleed, excessive resin application and
tow breakup from left to right. Due to the lack of die or tooling to constrain resin flow, a
large amount of resin was lost out of the side of the tow before the resin had even

flowed into the tow stack, as shown in Figure 104,

Figure 103 - Excess resin bleed in impregnation trials

This lost resin can be seen as the large amount of *flashing” along the edges of

the tow. Such a result was unacceptable for an AFP process because the flashing would

>y
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inhibit consequent adjacent plies being laid. In the first instance the issue was related to
excess resin being applied, saturating the tow and excess being *squeezed” out, therefore

for subsequent runs the resin flow rate (delivered quantity) was reduced.

Figure 104 — The result of the first hand lay-up on-the-fly impregnation trials using the spraying
system

It was noted that the resin loss, visible from the spread of resin beyond the tow
edge, increased down the length of the placement path in the direction of the
compaction roller travel. The resin spread in a moving “wave™ that sat just ahead of the
compaction roller. While the resin “wave™ was advantageous for ensuring tow wet-out,
resin loss was extreme, spreading resin almost 4 times the width of the tow as visible in
Figure 104 (LHS). Such spread of resin would cause issues for laying adjacent tows,
although in systems capable of laying many tows in a collimated manner at the same
time, the resin would most likely spread to the other tows. This would mean that the
resin spread would cause issues only for each new placement path adjacent a previously
laid path and not between every tow,

The issue was eventually resolved by machining a very fine groove into the
compaction roller that sealed the fibre tow and resin within the geometry created by the
closed volume of the groove. Because the geometry created a void that had to be filled
by resin and tow filaments, it would sce a lower pressure ramp up if measured locally
during pass over by the roller. An advantage of this was that the resin was driven into
the tow first and then any excess pushed ahead of the roller. In total, three geometries
for the compaction roller were tested. These were no groove, rectangular groove and

circular groove.
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Figure 107 — Beer-Lambert absorption of a beam of light

Absorption is the transformation of light to other forms of energy as it passes
through a substance and is defined according to Beer-Lambert's law [212]. The Beer-
Lambert law is shown in Equation 46.

A(2) =€ (A)cl
Equation 46 ~ Beer-Lambert’s law

As an energy beam passes through a matenal the energy is absorbed.
Absorbance quantifies the decrease in the amount of incident energy as it passes

through a material.
U= e-a(l)l

Equation 47 — Attenuation factor for a given source beam

If @(A) is the (napierian) absorption coefficient (¢cm™) at wavelength A and / is
the path length (¢cm), then the attenuation factor, U, for a beam of light, where a(24) is
related to the absorbance A(4) at a given wavelength 4, is defined according to Equation
47.

A(A
a(l) = [%] In(10)

Equation 48 - Absorption coefficient

Where € (4) is the molar absorption coefficient (M'em') at wavelength A, ¢ is

the molar concentration of the absorbing species and / is the path length (¢cm). The
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Figure 108 ~ Principals of a spectrophotometer

The absorption wavelength of a matenial, which also determines colour
properties, uses the Beer-Lambert's law. This explains that absorption increases as a
linear and positive function of concentration of a compound, while the percentage of
transmittance decreases exponentially. With the need for quicker and cleaner
manufacturing processes [46][76], UV-curing technology has the potential to address
these requirements due to its clean and rapid results. Various other types of radiation
technologies exist that have also been applied to the curing of composites. These
include electron beams [2], near infrared and microwave radiation. According to the
material selection detailed in Chapter 4, while UV radiation is limited in terms of
penetration depth into the substrate, in implementation UV curing offers many
advantages when compared with the other types of radiation. These include lower costs
of the equipment and lower energy consumption. The radiation produced by UV light is
also the least hazardous and is the casiest to produce while meeting national safety
requirements [ 163] of most countries. Due to its simple control and delivery, the ability
to concentrate high intensity exposures in a small area, the rapid cure times and the low
cost of capital, ultraviolet radiation curing was selected as the in-situ curing source for

the UVAFP prototype and is explained in detail in the following sections.
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6.2 Ultraviolet Radiation

Ultraviolet (UV) light is electromagnetic radiation with a wavelength range
between 400 nm and 10 nm. This wavelength range means that UV light waves are
shorter than visible light, but longer than X-rays, corresponding to photon energies from
3 eV 1o 124 eV. The relative wavelength range on the electromagnetic spectra is shown

in Figure 109 [215].

- b " eneegy
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L ' 1 1 L

Figure 109 - Light spectra ranges

In radiation energy transfer, decreasing the wavelength increases the energy,
however the depth of penetration decreases with a decrease in wavelength. UV radiation
is classified by three wavelength ranges, UV-A, UV-B and UV-C and transition
wavelength ranges that include extreme UV (EUV). The classifications by wavelength
are detailed in Table 27. A large fraction of UV, including all that reaches the surface of
the Earth, is classificd as non-ionizing radiation. The higher energies of the ultraviolet
spectrum from wavelengths about 10 nm to 120 nm, ‘extreme’ ultraviolet are ionizing,
but due to this effect. these wavelengths are absorbed by nitrogen and even more
strongly by dioxygen, and thus have an extremely short path length through air [2 16].

