HiPerDuCT
High Performance Ductile
Composite Technology

Industry update event
20 June 2017

National Composites Centre
Bristol & Bath Science Park

Contents
Demonstrating the potential for pseudo-ductility in
structural components: simulation and testing

Jonathan Fuller

Pseudo-ductility of thin ply angle-ply laminates in
structural applications

Xun Wu

Pseudo-ductile hybrid composites

Meisam
Jalalvand

Notch insensitive pseudo-ductile quasi-isotropic thin-ply
carbon/glass hybrid composites

Mohammad
Fotouhi

Fatigue Behaviour of Pseudo-ductile Hybrid Composites

Putu Suwarta

UD hybrid composite overload sensors

Tamas Rev

Use of friction mechanism for pseudo ductility

Omar Bacarreza

Discontinuous Prepreg

David Anthony

High Performance Discontinuous Fibre Composites: A
Sustainable Route to the Next Generation of Composites
(ductility)

HaNa Yu

High Performance Discontinuous Fibre Composites: A
Sustainable Route to the Next Generation of Composites
(application)

Marco Longana

Hierarchical Bundle Composites

David Anthony

Use of ply weakening mechanism for tensile pseudoductility

Jingjing Sun

Designing the microstructure of ductile composites

James Finley

High Performance Ductile Fibres

Won Jun Lee

Nacre-Inspired Nanostructured Interphase

François De Luca

Realising the Potential of Carbon Fibre Composites in
Compression

Jakub Rycerz

Development of high performance ductile composites by
optimising the matrix

Thomas Pozegic

Programme Grant
Demonstrating the potential for pseudo-ductility
in structural components: simulation and testing
Jonathan Fuller, Meisam Jalalvand, Michael R. Wisnom

[±θm/0n]S CFRP laminates have been shown to exhibit considerable pseudo-ductility,
via a combination of fibre rotation and gradual failure of 0° plies, with a metal-like
stress-strain response. This concept has matured sufficiently to establish potential
applications. Two tubular applications are explored here: a strut loaded in tension
and a beam in bending.
Concept

• Pseudo-ductile behaviour determined by material properties, thickness of 0° and ±θ
plies and the ratio between the thicknesses, 𝒕𝒕𝟎𝟎 /𝒕𝒕𝜽𝜽 = 𝑩𝑩.

[±255/0]s
Standard modulus fibres

0

𝑡𝑡0

[±265/0]s

An all standard
modulus layup leads
to large pseudoductile strain, but
modest initial
modulus.

±θ

High modulus 0° fibres

±θ

𝑡𝑡𝜃𝜃

Initial modulus is increased and
pseudo-ductility maintained
through use of high modulus fibres
for 0° plies and intermediate
modulus fibres for ±θ plies. In this
case, however, onset of nonlinearity is early.

• Response can be tailored for a required laminate modulus, pseudo-ductile strain and strength.
• Leads to flexible design of components where gradual failure, rather than sudden and brittle, can improve performance.
• Initial pseudo-ductile concept demonstrators identified for tensile loading and bending: tubular strut and cylindrical beam.

Tubular Strut

Cylindrical Beam

• Motivation to develop a structural component to demonstrate
pseudo-ductility in three-point bending.

• Two configurations manufactured to
demonstrate:

•Bicycle handlebars identified as
safety critical where catastrophic
failures must be avoided.

• Large strain capability with [±45]5s;
• Pseudo-ductility with [±266/0]s.

• Gradual failure can improve both
safety and performance.

• Dimensions: 350 mm x 50 mm
• Bolted joint designed to mimic real world
connection scheme, with extensive pad up
region to distribute stresses.
• Manufactured via hand layup using
cylindrical mould tool.

Finite Element Analysis
• Key drivers are requirements for EN14781 standard:
• Maximum 15 mm displacement under a load of 1000 N.
• Layered shell approach, symmetry assumed at handlebar centre.
• Displacement applied over area to replicate stem attachment.

• High strains exhibited (> 7%).
• Visible ‘necking’ displayed by ±45 strut.
• Damage suppressed in gauge section.
εx = 0%

Exi = 10.5
GPa
σ*x = 176
MPa
ε*x = 7.24%

[±266/0]s

Forums.mtbr.com

•Control of location of failure vital to safety.

Results

[±45]5s

Handlebars

• Fragmentations observed post-failure.
• Limited global non-linearity.
• Large layup defects led to premature failure.

• Geometry sized to match common handlebar profiles.
εx = 7%

• Layups are [±25m/0n]s, where m and n increase towards beam
centre to give progressively thicker laminate at highly loaded
regions.
Layups use high modulus and high
strength fibres in tensile and
compressive 0° plies respectively.
1. Test results of commercially
available handlebars.
2. FEA prediction well matched to
tested handlebars; reaching 1340 N
with applied displacement of 15
mm.
3. Surpasses EN14781
requirements (black line).

