Graphene and Composite Materials

The Graphene Council

Research, Development and Application

The purpose of this webinar is to: Graphene Enhanced

- _ _ Composite Materials
= Understand the critical supply chain for different types and

grades of graphene materials and composites systems.

= Become aware of the range of plastics, polymers, and epoxies
that graphene may be suitable for to enhance their properties.

= Stimulate a discussion about how to address potential obstacles
to greater adoption of graphene enhanced composites.
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%) The Graphene Council

The largest and oldest trade body for the graphene sector
Includes the entire value chain, from raw materials to end-users
More than 30k material scientists from academia and commerce

Partnerships with leading industry sectors connecting hundreds
of thousands of engineers and product developers, world-wide



@ Graphene Council Members
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@ Forms of Graphene

Types of Graphene Materials
Used in Composites
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@ Forms of Graphene

Definitions

<) Graphene is a two dimensional (i.e. one atom thick) planar sheet

of sp?-bonded carbon atoms in a dense honeycomb shaped
crystal lattice.

) Graphene has extraordinary material properties including ultimate

tensile strength of 130 gigapascals, electron mobility of 15,000
cm2-V-1-s-1, thermal conductivity between 2000-4000 W m-1K-1
and optical transparency of 97.7%.  (Eric Pop, 2012) (Sheehy DE, 2009)

2 1SO/TS 80004-13:2017(en) Nanotechnologies — Vocabulary —

Part 13: Graphene and related two-dimensional (2D) materials.
Recognizes material up to and including 10 carbon layers as
“graphene”.
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@ Superlatives of Graphene

2 thinnest imaginable material
©) strongest material ever measured (theoretical limit)

= stiffest known material (stiffer than diamond)

=2 most stretchable crystal (up to 20% elastically)

=2 record thermal conductivity (outperforming diamond)
=2 highest current density at room temperature

<) highest intrinsic mobility (100 times more than in Si)
) conducts electricity in the limit of no electrons

< lightest charge carriers (zero rest mass)

©) impermeable (contains He atoms)
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@ Forms of Graphene

Graphene Materials

= A wide range of materials in the commercial
market are currently referred to as “graphene”.

Number of Description
Carbon Layers P

1 CVD, Mono-layer or “Pristine” Graphene
1-3 Very Few Layer Graphene (VFLG)
2-95 Few Layer Graphene (FLG)
2-10 Multi-Layer Graphene (MLG)
> 10 Exfoliated graphite or “Graphene nanoplatelets” (GNP)

@ Graphene and Composite Materials



@ Forms of Graphene

22 In addition to the number of carbon layers, additional characteristics define the material.

@ Graphene Oxide (GO) - a compound of carbon, oxygen and hydrogen (typically approx. 65% carbon / 35%
oxygen by weight).

@ Reduced Graphene Oxide (rGO) - Graphene Oxide in which removes much of the oxygen content
resulting in approximately 95% carbon by weight.

@ Graphene Powder, Solution or Paste - Graphene material can be prepared in various physical forms
including as a dry (usually black) powder, in solution (e.g. water or alcohol) or in a paste form (often as a
dull reddish brown color).

@ Graphene Nano Platelets (GNPs) - GNPs typically have thickness of between 1 nm to 3 nm and lateral
dimensions ranging from approximately 100 nm to 100 pm.

@ Functionalized Graphene - Chemical functionalization (adding specific elements to the surface or edges
of the graphene) is important in many applications where untreated graphene would be difficult or
Impossible to work with.
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@ Graphene Applications

Quantum dots

Of the more than 40 major
applications areas for graphene, Waterproof coating
‘Composites’ form the largest —

_ _ _ Corrosion resistance
single application area.