UV light is found in sunlight where it constitutes about 10% of the energy in
vacuum. Specialized UV gas-discharge lamps, containing a variety of different gases,
produce UV light at particular spectral wavelengths for scientific purposes. C ommonly

used sources of UV radiation are mercury arc lamps or electrode-less microwave-
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Figure 110 — Influence of the light intensity and temperature and polymerisation/conversion of
acrylate exposed to UV light

Importantly, Decker [217] demonstrated the logarithmic nature of the
relationship for conversion in vinyl ether and acrylate systems versus exposure time. It
was found that at a given exposure time, the conversion rate plateaued and in order to
progress the degree of cure much longer exposures were required. On the other hand,
although achieving far slower conversion rates, the rate was much closer to a linear
relationship for cycloepoxides, methacrylates and glycidyl ether, as shown in Figure
IS0
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dose was the primary driver in the degree of cure achieved and not time as an
independent variable because of any rate restricted properties of the chemistry. In thick
structures, previous work has shown that a dosage of 375 J/em® [75] is necessary before
the hardness of vinylester resin is the same for both the incident and non-incident
surfaces of an 8 mm thick sample. Due to use of a similarly deep sample depth. a
similar range of total dosage was applied in this experiment.

Rockwell hardness testing (scale M) of the bulk resin samples was conducted
according to ASTM D785-89. A minimum of 3 readings were taken from the incident

and non-incident surfaces of each sample.

Exposure Time vs Hardness at varying set point intensities - Incident Surface
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Figure 113 - Rockwell hardness (scale HRM) for bulk resin as function of exposure time for the
incident surface

The average hardness results for the incident surface are shown in Figure 113.
Hardness measurements could only be taken upon gelation and sufficient surface
structure existed, therefore sufficient exposure had to be applied before the hardness
could be measured, as such no data exists from zero up. In all cases an exponential
relationship exists showing that within a very short time step (usually less than 5
seconds) from the time that the resin gelled and a hardness measurement could be taken

the degree of cure progressed rapidly.
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Figure 114 shows the Rockwell hardness versus exposure time at various
intensities at the bottom surface (Smm depth). During the carly stages of cure and where
the depth of penetration had not yet reach the bottom surface sufficiently, a hardness
measurement could not be taken for both the incident and bottom surface. In the
measurement of hardness a sufficiently hard substrate and depth of cure must have
occurred otherwise readings would be impacted by the supporting stand. Therefore at
low cure levels not all data could be used and the lack of measurable hardness suggested
that the bottom face cure was not developing consistently through the thickness. The
variance in data and the lower conformity to a clear exponential relationship is clear in
the bottom surface hardness data. This is attributed to the depth of penetration of the
light into the resin and generally lower cure levels at this depth versus the incident

surface as described by Beer-Lambert's law.

Exposure Time vs Hardness at varying set point intensities at the 8mm depth

g

~=-3 W/em2
~a-5W/em2
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Figure 114 - Rockwell hardness (scale HRM) for bulk resin as function of exposure time at Smm
depth (the bottom surface against the tool)

Except at medium to low intensities (3, 5 and 7 W/em?), it was clear that 15 sec
of exposure was required before the hardness was within scatter. This was relatively the
same for both the incident and non-incident surfaces of the 8 mm thick sample. At 25
W/em® this corresponded to a dosage of 375 J/em® and reflected the time dependent

aspect of penetration rate as important in UV curing in time dependent processes.
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Watt mercury short arc UV light that emitted light in the UVA/UVB range, with light
directed by an iris through a fibre optic light guide. This light guide had an orifice
diameter of Smm. Laminates were cured at an intensity setting of 20W/cm’, which was
measured using an Omnicure radiometer placed on the aperture at the tip of the light
guide. The UV light guide was attached to a small industrial robot (ABB IRB1600), as
shown in Figure 116, and a path program was written that passed over the laminate

ensuring complete exposure of the entire surface area of the laminate.

TNV
T it
el oot i - i

- 80 mm -
Figure 115 - UV light exposure method

The distance between the surface of the laminate and the aperture at the tip of
the light guide was 20 mm forming a UV exposure area 20 mm in diameter.
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Figure 116 - Image of the UV light mounted onto the end of an ABB IRB1600 industrial robot
passing over the laminate

For the first laminate, all 10 plies were laid-up, consolidated with a wet lay-up
compaction roller and then exposed to UV light all at once with a single pass of the
robot arm at a tool centre point (TCP) speed of 1.5 mmv/s. The cycle time was
approximately four minutes. For the second laminate, each ply laid by applying a film
of resin onto the previous ply surface followed by the placement of dry fibre on top of
the wet resin. Following this placement the fibre tows were compacted into the resin
using a wet lay-up compaction roller, (similar to a fibre placement process). Each ply
was then immediately exposed to the UV light prior to lay-up of the next ply. For each
exposure, the robot arm speed was 600mm/s and the cycle time was less than 1 second.
The exposure was only enough to give a low tack, b-staged surface prior to laying of the
next ply. Upon lay-up of the final ply, the laminate was then exposed with the TCP
speed set to 3 mm/sec, to give a final cure exposure of just over 2 minutes to ensure full
cure — the total cure cycle time (excluding lay-up) was approximately 2 minutes and 15
seconds. This approach was intended to simulate an automated, ply-by-ply composite
placement process whereby a partially cured ply produces a tacky surface to promote
chemical bonding with the next ply.

