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Abstract

Automated Tape Laying (ATL) trials using low cost wind energy suitable material and
mould tools have been conducted. New materials proved problematic during ATL lay-up
and observations of the ATL process show that the prepreg tack and stiffness properties
significantly affect lay-up performance. Prepreg tack has not been widely researched
within the composites industry due to the absence of a standardised method for
characterisation. A new tack and stiffness test has therefore been developed which is
representative of the ATL process. The new test was used to investigate the response to
process and material variables., Two failure modes were observed and compared to
those found in Pressure Sensitive Adhesives (PSA). Failure modes are associated with
the viscoelastic stiffness of the resin. High stiffness appears to result in interfacial failure
turning to cohesive failure when stiffness is reduced. A peak in tack is observed to
correspond with the transition in failure mode leading to the conclusion that prepreg
tack is the result of a chain system rather than a single property. The chain system
consists of an interface and bulk components each having individual time and physical
variable dependant properties.

Tack and stiffness is shown to conform to the Williams-Landel-Ferry (WLF) time-
temperature superposition principle for both cohesive and interfacial failure modes.
Cohesive viscoelastic and surface energy interface failure mechanisms may be
theoretically linked via the Lennard-Jones energy well with molecular jumps triggered
by thermal vibrations. This analogy allows both failure phenomenon to simultaneously
follow the time temperature superposition principle and is typically demonstrated in L)
dynamic mechanical modelling. The theoretical analogy is used in the explanation of
experimental results where tack is essentially thought of as a low energy non-covalent
molecular bond or reaction.

The experimental technique developed here could allow for the standardisation of tack
and stiffness specification for manufacturers. The application of results to ATL
production Is explored and demonstrated using ATL equipment. The results show that
optimum lay-up conditions may be explored offline using the new tack and stiffness
test. Results also show promising signs that the WLF relationship could be exploited to
greatly increase lay-up speed and consistency, increasing the attractiveness of the
process to wind turbine blade manufacturers. A theoretical results curve Is also
presented which may allow manufacturers to determine the effect of changes in surface
conditions and resin properties on tack.
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Nomenclature

Abbreviations

AFP
AIRPOWER
APL
ATL
ATW
BEM
BIAX
BPA
CFw
CSM
CTL
DC
DSC
FAW

GFRP
GPC
HLU

OCA
PSA
PU
PVC
RH
RIFT
SAOS
THF
TRIAX
TS8B
TTS
uD
uv
VART
VF

VI
VvOC
WBL
WE
WLF
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Automated Fibre Placement

Affordable Innovative Rapid Production of Offshore Wind Energy Rotor-blades

Automated Ply Lamination
Automated Tape Laying
Automated Tape Winding

Blade Element Momentum theory
Bi-axial

Bisphenol-A

Continuous Filament Winding
Chopped Strand Mat

Contour Tape Laying

Dahlquist’s Criterion

Differential scanning calorimetry
Fibre Areal weight

Filament Winding

Glass Fibre Reinforced Plastic

Gel Permeation Chromatography
Hand Lay-Up

Lennard-Jones two parameter molecular adhesion model
Occupational Contact Allergy
Pressure Sensitive Adhesives
Polyurethane

Poly Vinyl Chloride

Relative Humidity

Resin Infusion under Flexible Tooling
Small Amplitude Oscillatory Shear rheometry
Tetrahydrofuran

Tri-axial
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Time Temperature Superposition
Unidirectional

Ultra Violet

Vacuum Assisted Resin Transfusion
Volume Fraction

Vacuum infusion

Volatile Organic Compound

Weak Boundary Layer

wind Energy

Willlams-Landel-Ferry time temperature superposition equation



Symbols

A Area
at Time shift factor (WLF)
b Tape width
Cc1 WLF constant
C2 WLF constant
E Young's Modulus
E, activation energy
F Average peel force
Force
G Work of adhesion
G' Shear storage modulus
G" Shear loss modulus
h Layer thickness
M, Number average molecular weight
My Weight average molecular weight
p pressure
P peel Resistance
P Polydispersity
R Universal gas constant
Ra Surface roughness average
RH Relative humidity
Shear stress
T Temperature
To Reference temperature
T, Glass transition temperature
Separation velocity
Wadh Work of adhesion
Z Extension
€ Strain
n Viscosity
P Density
o Standard deviation
(4] Tensile strength
w Frequency
Y Strain rate
o Phase angle
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Chapter 1 - Introduction

1 Introduction

The increasing demand for wind turbines has lead to a shortage in turbine blade supply
(Chapter 1.1). Current turbine blade production involves a significant amount of manual
glass fibre placement leading to long production times, high labour costs and poor part
consistency (Chapter 1.3). Manufacturers are now seeking to improve production by
utilising automated production methods. However, for reasons of design and efficiency
suitable automated processes are limited to those capable of producing large blade
components (>60m long) with unidirectional fibres running along the length (Chapter
1.2). Automated Tape Lay-up (ATL), traditionally utilised for aerospace applications, is
believed to be the most appropriate candidate for development.

1.1 Turbine blade demand

The release of CO, gasses into the atmosphere when burning fossil fuels is now
recognised as a major contributor towards global warming [1]. The United Nations have
agreed through the Kyoto protocol to reduce emissions in the developed world with a
cost penalty for every tonne of CO, produced exceeding agreed limits [2]. The tax
penalty for CO, emissions coupled with increasing cost of oil and gas, as finite resources
become depleted, have allowed emission free renewable energy resources to increase in
affordability. Therefore, wind power has become increasingly popular as a zero
emissions means of generating electricity. Wind power has proven to be cost effective
and reliable in comparison to other renewable energy sources. For the year 2008, 36%
(8,484 MW) of the European Union’s (EU) newly installed capacity was wind energy,
making it the fastest growing electricity source [3]. Wind power has seen an exponential
growth in demand for installed capacity which is set to continue with annual growth of
17%, hampered marginally by the financial crisis in 2009 (Fig 1-1).

R J Crossley 9
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Fig 1-1 GWEC world market forecast for installed wind power capacity [4]

Blades account for approximately 13% of the total cost of the turbine [5]. Blade

manufacturing is now one of the largest single applications of engineered composites in

the world. In 2007 more than 200,000 metric tonnes of finished blade structures were

completed, consisting of [6]:-

e Glass fibre — 100,240 tonnes
e Carbon fibre - 2,090 tonnes
e Thermoset resin (primarily epoxy and vinyl ester) - 82,550 tonnes

e Core (balsa and foam) - 8,160 tonnes
e Metal (finishing and bolts) - 6,800 tonnes

With these values expected to rise, production increases are required to meet demand.
The stagnation in the growth of large turbine installations (>2 MW) during 2007 was
said to be the result of component shortages, particularly blades [7]. This overwhelming

demand has caused manufacturers to seek automated methods to improve production

efficiency and satisfy demand [8].
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1.2 Turbine blade design

1.2.1 Size

The kinetic energy or power contained in moving air is a function of velocity and swept
area [9]. An increase in turbine diameter results in a squared increase in power output.
This relationship allows a greater power yield per installation cost, reducing the overall
cost per kW. This saving drives manufacturers to produce turbines with increasingly
large rotor diameters. Reducing the blade mass is necessary to allow production of
larger turbines. Simple scaling laws suggest that the turbine blade mass should increase
at a cubed rate proportionally with rotor diameter [10]. However, a 2.65 exponential
mass increase has been observed in practice [9, 11]. This favourable deviation is
attributed to improvements in blade materials, mostly the strength to weight ratio of
composites [11]. Technological advances in materials have allowed the wind energy
market to capitalise on larger turbines with a significant increase in large (>2MW)
turbine installations accounting for more than half of all installed capacity across Europe
in 2006 [7].

The continued trend of increasing turbine diameter installations appears to have
reached a plateau at 126m diameter with 62m long blades in 2004 (Fig 1-2). The
plateau is generally attributed to the increasing design, production, transport and
installation costs. However, increasing financial support from government organisations
may allow larger blades to be developed in future. One such development is the Clipper
Wind ‘Britannia project’, a 10MW turbine expected to have 72m blades [12].
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Fig 1-2 The largest wind turbine diameters from 1980 to 2008 [7]
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1.2.2 Geometry

High rotor aerodynamic efficiency is desirable and is typically maximised within the
limits of affordable production. It is widely accepted that not all of the winds kinetic
energy may be utilised and that wind turbine efficiency cannot exceed 59.3%,
commonly referred to as the Betz limit [10, 13]. This concept along with tip losses and
rotational losses is embodied in the Blade Element Momentum (BEM) method, which is
used to define the optimum blade geometry for aerodynamic performance [14]. The
BEM method Is also used to define the aerodynamic loads. The blade may then be
modelled as a simple encastré beam [9]. The main aerodynamic load causes the blade
to deflect towards the tower in the ‘flatwise’ direction. The increasing bending moment
towards the root indicates that structural requirements also determine blade shape, with
increasing influence towards the hub. Areas approaching the hub require thicker
aerofoils to increase structural efficiency [15]. Other operational loads tend be
proportional to blade mass under gravitational, centrifugal and inertial forces [16].

An efficient rotor blade defined by BEM will typically consist of a complex shape with
several aerofoil profiles blended at an angle of twist terminating at a circular flange (Fig
1-3) [10, 17]. To reduce mould complexity and manufacturing costs several deviations
from the ideal shape are likely, including:-

¢ Reducing the angle of twist
¢ Linearization of the change in chord length

Such simplifications are detrimental to rotor efficiency [18] and are unlikely to be
tolerated by manufacturers without significant justification. The Introduction of new
moulding techniques and materials has allowed production of increasingly complex
blade shapes. However, production economics and practicalities are likely to dictate final
geometry. Turbine suppliers are now capable of the cost effective production of blades
with optimisation features such as; an angle of twist up to 16°, variable chord length up
to 4.2m and muitiple aerofoil geometries, with quoted efficiencies of up to 51% for a
90m rotor [19].
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Linearchord length
‘ (simplified for manufacture)
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Fig 1-3 A typical modern commercial blade with multiple aerofoil profiles, angle of twist

and linear chord length increase

1.2.3 Materials

Composite materials allow the necessary complex aerofoil blade shapes to be formed
and are used by all wind turbine market leaders. They also offer superior structural
capabilities and resistance to corrosion. They are generally formed into a laminate which
consists of layers of fibres encased in a polymer resin matrix. Two laminates may be
separated by a foam core to form a sandwich panel which increases flexural rigidity with
minimal weight increase. An almost endless combination of sandwich configurations,
matrix, fibres and foam core components are utilised, tailored to suit the application and
load case. The typical component and laminate configuration for wind turbine blades is
reviewed here in order to assess the ability of automation methods to handle such
materials.

Resin Matrix

Thermoset resins are the only resin type currently utilised by mainstream turbine
manufacturers. Thermoset resins can be formed easily and then cured at elevated
temperature, solidifying in the required shape by an irreversible chemical reaction.
These isotropic materials allow load transfer between the reinforcement fibres, other
duties include [20]:-

e Protecting notch sensitive fibres from abrasion
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o Protecting fibres from moisture, oxidation and chemicals
¢ Providing shear, transverse tensile and compression properties
o Governing the thermo-mechanical performance

Epoxy and polyester resin systems are favoured by rotor blade manufacturers for their
widespread existing working knowledge, availability, performance and ease of
production. They are general purpose resins with inapplicable alternatives selected for
their fire and chemical resistance. Polyester resins offer versatility, good physical and
mechanical properties, are readily available and cost effective [20]. Polyester resins
were once the most popular resin type for rotor blade manufacture. However, their use
has declined in all but one leading supplier of rotor blades, generally due to the increase
in performance demands and the reduction in cost of superior epoxy resins.
Additionally, polyester resins are incompatible with desirable higher modulus carbon
fibres with mainstream surface treatments. A major contribution to the decline in
polyester use can be attributed to health and safety risks [21]. Epoxy resins now
dominate consumption, superior in most respects to polyester resins, which are
generally preferred simply on the grounds of cost [22]. They are typically tougher than
polyesters, shrink less and have good resistance to heat distortion. The ability of epoxy
resins to be partially cured so that prepregs can be supplied offers increased flexibility in
manufacturing. A direct comparison of properties (Table 1-1) highlights the advantages

of epoxy.

Table 1-1 A comparison of the two resins most commonly used in wind turbine blades

Criteria Epoxy Polyester
Estimated use in turbine rotors 70% 30%
Availability and expertise Excellent Excellent
occupational contact allergy Regulated volatile organic
Health and safety issues (OCA) dermatitis[23] compound emissions[21]
(minor) (major cost implications)
Prepreg lay-up Wet lay-up

Common forming processes

Common curing processes

vacuum infusion
Elevated temperature under

vacuum infusion
Ambient or elevated temperature

Vacuum with or without vacuum
Non - compatible fibres Some CSM binding agents Mainstream carbon
Shrinkage on cure 3-4% [24, 25) 4-8% [22]
Density (p)[22] 1.1-1.4 Mg/m? 1.2-1.5 Mg/m?
Young’s modulus (e)[22] 3-6 GPa 2-4.5 GPa
Tenslle strength (0)[22) 0.035-0.1 GPa 0.004-0.09 GPa
Failure strain (g)[22] 1-6% 2%
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Fibres

Fibres carry the majority of the structural load. Consequently, the essential property of
a fibre is defined as the elastic modulus. It must be significantly stiffer than the matrix,
which allows it to carry and transfer the load applied to the composite [20]. Since the
fibre is the main load bearing component it must also have sufficient strength to avoid
failure. Glass fibres are the most popular fibre reinforcement utilised by all of the
leading rotor blade producers [26]. There are several types of glass fibres available each
with a unique chemical composition and favourable properties. Although E-glass was
originally designated by its excellent electrical insulation properties it also offers
relatively high mechanical strength, durability at low cost with good availability and
working knowledge [27]. Therefore, E-glass dominates consumption in both the rotor
blade and general composite market. S-glass is designated for its increased strength
and is likely to be limited to local reinforcement of highly stressed areas due to higher
cost. S-glass is mostly used by manufacturers using polyester resins since those using
epoxy are likely to prefer superior carbon fibres which are not compatible with polyester
resins [28]. Carbon fibres are the predominant reinforcement material used to achieve
high stiffness and strength. These fibres offer superior mechanical and fatigue
properties in comparison to glass fibre [20]. At present, due to increased cost, carbon
fibres are restricted in use to local reinforcement of highly stressed areas. However,
recent large blade designs with complete carbon slender spars have been produced
[28]. Therefore, the focus of wind energy carbon fibre has been on moderate to low
stiffness and high failure strain properties, which better conform to the glass fibre
properties of which they are to be integrated [11]. An extensive range of commercially
available fibre types exist. For comparison, more general published data Is also available
(Table 1-2) [20].

Table 1-2 A comparison of typical fibre reinforcements used in turbine blades [20]

Fibre E Glass S$2 - Glass T300 Carbon T1000G Carbon
Std. grade High strength Low grade High grade
Density [Kg/m?3] 2570 2470 1760 1800
Modulus [GPa] 72,5 88 230 294
UT Strength [MPa] 3331 4600 3530 6370
UT Strain [%] 2.5 3 1.5 2.2

Fibre volume fraction and orientation

Fibre volume fraction and orientation also affects the overall strength and stiffness of
the finished laminate [22, 29]. It is desirable to achieve a high fibre volume fraction to
maintain the overall high strength provided by the fibres. The volume fraction that may
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be achieved is typically dependent on the fibres and forming process [30]. Recently
implemented vacuum infusion processes offer superior VF of 50-60% when compared to
40% achlevable by hand lay-up. Mechanical performance is also effected by processing
defects such as voids, resin rich or dry fibre areas [31]. The highest fibre volume
fraction and laminate mechanical performance Is typically achieved using continuous
unidirectional fibres. Short fibre composites generally have reduced performance due to
reduced volume fraction and alignment [22]. The prediction of composite strength in
transverse and shear loading is also possible [22]. These predictions and experimental
results indicate that composite materials are considerably stronger in the fibre direction.
Fibre architecture is therefore chosen carefully to suit loading conditions with a range of
commercially available formats:-

o Unidirectional (UD), Continuous fibres lie in a single direction held in position by
a minimal amount of cross stitching or a binding agent. Ideally suited for polar
axial loading conditions the finished composite Is highly anisotropic. This fibre
orientation Is utilised in the spar cap region of the rotor blade well suited to the
intensive loads which run along the blade length.

e Bidirectional (Biax), Continuous fibres are situated normal to each other achieved
by either a woven fabric or by layering unidirectional fabrics. Bidirectional fabrics
are used In two dimensional and shear loading conditions to avoid transverse
loading of the fibres. They may be utilised in shear webs and within laminates of
other blade components. Biax and UD fibres may also be combined to produce a
tri-axial (triax) fabric with improved strength in the UD fibre direction.

e Random, Fibres are randomly orientated and can be either continuous or
chopped, known as chopped strand mat (CSM). This type of fibre alignment
typically results in inferior mechanical properties. Randomly orientated fibres
have the advantage of being in plane Isotropic facilitating simpler stress
predictions with lower material costs. They may be utilised in non-structural
areas.

