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Executive Summary
2014-2015
The EPSRC Centre for Innovative Manufacturing
in Composites (CIMComp) was launched in July
2011 with a total of £7M sponsorship from EPSRC,
industrial companies and the host universities.
CIMComp was formed to focus on developing the
next generation of composites manufacturing
technologies through fundamental, multiinstitutional research. Our role is also to lead on
the formation of future UK fundamental research
strategy in composites manufacturing, acting on
behalf of the academic community and actively
engaging with other EPSRC Centres and research
groups across the UK.
The third year of our operation has seen further growth
in the funding of new projects, recruitment of staff and
additional funding to extend our Industrial Doctorate
Centre; with leveraged funding totalling £18.7 million.
Significant progress has been made in the Centre’s core
research themes, with 11 new collaborating partners
joining CIMComp, bringing the total to 35 companies
which are benefiting from the impact of applying
world-class research in their industry sector. We have
undergone an external mid-term review, which praised
many of our activities and suggested a number of areas
for further development to enhance the impact of our
research.
The first tranche of CIMComp core research
programmes are reaching completion, generating new
intellectual property leading to multiple new research
contracts being awarded, further enhancing the
CIMComp portfolio. Additional programmes include Life
Cycle Simulation of Automotive Materials in Service:
Impact of Ageing on Performance (Prof C Soutis) and
Manufacturing of High Performance Cellulose Fibres to
Replace Glass fibres & Carbon Fibre Precursors (Prof
K Potter). In the last year we have launched two further
core research programmes on Defect Generation
Mechanisms in Thick and Variable Thickness Composite
Parts (DefGen) and Compression Moulding of MultiArchitecture Composites (CMMC).
We have actively engaged with the wider composites
manufacturing community through the funding of nine
feasibility studies, each of six month duration, all of
which complement our current activities and/or expand
our remit into new areas of composites manufacturing
technologies. As well as supporting the core CIMComp
partners, through feasibility study funding, we have
supported work at Exeter, Glasgow, Imperial College
London, Queens Belfast and Sheffield universities.
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These projects have now completed and several have
resulted in bids for further external funding.
CIMComp outreach activities this year have focused on
wider dissemination and on international engagement.
We are now a regular feature at the NEC Composites
Engineering Show, which attracted over 12000
people last year. At the event we delivered a forum
dedicated to CIMComp activity, which was apparently
the best attended session over the two days. We also
led a mission to Brazil to understand the research
and industrial landscapes and to establish research
partnerships. We have already hosted a reciprocal
visit and are working towards the development of
collaborative research proposals.
Looking forward, next year sees us hosting the
International Conference for Manufacturing of Advanced
Composites (ICMAC), to be held in Bristol in June 2015.
We will launch our final cluster of feasibility studies,
which will inform the core research programme for the
successor to CIMComp. Indeed planning for the next
phase, following the end of the current core grant in
2016, will be a major focus with full support from our
Advisory Board. A mission to Germany is also planned
to further our efforts in international engagement.
We will continue to support the development and
implementation of the next national Composites
Strategy, which is being developed by the Composites
Leadership Forum (CLF) for launch in October 2014.
We would like to thank all those engaged in CIMComp
for their efforts in making it a success, in particular our
researchers, collaborators, and the members of our
various committees and Advisory Board.
Andy Long, CIMComp Director
Peter Chivers, Chair of the Advisory Board
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Core Themes:
Complex
Geometries
Investigation of the Pressure
Distribution in Vacuum Bagging
Previous work focused on the effect of prepreg properties and mould geometry on layup times, showing that
certain combinations can have an adverse effect on productivity.
We now take a few steps further down the manufacturing process to investigate the impact of bagging technique
on part quality and dimensional accuracy. By using a novel flexible pressure sensor, it is possible to visualise the
pressure distribution within the bag.
This poster highlights some preliminary results.
Early outcomes
Flexible pressure sensor:
Sensor placed over common C-section tool followed
by breather and vacuum bagging film. Two possible
configurations shown, Bag 1 (L) and Bag 2 (R).
XSENSOR PX200
Provides mapping of pressure distribution in real
time. Provides evidence to challenge the assumption
that bag pressure is hydrostatic.
Bagging is just as variable as hand layup, poor
practices could ruin a perfectly laid up component.
8
• Conformable
• Capacitive
• 2mm2 resolution
• 0.1-10 N/cm2 range
• 25 x 25 cm2 sensing area
Bag
Tool
1. Bag showing corner bridging:
2. Bag stretched over corners:
Poorly distributed bag causes bridging of bottom
corners and low pressure in the top corners. Inset:
excess bag material collected to form ‘cruciform’
wrinkle, which can be observed in the pressure map.
Insufficient bagging material/ poor bag arrangement
causes areas of increased pressure in top corners
and bridging in bottom corners, i.e. bag not in
contact with tool.
Factors to be investigated:
•
•
•
•
•
•
•
•
Position of pleats/ears
Bagging material
Number and position of vacuum ports
Mould features, e.g. radii
Male /Female tools
Use of intensifiers
Evolution of pressure with time
Effect of the above on part quality
Female tool
Researcher: Dominic Bloom
Contact: [email protected]
Supervisor: Prof. K Potter, Dr. C Ward
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Using Hand Layup Techniques
to Inform the Design of Novel
Automated Manufacturing
Processes
Preshearing – The Evolution of Hand layup:
Hand lamination of prepreg is capable of producing complex parts to a very high quality, but remains a difficult,
time consuming and variable process that has changed little in the last 30 years. Previous work presented at
ICCM19 highlighted that creating shear in the material was responsible for much of the complexity, difficulty and
time taken during layup. The current work radically changes the process by splitting it into two separate phases,
one ‘preshearing’ phase to create the shear, and a second to consolidate the ply. The traditional and ‘presheared’
processes are described below.
Traditional lamination
Multiple repeated manipulating actions
used to apply shear while the prepreg is
stuck to the tool.
Common occurrence of defects such as
wrinkles and misalignments
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Presheared Lamination
10cm
4. Apply deformation to ply away from
the tool.
1. Model the required deformation.
5. Consolidation by hand.
2. Translate deformation to a flat ply.
The rectangular indicator field
(RIF)
This shows the location, direction
and amount of shear required. The
material should be stretched ( )
until the rectangles become square.
3. Apply rectangular indicator field (RIF) to
prepreg.
Low Shear
Conclusions - The Effects of preshearing on layup:
•
•
•
•
Tool layup time reduced by up to 60%, total time by 25%
The Lamination pattern is defined and easily checked
Frequency and seriousness of defects reduced.
Up to 75% less actions used than in traditional lamination.
The Next step - Opening the door for automation:
• Automation of traditional lamination is very difficult due to the large number of required actions and
adaptations.
• The separate Preshearing and Layup stages are less complex than traditional layup. This make the
challenge of introducing some degree of automation a more achievable task. A two stage concept is being
developed, as outlined below:
Step 1: Forming the shear using a press:
A. Prepreg held in blank holders
Upper press
Prepreg
B. Closing the press creates the shear
Blank
holder
Lower press
Step 2: Progressive roller consolidation
To prevent wrinkling or bridging prepreg will be
consolidated progressively along the sheet.
Stuck
prepreg
Profiled
compliant roller
moves across
prepreg
‘Free’
prepreg
Large Contact
area
Researcher: Michael Elkington
Contact: [email protected]
Supervisors: Prof. K Potter, Dr. C Ward
11
Exploring Discrete Tools as Aids in
Composites Manufacturing
This work explores the manufacturing aids that laminators make themselves and use in hand lamination tasks.
These tools are perceived by many to be a source of variability in the layup process but this investigation is the
first known of in literature to produce some initial concepts and thoughts to the role they play.
The developed understanding has resulted in preliminary design requirements and prototypes for standardised
aids, that could perform the same role as their handmade predecessors. These prescribed aids, and techniques
for their use, could equip laminators with a more standardised methodology for approaching lamination.
1. Current Manufacturing Tools, “dibbers”
A selection of handmade and personally owned dibbers belonging to a professional laminator.
They serve three functions:
•
Geometry matching
•
Additional force
•
Comfort
165 mm
95 mm
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2. Method Adopted to Understand the Design
Space
4. Final Suggestion for an Aid for
Multifeature Forming
• Initial prototypes for lamination tasks were
made.
• Taxonomy to control design of an aid
for a given geometry.
• Observation of an experienced laminator using
dibbers.
• Integral to the solution of standardised
manufacturing aids are instructions and
technique training for laminators.
• “Hub and spoke” diagrams (right) were
constructed to analyse how the dibbers and
prototypes (spokes) interacted with different
geometrical features on a mould (hub).
3. Prototype Development
For further design development the requirements of a
mould geometry were mapped to features of a prototype.
The features on this design have been
coupled with techniques.
• Long flat surface is for smoothing
• Point is for tight internal corners
This design can be articulated to be worn on
a hand.
Four working prototypes were delivered and two of them
are illustrated here. Features are articulated to follow the
hand’s movement.
Future work
The fabrication (additive manufacture) of prototypes, instructions, and experimental use.
Acknowledgements
Richard Middleton (EADS IW)
Researcher: Helene Jones
Contact: [email protected]
Supervisors Dr. A Chatzimichali, Prof. K Potter, Dr. C Ward,
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Advanced Continuous Tow
Shearing for Next Generation AFP
Technology
Complex geometry and Fibre steering
Fibre steering technology is essential to manufacture
complex composite parts. Even when the geometry is
simple and developable, fibre paths sometimes need
to be steered to avoid gaps and overlaps or to achieve
designed fibre angle distribution with non-geodesic
paths. As the complexity increases (e.g. doubly-curved
surfaces), the geodesic paths deviate more from the
designed fibre paths so that tighter steering radii are
required.
Current technology and its limitation
All existing fibre steering technologies (e.g. AFP, TFP) consider a tow as a narrow tape and apply in-plane bending
deformation to lay up a curved path. This way of handling tow materials always produce defects such as fibre
buckling, overlaps and resin pockets. Generally the minimum steering radius is limited to 0.5-0.6 m to minimise the
defects. However, overlaps and gaps cannot be avoided.
Fibre buckling
Tow Overlaps
Tow gaps
Game-Changing Fibre Steering Technology: Continuous Tow Shearing
CTS steers the fibre path by applying in-plane shear deformation to a semiimpregnated tow which is supplied continuously. By changing the fundamentals of
fibre placement, it can minimise fibre buckling and reduce the minimum steering
radius by an order of magnitude over the AFPs.
CTS
Impregnation
device
CT scan result
Smooth surface
without tow
overlaps and gaps
Tape take-up roller
Tow feeding roller
Compaction
shoe
Steering R: 150mm
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Resin tape
Gripping
shoe
dx < 1 mm
AFP
CTS
In-situ impregnation
The built-in online impregnation device can produce a partially impregnated tow just before it is laid down. The
produced tow has dry fibres on the top surface to allow the compaction shoe to slide on it and a sticky surface on
the bottom for secure placement. Vertically distributed void areas provide sufficient fibre binding force along the
thickness direction as well as in-plane shear flexibility.
Void distribution in a commercial prepreg (above left) and the tow produced by in-situ impregnation (above right)
ACTS (Advanced CTS) for 3D complex geometries
For applying the steering capability of CTS to 3D
complex geometries, 2 advanced functions should be
added. Since the flat compaction shoe cannot conform
with a convex or concave surface, a conformable
compaction device with non-stick property is required.
More importantly, since the surface cannot be
tessellated by strips with a fixed width, the head needs
to be able to adjust the tow width.
Compaction
device with
high surface
conformity
Tow overlap
Target capability
of ACTS
Controllability
of tow width
Tow drop
Conformable compaction shoe for contoured surface
• Compaction shoe with an inflatable flexible
tubing on its surface.
• Provide a rigid edge boundary for shearing the
tow material
• Conformable with the uneven surface generated
by tow thickness change (Tow thickness: 0.13 ~
0.5 mm (0° ~ 75° of shear angle))
• Have non-stick property on the tow surface
< Convex surface >
Surface R of curvature:
80 mm
< Concave surface >
Surface R of curvature:
80 mm
Impacts and Potential applications
•
•
•
•
•
•
High-quality composite products with complex geometries
Automated layup head with low cost and simple mechanism
Flexibility in selection of fibre and resin types
More flexibility in design - exceptionally small steering radius
Simplification of structural analysis without consideration of process-induced defects
Potential applications: Composite fan and turbine blades, Add-on module for AFP heads, In-house prepreg
production
Researcher: Dr Byung Chul (Eric) Kim
Contact: [email protected]
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Reforming Composites from Scrap
Material for Energy Absorption
Purposes
With fibre reinforced materials becoming more prevalent in mass produced structures, the amount of waste
produced during manufacture of these structures is increasing and coming into focus. Currently such waste is
mainly thrown away or shredded for use in low value applications. The aim of this work is to stop this, by using
waste reinforcement to produce high value structures, in this case crash structures since ultimate strength is
not the primary driver for this application. The waste NCF carbon fibre is cut into “coupons” and reformed in a
regular pattern. From this the structure can be built up. The research has been split into three separate sections:
material and component parts, joints, and finally combining these into a structure. So far, element tests have
been performed on reformed material - showing a knock down in ultimate strength but introducing a “knee” in the
stress-strain graph that suggests potential for energy absorption. Quasi static tests have also been performed
on tubes made using the reformed material with progressive crushing showing energy absorption similar to
continuous GFRP. These initial tests show promise in the concept, but the SEA of the tubes can be further
improved.
Target structure and performance
Euro NCAP frontal impact test:
• 40mph initial velocity, deceleration rate of less than 20G
• 5mph faster than European legislation
• If Energy absorption values are too high, deceleration rate will be too high
Euro NCAP frontal impact test
540mm
1000mm
Example of a front crash structure
40% overlap - 40% of the width of the widest
part of the car (not including wing mirrors.)
40%
overlap
64kph (40mph)
Acknowledgements: Andy Smith (McLaren Automotive), Ian Chorley (Bristol)
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Stage 1: Element and crush tube tests
Lay up Method:
• Waste NCF material cut into coupons.
Longitudinal cross section of crash tubes showing
• Laid up in a regular pattern so the discontinuities coupon layup
are consistent across the laminate.
Biaxial
• 50mm and 100mm long UD coupons cut.
• Infused using resin infusion (SP Prime 20 LV.)
Triaxial
Tensile and Compressive element tests:
Tensile element test results
• “Knee” in stress strain graph
present for tensile tests.
• Ultimate strain much higher in
tensile samples with 100mm
coupons.
• Compressive test samples
characterised by number of
discontinuities in the gauge length.
• Generally the compressive
tests corresponded to the more
discontinuities the lower the
ultimate strain.
Compressive element test results
“Crash Tube” quasi static testing:
• Crash tubes made up of biaxial and coupons.
Crush test results
• Test: quasi-static conditions at approx. 18mm/s.
• Rapid ply drop offs included to initiate
progressive crushing.
• Thickness increases down the length to
investigate the effect of locally increased volume
of material.
• Both biaxial and triaxial tubes absorb approx.
31kJ/kg, similar to continuous glass fibre.
Current stage 1 Conclusions and further work:
• More work needs to be done on understanding and optimising the material for energy absorption
performance.
• Tensile element tests show interesting results - the “knee” could be useful in terms of damage detection
before composite ultimately fails.
• Crush tubes worked well, need to improve manufacturing quality.
Ongoing Programme Conclusions:
• Concept of using waste NCF carbon fibre for high value applications in this way has potential.
• Manufacturing processes need to be investigated to improve commercial viability.
• Joint design will be an important area to make sure of good load transfer into the crush tubes.
Researcher: Jamie Snudden
Contact: [email protected]
Supervisors: Prof K Potter, Dr C Ward
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Novel Approaches To The
Manufacture Of Complex
Geometries From Broadgoods
Ongoing Programme Abstract
Current automated manufacturing processes, such as Automated Tape Laying (ATL) and Fibre Placement (AFP),
have been relatively successful when applied to the manufacture of large monolithic parts of limited complexity. But
as part geometry becomes more complex rate and quality of lay-up is severely impacted on. This has meant those
techniques are unsuitable without significant development and process adaption. As a result, for many composite
components, only manual lay-up can offer sufficient process flexibility to enable successful manufacturing. The
challenge is to develop low cost, highly productive processes that may work or compete with manual processes for
complex geometries in the current work environment, at a significantly reduced cost, and using current materials
(i.e. pre-impregnated broad-goods.)