A qualitative assessment of the degree of cure of each laminate was then made
using the Rockwell Hardness test (scale M), according to ASTM D785. Following
hardness testing a centre-loaded interlaminar shear tests were conducted on samples

from each laminates according to ASTM D2344, The average sample length was S0mm
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of the process and the residual stresses, given the rapid cure. It is also important
optimize the processing parameters, such as UV intensity and exposure time in order to

maximise mechanical properties and depth of cure.
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7.3 Experiment 8: Degree of Cure Predictive Model for UVAFP

Given the lack of available data for existing systems and the critical need for
process models that relate process parameters to degree of cure as a final quality
measure, an experimental approach was undertaken to build a predictive degree of cure
model for UVAFP. A parametric map of the UVAFP process was created to identify the
independent and dependent variables and to inform the areas of necessary research. The

parametric map is shown in Figure 118.

L
=

‘=

Figure 118 - UVAFP parametric map from independent process parameters to dependent quality
criteria

Independent process parameters are shown in green, calculated or dependent in
amber and quality output parameters in red. As shown in Figure 118, the independent
process parameters of the UVAFP process are directly controllable with wide range and
increments. Calculated or dependent parameters can be controlled indirectly to reach
target outputs. While a significant amount of work has been done in modelling in-situ
consolidation mechanisms in thermoplastic AFP processes [32](13], little is known
about in-situ curing for thermoset resins and the unique irradiation curing dependencies

of UVAFP. Some models do exist that charactenise dosage delivery in processes outside
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the field of UVAFP, such as in electron beam (EB) AFP and UV water purification
reactor modelling [213]. However, these do not capture the transient irradiance delivery
and its effect on the final dose. Precise control of dose and irradiance are critical to
ensuring final properties and process integrity. The reaction rate of photo-initiation
occurs in seconds, rather than the minutes and hours in thermal processes. Only by
accurately characterising the output of the UV source and its interaction with the photo-
initiated resin can such integrity be guaranteed in dynamic processes to ensure final
material properties. As a part of this thesis a prototype UVAFP system was developed
and integrated with 6 degrees of freedom industrial robot (Chapter 3). The prototype (as
shown in Figure 119 [7]) was developed to capture the effect of the primary parameters

on the final degree of cure in this work to develop the predictive model.

Fibre Tow Guide Chute

Figure 119 - New AFP process with in-situ UV curing prototype
7.3.1 Experiment Aim and Hypothesis

The aim of this experiment was to develop a model that could predict the degree
of cure based upon the independent process parameters to optimise the process settings
for maximising process efficiency (maximum speed) while maintaining quality
(maximum degree of cure). In order to achieve this the UV dose had to be accurately

characterised during the dynamic and transient UVAFP process. It was hypothesised
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Figure 120 - Analytical model for the UV AFP process

The modelling process involved definition of each calculation in the model steps
in order to produce the final series of simultaneous equations (presented in section
7.3.3) and these equations were then consolidated to form a final mathematical model.
The overall modelling approach is shown schematically in Figure 120. The
effectiveness of the UV light to cure the resin was confirmed by measuring the spectral
output. The absorption and penetration depth of the UV light in the resin was then
determined. The incident irradiance delivered by the UV light was measured and
modelled according to the height, position and set point intensity of the light. Finally,
the dose delivered by the UVAFP process was calculated. in relation to the placement
speed, and then the degree of cure of the resin was correlated to this calculated dose
using hardness measurements. The degree of cure was then modelled according to dose.
The modelling process led to a series of simultancous equations (as explained in section
7.3.4.6).

7.3.4 Experiment Results and Discussion

Testing the height of the UV light, the set point intensity of the UV light and the
speed of the placement produced results that were able to be used to accurately define
the effect of each parameter independently and together on the dose of UV light
delivered to the incident surface. Furthermore, the dose was then able to be related
directly to the degree of cure of the composite during UVAFP processing and a
predictive model for the degree of cure was created. The results are presented below for
cach of the characterisations leading towards the final model. Each characterisation

built the foundation data and equations for the next analysis.
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Power Output of Omnicure $2000 UV light lamp, UV-vis spectra
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Figure 121 - Power spectra output of the Omnicure S2000 high intensity UV curing system as
measured, with the manufacturer spectral output for the UV light by Lumen Dynamics (inset)

7.3.4.2 Absorption and Penetration Depth of the UV light

To determine the absorption coefficient and the effective penetration depth of the
UV light in the resin at the activation wavelength (365nm), the transmittance of the
resin across the UV-visible wavelength range was measured. The transmittance was
measured in both cured and uncured samples in two different sample cuvettes (results
shown in Figure 122) using a Perkin-Elmer Lambda spectrophotometer. The
measurement of uncured and cured samples would show the change in transmittance
through thickness as the reaction initiated and cross linking started from the incident
surface and progressed into the laminate.