Electrochemical
Energy generation
Aerospace . \.
Conductive ink ——

Batteries, films
and coatings

Optical modulator
Hall-effect sensors
Spintronics

Nanoelectromechanical
systems

Plasmonics
and metamaterials

Composites

ications

The type of graphene most
suited for composites will be
“bulk” or multi-layer materials

Photodetector

Touch screens

Pressure sensors
Transistors
Optoelectronics
Transparent

conducting
electrodes

Single/
multilayer

Graphene applications

Piezoelectric effect

| Sound transducers
‘| Composites

Batteries/super
capacitors

Plastics and polymers

Structural
material

Additive/
3D Printing

Automotive
Thermal
management

Rubber and
synthetics

Lubricants

Concrete and
cement

Magnets

Sensors

'f! Electronics

Semiconductors
Water filtration



@ Graphene Dispersion Routes

Sample Routes

Functionalized
Graphene
Monomer

Graphene
Composite

Dispersion into

Polymerization
Monomer y

Functionalized
Graphene

Functionalization

Functionalized
Graphene Resin Compounding
Masterbatch

Dispersion into
Resin

Graphene
Composite

Solvent mixing
with Plasticizer

Graphene /
Rubber Nano-
composite

Graphene / Compounding

Plasticizer with Rubber
Masterbatch

Graphene Graphene /

Plasticizer
Solution

Solvent Removal

Materials

Dispersion with

Graphene
Surfactants

Graphene Compounding into Polymer Composite

Liquid Premix

Graphene /
Rubber
Nano-composite

Graphene / Compounding

with Rubber

Mechanical mixing with Plasticizer

Plasticizer
Masterbatch

e Sources: Fullerex Ltd. and Cealtech Inc. Graphene and Composite Materials




1) Application Areas

Plastics

Performance
Plastics

Graphene can be used to enhance
performance in a wide range of

. - High
polymer systems including, Porto
Thermosets and Thermoplastics. Plastics

Engineered
Plastics

Commodity
Plastics

Amorphous

Crystalline
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1) Application Areas

Composite Applications

Graphene is used to enhance performance in a wide range of applications;

@ Aerospace <@ 3D printing

@ Automotive @ GCoatings and Barriers

@ Sports Equipment @ Polymers and Epoxies

@ Marine @ GCarbon Fibre Reinforced Polymer
(CFRP)

“ Rubber
@ Glass Fibre Reinforced Polymer
@ Plastics (GFRP)
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@ Material Performance Characteristics

Performance Improvement Targets

Graphene is used to provide enhanced performance metrics;

@ Electrical Conductivity @ Mechanical Reinforcement
@ Thermal Managment @ Impact Performance

% UV Protection @ Flexibility

© Longer Wear © Barrier Properties

@ Anti-Static @ Sensors (Enabling)

@ Weight Reduction < Barrier Properties

© Robustness, Stiffness © Fire Retardation

Graphene and Composite Materials




s |njection moulded PMMA-
graphene composites

National Graphene Institute

Graphene can be added to
Thermoplastics with a twin
screw extruder.

Lateral flake size of the
graphene can have an
Impact on viscosity.

<5 uym flakes have little
impact while >20 pym flakes
will increase viscosity

f PMMA
NYIRININInINInining

SNIELLLETEHLTELEILID #

« Melt processing of corr‘lposites' using
standard compounding and Injection
@ moulding.
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Go Further
Application Case Study: Graphene-Enhanced PU Foams
A u to m Ot ive « Improved compression strength by 20%
« Improved NVH (noise & vibration) by 17%
« Improved heat deflection temperature by 30%
XGPU Foams
Multiple performance
: : Parts in Production
improvements in PU foam Structural Applications:  Functional Foams, Headliners,
Lightweighting and potential znd Textiles: Potential to replace Thermoelectric Materials:
increases in lifecycle of final toxic FR Potential cooling and heat

application, enabled by the
addition of xGnP®

product recovery improvements

SN o
i %

' Miscellaneous “

Applications Elastomers: Potential to Can be used in sensors for safety Potential to use in
Stuffere Waler Tube . . .
R e G — decease rolling resistance and environmental protection and nanofluids for thermal
2 Front Engine Covers detection management