• Preliminary results show [±25m/0n]s laminates sufficient initial
stiffness – ongoing work to determine pseudo-ductility.
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Pseudo-ductility of thin ply angle-ply laminates
in structural applications
Xun Wu, Jonathan Fuller, Michael Wisnom
Key Challenges:
• To overcome the inherent brittle failure of CFRP laminates in structural applications using
the thin ply angle-ply concept.
• To investigate the open-hole tension and tension-tension fatigue performance of thin ply
angle-ply sub-laminates.
Background:
•

Pseudo-ductile tensile stress-strain responses have been
achieved by using the thin ply angle-ply concept with central
unidirectional plies.

[±265/0]s

[±θn/0m]s
Standard
modulus

Standard/high
modulus

(J.D. Fuller, 2014)

Open-hole tension:
•
•

•

Tension-tension Fatigue:

Laminate with a nominal ply thickness of 0.03mm, were
tested under open-hole tensile loading.
Notch insensitivity has been achieved in pseudo-ductile
laminates, with similar net-section strength to unnotched
“yield” stress.
Fibre fragmentation and dispersed delamination can blunt
stress concentrations.

Notch Insensitive
Net-section
strength 620 MPa

[±252/0]s

YSH70A
MR60
intermediate high
modulus modulus
fibre
fibre

•
•
•
•

Tensile fatigue testing at a frequency of 2Hz, R
ratio of 0.1 with various peak loads.
Peak load was determined as % of “yield” stress
(σyield).
No visible damage during cycling up to 80% of
σyield.
Safely operated below 80% of σyield.
[±277/0]s
M55
MR60
high
intermediate
Modulus
modulus
fibre
fibre

[±252/0]s
YSH70A
MR60
intermediate high
modulus modulus
fibre
fibre

Damage blunts stress concentration at hole

Conclusions:
The present study shows that the pseudo-ductile thin ply angle-ply laminates performed well under
different structural loading. When subjected to open-hole tensile loading, similar net-section strength to
unnotched “yield” stress can be achieved by taking advantage of the damage mechanisms of these
laminates. In tensile fatigue loading, these laminates can be safely operated in the region up to 80% of
the “yield” stress.

Programme Grant

Pseudo-ductile hybrid composites
Meisam Jalalvand, Mohammad Fotouhi, Gergely Czél, Michael R Wisnom
Composite materials are light, strong, stiff and corrosion resistant but they suffer
from an inherent lack of ductility. The aim of the HiPerDuCT programme is to
design new materials which fail gradually with “pseudo-ductile” stress-strain
response. Thin-ply hybrid composites with two different types of fibres can
produce such a gradual failure process. In this study, quasi-isotropic hybrid
laminates with pseudo-ductile response in all their fibre directions are tested and
successful nonlinear stress-strain responses have been achieved.
Glass-Carbon hybrids

Quasi-isotropic hybrid composites

• Successful pseudo-ductility with a variety of
mechanical properties using different carbonglass combinations

Two different QI laminates were tested along
all their fibre orientations and very good
pseudo-ductility has been achieved in all
fibre directions.
[60G/-60G/0G/
0C/60C/-60C]S

60
0
-60

Carbon-Carbon hybrids
• A successful pseudo-ductile response and
high initial moduli of 245 and 210 GPa
T1000/YSH-70A/T1000

0
60
-60

[45G/90G/-45G/0G/
0C/45C/-90C/45C]S

90 45
0
-45

Damage mode maps
This map is a very useful design tool by which the
optimum configuration of a material combination can
be found. It is based on analytical solutions so it is
quick and it has been proved to be able to accurately
predict the failure mechanisms of different hybrid
composite combinations.

0
-45
45
90
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NOTCH INSENSITIVE PSEUDO-DUCTILE QUASI-ISOTROPIC
THIN-PLY CARBON/GLASS HYBRID COMPOSITES
Mohamad Fotouhi, Meisam Jalalvand, Michael R. Wisnom
This study introduces pseudo-ductile hybrid composites to improve notch
insensitivity and to avoid free edge delamination. Un-notched, open-hole and sharp
notched tests were performed on thin ply carbon/glass hybrid laminates. The
results showed that the net section strength of the laminate does not change
significantly due to the existence of the notch. This notch insensitivity results from
subcritical damage in the laminates due to the pseudo-ductile damage mechanisms,
i.e. dispersed delamination and fragmentations, which suppress the conventional
damage mechanisms that govern the notched response of the laminates.
Results of the tensile tests

Investigated layups and their
damage mode map

Notch Insensitive

The quasi-isotropic hybrid laminates made
from unidirectional S-glass/epoxy and T300carbon/epoxy sub laminates. Un-notched and
open-hole configurations were subjected to
tension.
Schematic of the investigated layup
and it’s damage mode map.