Impacts Of Needle End Effectors
Identifying the impact of
needle grippers on dry cloths
& NCF for Pick and Place,
especially impacts on drape
performance.
Above: Schmalz GmbH SNG-V
Gripper.
10 off needles 1.2 mm (D) 30°
angle of penetration.
Core Manufacture By Additive Manufacturing
1.
2.
3.
4.
Above: 1. Uniweave NCF
loosely held over gripper
surface, 2. Gripper activated,
3. Gripper deactivated - note
the potential features retained
in the cloth, 4. CT Scan of a
loose preform immediately after
needle retraction.
Project CDE28088 (Dstl) showed a 3D Printer is
capable of FDM of ABS in a honeycomb shape onto
cured material. Further experiments, with the concept
of printing onto uncured/dry material have been
trialled, to produce novel sandwich structures in a
cost effective and efficient manner.
3D Printing to cured parts in repair (left) Design + build examples
of honeycomb core (middle, right.)
EPSRC CIMComp ABB IRB140 Robotic Platform
Above: examples of ABS FDM print to dry PW cloth
and UD pregreg tape.
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Use Of Pad Print Technology
Exploring silicone end effectors used in transfer pad print‑ing industries, for the Pick
and Place of prepreg materials in manufacturing.
Exploring the simple force/displacement behaviour of a
rectangular pad print head (left) and simulating use in
depositing glass fibre UD tape to a geometry (above.)
Ongoing Programme Conclusions
• Programme works are ongoing with some areas progressing well for novel outputs, for example the
demonstrations of an automated backing film removal system, and the additive manufacturing print
technologies for cores.
• For the target geometries, manufacturing on a man-machine interaction level, rather than a fully automated
system that fully replaces the operator, appears the most appropriate route for successful application of the
research themes.
Immediate Further Work
•
•
•
•
Continue the novel end effectors research, to exploit their capability.
Continue the manual-aid research, including novel use of lay-up tools.
Explore man-machine interactions.
Explore quality/costs interactions.
Researcher: Dr Carwyn Ward
Contact: [email protected]
Supervisor: Prof. K Potter
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CORE THEMES:
Multi-Scale
Modelling
Multi-Scale Modelling of Combined
Deterministic and Stochastic Fabric
Non-Uniformity for Realistic Resin
Injection Simulation
Project background
This study is part of a CIMComp project aiming at development of meso-scale flow and cure simulation
techniques to predict manufacturing defects in Liquid Composite Moulding (LCM) processes arising from
material and process variability.
Motivation
Non-uniformity of reinforcement fabrics results in irregular resin flow patterns and variable mould fill times, which
makes the outcome of resin injections in LCM-processing of actual components hard to predict and may cause
formation of dry spots.
Fabric permeability
The resistance of a fibrous reinforcement to impregnating resin flow is described by the permeability. In bidirectional reinforcements (made from continuous yarns), fabric permeabilities can be estimated based on
analysis of yarn arrangements.
yarn permeability (micro-scale)
abstraction
decomposition
analysis of gap flow (meso-scale)
Fabric permeability can be estimated from yarn permeability and analysis of gap flow
• Deterministic non-uniformity: Shear during
forming of reinforcement affects local yarn
arrangement; depends on initial conditions of
forming process
• Stochastic non-uniformity: Random effects
affecting reinforcement structure locally
both are affected by fabric architecture
Simulated flow front shapes at different fill times for resin
injection into hypothetical uniform reinforcement and
reinforcement with deterministic (example: jet engine
nose cone) and stochastic (example: flat plate) nonuniformity.
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Stochastic modelling
Random effects at different length scales are
considered in stochastic modelling of fabric
properties. Realistic levels of randomness
are derived from experimentally observed
variability.
Stochastic effects modelled at different scales
Implementation
For prediction of typical resin injection scenarios, combined deterministic and stochastic effects were
incorporated in fabric forming simulations and subsequent resin injection simulations. In the predicted typical
resin flow patterns, areas with the longest fill time (indicated in red) are most susceptible to dry spot formation.
Combined effect of deterministic and stochastic fabric non-uniformity on results of resin injection; example:
double-dome geometry
Summary
Realistic modelling of deterministic and stochastic fabric properties indicates how fabric non-uniformity
• affects flow front shapes
• increases time for complete impregnation of reinforcement
While it can be concluded that the probability for dry spot formation increases with increasing degree of nonuniformity, a more detailed correlation between predicted flow patterns and defect formation still needs to be
established.
Researcher: Andreas Endruweit
Contact: [email protected]
Supervisor: Prof A C Long
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Prediction of Composite Properties
Based on the Detection of
Manufacture Induced Variability
Motivation
The resulting properties of a composite are greatly affected by the geometrical variabilities present within the
employed textile reinforcements. Images of the fabric taken during the lay-up process provide information on
the fabric distortion within and in between single layers. Combining this data with experimental observations will
enable prediction of precise composite properties. This will allow virtual testing of a component with it’s specific
characteristics while it is still manufactured.
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Analysis
The fabric meso-structure is automatically determined from tiled images of the placed fabric (~5.6MP / 10 cm2).
Lens distortion, camera rotation and translations are corrected before a morphological analysis technique is
employed. This image analysis method is based on the determination of colour gradients. For a single layer the
analysis takes about 0.1 seconds / bundle section. As result, precise data of the fibre bundle edges visible on the
fabric surface is obtained (e.g. dimensions and relative positions).
Strain distributions
In the random lay-up, areas of large bundle crimp (lower modulus) in one layer may be supported by areas with
lower bundle crimp (higher modulus) in adjacent layers. The elastic deformation therefore averages over the
entire specimen which is visible on maps of surface strain distributions. However, local areas of low stiffness
(high strain) can form which may be critical for the finalised part. The measurement of bundle alignment during
lay-up enables the prediction of such potentially critical areas.
Future work
• Predict the deformation behaviour of the lay-up during mould closure (e.g. bundle nesting)
• Determine the correlation between local bundle misalignment and the resulting mechanical properties
• Perform virtual testing of the composite based on measured intrinsic fabric variabilities during manufacture of
the part
Researcher: Frank Gommer
Contact: [email protected]
Supervisor: Dr. R Brooks
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Robustness-Performance
Optimisation for Automated
Composites Manufacture
Introduction
Performance of composite materials is limited by inevitable variabilities which make manufacturing and
application of composites more complex than conventional materials. Understanding of variabilities and their
effects on manufacturing and properties of composites are crucial steps for delivering a robust solution without
compromising performance.
Aim of the project
Key research activities
Improvements in both quality and robustness of
composites.
Process modelling:
Shift robustness-performance trade-off in composites
manufacturing in order to enable automatic
production of complex and highly performing
structures to be made feasible and economical.
• Homogenisation
• Stochastic modelling of mould filling and cure
processes
• Solution of inverse problems
AFP monitoring and modelling:
• On-line monitoring of AFP
• Modelling of AFP process
• Stochastic modelling of fibre path variability in
AFP
Homogenisation
Multi-scale modelling requires homogenised local
properties estimated at the previous scale. In case
of modelling of mould filling it requires homogenised
properties of the preform up to meso-scale. Closedform solutions for in-plane and through-thickness
permeabilities are currently being developed using
weighted averaging [1]:
One of the key aims is to facilitate collaboration
between researchers from mathematical and
engineering backgrounds across several topics of
the project.
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Ki ‒ permeability of i-th layer
ti ‒ thickness of i-th layer
T ‒ overall thickness of preform
In-plane permeability
In-plane permeability is highly affected by orientation of layers in the preform and channels between yarns i.e.
porosity. A straightforward tensor transformation can be applied:
K1 and K2 are principal permeabilities of i-th layer
which depend on porosity of the layer
c =cos(α) and s = sin(α) where α is layer orientation
angle
Through-thickness permeability
Permeability through-thickness is one of the main
parameters in simulation of resin filing in VARTM
processes. Permeabilities of gaps and yarns are
calculated separately and then combined using a
rule of mixture. Permeability of gaps is estimated as
permeability of channel systems between two adjacent
layers.
Permeability of preform with quasi-isotropic lay-up
was calculated through-thickness using the presented
model.
Future work
•
•
•
•
Validate analytical closed-form solution for permeability models with numerical models
Modelling of stochastic effects using measured distributions of geometrical parameters
On-line monitoring of AFP
Modelling of AFP process
References
[1] Endruweit A. , Long A.C. A model for the in-plane permeability of triaxially braided reinforcements. Composites
Part A,42(2), 2011
Researcher: Mikhail Matveev
Contact: [email protected]
Supervisor: Dr. I A Jones Investigators: Dr. A Skordos and 9 others
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Stochastic Simulation of the Cure of
Advanced Composites
Introduction
Aim: to develop a stochastic cure simulation methodology and to investigate the uncertainty/performance trade-off
in curing
Project overview
Stochastic cure simulation input
parameters
Image analysis of NCF
• Image acquisition into pixel
array
• Determination of reference
image
• Fast Fourier Transform
• Radial Energy Calculation
• Estimation of approximate
fibre direction
• Calculation of difference
between fibre direction
of reference and current
image
• Calculation of correlation of
the current image with the
reference image by rotating
the reference image
• Estimation of the angle that
maximises correlation
• Cure kinetics uncertainty
• Boundary conditions
variability
• Fibre misalignment
Deterministic cure simulation
• Material sub-models with
dependence on degree of
cure and temperature
Stochastic simulation
• Monte Carlo simulation
scheme (MCS)
• Probabilistic Collocation
Method (PCM)
Image analysis
• Non Crimp fabrics (NCF)
• Fast Fourier Transform
(FFT)
• Correlation Analysis
Results and discussion
Variable
Upper side
Lower side
Fibre misalignment
μ[o}
45
-45
Image analysis
σ[o}
1.22
1.22
• ±45o NCF HTS (Hexcel)
Fibre orientation in both sides
• Significant variability
• Normal distribution
• Anisotropic autocorrelation
• High autocorrelation in the 0º direction (stich direction)
Negligible spatial cross-correlation between the two sides
Ornstein-Uhlenbeck sheet (OU)
• bx=20.21 mm
• by=4.67 mm
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Statistical properties of fibre orientation
Convergence of
statistics of mean
and standard
deviation of
maximum residual
stress
Experimental set-up
Image analysis of ±45°
NCF HTS (Hexcel)
Convergence of
statistics of mean
and standard
deviation of spring-in
angle
Probability distribution of fibre orientation
(a) upper side, (b) lower side
Directional autocorrelation
of fibre orientation
Contour bands of residual stresses- deterministic model
(left), stochastic model (right)
Stochastic simulation
Stochastic fabric simulation
• Spectral Decomposition
• Karhunen-Loeve Expansion (KLE)
• Cholesky Decomposition
Stochastic cure simulation
• L-shape carbon-epoxy laminate
• Lay-up: [+45º /-45º /-45º /+45º ]2
Maximum residual stress: 1.3 % CoV
Conclusions
Fibre misalignment of NCF can show significant
variability
• Upper-lower side of NCF show identical
statistical behaviour
• Cholesky factorisation can accurately
represent the stochastic field
Spring-in angle: 4 % CoV
Fibre misalignment can introduce variability to
process outcome
Directional
autocorrelation
of simulated fibre
orientation
• Potential delamination within the laminate and
matrix cracks
• Dimension mismatch in assemblies
Researcher: Tassos Mesogitis
Contact: [email protected]
Supervisors: Prof. A Long , Dr. A Skordos
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Optimisation of Composite
Reinforcement Formability
Introduction
The fabric forming process is essential to create 3D geometries during composites manufacture. Different
materials with different yarn properties and fabric structure have diverse behaviours during forming. Therefore
the selection of the best fabric structure to form a specific shape can be complex, and both materials and time
consuming. Hence, alternative ways other than repeated experiments are imperative. Hua Lin developed a
method to simulate the forming of a 3D shape with a dry fabric sheet, which will be useful for optimising the
forming process. In this method, data obtained from picture-frame shear test will be used to validate a mesoscale model. This provides input data for component forming simulations. Preliminary work presented here
describes experiments or fabric shear and component (hemisphere) forming.
Methodology
Fabric Redesign
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Picture-frame Shear Test
Hemisphere forming
Picture frame shear test is aimed at imposing pure shear deformation onto
a fabric specimen and then recording and studying the performance of
specimen under shear forces.
Fig. 1.2 Examples for fabric
specimens with small (left) /
strong(right) local disturbances of
the weave patterns
Fig. 1.1 Shear frame with
specimen in testing machine
Fig. 2.1 Example of finished part after
forming using hemisphere mould
(1% accelerator, 1.5% catalyst, 25ml
resin used)
Fig. 1.3 Effect of yarn
misalignment on measured
shear force
Fig. 1.4 Comparison of results for the shear force as a function of the
shear angle for the four different fabrics
(Left: materials A & B with different testing orientations; Right:
materials C & D)
Fig. 2.2 CMM (Coordinate
Measurement Machine) used for
obtaining shear angles
Conclusions and Recommendations for Future Work
Two main experiments, picture-frame shear testing and hemisphere forming have been done successfully. In
the picture-frame shear tests, four different materials have been tested. Their performances under pure shear
deformations are recorded and transformed into plots of shear force vs. shear angle. Further tests of yarn
and fabric properties of the same materials are needed to get accurate input data for the following computer
simulations. For the hemisphere forming experiments, formed parts can be successfully made . The finished
parts with marked grids have been measured using CMM. More work is needed to build up an efficient method
to calculate the shear angle in 3D geometry. Then the results will be used to validate the simulations.
Researcher: Yuwei Wang
Contact: [email protected]
Supervisors: Dr. M Clifford, Prof. A Long
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Geometric Modelling of 3D Woven
Preforms in Composite T-Joints
Introduction
This study focuses on the geometric modelling of 3D woven preform deformation caused by folding a flat woven
preform into a T-piece, which is a typical fabrication process for composite T-joints. Through micro-Computer
Tomography(μCT) analysis of a compacted preform, three important deformation mechanisms specifically for
this type of preform were observed. These features have been geometrically modelled and the models have
been validated against μCT analysis data of a 3D woven T-joint preform.
Material characterisation
The example preform is based on IM7 12K carbon fibre
with proportion of 42:42:16 in warp, weft and binder yarn
direction. The direction of weft yarn is along the route
shown in Fig.1, while the directions of warp yarn and
binder yarn are perpendicular to the plane of the weft
yarn. The dry preform was compacted into a T-shape
acrylic fixture and analysed via x-Ray micro-Computer
Tomography (μCT). The compaction leads to a fibre
volume fraction of 40%.
Observation, modelling and results
Warp yarn shift
Observed warp yarn stack shift in the noodle region is
shown in Fig.2 (a). The shift is quantified by the way
shown in Fig.2 (b) and then modelled according to Fig.3.
a
Fig. 1 Acrylic fixture and μCT result for 3D preform
Where Hweft is the height
of weft yarn; Dweft is the
adjacent layer spacing of
weft yarn.
b
1234
Fig. 2 Warp yarn shift in noodle region
Fig. 3 Schematic view of
warp yarn shift
Since the yarn shift is less significant, the shift angle
measurements were only taken between yarns on layer
1 and yarns on other layers, while the displacement
shift measurements were carried out between yarns on
layer 2 and 3, as numbered in Fig.2 (b). The results are
shown in Table 1 in comparison with predicted values.
Table 1 Warp yarn shift measured and predicted
results(10 measurements)
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Warp yarn bending
Weft yarn flattening
Deformation of warp yarns in the noodle region
was observed as cross-sections bent along with
curvature(see Fig.4).
In Fig.7, the cross-sections of weft yarns at section A-A
are significantly flattened, which was caused by fibre
migration during bending.
Fig.7 μCT images showing yarn flattening
Fig.4 Warp yarn cross-section bending
The cross-section deformation is modelled by
parameterized transformation that can apply to every
current parametric cross-section shape rather than
defining a new description for a curved cross-section. In
Fig.5, transformation matrix (Δx, Δy) can be derived as:
Where C(t)x and C(t)y is
the original cross-section
definition, Rnwarpare the
radius of centreline for
warp yarn.
