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NATO STO Collaboration Support Office (CS0O)

Director’s Foreword

Dear Readers,

This first peer reviewed Journal of the NATO
Science and Technology Organization, devoted
to the topic of the Graphene research and
development applications in defence, is a
small sample of the intellectual strength

and knowledge drawn from the NATO
Collaborative S&T community. That community
has been active and developing within NATO
for more than 70 years, supporting NATO

and the Nations in the field of Defence and
Security R&D.

NATO and Nations are currently concerned
about the revolutionary and rapid scientific
discoveries within the civilian sphere, with the
understanding that most of those discoveries
will have a dual use. The most important new
discoveries have been framed by NATO as
Emerging Disruptive Technologies, highlighting
the fact that they might have a game-changing
impact on the future of warfighting and on the
balance of military power.

The Graphene technologies highlighted here
can be categorized within the New Materials
discoveries and application EDTs framework.
With this introductory volume of the NATO
STO Journal, our goal is to share selected
knowledge from the expert community to
promote further research and development
and to highlight graphene’s future impact
on our defence, security, deterrence, and
crisis management.

Dr Pavel Ziina
Director
NATO STO Collaboration Support Office
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Editorial

Yet another journal?

While | am extremely honored to welcome
you to this first edition of the Peer-Reviewed
Proceedings of the Applied Vehicle Technology
Panel, | cannot avoid imagining that the above
mentioned question is gently wandering
through your mind. If so, then please allow me
to explain why we still consider the founding
of this new journal to be a sensible and
timely idea.

The Applied Vehicle Technology (AVT) Panel

is one of the seven Panels within the NATO
Science & Technology Organization (STO)

with the mission to improve the performance,
affordability and safety of vehicle, platform,
propulsion and power systems operating

in all environments. The focus lies on three
main broad technology areas, each with their
proper fields of interest: Mechanical Systems,
Structures and Materials; Performance, Stability
& Control and Fluid Physics; Propulsion and
Power Systems. It is worthwhile mentioning
that the vast NATO STO network comprises
more than 5,000 scientists, engineers and
research managers from governmental
organizations, industry, research establishments
and academia within each of the 30 NATO
member states and its partner nations. They,
together with their peers, are considered to be
potential contributors to the present journal.

Times have changed in the world of scientific
research and publishing. Researchers, now
more than ever, build their careers on their
numbers of indexed publications and citations.
They live by their H-index, which needs to be
put into perspective, but which also provides, in
most scientific research domains, a worldwide
accepted metric for the scientific relevance

of the author. The rise of the H-index has led
to a fundamental change in the way in which
scientific deliverables and publications are

" Advisory Group for Aerospace Research and Development

perceived and evaluated. This evolution that
has taken place over the last few decades
and all of the players in the broad domain
of scientific research need to adapt to it, for
better or for worse. Publish or perish is now
more than ever the daily tune of each and
every researcher.

AGARD?, the AVT Panel’s predecessor, existed
in different times when it was enough to
author or co-author a Technical Report or an
‘AGARDograph” to be scientifically credited

for the work and time invested into the
research. AGARD’s reputation at that time was
undisputed. This has drastically changed, not
because the quality of the work within the AVT
Panel has decreased but because of the way in
which scientific research and contributions are
evaluated nowadays.

It is precisely because of the fact that the
quality of the people, the researchers, their
work, their papers, their contributions and
presentations within the AVT Panel has

not decreased that it’s time for the AVT

Panel to take action, adapt to the changing
scientific world and capitalize on all of AVT’s
scientific output. This is the reason why we

are convinced it is the right moment for the
AVT Panel, and by extension, the NATO STO

to become the publisher of its own peer-
reviewed journal(s). In the first place to create
the opportunity for researchers to publish their
peer-reviewed papers, presented during one of
the yearly organized AVT Symposia, Specialists’
Meetings or Research Workshops. Naturally,

it will attract young and new researchers

by giving them the opportunity to publish
their work in an independent NATO STO
journal, which will be indexed in the different
international citation databases of interest.

6 Journal of the NATO Science and Technology Organization: Applied Vehicle Technology Panel



Indexing makes the peer-reviewed papers
citable and we all know that nowadays a
scientific paper is most valuable when it can be
cited. The existence of a dedicated but broadly
scoped AVT journal, independently published
by the NATO STO, is in line with this reality.

A scientific journal aiming at the publication of
the AVT Panel activity proceedings under the
auspices of the NATO STO and with the desire
to meet the highest achievable standards in
scientific research and reporting, needs an
unbiased, fair, constructive, critical and
expert-based peer review process. Therefore,
the newly established Scientific Committee
will, together with the community of peers, be
the gatekeeper of the scientific and academic
excellence of selected AVT Event Activities
and act as the scientific and academic
advisory instrument to the Panel. The Program
Committee of the Event Activity, which can

be a symposium, a workshop or a specialist
meeting, will together with the Scientific

VOLUME 2 - 2020 AVT

Committee decide whether or not to publish
their proceedings and undergo the peer
review process.