Low transmittance (high absorption) was observed from approximately 250nm to
425nm in all samples. Above approximately 425nm noticeable differences were
observed between cured and uncured states, as well as between the different cuvettes
used. The reflection of the cuvettes and resin was determined separately as necessary to

calculate the absorption coefficient of the resin only.
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Transmittance of Derakane 411-350 + Irgacure C819
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Figure 122 - The transmittance of Derakane 411-350 with Irgacure 819 photo initiator over the UV-
vis spectra

At the peak activation wavelength of the photo-initiator, 365nm, the
transmittance of UV light in the resin was measured to be very low, approximately
0.809 (Figure 122). Thus according to Equation 52, the absorption coefficient was
calculated to be 1.65618.

A=1-T-R T =0.0001164 &R = 0.1908
A = 0.8090
T=1-R-A

T=1=-R-(1-e"%)

T=1-R-(1-e%) because d = 1cm as per cuvette depth

T=e“"—-R
In(T+R) =—a
a==In(T +R)

Equation 52 ~ Definition of Transmittance and the calculation of the absorption coefficient

Where 7'is the transmittance of the material measured as the percentage of
incident energy transmitted through the sample, A, is the absorption of the material, R is

the total reflectance, related directly to the reflectance of the cuvette containing the
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displacement relative from the lights normal axis (x, measured in mm). The results are

shown in Figure 123,

UV Irradiance Distribution for SW/cm? at various Heights
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UV Irradiance Distribution for 15W/cm? at various Heights
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Figure 123 - Contour plot of radiation output (for 5, 10, 15 and 20W/cm’ set point intensity) at
various heights (z in mm in-line with light direction) and x (perpendicular to the light direction)
The irradiance curves in Figure 123 show the Gaussian distribution of irradiant
light with the light being moved vertically above the stationary sensor, the origin (0,0).
The curves indicate a clear reduction in incident irradiance the higher the source is but

with greater distribution of the energy. Of interest though is the resultant curves for the
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Actual Total Irradiance Surface Plot
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Figure 124 - Irradiance as recorded (top) and calculated surface plot (bottom), irradiance as fitted

using full quadratic logarithmic transform surface fit.

Previous studies [230] have often used only the peak irradiance measured at the

orifice of the light or directly under the light multiplied by the exposure time (providing
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SW/cm? Dose vs Velocity at various Heights
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15W/cm? Dose vs Velocity at various Heights
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Figure 125 - Dose vs Velocity at various heights and set-point irradiances.
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The dose, as a function of height at various velocities and set-point irradiances is

also shown in Figure 126. As expected, at Omm height above the incident surface, the

339






12

10

o:\"———‘hi

Chapter 7 - Degree of Cure Process Model

5W/cm? Dose vs Height at various Velocities
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15W/cm? Dose vs Height at various Velocities
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Figure 126 — Dose vs height at various velocities and set-point irradiances
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7.34.5 Dose versus Degree of Cure

Dose versus degree of cure data was taken from Experiment 6 in Chapter 6.3.
The intensity and time data was taken and converted to dose in order to provide a dose
versus degree of cure plot. The results and trend plot are shown in Figure 127. The

reference hardness was determined to be 90 HRM [201].

Degree of Cure vs Dose with Model Fit
120

100

== Double Langmuir Probe
Characteristic DoC (% of 50 HRM)

* DoC (% of 90)

&

Degree of Cure (% of 90 HRM)
3

2 3 Rl 5
Dose (/em?)

Figure 127 - Hardness versus UV dose delivered (J/em) for the incident surface of bulk resin
samples

A Double Langmuir Probe Characteristic (DLPC) fitting equation was
undertaken to predict degree of cure as a function of dose delivered to the incident
surface. This equation was selected based on observations of the how the data
presented. The DLPC fit achieved an RMSE of 12.91698 and R* value of 0.87919,
significantly higher than a maximum R* vale of approximately 0.8 using polynomial
fits. The DLPC fit equation is shown in Equation 58 and the trend plotted in Figure 127.