Fig.5 Schematic view of
yarn bending
The bent cross-sections for different radii are plotted
and compared with real yarns as shown in Fig.6
Fig.6 Model produced cross-section shapes in
comparison with real yarn
Two possible mechanisms for a fibre to migrate are
found: one is to move outwards(in-plane migration);
the other is to move laterally(out-of-plane migration).
In-plane fibre migration will result in a reduction of yarn
height while out-of-plane migration will increase the
yarn width.
Fig.8 Schematic view of in-plane(left) and out-ofplane(right) fibre migration
The measured yarn width and predicted yarn width for
the flattened weft yarns are compared in Fig.8.
Figure 8 Comparison of measured and predicted yarn
width for weft yarn
Conclusion
Three geometric deformations for composite T-joint preforms that are woven flat and folded into a T shape
were observed by μCT analysis. The deformations are warp yarn stack shift, warp yarn bending and weft yarn
flattening at the junction of the preform caused by bending force in the folding process because the as-woven
yarn lengths are not identical with those when it is folded. Furthermore, the observed deformations were
geometrically modelled and satisfactory agreement was observed when comparing with μCT scan results.
Researcher: Shibo Yan
Contact: [email protected]
Supervisors: Prof. A Long, Dr. X Zeng
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Fibre Architecture Optimisation
in Manufacturing 3D Fibre
Reinforced Composites
Introduction
There are emerging successful applications of 3D woven reinforced composites in the aerospace industry, such
as the LEAP engine fan blade and casing (Snecma), LiftFan for F35 Aircraft (Rolls-Royce) and the landing gear
brace for Boeing 787 (Messier-Dowty). Through-thickness reinforcement has been developed to overcome
delamination issues in structural composites.
Despite the greater demand for 3D woven composites for high performance applications, trial and error is
generally used in the design process to tailor 3D weave reinforcement for specific requirements. The creation
of new 3D fibre reinforcements presents an almost infinite design space, and textile architectures are primarily
designed by experience then analysed experimentally and numerically via a manual workflow. In order to
achieve more fully the potential offered by these materials, there is the opportunity to exploit automated
optimisation of the design of the fibre architectures with considerations of manufacturing processes.
Optimisation roadmap
By incorporating constraints from weaving and
composites consolidation processes, this is realised
by modelling and optimising the realistic geometry
and mechanical response of the meso-scale fibre
architecture with a fully parameterised geometric
model of 3D woven fabrics. Figure 1 shows the
encoding of through-thickness fibre tow path.
Figure 1. Encoding weave pattern of 3D
composites reinforcement
The study aims to develop a design tool in
search of optimised 3D fibre architecture,
through a numerical modelling scheme
illustrated in Figure 2. A micro genetic
algorithm is employed to drive the
optimisation search. Data interfaces
amongst TexGen, ABAQUS and Micro-GA
are automated through Python scripts.
Figure 2. Data flow of fibre architecture optimisation
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Case study
A case study is inspired by a landing gear brace design to explore a systematic approach to design an
optimum 3D woven fibre architecture. As shown in Figure 1 (a), the load path of the brace is relatively simple,
i.e. compression and tension during normal service conditions. There are pin joints of the braces to the rest
of the landing gear system. 3D woven composites are employed in the brace design for the advantages of
weight saving and corrosion resistance over metals. The brace design requires the key criteria of mechanical
performance including tensile and compression strength, buckling resistance under compression, impact and
fatigue resistance. The brace geometry is simplified as a cylinder with constant cross-section, simply supported
at both ends, as shown in Figure 3(d).
Figure 3. 3D woven carbon fibre
reinforced composite braces
certified for the Boeing 787 main
landing gear (Messier-Dowty):
(a) the landing gear assembly;
(b) the carbon fibre composite
brace and (c) the cross-section
geometry of the brace; (d) a
simplified design for the current
optimisation problem.
The first step in optimisation begins with a single
objectgive function to maximise the buckling resistance.
The buckling performance can be expressed as a
monotonically increasing function of one dimensionless
parameter β
where Dij are flexural stiffness of composites. β is
typically smallest for cross-ply laminate while maximum
for angle-ply laminate with a 45 degree ply angle. It
reaches a unit value 1 when the composite is quasiisotropic. Shown in Figure 4, the 3D weave pattern has
significant influence on the buckling resistance. The
optimisation aims to maximise β.
Figure 4. The buckling
parameter β vs in-plane
modulus for various 2D and
3D reinforced composites.
Conclusion and future work
A novel framework for optimising 3D fibre composites reinforcement has been established. It is a unique way to
facilitate design optimisation by considering realistic manufacturing conditions.
This research will support the UK composites supply chain, by facilitating a cost-effective R&D route for 3D fibre
composite materials.
Assessment of parameters in the micro-genetic algorithm is underway. Future work includes (1) To validate
the optimum design by manufacturing and testing 3D woven components; (2) To explore multi-objectives and
multi-scale optimisation, i.e. topological optimisation of composite structure at macro-scale and optimum fibre
architecture at meso-scale.
Researcher: Dr Xuesen Zeng
Contact: [email protected]
Supervisors: Prof. I Ashcroft, Prof. A Long, Dr. P Potluri
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CORE THEMES:
Innovative
Preforms
Multifunctional Textile Composites
Textile Composites
Recent years have seen significant contribution of Textile Reinforced Composites (TRCs) in various sectors
including aerospace, defence, marine and power generation. Composite structures have provided a means of
cost and weight reduction whilst offering high mechanical performance and shape optimisation. This has led
to the development of novel 2D and 3D textile preforms using advanced manufacturing techniques including
weaving, braiding, complex filament winding, tufting and robotic fibre placement. These methods continue to
undergo development in order to improve production speeds, material handing and facilitate sophisticated product
designs.
smart material
Materials
•
•
•
•
matrix (m)
textile reinforcement (t)
smart material (sm)
interface (m/t, m/sm, t/sm)
Multifunctionality
Scale
• textile:
fibre →yarn→fabric
• smart material
nano →micro
optical fibres
conductive yarn
piezoelectric ceramics (PZTs)
shape memory alloys (SMAs)
carbon nanotubes
graphene
etc.
Forms
• textile/sm yarn
structure:
• mono/multi filament,
twisted, braided,
spread, coiled,
composite yarn
• textile preform:
woven, braided,
tufted,
filament winding,
robotic placement
Features
strength & stiffness
electrical conductivity
thermal control
sensing
actuation
self-healing
Carbon fibre composites make up almost 50% of the
primary structure of recent aircrafts including the Boeing
787 Dreamliner and the Airbus A350. These numbers
continue to grow as achieving high strength to weight
ratios remains the key motivation. However issues such
as structure de-icing and sustaining lighting-strikes
need to be addressed. Incorporating smart materials
with electrical conductivity can help overcome these
problems.
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Examples
Implementation of smart materials in textile composites: thermal camera images showing temperature profiles of:
a) knitted fabric structure
with silver coated
polymeric yarn used as
heating element.
b) braided carbon fibre
structure comprising
stainless steel yarn
conducting heat.
Preform Development
Smart yarns can be incorporated during the dry
preform development stage where fibre tows are
made to interact in order to create 2D sheets
or complex 3D multi-layer structures. Advanced
preforming technology has allowed optimisation in
terms of multi-functionality since smart materials
can be integrated with efficiency whilst maintaining
structural integrity.
c) Qinetic demonstrating
use of SMAs for
enhancing impact
performance of woven
carbon fibre composite
structure. A steel ball
at 75ms-1 penetrates
through but is repelled
when using 10% MA
reinforcement.
Multifunctional Composites
Multifunctional materials offer characteristics beyond
their basic structural requirements. Materials can
be designed to posses additional electrical, optical,
thermal, magnetic and electromagnetic features whilst
fulfilling load-bearing and product design criteria.
Integrating smart materials in yarn form in TRCs at
preforming stage allows design flexibility and makes
the structure tolerant to delamination. Since multifunctionality of materials can be controlled at scales
that are nano through macro, this integration adds on
another dimension to TRCs where the hierarchy of
textile technology plays a fundamental role.
Integration of twisted stainless steel yarn during preform
development: (i) 3D weaving of multi-layer carbon fabric where
the smart yarn is inserted as weft on the top layer (ii) braiding
– yarns interlace non-orthogonally (iii) tufting – the steel yarn
serves to reinforce non-interlaced multiple layers of carbon
fabric in the z-axis.
Researcher: Haseeb Arshad
Contact: [email protected]
Supervisors: Dr. A Fernando, Prof. P Potluri
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Mechanics of Braided Composites
Background Information
Braiding is a composite preform manufacturing technique that involves
continuous, interlaced yarns or tows to form a desired reinforcement prior to or
during the resin.
Braiding offers dimensional stability and near net shape manufacturing capabilities
and the resulting braided composites offer improved damage tolerance and crush
performance.
48 Carrier 2D braiding machine
Research Aims
• To understand the influence of braid geometry on plastic behaviour and energy absorption properties under
various modes of deformation including axial tension and compression for:
◊ Flat Braided Sleeve Composite
◊ Tubular Composite with same diameter specification of 2.5cm.
◊ Braid Angles of ±35, ±45, and ±55° will be examined.
• 3D braided structures will be incorporated in producing flat sleeve and tubular braided composites using 2D
braiding technique. The plastic behaviour and energy absorption of the resultant 3D braided 2D braid will be
studied.
Braided
flat sleeve
composite
under uniaxial
tension
Tubular
Tubular
braided
braided
composite
composite
under uniaxial under uniaxial
tension
compression
• Study of the effect of braid geometrical parameters upon the braid structural parameters.
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Experimental and Observations
2. Plastic Deformation:
1. Structural Analysis:
Necking behaviour of ±35, ±45, and ±55 braided
composite containing 48 ends was observed as the
specimen were subjected to uniaxial loading.
• Braid Crimp angle of composites with braid angle
of ±35, ±45, and ±55 was calculated for flat
sleeve braided composites containing 48 ends.
Ɵ braid angle
397.8
• Braid crimp is an important parameter in
determining the performance of the composite
material such that higher braid crimp percentage
results in lower axial modulus and higher shear
modulus.
Tensile stress (MPa)
Necking and plastic deformation
Undulation or
crimping tows
Braided structure at ±60°braid angle
186.4
102.5
Axial and shear modulus (GPa)
primary axis
Tensile Stress (MPa) secondary axis
Axial strain (%)
±35
±45
21.7
Axial Modulus
Shear Modulus
369.4
253.4
Ultimate Axial Strength
12.8
6.3
5.0
6.6
96.64
2.5
Braid angle (degrees)
±55
Microscopic Images of braided composites cut along
fibre axis
• ±55 depicted maximum strain to failure followed
by ±45 and ±35 also resulting in highest plastic
deformation in same order.
• Highest axial modulus for ±35 was due to lowest
crimp angle.
Conclusion and Further Plan
1. Braid angle has a significant effect upon
the crimp angle and tensile behaviour of
composite.
Table 1
S.No.
Braid
Angle
(Degrees)
Crimp Angle
(Degrees)
Deviation
1
±35
9.5
1.03
2
±45
12.6
0.63
3
±55
16
0.93
2. High shearing of tows causes the necking
effect in the composite sleeve. Non linear
failure of composite sleeve is observed.
3. Research objectives will be achieved and
Finite Element Analysis will be carried out.
Researcher: Mayank Gautam
Contact: [email protected]
Supervisors: Prof S Ogin, Prof P Potluri
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Development of 3D Braiding
Concept for Multi-Axial Textile
Preforms
Introduction
Existing textile preforming techniques include weaving, braiding and filament
winding. These processes are limited when it comes to manufacturing complex
structures which can potentially offer enhanced mechanical properties. Weaving
has its drawbacks with regards to near-net shape preforming. Braiding, though
versatile, does not facilitate large cross-sectional areas and part length. More
so, braided preforms exhibit poor out-of-plain properties, and low stiffness
and strength. In case of filament winding, tow placement along the length is
not feasible due to its process limitation. This research focuses on design and
development of a process which can fulfil these requirements and produce
structure with through thickness reinforcements.
Research Objectives
• Design and development of novel 3D textile
preforming machine.
• Development of multi-axial and multi-layer
3D-textile preforms interlocked using binder
yarns for enhancing out-of-plain properties.
• Development of dry fibre preforms in variety
of shapes and sizes.
CAD Models of Fibre Architectures
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Proposed Concepts
• A circular winding/braiding machine capable
of producing tubular structures.
• The machine allows axial yarns and binder
yarns to be introduced in the structure
simultaneously whilst winding/braiding.
• Development of multi-layered structures
along with multi-axial capabilities.
Novel 3D-Textile Preforming Machine CAD
Development of a Novel Textile Machine
• An automated prototype machine capable of producing variety of wound
architectures has been developed.
• Binding of multi-layer wound structure during preforming is a distinguishing
feature of the machine.
• Insertion of axial yarn is another significant attribute of the machine.
• Winding, axial and binder yarns can be introduced simultaneously.
Cross-Wound& Binder
Yarns
Pneumatic Cylinders in
Extended Position
Pneumatic Cylinders at
Backmost Position
Novel 3D-Textile
Preforming Machine
Preliminary Fibre Architecture
Samples of preliminary fibre architectures have been developed and resin-infused to
demonstrate the concept. Both helical and hoop wound structures can be produced.
Programming Software
“CoDeSys” provided by FESTO is used for
configuration and operation of the machine.
Future Work
• The developed samples will be consolidated,
tested and analysed to validate the concept.
• Testing mechanical properties including tensile,
shear and compression of the structures.
Researcher: Khayale Jan
Contact: [email protected]
Supervisors: Dr. P Potluri, Dr. R Kennon
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Influence of Yarn Tension Control
on Mechanical Properties of 3D
Woven Composites
Introduction
3D woven carbon fibre reinforcements exhibit a complex internal
structure of interlaced tows which are deformed and distorted
during 3D weaving process. Fibre damage during weaving
process cause 30-50% reduction in strength of the composite
material. Lack of optimum, stuffer and binder, yarn tension
during weaving induce a crimp in stuffer yarn or may cause poor
compactness in 3D woven fabric. Fabric strength is affected by:
• Fibre damage during the manufacturing process.
• Low compactness within fabric architecture due to improper
binder tensioning.
• Deformation of binder geometry during consolidation.
Research Objectives
Development of improved yarn tensioning system for weft and warp yarn control.
Comparison of the yarn tensioning system on the basis of workability with weaving machine.
Mechanical testing at meso and macro level to study change in property of final composite.
Proposed Concepts
Both yarn supply systems, the warp and the weft have been studied:
Weft supply system: An assembly for feeding carbon tow of a prescribed length or the
length required for one weft insertion in advance of every weaving cycle. It is arranged
in such a manner that the fibre is neither damaged nor twisted during weft insertion.
Another objective of the study is to provide a method and a device for weft insertion of
prescribed length with minimal tension variation
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Warp supply system: In conventional weaving, a single set of roller
arrangement is used in order to maintain tension for all warp layers.
This can cause tension variation between warp layers in 3D weaving.
The proposed roller system is placed along the warp yarn path between
the creel and weaving machine for controlling the tension of individual
layers. A set of three rollers is arranged for each individual layer wherein
the position of one roller is adjustable for controlling yarn tension.
Results
The tensile strength of 6k carbon fibre tow passed through the weft insertion device has been analysed and
compared with the original.
Conclusion
Different concept of weft and warp yarn supply for 3D weaving process has
been proposed.
A concept of yarn accumulation and weft feeding at minimal tension has
been studied by developing prototype weft supply system.
Further Work
Weft yarn supply systems on the basis of different concepts will be
developed with minimum contact points with carbon fibre.
A warp yarn supply system for 3D weaving will be developed with improved tension control system.
Carbon fibre tow positioning within fabric architecture at preform level and composite level will be studied.
Researcher: Dhaval Patel
Contact: [email protected]
Supervisors: Dr. R. Kennon , Prof. P. Potluri
45
Functional Multi-Scale Composites
Introduction
Aim:
To produce functional multi-scale composite by
modification of the fibrous reinforcement.