Manufacturers typically use a range of fibre orientations in a lay-up sequence to give the
required mechanical performance at specific areas of the blade (Fig 1-4).

Sandwich core

Core materials are used by all wind turbine manufacturers typically within trailing edge
panels and shear webs to prevent buckling. Core sandwich constructions produce a stiff,
light economic structure [20]. Using a low density core material increases flexural
rigidity with no significant weight penalty. The core supports lateral loads experienced
by the laminate component through shear, therefore the relevant properties are shear
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strength and modulus [27]. The sandwich concept relies on the laminates being kept at
constant thickness under loading, a small degree of compression of the core material
causes a significant decrease in flexural rigidity [27]. Traditional methods for calculating
the flexural rigidity of sandwich beams and shear stress of their core material are well
defined [20]. Four types of core materials exist; honeycomb, corrugated, foam and
balsa. Corrugated and honeycomb cores are not typically used in turbine blades due to
their high cost and incompatibility with vacuum resin infusion methods. Mostly foam or
cellular plastic cores are utilised. Any polymer, thermoset and thermoplastic alike can be
expanded in several different manners. The density ranges available signify that a
nearly limitless scope of properties are achievable to suit any application [27]. Two
common foam materials used in the manufacture of blades are Poly Vinyl Chloride (PVC)
foam and Polyurethane (PU) foam [16]. PVC is usually favoured due to its superior
mechanical properties and temperature tolerance. Both balsa and foam may be used
depending on the material cost and availability. Foam is usually favoured as it is in line
with expertise and supply chain. Similarly, manufacturers utilising wood hybrids are
likely to prefer balsa.
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o . [UD) 3 Plies (1.741)

—es.  [UD) 2 Plies (1.16t)

——— ——— . [UD] 8 Plies (4.641)

[——— == =1 [UD] 8 Plies (4.641)

» [UD)] 1 Ply (0.581)

ey [UD] § Plies (2.9t)

. [UD] 1 Ply (0.581)

< ~—-.  [UD)2Ply(1.161)

— [UD] 2 Ply (1.161)

KX .\Q‘Q" QQS 7}2’\} RIEHFRRZX o [Fabric] 1 Layers (060

Fig 1-4 Typical fibre lay-up sequence for a 23m blade [17]
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Components

To maintain aerodynamic shape and withstand the required loads, a typical blade design
will have several distinguishable areas within an assembly which have significant

differences in material usage (Fig 1-5):-

1. Outer coating, an aerodynamically significant smooth surface resistant to soiling,
environmental weathering and UV corrosion. Typically a gel coat.

2. Sandwich shell, responsible for maintaining the blade’s aerodynamic shape,
resistant to panel buckling, lightning and bird strike. Typically, thin (>3mm)
multi-axial E-glass fibre laminates with a lightweight foam or balsa core.

3. Laminate spar caps, structural components carrying high flapwise bending
moments caused by aerodynamic loading. Typically a thick (>20mm) E glass
continuous unidirectional fibre in the laminate which may incorporate high S
glass or carbon fibres. It is critical that the fibres are laid along the blade length.

4. Shear webs, structural components to carry shear forces developed from
flapwise bending moments and gravitational loading. Typically, thick (>10mm)
multi-axial E glass fibre laminates with a lightweight core.

-

Fig 1-5 Typical components of a wind turbine blade cross section determined by

composite material usage
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Assembly

The type of process chosen for component construction generally dictates blade
assembly. Two major design variations have emerged. A blade manufacturer who
utilises filament winding (FW) will typically separate the main structural loading
component to produce a central closed box section which is better suited to this method
(Fig 1-6). The central box section may be integrated with foam cores and unidirectional
material in the shear web and spar cap regions. Manufacturers who utilise vacuum
infusion (VI) will typically integrate the spar cap material into the blade shell with
separate shear web components. Production of a central box spar may also be carried
out by VI. '
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Fig 1-6 Two typical blade designs incorporating either a box section produced by FW
(top) or shear webs (bottom) typically produced by VI
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1.3 Existing production methods

Prepreg and vacuum Infusion (VI) have mostly replaced wet lay-up as the mainstream
manufacturing process for rotor blade production. These methods are flexible but rely
on the manual positioning of materials. Filament winding is the most successful
historical attempt at automation. However, difficulties in forming the trailing edge
prevented large scale production of the full blade component. Despite this drawback,
many blades with filament wound structural box section spars have been produced.
Therefore, fibre winding is included within existing production methods.

Wet lay-up

Until recently wet lay-up techniques, used traditionally in the boat building industry
[11], were favoured for turbine blade production. Wet lay-up production suffers from
poor repeatability, high labour content and health issues. This process has now been
replaced by vacuum resin infusion or prepreg methods in all of the top ten suppliers.
Low volume production may still continue In smaller companies or to cover excess
production. Wet lay-up is the simplest method used for forming composite materials.
The fibres are laid out over a mould and wetted out with a premixed resin by hand using
a brush or roller. This method demands longer curing times as the resin needs to
remain viscous throughout the lengthy rolling process. The quality and strength of the
laminate relies heavily on the skill of the workforce. It has no guaranteed repeatability
and produces relatively low fibre volume fractions [32]. A typical cycle time for using
wet lay-up techniques on a 40m blade is 2 days [33] with increased scrap and re-work
due to human error. The wet lay-up process results in parts with inconsistent fibre
orientations with strands separating from the fibre preform mat due to excess handling.
The process also results in an uneven surface on the inner skin resulting in poor bonding
of the blade shells in final assembly [32].

Significant health and safety risks are associated with polyester wet lay-up techniques.
Harmful Volatile Organic Compounds (VOCs), primarily styrene, are released during the
curing process [21]. New and increasingly tightening legislation exists limiting the
styrene content in air. The clean air requirement for workshops has offset the cost of
investing in improved forming methods against the cost of newly required ventilation
equipment [32]. Despite its drawbacks the process remains attractive for its simplicity
and low cost (Table 1-3).
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Table 1-3 A summary of the wet lay-up forming process

Advantages Disadvantages

Poor repeatability

Low investment cost Labour intensive
Simple to learn Quality is worker skill dependant
Wide choice of materials Costly ventilation equipment required to meet health and safety legislation
and resins Low fibre volume fractions (30 - 40%)

Long cure times (48hr cycle time)

Uneven bonding surface

Vacuum infusion

Vacuum infusion moulding has recently increased in popularity in turbine blade
production due to desires to improve working conditions, increase structural integrity
and repeatability. A number of acronyms, patented technologies and processes have
evolved relating to differences in the technical approach to resin infusion. Vacuum
assisted resin transfer moulding (VARTM) has been used to describe the infusion
process without reference to tooling. Resin infusion under flexible tooling (RIFT) is used
to define a resin infusion process which involves a flexible surface such as a bagging
film [34]. All such processes may be referred to as vacuum infusion (VI). VI turbine
production involves arranging the dry fibres in a female mould tool (Fig 1-7) which may
include channels or porous layers to facilitate resin flow. The mould tool and dry fibres
are then covered with a sealed bag. The air between the bag and mould tool is removed
creating a vacuum which draws the resin into the mould (Fig 1-8). The resultant
component will have a single quality surface matching the mould tool and an inner

surface suitable for bonding internal structural components.

Fig 1-7 Hand lay-up of dry fibres in a turbine blade mould [LM Glassfibre]
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Fig 1-8 Resin impregnation during VI of a turbine blade shell [Tygavac]

Individual processes are distinguished by the methods used to ensure resin flows evenly
to all areas without voids. The dominant impregnation mechanism is through thickness
flow, thus the flow path through the relatively low permeability reinforcement is very
short, and a high vacuum is relied upon to ensure that voids are reduced [30]. As the
resin no longer needs to remain fluid throughout the lay-up process faster curing times
can be achieved. Therefore, an overall cycle time of 24 hours is obtainable for a 40m
blade [33]. The VI process has a reasonable level of flexibility with a novel approach

being adopted by one manufacturer using a closed mould bladder process (Fig 1-9).

Fig 1-9 Hand lay-up of the laminate material in the open mould which is then closed
ready for inflation of the bladder type vacuum bag [Siemens Wind]

In comparison to wet lay-up, VI processing has improved; cycle times, repeatability,
working conditions, volume fractions and component quality. However, several
difficulties remain (Table 1-4). In particular ensuring all fibres are fully wet-out by the
resin [11]. Other negative attributes such as a high labour content and component
inconsistencies result from the hand assembly of dry fibres which can also move during
resin infusion.
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Table 1-4 Characteristics of the Vacuum resin infusion process [34]

Advantages Disadvantages
Compatible with epoxy and polyester resin systems. Complex process with additional skills required
Compatible with most conventional fabric compared to HLU.
reinforcements. ' Sensitive to leaks.
Lower cost materials compared to prepreg. Low viscosity requirements of resin may
Fewer health and safety issues. compromise mechanical and thermal properties.
Relatively low tooling costs. Uneven flow may result in dry fabric areas and
Faster cure and cycle times (24hr). expensive scrap parts.
Superior repeatability to hand lay-up (HLU). Poor repeatability due to hand positioning of
Superior achievable volume fraction to HLU. fabrics which may move during resin flow,
Microstructure is more uniform with reduced void High labour content. ‘

content compared to HLU.

The prepreg process

Prepreg hand lamination involves cutting plies into the required shape, removing the
backing paper and placing them into a mould. Pressure is manually applied to ensure
the ply conforms to the mould surface. Tack levels are formulated such that the material
will remain in place throughout the lamination process but can be repositioned if
necessary.

Prepreg is typically manufactured by laying fibres and resin between sheets of silicone
paper or plastic film. The layers are then pressed or rolled, to ensure consolidation and
wetting of the fibres, then partially cured to produce a flexible pre-impregnated
aggregate [22]. The additional processing leads to an increased cost. Nevertheless,
prepreg is still favoured for guaranteed resin matrix fibre compatibility, optimum volume
fractions, reduced variability, ease of handling and improved placement accuracy [35].
Prepreg use is generally associated with high performance applications in the aerospace
industry, which require high pressure and temperature cure in an autoclave [22]. An
autoclave suitably sized for wind turbine rotor blades would incur excessive costs.
Therefore, prepregs used by wind turbine manufacturers are cured under vacuum in a
similar arrangement to vacuum resin infusion without gross resin flow. The prepreg
material is laid up by hand, held in place due to its tacky consistency. Curing takes
place at 80-120°C under vacuum. Limited harmful emissions are assoclated with
prepreg, health concerns over occupational contact allergy dermatitis can be easily
overcome [23].

Prepreg materials effectively begin to cure slowly at room temperature, limiting the
shelf life. Therefore, freezer storage is required at additional cost. Prepreg material use
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is somewhat restricted in blade production due to the associated additional costs (Table
1-5). However, prepreg offers the advantage of good fibre alignment during processing
resulting in parts with lower ﬁbre flaws and excellent predicted properties [32]. Again,
this process suffers from a high labour content and inconsistencies associated with hand
placement of fabrics.

Table 1-5 A summary of the prepreg forming process [11, 35]

Advantages Disadvantages
Consistency in resin quality and material properties.  Increased materials cost compared to VI and hand
Improved repeatability. lay-up.
Optimum fibre volume fractions. May require freezer storage at increased cost.
Easier to cut and place accurately. Hand assembly leading to high labour content and
Minimal health and safety issues. repeatability issues.

Traditional filament winding

Filament Winding (FW) is primarily used in the fabrication of vessels and tubes. In this
process the continuous strands of fibre are submerged in a resin bath and then spun
around a cylindrical driven mandrel of the required shape [32]. FW use in the wind
turbine industry is restricted to the production of a spar box section due to its inability
to form the sharp trailing edges of aerofoils (Fig 1-10). FW box sections lack structural
efficiency due to the inability to place longitudinal fibres [32]. This deficiency was
overcome Initially by simply increasing thicknesses consequently leading to excessive
blade mass and material costs which become increasingly detrimental as blade length
increases. Fully mechanised 38m rotor blade production was conducted using filament
winding techniques in the 1980’s. These glass polyester blades were said to be some of
the heaviest ever produced [9]. This excessive mass together with the cost of materials
and machinery lead to its withdrawal from use.

CSM = Continuous Strand Mat

\ . CSM/polyester
Adhesive PVC foam
TFT wound
ound spar ‘ﬁ CSM/polyester

Gel coat

Fig 1-10 A typical blade with a filament wound box section spar [16]
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1.4 Automated forming processes

With hand lay-up, considerable time is spent in the manual positioning of plies and
accuracy is subject to the laminator’s skill. Therefore, the process is labour intensive,
lacks consistency and would benefit considerably from automation [36] (Table 1-6).
Automated ply lamination (APL) seeks to resolve these issues by automated cutting,
picking and placement of complete plies. Considerable technical difficulty is attributed to
the prepreg tack level which must be low to allow backing paper removal but remain
high enough to hold the lay-up together [37]. In general slow and complex development
of automated lay-up has been attributed to the tacky and flexible nature of prepreg
[36]. The APL method is unsuitable for the large curved surfaces of wind turbine blades
and still requires significant manual intervention. Continuous lamination processes
involve feeding prepreg from a roll and cutting and placing prepreg whilst traversing the
mould surface in a layer by layer process. These processes are suitable, since the
laminating head is able to follow the contours of the mould surface and remove backing
paper in-situ. A suitable automated process would ideally meet the following criteria
(Chapter 1.2):-

o (Capable of producing components above 42m in length
o Capable of complex curved and twisted geometry

o Ability to lay unidirectional fibres along the length

o Capable of incorporating foam cores

o Ability to lay multiple fibre types in multiple directions
e Capable of achieving a high fibre volume fraction

A number of automated methods which have potential to produce turbine blade
components are outlined (Table 1-7).

Table 1-6 The advantages of automation in turbine blade production

Advantage Facilitator

Increased deposition rates through mechanisation

Reduced lay-up times
allowing 24hr production

Increased fibre volume fractions Improved alignment, compaction pressures
Reduced labour content and cost Using a single machine operator
Improved component repeatability Increased accuracy of material placement
Reduced scrap rates Elimination of human error

Integrated tool paths in design analysis
Future possibility of in-situ curing

Reduced cycle times
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Table 1-7 Automated methods with potential for turbine blade production

Typical size Geometric flexibility
Method Typical product
(S;M,L)
Automated Tape Laying (ATL) ALL Curved surfaces /
: Aerospace structural .
Automated Fibre Placement (AFP) hollow sections
S components S,M
Automated tape or tow winding Smooth hollow
Filament winding Pressure vessel ALL sections only

Automated Tape Laying (ATL)

The ATL process is used for the production of high performance parts in the aerospace
industry [27]. The process involves robotic placement of relatively narrow (150-300mm
[38]) strips of prepreg. Typically, the prepreg is heated and its backing tape is removed,
it is then positioned and cut accordingly. These operations occur continuously within a
material delivery head. The delivery head is robotically manoeuvred along an overhead
gantry with multiple axis of travel (Fig 1-11). The working envelope is relatively large
(20x4x3m [38]) and can be extended in the X axis to accommodate longer components
such as turbine blades. The option of multiple heads working on a single gantry is also
available. The material head will perform multiple passes in alternating directions to
build up laminate layers of the required thickness and direction.

{ Mold
\J Extend the X-axis travel
in 12' increments

Fig 1-11 A typical ATL gantry system and working envelope [38]

The typical ATL configuration is most suitable for producing flat or gently curved
surfaces and has been utilised by the aerospace industry to produce wing skin sections
[27]. Sections of 9m length, 2m width and up to 22mm thickness have been produced
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by Airbus [38]. Typical deposition rates are relatively high for aerospace production,
between 16-26 kg/hour [38, 39]. ATL has the ability to form the gently curved profile of
the blade and deposit unidirectional fibres along the blade length with increased
accuracy. However, modifications would be required to increase deposition rates and
reduce raw material costs in order to ensure success in turbine blade production. A
comparison is made between the current ATL process and the hand VI methods for
blade production (Table 1-8).