Fragmentation pattern in the 0° carbon
layer for the un-notched laminate

Conclusion:
 Notch insensitivity has been achieved in pseudoductile laminates.
 Subcritical damage, i.e. fibre fragmentation and
dispersed delamination, suppress the conventional
damage mechanisms by redistributing the stresses
at the vicinity of the notch.
 A larger and more visible damage zone is
observed for the hybrid laminates, compared to the
conventional carbon/epoxy composites.

Visually observed damage modes in different
strains (Fragmentation & Delamnation)
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Fatigue Behaviour of Pseudo-ductile Hybrid Composites
Putu Suwarta, Mohammad Fotouhi, Gergely Czel, Marco Longana, Michael Wisnom
The aim of this work is to study the tension-tension fatigue behaviour of pristine & overloaded
UD thin ply pseudo-ductile hybrid composites at various maximum stresses. For pristine
specimens, there is no visible damage and no stiffness reduction during cyclic loading at 90% of
the knee point stress (σk) up until 74000 cycles. It was concluded that carbon ply fragmentation
is inactive if the specimen is cycled at up to 90% of the knee point stress (σk). Analysing the
results for the overloaded specimen showed that as the number of cycles increases, the
delamination area grows slowly from the pre-fractured area with a constant rate and results in a
gradual stiffness reduction of the laminate.
Tension-tension fatigue

Specimen design
The investigated hybrid laminate is laid up in
[SG1/C2/SG1] sequence where SG stands for S-Glass
plies and C for thin TR30 carbon plies.
End tabs

Lf

tc ttot

End tabs

Carbon
layers

Glass
layers

W

Carbon ply thickness tc : 0.029 mm, total thickness
ttot : 0.37 mm, gauge length Lf : 160 mm, width W :
20 mm.

Fatigue results for overloaded specimens

Normalized delamination
area vs. number of cycles

0

1.103 2,5.103

5.103

8,5.103 14.103

Normalized stiffness vs.
delamination area

22.103 24.103

Number of cycles increases

Fatigue results for pristine specimens:

Fatigue damage
mechanism:
delamination
growth from the
pre-fractured
area.

• Up until 74000 number of cycles, there is no visible
damage during cyclic loading at 80 % σk & 90 % σk.
• Constant stiffness value up until 74000 cycles for
80 % σk & 90 % σk .
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UD hybrid composite overload sensors

Tamas Rev, Gergely Czél, Meisam Jalalvand, Jonathan Fuller, Michael R. Wisnom
(tamas.rev@bristol.ac.uk, g.czel@bristol.ac.uk, m.jalalvand@bristol.ac.uk, j.d.fuller@bristol.ac.uk, m.wisnom@bristol.ac.uk)

A novel thin interlayer glass/carbon hybrid composite sensor concept can be used
for structural health monitoring (SHM) purposes in composite structures, leading
to a safer operation in service. The UD hybrid sensors indicate the overload of a
certain structure by exhibiting a change in appearance when loaded beyond a
predefined strain value. They can be attached to a component either as a
structural sensing layer or integrated locally to the structure as demonstrated in
this study through real-life applications. The sensors can potentially be applied in
advanced lightweight applications such as sporting goods, civil engineering
structures as well as pressure vessels.
Sensing mechanism
Concept: change of sensor appearance
Before overload

Pattern types
(based on failure mechanism)

Increasing strain

Increasing strain

Intact carbon layers absorb
light at the glass/carbon
interface
After overload
20 mm
20 mm

Light is reflected back from the
damaged glass/carbon interface
due to carbon layer fracture and
local delamination around cracks

Design variables
• Sensor geometry
• Length, width

• Sensor/substrate stiffness ratio
• Varying thicknesses

Fragmentation followed
by gradual, dispersed
delamination

Demonstrator application
CFRP Bike handlebar
fitted with sensors
EN14781 Standard load: 1000 N

• Integration of sensors
• Co-curing / Retrofitting

Applied load: 2700 N

• Various bonding methods

• Two distinct dimensions of sensing:
• Magnitude of strain
• Direction of a given overload strain
Outermost layer

Single fracture followed
by sudden delamination

Sensing layer
Substrate

[1] UK Patent Application number: 1520988.5

Damage visualised at:
1750 N
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Use of friction mechanism for pseudo ductility
Omar Bacarreza, Stephan Maidl, Paul Robinson, Milo Shaffer

(o.bacarreza-nogales@imperial.ac.uk, stephan.maidl16@imperial.ac.uk, p.robinson@imperial.ac.uk, m.shaffer@imperial.ac.uk)