Sensors
Electrodes
Objectives:
• Improvement in inter-laminar toughness,
electrical conductivity and thermal conductivity
of composites.
• Carbon nanotubes (CNTs) has outstanding
mechanical, electrical and thermal properties.
• Multi-scale composite can be obtained by
introducing CNTs into composites.
Capacitors
Membranes
Catalysis
Actuators
Transistors
Challenges
• Dispersion of CNTs into the matrices.
• Poor solubility of CNTs in most solvent and polymers.
• Viscosity increase of matrix-CNTs mixture due to high surface area of CNTs.
• Poor interface between CNTs and surrounding matrix.
SEM images of the fracture surface of a nanotube–epoxy
composite. Courtesy: Nature Publishing group, Vol
447|28 June 2007.
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Experimental
Step 1:Step 2:Step 3:
Mode I interlaminar fracture
toughness test. ASTM
D-5528
Sample testing under ASTM D
5528 for fracture toughness
Initial Results
•
•
•
•
Five specimens for each materials were tested and average values are used to produce results.
Modified Beam Theory (MBT) method is used to calculate the interlaminar fracture toughness GIC.
Initial results shows significant increase in GIC for the composites with CNTs
Loading of approximately 3-4 wt% of CNTs is achieved by this method but exact wt% of CNTs still needs
to be determined.
Future Work
Scanning electron microscopy (SEM) of the fractured surface of composites to observe distribution of CNTs and to
understand the failure mechanism.
Flexural properties (ASTM – D7264) for composites to evaluate and compare the interlaminar shear strength of
composites with and without CNTs.
Tests for Electrical & Thermal properties of the composites to study the effect of CNTs on these properties.
Researcher: Kinjal Patel
Contact: [email protected]
Supervisors: Prof. P Potluri, Dr. A Wilkinson
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Multi-Scale Damage Tolerance in
Hybrid Textile Composites
Research Aims
To develop novel multi-material
composites for improved damage
resistance and tolerance through
selective tow-level hybridisation.
To create a healing mechanism by
the aid of polypropylene fibres on low
velocity impacted samples.
Experimental Works
Hybrid yarns were produced by mixing glass and polypropylene or Innegra multifilament with varying ratios
using the commingling and core-wrapping methods. Glass fibres were used as the main reinforcement and a
smaller proportion of thermoplastic fibres (PP) were used as the toughening medium. The hybrid yarns were
converted into biaxial preforms with the aid of an automated robotic tow placement machine developed at the
University of Manchester. For the healing investigation, low velocity impacted samples subjected to a healing
cycle at a certain pressure and temperature (190 C and 7 bars) to create the healing effect.
Results and Discussion
High Velocity Impact Tests
High impact energy test results (Fig.1) showed that addition of the polypropylene fibres improved energy absorption
properties of the samples by extensive plastic deformation of the PP fibres and toughening mechanisms in the form
of resin cracking and delamination.
Fig.1 Force-Delamination (a) and Energy-Time history (b) of the
non-crimp samples during high energy impact (500J)
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Fig.2 SEM images of the fully impacted sample
Compression After Impact Tests
CAI test indicated that compressive strength reduction of hybrid laminates was less than the pristine laminate
(Fig.3).
Using wrapping yarns decreased the impact induced damage areas of glass fibre laminates (Fig.4).
Fig.3 Residual compressive strength (σCAI/ σC) of different
laminates.
Fig.4 C-Scan images of the 50 J impacted samples.
Healing Investigation
The study showed that significant reduction in the impact induced damage area (Fig.5-6) and a corresponding
increase in the compressive strength were achieved (Fig.7)
Fig. 5 C-Scanning images of the impacted
samples before and after the healing process
Fig. 6 SEM images of the impacted
samples:a) before and b) after the healing
process
Fig. 7 CAI Strength before and after the
healing process
Conclusions
The study showed that the inclusion of polypropylene fibres reduced overall density up to 20 % when compared
to the glass/epoxy laminate; due to cheaper PP fibres the hybrid laminate cost is also reduced. Total energy
absorption and maximum force values increased up to 22% and 23 % respectively compared to pure E-glass/
Epoxy composite samples.
Impact test results indicated that using glass/polypropylene core-wrapped yarns increased total energy
absorption of glass laminates by 22 % as well as reduced impact damage areas (40%). It was observed that
the PP fibres provided some kind of protection to the glass fibres so no (or less) fibre breakage occurs that led
to a higher residual strength.
A novel healing mechanism was created by embedding polypropylene fibres on the host of S-glass/Epoxy
system. Impacted areas were recovered and compression force and strength values increased after the healing
process.
Researcher: Erdem Selver
Contact: [email protected]
Supervisors: Prof. P Potluri, Prof. C Soutis
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Application of Robotic Automation in
Dry Fibre Preforming
Introduction
The use of composite materials for various applications is continuously growing. There is an increasing interest
in making them cost effective. Automation of
manufacturing processes has been regarded as a solution to produce composite structures with improved
quality at low cost and time. In this context, this research concerns the development of a novel process
(Robotic Dry Fibre Placement) to manufacture preforms using dry fibres.
Objectives
• Develop a novel manufacturing process to make composite structures from dry fibres;
• Produce performs with;
○○ multiple layers in 0o, 90o and ±θo directions;
○○ single or double curvatures for aerospace applications by using robotic dry fibre placement
technology;
• Incorporate through thickness reinforcement using robotic tufting technique.
Tools
The manufacturing operation is done by a 4-DOF
a. To build the preforms, a
Cartesian manipulator with a work envelope of 3m x 2m multipurpose processing
x 0.6 m.
head was designed. The
head also allows lay-up
and tufting.
b. An improved version
of the tufting head was
designed. This head
includes a presser foot
mechanism to avoid fabric
movement.
Observations
• RDFP process can produce near-net shape structures with various fibre orientation. It provides flexible
part design approach where fibres can be laid based on performance requirements.
• The accelerations involved in guiding the carbon tow around the pins limit the rate of deposition. The use
of a low inertia manipulator, several yarn feeders laying-up fibres in parallel and a more efficient path
planning algorithm can improve the throughput of the lay-up process.
• RDFP allows to manufacture complex preform geometries in combination with pick and place operation.
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Methodology
The RDFP process uses a board (1) with pins (2)
implanted on it. A delivery tool (3) attached to the wrist
of the manipulator. The dry fibre tow (4) is passed
around two pins to keep it under tension.
A ply-book contains layouts with information about the
shape, orientation and thickness of the constituent
layers of the preform.
To lay-up the fibres a path planning algorithm was
programmed on the robot’s controller. The path planner
is responsible for generating the instructions needed to
lay-up the fibre automatically.
The information contained in the ply-book is used to
design the pin board and to program the trajectory
which the robot must follow to deposit the fibre.
Future Work
Prior to the infusion process, it is necessary to remove
the preform from the pin-board. Three strategies were
used to maintain the integrity of the preform:
The future work involves mimicking preform drape
by using a double curvature surface as the base
mould. Fibres can be laid on the tool with various
configuration along with pre-cut plies to add local
features to the preform for post processing.
(i) Tape (ii) Tufting (iii) Tackifier agent agent.
Researcher: Alvaro Silva-Caballero
Contact: [email protected]
Supervisor: Prof. P Potluri
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CORE THEMES:
Structural
Joints
Structural Joints Using Novel
Embedded Inserts
Overview
Current techniques for joining of fibre reinforced
polymer composite and metallic components rely
heavily on adhesive bonding, which often requires
jigging, shimming and in some cases, through-bolting
to safeguard against catastrophic failure; all potentially
adding cost, weight and complexity to a structure.
The novel embedded insert concept, whereby the
composite material co-cures against a metallic
component, simplifies joining by combining the
adhesive properties of the polymer matrix with
projections on the metallic fitting to eliminate the
need for subsequent adhesive bonding and bolting
operations…
• Experimental results confirm that embedded
insert concepts can sustain equivalent
or greater loads to adhesively bonded
counterparts, and that certain insert designs
may allow joints to maintain loading beyond
the failure point of the adhesive bond between
composite and metallic component.
• Within the results, there are indications that
pin geometry, the shape of the metallic fitting
(i.e. joint configuration) and adhesion of the
composite matrix material to the metallic
substrate are factors that affect the overall
mechanical behaviour of embedded insert
joints.
… thereby potentially reducing overall cost,
weight and complexity. It is imperative, however, that
novel concepts maintain current levels of structural
performance and safeguarding against catastrophic
failure behaviour.
Embedded insert joint concept
Tensile load (kN)
Pin shape projections
Adhesion
interface (failure
simulated by
release agent
applied to metallic
substrate)
Carbon fibre/ polymer laminate
M21/ T800 pre-preg
Wedge shape projections
Double-step insert
Carbon fibre/ polymer laminate
Metallic insert (Ti64)
Metallic insert
Scarfed insert
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Embedded insert joints - average tensile load capability
25 mm wide specimen, 6 mm thick Ti64 insert, media blasted & acetone cleansed
Double-step; 3 step, 13 mm length x 1 mm height - Scarfed; 40 mm scarf length
Embedded insert joints - average tensile load capability
25 mm wide specimen, 6 mm thick Ti64 insert, media blasted & acetone cleansed
Double-step; 3 step, 13 mm length x 1 mm height - Scarfed; 40 mm scarf length
100
Tensile Load (kN)
90
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70
47
43
92
80
46
10
0
Baseline (no
projections)
Pins
Pins Wedges
released
Double-step
Scarfed
Wedges released
Findings
• Pins & wedges alone can support load – joints still support 43 to 92 kN tensile load despite absence
of bond between polymer matrix and metallic substrate
• When correctly bonded, both pins and wedges enhance load bearing capability of both doublestep and scarfed joints by between 15 to 58 kN.
• Pins only offer load bearing improvement (15 to 23 kN) when composite is correctly bonded to
insert (1 to 13 kN reduction if improperly bonded)
• Inserts with wedge shape projections sustain highest loads (between 16 to 58 kN greater than
baseline & pins)
• Load bearing capacity of inserts with wedge shape projections is particularly sensitive to insert
shape (12 to 18 kN difference between double-step vs. scarfed)
Further Work
• Investigate compatibility of embedded insert concept with
different composite laminates
• Explore potential concepts for integrating embedded insert into
composite structure
• Detailed investigation of composite to metallic adhesion
• Assessment of joint behaviour under different loading conditions
& detailed strain analysis
• Investigation into manufacturing and processing considerations
The overall aim for future work is
to provide sufficient knowledge
and experimental data to support
adoption of embedded insert
joint concepts into the design
and manufacture of a range of
components or structures
• Demonstration of concept in a structural component
Researchers: Lawrence Cook, Vincenzo Di Giandomenico
Contact: [email protected]
Supervisor: Mr. A Mills
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Surface Structured Embedded
Fittings for High Strength
Composite-Metal Joints
Objective & Introduction
The design of structural connections is one of the most difficult challenges during the development of composite
structures.
A new concept of joining is being investigated using a hybrid composite-metal joint design which couples
adhesive bonding with mechanical pin interlocking. The objective is to realise the synergistic strength of these
two mechanisms and achieve robust joints which are insensitive to surface preparation and avoid local laminate
thickening to minimise weight.
Manufacturing Process
Selection of a suitable manufacturing process for the metallic insert is critical for the strength of the hybrid joint.
The manufacturing process conditions the mechanical properties, the shape and the cost of the hybrid joint are
important factors. Two processes have been investigated:
>Electron Beam Melting (EBM)
- Sheffield University, Mercury
Centre
• Layer-by-layer additive
manufacturing technique
• Electron beam melt
metal powder in vacuum
environment
• Suitable for complex shape
design
• Rougher surface finish
represents a technology
limit
>Micro-machining (MM)
-Nottingham University
Manufacturing Centre
• Generate surface by
progressive chip removal
• Multiple cutting tools used
to improve production rate
• Suitable for mass
production work
• High quality surface
finishes
• Manufacturing limit for
complex shape
> Scarf joint
Proposed design
• Peel stress reduction
• Provides Virtually 100%
joint efficiency using a
low scarf angle
>Stepped joint:
• Great efficiency for
thick laminate
• Peel stress reduction
>Surface features
• Spike pins
• “Shark teeth” pins
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Cocured joint result
>The increase in ultimate load for doublestepped joints ranges from 26%, for the
micro-machined joint with spike pins,
to 54%, for the shark teeth pins, when
compared with the control configuration
>For double-scarf joints an increase in
failure load of 50% for the spike pins and
124% for the shark teeth pins respectively
when compared with the bonded doublescarf control joint
Released joint failure (release film inserted between adherends)
>The strength of the pins without
adhesive demonstrates a safety
parameter in case the adhesive
strength is compromised during joint
manufacturing
>The shark teeth pins are able to support
higher loads
>The strength of surface features is
increased by more than 84% using MM
shark teeth pins compared to MM spike
pins
>The mechanical properties of surface
features are influenced by the pin
geometry more than the manufacturing
process
Digital Image Correlation (DIC)
>Spike pins and shark teeth shape pins reduce local
strain distribution across the joint
>Failure mechanism of joints with shark teeth pins
divided into two stages:
•
failure of the adhesive in the interface between
composite and metal plate (mechanical
interlocking of pins ensures joint continues to
transfer load
• catastrophic failure when shark teeth pins fail
Conclusion and future works
• The use of pins effectively improve s the
tensile strength of joints when compared with
the baseline configuration
• Further testing of different configurations
is proposed to select the pin manufacturing
process and provide guidelines to joint design
Researcher: Vincenzo Di Giandomenico
Contact: [email protected]
Supervisors: Mr. A Mills
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Transforming Composite Structural
Design by Use of Structural Health
Monitoring
Can composite structures be designed to be more efficient if they are ‘self-sensing’? By using built in sensors,
uncertainties associated with material variability and complex damage could be reduced or eliminated allowing
entirely new design concepts. This project aims to investigate and develop possible new design philosophies
for composite structures such as airframes by using Structural Health Monitoring (SHM) sensors as an intrinsic
element of design.
Current damage tolerance principles require the structure to be capable of maintaining ultimate Loads in the presence of
ADL – e.g. BVID or undetectable disbonds. Identification of smaller or hidden damage allows for less conservative designs
to be safely certified, therefore saving weight. *
Benefits
•
•
•
•
•
•
•
•
•
•
58
Improved Structural Design
Higher Performance
Improved Fuel Efficiency
Improved Repair and Planning Costs
Reduced Structural Complexity
Increased Inspection Intervals
Reduction in Inspection Time and Costs
Benefit to Occupational Health
Increased Residual Value
Life Extension
Proposed Research Approach
• Investigation of Current
Aerospace Design Practices
• Analysis of SHM Methods,
Techniques and Capabilities
• Recognition and Performance
Mapping of New Concepts of
SHM Driven Design
• dentification of Suitable
Structural Features
• Modelling (FEA/Multi-physics)
Features and Associated
Damage
• Design, Testing and Introduction
of ‘Improved’ Structures
Detected damage – lost fasteners
Example of SHM approaches currently being investigated:
The Acellent SMART Layer active ultra-acoustic SHM system
Intended Outcomes
New Structural Design Case Optimised
for use with SHM
Featuring:
Approaches used to safeguard against uncertainty in adhesive
bonds of composite/composite stiffened panels. The introduction
of SHM to monitor bonds may eliminate such uncertainty, reducing
the requirement for such approaches to be used
• Removal of Material Uncertainty
Specific to the Structure
• Identification of Previously
Difficult to Detect Composites
Damage, e.g. Barely Visible
Impact Damage (BVID) or
Adhesive Disbonds
Resulting in:
• Reductions in Structural Mass,
i.e. Weight and Materials
• More Efficient Designs
Leading to Potential Gains in
Performance and Reductions in
Costs
Impact Damage: Visual evidence of a 10J impact
(left) and associated damage identified via C-Scan
(right)
*Image adapted from : Federal Aviation Administration (2005),
Advisory Circular - Fatigue, fail-safe and damage tolerance
evaluation of metallic structure for normal, utility, acrobatic, and
commuter category airplanes, AC 23-13A, U.S. Department of
transportation.
