@ Graphene and Composite Materials

The Graphene Council

Research, Development and Application

This presentation will; Graphene Enhanced
Composite Materials

Understand the different types and grades of graphene materials

Understand the range of plastics, polymers, and epoxies that
graphene may be suitable for to enhance their properties

Understand what you need to know about how to select and
handle the right material for your target application
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Graphene Market Report

“Fullsrexs bulk graphene pricing report provided a useful addition to our
axisting market knowledge. Thelr research Is well structured and the

analysis is precise and thorough. | would recommend the report to
anyone looking to gain a good understanding of the graphene landscape.”

James Baker, Graphene Business Director, National Graphene Institute

The Graphene Council is;

The largest community in the world for graphene researchers, _ . _
developers, producers and other stakeholders. s

developers and end-users.

Graphene holds the potential to dramatically disrupt o/
and positively impact an extremely broad range of ”
wdustries, including; -
Formal members of the ISO/ANSI/IEC Graphene Standards Composies - Sensors - lecronics - Energy Storage - 2 A
Water Filtration - Lubricants - Nanoantennas - Terrance Borkon

development working groups. Conngs herma Noragemen: s mary.mary S

Se part of this incredible materials revolution.

We invite you te join The Graphene Council.

Produce original information, content and reports on the state of FTeTT—p
the graphene industry and takes a lead in facilitating

Report Grep'ﬁene an-:'CC'“-p-:rsn:e
Materials Webinar

commercialization through education and networking. The most detatedand 1w L

up to date report

available on the current Graphene and ISa‘e Nanomaterial
state of the global Handling Practices - Webinar
market for bulk 12/14/2017 4/11/2018 » 4/12/2018
gfapf‘ene materials. Available Grap—jeng and 2D Matenals -
EXCLUSIVELY th rOUgh The Berlin
Graphene Council! 2 ¥

P 12/12/2017 5/15/2018 » 5/16/2018
2016 Global Graphene Survey Tech Connect World \nnovation
Report Conference and £

P 12/11/2017 Conference and cXpPo
More than 440 replies from 6/25/2018 » £/26/2018
graphene experts and Global Composites Conference -
stakeholders in 57 countries, this Las Vegas

groundbreaking report provides

{30/ 28
an overview on the state of the 11/30/2017




@ 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 sp2-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)

ISO/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

thinnest imaginable material

strongest material ever measured (theoretical limit)

&

stiffest known material (stiffer than diamond)

&

most stretchable crystal (up to 20% elastically)

record thermal conductivity (outperforming diamond)

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)

Graphene and Composite Materials
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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 '
Floatations

First rounds of
commercial

industry R&D
trials

Large number
of “lab scale”
producers

Multiple Tonne
Capacity
Producers
Emerge

University Spin-Out
Companies Form

0_4

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

Some early
adopters
pause / drop
Some early
entrants fail

Current
Environment
“Gimmick”
consumer

Graphene based sensors

and products approved for

medical and health
applications

products appear

graphene R&D

Ford Motor Co. puts
graphene enhanced
material in production
vehicles

fa.g™

specialty chemical companies
complete verification of graphene
in their materials

Graphene disrupts
and replaces legacy
materials due to
improved
performance

Graphene becomes a
“standard” additive for

composites, rubber,
plastics, paints, etc.

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

Full
Commercialization

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



@ Forms of Graphene

Production Methods

Graphene production methods can be classified broadly as “Top Down”
and “Bottom Up”.

“Top Down” methods start with a feedstock material such as graphite
and through various methods (physical, electrical, chemical, etc.)
exfoliate individual layers of carbon.

“Bottom Up” methods start with a carbon feedstock such as methane
gas that under controlled conditions (such as Chemical Vapor
Deposition-CVD) is deposited on a substrate material (such as copper)
In single or multiple layers.
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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)
2-5 Few Layer Graphene (FLG)
2-10 Multi-Layer Graphene (MLG)
> 10 Exfoliated graphite or “Graphene nanoplatelets” (GNP)

@ Graphene and Composite Materials



@ Forms of Graphene

Typical
Type Carbon Layers Properties/Applications commercial cost | Commercially available
(5/KG)
D -
Epitaxial 1. Conductive/almost Transparent/ Up to Scalfevu S{;:wevr:asfers)
CVD High end electronics $500,000/m? pCost'
. . ] . .
LG 310 Conductor/flexible/very high surface $100-2,000 Yes cons!st.e.ncy.
area/Sensors Processibility?
MLG 11-20 Composites/Inks and coatings/ $50-1,500 Yes

Lubricants/Printing

Insulator? Amorphous
GO various Hydrophillic-dispersions S50-2,000
Defects and voids. Cement

In Part- still evolving but
growing

Established for 150
S1-20 years
Approx. 1m tonnes pa

Graphite used in Lubricants/Refactories/brakes/
. 50+ . . .
GNP production Engineering materials
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@ Forms of Graphene

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.

Graphene and Composite Materials



@ 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

Sources: Fullerex Ltd. and Cealtech Inc. Graphene and CompOSite Materials




@ Graphene “Quality”

There is widespread confusion about the definition of “Quality Graphene”.