Valley Stuffe-s



Graphene Pultrusion: Case Study

Improvements: >20% in flexural strength and >12% in the
elongation only by addition of 0.5% graphene to polyester/glass

rods. Industrial
ASTM D790 R
Elongation at
Flexural . Modulus
Strength (Mpa) SD max (I;/O?dmg SD (GPa) SD
o)
Proprietary
Polyester/glass 651.22 66.06 1.45 0.08 49.9 0.83 Technology
Polyester/glass/GN (0.5%) 784.24 34.96 1.63 0.11 50 0.19
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Polyester/glass Polyester/glass/GN
Polyester/glass Polyester/glass/GN (0.5%) Polyester/glass Polyes;cgrs/gz;\ss/GN o~ il R AR i el gt ot
: . (0] = ‘
(0.5%) polyester/glass/GN (0.5 wt%)

NanO PLO re TSXV: GRA | OTCQX: NNXPF  www.nanoxplore.ca 25 Boul. Montpellier, Montreal, Qc H4N 2G3 2019-06-14




Graphene Enhanced Coatings

Abrasion Resistance:
= Nylon / Graphene

. , / Industrial
Epoxy / Graphene | + Qoltfnzlg

= |mprove robustness of coating 1o resist impact and
abrasion conditions

Corrosion Protection:
Proprietary

Technology

Fe Improving the barrier 1o salt water solution
penefration to base steel

Epoxy
Paint +
Graphene

» Prolonged component life

A

Metal Tube

Nylon +
Graphene

A

Metal Tube

Nano PLOI@ T1sXV: GRA | OTCQX: NNXPF  www.nanoxplore.ca




@ Graphene Application Examples

Aecom uses graphene by Versarien to 3D print an arch support structure

Aecom has produced a graphene arch using additive

manufacturing technigues intended to reduce the time and
cost of installing digital signalling systems and transform the e
digitization of transport networks. %

vvv(nr(yfrvig

The 4.5-meter high (approx. 14 feet), lightweight arch is being a 4
tested on outdoor track at Network Rail’s workforce e i ] 5
development center in Bristol, UK. i |

Aecom has partnered with UK engineering firm Scaled to
develop the detailed design and prototypes of the CNCTArch
using large-scale 3D-printing techniques. Scaled uses its 3D
printer, one of the largest in Europe, to print the product in the
new graphene-reinforced polymer, which is supplied by
Aecom’s materials partner Versarien plc.
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@ Graphene Application Examples

Haydale graphene-enhanced prepreg has now been incorporated in the composite tooling and

automotive body panels of the new 'BAC Mono R’.

Utilisation of graphene-enhanced tooling materials offers the potential for
significant improvements in the following aspects:

@ The coefficient of thermal expansion (CTE) - is more closely matched
when using composite tooling. A key issue with the use of metal tooling
is a significant mismatch in (CTE)

@ The need for superior quality — higher dimensional stability tooling is
Increasing the demand for composite tooling

@ Current composite tools also suffer from a finite life - wearing of the tool
surfaces and microcracking. The use of graphene has the potential to
Increase the life of the tools.

50% improvement in tensile
strength and stiffness

Graphene and Composite Materials




@ Graphene Application Examples

GRAPHENE PRODUCT CASE STUDY

dassi

P
3

50% % e

URE

NESS

30% &  LcHER

INTER-LAMINAR
70 % 1 oHEAR STRENGITH

The Dassi Interceptor Graphene weighs
Jjust 750q, but records the same stiffness
and strength characteristics of a 950g

carbon fibre frame




The Graphene “Hype Cycle”

1) “Electric Field Effect in
Atomically Thin Carbon
Films”, K. S.
Novoselov et. al,
Science, Vol. 306,
Issue 5696, pp.
666-669 (2004)

2) The Graphene
Flagship is a 10 year,
Euro 1 billion program
sponsored by the
European Union.