# Image from: Kassapoglou, C. (2010), Design and analysis of
composite structures: With applications to aerospace structures,
John Wiley & Sons, Ltd, Chichester.
Researcher: Paul Liddel
Contact: [email protected]
Supervisor: Prof. P Foote
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Hybridised Composites by Tufting
Aim
Developing the technology to manufacture innovative Multimaterial and Multi-architecture preforms
Methodology
Explore tufting as a possible route to integrate metal parts, such
as meshes or tufts into composite substrates
Expected Outcome
• Facilitating the joining of dissimilar materials
• Improving the out-of-plane strength of the assembly
• Enhancement of electrical conductivity of the assembly
Example of metal insert integrated into
carbon fibre composite component
Courtesy of McLaren Racing
Effect of tufts on electrical
conductivity
Quantitative assessment of
through-thickness conductivity
and response of tufted panels to
Effect of tufts on mechanical
performance
Determination of tufting depth
dependency with stainless steel thread
lightning strike exposure
Carbon fibre/epoxy composite after lightning strike test. Left:
untufted with copper mesh, right: tufted with copper wire
C-scans after lightning strike test. Left: untufted with copper mesh,
right: tufted with copper wire
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• Surface and internal damage are reduced
due to conductivity of tufts
• Delamination performance improves
• Crack propagation resistance increases with
decreasing tufting depth
• Stainless steel thread improves throughthickness properties of composites
Combination of electrical functionality and mechanical performance by tufting may result in reinforced complex
composite structures incorporating lightning strike protection.
Example of a carbon fibre composite wing box including stiffeners
Courtesy of GKN Aerospace
Manufacturing of multi-material substrate
• Integration of metal layers into composite layup
• Tufting with metal/fibrous threads
• Mechanical properties assessment (CAI and
ballistic tests)
Automated tufting of complex 3D geometries
Upgrading tufting routines and controls
Full scale business jet
composite tail cone being
tufted with aramid thread
(part of the ADVITAC FP7
EU project)
Researcher: Diego M. Lombetti
Contact: [email protected]
Supervisors: Dr. A A Skordos, Prof. I.K. Partridge
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Design, Development and Testing
of a Carbon Fibre SMC Suspension
Arm with an Embedded Metal Insert
Introduction
Standards for vehicle emissions has pushed luxurious carmakers to look for lighter materials. Carbon fibre
composites have been shown to offer significant weight reduction compared to usual materials, but there are no
suitable manufacturing approaches for cost effective parts. One possible route to reducing manufacturing cost
to an affordable level is to compression mould carbon fibre SMC. This research project aims at investigating the
feasibility of replacing a cast iron suspension arm with a carbon fibre one. Focus is put on material selection,
component design, process development and metal fitting integration.
Requirements
Process requirements
•
•
•
•
Low cost process
As little hand crafting as possible
Production volume to suit Mulsanne volume (4 cars per day)
Production volume able to be scaled up to fit Continental GT volume (40
cars per day)
Baseline suspension
• Nodular cast iron
• 11Kg
• Young’s modulus: 180 GPa
• Houses a bushing
• Many design features
• Simplified design for feasibility study
• Same overall dimensions
Process
Sheet Moulding Compound
Sheet Moulding Compound (SMC) is a ready to mould material. Manufactured in form of sheets, it consists of a
mixture of chopped fibres within an uncured resin.
SMCs are stacked and compressed in a heated and matched metal mould.
This process is suitable for high volume production and allows complex part geometry. Metal
inserts can be co-moulded.
Tool Design
ᴑᴑ Methodology
• Tool design made with Catia - Mould machined from CAD model
• Mould Features:
ᴑᴑ Mould Features
• Stainless Steel to withstand high pressure - Clearance of 0.1mm between male and female
mould once shut to prevent material from flowing out
• Must be able to accommodate a metal fitting
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Variables
Insert design
Influence of the insert design on the reliability of the joint SMC/insert
• Baseline insert: Plain stainless steel insert
• Enhanced insert: Stainless steel insert with pins all around the surface
Materials
• Full Carbon SMC design: SMC with 50mm randomly distributed carbon fibres in a vinylester resin. Fibre
content of 50vol%.
• Hybridized design: Carbon SMC and selective localized unidirectional reinforcement using pre-impregnated
carbon fibre.
Stacking sequence
Influence of the charge placement of SMCs on the flow behaviour
Analysis
Mechanical testing
Suspension arms are mainly solicited in traction and compression
• Tensile testing through pin loading
Fibres mesostructure
• Fibres orientation is dependent on the flow of material, which is influenced by the stacking sequence.
• To maximise mechanical performances, it is necessary to have the fibres stretched and to control their
orientation.
Sheet Moulding Compound only
Conclusion
• SMC only shows poor results
• Load to failure is 1/3 of theoretical
value
• Hence properties are influenced by
material flow
Sheet Moulding Compound with Unidirectional
Prepreg
• Continuity of material
around insert is necessary
to have better performance
• Energy to failure 14%+
higher with spikey inserts
• Hybridizing with UD prepreg is
necessary to match cast iron
properties
• Load to failure is 570%+ higher
when combined with SMC
Researcher: Corentin Pasco
Contact: [email protected]
Supervisor: Mr. A Mills
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CORE THEMES:
Compression
Moulding
of MultiArchitecture
Composites
Hybrid Composites of Continuous
and Random Carbon Fibre
Architectures for High Volume
Automotive Applications
Aim
To demonstrate the feasibility of combining continuous fibre prepregs with discontinuous carbon fibre moulding
compounds, via a rapid compression co-moulding process.
Why Hybridise?
This technology will facilitate the use of carbon fibre
composites for emerging automotive applications
that would otherwise be prohibited by cost. Fibre
architectures can be tailored by aligning continuous
fibres with principal stresses for primary load cases,
whilst secondary stress states arising from off-axis
loads or damage tolerance requirements are carried
by random discontinuous architectures.
• Potentially high volumes (+100,000ppa) due to
low cycle times (<5 minutes)
• Easily automated
• Reduced material wastage compared to
laminated composites
• Moulded net-shape components
• Design flexibility:
-- Complex geometries
-- Local thickness changes
-- Parts integration
-- Metallic inserts
• Improved damage tolerance from random
discontinuous fibres
Figure 1: Instrumented
compression moulding press
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Figure 2: 400mm×400mm
compression mould tool
There is a significant gap between the properties of
compression moulded sheet moulding compounds
and continuous fibre composites. With support from
Hexcel, this project will evaluate hybrid architectures
manufactured from a carbon fibre moulding compound
(HexMC) and a UD prepreg (HexPly) with the same
matrix system. Combining these materials will offer
highly optimised structures through locally tailored fibre
architectures (see Figure 4).
Challenges
• Minimise required charge coverage to reduce
layup times
• Understand the influence of material flow on
mechanical performance
• Avoid fibre/matrix separation during material flow
• Understand the stress transfer behaviour at the
discontinuous/UD ply interface
• Prevent UD fibre waviness (see Figure 6) and
ply movement
• Understand size/scale effects for heterogeneous
+ homogenous materials
Figure 3: Effect of material flow on HexMC flexural properties. From
left to right, Specimen A taken from edge of plate outside original 60%
charge coverage, and Specimen F taken from the centre of the plate
Figure 4: Flexural modulus comparison between HexPly UD, HexMC
and HexMC/HexPly UD hybrid material
Work Outline
The work aims to understand the opportunities, challenges and limitations of combining UD materials and
discontinuous architectures in a one-shot moulding process. Investigations will focus on the flow characteristics
of these materials under different in-mould conditions. These effects will be quantified through mechanical testing
with the aim of demonstrating the feasibility of hybridisation through a three dimensional component.
Researcher: David Corbridge
Contact: [email protected]
Supervisors: Dr D De Focatiis, Dr L Harper, Prof N Warrior
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High Volume Production of NextGeneration Hybrid Composite
Architectures
Introduction
The main processing challenge for composite materials is the ability to produce high performance components at
high production volumes (>100,000ppa). This work investigates the possibility of using hybrid fibre architectures
to exploit the rapid cycle times of sheet moulding compounds (SMC) with the high specific properties of
laminated woven composites.
A Direct Fibre Compounding, DFC, process has been developed at the University of Nottingham to compete
against advanced SMCs. Carbon fibres and epoxy are combined online to create a net-shape charge,
eliminating the intermediate stage of creating a sheet product. The aim of this project is to investigate the
opportunity for combining these materials with local patches of broad goods to produce highly optimised
structures to meet the high specific stiffness requirements of the automotive industry
Fig. 1 - Comparison between stiffness and rate of production
for different manufacturing methods. Hybrid architectures aim to
achieve a high stiffness to cost ratio
Hybridised Fibre Architecture
The Direct Fibre Compounding process uses a 6-axis robot to deposit chopped carbon fibres and epoxy resin
simultaneously on to a 3D geometry. Dry or pre-impregnated fabrics are positioned via a second robot where local
increases in stiffness and strength are required. Textile patches are applied to simple geometries to minimise layup
time, using discontinuous fibres to cover complex regions of the tool and for areas of integral stiffening.
Fig. 2 – Hybridised Direct Fibre
Compounding/fabric cycle flow
diagram
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Fig. 4 - Robot mounted
spray deposition head
Fig. 5 - Sample hybrid panel
405mm x 405mm x4mm
(Random/0°/0°/Random)
Fig. 3 - Robot simulation for generic automotive floor panel. Directed
Fibre Compounding sprayed on right robot and woven fabric placed
by left robot.
Fibre Waviness
Next Steps
An algorithm has been developed to measure the
degree of fibre waviness that results from combining
continuous fibre materials with discontinuous
architectures. This is of particular interest when the
textile is positioned in the centre, through-thickness
(see Fig. 6). Local variations in fibre volume fraction
in the discontinuous phase cause out-of-plane
waviness in the textile phase, leading to reduced
mechanical performance.
Evaluate hybridised
materials
Evaluate damage
tolerance
• Understand local
volume fraction
effects
• Understand size/
scale effects
• Understand effect
of fibre waviness on
compressive and
tensile stress
Characterise interfacial
region between UD &
discontinuous material
to understand stress
transfer relationship
• Compression after
impact
• Notch sensitivity
Characterise charge
flow
Fig. 6 – Cross section of a 25mm specimen taken from the
centre of the hybrid panel in Fig. 5. An in-house Matlab script has
been used to determine the centrelines of the two UD fabric plies
(blue) to quantify waviness.
• Double Cantilever
Beam (Mode I)
• Short Beam Shear
(Mode II)
• Charge coverage
study
• UD/woven fabric
disruption
• Effects of staging
Forming simulations
• Develop composite
flow model to support
moulding compound
development
• Integrate with
existing Explicit FE
approaches for textile
forming
Researcher: Anthony Evans
Contact: [email protected]
Supervisors: Dr. L Harper, Dr. T Turner, Prof. N Warrior
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Investigation of Aligned Short Fibre
Reinforcements for Manufacturing
High-Volume Geometrically
Complex Components
The current methodologies employed to manufacture composite components still lack sufficient rate to
meet demand. Furthermore, the state of the art in automated processes impose restrictions on component
geometrical complexity. Many of these restrictions arise directly as a result of the use of continuous fibre
reinforcements. Processing of highly-aligned discontinuous fibres may avoid many of the manufacturing defects
induced in continuous fibre architectures, while allowing for similar mechanical properties. The future will allow
for faster and simpler forming operations and better use of in process scrap. The focus in this project is on
understanding the manufacturability of highly-aligned discontinuous fibre structures, and designing methods to
cope with the high-volume manufacturing of geometrically complex components.
A Short History
When continuous carbon fibres were first developed there
retained an interest to create aligned discontinuous fibre
composites in order to form more complex components.
Alignment Processes
Induced Discontinuity Processes
This interest has reappeared in recent years with methods
divided into those which align short fibres and those which
introduce discontinuities into aligned fibres.
Convergent
fluid processes
use a viscous
carrier fluid
to induce
alignment
within short
fibres. This is
a modification
of the methods
used to create
homogeneous
dispersed fibre
mats.
Pneumatic technology chops and sprays tows to
create preforms. Technology dates back to circa
1950s with a Bristol Aeroplane Company patent
and is focused on high volume productivity.
Other methods utilise electric fields to induce
alignment in powder coated fibres (ADF),
acoustic vibration of a hopper to encourage
chopped tow alignment, an ultrasonic standing
wave to align milled fibres at nodes and antinodes, and a fluid process which relies on
momentum change of a low viscosity carrier
(HiPerDiF)
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Stretch breaking is a process
adapted from the textile
industry in which a tow is
stretched between rollers
and randomly broken at
intervals. Property retention
and alignment is greatest
when stretch broken at the
prepreg level.
Perforation in prepreg is done by laser
drilling an array of holes. Slit methods
include cut and bound tows or slit
prepreg. These methods usually retain
a very high degree of alignment.
Process Comparisons
References available upon request, data collected from academic literature. Variation in reported properties
can introduce difficulties when comparing processes. Data ranked first by tensile strength retention (σR) then
by stiffness retention (ER) to account for different fibres and matrices. This data does not take into account the
productivity, formability or flexibility of the various processes
Required Understanding
Planned Experimentation
As shown in the diagram below there exists a
sweet spot in which performance loss is acceptable
for processability gains by using highly aligned
short fibres. There needs to be a method to define
a discontinuous aligned material in terms of
productivity, formability and flexibility.
In order to validate the benefits of using aligned short
fibres we must first understand the property reduction
witnessed by using continuous fibres in complex
geometry features:
• Manufacture of a tetrahedron feature with
continuous and discontinuous prepreg by use
of single side diaphragm forming
• Create 4 point bend samples conforming to
ASTM D6415 and compare curved beam
strength with ‘perfect’ samples
• Property retention, productivity, and formability
is a product of the material and the process
therefore different systems and methods are
worth investigating
Researcher: Matthew Such
Contact: [email protected]
Supervisors: Dr. D Ivanov, Prof. K Potter, Dr. C Ward
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CORE THEMES:
Defect
Generation
Mechanisms
in Thick and
Variable
Thickness
Composite
Parts
Experimental Investigation and
Modelling of Prepreg Compaction
for Defect Formation Mechanisms
Abstract
Manufacturing defects in composites materials are responsible for reduction in mechanical properties. Fibre
wrinkling is influenced by through-thickness compression and shear forces. An experimental and numerical
programme was undertaken to study the compaction behaviour of carbon fibre prepreg material under
processing conditions consistent with automatic fibre deposition; hot debulking and pre-curing consolidation.
The results are explained in terms of two main mechanisms, shear flow where the laminate is treated as a highly
viscous fluid, and percolation flow where the pressure gradient causes resin flow relative to the fibres. Further
work will investigate all the stages of the manufacturing process.
Problem Statement and Challenges
1. Manufacturing: processing parameters are in a
wide range:
. AFP deposition: fast load rates (up to 7 MPa/
sec), small applied load (0.1 MPa to 0.2 MPa),
low temperature (30°C to 40°C.)
. Hot debulking: moderate temperature (30°C
to 90°C), moderate pressure (0.1 MPa), low
rates.
. Consolidation: high temperature (>90°C).
2. Features of thermoplastic, thermoset and solids.
New model for flow transition
• Analytical model for percolation/shear flow
transition.
• Model of effective ply behaviour based on
micro-structural considerations: transverse
squeezing followed by squeezing along the
fibres is assumed.
• For each temperature: 3 material parameters.
• Suitable for temperatures ranging from 30°C
to 90°C.
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3. Strain-rate, constraint, scale and temperature
dependent material.
4. No established experimental methodology for
property identification.
5. No validated material model for the entire range
of parameters.
6. Dramatic drop in viscosity (6 orders of
magnitude) when heating from 30°C to 90°C.
Properties identification
• Ramp-dwell program.
• Every step is approximated by Prony series
and the strain rate is derived.
• The resultant curves in pressure-strain rate
space are normalised by micro- and mesoterms.
• The parameters are varied till all the steps
collapse onto 1 master curve.
• 1D differential equation is solved to validate
the identified parameters (figure).