OBJECTIVE
To understand the potential of friction to generate pseudo-ductility in UD composites.
KEY CHALLENGES
To analyse and design interlocking structures to achieve pseudo-ductile behaviour.
To optimise the interlocking structure using FE models so that maximum strength and failure strain
are achieved while keeping a high initial modulus

3D Printed Interlocking Structure
Internal Constraint
Test

Influence of the height of the bow tie
l1 =10

l2 =10

LOADING ARMS
h=x

External Constraint
Test

l1 =10
θ = 3˚

Comparison between internally and
externally constraint behaviour

Influence of the angle of the bow tie
and the transverse preload
l1 =10

LOADING ARMS

θ = x˚
h=9

LATERAL CLAMPLING
DEVICES

3D printed internally and externally constrained
interlocking specimens are model systems that were
investigated to test different configurations leading to
pseudo-ductile behaviour.

Composite Interlocking Structure
Geometry

Composite bow-tie microstructure
(a)

e

d

Influence of the transverse preload
f

LOADING ARMS

(b)

LATERAL CLAMPLING
DEVICES

(c)

(d)
(e)

(f)

CONCLUSIONS
Friction in 3D printed interlocking configurations enables large strains to be achieved. Different
parameters affecting the overall behaviour have been studied, including the geometry of the wedge
and the amount of transverse preload.
Initial investigation of CFRP interlocking structures showed that friction can be used to achieve nonlinear behaviour with very high failure strains.
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High Performance Ductile Composite Technology
WP B4.2 – Discontinuous Prepreg
DB Anthony, OR Bacarreza Nogales, MSP Shaffer, S Pimenta, P Robinson, A Bismarck
(d.anthony08@imperial.ac.uk, o.bacarreza-nogales@imperial.ac.uk, m.shaffer@imperial.ac.uk
soraia.pimenta@imperial.ac.uk, p.robinson@imperial.ac.uk, a.bismarck@imperial.ac.uk)

Aim
• To exploit toughened thermoplastic interleave properties by placing them within predefined cut sites of unidirectional (UD) pre-pregs to alter their failure response.

Hypothesis
• Introducing toughened interleaves in unidirectional carbon fibre reinforced
composites (CFRC) with pre-defined cut sites can lead to diffuse damage in hybrid
interleaving (long finger-joint overlaps) avoiding localisation leading to a pseudoductile failure (plateau).

Sample architectures

Tensile test results
3250

Baseline

Unidirectional CFRC M21 HexPly [Data Sheet]

3000

Strength (MPa)

𝑙b

𝑡b
Average through thickness 2.18 mm, 𝑙b = 20 mm,
tb = 388 µm (N.B. cut plies)

Baseline w. epoxy fillets

𝑙b

Baseline

2750

Baseline w. epoxy fillets

2500

Hybrid 50 m PES interleave

2250

Hybrid 20 m PES interleave w. epoxy fillets

2000
1750
1500

①

②

1250
1000
750
500
250

𝑡b

𝑡m

0
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045

tm = 20 µm, average through thickness 2.32 mm,
𝑙b = 20 mm, tb = 388 µm

Strain

Hybrid 50 µm PES interleave

①

①

②

N.B. No fibres span the whole length of the specimen, all are cut and the tensile response is governed by the overlap region

𝑙b
𝑙PES

𝑙M21

𝑡m

Outcomes

𝑡b

• In hybrid architectures thermoplastic interleaves provide a crack arrest failure
mechanism, increasing strains from baseline (w. finger joint architecture) and
typical UD CFRC of ca. 1.5% to a maximum of ca. 4.0% (165% increase).

tm = 50 µm, thickness in overlap region 2.42 mm
(mid section), average through thickness 2.27 mm,
=
𝑙PES = 10 mm, 𝑙M21 5 mm, 𝑙b = 20 mm, tb = 388 µm

Hybrid 20 µm PES
interleave w. epoxy fillets

• A strain hardening response is observed for hybrid interleaved constructs.
• Finger joint specimens, have approximately 60% lower strength than an uncut
UD CFRC, yet, the area under the stress strain curve is comparable for hybrid
interleaved specimens, and an increase in area over the baseline on the order of
160% to 250%.

𝑙b
𝑙PES

𝑙M21
𝑡b

𝑡m

tm = 20 µm PES, tm = 20 µm epoxy, average through
=
thickness 2.32 mm, 𝑙PES = 10 mm, 𝑙M21 5 mm,
𝑙b = 20 mm, tb = 388 µm

PES

CF/epoxy

Next step

Epoxy
Carbon fibre pre-preg

Baseline laminate [0L/0R]3S
Baseline w. epoxy resin (ER) fillets laminate [0L/ER/0R]3S
Hybrid PES interleave laminate [0L/PES/0R]3S
Hybrid PES interleave w. ER laminate [0L/PES+ER/0R]3S
Cuts in pre-pregs indicated on the left or right of centre
as L and R respectively

Epoxy fillet
Thermoplastic interleave

• Produce specimens with increased overlap lengths to increase the PES region in
a bid to extend ultimate tensile strains.