Material that is not suitable for one application may be ideal for another.
Graphene “defects” may actually enhance the efficacy of the material for a particular application.
There is no such thing as a reference material for graphene at this time.

Because load factors can be quite low (less than 1% by weight or even 0.01’s%), the price of the
material is not the most significant factor when selecting source material.

The primary factor is in selecting a trusted and competent supplier of the material that understands
your application areas.

The physical morphology of the material has a significant impact on efficacy (layer count and lateral
flake size from sub 1pym to <100um.

Graphene and Composite Materials




@ Graphene Enhanced Composites

Examples of Graphene
Enhanced Composites
and Applications

Graphene and Composite Materials




@ Graphene Applications

Graphene applications

Quantum dots

Of the more than 40 major — e
_ _ Combposites and metamaterials ‘ oSS
appllcatlons areas for graphene! P Waterproof coating ?‘5:;, Batteries/super

capacitors

-t a

ations

VIEeo

‘Composites’ form the largest
single application area.

Corrosion resistance
Plastics and polymers

Electrochemical

Structural
material

Energy generation \ i’ %
The type of graphene most N
suited for composites will be Ae“’space\ ‘/
“bulk” or multi-layer materials _— Single/ |
Conductive ink
Batteries, films '
and coatings

Optical modulator
Hall-effect sensors

Additive/
3D Printing

multilayer
Automotive

y Thermal
VE - management
' Rubber and
' synthetics

Spintronics Lubricants
. Concrete and
Nanoelectromechanical SBiiaht
systems
y Photodetector Magnets

Touch screens Sensors

Pressure sensors
Transistors

Optoelectronics Electronics

Semiconductors

Transparent o
conducting Water filtration
electrodes



%) Application Areas

Plastics

Performance
Plastics
Graphene can be used to enhance
performance in a wide range of
- - High
polymer systems including, Bortor
Thermosets and Thermoplastics. Plastics
Engineered
Plastics
Commodity
Plastics
Amorphous Crystalline
~ Graphene and Composite Materials
a0




%) Application Areas

Composite Applications

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

Aerospace 3D printing

Automotive Coatings and Barriers

Sports Equipment Polymers and Epoxies

Marine Carbon Fibre Reinforced Polymer
(CFRP)

@ Rubber

Glass Fibre Reinforced Polymer
Plastics (GFRP)

Graphene and Composite Materials



@ 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



M  Injection 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
iImpact on viscosity.

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

« Melt processing of con‘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 . | |
Im prOvementS N PU foa m | Struc"cura.l Appl|cat|ons.' Functional Foams, Headliners,
Lightweighting and potential and Textiles: Potential to replace  Thermoelectric Materials:
application, enabled by the ' . ' e e toxic R Potential cooling and heat
PUimDp Covars 4 recovery improvements

m

addition of xGnP®

Fuel Rail Covers .
' Miscellaneous q

Appllcatlons Water Tube Elastomers: Potential to Can be used in sensors for safety Potential to use in
' % Jp Supports decease rolling resistance and environmental protection and nanofluids for thermal
Front Engine Covers detection management

Valley Stuffers
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Graphene-Enhanced Golf Balls

More Distance Off the Tee @ Increased Spin Control @@ Retain Soft Feel

Application Case Study:

Sporting Goods

* Graphene-infused Dual SoftFast Core maximizes compression energy while
xGnP® + Elastomers minimizing driver-spin and promoting high launch for longer distance

 Higher MTTF with the graphene infused Dual Core design
Performance enhancements via

X-Y =
. . - . X = Quter Y = Inner
- Dual Core Durability - Graphene Loadin i
grap hene-enabled innovation y ~EEp g Compression Compression C[;?;:rree:;';n

203%

”"E HIS @it

ABALL BALL IS MADE
LIKE m@ uirFERENT. - LINE THIS

e e o S e € SR G G U P SRS S S

:>.

* Dual Core design

MTTF - Dual Core
% Increase in MTTF

* Softinner + firm outer = better spin performance

Control X% xGnP 2X% xGnP 4X% xGnP
Graphene 2 Graphene 2 Graphene 2




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 Volume
Elongation at
Flexural . Modulus
Strength (Mpa) SD max (I(_)/o;admg SD (GPa) SD
o)
Proprietary
Polyester/glass 651.22 66.06 1.45 0.08 49.9 0.83 [[S]eiglglelle]e)Y;

Polyester/glass/GN (0.5%) 784.24 34.96 1.63 0.11 50 0.19
900 2 52
800 X 1.8 515
& 700 £ 16 g sl
2 oo g 1
2 500 § 1 g 495
& 400 = 0.8 2 49
£ 300 S 06 S 485
E 200 E';) 0.4 é 48
100 U_SJ 0.2 47.5
0 ’ Polyester/glass Polyester/glass/GN Y

Polyester/glass Polyester/glass/GN olyester/g y (O.Sf’i) Polyester/glass Polyes;cgréog/lz);\ss/GN T —————
(0.5%) =7 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