% cure = p tanh(tD + @)









Table 32 — Model validation parameters, predicted versus actual degree of cure

Parameter Units Trial 1 Trial 2 Trial 3 Trial 4
Set point Irradiance, Iy W/em?2 20 15 10 5
Height mm 10 10 10 10
Velocity mm/sec 0.81 0.65 0.49 0.33

Iy (calculated) W 0.5412 0.4042 0.2848 0.1833
Dinciden (predicted) J/em? 0.4790 0.4755 0.4827 0.4825
HardnesSincident Mean HRM 84.9 87.5833 89.3667 84.4667
% cureincident (predicted) % of 90 HRM 95.6862 94.8733 96.5650 96.5159
% cureincident (actual) % of 90 HRM 94.3330 97.2590 99.2960 93.8520
Error % of actual 1.4100 -2.5100 -2.8300 2.7600
Hardnessuon-incident Mean HRM 57.3667 57.8333 55.1 55.5333
% curenon -incident (predicted) % of 90 HRM 57.60146 57.06416 58.1824 58.1499
% curenon -incident (actual) % of 90 HRM 63.740 64.259 61.222 61.704
Error % of actual -10.66% -12.61% -5.22% -6.11%
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also hypothesised that inversely, as the peak temperature during exposure increased the

residual heat of reaction would decrease.
8.3.2 Experiment Apparatus

The constituent materials used in this study were Owen's Coming SE1200-
2400TEX E-glass roving and Derakane 411-350 vinylester by Ashland Chemical [162]
with a fixed ratio of 0.5 wt% of Irgacure 819 (IC819), a bisacylphosphine oxide
(BAPO) photo-initiator by CIBA Chemical [252]. IC819 undergoes a free radical
reaction when exposed to UV light [252]. The UV light used in the UVAFP system was
a Lumen Dynamics spot curing system, the Omnicure S2000 [202]. Irradiance
measurements were taken using an Exfo R2000 radiometer [202] which is specified to
capture total irradiance across wavelengths from 250 nm — 1 um. To measure the total
irradiance at the incident surface, a surface irradiance sensor by EXFO, called a Sirecure
sensor, was used. This sensor was coupled with the EXFO R2000 radiometer and also

measured the overall irradiance [202].
8.3.3 Experiment Method

The experiment method involved a series of charactenising studies during

UVAFP processing. The experiment setup is shown in Figure 129.
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Figure 129 — Robot high intensity UV curing setup using for measuring temperature during
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First, the placement speed was varied at two set point intensity levels (5 and 10

//lem®) and a single light source height of Smm were used to determine the effect on
the temperature ramp up and down, peak temperature and overall exposure of the
laminate. Smm height was chosen in order to try and present the worst case in
concentration of intensity. Temperature data was collected in real time with
thermocouples placed on the surface of the tow during processing. The second study
then examined the effect of the height of the UV light, from 5 to 50mm in Smm
increments, on the temperature in the laminate (again examining the ramp up and down
in temperature, the peak temperature and overall exposure). This was done at a single
velocity of 10mm/scc and two set point intensities of 5 and 10W/cm? intensities. The
data from these two studies was used to produce a model to predict the temperature
based upon the independent process parameters.

Another study was undertaken examining the mass loss of the composite
according to dose and temperature using the thermal model. The experimental set-up is
shown below in Figure 130. A static setup was used with the UV light remaining
stationary above the composite sample so that the loss could be measured in real time.
The scales used in the experiment had an accuracy of £0.005 g, The dose was calculated
based upon the results of Experiment 7 capturing the non-uniform irradiance across the
surface and using the trapezoidal technique to calculate the actual irradiance and then
calculating of the actual dose. The step wise approach often used in the literature was
not used as this method simply multiplies the peak irradiance by the exposure time

giving an over estimated result.

Figure 130 - Mass loss measurement experimental setup
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Thermal Profile vs Velocity at Smm Height with SW/cm? UV irradiance
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Figure 131 - Temperature during cure of sample with 5 and 10W/cm® intensities at speeds from
10mm/sec to 100mm/sec

Beyond 10mm/sec in speed, peak temperatures did not exceed 55°C, well below
the service temperature published for the resin system when catalysed using 6% MEKP
and CoNap catalysts and cured for 24 hours at room temperature, followed by a post

cure for 2 hours at 120°C.
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Thermal Profile at 1mm/sec, Smm Height & SW/cm? UV irradiance
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Figure 132 - Temperature during cure of sample with SW/cm® and 10W/em® intensity at 1mm/sec
and Smm height

Cooling ramp down rates after exposure ceased were noted to be similarly rapid
as with the ramp up. No active cooling mechanism was used in the experimental setup.
Therefore, only loses to the surrounding laminate, tool and environment could have
caused the cooling rate. This demonstrated the highly localised exposure and control of

the UV application at the Smm height.
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Thermal Profile vs Height at 10mm/sec with SW/em? UV irradiance
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Figure 133 - Temperature during cure of sample with 10W/cm? intensity at heights from 5-S0mm

As per the results of the speed analysis in section 8.3.4.1, again the heat up rates,
even at the maximum height of 50mm, were significantly higher than most convective

heat up techniques used in the curing of thermoset resins such as autoclaves and ovens.
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Figure 134 - Peak temperature as recorded and fitted using log-normal A with offset surface for
SWiem?
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10 W/em? Actual Peak Temperature
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Figure 135 - Peak temperature as recorded and fitted using log-normal A with offset surface for
10W/em?