Future developments

Materials
•

Carbon fibre pre-preg: M21/194/34/T800S
(Hexcel Composites, GB)

•

Epoxy fillet: M21 35 gsm film
(Hexcel Composites, GB)

•

Thermoplastic interleave: Polyethersulfone (PES)
20 µm or 50 µm film (LITE S, LITE GmbH, AT)

• Potential to combine multiple
overlaps for increase strain-tofailure

• Carries load throughout test,
can be used for audio warning
on impending failure

• Improve overlapped
regions properties on
large structures
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High Performance Discontinuous Fibre Composites:
A Sustainable Route to the Next Generation of Composites
H. Yu, M.L. Longana, K.D. Potter, M.R. Wisnom
Bristol Composites Institute, ACCIS, University of Bristol (Hana.Yu@bristol.ac.uk, m.l.longana@bristol.ac.uk)

The High Performance Discontinuous Fibre “HiPerDiF” method
is a high speed process to produce highly aligned discontinuous fibre composites
Fibre orientation head
working principle:

Machine Workflow
Fibres
dispersion

Water
suction

Suspension
flow control

Fibres
alignment

Modular construction to process different
matrix and produce different feedstock forms

Preform drying

Single unit A-A’ section

Pre-pregging

x

z

2

Mesh belt
moving
direction

5 mm

Produced feedstock

A

3
4

2 1
3
4

vacuum

A’
Patent application
(EU granted)

Scientific approaches
The HiPerDiF method offers flexibility in shaping
hybrid composites with various fibre and resin types,
fibre lengths, preform patterns and fibre surface
treatments

Intermingled & Intraply hybrid composites:

Hybrid Ductile Composites:
Aligned-discontinuous fibres
Interlaminated

Ductile response can be achieved with
Novel architectures of aligned short fibre composites

High Modulus Carbon & E-Glass 3 mm Fibres Hybrid:

Intermingled

Intraply

Optimisation of pseudo-ductile response in discontinuous
hybrid composites with fragmentation, delamination, fibres
and bundles pull-out mechanism
Intraply

Intermingled
10 mm

5 mm

C
Carbon

Glass

G

50 µm

Carbon

Glass

Optimum hybrid configuration by
modelling (Imperial College):
Isolation of low elongation fibres
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High Performance Discontinuous Fibre Composites:
A Sustainable Route to the Next Generation of Composites
H. Yu, M.L. Longana, K.D. Potter, M.R. Wisnom
Bristol Composites Institute, ACCIS, University of Bristol (Hana.Yu@bristol.ac.uk, m.l.longana@bristol.ac.uk)

The High Performance Discontinuous Fibre “HiPerDiF” method
is a high speed process to produce highly aligned discontinuous fibre composites
Fibre orientation head
working principle:

Machine Workflow
Fibres
dispersion

Water
suction

Suspension
flow control

Fibres
alignment

Modular construction to process different
matrix and produce different feedstock forms

Preform drying

Single unit A-A’ section

Pre-pregging

x

z

2

Mesh belt
moving
direction

5 mm

Produced feedstock

A

3
4

2 1
3
4

vacuum

A’
Patent application
(EU granted)

Industrial approaches
New industrial applications of the HiPerDiF technology:
1) Reclaimed carbon fibres remanufacturing
2) Automated high-volume, defect-free Manufacturing
Recycled fibres remanufacturing:

High level of alignment means high fibre volume fraction
that leads to high mechanical performances and high
economical value
Automated high-volume, defect-free Manufacturing:
Highly aligned discontinuous fibre composites allow highvolume and defect-free automated manufacturing:
• Reduction of stress concentration at the ply drop
• High manufacturing deformability: increase steering
capability
• Reduction of fibre bridging in complex shapes

In-plane and throughthickness tapered end

Stretched during the steering

Composite recycling,
Feedstock for AFP or 3D printer…
Follow-up EPSRC Grant: a sustainable route to the
next generation of composites
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High Performance Ductile Composite Technology
WP B6.2 – Hierarchical Bundle Composites
G Grail, DB Anthony, K Seidler, A Guesdon, S Lai,
MSP Shaffer, A Bismarck, S Pimenta, S. T. Pinho, P Robinson
(g.grail@imperial.ac.uk, d.anthony08@imperial.ac.uk, k.seidler@imperial.ac.uk, m.shaffer@imperial.ac.uk,
a.bismarck@imperial.ac.uk, soraia.pimenta@imperial.ac.uk, silvestre.pinho@imperial.ac.uk, p.robinson@imperial.ac.uk)

Aim
• To mimic nature’s hierarchy with combinations of different fibres, matrices and interfaces
at different length scales to create materials (like bone, tendon, plants etc.) with excellent
damage tolerance.