3) Focus was on the
development of never
before possible
applications made
entirely out of
graphene, such as a
“space elevator”

Graphene
Graphene Nobel Flagship
Isolated Awarded Created (2)
Lack of “Killer
Applications”(3)

Accelerated
Rate of
Patent Filings

Venture Capital ;
and Stock |
First rounds of

Floatations —p 1
commercial [ |
industry R&D
trials Some earl¥
entrants fail

Large number Multiple Tonne

of “lab scale” Capacity
producers Producers
Emerge
4

University Spin-Out
Companies Form

0_4

products appear

) Some early
adopters
pause / drop

Current
Environment

.

Graphene disrupts
and replaces legacy
materials due to
improved
performance

“Gimmick”

consumer Graphene based sensors

and products approved for
medical and health
applications

Graphene becomes a
“standard” additive for
composites, rubber,

h R&D
graphene R& plastics, paints, etc.

Ford Motor Co. puts
graphene enhanced
material in production

vehicles

-Q
specialty chemical companies

complete verification of graphene
in their materials

s

Graphene materials
are approved in multiple
industry standards and
specifications for
transport and infrastructure

Graphene Nobel Maximum Doubt and Commercial adoption Full
Isolated (1) Awarded “Hype” Decline Commercialization
2004 2010 2013 2016 2019 2025 2030

Note:

The evolution of a “hype
cycle” is not uniform and
IS a gradual process
where stages often
overlap.

The dates indicated are
based on our observations
of the global graphene
research and production
environment.

Some geographic markets
and industry sectors move
faster than others and are
therefore at different
stages accordingly.

Source: The Graphene Council



@ Composites Supply Chain

Key Issues

Graphene Producer - (araphene
nhancement Quality, Quantity, Price

-

Dispersion, Handling

Dispersion, Handling

Handling, Processability,
Performance, Price

Performance, Price, Reliability




@ Graphene Enhanced Composites Testing Project

Objectives

Partners
We are comparing a standard resin system that is commonly The project is an initiative of The Graphene Council and is
used to produce composite parts and that has been enhanced enjoys the support and collaboration of ChromaFlo,
with different forms of graphene in order to measure changes in; Composites One, and the American Composites

Manufacturers Association (ACMA).

ASTM D790 - FLEX MODULUS

Graphene Sample Graphene Specifications Load Factor 0.0% Load Factor 1.0% Load Factor 0.5% Load Factor 0.1%
Neat GF CF Neat GF CF Neat GF CF Neat GF CF

Material A Graphene Oxide 35%0
Material B GNPs 10-20 layer
Material C FLG functionalized
Material D rGO 56%0

Material E MLG 3-9 layers

Graphene and Composite Materials




@ How The Graphene Council Can Help

. The
Graphene
Council

2 Company Membership gives you access to

Industry intelligence, market reports and supplier
/ application development matchmaking support.

2 Custom advisory services available with

graphene experts from academia and industry,
world-wide.

Verified Graphene Producer™ and Verified
Graphene Product™ programs.

E"j Graphene Consultants
< ) A Divissan o Graphens Cousnc

of The Graphene

No One Knows More About

- Commercial Graphene Development

OUR SERVICES

Terrance Barkan CAE
tbarkan@thegraphenecouncil.org

Direct: +1 202 294 5563

Visit www.TheGrapheneCouncil.org



mailto:tbarkan@thegraphenecouncil.org

@ Join The Graphene Council!

Valuable Member Benefits

Weekly Graphene Intelligence -
Commercial, Research & Patents

Global network of 25k+ material
scientists and engineers

Discounts on industry events and
trade shows

THE GRAPHENE REPORT* (more than 600 pages!)

Production Methods and Processes Review of current standardization efforts
Characterization techniques Applications

&) Types of commercial graphene materials ) Commercial Markets

2 Graphene Market Pricing data Profiles of 200 graphene producers




http://www.JoinTGC.org
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