Experimental Programme
•
•
•
•
IM7/8552 and IM7/M21 material system
Compaction using DMA
Various load sequences, load rates, and temperatures
Specimens approximating behaviour of tape in a laminate
Ramp-Dwell Thickness evolution for thick (UD) and thin
(CP - constrained) specimens (M21)
Evolution with temperature of the final thickness of
thick (BP) and thin (CP) specimens for different loading
sequences (8552)
Ramp Dwell CP
Ramp Dwell BP
Monotonic CPs
Monotonic BPs
5.00
0.00
• Flow transition (percolation-> shear)
• Strong scale effect. Flow pattern = f(ply
thickness).
0
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• Compaction limit phenomenon
• Shear thinning behaviour
3D Hyper-Viscoelastic Model Development
• Theoretical formulation of the energy potential in agreement with
the established 1D model.
• Implementation in Abaqus/standard (Implicit): UMAT.
• Comparisons between FE predictions and experimental results
for various loading sequences and temperatures will allow model
validation.
Conclusions and Future Work
•
•
•
•
Integration with the cure kinetic / thermal conductivity model
Validation for arbitrary load history.
Modelling fibre path defects such as wrinkles.
Expand temperature and pressure range.
Researcher: Dr Jonathan Belnoue, Dr Oliver Nixon-Pearson
Contact: [email protected], [email protected]
Supervisors: Prof. S Hallett, Dr. D Ivanov
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Deformation Modelling of Dry
Fabrics
Introduction
A high fidelity model has been developed to analyse the deformation mechanisms which occur during the
compaction and forming of standard 2D woven fabrics.
A series of modelling processes are performed to develop the final macro-scale model which can then be used
for forming simulations able to capture yarn paths, yarn interactions and through thickness deformations.
Realistic
as woven
geometry
Fig.1: Schematic of the modelling process
Meso-scale model
The current numerical work has been at the meso-scale.
Here the woven reinforcement is a set of yarns. Given the periodic nature of woven fabrics its possible to use the
smallest elementary pattern which is representative of the fabric in both a geometrical and mechanical sense.
The yarns are modelled using a Multi-chain digital element method. This represents the yarns as an assembly
of 1D element chains which simulates inter-fibre slippage resulting in realistic cross-section deformation when
loads are applied.
An initial loose geometry is created, a tensile load is then applied to the element chains to generate a realistic as
woven geometry (fig.2).
Fig. 2: Multi-chain DE model of plain
woven fabric before and after tensile load
applied
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Compaction modelling at the meso-scale
A study was performed using the Multi-chain DE model to investigate the effects inter-ply shifts have on tow
waviness. Inter-ply shifts are a product of the laying up procedure and are when layers of fabric are not correctly
aligned. Its almost impossible to control yet has effects on the compaction and waviness of the fabric. Three layup
configurations were used as shown in fig.3. using 7 plies, each configuration was compacted between two parallel
plates to Vf = 0.55.
Through analysis performed on the yarn centre lines it was found that:
Layer 1
Layer 2
Layer 3
• The No shift configuration experienced least amount of waviness
• Mid and Max shift showed a maximum crimp angle approx. 20% higher than the No shift
• Mid shift had largest portion of yarn with high out of plain orientation
This was determined to be due to yarn nesting which encouraged a higher distribution of fibres (as shown in fig.4)
ultimately reducing the pressure on the yarns, allowing less crimp reduction to occur.
Fig. 3:The three different layup configurations analysed a)no shift b)mid shift c)max shift
Fig. 4: Cross sections of the post compacted configurations a)no shift b)mid shift c)max shift
Future work
The continuation of this work aims to:
• Develop the current model to analyse more geometrically complex reinforcements such as Non Crimp
Fabrics
• Use the model to further understand and characterise deformation mechanisms, specifically those which
occur through the thickness
• Use this model as a benchmark for the development of more computationally efficient models
Researcher: Adam Thompson
Contact: [email protected]
Supervisor: Prof. S Hallett
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Platform
Research
Composite Manufacturing Costs:
Materials and Processes
Introduction
Choice of materials and manufacturing process can significantly affect the production cost of a part/structure.
The complex nature of fibre reinforced polymeric(FRP) composites and the variety of processes, which can
be employed to manufacture objects with these composite materials, results in a wide range of alternatives
when considering manufacturing with composites. However, the material choice and processing route will affect
material properties and manufacturing costs, Fig 1. The current project proposes to capture material, process,
performance and cost data from a variety of composite manufacturing case studies and construct a composite
manufacture decision support tool, (concept illustrated right). Two case studies demonstrating the impact of
process and material selection on production cost are produced below.
Decision support tool
Design Requirements
Fig.1 Composite performance and manufacturing rate dependence on
material and/or process
Reference: Hexcel Prepreg Technology Brochure 2013, available
at www.hexcel.com/ Resources/DataSheets/brochure-data-sheets/
Prepreg_Technology.pdf
Design for Manufacturability – designers are required
to consider the consequences of every specification
on the manufacturing process to make the product.
When working with FRP composites important
considerations are;
• Choose suitable material and process for
performance and production volume (Fig 1)
• Simplify and automate
• Avoid excessively tight tolerances
• Reduce part count – to reduce assembly costs
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Materials and Process Options with
associated Case Studies, Best Practices
and comparative costings
Case Study 1: The Manufacture of an Aerospace Secondary Sandwich Structure Panel
5 composite manufacturing processes (MP) investigated utilising carbon fibre reinforcement, epoxy resin matrix
& Nomex honeycomb. Panel dimensions 0.9m x 0.3m (reference: D.A.Crump, Journal of Sandwich Structures
and Materials, 12 (2010) 421-447)
Unidirectional prepreg tape cured in an autoclave (MP1)
Woven prepreg cured in an autoclave (MP2)
Noncrimp fabric (NCF) with separate resin film cured in an autoclave (MP3)
(MP4)
Woven sidepreg and oven cured
Noncrimp fabric with separate resin film using resin film infusion (RFI) process (MP5)
MP1 Relative Cost 1
MP2
0.9
MP3
0.8
MP4
0.85
MP5
0.75
(high volume production run)
Conclusion: Analysis demonstrates cost savings of 25% can be achieved if standard prepreg/autoclave
manufacturing route changed to NCF/RFI route. Reduced equipment cost and reduced lay-up times contribute to
this cost saving.
Figure 2
representative
composite
sandwich
structure
considered in
Case Study 1
Case Study 2: Novel Materials, Processing and Assembly for Low Cost, Damage Resistant UAV Wing
Structure (reference: A.R.Mills 2009)
Investigation to
reduce manufacturing
cost by
Use of lower cost
materials – VARTM
processing of liquid
resin and carbon fibre
preforms
Integrating detailed
components – fewer
substructures,
reduced assembly
A DLR study (box below) illustrates how machine/tool
cost reduction and lay-up time reduction favour the
liquid resin technologies for composite manufacture
DLR A380 Fin Box Ribs Cost Analysis (2006)
Cost Comparison
(for production volume
of 500 - 4m x 3m x
0.3m wing box)
Researcher: Dr David Ayre
Contact: [email protected]
Supervisor: Prof. A Mills
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TexGen Geometric Textile Modelling
Software and its use in Multi-Scale
Modelling of Composites
Fibre/Micro-Scale
Micro-scale FEA simulations or analytical methods are used to determine yarn material
properties. These are used as input for meso-scale models.
Micro-scale modelling in Abaqus:
uni-directional hexagonal packing
Unit Cell/Meso-Scale
3D Weave Wizard automates the generation of idealised
orthogonal, angle interlock and layer-to-layer 3D textiles. A
refine option for orthogonal weaves simulates compaction to a
user defined thickness.
Generation of textile geometric
models using TexGen, either
using the user interface shown
above or via Python scripts using
Orthogonal
the TexGen core functions.
Angle interlock
(a)
2D Weave Wizard automates the
generation of 2D and 2D sheared
textiles. A refine option rotates
yarns and adapts cross-sections
to minimise intersections.
Layer-to-layer
(b)
Orthogonal weave generated using the refine
option (a) uncompressed (6.315mm thickness)
(b) compressed to 5.06mm thickness
Generation of voxel or tetrahedral mesh with matching
elements on opposite boundaries. Abaqus input files (.inp) are
generated with periodic boundary conditions, yarn orientations
Sheared textile shows yarn rotations
and modification of the, initially
elliptical, cross-sections
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and fibre volume fractions.
TexGen is supplied with a Python script which enables
material thermo-mechanical properties to be extracted
easily from the ABAQUS result file (.odb)
Component/Macro-Scale
Composite material properties extracted from
meso-scale predictions are used to model structural
components.
TexGen Open Source Software
TexGen was released as open
source software in October 2006.
Documentation is available on the
webpage www.texgen.sourceforge.
net and there is an active Users’
Forum.
16518 downloads since October 2006 (20/05/2014)
Version 3.6.1 released 27/1/2014
902 downloads of current version, 3.6.1
Validation Case Study
The study focuses on unit cell FE
modelling to predict coefficients of thermal
expansion (CTEs) for sheared fabric
laminates, an important consideration
for shape distortion during composites
manufacturing. The sheared models were
generated in TexGen using the 2D weave
wizard with automatic refinement to model
shear deformation. These were then
used to create randomly nested laminate
models. Thermal mechanical analysis
was performed in ABAQUS StandardTM
as a static analysis with a temperature
perturbation of 1°. Laminates were
manufactured and CTEs measured using
a dilatometer.
Results show good correlation between
predictions and experimental results.
1
Researcher: Dr. Louise Brown
Contact: [email protected]
Supervisors: Dr. I Jones, Prof. A Long,
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Design and Manufacturing
Interactions in Composite Product
Development
Introduction
The scope of this work is to gain understanding on how the composites industry can move to advanced levels
of industrialisation and increased production volumes of highly sophisticated products. The main focus rests
on the interface between Design (New Product Development - NPD) and Manufacturing (Production) as this is
the central point where composite innovation takes place. This work utilises an interdisciplinary and rigorous
approach to reveal the critical factors that can facilitate the growth of the composite sector. This qualitative study
aims to gather an in-depth understanding of empirical knowledge rooted in industrial practice in order to build a
theoretical framework taking under consideration interactions across the entire supply chain.
Composite Industry Challenges
Scope
Design
Reveal the growth strategies to increase composite
production rates
• “Black aluminium
components”
• Overlooking the overall
product architecture
Manufacturing
• Lack of process
understanding for
complex components
• Mainly dependent on
craftsmanship skills
“black art”
Methodology
Investigate the interface between design and
manufacturing in industrial practice through a
qualitative approach and a socio-technical
perspective
Analysis of Cases and Examples of Growth Strategies
Smulders et al. 2002
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The 3A interface
The 1D interface
The 4C interface
• Educate designers to tighten the
interface
• Investment in production
technologies and Traditional
Production Engineering methods
like production planning
• Invest explicitly in two-way
learning & collaborative
education
• Create partner bonds with equal
benefits
• Concentrate on up-front
homework, front loading
• Create practical theories for
prediction and prescribing
• Combinatorial Design &
Manufacturing aimed at
scalability
• First client – Launching
Customer
king Factor
loc
s
B
Integrative diagram of the theoretical framework
Main Findings and Applications of this work
• Shortcoming of current technology development models for composite technologies
• Suggest an initial theoretical framework for composite technology development
• Foundation for a tool for strategic growth in the composite supply chain level
Researcher: Dr. Anna Chatzimichali
Contact: [email protected]
Supervisor: Prof. K Potter
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Robotic Automation in Dry Fibre
Preforming
Introduction
The automated manufacture of composite
parts is going to require a novel approach
that requires combination of textile
technologies in conjunction with liquid
infusion techniques (vacuum infusion,
Resin Transfer Moulding). It means
improving productivity and reducing
process costs. Manufacturing routes like
ATL and AFP are hugely expensive and
less productive. This research is focused
on Automation combined with textile
technology which can provide low cost
solution to manufacture complex shape
composite part.
Research Objectives
• Combining textile technology with robotic automation
in order to achieve cost effective solution for near
net shape preforming
• To develop novel concepts, processes and
machines for complex near-net fibre preforms
incorporating multifunctional, multi-materials
• Developing machine assembly and tool in order
to reduce fibre damage and increase process
efficiency
Control and Configuration
• Various FESTO drives and controller are configured
depending on process requirement
•
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CoDesys platform is used for software control
Braiding & Tufting
• To produce Bias yarns structure with through
thickness yarn
• Braided preform is produced and flattened
• Tufting process is performed with RDFP process
3D Weaving + Tow Placement + Tufting
• To produce multi-directional fibre preform
• 3D fabric is produced with various weave architectures
• Tufting and Bias yarn lay-up processes are performed on
RDFP process
Further Work
• Commissioning of new textile and robotic machines
• Tool (lay-up, pick and place, tufting) development for
Tripod system
• Utilisation of multifunctional material into preforming
• Development of faster production cycle for
composite parts with combination of textile
techniques
Profile braiding machine
Winding machine
Robotic Tripod System
Researcher: Dr. Dhaval Jetavat
Contact: [email protected]
Supervisor: Dr. P Potluri
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Feasibility
Studies
Low Cost Manufacture of Steered
Fibre Laminates
Introduction
Steering fibres within a laminate (see Fig. 1) can lead to increased compressive strength and resistance to
buckling, reduced weight, reduced stress gradients and improved damage tolerance. However, such laminates
are usually manufactured using Automated Fibre Placement (AFP) technology and are therefore expensive,
can contain process-induced defects and are not normally compatible with subsequent additional sheet forming
processes.
(b)
(a)
(c)
Fig 1. (a-b) Variable-stiffness panel with and
without hole (c) example tow-steered composite
panel using AFP overlap manufacture method.
(reproduced from [1]).
The Idea
Fibre directions across a
bidirectional sheet are completely
determined by the shape of the
perimeter of the sheet. It may
therefore be possible to create
optimised steered-fibre patterns
by manipulating the shape of the
outer edge of the sheet.
Fig 2. Manually deformed
woven glass fabric demonstrates the idea.
Fig 3. Initial modification of Varifab to
enable prediction of steered-fibre pattern from initially straight bidirectional
sheet
Objectives
• To create a new design tool to support a novel, low-cost, steered-fibre manufacture process.
• To develop an automated manufacture process to produce high-quality steered fibre 2-D laminates
A New Computational Design Tool
An existing computer aided manufacture tool (VariFab) has been modified to generate steered fibre patterns
using the assumption that the sheet undergoes trellis shear kinematics (see Figs 3-5). In order to predict the
mechanical response of the final steered-fibre composite laminate, an interface with a commercial finite element
code has been developed.
The predicted full-field fibre angle distribution is then mapped onto the elements of an arbitrary finite element
mesh (generated here using AbaqusTM and mapped using an algorithm modified from). An input file suitable
for the composite modeller in AbaqusTM is automatically generated by Varifab. Mechanical analysis is then
performed The process is illustrated in Fig 5
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a)
b)
Fig 4. Further modification of Varifab enables prediction of initial
blank shape for a given fibre target pattern and perimeter shape.
d)
c)
Manufacture Process
Fig 5. (a) Prediction of fibre pattern using Varifab (b) bilinear
interpolation of fibre directions (here just one direction is
interpolated) (c) map fibre directions across finite element
mesh generated in Abaqus and generate input file (d) analysis
of lamnate stiffness (with hole) for straight +/-45 and various
steered fibre distributions (with increasing maximum shear
angle).
A hot gas hover-table to manufacture steered fibre
sheets without manual manipulation is currently
under construction. Methods to simultaneously hold
and deform the fabric/composite are currently under
development.
a)
b)
Fig 6. (a) Using a 3kW fan the hover-table can lift more than 20kgm2 (b) Supporting frame to connect actuators and biaxial sheet.
Conclusions
A design software has been developed to support a novel manufacture process. Work is underway to design
and manufacture an experimental system to automatically manufacture the steered-fibre laminates.
Researchers: Farag Abdiwi
Contact: [email protected]
Supervisor: Dr. P Harrison
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Intelligent Composite Layup by the
Application of Discrete Technologies
Hand layup is still the dominant forming process for the manufacture of a range of complex geometry and prepreg-based mixed material composite parts. The process however is still poorly understood and informed, which
limits its productivity. This work seeks to address those issues, by proposing a system that enables a laminator to
be guided in real-time, based on an unambiguous and predetermined instruction set, thus improving the standardisation of produced components. The work presented here forms part of the output of the EPSRC CIMComp
Feasibility Study (Project Number: RGS 109192) that focuses on the application of tracking and projection technologies for intelligent composite layup.