Key challenge
• Exploiting hierarchy in the micro-structure of unidirectional fibre composites to enable
progressive tensile failure.

Unidirectional carbon fibre reinforced polymers

Hierarchical composite fibre bundles
Sub-bundles

𝜎 ∞, 𝜀 ∞

𝜎 ∞, 𝜀 ∞

Carbon fibre and epoxy

Modified interface or soft polymer between sub-bundles

Catastrophic failure from critical
cluster of broken fibres

Progressive failure from multi-fragmentation of
fibre sub-bundles

Modelling

Experimental
Hierarchical
level = 𝑛

Single fibre:
Weibull law

Hierarchical
level = 2

Hierarchical
level = 1

•

Hierarchical
level = 3

72

7
7
7
7
7
7
7

72

72
72
72

…

72
72

•

Hierarchical prediction of strength distribution of an unidirectional fibre bundle
(shown with coordination factor = 7)
𝑋 (MPa)

Preliminary results

7000

Coordination factor
27

6000

Unidirectional
small composite
bundles produced
and tested in
tension to validate
model inputs
Increase in
effective fibre
strength for all
small composite
bundles <20 fibre
tested (effective
fibre strength in a
typical composite
ca. 3600 MPa)

Black scale bars equal 10 µm, white scale bars equal 100 µm
5000

Assumptions:
• Linear stress concentrations + shear-lag
• Separation of scales on stress field
• Separation of scales on crack propagation

4000

Correlation

Modelling

𝑋 (MPa)

Exp. data from Okabe
and Takeda*

3000

1

101

102

103
104
Number of fibres

Work in progress

105

7

𝜎∞ , 𝜀∞
Rest of the composite
Stress concentration

𝜎 (GPa)

Crack

Accurate stress fields obtained from
finite element modelling

4

Ensure interface/matrix can be
altered between one
hierarchical level to the next

Experimental
16

1

z

•

5

2

Broken sub-bundle

Account for radial stress
gradient around a crack for any
coordination number

Coordination
factor = 2

3

Neighbouring
sub-bundle

•

106

6

r

Future work

•

Combine small composite
bundles as sub-bundles to form
hierarchical composite fibres

•

Increase the number of fibres in
a small composite bundle for
model correlation

1 fibre 1k 128 2 4

0
0.0

0.5

1.0
1.5
𝜀 (%)

2.0

2.5

Prediction of stress-strain curve

Number of fibres

Good correlation with model and
likelihood of fibre survival strength
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Use of ply weakening mechanism for tensile pseudo-ductility
Jingjing Sun, Dr Omar Bacarreza, Prof. Paul Robinson

(jingjing.sun13@imperial.ac.uk, o.bacarreza-nogales@imperial.ac.uk, p.robinson@imperial.ac.uk)

OBJECTIVE
To produce pseudo-ductile metal-like tensile responses in unidirectional (UD), quasi-isotropic (QI)
and fibre dominated all carbon composite systems (M21/35%/198/T800S carbon-epoxy) by
introducing ply cuts.
KEY CHALLENGES
To achieve pseudo-ductility in UD cut-ply structures with high initial stiffness and high yield stress;
To design and optimize cut ply QI and fibre dominated cut ply structures for pseudo-ductility with
high initial stiffness and high yield stress.

UD cut ply structure

Ultrasonic C-scan (back-wall attenuation)
inspection at interruption points 1, 2 and 3:

150 mm

z

1 2 3

x

ply cuts in cut plies

10 mm

Tensile response
y

z
x

y
x

10 mm

4-ply UD laminate with ply cuts at 10 mm spacing in the two central plies

QI cut ply structure

Tensile response

(a) PL - OH

(b) PF - OH

QI open-hole (OH) laminates comprised of 4-ply sub-laminates each containing ply cuts in the central
two plies at 10mm spacing perpendicular to (a) loading direction (PL) and (b) fibre direction (PF)

Fibre dominated cut ply structure

81 MPa 627MPa 665 MPa

Stacking sequence: [90° /0° /±45° /0° ]s
y
z
x
718MPa 754MPa

100 mm

z

Tensile response
x

12.5 mm

Continuous ply cuts in the two central 0° plies

Digital image
correlation
strain maps

Fibre dominated cut ply laminate with ply cuts at 12.5 mm spacing in the two central 0° plies