With the available dataset the temperature could be compared to the actual dose
delivered and not just the parameter settings. The results are shown in Figure 134 and
Figure 136. The relationship in both cases (5 and 10W cm®) show close correlation to
positive linear fittings. For SW/cm? the relationship is described in Equation 63 with an

R? value of 0.9721, indicating very good correlation.
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Toeax = 23.379D + 31.174
Equation 63 — Linear fitting equation for Peak temperature vs Dose at SWiem*
Likewise, for 10W/cm?® the relationship is described in with an R? value of
0.9776, indicating very good correlation.
Tyeax = 23.205D + 36.036

Equation 64 - Linear fitting equation for Peak temperature vs Dose at 10W/em*

This linear relationship is in contrast to the independent variable relationships of

height to peak temperature and velocity to peak temperature, which both more closely

correlated to a negative exponential relationship.
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Figure 136 ~ Peak temperature vs dose

The predictive model developed for peak temperature as a function of height,

velocity and set point intensity is significant because it enables UVAFP process
parameters to be setup in order to maximise the thermal properties by reducing the

residual heat of reaction in order to aid in Tg development and resin flow due to

decreased viscosity and at the same time. When used in conjunction with the degree of

cure predictive model (Chapter 7) the parameter settings can be used to ensure
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Mass loss can be expressed in various forms that combine initial composite mass
(mo), transient composite mass (m), normalized mass (m/mg), extent of mass loss (a = |-
m/mo) and total mass loss (Q = mo ~ m = amy) [144). Each expression can be casily
compared to another using the constant initial mass (mo). In this study, normalised mass
loss was calculated to express the change in the mass as a percentage. This normalised
mass is defined as the ratio between initial weight and the weight of specimen

corresponding to a given stage of the degradation process. The results are shown in

Figure 137.
Mass Loss at 10W/cm? at Various Heights
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Figure 137 — Mass Loss results over time in static exposure setup

Increasing the height of the UV light and therefore reducing the incident
irradiance decreased the rate at which the mass loss occurred. As presented in section
8.3.4.2, with increasing height, the peak temperature reached during transient exposure
decreased. Because of the static setup used in this experiment in order to deliver the UV
radiation over an extended period of time, direct comparison to temperatures measured
in transient experiments are not representative. Therefore, temperatures were recorded
during exposure in order to compare mass loss to temperature. The experiments were
run up to the point where the temperature rise rate slowed at the thermocouple. It was

thought that the heating stabilised due to environmental heat losses but also possible
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burning and release of the heat energy. Static temperature measurements were taken for
all heights investigated in Experiment 7 and 8 and not just 10, 15 and 20mm as per the

mass loss measurements. The results are presented in Figure 138.

Static Heating Rates vs Height
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Figure 138 - Static exposure temperature ramp up

The results showed that in all cases, mass loss increased with increasing
exposure time (increasing dose) and by increasing the intensity the rate and total mass
loss also increased. This result concurred with previous thermo-degradation models by
Chung [144]. It was observed that due to the non-uniform irradiance delivery, mass loss
was concentrated in the high irradiance area immediately under the light source orifice.
Figure 139 shows the sample from Experiment | produced in the static mass loss
experiment exposed to over S minutes of UV light at Smm height and 10W/em? set
point intensity. This was undertaken to assess what effect extreme exposure would
have. As can be seen, in this extreme scenario the incident surface experienced
significant thermal degradation through thermo-oxidative means (buming) with smoke
and even flames produced. This experiment showed what might happen if, for example,
the UVAFP head might stop with the UV light still on. The high intensity and focus of
UV spot curing systems can be seen with a clear circular area matching the exposure

diameter at Smm height. For such charring and consequent auto-ignition to occur,
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temperatures above 420°C would need to have been reached [160] according to the
manufacturer’s material safety datasheet (MSDS). Interestingly the damage did not
penetrate deep into the sample. The depth of charring appeared to be no more than Imm

deep.

Figure 139 — Mass loss sample showing signs of thermal degradation (top left), close-up of degraded
area (top right) and cross section showing depth of degradation (bottom)

Vinylester resins (VER's) are typically manufactured via reaction of bisphenol-
A epoxy resins with acrylic or methacrylic acids. The reaction product is highly viscous,
so VER s are diluted by adding a low molecular weight co-monomer, usually styrene
[265]. During the reaction volatile organic compounds (namely, the styrene) are
released in small but not insignificant quantities and evaporates from the sample
contributing to a degree of mass loss that is not related to any degradation of the resin.

The small amount of styrene mass loss can be seen during early exposure after ramp up
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of the temperature of the sample, especially given the elevated temperatures measured

during the experiment setup.
8.3.4.5 Degradation Model

Mass loss was compared to the dose directly using the real time dose calculation

and the real time mass loss data, as shown in the scatter graph below, Figure 140.
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Figure 140 ~Mass loss vs dose, including 2D trend line fitting

The figure shows a second order polynomial negative relationship with mass loss,
Q. defined by Equation 65, where the total mass loss is Q and the dose is D. The
calculation of this dose is shown in with a defined y intercept of 100% at x = 0. The
correlation to the trend was high with an R? value 0of 0.9312.