1. Understanding Layup:
A U-shape tool, representative of
a number of complex geometry
features, is assessed through
kinematic drape simulation, to
inform for the best practice layup
path while minimising global inplane shear deformation.
20°
Translation
400mm
0°
4. Proof of Concept:
Overlaying the instructions
directly onto the tool during
forming, as a feature by feature
process, augments the layup
process and presents the original
drape simulation information in
recognisable forming processes..
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Drape Process
1) Tack the rear base and
through the cut-out
2) Smooth from the centre
out towards net free edges
Verification
Implementation
600mm
Virtual Fabric Placement (VFP) is used to
simulate the in-plane shear deformation
for a tool path
2. Informing Actions:
The preferred simulated layup
route is translated into an
unambiguous instruction set
by recording an experienced
laminator’s forming actions,
capturing the knowledgebase.
3. System Overview:
The forming instructions are
projected in a ‘Follow my
Leader’ format by sequentially
highlighting target features for
layup, whilst hand positions
are tracked using a Microsoft
KinectTM in order to control and
progress the instruction set.
Plain weave glass prepreg
Twill weave carbon prepreg
Evaluation
Projector
Ply edge
Backward button
Forward button
Smoothing
indicator
Kinect
Tool
Hand tracking
Datum
Zone hit
Target zone
Zone complete
Future work includes exploitation in a production environment where implementation of a final complete system
will enable evaluation of potential for standardisation and productivity assessment between laminators, and use
as a medium to reduce learning curves by providing more appropriate information than current laser guidance
methods.
Researchers: Hao Chen, Windo Hutabarat, Dmitry Ivanov, Matthew Such, Carwyn Ward
Contact: [email protected]
Supervisor: A Tiwari
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Modelling the Forming of StitchBonded Multi-Ply Preforms
Introduction
The aim of this feasibility study was to develop a
method for predicting the drape behaviour of thick (up
to 10mm) 2D fibre preforms during 3D post forming.
Explicit finite element simulations have been performed
to understand the influence of adding local stitch-bonds,
which are used to join multi-ply preforms together for
easier in-mould assembly.
Whilst commercial codes will typically allow simulation
of forming for individual thin plies, the novelty of this
work is in the study of heterogeneous multi-layer
performs with potentially different material behaviour in
different layers.
Outcomes from this work will drive future material
developments and support the design of a fully
automated 2D fibre deposition process, to produce
highly drapeable net-shape preforms with near-zero
waste.
Conclusions
A computationally efficient method has been
developed to simulate the forming behaviour of thick
multi-ply preforms. Simulations indicate that:
• Fibre layup sequence affects forming
behaviour due to different inter-ply frictional
effects caused by different degrees of draw-in
• Stitch-bonds influence the global shear angle
distribution in each ply of the component,
rather than having just a localised effect
• Poor stitch placement can induce severe
defects such as wrinkling, reducing the quality
of the component
• Stitch-bonding significantly influences forming
forces
• A stitch optimisation algorithm is required to
select stitch locations and patterns, in order to
minimise their influence on forming behaviour
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Approach
A macroscale material homogenisation scheme
has been implemented to enable tow orientations/
intersections to be independent of the edges/vertices
of each element, reducing mesh density.
A VFABRIC user-defined subroutine has been
developed in ABAQUS Explicit to define the
mechanical constitutive relations for woven fabrics.
The VFABRIC routine is valid for materials that
exhibit two structural directions, which may not
remain orthogonal following deformation. This
reduces the number of tensor operations and results
in a more efficient model compared with using
VUMAT.
Local stitch-bonds have been simulated using
user-defined 1D spring elements, which constrain
coincident nodes through the thickness of the
laminate.
Next Steps
• Further develop constitutive relations for noncrimp fabric
• Develop energy minimisation algorithms to
optimise the placement of:
-- Stitch bonds
-- Discontinuities (slits)
-- Fibre slack
• Experimental validation
Slitting optimisation
Forming Simulations
Material Draw-in
Stitching Pattern
Edge Stitching
V-Shape Stitching
Punch Force
Wrinkling
Local Shear Angles
Figure 1: Summary of forming simulations showing the influence of two different stitching patterns
Researcher: Shuai Chen
Contact: [email protected]
Supervisor: Dr. L T Harper, Dr. A Endruweit, Prof. N A Warrior
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Multifunctional Hierarchical
Composite Structures Utilising
Carbon Nanotube Webs
Aims and Objectives
The aim of this study is to explore the feasibility
of co-curing laminated structural composites
interleaved with recently-developed carbon nanotube
(CNT) webs to create superior lightweight
and multifunctional carbon-fibre composite
aerostructures. The project also focuses on
developing an in-situ Structural Health Monitoring
(SHM), integrated lightning-strike protection and
anti-icing capability as well as improving impact
damage resistance.
The core set of objectives which will establish
confidence in the further development of this
technology towards achieving the stated aim are to:
• develop a protocol for the transfer of CNT
webs to the laminate interfaces,
• explore strategies for enhancing CNT webmatrix bonding interface strength,
• determine the shear strength of a lap joint with
a CNT web-enhanced interface,
• develop a protocol for introducing an
electrical current into a CNT web-enhanced
laminate for electro- and thermal conductivity
measurements, and
• develop a lap-joint demonstrator with
in-situ SHM at the interface, based on
the measurement of the changes in the
piezoresistivity of the CNT webs with
progressive joint failure.
Preliminary study
The following methodology was developed to assess
the influence of the presence of interleaved CNT webs
on Mode I fracture toughness.
• A CNT web is drawn from a CNT forest as
shown in Figure 1 and wound on a support frame
(Figure 2).
• The CNT webs are functionalised in a UV/Ozone
diffuser, where carboxyl and hydroxyl groups are
anchored on the CNT-sidewalls (Figure 3).
• Functionalised CNTs are infused with CYCOM
977-2 epoxy resin as shown in Figure 4.
• The resin-infused CNTs are inserted between
the unidirectional carbon-fibre plies as shown in
Figure 5.
• The CNT web-enhanced carbon-fibre laminate is
cured at 177ºC in a heated press (Figure 6).
• Thereafter the sample is prepared for mode I
interlaminar fracture toughness testing (Figure 7)
and tested under displacement control (Figure 8).
Planned Work
Experimental analysis of mode II interlaminar fracture toughness of CNT webenhanced carbon-fibre composite structure.
Four-point conductivity test for determining the electrical conductivity of CNT webenhanced carbon-fibre laminates.
Lightning-Strike tests on CNT web-enhanced carbon-fibre panels (Figure 9).
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Figure 1: CNT reeling
machine
Figure 2: CNT transferred from forests into CNT webs
Figure 3: UV/Ozone
functionalisation
Carbon-fibre
Laminate
CNT webs
Figure 7: Sample
Preparation
Figure 6: Heated Press
Figure 5: CNT webenhanced carbon fibre
pre-preg laminate
layup
Figure 4: CNT webs
infused with CYCOM977-2
epoxy resin
Figure 8: Mode 1 Interlaminar
Fracture toughness test
Conclusion
• An effective procedure has been developed for
the transfer of CNT webs to the carbon-fibre
laminate interfaces.
• Initial investigations showed poor adhesion
between the CNT webs and the resin.
• CNT webs were subsequently functionalised via
an UV/Ozone diffusion system.
• The UV/Ozone exposure time and the number
of layers of CNT webs inserted in between
the carbon-fibre laminate affect the Mode 1
interlaminar fracture toughness of the specimen.
• Functionalised CNT webs show improved
interlaminar fracture toughness and the pristine
fracture toughness can be recovered. Future
work will investigate optimum parameters to
exceed the baseline fracture toughness.
Researcher: Ravi Chitwan
Contact: [email protected]
Supervisors: Prof. B Falzon, Prof. E Harkin-Jones, Prof. S Hawkins, Dr. C Huynh
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Cure Kinetics Modelling for Fast
Curing of Tough Thermoset Polymer
Composites
Introduction
The penetration of fibre composites into large-scale automotive applications demands fast, low-cost processing.
Compression resin transfer moulding (CRTM) can achieve this, as flow is through the thickness of the part so
the flow length (and hence the infusion time) is reduced by orders of magnitude compared to processes where
infusion is along the length of the component.
Such fast processing requires new reactive resin systems. However, the simultaneous resin flow and curing
requires modelling of the rheology and cure kinetics to ensure that composite parts can be manufactured
successfully. Once developed, such a rheo-kinetic model can be combined with nanoparticle toughening to allow
rapid production of tough fibre composites.
Objectives
The aims of this feasibility study were (a) to develop a basic model of the cure kinetics of a nanoparticle-modified
resin system, (b) to combine this model with knowledge of the flow process in CRTM to form a hybrid model, and
(c) to validate this hybrid model using sample composite plates manufactured using CRTM.
Rheo-kinetics in CRTM
A schematic of the compression resin transfer moulding (CRTM) process and the modelling is shown below.
1. Fibres & resin
placed in heated tool
5. Composite component ejected
2. Tool closed & evacuated
4. Cured
under
pressure
3. Compression &
impregnation
Kinetic modelling
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Rheological modelling
Microstructure
Rheological Modelling
The viscosity was modelled as a function of time and
temperature. A modified Fontana model was fitted to
the isothermal rheology data. The model fits the data
extremely well.
The addition of 10 or 20 wt% of silica nanoparticles
gives only a small increase in the viscosity over the
whole response. Hence the nanoparticle-modified
epoxies will readily infuse through the fibres.
The microstructure was examined using atomic force
microscopy. The dispersion of the silica nanoparticles
was quantified from the micrographs were analysed
using the area disorder method. The dispersion was
better than random, indicating that the nanoparticles
were well dispersed.
Unmodified epoxy
10% silica nanoparticles
Composite Toughness
Kinetic Modelling
The reaction rate was modelled as a function of
temperature and the degree of cure. The Ruiz model
is fitted to the isothermal data. The model fits the data
extremely well.
The addition of silica nanoparticles does not affect the
curing reaction. The heat of reaction decreases with
increasing nanoparticle content, in proportion to the
amount of epoxy replaced.
The nanoparticles were able to infuse through
the fibre preform, and composite plates were
manufactured successfully using CRTM. Double
cantilever beam tests were used to measure the
fracture energy of the carbon fibre composites.
The addition of silica nanoparticles did not increase
significantly the toughness of the composites.
However, plane strain compression tests showed that
this particular epoxy was not readily toughenable.
Conclusions
A rheo-kinetic model which describes the evolution of viscosity and degree of cure has been successfully
developed for fast-curing unmodified and silica nanoparticle-modified epoxies. The use of the model will allow
the very fast impregnation of CRTM to be combined with highly reactive nanoparticle-toughened resins to
produce fully-cured and tough composite parts in minutes, opening up new markets for thermoset composites.
Researchers: Clemens Dransfeld, Andre Keller, Kunal Masania
Contacts: [email protected]
Supervisor: Dr. A Taylor
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Step Change in Performance of
Complex Carbon Fibre Weave
Geometries using Cellulose Fibre
Precursors
Introduction
Cellulose is a renewable resource and its use as a precursor for carbon fibres is well-known. The carbon fibres
produced from cellulose have potential for certain high volume applications where the very highest moduli are
not required. Additionally, cellulose fibres are easy to handle and can be woven into different geometries e.g.
plain, satin weaves. This initial step can facilitate the production of more complex geometries from carbon fibre
without the need for manual contact with the carbon fibres thereby simplifying their production. This poster
summarises some of the results on the physical characterisation of the carbon fibres produced so far.
Cellulose
The Raman spectra of Cordenka 700 and Bocell
(reference) fibres are dominated by two intense bands
located at 895 cm-1 and 1092 cm-1, Fig. 1.
The band located at 895 cm-1 is assigned to the C-O-C
in plane stretching [1], while the band centred at 1092
cm-1 corresponds to C-O ring stretching modes and
the β-1,4 glycosidic linkage (C-O-C) stretching modes
between the glucose rings of the cellulose chains. [1,2]
The well resolved Raman band centred at 1092 cm-1 is
useful for studying the orientation of the cellulose chains
along the fibre axis, Fig. 2a and b.
The results suggests that both fibres exhibit a high
degree of alignment of cellulose chains along their fibre
directions. [3]
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Carbon Fibres Textile
Significant shrinkage and weight loss are recorded for
Cordenka textile (Cordenka Tx) after carbonisation at
2000 ºC, which is a result of the degradation process
below 1000 ºC, Fig. 6. The Cordenka Tx carbonised
at 2000 ºC retains flexibility contrary to the fabric
carbonised at 1500 ºC which is very brittle.
Figure 7a shows an image of a carbonised textile. The
coloured crosses on the image mark the points where
the Raman spectra were recorded. Figure 7b presents
Raman spectra of Cordenka Tx fabric at the points
indicated in the coloured circles. The intensity of the G
band increases causing a decrease in the value of the
ID/IG ratio to 0.85 - 1.13, which suggests an increase
of the structural order in the carbonised sample. The
significant difference in the ID/IG ratio for the different
measurement points in the fabric indicates that the
carbonisation process is not uniform.
(a)
(b)
Fig. 7. An image of a Cordenka Tx carbonised at 2000 ºC with the
marked points where Raman spectra were recorded (a); Selected
points of the Cordenka Tx with corresponding Raman spectrum (b).
Conclusions
Commercial Cordenka 700 cellulose fibres exhibit
a high degree of alignment of the cellulose chains
along their axis. Raman spectroscopy confirmed the
progressive carbonisation of Cordenka 700 fibres,
following the changes of intensities and positions of
the D and G Raman bands. Additionally, the increase
in the structural order in the fibres with an increase
of the carbonisation temperature is confirmed by
the presence of a second-order G´ (2D) band.
Micromechanical tests of single carbon fibres reveal an
estimated modulus of ~100 GPa. This modulus makes
these fibres potentially competitive with glass fibres for
high volume applications e.g. automotive.
Carbon Fibres
Raman spectroscopy of
carbon fibres was used to
assess the effectiveness of the
carbonisation/graphitisation
process. The influence of
the pyrolysis temperature
on the evolution of graphitic
structures in the carbon fibres
was studied using Cordenka
700 fibres, Fig. 3. The spectra
exhibit the evolution of the
first-order Raman bands; the
G band located around 1580
cm-1 and the D band centred
around 1348 cm-1. Also, the
second-order Raman bands
undergo evolution. The G´
(2D) Raman band evolves with
an increase in temperature.
Its development to the welldefined Raman band located
at ~2694 cm-1 confirms
the presence of graphitic
structures in the material
carbonised at 2000 ºC. [4]
A degree of graphitization of
carbon fibres can be describe
by the intensity ratio of the
D band to the G band, Fig. 4. In the temperature
range 400-1500 ºC, the value of ID/IG increases with
temperature suggesting an increase of the structural
order in the fibres. An increase in the carbonisation
temperature to 2000 ºC causes a decrease of the ID/IG
ratio suggesting that graphitisation of the sample has
occurred. [4,5]
Figure 5 reports detailed shifts in the position of the
G´ (2D) Raman band as a function of fibre strain. The
rate of the shift in position of 2D Raman band was
found to be -5 cm-1%-1 from a linear fit to these data.
The fibre was found to break at a strain >1.9 %. The
fibre modulus is estimated to be ~100 GPa, assuming
that we can use a previously established calibration
(-5 cm-1 MPa-1). [6] A modulus in excess of 100 GPa
begins to compete with other fibres such as glass.
Prof. Stephen Eichhorn
Contact: [email protected]
Supervisors: Dr. A Lewandowska1, Prof. P Potluri, Dr. L Savage, Prof. C Soutis
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Dimensionally Stable Textile
Preforms for use in Liquid Resin
Infusion Manufacture
Feasibility of stabilising preforms through the point-wise highly-controlled integration of resin binder and
consolidation prior to resin infusion is explored. Pre-consolidation creates a stiff skeleton of binding resin within
dry fabrics. A successful realisation of the envisaged concepts promises the quality of rigid mould solution for the
complex shape components at the cost and simplicity of a flexible mould process.