Table 1-8 ATL in comparison to VI hand lay-up methods

Advantages Disadvantages
Reduced labour content. High initial investment costs.
Improved repeatability. Increased material costs.
Improved accuracy of fibre placement. Additional programming costs.
Reduced scrap rate. Low relative deposition rates in comparison to VI
High fibre volume fractions. hand lay-up.

Automated Fibre Placement (AFP)

AFP involves the robotic placement of individual fibre tows in a similar machine
configuration to ATL. Cutting and placing individual tows offers the advantage of a
variable tape width, with increments equal to one tow width [40]. The material delivery

head layout (Fig 1-12) is similar to the ATL head with the exception of independent
cutting and restarting of individual tows.

Redirect
roller

an
(& ((”/ Restart rollers
Compaction roller —__anli&e® - Cutters

— Controlled heat

.

Fig 1-12 Typical AFP material delivery head configuration [40]

The robotic configuration is generally similar to ATL and can be tailored to suit
manufacturer’s requirements. Therefore, AFP has similar characteristics to ATL (Table
1-8) with additional flexibility in the ability to vary lay-up width which comes with
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increased cost. The additional flexibility of AFP allows the production of more complex
parts with increased machine and programming complexity which results in a reduced

deposition rate for larger components.

Automated tape winding (ATW)

ATW is essentially ATL with a mandrel mould configuration and is often not
distinguished as a separate process. ATW allows lay-up over a numerically controlled
rotating mandrel to form closed hollow sections (Fig 1-13). Prepreg tape is laid using a
material delivery head similar to that of ATL with the exception that material may be
mounted away from the head accommodating larger rolls. The rotating mandrel allows
continuous lay-up with fewer cuts resulting in improved deposition rates. Once the
mandrel has been layered sufficiently thick, it is then cured in a secondary autoclave or
vac bag process. The ATW process exhibits similar characteristics to ATL configured to
produce tubular parts rather than flat panels. However, the ATW process performs
faster deposition rates than ATL due to the reduced number of cutting operations with
the exception of longitudinal directions. For longitudinal fibre direction cutting is still
required resulting in deposition rates similar to that of ATL. Therefore, ATW offers no
advantage over ATL for producing open curved surfaces or closed sections with a

significant amount of longitudinal fibre placement, as found in blade components.

Fig 1-13 Typical automated tape winding process [41]

Modern filament winding

Production of the aerodynamic shape of a blade using traditional filament winding (FW)
was eventually considered inefficient and problematic (Chapter 1.3). However, FW
remains suitable for the production of a box section structural spar provided fibres can
now be laid in an almost longitudinal direction. Recent advances have been made using
the FW process which increase its potential [42]:-

* Increased precision resin baths for improved ‘wet out’ of fibres.
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e A pin ring system to improve low winding angles (near longitudinal fibre
directions).

e Online monitoring of fibre resin volume fractions.

Recent innovations allow the continuous filament winding (CFW) of thermoplastic glass
reinforced tubing with a higher allowable strain, impact resistance and improved
robustness [42]. Innovations have also allowed the inclusion of optical fibres for data
transmission, strain and damage monitoring. CFW equipment (Fig 1-14) is readily
available for the production of up to 4m diameter tube. The CFW process utilises a
thermoset matrix with UV cure, reporting production rates of up to 50 meters per hour
[43, 44]. Despite these recent advances in FW the problem of longitudinal fibre
placement and inability to form sharp edges continues to limit this method to closed

hollow gently rounded structures under radial and hoop stress loads.

Fig 1-14 Modern fibre winding equipment capable of producing 48m/hr of @600mm
GFRP tube

Summary

Winding processes appear limited to the production of closed hollow sections.
Development of winding processes for blade production should only be pursued if the
manufacturer is content to be constrained to a structural box section spar design.
Additionally, successful rapid production of the spar component requires an equally
rapid method of shell production to be developed. AFP is considered a flexible process
capable of producing all WTRB components. The process is very similar to ATL with the
ability to lay individual tows resulting in a material delivery head with extra flexibility.

However, such flexibility incurs additional cost and reduced deposition rates.

ATL is considered to have the most potential in satisfying the demands of automated

turbine production; an existing technology with known material attributes offering the
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flexibility to produce all blade components. ATL has proven capability in producing
similar geometry aerospace components. However, the typical wind turbine component
size and material thickness has yet to be achieved. Increased deposition rates and a
reduction in material costs are required for the successful implementation of ATL in
turbine blade production. Successful development has predicted cost savings of 8% per
annum [45] in addition to; reduced labour content, improved repeatability, improved
accuracy of fibre placement, reduced scrap rate and higher fibre volume fraction in
laminates.

1.5 Aims and objectives

The primary aim of this project was to develop ATL for wind turbine blade production,
requiring:-
e A reduction in material cost, switching from high cost toughened aerospace
resins with carbon fibres to low cost simple epoxy BPA resins with E-glass fibres.
e Wind turbine compatible materials, Using low exotherm resins to allow the curing
of thick laminates.
e An increase in deposition rates, Facilitated by increasing the FAW thickness of
prepregs.
e A reduction in tooling cost, To produce low cost fibreglass tooling using typical
wind turbine industry methods suitable for ATL.

Aims and objectives evolved with the project in reaction to problems which occurred in
satisfying the primary aim. During the trials of these new materials tack and stiffness
properties of the ATL prepreg were found to significantly affect lay-up performance.
However, a reliable method of quantifying tack limited the understanding of the process
and the ability to develop new materials. Therefore, a number of secondary aims
emerged:-

o Develop a new method to quantify prepreg tack and stiffness

o Characterise existing prepreg

e Study the effects of variables

Throughout the experimental study results were occasionally confusing and
contradictory to current composites industrial experience. However, greater
understanding of tack was found within the Pressure Sensitive Adhesives (PSA) field
where results were often related to polymer melt behaviour and rheology. These
additional aims were then set to establish the applicability of PSA and polymer melt
theories to prepreg tack and stiffness:-
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e Relate results to PSA research

¢ Relate results to resin rheology

o Establish the applicability of the time-temperature-superposition principle
¢ Relate results to molecular theory

1.6 Theme of this work

The work presented here has formed part of a TSB funded research project entitled
AIRPOWER. Several publications have resulted from this thesis (Appendix A). The
project was concerned with the development of rapid automated techniques for the
production of large scale off shore turbine blades with the integration of optical fibre
sensors. The aim of this thesis was the development of ATL for wind turbine blade
production. New low cost low exotherm ATL materials were developed but proved
problematic in production and feasibility trials (Chapter 4.1). A review of the ATL
process indicated that the success and performance of ATL is particularly sensitive to
the tack and stiffness properties of prepreg materials (Chapter 5.6). However, the lack
of a reliable method for quantifying tack limits the understanding of the process and
ability to develop new materials. Therefore, a new test was developed which quantifies
tack and stiffness during a simulated ATL application process (Chapter 3.3). The new
tack and stiffness test was then used to investigate the effect of process and material
variables (Chapter 3.5).

Greater understanding and explanation could be found in the comparison of results to
those found in Pressure Sensitive Adhesives (PSA) research where results are related to
polymer melt theory and rheology. The time temperature superposition principle, found
applicable to PSAs, was also discovered to be applicable to the tack and stiffness of
prepregs (Chapter 4.5). The theoretical implications of this relationship and
rationalisation of results are then discussed (Chapter 5.4.3). Tack and stiffness results
were then related to material tack performance during ATL lay-up In experimental trials.
The application of the new characterisation method and newly discovered time
temperature relationship for prepreg specification and ATL performance are discussed
(Chapter 5). Major conclusions are then drawn on all aspects of this work suggesting
standardisation of prepreg tack characterisation and significant improvements to
automated prepreg processing may now be possible (Chapter 6 & 7).
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2 Literature review

Review of literature and commercial experience regarding prepreg and the ATL process
indicates that tack to the mould surface is considered to be a major component of
successful lay-up. The ATL feasibility study confirms that both tack and stiffness of the
prepreg play a vital role. Tack is also considered of equal importance in AFP and to a
lesser extent in prepreg hand lay-up and fibre winding processes. Therefore, existing
commercial and scientific back ground literature is reviewed for both prepreg tack and
stiffness. The results and methods applied in the study of prepreg tack appear to have
stemmed from the study of pressure sensitive adhesives (PSA) where tack has been
studied more intensely. In the study of PSAs tack has been related to the rheological
and molecular properties of the resin. An important relationship between the effects of
time and temperature on PSA tack has been observed during cohesive failure which
allows tack to be rationalised based on molecular theory. A background to molecular
theory is required to discuss results from tack testing which are difficult to explain on
the macro scale.

2.1 Prepreg materials

An overview of prepreg component materials and production processes utilising prepreg
are available in the introduction (Chapter 1.2.3 and 1.3). The details of prepreg resin,
impregnation methods and specification are discussed here.

2.1.1 Production

Prepreg is produced by impregnating reinforcement fibres with resin to form a pre-
impregnated, hence ‘prepreg’, fabric which can be cut and positioned easily. Four types
of prepreg production methods are typically utilised [46]; solution dip, solution spray,
direct hot melt coat and film calendaring. Filming processes are said to be faster and
cheaper, with solution methods utilised only when certain resin formulations prevent
filming [46]. In each of the methods the resin is partially reacted, termed beta or b-
stage, to give the correct degree of tack [46]. The hot melt film impregnation method
was utilised for the production of prepregs used in this study. Hot melt film transfer
prepregging consists of four basic operations [47]:-

1. A resin film of uniform thickness is produced on backing paper. Precise control
of film thickness is essential to control final prepreg resin content.

2. The resin matrix impregnates the fibres in the impregnation zone (Fig 2-1).
Pressure, temperature and line speed must be controlled to maintain the desired
resin distribution.
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3. The prepreg temperature is quickly reduced using a chill plate. Resin viscosity Is
reduced preserving fibre positions and resin distribution.

4. The prepreg may be slit to the required roll width and collected onto a take up
reel and placed in cold storage.

Resin Film
on Release

[N
Resin Fibm
on Release * Plate
Paper

Im| 'gmtion
P Zane Prepreg Take-up
Reel

Fig 2-1 The hot melt film transfer prepregging process [47]

Stage two is considered the most important for maintaining impregnation quality [47].
Due to the nature thin films and fibre porosity impregnation may be subject to capillary
and surface tension effects. Pressure is said to provide the driving force, temperature
controls the resin viscosity and line speed controls the impregnation time where the
temperature-pressure-velocity superposition principle between dimensionless varlables
is considered valid [47].

Resin content

High fibre content is beneficial in obtaining the highest mechanical properties. However,
the resin matrix Is required to transfer load between fibres. Therefore, when fibre
loadings exceed 70% (by volume) a reduction In mechanical properties is generally
observed, attributed to fibre to fibre contact [46]. A standard loading of 60-65% s said
to attain the best compromise. It has been standard practice to produce prepregs with
50:50 ratio and induce a 10% bleed out during the vacuum bagging process, also
beneficial in handling properties and washing out trapped air. However, this practice has
been criticised for excessive waste in resin and ancillary bleed soak materials [46].

2.1.2 Specification and supply

Manufacturers tend to specify prepreg materials using a serles of designations
corresponding to material components, fibre areal weight (FAW) and architecture (Fig
2-2). Hand lay-up materials are typically supplied in rolls of one to 1.6m in width
covered on both sides with embossed polythene film. ATL materials are generally
supplied in rolls of 75, 150, 300 mm width, dependant on machine requirements, with a
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wax coated release paper on the reverse (Fig 2-3). Tack values are specified as high,
medium or low on datasheets relating to the tack level of the infused resin. Tack levels
are measured by a combination of probe and subjective methods. Uncured prepreg

stiffness is not specified.

Fibre architecture

Resin designation Fibre aerial weight
g/m’

8552/34%/UD268/IM7

Resin content

Fibre Th
% by mass e

Fig 2-2 Typical manufacturer’s prepreg designation and specification

Fig 2-3 ATL prepreg tape roll (left) in comparison to hand lay-up prepreg

ATL aerospace prepreg

Existing aerospace ATL materials typically utilise a high cost high performance
thermoset resin system (Table 2-1). A typical aerospace resin is described by
manufacturers as amine cured, toughened epoxy recommended for structural
applications requiring high strength, stiffness and damage tolerance. Resin content is
kept low (typically 32% by wt., 40% by vol.) to ensure the overall mechanical
performance is maintained.

High cost high strength carbon fibres (e.g. IM7/AS4) are typically utilised to give the
highest strength to weight ratio. FAW rarely exceeds 200 g/m2 resulting in a ply
thickness of less than 0.2mm, suitable for the thin laminates required in aerospace
panels. Only unidirectional (UD) fibres are utilised since the ATL is capable of placing
fibre angles accurately to recreate multidirectional fabrics.
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Table 2-1 A comparison of aerospace 8552 and wind energy prepreg resin

Tenslle properties
Designation Description
Strength Modulus
High performance amine ¢
8552 oh pe ured toughened 120 MPa 4.67 GPa

epoxy resin system

M19.1/M9.1F (High tack) Low exotherm, versatile cure temperatures (80-
M19.6/M9.6F (Medium tack) 160°C) and pressures (0.5-5 Bar) suitable for 85 MPa 3.2GPa
M19.6LT/M9.6FLT (Low tack) vacuum bagging of thick components.

Hand lay-up wind energy prepreg

Existing wind energy prepregs typically consist of cost effective general epoxy resins
suitable for a low pressure moulding process. In comparison to aerospace resin systems
they are inferior in strength and modulus (Table 2-1). However, they are low cost and
have a low exotherm ideally suited to the prdduction of thick laminates using vacuum
bag techniques. A range of low cost fibres and architectures are available to suit the
various wind turbine components (Table 2-2). The inferior performance of wind energy
grade prepregs (Table 2-3) is tolerated in return for significantly lower material cost,
high deposition rates, low exotherm and the suitability for low pressure forming
techniques.

Table 2-2 Wind energy prepreg fibre architecture and usage

Designation Description Component Usage
Aerodynamic Shells, Shear
BB600/G 600 g/m? Biaxial E glass (300 g/m3 at + and -45°) Y e
wi
1200 g/m32 Triax E gl 2 © 2
LBB1200/G g/ ax E glass (566 g/m2 at 0°, 297 g/m? at Al
+ and -45°)
UD1600/G Unidirectional E glass 1600 g/m2 at 0° Spar caps

UD600/CHS Unidirectional high strength carbon fibre 600 g/m2 at 0° High performance spar caps

Table 2-3 ATL aerospace and wind energy prepreg mechanical properties

Industry & p Material Tensile properties (Roll angle)
Strength (MPa)(®) Modulus (GPa)(®)

Aerospace, ATL and 8552/34%/UD268/IM7 2570 160
autoclave 8552/34%/UD194/AS4 1900 135

M9.6/45%/BB600/G 112(0), 514(45) 11(0), 21(45)

Wind, Hand lay-up and M9.6/38%/LBB1200/G 512(0), 276(45) 23(0), 13(45)
vacuum bag M9.1F/32%/UD1600/G 1312 51
M9.6FLT/32%/UD600/CHS 1600 130
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2.1.3 Resin chemistry and cure

Epoxy resins are polymers consisting of Bisphenol A (BPA) which takes its name from its
constituents of two moles of phenol and a single mole of acetone [48). BPA resin is
produced by dehydrohalogenation reactions of Bisphenol A and chlorohydrins [49]. BPA-
epichlorhydrin resins cannot be cross-linked by heat alone, even heating at 200°C has
little effect. In order to convert the resins into cross-linked structures it Is necessary to
add a curing agent. For prepregs the curing agent is added at the time of prepregging.
The curing reaction is then ongoing at the time of manufacture. The reaction tends to
obey the kinetic rate equation [50] and therefore the reaction may be slowed by
reducing temperature. A prepreg will then have its storage life specified as typically one
month at ambient (23°C) and one year at freezer (-18°C) temperatures. The prepreg
storage life is mostly limited by the loss of tack with age which may prevent hand
lamination [51]. Therefore, shelf life is often referred to as tack life by manufacturers
[52]. Although the handling properties may be reduced due to loss of tack, the finished
laminate mechanical performance does not necessarily suffer until long after the tack
life has expired [53].