CONCLUSIONS
The method of introducing ply cuts in UD, QI and fibre dominated multi-directional all carbon
composite systems for promoting pseudo-ductile behaviour has been successfully studied.
Non-destructive inspection (NDE) results indicates gradual propagation of delamination initiated from
introduced ply cuts is the dominant mechanism producing pseudo-ductility.
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Designing the microstructure
of ductile composites
J. Finley (j.finley16@imperial.ac.uk), H. Yu, M. Longana, S. Pimenta, M.S.P. Shaffer
A virtual testing framework has been developed to aid the microstructural design of
intermingled and intraply hybrid discontinuous composites. It has been concluded
that the strength and ductility of such materials can be maximised when lowelongation fibres are isolated from one-another.
1. RVE model

2. Fracture analysis

• Matrix non-linearity & fracture

[1]

• Stochastic fibre strength
distribution

framework
increasing strain

Virtual testing
Considering:
• Random position of fibre ends

i. Weakest fibre (usually
carbon) fails first
ii. Neighbouring fibres
fragment progressively
iii. Cluster of broken
fibres grows until
final fracture

= carbon fibre

= glass fibre

= failed carbon fibre

= failed glass fibre

Intermingled fibre arrangement

Intraply blocked fibre arrangement

a)

Experimental intermingled fibre arrangement
with hybridization at the fibre scale.

a) Experimental blocked fibre arrangement (more
carbon fibres at the middle of the cross-section).

b)

Intermingled fibre arrangement in the virtual
testing framework. (Critical cluster in red.)

b) Blocked fibre arrangement in the virtual testing
framework. (Critical cluster also shown in red.)

Microstructure optimisation for maximum pseudo-ductility
• Good agreement
between model
and experiments

• Smaller groups of low-elongation
fibres prevents clusters of broken
fibres and delays fracture.

• The intermingled
arrangement is
stronger and
more ductile than
the blocked
arrangement

• The isolated fibre arrangement was
developed for maximum strength
and pseudo-ductility.

[1]

Henry, J., & Pimenta, S. (2016). Prediction of Mechanical Properties of Hybrid Discontinuous Composites. In ECCM17 - 17th European Convention on Composite Materials. Munich, Germany.
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C2.1 High Performance Ductile Fibres

Won Jun Lee, Adam J. Clancy, David B. Anthony, Milo S.P. Shaffer
(wonjun.lee@imperial.ac.uk, a.clancy11@imperial.ac.uk, d.anthony08@imperial.ac.uk, m.shaffer@imperial.ac.uk)

Aim
To develop a new high performance fibre with new failure mechanisms to increase ductility significantly when
compared to traditional composites, whilst retaining high strength and high stiffness.
Key challenge
To produce composite fibres reinforced with single-wall carbon nanotubes with controlled nanotube-nanotube
separation and/or tailored functionalization to modify the nanotube-matrix interaction and improve load
transfer and yielding behaviour.
Mechanical performance

Tailored chemical functionalization of single-walled carbon nanotubes
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New grafting chemistry enables control of inter SWCNT spacing and interaction, which
maximise strain hardening with supra-molecular PVOH crosslinking.

SWCNT1
SWCNT2
GNT
Cellulose
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Strain (%)

Well-defined
nanoreinforcement
and
polymer
alignment based composite fibres show high ductility,
whilst maintaining high strength/stiffness.

Strong & ductile fibre with single-wall carbon nanotubes (SWCNT)

Hierarchical assembly of cross-linked nanoreinforcement using a controlled grafting improves
the nanotube and PVOH alignment and increases the PVOH crystallinity, which enhances
uniaxial mechanical properties.

d

Self-healing fibre with glass
nanotubes (GNT)

Eco-friendly fibre with cellulose

Scaling up process

(200)PVOH and CNC
Fibre
Direction

20 µm
(101) PVOH

Analogous nanocomposite fibres have been
spun using a silicate single wall nanotubes.
These fibres have improved performance but
are white / transparent. Interestingly, they
can ‘heal’ after failure, recovering a significant
degree of mechanical strength.

Another analogous nanocomposite fibre uses
cellulose as the reinforcement, providing a
route to a renewable or even biodegradable
ductile reinforcement, which may also be
relevant to biomedical applications.”

The drawing unit allows for continuous
conditioning process of different filaments.

Conclusion
• High performance composite fibres were successfully fabricated with a high loading fraction of functionalized SWCNTs. Different
SWCNT length, grafting agents, and/or grafted chain lengths altered the stress-strain curves between high strength and high
strain composite fibres.
• Current tensile properties are encouraging, but improvements are anticipated with improved SWNT selection and further
develop of both functionalisation chemistry and fibre spinning processes
• Modelling can aid the direction of the next generation composite fibres by predicting suitable matrices and architectures.
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Nacre-Inspired Nanostructured Interphase
F. De Luca, A. J. Clancy, M. S. P. Shaffer, A. Bismarck

(f.de-luca13@imperial.ac.uk, a.clancy11@imperial.ac.uk, m.shaffer@imperial.ac.uk, a.bismarck@imperial.ac.uk)

A “brick-and-mortar” nanostructured interphase inspired by the architecture of nacre was
designed and developed to implement toughening mechanisms at the fibre/matrix
interface of carbon fibre composites. Crack deflection and strain hardening in shear were
shown to enable energy absorption at fibre breaks and stable fibre slippage, respectively.
Therefore, the tensile properties of small bundle composites containing an optimised
nanostructured interphase were improved as compared to conventional composites.