This result is in contrast to the result found by Chung [ 144] that showed a
negative exponential relationship with rapid mass loss early during exposure then
slowing. Although these tests were undertaken after full cure had been achieved
according to the manufacturer’s instructions and after drying (in order to remove
moisture absorbed and surface) which differs greatly to the mass loss mechanisms
during curing and cross linking.

Qy = 1.1104 x 107°D? — 2.8748 x 107*D
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Mass Loss % vs Temperature
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Figure 141 — Mass loss versus Temperature

8.3.4.6 Degradation and Degree of Cure (DoC)

In Chapter 7 [266] a model to predict the degree of cure was developed based
upon the same independent variables, height, speed and intensity. The model used the
mechanical property of hardness as a direct relation to degree of cure and was able to
predict hardness through thickness using the Beer-Lambert law of absorption to
determine the dose as a function of depth. The model allowed for the optimisation of
process parameters to drive a required degree of cure related mechanical property,
namely hardness. In process control considerations for UVAFP this work is crucial for
ensuring quality and maximising productivity. The model did not however include any
consideration for temperature and degradation, leading to the possibility that the
composite could be exposed to excessive irradiance causing mass loss and thus
degradation due to the lack of constraint around peak exposure temperature during
processing.

With the work presented here in Chapter 8, the dose could now be constrained in
order to determine the optimal process parameters to ensure maximum DoC without

causing mass loss beyond a desired amount of dose (J/cm).
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In the comparison of mass loss and temperature it is also evident that certain
products are lost above 120°C as well as the start of possible thermo oxidative
degradation. Therefore, this temperature should also be provided as an upper limit on
temperature which can be applied to the thermal model developed in section 8.3.4.3

when calculating thermal impact on process parameter combinations.
8.3.4.7 Glass Transition Temperature

Differential scanning calorimetry (DSC) experiments were undertaken on the
select samples from the experiments in sections 8.3.4.1 and 8.3.4.2. This was to assess
the thermal properties of the laminates and identify possible effects caused by the
temperature variation observed depending upon UV light height and intensity as well as

the placement speed. The experiment test matrix and results are detailed in Table 35.

Table 35 — DSC sample process parameters

Sample | UV Set- | UV Placement | Peak Tg Residual | Series

Number | point Light | Speed Temperature Heat of in
Intensity | Height during Reaction | Figure

Curing 142

# W/em? mm mm/sec e °C mJ Colour

1 10 5 1 132.9 52.97 | 44.27 Blue

2 10 5 10 532 52.76 | 106.8 Red

3 10 5 20 45.6 52.85 | 140.97 Cyan

4 10 5 30 41.9 51.17 | 187.61 Brown

5 10 5 40 39.9 51.88 | 270.27 Purple

The cured samples were exposed to a standard 10°C/min ramp up in the DSC
from room temperature (approximately 25°C) to 200°C. The results of the DSC scans

are shown in Figure 142.

383



Chapter 8 - Thermal and Degradation Process Model

vty AT oled
~! - e l‘q\l~!
Sowpew 40X
o 341 na e KD St AP X000 3K 5
oD AN - Tl - J0ED8 Sy ADP 10 T0 I 3K, 7526 vy
-~ pre o |k HEEET -
——
G - RAX et 1L ot
-...,-:::-: oy nnY ADONRL ADS 020 20 P -
- : ~ st rom LA LEES ADP 10 20 33 PR V10K ny
e '-l'. e [ ""“r -~ - - ,“_“" "
" e -~
e "“":.“.‘-: “wr—— A0 AP 3020 3 I
Gaom 1435 X -~ - U1 ADP 0 10 1 IR 450 Y
E LS 7"7: o N tll\.'z - "
e 00 SLL L AP 000 Jx P
] - WL AOF X020 0 PR - 5
L - 2
- =
= » e 110 A0 ADP4 1030 1K 5
B 3 ey TOA04 AT 10 X0 1N 8, RN vy
o . < 148
Do LA R - ..:‘. gl 13 .
- - S0 e » ™
DO AP ? 1D TR 0
Aoy ey e~
ad L B i
e 11 € - AN T L0 AP 4 0TI 3% %
e 0T e et s
e v, 1A — L T
» < ® « n I AT ) - ) » - ™ x|

Figure 142 - DSC plots taken for a number of samples produced using UVAFP at varying speeds,
heights and set point intensities