Epoxy prepreg resin has a viscosity which allows forming at room temperature. Once
positioned into the desired mould shape the prepreg Is subjected to elevated
temperatures, known as a cure cycle, where it solidifies or cures to form the required
structure. Curing is the result of cross-linking which is the covalent bonding between
polymer molecules. This curing process is irreversible and therefore the resin is known
as a thermoset. The reaction results in a transition from a melt to a glass state where
the process is exothermic [49]. Therefore, differential scanning calorimetry (DSC),
which measures the heat flow of a sample, can be used to study cure kinetics and
measure cure enthalpy [50]. An increase in cure enthalpy Is associated with an
increased reaction and therefore degree of cure [54].
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The following section gives an in depth review of automated tape laying (ATL) and

similar automated lamination methods, a general overview of the automation and the

ATL process can be found in the introduction (Chapter 1.4). The ATL machine consists of

a Gantry and tape dispensing head (Fig 2-4), where the gantry is responsible for the

positioning of the tape head. The tape head is responsible for cutting and placement of

the prepreg (Fig 2-5).

Fig 2-4 Typical gantry mounted ATL equipment [55].
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Fig 2-5 Typical ATL material dispensing head [56].
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Cutting

Older machines such as the one used in this study utilise pneumatically operated fixed
blades. Prepreg is held against a wear resistant plate by tape tension and cut from the
prepreg side. The blades require accurate depth settings such that the prepreg is cut
but the backing paper remains Iintact. Newer machines utilise ultrasonic cutting knifes
for improved performance [36, 57].

Lamination

In the lay-up process prepreg tape is guided off the spool and under a compaction tool
head with the uncovered surface facing the mould. The compaction tool then holds the
tape against the mould surface under a compaction force. The release paper is then
removed onto a take up spool in a continuous process. Sufficient tack to the mould
surface and subsequent plies is considered essential for successful lay-up [55, 58, 59].
It is also suggested that ‘the tack levels should remain constant through the thickness
of the ATL tape to ensure splitting does not occur’ [55]. However, it is more sensible to
define tape splitting as a result of poor impregnation leading to dry fibre bulk failure
rather than ‘internal tack failure’. Trapped air during lay-up is considered detrimental,
related to increase void content within the finished laminate resulting in reduced
mechanical strength [60]. Temperature, feed rate and compaction pressure are
controlled throughout the process and are thought to influence the tack level and
lamination quality. The ATL lamination process may be likened to other continuous
placement methods like AFP, with subtle differences, such as the lack of backing paper
[59] (Chapter 1.4). Similarities are also drawn with the laminating of thermoplastic
tapes which occur at higher temperatures.

Temperature

Lay-up temperature may be increased locally at the point of tape application. For
thermoset aerospace prepreg a typical fixed temperature of 26-43°C [55] is used to
improve tack [61, 62]. It is recommended that temperature Is reduced (low tack) for
cutting operations and increased (high tack) for lay-up operations [58]. Special
temperature considerations have been made for low tack prepregs where tape
temperature was slightly increased (37-43°C) proportionately with feed rate. Lay-up
temperatures on such occasions were found by experimentation using the ATL machine.
Excessively low temperatures resulted in lack of tack and overheating was said to result
in tape splitting [63]. The tack of AFP fibre tows are also controlled using temperature
where tow guide chutes are chilled to prevent tack but heated using a gas torch at the
point of lamination [59]. Again, there are no guidelines for appropriate temperature
settings.
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Feed rate and performance

Increased feed rate is generally desirable as it is directly proportional to deposition rate,
where deposition rate may be used as an indicator of performance. Typical lay-up rates
are between 16-26 kg/hour [39, 55]. However, there is said to be a critical minimum
contact time which places a practical upper bound limit on the lay-up speed, greatly
limiting the cost effectiveness of automated machines [64]. However, the author does
not identify any changes in the critical contact time which may occur with changes in
material temperature. Feed rate is adjusted throughout lay-up (Typical range 1-47,900
mm/min) to suit the difficulty of the particular operation and is usually reduced during
cutting and at the start of lay-up. Dwelling or reducing feed rate over the ends or start
of tape is recommended for improved tack performance [64].

Compaction force

A significant compaction force is applied using a roller or segmented shoe normal to the
mould surface which is believed to increase tack and remove trapped air [61]. The
compaction force is typically fixed throughout lay-up but may change between
machines. A compaction force of 265-1300N is typical for a 150mm wide segmented
shoe or roller [55]. Two lay-up behaviours have been identified as pressure and surface
tension driven, where conformed or tacked area is dependent on either the applied
contact pressure or the surface tension of the resin or rigid surface. In pressure driven
lay-up a force velocity superposition principle is established, however, in the surface
tension driven behaviour the applied force is considered unimportant [64]. In AFP the
compaction roller is said to perform the function of bonding, tacking and de-bulking
which prevents residual stresses, voids and warping by squeezing out trapped air
pockets and increasing contact area [59].

Mould tooling

High cost, high tolerance (£0.035mm [65]), stiff alloy tooling is typically utilised which
can withstand the compaction pressure of the ATL head. Mould contour angles may be
limited to 15° from the horizontal which could easily be improved by demand since it is
a mechanical configuration constraint imposed by the rotation limits of the delivery
head. Surface energy of the mould Is also considered applicable, since surface tension
driven lay-up behaviour has been identified where it is suggested that lay-up on a low
energy surface could be problematic [64]. The thermal properties of the tool material
should also be considered if increased temperature lay-up Is required. It Is
recommended that materials which act as a heat sink are best avoided. Such mould
materials are blamed for rapid cooling of the relatively thin matrix preventing good
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lamination. An epoxy mould tool was considered acceptable but a steel tool required
thermal insulation using Mylar sheet [63].

Humidity & prepreg age

Humidity changes unintentionally based on local and seasonal climate conditions and
has been found to effect tack and therefore lay-up performance in some cases [66]. The
age of prepreg is also known to effect tack, where tack level appears to be the principal
property determining the shelf life of prepreg [53]. Therefore, humidity and prepreg age
appear to be two uncontrolled variables which are present in the ATL process and, along
with prepreg batch variations, are occasionally thought responsible for failed or

inconsistent lay-up.

2.3 Prepreg flexural rigidity

It has become necessary to quantify uncured prepreg stiffness to assist with the
development of ATL for wind turbine blade production. Uncured flexural rigidity is most
applicable as it reflects the bending of ATL tape as it is fed around the compaction shoe
and forced to conform to the mould surface. A standard ASTM D1388 test (Fig 2-6) has
been utilised previously in research [51]. No load is required since the uncured prepreg
deforms significantly under its own weight. However, this does not allow a constant load
comparison of materials with differing FAWs. The stiffness in bending or forming
complex shapes may be affected by fibre weave and direction resulting in wrinkling
[67]. Wrinkling is considered detrimental to mechanical performance and is not
accepted by manufacturers using ATL, therefore it should be avoided and considered as

a material failure if found during testing.

\/bending beight

bending length fabric specimen

Fig 2-6 The ASTM D1388 uncured prepreg flexural rigidity test [51].
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2.4 Prepreg tack

It has become necessary to quantify prepreg tack to assist with the development of ATL
materials for wind turbine blade production. A complete review of existing resin,
prepreg, and adhesive characterisation methods is undertaken in order to find a suitable
method to quantify prepreg tack and stiffness which will allow a comparison of prepreg
materials.

2.4.1 Definition

The term tack is used In the composites industry to describe instantaneous adhesion
before the resin has set or cured with the study of tack said to be one of the open
problems in adhesion science [68]. The definition of adhesion tends to be dependent on
the discipline and scale of study. Adhesion may occur in all materials in any phase.
However, only certain adhesive forces are relevant on the scale under investigation. On
an atomic scale the smallest known particles of matter are believed to be held together
by four forces, or fields, of nature. They are known as strong, weak, electromagnetic,
and gravitational [69]. Fully understanding these fundamental forces Is one of the
greatest modern scientific challenges [70]. It is generally understood that the effects of
the weak and strong forces are confined to the nucleus of the atom. Only the effects of
gravity and electromagnetism are thought to extend into the realms of adhesion [71].
Since gravity is considered weak on a molecular scale it may be ignored. The
electromagnetic forces, carried by the electron, are manifested in covalent bonds,
coulomb force, ionic bonds and Van der Waals forces [71]. Covalent bonding Is
responsible for the chemical bonds which join elements to create molecules and
polymers [72] studied intensively in the field of chemistry rather than adhesion.
Therefore, the remaining lower energy non-covalent bonds are generally thought
responsible for adhesion [71]. Adhesion is often studied Iin physics by bringing solids
into intimate contact, where it is shown that all atoms display measurable adhesion
provided their true contact distance is small (typically below 0.1nm) [73]. In this case
extremely polished surfaces enable intimate contact such that a secondary adhesive is
not required.

In the adhesives industry a liquid adhesive is used to give intimate contact which then
hardens or cures to form a solid covalent bond within itself with mechanical interlocking
at surfaces [73]. This type of adhesive requires the surface to be wetted out. Surface
wetting is also a type of adhesion experienced by liquids. However, in this case the
cohesive adhesion of like molecules and adhesive forces are comparable allowing the
observation of the surface tension phenomenon.
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The greatest appreciation of tack comes from the pressure sensitive adhesives (PSA)
industry, where multiple definitions of tack are offered, generally defined as the
resistance of an adhesive film to detachment of a substrate [74]. This resistance
includes the effects of cohesive separation of the adhesive Itself and adhesive
separation of the resin and the substrate surface. PSA tack Is regarded to be
instantaneous adhesion occurring with short application times that generally result in
adhesive rather than cohesive failure. For this reason tack is more likely to be
assoclated with the probe test because of short application times [75]. Names such as
quick stick, wet tack, finger tack, thumb tack, quick grab, quick adhesion and wettability
have also been used in an attempt to better define tack as an instantaneous attractive
force obtainable under light pressure application conditions [74].

The definition of prepreg tack originates from its handling characteristics, which are the
prepregs ability to adhere to the mould and itself. However, tack should not be so
overwhelming that a misplaced ply cannot be relocated easily [76]. Perceived tack may
also be related to the ability of the prepreg to deform to the mould shape due to the
presence of the fibres [77]. Historically, tack has been defined from a human
perspective to describe adhesion which occurs quickly at room temperature, without
special surface preparation, under finger application pressure. The term tack is now
extended to include instantaneous adhesion which occurs within the ATL production
environment.

2.4.2 Commercial characterisation

A search of International standards reveals the absence of a standardised method for
determining prepreg tack [51]. However, several simple British standard methods exist
relating to PSAs (Fig 2-7), with mechanised commercial versions also available at
increased cost. These existing standardised methods bear little resemblance to the ATL
process with the exception of the floating roller method. However, this method requires
a separate application stage. The separate application stage signifies that only long
contact times can be Investigated, unreflective of the ATL process. A commercial
prepreg tack testing machine is available from Accutac Inc. USA, which claims to be the
industry standard for aeronautics utilised by Boeing [78]. However, there Is an absence
of published material detailing the operational method and supporting such claims. The
excessive cost (>$100k) of this machine also excludes it from use due to budget
constraints.
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Fig 2-7 BS EN 1464:1994 Floating roller method for determining peel resistance (top
left), BS EN 1721:1999 rolling ball tack (top right), the BS EN 1719:1999 Determination
of loop tack (bottom left) and mechanised (bottom right) [79]

2.4.3 Experimental characterisation

Experimental prepreg tack research is conducted mostly to assist with prepreg
development. Studies tend to use modified versions of British standard methods or
established techniques from the PSA industry. The floating roller peel method (Fig 2-7)
has had minimal use due to the lack of a defined application process. This method has
been utilised to develop prepregs and demonstrate the effect of level of cure on tack
[51].

The probe method taken from PSA testing has been favoured by most prepreg tack
studies for its ability to achieve a controlled short application time and pressure. Such
tests have concluded that the viscoelastic properties of the material are key to
understanding tack along with the effects of the voids created by fibre surface patterns
[80]. Tack has been modelled as a bulk viscoelastic property of the prepreg, with
predictions of experimental results [77]. The effects of prepreg aging have been
investigated using this method, showing the apparent decrease in energy of separation
with increased age [54]. Prepreg tack has been found to be dominated by surface
effects at low temperatures and viscoelastic mechanical properties at higher
temperatures [81]. The effects of prepreg production variables such as impregnation
temperature, pressure and line speed have been shown to affect resin content and

uniformity of impregnation with a subsequent effect on prepreg tack [82]. The results
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then allow prepreg manufacturers to adjust tack accordingly in a controllable scientific
and experimentally verifiable manner correlated by selecting probe test settings verified
by the study of human tack perception [76, 82].' Recent studies distinguish the effects
of fibres on prepreg tack in comparison to resin films such as surface roughness caused
by fibre patterns, irregular resin layer thickness and lack of cavitation [83].

2.5 Pressure sensitive adhesives

The Pressure Sensitive Adhesives (PSA) industry is thought to be worth $26 billion [84];
major competitors such as BASF and 3M offer products with a range of applications from
packaging to surgical tapes [85]. Generally, a greater depth of research Is carried out,
since the product performance Is dictated by tack properties. PSA tack Is studied using
adhesive resin films and flexible backing substrates. PSA probe, peel and shear tests are
the most commonly used experimental methods for tack testing. Each method Is used
to determine a particular property relating to the function of the product. PSA tack Is
considered to be the ability to stick to a surface with light applied pressure and contact
times, therefore, the probe test is favoured [75] (Chapter 2.5.1). Peel tests are used to
quantify the abllity of a tape to be peeled easily and cleanly or retained depending on
the intended application [74, 75] (Chapter 2.5.2). Shear resistance Is considered a
purely cohesive property and is used to determine holding power under constant force,
considered a creep property of the bulk resin [74] (Chapter 0).

2.5.1 Probe testing

The probe test has emerged as a popular analytical tool to evaluate the adhesive
properties of PSAs. A thin resin layer Is placed between two typically flat cylindrical
parallel surfaces under quantified pressure and deflection (Fig 2-8). The tack and
extension Is then recorded during the separation of the two surfaces under a constant
rate. Early versions of the test suffered from surface misalignment resulting in poor
reproducibility. Alignment problems were improved in the mid 1980’s. The ability to
visualize the probe surface using a transparent contact and 45° mirror gave greater
insight in the late 1990's.
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Debonding

Force

Contact

Fig 2-8 Probe test showing contact and debonding forces [75].

Three mechanisms of failure have been observed under tensile loading. When the
interface between the resin and the surface is sufficiently weak, failure may occur by
crack propagation from the edge. Failure may also occur by initiation and propagation of
an internal crack. Cavitation and fibrillation of the resin is also considered a separate
failure mode [86] (Fig 2-9). Results are presented as a stress strain curve. Stress is
typically calculated using the probe surface area. The actual contact area of the resin is
difficult to define using traditional methods. Complex optical methods have been used to
measure the initial adhesive contact area [87]. As cavitation and fibrillation progresses

the actual cross sectional area of the resin under strain remains unknown.
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Fig 2-9 Adhesive failure modes observed in a flat probe tack test
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The deformation of an adhesive layer under tensile stress has been divided into four
main stages; homogeneous deformation, cavitation at the interface between the probe
and adhesive, lateral expansion of the cavities and finally growth of a fibrillar structure
[75]. An initial peak stress (0,.x) has been observed at the onset of crack propagation
or cavitation. In the case of cavitation a reasonable stress may be maintained
throughout cavity growth and fibrillation until detachment of the fibrils occurs. The work
of adhesion (W.qn) is expressed as the integral of tensile stress to failure (Fig 2-10). The
shape of the curve also gives additional information regarding the type of failure. A
single peak followed by a sharp drop in force after the peak indicates weak adhesion
and interfacial crack propagation. As the level of adhesion increases the stress decrease
after the peak is less pronounced and forms a distinct shoulder, which then reaches a
plateau. This plateau in stress has been observed to form a second peak at higher

elongation immediately preceding fibril detachment [75].
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Fig 2-10 A typical probe test result for a sample exhibiting fibrillation [75]

A sharp peak appears to accompany failure at the surface and is therefore referred to as
interfacial failure. Stress maintained at high extensions, sometimes resulting in a
second peak, typically accompanies failure within the bulk of the resin, termed cohesive
failure. Interfacial failure has been described as elastic due to the material behaviour
during the test. Typically interfacial failure occurs fast with no residual resin remaining
on the test surface. In contrast, cohesive failure occurs slowly with the formation of
resin columns and fibrils. This failure mode is described as viscous, again due to the
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material behaviour. Cohesive failure results in the deposition of resin on both test
surfaces [68, 88]. The energy of adhesion has been found to be dependent on mode of
failure, with significant adhesion energy only obtainable when bulk cavitation occurs.
Adhesive energy of cohesive failure is dependent on the volume and deformation of the
resin. Interfacial failure is limited to the total energy required for crack propagation
[89].