Liquid moulding: Problems and Challenges
Flexible tooling: poor dimensional
stability
Flexible tooling: limited
consolidation
Rigid tooling: expensive,
unadoptable
Concave corners & junctions
are smoothed, thickness is
inhomogeneous, edges drift away,
large resin rich zones, pores due to
race tracking in non-consolidated
areas
Consolidation pressure is limited by
atmospheric pressure. An optimum
consolidation requires higher
pressure levels
Mould suitable for one preform may
appear to be totally inappropriate for
another preform
Not a remedy for stretchable netshaped preforms: consolidation
defects may result from handling
deformations
Particular concern = thick, net-shaped preforms
Project aims
• To develop approach for preform binding which
is invariant of preform type and architecture
• To explore feasibility of producing stiff yet
permeable preforms tolerant to handling and
bagging
• To get rigid mould quality in flexible moulding
process
• To improve fundamental understanding
of preform deformation and resin flow in
consolidation processes
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Implementation: Resin Pinning
• 3D printing of liquid resin into dry
reinforcement by means of point-wise, highly
controlled introduction of binder
• Resin is injected in a pattern tailored to the
requirements of infusion, draping, or the
tuning of composite properties
• Multiple injections through thickness
required for creating flawless well-defined pin
geometry
• The pins are consolidated prior to infusion
Results: examples
Consolidation of 3D braided preform:
Printed stiff ribs secure highly compliant stretchable preform during bagging and infusion
Consolidation of multi-ply woven preforms:
Dry multi-ply preform with epoxy pins. The pins are consolidated at an ultimate achievable thickness
Conclusions
Potential for further developments
• New binding concept is investigated and
proven feasible.
• Novel rig allows precise delivery of a liquid
resin into the bulk of textile preforms.
• The geometry of pins is well controlled and
can be adjusted in response to manufacturing
requirements.
• Consolidated preforms remain infusable
• Complex net-shaped preforms can be
stabilised and maintain shape during resin
infusion
• Novel models for consolidation analysis
• New binding instrument can be used for the
introduction of functional and structural
reinforcing elements.
• Modified pins can be used to influence
damage accumulation mechanisms in
textile composites
• Resin pins can be placed in a controlled
fashion to direct the flow during infusion.
• A potential for liquid resin print technology
as an alternative to the conventional liquid
moulding
Researchers: William Hendry, Yusuf Mahadik, Harshit Patel , Carwyn Ward, James White
Contact: [email protected]
Supervisors: Dr. D Ivanov
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String Manufacturing: Monitoring
of Automated Composite
Manufacturing In-Situ
Research Direction:
• Considers a novel method of String Manufacturing in flat composite panels
by Automated Tape Placement (ATP ) robot.
• Envisions a rigorous and reliable procedure for structural health
monitoring.
• Uses Finite Element (FE) simulation of propagation mechanisms of Lamb
waves in composite laminate lay-ups.
Experimental Design:
• Unidirectional carbon fibre/epoxy
977 prepreg laid up on Aluminium
plate
• Teflon inserted to form internal
defect
• PZT sensors attached to excite and
receive Lamb waves for monitoring
of defect
Finite element simulation
• FE Model is built in Abaqus/Explicit 10 nodes per wavelength (15mm) is assigned
• Displacement is applied as signal input
• A good agreement of first wave packet of Lamb wave received is obtained between test and FE
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t= 20 μs
t= 35 μs
t= 65 μs
t= 84 μs
t= 108 μs
t= 130 μs
Experimental Results:
• Signals are recorded for both prepreg lay-ups with and without Teflon inserted.
• First wave packet is analysed as direct communication of signals between actuator and receiver.
• Difference of peak magnitude was found due to Teflon inserted and this is further verified by outlier
analysis.
• Unfortunately this difference is smaller than inter-sample variability. Next move is to investigate via
modelling.
Input Signal
Researcher: Yu Shi
Contact: [email protected]
Supervisors: Prof. K Worden, Prof. A Hodzic, Dr. E Cross
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The Use of Recycled Carbon Fibre
Commingled with Polymer Fibres in
Non-Woven Mats
Background & Motivation
Processes for the recycling of carbon fibres are being developed but few low cost reuse routes exist. One option for
the manufacture of an intermediate material which could be used in current composites manufacturing processes is
the papermaking process for the production of non-woven mats commingled with thermoplastic fibre.
Materials
Methodology – Experimental Design
Technical Fibre Products Ltdsupplied various forms
of recycled carbon fibre mat for this project:
Using the suppliedmaterials, several layers of
mat werelaid-up and composite testplaques were
manufacturedby hot pressing. Severalmoulding
conditions were used in an effort to optimise
thelaminate quality by minimisingporosity. Samples
were testedvia tensile and flexural testing standards.
•
•
•
•
100gsm Random Virgin Fibres
100gsm Random Recycled Fibres
20gsm Aligned Virgin Fibres
20gsm Aligned Recycled fibres
Fig 1. 600mm widerolls of material
12mm long virgin carbon fibre, Tenax®-A HT C124,
was supplied by Toho Tenax. Toray T600 carbon
fibre was recovered from MTM28-2 prepreg scrap
supplied by Cytec via a fluidised bed process at the
University of Nottingham.
The fibres were commingled with Grilon BA3100
PA6/PA66 fibre from EMS-Griltech.
Fig 2. Fibre length distributions
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Methodology – Manufacturing & Testing
Results – Mechanical Properties
Multiple layers of dry mat were stacked and trimmed
ready for moulding. Agglomerated bundles of
recycled carbon fibre were visible in the produced
mats.
Fig 7. Sample of composite
plaque
Fig 3. Images ofmats showingbundles andcurved nature of the
polymer fibres
The project encountered difficulty in producing truly
random or aligned mats. The long and curly nylon fibre
reduced the quality of fibre alignment. Reinforcing
properties of the recycled carbon fibre appeared
lower compared to the virgin counterpart and this
was attributed to the shorter fibre length and poorer
dispersion of the filaments. No significant difference in
bonding was found between virgin and recycled fibres.
Fig 4. Moulding tools for plaque fabrication
Fig 8. SEM image of
recycled carbon fibre
reinforced composite
Fig 5. Moulding profile for plaque fabrication
Composite plaques were tested to determine their tensile
and flexural properties. Void content within the plaques were
measured. Interfacial adhesion between fibre and nylon matrix
was analysed via SEM images.
Results – Process Optimisation
Due to the 2-phase nature of the polymer employed in
these trials significant issues were encountered with
optimisation of the moulding temperature and pressure.
Poor consolidation was achieved in many cases.
Next Steps
Fig 6. Optical photomicrographs of high porosity levels
The project demonstrates a promising route to
exploitation of recovered carbon fibres. The results
of the project have been used as the basis for a
further collaborative proposal through the Technology
Strategy Board. The work also includes input from
BMW/SGL and Jaguar Land Rover.
Researcher: Kok Wong
Contact: [email protected]
Supervisor: Dr. T A Turner
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Industrial
Doctorate
Centre
Active Automated Fibre Placement, Aligning
to the Products Global Make-Weight Strategy
to Produce a Quality Preform, at Maximum
Throughput, for Moulding
Current State
In short; the Automated Fibre Placement (AFP) process inputs are desired to be understood further in terms of
their sensitivity toward output, thus the control methods are currently insufficiently defined in a robust enough
manner that would enhance a serial production programme.
Future Aim
To build on current knowledge together with concurrent activity, developing the ability to control thickness /
weight / quality by parameter optimisation for given fixed / delivered process inputs, on an aerofoil surface. This
means that engineering rule books and standardisation based on data require creating and verifying to aim for
full control and adaptive solutions at times of variation.
Digital manufacture strategy, bringing accurate manufacturing insight into the design stage earlier, and the design
requirements into the manufacturing cycle [Public image sources left to right; Dassault Systemes, The National
Composite Centre, Accudyne Systems].
Key Risks
•
•
•
•
Scope creep
Available capability
Too many interactions – complexity
Neglecting downstream and upstream inputs that directly affect the
thickness
• Lack of relationships to utilise variability and modify mechanisms for
consistent output
Coriolis AFP Machine Example
The Novel Gap in the Automated Fibre Placement (AFP) Landscape
To assist Rolls-Royce to apply the AFP process which is predominantly utilised in large component manufacture on
a complex preform with high tolerance requirements.
Complete understanding of AFP Key Process Variables (KPVs) and tolerance stack up.
Bringing industrial in-process inspection to fruition.
Closed loop feedback as a quality control tool
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First Year Work
The research question to answer is; in the AFP process, what input variables can be modified in-process to absorb
input variability? The year by year high level deliverables are as follows:
Year 1 Project scope; Problem & Strand Research; AFP Fundamental Work Package Delivery (key process variables, KPVs, established)
Year 2 Relationships Established; Product Benchmarking; Knowledge Transfer to Product; Closed Loop Due Diligence
Year 3 Reference Data Sets Complete; Process Specification Complete; Hardware Development; Software Development
Year 4 Implementation into a Machine Capability Readiness Level (MCRL) 3; Reporting
Manufacturing Benchmarking
Flow of first year activity; in both the manufacturing process and
material delivery
Inspection Capability Investigation
KPV Sensitivity and Interactions – All Work Performed at The National Composite Centre
Live Debulk
Roller Characterisation
Effects of Geometry
Machine Characterisation
Instrumented Layup Table
Researcher: Ashley Barnes
Contact: [email protected]
Supervisor: Prof K Potter
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AFP Material and Process
Optimisation
Objectives:
• Improve the understanding of the AFP
manufacturing method
• Develop validated predictive capabilities
• Identify, develop and implement additional
instrumentation capable of mitigating the
limitations of the current AFP technology
Detail of
Coriolis AFP
head
Benefits:
• Reduced development and lead time cost
• Increased applications of composite material
through the efficient exploitation of different
material forms manufactured by Automated Fibre
Placement
Multi robot
cooperation
Images courtesy of the NCC
Further research opportunities:
• Multi robots cooperation: multiple robots working on the
same part at the same time
• Alternative heating methods: better temperature control,
faster heat application
• In-line inspection: identification of defects at the layup
stage
Automated Fibre Placement is one
of the main technologies used to
manufacture advanced composite
laminates and has been chosen by
the National Composites Centre
(NCC) as a key development area
for the composites industry.
Contact: Mattia Di Francesco
Contact: [email protected]
Academic Supervisor: Prof K Potter Industrial Supervisor: Mr. M Stojkovic
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“Automated Fibre
Placement is the process
by which tows of composite
material are automatically
laid onto a mould to form a
laminate in the absence of
tension and relying on the
material’s tack”.
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Induction Welding of Thermoplastic
Composites
Fast, efficient, controllable heating for production-scale con1nuous thermoplastic joining
Objectives
• Determine all relevant material characteristics
• Determine optimised processing parameters for static welds
• Perform static welds with fixed tooling
Induction Heating
Fusion Bonding
Micro scale = sub-lamina
Fig.1: Multiple heating mechanisms with different relative
contributions
Meso scale = lamina/ contact plane
Perform welds to verify
degree of bond as a
function of processing
conditions, Db = Db
(P(t),T(t)).
Db verified by NDE and
observed LSS vs consolidated joint.
Simulation only accounts for ‘resistor’ heatng Planar
heatng a function of coil geometry.
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Develop ‘welded’ finite
element with stiffness
& strength that represent the degree of bond
achieved.
Meso scale = lamina/ contact plane
Fig 7
Fig 8
Coil
Fig 9
P
Fig 10
Welding with IR
bulb IR camera
monitor Lap shear
tested.
Joint
P
Max T
Fig 11
Fig 12
LSS
Researcher: Oliver Gaite
Contact: [email protected]
Academic Supervisor: Dr. G Allegri Industrial Supervisor: M Stojkovic
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Design of Preforms for Resin
Infusion Technologies
Automotive manufacturers are finding innovative ways to reduce vehicle
carbon dioxide emissions.
There is a strong drive to achieve this through reducing vehicle weight.
Jaguar Land Rover have researched and developed an Aluminium Body
in White, proven much lighter than its Steel counterpart.
The VARCITY project is demonstrating the feasibility of further vehicle light
weighting by introducing a Carbon Fibre Composite Body in White.
ALUMINIUM Body in White TO CARBON FIBRE?
To meet vehicle production high volume requirements
a short manufacture cycle time for carbon fibre
components is necessary.
Resin infusion requires fast injection and short cure
time
→ High Pressure Resin Transfer Moulding
There is high cost and complexity to large dimension tooling to manufacture parts
by the above process.
The aim of this project is to de-risk the manufacture process to achieve repeatable
components within design tolerance.
Simulation will take into account critical problems upfront in the design process.
The National Composites Centre has procured a large 36000kN press with a 3.6 x
2.4 m bed to be installed in the Phase 2 building for high volume manufacture.
A machine of this size will be capable of large component manufacture such as a
full size vehicle floor pan or door closure
IMAGES
1. The Jaguar CX17 highly advanced aluminium modular architecture Photo from http://www.jaguar.co.uk/aboutjaguar/concept-cars/c-x17
2. Schuler press in construction in Germany before shipment to the NCC photo taken Nov 2013
Researcher: Ffion Angharad Martin
Contact: [email protected]
Supervisors: Prof. K Potter, Prof. N Warrior
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Instrumented Pressure Vessel for
Cure Monitoring
Much remains to be learnt about the process of cure in composites. A highly instrumented
pressure vessel, to be sited in Phase II of the National Composites Centre, is designed to
help us understand more. The combination of multiple sensors and observation windows will
give unprecedented detail on the cure process and the addition of liquid resin lines means we will be able to
use the same equipment to study previously inaccessible combinations of processing routes.
Resin lines
Observation windows
Resin lines running into the pressure vessel will allow
us to use the setup to study resin transfer moulding as
well as autoclave moulding.
The pressure vessel will have windows suitable for
infrared and visual observations, by way of a camera.
Visual observations will allow us to monitor resin
flow for resin transfer moulding, see any warping or
buckling of sample panels as they cure and keep an
eye out for unexpected changes.
The infrared camera will show us the temperature
distribution over the test panels, which, in conjunction
with embedded sensors, will give us a clearer
indication of how the cure is progressing, and thus
enable work towards ensuring even cure throughout
panels of varying geometry.
Pict
u
Cen re cre
dit
tre,
bas : Paul
ed o
S
n sk mith o
ft
etch
es b he Nat
io
y La
ura nal Co
Rhia mpo
s
nP
icka ites
rd
118
Dielectric sensors
Dielectric sensors measure the mobility of ions within
the resin. As cure proceeds, the resin becomes
more viscous and ion mobility decreases. Dielectric
sensors embedded in different parts of the component
give a measure of how the local rates of cure vary.
When coupled with appropriate cure kinetics models,
chemoviscosity data and models connecting the
extent of cure with Tg of the matrix, the measurements
provide a predictive capability.
Picture credit: M Kazilas
Strain monitoring
Optical fibre sensors, most commonly fibre Bragg
gratings (combined with thermocouples for an
independent temperature measurement), can be used
to indicate the strain in the area of the laminate where
the sensor is embedded. When the fibre expands, due
to strain or change in temperature, the reflected Bragg
wavelength (λ) changes proportionally.
Picture credit: engineersgarage.com
Thermocouples
Embedded within the laminate, thermocouples allow us
to monitor the temperature from within the component.
Combined with infrared observations, the temperature
profile throughout the component can be studied in
greater detail.
Picture credit: tcdirect.co.uk
The pressure vessel is large enough to stand in and designed for ease of use. Placement of ports and other
equipment will be chosen to give the maximum possible flexibility while keeping the various items from obstructing
each other or obscuring the viewing windows. This will enable efficient use and contribute towards making the new
laboratory the place of choice for this type of research work.
The new facility at the National Composites Centre, will include a suite of instrumentation for investigating the
science of composite materials, of which this is just one part. By improving our understanding of the underlying
physics, we will become better able to design processes and components that meet the requirements of a fast
moving industrial sector as well as allowing composites manufacture to grow into new fields and meet new
challenges.
Researcher: Laura Rhian Pickard
Contact: [email protected]
Supervisors: Dr. D Kells, Prof. I Partridge
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