Recycled Materials: Processability

Melt Flow Index - MFI

, , Recycling with GN (HDPE)
v GrapheneBlack3X® acts as a processing aid

8
Increasing the MFI of the recycled polyethylene. E
oo" 7 O o
v Af very low contents, there is an improvement of S I © ®
about 12% helping to control molecular weight Eg ° - ° o ®
and ViSCOSiTy. EI) S - ® Rec.HDPE (neat)
= O Rec.HDPE (1.0wt% GN)
v GrapheneBlack3X® attenuates the decline of = 4 . . .
0 1 2 2 3
processabllity resulting from repeated processing # of extrusions
cycles.
ngn ﬁ
Processability (L) Extend Lifetime
Foremas®

PLOIE T1SXV:GRA | OTCQX: NNXPF  www.nanoxplore.ca 25 Boul. Montpellier, Montreal, Qc H4N 2G3 2019-06-14

Industrial
Volume

Proprietary

Technology




Graphene Enhanced Coatings

Abrasion Resistance:
= Nylon / Graphene

. ,, * Industrial
Epoxy / Graphene | QOEJSW';'S

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

Corrosion Protection:

Proprietary
Technology

Fe Improving the barrier to salt water solution
penetration 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 techniques intended to reduce the time and
cost of installing digital signalling systems and transform the
digitization of transport networks.

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

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 pic.

@ Graphene and Composite Materials



@ Graphene Application Examples

Grays

Grays was founded in Cambridge by world rackets champion H.J.
Gray in 1855 and supply quality sports equipment; notably for
hockey, racquets and cricket (under the Gray-Nicolls brand).

Constructed from carbon, aramid, and graphene.

By combining Graphene into the composite matrix; “players will
have all the durability and playability of GX technology, with extra
power and feel from Graphene. Sticks in the GR range offer

¢ @ exceptional feel, power and playability.”

@ AT o2 o> o Graphene and Composite Materials
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@ Graphene Application Examples

Italian Institute of Technology (lIT) and Momodesign

Motorcycle helmet - graphene is incorporated into the exterior shell as a coating. The graphene
dissipates heat quickly across the helmet.

Uses few- and multi-layer graphene flakes in a
powder that is mixed into a solution and then spray-
coated on the exterior shell of the helmets.

Graphene and Composite Materials



@ 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’.

50% improvement in tensile

Utilisation of graphene-enhanced tooling materials offers the potential for strength and stiffness

signhificant 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.

Graphene and Composite Materials



@ Graphene Application Examples

Carbon fibre-reinforced composite (CFRP)

Test results, untreated versus graphene enhanced material.

BESEE filani -T300-340, U7

lane Qe

Figure 1: Back face of unmodified panel after Figure 2: Back face of Haydale-modified panels after
lightning strike showing punch-through lightning strike showing no visible damage

@ Graphene and Composite Materials




@ Graphene Application Examples

Carbon fibre-reinforced composite (CFRP)

600% increase in through-thickness electrical conductivity of laminates with scope to increase by several orders
of magnitude.

Strength properties equivalent or better than control material.

Demonstrator produced proving manufacturing and demonstrating a typical Lightning strike zone 2/3 application.

Potential for the reduction/elimination of parasitic mass (copper mesh) leading to lower manufacturing costs and
mass saved.

Other areas of application:
EMC and RF Shielding application such as electronic enclosures
Anti-static, aircraft ducting and piping, interior

Most applications using CFRP/GRP that need metal coatings for reflectivity/conductivity

Graphene and Composite Materials



@ Graphene Application Examples

GRAPHENE PRODUCT CASE STUDY

dassi

50% R roucHess
30% & LcHiER

INTER-LAMINAR
70 % ' SHEAR STRENGTH

The Dassi Interceptor Graphene weighs
just 750q, but records the same stiffness
and strength characteristics of a 9509
carbon fibre frame




@ Graphene Sourcing and Application Development

2 The morphology and functionalisation of All three competencies are required for a
the graphene material is critical to how it successful graphene enhanced application.
performs in a given application. Often the Some companies may posse vo of the three,
graphene must be “tuned” to the but few if any hold all 'es in-house.
customer’s requirements. S

C stome’ . Tar¢

A graphene supplier must be able to Ap, licat’ .n Expe .is
provide consistent material at scale. )
Material handling and dispersion D

capabilities are critical to material (Gra nene Material Handling / Gra hene P ,duc on/
Dispersion Expertise Funct. nal- .tion Ex sertise

=

performance.

Graphene and Composite Materials
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@ How The Graphene Council Can Help

The
Graphene
Council

Company Membership gives you access to
Industry intelligence, market reports and supplier
/ application development matchmaking support.

Custom advisory services available with
graphene experts from academia and industry,
world-wide.

Verified Graphene Producer™ and Verified
Graphene Product™ programs.

About Us Service & Resources
' Graphene Consultants
> A Division of The Graphene Council

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




@ Graphene and Composites

Questions?

Graphene and Composite Materials