“Brick-and-mortar” interphase concept
Tensile response
Conventional composite
Hierarchical composite

Conventional fibre-reinforced
composites suffer from sudden
failure without prior warning due to
the correlation of fibre breaks
leading to high stress concentration.
An energy absorbing nanostructured
interphase, reproducing the classic
“brick-and-mortar” structure of
nacre but at the nanometre length
scale, was developed to conformally
fit the curved surface of typical
reinforcing-fibres

Layer-by-Layer assembly on carbon fibres

Tensile properties
By delaying the
formation of a
critical cluster of fibre
breaks, the absolute
tensile strength and
strain to failure was
improved

The self-limiting LbL assembly of polymer and platelet monolayers allowed for
the parallel deposition of a nanostructured coating onto a bundle of fibres.
Small hierarchical composites were manufactured (100 to 400 fibres)
Further optimisation,
should increase the
density of fibre
breaks, and eventually
lead to plastic
response

A new interphase strategy helps to resolve the traditional dilemma between strong and
weak fibre matrix interfaces. The incorporation of the “brick-and-mortar” coating onto the
surface of fibres can be achieved continuously, similarly to current sizing method. Better
tensile properties of the composites containing the nanostructure interphase were
measured as compared to conventional composites. Further improvements in the tensile
response of the composite will target enhanced fibre slippage to enable overall plasticity.
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Realising the Potential of Carbon Fibre Composites
in Compression
Jakub Rycerz, Michael Wisnom, Kevin Potter

Key Challenge
• To suppress the shear instability or control it to enable improved, ductile compression
behaviour of carbon composites.
• Carbon fibres show ductile behaviour and high
failure strains in compression [1]

• Testing hybrid specimens in bending shows
softening in compression and difference between
tension and compression due to non-linearity

Source: [1]

800
Normalised Load [N]

Single carbon fibre test

• High compressive strains (in excess of 2%) are
achieved experimentally for a range of fibres

Ductile behaviour with
>15% failure strain

• Failure in compression due to shear instability
occuring in the matrix before fibre breakage [2]

600
Flipped specimen in 4PB
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Fibre: Gurit HEC (εTENSION <1.8% )
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• Support of highly aligned glass fibres improves
strain to failure of carbon in direct compression
-40

Carbon sandwiched between glass plies

-35

• Stiffening the matrix increases the stress at
which instability occurs, allowing for higher
strength to be achieved in the composite
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Fig. Modelling result showing effects of increasing the shear stiffness
of the matrix G on the maximum strength of the composite

Direct compression
Fibre: Toray T1000 (εTENSION =2.2% )
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• Strains obtained in compression are higher than
maximum tensile strain for the tested fibres

Summary
• Improved matrices enable suppression of shear instability and lead to higher failure strains in composite.
• Carbon compressive behaviour non-linear with softening at high strains.
• Behaviour of the composite can be predicted based on matrix properties, fibre type and misalignment.
[1] M. Ueda, W. Saito, R. Imahori, D. Kanazawa, and T.-K. Jeong, “Longitudinal direct compression test of a single carbon fiber in a scanning electron microscope,” Compos. Part A Appl. Sci.
Manuf., vol. 67, pp. 96–101, Dec. 2014.
[2] M. Wisnom, “The effect of fibre misalignment on the compressive strength of unidirectional carbon fibre/epoxy,” Composites, vol. 21, no. 5, pp. 403–407, Sep. 1990.
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Development of high performance ductile
composites by optimising the matrix
Thomas Pozegic, Ian Hamerton and Michael Wisnom
Exploration of high modulus polymer matrices to develop ductile advanced composites
by eliminating shear instability in compression

Introduction

Polymers

Polybenzimidazole (PBI)
Highest tensile and
compressive strength
of any unfilled polymer

Compressive properties
are limited by shear
instability and will be
studied by modifying
the polymer matrix high
performance
polymers
with
high
strength and modulus.

Solvent

1-ethyl-3methylimidazolium
acetate [EMIM]OAc
‘Green’ alternative to toxic
solvents

Methodology

1

Thermal Characterisation of PBI

2

Prepare Polymer Films

Unlike conventional, toxic solvents that
require high temperatures to remove,
[EMIM]Oac can be removed with water

3

Mechanical Results
[0,90] Tensile Test

(34 ± 4) GPa

4

Future Work
Compression

Tensile
Minimise
loss
in strength
and modulus
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