Variable effects

The parameters of the probe test are usually specified to suit the product. Typical
application pressure, contact time, feed rate and temperature reflect conditions of quick
application under light pressure with moderate removal speeds at room temperature.
Therefore, the majority of studies focus on changing resin properties and characterising
performance under these conditions. However, a limited number of studies go on to

adjust these variables in order to increase understanding.

Temperature

The temperature effect on tack appears linked to the effect on viscoelastic properties.
As temperatures approach the glass transition point (Tg) the resin appears mostly
elastic and much stiffer. Interfacial failure tends to occur at shorter extensions. At
temperatures significantly above T, the resin becomes viscous and shifts towards
cohesive failure. This shift in regimes causes a change in results where stress is
maintained at higher strain (Fig 2-11).

03}

o (MPa)
o (MPa)

Fig 2-11 Probe stress (o) strain (€) curves for a number of polymer blends at 25°C
(left) and -10°C (right) where Ty=-50°C [90]

The work of adhesion (W) has also been recorded over a temperature range for a
number of polymer resins. In this case a peak was found to occur at roughly 40-60°C
above T, for samples with a wide range of T, (Fig 2-12). The rising tack was attributed
to the increasing ability to deform and flow. A strong relationship was also observed
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between W and creep compliance [91]. Temperatures approaching the T, appear to
show an interfacial brittle failure attributed to lack of adhesion and apparent incomplete
contact. At temperatures higher than T, the viscous behaviour of the resin allows good
flow and complete contact. However, the resin itself now appears to fail in a cohesive
flow process resulting in fibrillation.
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Fig 2-12 Work of adhesion (W) and reciprocal compliance (D' )(dashed) for three
polymers over a temperature (T) range [91]

Separation Rate

Under constant thickness, load and contact time, the strain rate at which the tensile
part of the probe test is conducted has also been found to affect tack. At low rates,
there is no interfacial debonding and columns of polymer were observed not to break
until fibrillation had become advanced. This regime was described as cohesive failure. At
higher velocities interfacial failure was observed with no visible traces of resin on the
probe surface [68]. This was also confirmed by the change in the stress strain curves
obtained, with high strain rate samples showing a high peak stress with steep decline
until failure at low extension. Low strain rate samples show a less defined peak with

failure occurring at higher extensions (Fig 2-13).
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Fig 2-13 Stress (o) strain (z) curves for probe tests of various extension rates (V)[68]

When plotting peak tack (omax), work of adhesion (G) and separation rate transition
between failure modes appears clearly defined (Fig 2-14). It can also be seen that Omax
remains roughly constant in the interfacial failure regime. An intermediate regime is
also observed near the transition, described as adhesion energy enhanced by viscous
losses in the bulk. This third failure regime is only observable when considering work of
adhesion (G) (Fig 2-15). Therefore, the peak stress gives a simple criterion to
determine the failure type. However, it is said that the value of adhesion energy is more
sensitive to the fracture mechanism and gives a better characterisation of the process of
tack [68].
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Fig 2-14 Maximum tack stress (o, ) as a function of separation rate (V) [68]
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V (mm/s)

Fig 2-15 Work of adhesion (G) as a function of separation rate (V) [68]

Resin properties

Resin viscoelastic properties have been found to dictate the ability to deform and flow. A
strong link between work of adhesion (W) and the glass transition temperatures T, has
been found with polymer resins of almost equal molecular weights [91] (Fig 2-12). The
effect of molecular weight has also been found to significantly affect tack characteristics.
The mode of failure has been seen to shift from cohesive failure to interfacial failure
with increasing molecular weight, consistent with an increase in stiffness. The increase
in stiffness is attributed to a higher molecular weight where stiffness may be reduced by
the addition of a suitable low molecular weight component referred to as a tackifier
[90].

Contact conditions

Contact time, rate, pressure and surface finish are all considered together as their effect
appears linked to actual contact area. Poor adhesion at short contact times and light
pressure are observed, believed to occur through a decrease in actual contact area.
Other explanations include; lack of viscous flow, incomplete wetting and too high elastic
modulus [92]. Probe surfaces without special preparation typically have a microscopic
surféce roughness resembling that of a hilly landscape [93] (Fig 2-16). Under constant
application conditions a smother surface has been found to increase peak tack (Fig
2-17). However, the increase is not simply explained as an increase in actual contact
area but as a complex interaction between the probes surface and the nucleation of
cavities [94]. The volume of air pockets trapped during the application stage and a
change in stress distribution near the surface have also been considered to have an
effect [95].
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Fig 2-16 Surface analysis of a visually smooth polished stainless plate (R,=0.12um)
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Fig 2-17 Experimental tack peak stress as a function of surface roughness [95]

Tack energy has been shown to increase as a function of contact time and contact
pressure (Fig 2-18). Increased contact time may increase actual contact area through
creep relaxation. In a similar way, increased pressure may result in increased actual
area of contact through increased deformation of the resin. These results suggest that
tack force or energy is directly proportional to true area of contact provided that;
adhesion is contact limited, temperature and debonding rate are kept constant, and the

variation in contact area does not affect the debonding mechanism [92].
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Fig 2-18 Tack energy (G) as a function of contact time (t) and pressure (p) [92]
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Studies including contact area measurement have been carried out using a prism probe
(Fig 2-19). Within this study, tack energy was found to be a function of wet area
squared (Fig 2-20) said to be in agreement with theoretical calculations of the fracture
energy between elastomers linked together by connectors. Therefore, suction and
macromolecular chain disentanglement are said to be the phenomena responsible for
tack properties [87]. The study concluded that results cannot be compared unless
experimental conditions, such as temperature, tearing rate and actual wet contact area,
are equal [87].

Fig 2-19 An optical probe used for measuring actual contact area [87]
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Fig 2-20 Tack energy as a function of actual contact area [87]

Summary

The probe test is the most popular method used in studying the tack mechanism. Two
significant values are obtained during the test. Peak stress (Omax) IS typically calculated
using probe surface area. Accuracy is increased when actual contact area is considered.
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However, this requires considerably more complex and expensive equipment and
analysis techniques. The work of adhesion (W) or tack energy (G) Is the integral of the
tensile stress strain curve to failure. Two major failure types are observed. Interfacial
failure occurs at the probe surface through crack propagation leaving no visual resin
trace. Cohesive failure occurs within the resin typically resulting in cavitation and
fibrillation with resin deposition on surfaces. The failure type may also be distinguished
by the shape of the stress strain curve. A high peak stress with failure at low strain is
typical of interfacial failure. A low peak with a secondary shoulder at high strain Is
typical of cohesive failure.

Temperature, separation rate and resin properties have been found to effect peak tack
and adhesive energy, related to changes in viscoelastic properties. Highly elastic
properties typically lead to interfacial failure through apparently poor surface contact.
Viscous properties result in cohesive failure of the resin where energy is dissipated in a
flow process such as fibrillation. Contact pressure, time and surface roughness also
affect tack properties, particularly within the interfacial failure regime, where interfacial
tack Is believed to be a function of actual contact area. Vacuum effects along with
surface roughness are also considered to play a complex role in the formation of cavities
and fibrillation. The industrial standardisation of this test and the ability to compare
results between studies has been limited due to numerous difficulties, including:-

e Surface alignment.

o Inability to observe surfaces under test.

¢ A lack of consistency in presenting results.

o Failure to determine or specify failure type.

o A lack of repeatability in cavitation and fibrillation phenomenon.

¢ Inconsistency in controlling and specifying variables with a known effect include;
separation rate, temperature, shear modulus, relaxation properties, actual
contact area, contact time, contact pressure, resin layer thickness, and surface
finish

2.5.2 Peel testing

Peel tests quantify the force required to peel a PSA product such as tape or a label from
a rigid substrate surface, known as peel resistance. Four types of peel tests have
emerged with a variety of surfaces and peel angles (Fig 2-21) [75]. Peel methods can
be classified into two groups depending on the test surface. The most populaf type is
peel from a rigid substrate surface which may be a plate (a) or drum (b). Peel from a
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rigid substrate is then further defined by the angle which is generally constant
throughout the test. Near 90° peel (a) is utilised by the floating roller method (Fig 2-7)
and is typically considered the standard unless otherwise specified. For peel angles
approaching 180° the method is occasionally defined as a strip back tack test (c). Peel

between two flexible backing substrates (d) is referred to as cleavage or T-peel.

' PSA and
" flexible B
&
substrate
R Rigid test substrate

SE

s SRR (F
c |

Fig 2-21 Common peel test methods, (A) 90° Standard (B) Drum (C) 180° Strip back
(D) Cleavage or T-peel

1

The majority of testing is conducted at 90° or 180° with a 25mm wide specimen. The
specimen is applied to a clean stainless steel plate without air bubbles by a constant
weight roller [75] or by following the manufacturer’s application guidelines [96]. After a
specified bond time the sample is then clamped into the jaw with the plate constrained

in a way which allows peel to proceed (Fig 2-22).

Fig 2-22 Typical 180° strip back (left) and 90° (right) Peel test apparatus [75]
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A reasonably constant force is usually recorded over the length of peel. At least 115mm
of peeling is recommended with the first 20-25mm disregarded [96]. An average force
over the peel distance is taken as the value for peel force. Peel resistance is expressed
as an average load per unit bond width, typically N/25mm (Eq 2-1) [75].

Eq 2-1 Peel resistance

P P = Peel Resistance
P= ; F = Average peel force (N)
b = Tape width (mm)

Further definition of peel resistance is said to be difficult due to the many mechanisms
operating in unequal proportions and direction. Contributions are said to include surface
energy due to the creation of new surfaces, potential energy due to the movement of
the applied force and elastic deformation [97]. 90° peel resistance is said to be a simple
composition of bending and adhesive forces [98]. The adhesive forces appear to be a
summation of the phenomena seen in probe testing such as cavitation and fibrillation
occurring at differing positions along the peel front (Fig 2-23). Stress distributions show
similarities to that of a probe test (Fig 2-10). Despite the complex relationship between
bending and adhesion several predictions of peel strength have been made for particular
substrate adhesive combinations with varying degrees of success [74, 98, 99].

Backing material
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Fig 2-23 The peel front and recorded stress distribution [100]
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Four types of failure have been observed in peel testing which include cohesive,
interfacial, stick slip and glassy fracture and are believed to relate to rheological resin
behaviour [101](Fig 2-24). Cohesive failure occurs within the resin when flow is
possible. As the stiffness of the resin increases interfacial failure occurs. These failure
conditions can be related to those seen in probe testing. The stick slip and glassy
fracture conditions are unique to peel testing. The stick slip condition exists around the
transition of failures where the constant peel rate is said to be insufficient to maintain
peeling with fast interfacial mechanisms, reverting to a slow flow failure mechanism
[75]. The inability of the resin to deform at high stiffness is said to result in glassy
fracture separation of adhesive from the backing substrate.
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Fig 2-24 Peel Test failure classifications in comparison to shear storage modulus [75]

Effect of Variables

A number of steps are involved in the preparation and peel testing of PSA tapes such as
preparing the PSA, coating onto the backing material, preparation of the strip, cleaning
of the substrate, bonding, peeling and data analysis. These processes can be effected by
several parameters (Table 2-4) which must be controlled to acquire meaningful and
comparative data [75].
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Table 2-4 Variables thought to affect peel resistance [75]

Process step Parameters affecting peel resistance
Chemical composition, molecular cross-ilinking nature and density,
Preparation of adhesive miscibllity of blend
Viscoelastic properties
" Coating onto carrier backing Stiffness and thickness of carrier material
Adhesive layer thickness
Preparation of sample Surface properties of carrier

Sample width, uniformity
Surface energy & roughness
Surface treatment & contamination

Bonding step Application pressure & time
" peeling angle, geometry & rate
Temperature and humidity

Cleaning substrate

Peeling test

Generally, studies have focused on changes in peeling angle, rate, temperature,
thickness, adhesive and flexible carrier substrate properties. These variables can be
investigated with the peel test provided the application method remains constant. Resin
properties can be characterised by other established methods such as rheology. Studies
of preparation and contact conditions are uncommon since they require a separate
method of measuring and regulating the application stage conditions.

Temperature and peel rate

The majority of adhesives used in PSA are amorphous polymers which have been shown
to obey an empirical relationship between peel rate and temperature based on their
relaxation mechanism (Eq 2-2). This relationship has been validated many times for
peel testing [74, 75, 102] with shift factors obtained during peel comparable to those
found In oscillatory shear rheology [98].

Eq 2-2 The Williams-Landel-Ferry(WLF) time-temperature superposition equation [103]

a, = Time shift factor
T -T, = Temp.change
C, & C, = Empirical constants

_ Cl(T"T:)

o8a, = C T
2 ]

This superposition principle can be used to construct a master peeling curve. Low log(ay)
values indicate relatively slow feed rates and high temperatures where adhesives show
mostly viscous characteristics resulting in cohesive failure. Conversely, higher values of
log(a,) result in interfacial failure (Fig 2-25).
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Fig 2-25 A peel master curve, constructed using the WLF equation, and observed
failure modes [104]

Peel angle

Experimental results have shown that peel resistance is affected by peel angle (Fig
2-26). Results appear to confirm a theoretical inverse relationship of 1-cos@, if the
summation of moments and tensional forces are unaffected and cleavage is the
controlling failure mechanism [105]. The sudden drop in peel adhesion at @<40° is
attributed to a switch in the de-cohesion mechanism [75].
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Fig 2-26 The effect of peel angle on peel resistance at various peel rates [75]

Adhesive Properties

Changes in resin properties appear to affect peel resistance through changes in
viscoelastic properties. Increasing molecular weight has the effect of stiffening the resin
where a shift has been observed towards interfacial failure at lower peel rates [106](Fig
2-27). The shift in properties is said to be related to the viscoelastic terminal region of
relaxation. Therefore, it has been demonstrated that peel rate, temperature and

adhesive formulations can be reduced to a single master curve on the basis of terminal
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relaxation time [98]. This technique is repeated with alternative polymer blends and
termed the ‘super master curve’ (Fig 2-28)[107]. The importance of the master
relaxation curve as an adhesive design tool is emphasised when considering the
sensitivity of relaxation times to molecular polydispersity and the sensitivity of viscosity
to molecular weight. The possibility of adjusting these parameters is key to improving

adhesive formulation [98].
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Fig 2-27 Effect of adhesive molecular weight (a <b<c<d < e < f) on peel resistance
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Fig 2-28 A peel resistance 'super master’ relaxation curve for a range of adhesive blend
molecular weights [107]
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Adhesive layer thickness

The adhesive layer thickness has been shown to affect peel resistance where, at thinner
coating weights, the peel resistance increases with layer thickness [74, 108]. Peel
resistance as a function of coating weight has revealed an inflexion point associated
with a change in failure mechanism from interfacial at thin coating to cohesive with
thicker layers (Fig 2-29). However, for some adhesives increases in peel resistance is
minimal, although, a shift in failure mode is still observed (Fig 2-30).
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Fig 2-29 Peel strength as a function of peel rate and adhesive layer thickness where

solid markers indicate a change to interfacial failure mode [109]
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Fig 2-30 Failure mode as a function of adhesive layer thickness [106]
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Contact Conditions

A refined application process with regulated application force and speed has been used
with the peel test. Results are in agreement with those found during probe testing with
an increase in peel resistance relating to an increase in contact force believed to

increase actual contact area until full contact is achieved (Fig 2-31).
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Fig 2-31 Peel fracture energy as a function of increasing application force [110]

The effect of the rigid substrate material type has also been investigated using a range
of surfaces from Teflon to glass with alternate surface energies (Table 2-5). Substrates
with a high surface tension mostly exhibited higher peel strength with anomalies
believed to be the result of a change in failure mode (Fig 2-32) [111].