It should be noted that environmental UV light could have been significant in
the results of these studies. The time between manufacturing samples and testing was in
the order of months due to the lack of access to a DSC in a timely manner. In order to
undertake these studies the author had to attend a testing facility in Germany after
manufacturing the samples in Australia. Samples were kept in “dark environments®
using aluminium foil wrapping as well as storage in an opaque sealed container for most
of the period, but it is unclear if the time between exposure and cure and testing had an
effect. This is suggested as future work. In any case, the DSC results showed consistent
phase change indicating the Tg temperature around 50°C, where an evident change in
the resin heat absorption occurred. The second observed reaction with onset usually
around 110°C was an exothermic reaction of the resin, suggesting further curing and
residual unreacted bonds forming. Because the resin did not contain a thermally
activating catalyst it appeared that an auto-catalysation reaction made possible purely by
the addition of the heat during DSC analysis occurred. Significantly, the while first
phase change Tg’s observed for each sample, appear to not be related to the peak
temperature achieved during cure the amount of residual heat of reaction did. This result

has multiple implications. First, that while UV curing is considered a thermally
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in UVAFP (at 10W/cm? set point intensity, with the UV height at 10 mm and the speed
at SOmmv/sec), red, and finally the same sample after a 1 hour post cure at 100°C,
orange. The thermally cured sample produced a total heat of reaction calculation of
6648.62 mJ. The residual heat of reaction of the UV cured only sample was 1152.92mJ,
indicating an approximate degree of cure of 76%, however with a Tg still around the
40°C range. The UV cured and thermal post cured sample showed very little residual
heat of reaction, approximately 14.23 mJ suggesting an approximate degree of cure
above 99%.
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Figure 143 < A thermal cure MEKP catalysed sample, a UV cured sample and a UV cured sample
with post cure DSC plots

As discovered in the previous experiment and in concurrence with the findings of
Scott [8] and Cardona [265], the UV only cured laminate produced residual heat of
reaction during DSC analysis, suggesting only partial cure in regards to thermal
properties and only after post-cure above the Tg further molecular mobility could occur
and full cure could be achieved leading to the very low residual heat of reaction.

In work investigating the effect of isothermal conditions on reaction rate of UV
curing systems, a clear relationship between increased isothermal temperature and

increased reaction rate were found. This concurs with the results of this experiment.
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11.2 Appendix 2

The UVAFP prototype build process is documented pictorially below.

Figure 144 < The pneumatic compaction actuation platform (top left), pneumatic compaction control system (top right), the resin spray tank (bottom left), the

mounted pneumatic control system



Figure 145 — The prototype assembly and build in stages from top to bottom



Figure 146 ~ The placement head during build









Figure 147 - The prototype build showing the blue resin feed lines and placement head
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The spray system design is shown schematically below. The bill of materials for

the system is shown in Table 37.

Table 37 — UVAFP Spray System bill of materials

2309510973523

QTY PRODUCT CODE DESCRIPTION
1 BI/8JJAUCO-SS+SUJ2-SS | Small JJAU spray gun.
1 22140-1-304SS Pressure tank stainless steel 3.8 litres
2 10222U+EB09921+ Precision air regulators ¢/w mounting

brackets & gauges for atomizing air &

pressure tank air.

11438-50+26383-1/8-60

Air regulator & gauge for cylinder air.

52A11DOBDMDDAIJ1IM

Atomizing air solenoid 24Vdc x Y.

36A-ACA-JDAO-2K]J

Cylinder air solenoid 3/2 x 1/8” x 24Vdc.

74A-015

Y-strainer /2" for liquid.
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Cure cycle 24 hrs @ RT | 50 mins 24hrs @ RT | 24hrs @ RT then
then 2 hrsat | @ RT then 2 hrs @ | 2 hrs @ 120°C
105°C 120°C

Elastic Modulus MPa 4500

Cured Tensile Strength (@ | MPa ASTM D-638/ISO 527 | 75-96 74 130 86 86

25°C)

Cured Tensile Modulus (@ | GPa ASTM D-638/ISO 527 | 3.309-3.585 32 3.2

25°C)

Cured Tensile Elongation % ASTM D-638/ISO 527 | 5.0-6.0 4.0 2 5.0-6.0 5.0-6.0

(@ 25°C)

Cured Flexural Strength MPa ASTM D-790/1SO 178 117.2-137.9 | 130 150 150

(@ 25°C)

Cured Flexural Modulus GPa ASTM D-790/1SO 178 | 3.102-3.447 | 3.0 34 34

(@ 25°C)

Cured Heat Distortion °C@ ASTM D-648 Method 105-110 105 105

Temperature (@ 25°C) 1.82 MPa | A/ISO 75

applied
stress

Cured Barcol Hardness (@ | Barcol ASTM D-2583/EN59 33 35 35

25°C)

Cured Glass Transition °C ASTM D-3419/ISO 110 110 80-200 120 120

Temperature (Tg)

11359-2
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Volume Shrinkage after % 7.5-8 7-8 7.8 7.8
cure

Heat Capacity (@ 25°C) kl/kgK 1.0 1.046 1.046
Thermal Conductivity (@ | W/mK 0.2 0.1297 0.1297
258C)

Heat of Reaction (@ 25°C) | kl/kg 60 60
Convective Heat Transfer | W/m’/m°

Coefficient C

Surface Roughness ks Mm
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