Table 2-5 Substrate surface tension determined by contact angle measurement [111]

Substrate St/Steel  Polyethylene Polypropylene PVC Bakelite Teflon Glass
Surface tension
Na 31 33 37 31 18 73
(7c (mN|m)
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Fig 2-32 The effect of surface type on peel strength of a polymer blend [111 }
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Summary

The peel test is relatively simple to conduct and analyse; adhesive tapes are applied
following manufacturer’s instructions to a rigid substrate and then peeled at a constant
rate and angle. The peeling force is measured over a typical 115mm distance and the
average force is calculated. Peel resistance is expressed as the average force over bond
or tape width, typically N/25mm. The peel test is mostly applicable to PSA tapes and
labels where the peel resistance and amount of residual resin are key characteristics
defining product performance. However, the peel test is less favoured as a research tool
as it does not offer a method of controlling application conditions and the force recorded
is a combined effect of complex bending and adhesive phenomenon. Cohesive,
interfacial, stick-slip, glassy fracture failure modes have been observed. As with probe
testing cohesive failure is a result of a liquid like flow failure occurring at low speeds and
high temperature. Interfacial failure is related to rubbery or glass like fracture at the
surface, associated with high feed rates and low temperature. Glassy fracture is unique
to the peel test and is a result of brittle resin separating from the backing film. Stick-slip
failure is also unique to the peel test and occurs during the transition between failure
modes where a lack of uniformity in the peel rate results in an oscillation between two
failure mechanisms. Peel resistance has been found to obey the WLF time temperature
super position principle in the cohesive failure regime allowing the construction of peel
master curves. The peel master curve allows prediction of peel force beyond
temperature and feed rate equipment limitations. Further dimensional reductions and
predictions can be made based on relaxation times of adhesives.

Only long contact times appear achievable with peel testing due to the separate
application method. Additionally, distinguishing the overall effects of processing
variables from multiple studies appears difficult due to:-

¢ Inconsistent application conditions and flexible substrates.

e An inability to separate stiffness and adhesive effects.

e Failure modes not being specified.

 Variability in interfacial peel especially during stick-slip failure.

e Failure to specify or control variables, including; temperature, peel rate, shear
modulus, relaxation properties, actual contact area, contact time, contact
pressure, resin layer thickness, substrate surface finish and substrate material.
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2.5.3 Shear testing

PSAs in shear demonstrate creep behaviour that can lead to failure of the adhesive joint
[75]. The PSA shear test is generally a measure of the adhesives rheological properties.
However, the test is adapted to suit failures of PSA tape which occur over grater
deflection and time scales. Typically, a weight is hung from an adhesive tape with the
deflection recorded over time. The behaviour of PSAs under shear has been
characterised using Maxwell and Kelvin-Voigt fluid models, using springs and dashpots
to account for the elastic and viscous behaviour of the fluid. However, other viscoelastic
" models are available and are generally chosen to suit the experimental results [75, 98].
The loading conditions seen in shear testing can be compared to those found in plate
rheology. Therefore, PSA shear testing is limited to industrial applications with shear
research typically carried out using rheometers which offer greater flexibility and
accuracy in results and analysis.

2.6 Rheology

PSAs and polymer resins are viscoelastic materials possessing both flow and elastic
properties which play a key role in bond forming and debonding [74]. Comparisons
made with rheology, peel and probe results reveal that the adhesives solid or molten
state dictates tack failure type and magnitude [75, 101]. Rheology Is now a well
established laboratory method for determining viscoelastic properties. Many tack studies
and properties are related to the rheology of the adhesive component. Although stress
relaxation and creep experiments are used extensively, the small amplitude oscillatory
shear experiment is the most commonly used method for determining the linear
viscoelastic properties of polymer melts [112].

Method

' Typically a constant thickness disc of viscoelastic material is placed between a fixed
surface and a surface with a sinusoidal applied stress (Fig 2-33). A load cell and optical
encoder are used to measure force and displacement response. In steady state shear
the rate and stress are simply defined as a function of layer height, force and velocity
(Fig 2-34). Typically, parallel plate geometry is used where the strain rate Is a function
of the radial position (Fig 2-35). However, small angle cone and plate geometry may be
used to achieve a constant shear rate throughout the specimen. This uniform flow is
advantageous when working with non-linear materials which are strain rate sensitive
[113]. For viscoelastic characterisation the standardised small amplitude oscillatory
shear (SAOS) experiment is commonly used. A small oscillatory shear strain is applied
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to the substance and its response is recorded. The elastic and viscous components of
the response can then be calculated.

Fig 2-33 Sinusoidal strain of an adhesive in oscillatory Rheometry [114]

S = Shear stress

y u S=F/A gl ot
ﬂ T am h F =Force
F A = Area
; i WS S § T U = Velocity
. x l 1 l g h = Thickness
i3 e 7 = Strain rate
n = Viscosity

Fig 2-34 Constant velocity ‘steady state’ shear [115]
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Fig 2-35 Parallel plate geometry with radius dependant strain rate (left) and cone
geometry (right) [113]

Results

The motion of the driven plate and the force on the load cell are recorded. The two
sinusoidal signals are then compared for phase angle, stress and strain amplitude.
Stress amplitude is then calculated from force and specimen dimensions. Strain is

measured as displacement. A typical viscoelastic response is defined graphically with

Y =7,sinwt defined as an input and o = o, sin(f +6)as a response (Fig 2-36). The

ratio of stress to strain is defined as a modulus each with a different physical meaning
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(Eq 2-3). G’ is stress(c’)measured at maximum strain (ot = 7/2) divided by the
maximum strain amplitude(y,). At this point the strain rate is approaching zero,
consequently any response must be purely elastic as viscous materials respond only to

changes in strain. Therefore G’ is often referred to as the elastic or storage modulus

due to the recoverability of elastic work. Alternatively G” is the stress (c")at zero

strain (wt = 0) divided by maximum strain amplitude(y,). At this point the rate of

strain is at a maximum because a sin wave has its maximum rate of change at this
point, thus the stress at zero strain is the result of a sample responding to strain rate as
would a purely viscous material. Therefore G" is often referred to as the viscous or loss
modulus due to the fact that flow is non recoverable work dissipated through friction
and heat loss [114, 116].
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Fig 2-36 Viscoelastic response to sinusoidal strain [114]

Eq 2-3 Shear storage and loss modulus [114]

G' =(c"/y")cosé
G"=(c"/y")siné

The values of phase angle, elastic and viscous modulus can be used to define a
materials state. A perfectly elastic material will have a zero viscous modulus and zero
phase angle. Alternatively, a perfectly viscous material or Newtonian fluid will have no
elastic modulus and a phase angle of 90° (Table 2-6). A polymer solution is found to
have a range of viscoelastic properties dependant on its temperature. Typically, at very
cold temperatures the polymer exhibits a brittle glassy state where low energy failure
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will occur through the creation of new surfaces(G”" ~ 0). Increasing the temperature

typically causes transition to a rubbery state often called the rubbery plateau, where
properties of a viscoelastic solid are displayed. Further heating typically results in a
molten polymer state displaying the characteristics of a viscoelastic fluid (Fig 2-37). Two
distinct temperatures are usually defined to separate the regions (Fig 2-38). The glass
transition temperature (Tg) is the midpoint of the temperature rang in which glass
transition takes place. The melting temperature (T,) is the midpoint temperature
between transition from the rubber-elastic to molten state [117]. The transition
temperatures and dynamic modulus can be tailored to some degree by adjusting
molecular weight, branching, polydispersity and cross linking, explored in greater detail
in the field of polymer physics and engineering [118].

Table 2-6 Viscoelastic behaviour in relation to modulus and phase angle [117]

Perfectly ! ; Perfectly Viscoelastic Perfectly
Behaviour : Viscoelastic liquid
viscous flow Viscoelastic solid elastic solid
Phase angle 0 =90° 90° > § > 45° 0 =45° 45°>6 >0° d=0°
Shear modulus G'=0 G S'G G"'=0G" G <G G"'=0
GLASSY
" R
~
3
o TRANSITION
<
<
~ . p—
w
- |
-4
:
B SRR S R s s
o
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TEMPERATURE (°C) ——=

Fig 2-37 The temperature dependence of viscoelastic states in polymers [116]
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Fig 2-38 Transition temperatures defined by shear modulus [117]

Relation to PSA tack

The viscoelastic properties have been observed to affect the shape of the probe tack
stress strain curve and govern the onset of failure phenomenon such as cavitation and
fibrillation (Chapter 2.5). Additionally, the peel resistance and failure type appear to be
governed by viscoelastic properties. Therefore, a number of attempts have been made
to determine the suitability of an adhesive as a PSA based on its viscoelastic properties.
The earliest rheological definition of an adhesive, known as the Dahlquist criterion,
requires that the shear storage modulus (G’) must have a value below 10° Pa (at 1Hz,
ambient temperature) to display useful tack characteristics [75]. Suitable PSA materials
are considered ‘contact efficient’ with higher stiffness materials defined as ‘contact
deficient non PSAs’ [119]. PSAs are further defined using the viscoelastic windows
concept. Shear modulus values are taken at relevant application rates (0.01 rad/s) and
peel or tack test debonding rates (100 rad/s). The elastic and viscous modulus are then
plotted (Fig 2-39) to reveal the PSA’s suitability for particular application depending on
its quadrant position (Fig 2-40) [119].

Dahlquist's Criteria Line ——tan J =1

G' (100) “(100)
G"(01) [ G" (100)

Elastic

G' (Pa)

Flowablll
Iscous
G' G'(.01)
.01) G"(100)

10 10 10 10

G" (Pa)

Fig 2-39 Coordinate plot for shear modulus of PSAs [119]
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Fig 2-40 PSA type based on the viscoelastic windows principle [119]

The most convincing and quantifiable link between viscoelastic properties and tack
comes from a relationship between strain rate and temperature observed in the
rheology results of amorphous polymer melts [103]. An empirical equation has been
developed which links the effects of the two variables with an inverse logarithmic
relationship which requires two experimentally obtained constants (Eq 2-2). Essentially
the relationship infers that amorphous polymers will have similar viscoelastic behaviour
at high temperatures and low strain rates and vice versa. The effects on peel tack have
been directly linked with equal constants found by both rheology and peel tack testing
(Chapter 2.5.2) [98]. The relationship is also demonstrated less convincingly in probe
tack testing [120].

Summary

Small amplitude oscillatory shear (SAOS) rheology is a well established powerful tool for
determining shear modulus and phase angle. From these values it is possible to
determine materials viscoelastic state and transition temperatures. Such properties give
indications of material stiffness. Therefore, SAOS results have been used to determine if
a material will be useful as a PSA. Materials exhibiting high shear storage modulus are
deemed ‘contact inefficient’ according to the Dahlquist criterion. Further definition of a
PSA’s suitability for certain applications can be found using the viscoelastic windows
principle. Modulus values are taken at frequency rates which reflect PSA application and
peeling rates. If the material is a useful PSA its properties will fall into a quadrant
determining its specific application. Provided the contact conditions remain constant and
the application and peel rates remain relevant SAOS rheology offers the ability to
classify resins based on their viscoelastic state and give an indication of tack
performance. However, since the sample remains in complete contact throughout the
test it does not allow the study of contact conditions. Changes in application and peel
rates add the additional task of relating actual rates to test frequencies. Additionally,
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the adhesive is never taken to actual failure limit. Therefore, SAOS rheology cannot be
considered a tack test but may give an indication of tack response to variables which
affect viscosity provided contact conditions remain constant. This is confirmed when
determining the effects of both temperature and peel rate. The same constants for the
WLF equation, which links the two effects, can be found by both peel testing and
rheology. Rheology is in constant use by manufacturers during the development of resin
systems. Therefore, an ability to determine tack levels by rheology with minimal tack
testing is considered beneficial in reducing prepreg development time and costs.

2.7 Adhesives theory

Typically any adhesive bond is said to be the result of a combined effect of multiple
mechanisms [121]. However, certain mechanisms may appear dominant under certain
conditions. Therefore, many theories have been postulated to describe mechanisms of
adhesion, with each one supported by experimental evidence under certain conditions
(Table 2-7).

Table 2-7 Multiple theories of adhesion [121]

Traditional Recent Scale of action
Mechanical interlocking Mechanical interlocking Microscopic
Electrostatic Electrostatic Macroscopic
Diffusion Diffusion Molecular
Adsorption/surface tension Wettability Molecular
Chemical bonding Atomic
Weak Boundary Layer (WBL) Molecular

Mechanical interlocking adhesion is mostly applicable to adhesives which cure. It occurs
by penetrating pores, cavities and other surface irregularities of the rigid substrate
[(121]. This theory has been formed intuitively by observations of increased adhesion of
cured adhesives with increased surface roughness. However, significantly higher
molecular adhesion has been achieved with two perfectly smooth surfaces [73].
Mechanical interlocking is unlikely to play a major role in prepreg tack since the resin
remains uncured.

Electrostatic adhesion takes place due to electrostatic effects between the adhesive and
the substrate. Electron transfer is believed to take place as a result of unlike electronic
band structure. Electrostatic forces in the form of an electrical double layer are thus
formed at the interface. These forces account for the resistance to separation. The
electrostatic mechanism is said to be a plausible explanation for polymer-metal
adhesion bonds. However, the contribution in non-metallic systems to adhesion has
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been calculated and found to be small when compared to that of chemical bonding
[121].

In diffusion theory, adhesion is achieved through the interdiffusion of molecules
between the adhesive and the substrate. The diffusion theory is most prevaleht when
both surfaces are relatively long chain dynamic molecules [121]. Interdiffusion of
molecular chain elements across a polymer-polymer interface (polymer healing) is
considered to be the controlling factor for tack and green strength of uncured linear
elastomers. Variables which control molecular diffusion may also control adhesion.
Increasing temperature increases the average interdiffusion length but also decreases
the stress required to pull the segment out [71].

Wetting theory proposes that adhesion results from molecular contact between two
materials and the surface forces that develop. The process of establishing continuous
contact between two substances is called wetting. For an adhesive to wet a solid
surface, the adhesive should have a lower surface tension than the critical surface
tension of the solid [121].

Chemical bonding is a general term used to describe the molecular chemical interactions
which may occur at the interface. Four interactions are thought to take place during
chemical bonding; covalent bonds, hydrogen bonds, Lifshitz-Van der Waals forces and
acid-base interactions. The exact nature of the interactions that hold the adhesive bond
depends on the chemical composition of the interface [121]. Acid-base adhesion Is
based on a chemical concept of polar attraction between Lewis acids and bases due to
electron imbalances [121].

Weak Boundary Layer (WBL) theory dictates that any adhesive failure which is not
cohesive is the result of a weak surface layer. This layer can be caused by
environmental contaminates, impurities in or at the surface of the adhesive or
substrate. When failure takes place, it is the weak boundary layer that fails, although
failure may appear to take place at the interface [121]. Air, moisture, oxidisation may
all contribute to a WBL, therefore, exceptional adhesion occurring on spacecraft
components such as door hinges have been attributed to the absence of a WBL normally
present in earth’s atmosphere [73].
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2.8 Polymer melts

Polymer melt studies generally consist of characterising the mechanical response and
relating behaviour, such as non-Newtonian flow and relaxation, to individual molecular
structure and interaction with neighbouring molecules. Therefore, since tack is believed
to be a product of such behaviour, a review of molecular principles and polymer meit
theory is required.

2.8.1 Basic molecular principles

Temperature

Microscopically observable movement of particles, known as Brownian motion, is
believed to be responsible for macroscopic temperature and heat flow in molecular-
kinetic theory [122], the study of which has become known as thermodynamics. In
kinetic molecular theory, heat energy is a measure of molecular kinetic energy and
therefore velocity of molecular motion [123]. An ideal gas is the simplest form of
molecular modelling. It assumes that molecular interaction takes place between the
molecules and container walls, where pressure and temperature can be measured, but
neglects interactions between molecules. This approximation proves reasonably
accurate for simple gases at low pressures due to the relative volume of the gas
molecules believed to be small in comparison to the free volume. Therefore, the effect
of molecule to molecule collisions are considered negligible [124]. With negligible
collisions the diffusion between two perfect gases would be instantaneous differing
significantly from what is observed. Therefore, more complex modelling includes
collisions with molecules modelled as hard spheres or abrupt repulsive forces increasing
exponentially with approaching distance [125]. Van der Waals also considered the effect
of long range attractive forces despite the average effect of these forces within the bulk,
acting in all directions, being considered negligible [124]. The inclusion of attractive
forces increased the accuracy of the state equation to model regions of condensation
and fluid states. The state of matter is now considered to be a result of molecular
packing and motion which calculation of all free linear and rotational motions is required
for accurate modelling [124]. Despite the increased complexity associated with the
increased molecular length of polymers generalised equations of state continue to be
formed based on such molecular principles [126].

Solid flow

Elastic deformation rationalised on an atomic scale is believed to be the stretching of
atomic bonds which displays a linear response since only a small portion of the near
equilibrium bond is tested (Fig 2-41). Despite the apparently rigid crystalline molecular
structure of most solids, flow can be observed under long periods of high loading. This
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flow, known as creep, is observed experimentally to be thermally activated. The rate at
which creep occurs depends on both stress and temperature and follows the empirical
Arrhenius rate equation. The Arrhenius equation is found by plotting a log of rate
against 1/T (°K) which typically results in a straight line. The equation then has a
comparative form to the high energy Maxwell-Boltzmann distribution for molecular

energies in gases. This analogy now includes an activation energy term [127].
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Fig 2-41 Relationship between atomic bond stretching and tensile mechanical
properties of a solid [127]

Eyring’s solid flow model encompasses the idea that an atom or molecule must pass
over a thermally activated energy barrier in moving from one position to another in the
solid [128]. The jump rate is related exponentially to temperature and occurs randomly
in any direction. However, the addition of a load stress will increase the probability that
a jump will occur in the direction of loading, therefore, offering some rationalisation of
creep flow. Such theories have been used to predict strain rate and temperature effects
on the yield behaviour of polymers [129]. These molecular activation principles have
recently been applied as alternatives to free volume models in the theoretical derivation
of the WLF equation [130].
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2.8.2 Molecular description

A typical polymer melt consists of long chains where a number of chain lengths may
exist within the melt. The distribution of lengths within the melt is known as
polydispersity. Polymer chains such as epoxy are modelled traditionally using chemistry
diagrams and more recently with 3D diagrams (Fig 2-42). Polymer chains have now
been observed directly by atomic force microscopy (Fig 2-43). The polymers are
generally thought of as a long chain of atoms held together by covalent chemical bonds
[72]. Covalent chemical bonds are of short range order (0.1-0.2 nm) with high
dislocation energies [131]. Covalent bonds are formed by the sharing of electrons.
Atoms may also be joined by ionic bonding also of short range which involves the

swapping of electrons [132].

Fig 2-42 Chemical diagram (left) and 3D representational model of a typical BPA epoxy

resin molecule [133]

Fig 2-43 Poly 2-vinylpridine chain observed by atomic force microscopy [134]
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Covalent and ionic bonds are tightly held together and require a significant amount of
energy to break. Since the energy involved in peeling is relatively low, it is assumed
that the polymer chaln bonds remain unbroken. These bonds are however, flexible and
subject to deformation mainly through a variation in torsion angles [72]. Provided the
activation energy is not reached they will return to their original bond length once the
force is removed. Non-covalent attractive bonds such as van der Waals are also believed
to be in effect between molecules. The van der Waals repulsive forces along with
thermal vibration motions are represented as an effective co-volume in the ‘vaguely
defined concept’ of free volume [135]. The attractive force receive little consideration
since, as with a fluid, the average effect of a completely surrounded molecule vanishes
[124].

2.8.3 Melt behaviour

Polymers typically have a complex mechanical behaviour resulting in strain rate, strain
history and temperature sensitivity [135]. Typical polymers are also subject to
relaxation processes with some polymers capable of returning to their original shape at
visible rates and deflections. These properties and many others are known to relate to
its molecular polymer chain structure and how the chains interact within the melt or
solid state (Table 2-8).

Table 2-8 Typical polymer properties related to molecular structure [136]

+ Increase, - decrease, 0; little change, § o §
M; passes through a maximum, *for g‘ é g g § ﬁ ﬁ 5 g § g Z
amorphous polymers, B; result depends | & |8 | & £ | § 5 g e g8 g B
on melting point, C; temperature % g 2 g g 2 é 3 £ |3 S |8
dependant é = g § 3 5
U
Increase molecular weight* + |+ | + | + + | + + | + | + - + -
Reduce polydispersity + | -1 -1+[-1T-1+1+]+]|-1+]0
Increase branching / cross linking Ml -]+ -[M]+]+]|[+]}+]-]-1|M
Add polar chain units + |+ |+ ]|+ ]| + + + B |+ | + - +
Add polar side chains + |+ |+ |+ ]|+ 1+ ]+ | +]+]+ - | +
Stiffen main chain + - + - + | + - + | + - + -
Increase crystallinity - - + - - + | + + | + - + -
Add crystallisable branches + [+ +({+|+]+]+]JO0]Ccjo] -]+

Polymer melt theory is concerned with relating viscoelastic properties to molecular
structure and dynamics. Viscoelastic polymers display both elastic and viscous
deformations under applied stress. Perfectly elastic deformation is proportional to the
applied stress. Once stress is removed the structure will return to its original position.
Perfectly elastic behaviour is associated with high energy chemical bonds or constrained
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crystalline atomic structures where bonds are stretched but remain unbroken preventing
flow [127]. Perfect Newtonian fluids give a good example of purely viscous flow. Their
deformation rate increases proportionately to the applied force. For a Newtonian fluid
the viscosity remains constant affected only by temperature [115]. For a Newtonian
fluid, viscosity can be defined by flow activation energy using the Arrhenius model (Eq
2-4). A Newtonian fluid may also exhibit non-linear flow effects, such as an object
hitting water at high speed. However, these are due to inertia rather than complications
of the molecular structure. If inertia effects dominate over viscous forces the flow is said
to be turbulent. The ratio of inertial forces to viscous forces is commonly known as the

Reynolds number [137].
Eq 2-4 Viscosity as a function of activation energy

. E = Activationenergy

E/RT

n=Ae R = Universal gas constant
T = temperature in Kelvin

The majority of adhesives and prepreg resins consist of long chain polymer molecules,
e.g. a macromolecule of molar mass M=100,000g/mol has a length of approximately
1pm (1000nm) and a diameter of 0.5nm. An illustrative example is an equivalent length
of spaghetti which is 1mm thick would be 2m long [117]. At rest, each macromolecule
can be found in the lowest level of energy consumption. Without external load it shows
the shape of a three dimensional coil. Each coil has an approximately spherical shape
and each one may be entangled many times with neighbouring macromolecules. During
steady state shearing the viscosity may exhibit a complex shear thinning response as
the molecules become aligned. Alternatively, shear thickening flow behaviour may occur
due to entanglements between molecule chains [117]. Newtonian, shear thinning and
thickening responses (Fig 2-44) may all be exhibited by a polymer melt depending on
its molecular configuration and loading condition.

Fig 2-44 Newtonian (1), Shear thinning (2) and shear thickening behaviour(3) [117]
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2.8.4 Diffusion

Diffusion is the term used to describe molecular movement within the melt. Many
theoretical molecular diffusion models exist which attempt to link experimental results
with molecular dynamics. The reptation or tube model is one such theory used to
account for the sensitivity of viscoelastic properties to molecular length, branching and
polydispersity [138]. The polymers are modelled as flexible ‘snake like’ objects moving
through tubes constrained to travelling along their own length. This ‘reptation’ motion
has now been observed directly within the melt using fluorescently labelled DNA [139]
and at the interface [140].

Certain adhesion theories exist, where adhesion is believed to be developed through the
interdiffusion of molecules between the adhesive and the adherent. The nature of
materials and bonding conditions will influence whether and to what extent diffusion
takes place. The diffuse interfacial layer typically has a thickness in the range of 1-100
nm. Solvent cementing or heat welding of thermoplastics is believed to be due to the
diffusion of molecules [121]. Interdiffusion of chain segments across a polymer -
polymer interface are also considered the controlling factor for tack and green strength
of uncured linear elastomers [71]. The fracture mechanisms at polymer melt interfaces
have also been found to depend strongly on the Deborah number, defined as the ratio
of strain rate to polymer molecular relaxation time which is dependent on diffusion
[141].

Entanglement

An increase in strain hardening is attributed to knots or ‘entanglements’ within the
molecular chains which do not have time to break resulting in elastic behaviour. At large
times the knots open by Brownian motion: the chains can slide past each other resulting
in behaviour similar to a liquid [142]. This motion dictates the diffusion of the polymer
melt with the time taken for the polymer to move through the tube of its own length
known as the reptation time, analogous to relaxation time. The reptation time is
theoretically calculated to scale with the third power of molecular length, however
experimental results reveal an exponent nearer to 3.4 signifying that the theory may
not be complete {72, 138].

2.8.5 Time-temperature dependant behaviour

The time-temperature dependence of polymer melts has been related to an empirical
free volume concept [103]. Free volume is defined as the space a molecule has for
internal movement, dictating its ability to flow. Thermal expansion is therefore believed
to be responsible for the transition to a melt state (Fig 2-45) allowing greater molecular
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mobility [143]. The state of a material and its ability to flow is therefore believed to be a
function of molecular freedom. Polymers with great molecular freedom may crystallize
under favourable conditions when the cooling rate is slow. Crystallisation is a lower
energy form of matter with much tighter packing which requires an orderly structure.
Polymers which do not have time to reach this ordered structure, through Brownian
motion, due to rapid cooling are thought of as frozen in the molten state. Polymers
which do not crystallise even when cooled extremely slowly are known as amorphous.

As the space between
the chains increases,
the chains can move.

Occupied
volume

Volume/mm?3

Temperature (°K)

Fig 2-45 Increase in free volume occurring around T, [143]

The main effect of cooling the melt is to decrease the thermal agitation of the molecular
segments. In the melt, segments are believed to change place by thermally activated
jumps. The number of jumps per second is very large (10%s™). If cooling is continued, a
temperature is reached at which the rate of segmental movement is extremely sluggish,
and then further cooling finally stops the movement. The polymeric specimen then
consists of long molecules tangled in a liquid like manner, with the absence of rapid
molecular motion which is typical of a liquid. This glassy state is distinguished by the
immobility of the molecular backbones, which are frozen in crumpled formations. A
simple manifestation of this cessation of molecular motion is seen in the response of the
specific volume change to temperature (Fig 2-45) where, in the glassy state the
molecules simply move further apart through thermal expansion without changes in
molecular conformation. The thermal expansion increases through molecular jumps
throughout the transition range to reach that of a liquid on further heating [128].

Time-temperature-superposition
An empirical Williams-Landel-Ferry (WLF) relationship has been observed in the study of

shear rheology measurements of amorphous polymers [103] (Chapter 2.6). Explanatory
theories of the WLF relationship consider the polymer on a molecular level where
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Brownian motion and free volume concepts are used to link time and temperature of
amorphous polymer melt relaxation and glass transition. Essentially, increased
temperature is said to result in increased molecular freedom through thermal expansion
{135}

2.8.6 Mathematical models

A model consisting of springs and dashpots is conventionally used to represent a
viscoelastic material and analyse its response [144]. Increasingly complex models using
various configurations of springs and dashpots can be implemented to give increasingly
accurate mathematical predictions in comparison to experimental response [128]. In
such models the spring represents elastic deformation which will return to its original
position once the force is removed. The dashpots represent permanent deformation
having a resistance to flow but will not return to their original position once the force is
removed. Mathematical ladder models have been developed with relative success to
model viscoelastic response of undiluted polymer melt (Fig 2-46) and bear a remarkable
resemblance to an elastic polymer chain acted upon by mainly viscoelastic forces at

various points along its segment.

e AN~

Oy Oy O, SOy

Fig 2-46 Marvin’s modified ladder network for the prediction of viscoelastic properties
accounting for limiting modulus at high frequencies [135]

2.8.7 Molecular adhesion

Three general laws of molecular adhesion have been suggested [73]:-

1. All atoms and molecules adhere with considerable force, if two solid bodies
approach nanometer separations, they will jump into contact as a result of
molecular adhesion; this behaviour differs from ordinary engineering experience.

2. The effect of contaminant molecules is to reduce adhesion.

Molecular adhesive forces are of such short range that various mechanisms can
have large effects. Examples of such mechanisms are surface roughness,
Brownian motion, cracking, viscous deformation etc. These mechanisms lead to a
rich variety of adhesion phenomena which may cause macroscopic adhesion to

vary, even though the molecular adhesion remains constant.
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Further consideration of Brownian motion gives rise to a model of adhesion which is not
static on a molecular scale. The crack tip in an adhesive system is said to be wandering
kinetically as the molecules spontaneously break and rebond. Cracking is thus viewed as
a chemical reaction between molecules at the crack tip. The force applied to open or
close the crack is not the cause of the reaction, i.e. peeling or healing, at the crack tip.
The reaction happens spontaneously and equally in both directions, causing the crack to
open and close spontaneously at the molecular scale. Applying the crack driving force
merely shifts the chemical equilibrium in one particular direction, either opening or
closing the crack [73].

Lennard-Jones (LJ) potential

The two parameter LJ atomic model includes attractive and repulsive forces which
operate over different distances (Fig 2-47). The repulsive force is short range, attributed
to electron to electron repulsion, related to the Pauli Exclusion Principle in the electron
shell [145]. The repulsive force is generally thought of as the atomic radius when the
atom is modelled as a semi-solid sphere [73]. The adhesion term represents the
attraction between the protons in the nucleus to electrons of neighbouring atoms, which
extends beyond the electron shell. Since the repulsive and attractive forces operate over
different ranges then it is possible to see how atoms may position themselves together
in equilibrium between the two forces. This equilibrium position is represented as a
potential energy well. Once positioned within the energy well a certain amount of
energy is then required to escape it.
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Fig 2-47 The Lenard-Jones two parameter model of atomic adhesion [73]

2.8.8

Dynamic molecular modelling

Dynamic Molecular Modelling (DMM) has been used in wetting simulations of simple
liquids with reasonable results where simulation behaviour appears analogous to
experimental behaviour [146, 147]. DMM generally utilises individual atomistic elements
which are allowed to vibrate. The elements typically utilise a LJ type interaction in a
force field model [146, 148, 149]. The LJ system is shown to allow relaxation by an
increased number of molecular jumps with increasing temperature [150]. Atomistic
modelling of cross-linked epoxy resin (Fig 2-48) has also shown reasonable predictions

for Bulk, Young’s and Shear modulus values (Table 2-9) where van der waals forces

were found to be predominant [151].
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Fig 2-48 A stick-ball molecular model of cross-linked epoxy (red=oxygen, gray=carbon,
white=hydrogen, blue=nitrogen) [151].

Table 2-9 Mechanical predictions for cross-linked epoxy modelled using Compass [148]

in comparison to experimental results [151].

; Experimental
Mechanical properties compass
results
Bulk modulus, B (GPa) 5.804 5.01
Young’s modulus, E (GPa) 5.198 4.71
Shear modulus, G (GPa) 1.924 1.75
Poisson’s ratio, n 0.3507 =

2.8.9 Molecular characterisation

GPC

Gel Permeation Chromatography (GPC) is a variant of size exclusion chromatography
used as an analytical procedure for separating small molecules by their difference in
size. Gel particles are used to form a porous stationary phase, the molecular material
which is dissolved in a solvent or elution flows through the gel bed. Smaller molecules
are retained longer due to their ability to penetrate the gel pores [152]. Molecular
weight averages (M,,, M,) and information on the molecular weight distribution, termed
polydispersity (P), is obtained. The raw data GPC curve is a molecular size distribution
curve. When a concentration sensitive differential refractometer is used as a detector,
the GPC curve is really a size distribution curve in weight concentration. With
calibration, the raw data can be converted to a molecular weight distribution curve and

the molecular weight averages can be calculated [153].

Rheology

Dynamic melt viscosity results found by small amplitude oscillatory shear (SAOS)
rheology have also been used to characterise the molecular weight of mono and
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polydisperse polystyrenes in agreement with results found by GPC [154]. The weight
increase appears to shift the shear storage modulus (G’) in the strain rate domain.
Therefore, an increase in molecular weight stiffens the melt at any given rate (Fig 2-49)

or temperature (Fig 2-37) provided transition to a glass state does not occur (Chapter
2.6).
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Fig 2-49 Dynamic storage modulus for monodisperse polystyrenes ranging in molecular
weight from 2-Mw=547 to 9-Mw=43.1 [154]
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3 Experimental methodology

The experimental work was carried out as part of a wider AIRPOWER project which
incorporated the development of ATL for wind energy. The aims of the project were to
construct a 7m demonstrator component, representing a section of wind turbine blade,
with skins made by ATL.

3.1 General approach

The ATL machine used in this study was purchased specifically for the production of
aerospace components [65]. Having completed this and other tasks the ATL had
remained dormant for several months. A feasibility study was carried out which included
the recommissioning of ATL using existing aerospace grade ATL tape and tooling. New
wind energy ATL materials were produced and laid up on a trial and error basis (Chapter
3.2). A material was found which allowed satisfactory lay-up of the experimental 7m
demonstrator component. Throughout the feasibility study lay-up with all materials was
problematic (Chapter 5.6). In addition to cutting problems, material development
appeared to be focused on finding the appropriate tack level where the material
remained on the mould and released easily from the backing paper (Chapter 4.1). Tack
was determined subjectively by touch, based on the experience of the prepreg
manufacturer and recommendations by the machine operator.

A method for quantifying prepreg tack and stiffness was developed (Chapter 3.3). The
method was then used to determine the effect process and material variables (Chapter
3.5). Time temperature superposition (TTS) of prepreg tack and stiffness was suspected
following the investigation of variables. Although well documented for PSAs, TTS has not
been observed or applied in prepreg production and was considered a useful tool with
potential for regulating and controlling tack. Therefore, a further TTS investigation was
carried out which included other experimental methods for supportive evidence (Chapter
3.7). The findings from this study were Iinitially confusing and, due to progressive
deadlines, did not come quickly enough to be incorporated into the development of
demonstrator materials. The modification of ATL equipment to suit the findings and
recommendations was also beyond the scope of this project. However, an ATL
application study was conducted to ensure that experimental tack and stiffness results
and findings could be directly applied to ATL equipment (Chapter 3.8).
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3.2 ATL feasibility study

Feasibility trials were conducted to recommission ATL equipment which was not in

continual use (Table 3-1). Initial trials were conducted on a flat stainless steel plate

coated with Chemlease 41 release agent. To increase tack and reduce cleaning

operations a bagging film was vacuumed to the surface. An initial flat plate lay-up was
used to establish ATL ability to cut and place the prepreg tape (Fig 3-1). Trials then

progressed to lay-up over a double curvature surface using aerospace alloy mould

tooling (Fig 3-2). Once the demonstrator moulds became available, initial mould testing

was done using carbon aerospace material to conserve newly developed wind energy

material. Once acceptable lay-up was achieved a complete demonstrator lay-up of wind

energy ATL tape was conducted to produce the final component.

Table 3-1 Description of the individual trials carried out within the feasibility study

Location/MC Exp. Ref. Description Material Lay-up surface
BAE Cincinnati ;
V4 CTL ATLF-AO1 Flat panel ATL recommissioning A-ATL-1 Flat St/St with Chemlease 41
SABCA ATLF-WO01 S s W-ATL-1
s SR
Cincinnati V5 ATLF-W02 b ARG W-ATL-2 Flat surface
carried out at SABCA e
CTL ATLF-WO03 W-ATL-3
ATLF-WO03 b Eaka W-ATL-2
at panel wind energy tape _
ATLF-W04 . o sl W-ATL-3 Flat surface covered with
feasibility trials. Mostly —— e
ATLF-WO05 : ) W-ATL-4 bagging film
overcoming cutting issues el A IS
ATLF-WO06 W-ATL-5
. ATLF-W07 W-ATL-5 . i
BAE Cincinnati Flat panel wind energy tape —  _____ Flat polished composite panel
ATLF-W08 W-ATL-6 :
V4 CTL feasibility trials iRt with Chemlease 41
ATLF-WO09 W-ATL-7
Double curvature ATL (aerospace Curved alloy moulds with
ATLF-A02 A-ATL-2
moulds) Chemlease 41
ATLF-AO03 Testing wind energy moulds A-ATL-2 GFRP wind energy moulds
ATLF-WO08 Demonstrator component lay-up W-ATL-7 with Chemlease 41
/
rLYROS ,/” Ye
v 8
I PLYOOM
Fig 3-1 Initial test panel ply lay-up used in ATL feasibility trials
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©BAE SYSTEMS 2010 All rights reserved

Fig 3-2 Double curvature alloy aerospace mould tool used in recommissioning ATL

equipment

3.2.1 Materials

Recommissioning of the ATL and initial trials began with commercial aerospace ATL tape
(Table 3-2). Experimental wind energy ATL tapes were then produced in differing tack
levels to facilitate lay-up with increasing FAW. Due to a shortage of wind energy
material, aerospace material A-ATL-2 was initially used to assess the feasibility of wind

energy ATL tooling.

Table 3-2 Details of ATL prepreg materials used in the feasibility study

Content [%]
Ref. Manufacturer Ref. Fibre Resin type Use
wt. Vol.
268 g/m2 IM7
A-ATL-1 8552/34%/UD268/IM7 d Low tack 8552 34 41.4 )
Carbon Commercial
194 g/m2 AS4 Aerospace
A-ATL-2 8552/34%/UD194/AS4 of Low tack 8552 34 41.4
Carbon
W-ATL-1 M19.1/32%/UD200/E 200 g/m2 E-glass High tack M19.1 32 50.1
W-ATL-2 M19.6/32%/UD200/E 200 g/m2 E-glass Med tack M19.6 32 50.1
W-ATL-3 M19.6/32%/UD400/E 400 g/m=2 E-glass Med tack M19.6 32 50.1 )
Experimental
W-ATL-4 M19.6LT/32%/UD300/E 300 g/m2 E-glass Low tack M19.6LT 32 50.1 = p———
W-ATL-5 M19.6LT/32%/UD400/E 400 g/m?2 E-glass  Low tack M19.6LT 32 50.1
W-ATL-6 | M19.6LT/32%/UD600/E 600 g/m2 E-glass Low tack M19.6LT 32 50.1
W-ATL-7 | M19.6LT/28%/UD400/E 400 g/m2 E-glass Low tack M19.6LT 28 45.3

3.2.2 Equipment

The majority of trials were carried out using a Cincinnati 10-axis, gantry-type V4
contour tape laying (CTL) machine. Cutting consisted of two numerically controlled knife

blades capable of cutting angles from 0 to approaching 90°. Tape heating was available
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via an electric hot plate positioned against the backing paper. Compaction pressure was
provided by a segmented compaction shoe ~30mm In thickness. The machine was
configured to accept 150mm wide prepreg rolls. The CTL was limited to a maximum
surface contour of 15° from the horizontal. Initial tests were also carried out at SABCA
in Belgium using a Cincinnati V5 contour tape laying machine of a similar specification
with the exception of ultrasonic knife cutters.

Process variables

A number of process variables were identified which may affect ATL performance (Table
3-3). Ambient temperature was prevalent where the heater plate was not used. Tape
temperature cduld be increased via a hotplate against the backing paper. Feed rate was
regulated within the NC program, generally slowed for cutting and intricate placement
operations. Changes to contact time appeared inversely proportional to feed rate. Peel
angle was believed to remain constant since the deliver head is maintained at an angle
normal to the tool surface. The tool material varied from alloy to composite with release
agents applied in both cases.

Table 3-3 Process variables found in ATL production which could affect performance

Variable Range Description
Ambient Conditions;
Ambient conditions may change according to local
Temperature 0-40°C
weather conditions
Relative Humidity 0-95%
Tape Temperature 0-80°C Can be adjusted using a hot plate mounted just before
pe pe ) the compaction tool
Completely adjustable following the NC program is likely
Feed Rate 0-48m/min P v adi ¢
to slow for intricate cutting and placement operations
- lied by the compaction shoe is
Application pressure 265-1300N per The pressure app Y pa
150mm wide shoe adjustable, limited by the rigidity of the mould tool
- n be constructed in a range of materials
Tool material Aerospace - alloy The mould tool ca g
Wind - composite from steel to glass fibre composite
Variability in tool surface finish is likely, dependant on
Tool surface finish Typicall
ypically smooth mould tool quality and material
Tool surface Typically rel The use of release agents is likely to reduce tack
treatment ypically release agent significantly
Wind energy ATL moulds

The feasibility of low cost low stiffness wind energy ATL tooling in comparison to high
cost high stiffness aerospace tooling was also considered within the trials. The
dimensions represented the upper surface of a FFA-W3-241 typical wind turbine aerofoil
[155] mirrored with a symmetrical taper for simplicity (Fig 3-3). The composite moulds
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with steel lattice structure are typical of those used in the wind turbine industry with the
following novel exceptions:-
e Low energy heating elements embedded within the mould laminate.
e Facility plates and blocks for post automation forming operations to overcome
the 15° angle limitation of the ATL machine.

Novel low energy heating elements were used to improve temperature control and
reduce thermal lag in comparison to traditional externally mounted elements. Facility
plates and blocks were used in post ATL manual handling operations to form leading and
trailing edge features which exceeded the 15° surface limitation. Lay-up was firstly
carried out on a gently curved surface not exceeding angle limitations then blocks were
inserted under the laminate to post-form the leading and trailing edge geometries (Fig
3-4).
45m 2MW typical commercial blade

N X ) W = }

Tipsection from

35to 42m blade
radiuswith N
FFA-W3-210 : Symmetrical uniform taper
aerofoils ——= demonstratorcomponent
- "~ with mirrored FFA-W3-210
/ upper surface
780mm\ N\ 1230mm

7m

Fig 3-3 The demonstrator component which is a representative section of a typical

commercial 45m turbine blade

ATL Surface AT Final mould shape

© SOLENT COMPOSITE SYSTEMS 2040 All rights reserved

Fig 3-4 Demonstrator moulds with plates to allow ATL lay-up on surfaces below 15°
(left), blocks are then inserted to form leading and trailing edges (right)
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3.3 Tack and stiffness test

3.3.1 Operation

The new peel test is a development of the floating roller method (Chapter 2.4.2). Spring
loaded rollers were added to allow a regulated application method. The prepreg sample
could then be instantaneously applied and peeled in a single continuous motion. Contact
time is inversely proportional to feed rate which simulates the ATL process. The prepreg
sample is pulled through the spring loaded rollers which provide an application force
against a rigid substrate which represents the mould surface. The first rollers are used
to guide the plate. The second rollers provide the peel and application force. 90° peel
occurs instantaneously against the fixed top roller as the compaction force is applied by

the spring loaded bottom roller.

Results were recorded for two sections in a continuous test. Stiffness was recorded for
the first section of the test where the sample had a thin film covering both surfaces. The
covering film was absent for the second section of the test where peel resistance was
recorded (Fig 3-5). By subtracting the average stiffness from the average peel
resistance a value for tack could be calculated with minor adjustment for the absence of
the covering film (Appendix B).

Rolling resistance
t/ and extension
. (Recorded by load cell)
Backing film
Covering film

Rigid Substrate

Simulated mould surface

Fixed peel roller

Guide rollers \

Prepreg material

Compaction roller
Spring loaded application force

[ |
Bending resistance and peel ~ Dynamic bending resistance
(Peel resistance)  (Stiffness)

Fig 3-5 Operating principle of the new prepreg tack and stiffness test
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3.3.2 Equipment

Equipment was mounted to a universal test machine. Peel resistance and stiffness was
then measured continuously over a pre determined peel distance using a load cell.
Extension and load values were recorded for later analysis. To allow for temperature

changes the test rig was enclosed in an oven limiting the specimen size (Fig 3-6).

LA AR RRRSRRRRTIRSIIININNE

Fig 3-6 Peel test equipment mounted in a universal test machine

Design features allowed variables found in ATL production (Table 3-3) to be investigated
(Fig 3-7). Commercial ATL conditions could be recreated within reasonable limitations
imposed by test equipment (Table 3-4). Jacking screws were used to control the
compaction force. A force of 250N was possible across the length of the roller. This force
is within the lower region of the 130-650N specified by ATL manufacturers [156]. The
compaction force is limited by the size of the roller bearings, springs and the cost of
construction. Larger springs would require larger shaft and roller diameters resulting in

a deviation from British standard specifications [96] and increased construction costs.
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To suit load cell fixture

Material clamp

Fixed peel roller

Jacking screws

Rigid substrate
(simulating mould
surface)

Spring loaded
Compaction roller
(hidden below)

Guide rollers
with adjustable

Spreader bar clearance

(for easy
material loading)

To suit base mount holes

Fig 3-7 Features of the new tack and stiffness test

An environmental chamber was unavailable due to budget constraints. Therefore,
relative humidity was recorded but not controlled. Feed rate was adjusted via controlling
software, limited to a maximum of 1000mm/min. The solid substrate plate could be
made from any rigid mould material and treated with release agents to simulate mould
conditions. Adjustable clearance between the rollers allows for up to 6mm thickness of
substrate and prepreg material.

Table 3-4 Production variables in comparison to test limitations

Production
Production variable Test range Limitation
range
Temperature Ambient-80°C Ambient-150°C Oven capabilities
: Environmental chamber
Relative humidity 5-95% Uncontrolled
absent
0.01-
Feed rate Test m/c
1000mm/min
Application pressure 130-650N 25-250N Springs, construction costs
Mould surface Unlimited Any plate and
6mm total roller clearance
ATL tape thickness 0- >1mm prepreg
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3.3.3 Specimens

Specimens were prepared by cutting the prepreg into 75mm wide strips, avoiding any
obvious flaws such as rips or bubbles, with the length chosen according to machine
clearance (Table 3-5). The ambient temperature test specimen length was chosen to
exceed the 115mm recommended for PSA continuous peel [96] and to maintain plate
stability. To save material and construction costs a specimen length of 300mm was
chosen requiring a 250mm test plate. For high temperature tests the length of the plate
was limited by the fore and aft clearance of the oven. Therefore, a 140mm long test
plate was the maximum length allowed, resulting in a 215mm long sample. For each of
the tests a partial length of the covering film was removed which gives the length of
continuous peel (Table 3-5).

A specimen width of 7Smm was chosen to exceed the 25mm British standard
recommended value. The extra wide sample minimises the effect of irregularities across
the width of the prepreg and increases the recorded load. The size is also convenient as
ATL tapes are typically supplied in 75, 150 or 300mm wide rolls, therefore, any ATL
tape can be tested with a minimal number of cuts.

Table 3-5 Rigid substrate and specimen dimensions used in tack and stiffness tests

Temperature chamber? With Without Recommended
Sizes [mm] L w L W For PSA [96]
Rigid substrate (test plate) 140 80 250 80 W=25

Specimen 215 75 300 75
Resuits _

Length of stiffness =50 %60 N/a

Length of continuous peel 80 140 115

Total test extension setting 130 200 N/a

3.3.4 Accuracy

The accuracy of measurement devices exceeded that of equipment used in a production
environment (Table 3-6). The peel test rig was mounted in a Hounsfield H25KS
universal test machine where measurements of force and extension were taken.
Ambient temperature and relative humidity was recorded in the room or oven chamber
during a temperature test. Prepreg temperature was taken using an IR thermometer
pointed in the centre of the peel area immediately following the test.
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Table 3-6 Accuracy of measurement devices

Variable Instrument Range Accuracy
Ambient relative humidity 5-95% +5%
) UEI DTH10 Pen type hygrometer
Ambient temperature -10-80°C *1°C
Fabric temperature | Fluke 62Mini IR Infrared thermometer -30-500°C +1°C
£0.001mm or
Extension 0-1100mm
Hounsfield H.T.E H25KS Bench top +0.01%
universal testing machine 0.001-
Feed rate +£0.005%
1000mm/min
Force SM-1000N-457 1kN load cell 0-1000N +£0.5%

The compaction roller was calibrated in order to quantify the amount of application force
applied to the prepreg. This was done by inserting a rigid L shaped plate connected
directly to the load cell using the fabric grips (Fig 3-8). The L shape plate rests directly
on the sprung roller. The spring jacking screws were then tightened to give the starting
point of the calibration. Further turns were made to give a force per number of screw
turns. The test was repeated to give a linear relationship. A chart was then produced to
give the number of turns for the required compaction force (Fig 3-9). During testing the
first sample was loaded and the screws pre-tensioned followed by the necessary number

of turns using an Allen key to give the desired compaction force.

Fig 3-8 Compaction roller force calibration using an L shaped bracket
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T il 4 Force (N) No. of Turns (x)
2 F=78x+54
S~ 0 PRE Sl 25 Pre-tension
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Jacking Screw Turns 250 25

Fig 3-9 Compaction roller calibration results and jacking screw settings

Contaminates at the surface were found to affect adhesion, therefore the following

cleaning procedure was observed on all rigid test plates between all tests:-

Wipe heavy resin deposits using well soaked acetone cloth

Wipe remaining residue using a clean cloth lightly coated in acetone
Ensure rigid plates are streak free

Wash with soapy water

Wipe with clean dry cloth

Allow plates to fully dry and return to ambient temperature before testing

m® a0 oo

3.3.5 Analysis

Typical results for a medium tack prepreg showed an increase in rolling<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>