The AVT community is a highly professional
and unique mix of military, industrial, academic
and governmental members and contributors,
all conducting and delivering high-level
research at different Technological Readiness
Levels with military relevance. Therefore, we
are convinced that even in a crowded world
of dedicated scientific specialty journals,

an important role remains for a qualitative,
broadly scoped and peer-reviewed scientific
journal which is relevant for all actors within
the world of industrial, academic and military
research on vehicle, platform, propulsion and
power systems.

Prof Dr David Lecompte
Chairman
Applied Vehicle Technology Panel

Journal of the NATO Science and Technology Organization: Applied Vehicle Technology Panel 7
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Graphene Technologies and Applications for

Defence — A Research Specialists’ Iﬂeeting.fRSM)\

-~

Dr Steven Savage, SWE
Dr Tom Thorvaldsen, NOR

1.0 INTRODUCTION

The objective of The Journal of the Science
& Technology Organization is trifold and
extends beyond the traditional scope of the
Organization. Firstly, the Journal will function
as a medium for the dissemination of our
work to the NATO STO contributing nations.
Secondly, future editions of the Journal will
include an outlook for the period to come
and will review work the various panels have
recently accomplished. Finally, but perhaps
most importantly, it will serve as a peer-
reviewed medium for publication of results
from our Symposia, Specialists’ Meetings

and Workshops.

In its peer-reviewed volumes, the Journal will
serve as a forum and archive for excellent
conference papers and will review the work the
various panels and our Programme Committees
have recently accomplished. By promoting
scientific excellence in topics highly relevant
for defense related research and development,
NATO STO supports its stakeholders to stay at
the forefront of S&T.

The NATO STO AVT Panel has been the pilot to
adapt the peer review process to the NATO STO
environment and use the opportunity the new
journal format presents to highlight a recent
activity - the Research Specialists’ Meeting

on ‘Graphene technologies and applications for
defense’ In total sixteen papers were presented
during the Fall 2019 meeting in Trondheim,
Norway. Of these five have been selected for
publication, following peer review and based
on scientific excellence and permission to
publish. Hereinafter the military relevance and
opportunities of novel graphene technologies
are highlighted.

2.0 AVT-304: GRAPHENE
TECHNOLOGIES AND APPLICATIONS
FOR DEFENCE. A RESEARCH
SPECIALISTS’ MEETING (RSM)

Materials, and knowledge of their science

and engineering applications, have facilitated
human development since the Stone Age.
Materials for tools, for construction, and in
particular for defense, which is the focus of
this, the 2nd volume of the Journal of the
NATO STO are as essential today as they were
then. Materials of all types, from the simple

to the complex, are growing in importance

as societies around the world increase in
sophistication, and credible attempts are made
towards colonization of other planets. The issue
at hand focusses on one (class of) material
with expected impact and new possibilities for
current and future use, namely graphene.

Graphene, a two-dimensional material built up
of a symmetrical hexagonal lattice of carbon
atoms, is one of the most attention-grabbing
material discoveries of the 21st century. For
both pure and applied scientists, technologies
based on the extraordinary mechanical, optical,
chemical, physical and electronic properties of
graphene offer much to discuss. With potential
uses ranging from corrosion protection on
ships to high performance rubber tires, and
from multifunctional aerospace composites

to energetic materials and solid propellants,
there is a clear potential for a wide range of
applications in defense materiel.

Exploring this potential was the objective of
the Research Specialists’ Meeting AVT-304

- Graphene Technologies and Applications for
Defence held during the 44" AVT Panel Business
Meeting. This issue includes selected and peer-
reviewed papers from this 2-day meeting. They
represent a small cross section of graphene
technologies and what was presented

8 Journal of the NATO Science and Technology Organization: Applied Vehicle Technology Panel



during AVT-304 but serve well to illustrate
the diversity and the trends in research
towards defense applications of graphene-
based technologies.

3.0 FACTS ABOUT GRAPHENE AND OTHER
2-D MATERIALS
3.1 Graphene — The Material with

Extraordinary Properties

The foundation stone for the current interest
in graphene was laid when Novoselov, Geim,
and co-workers published their seminal paper
on the extraordinary electronic properties

of graphene in 2004 [1]. For this work they
were awarded the Nobel Prize in Physics

only six years later. This was not however the
first report about the material we now call
graphene, and it is clear that the intrinsic
lamellar structure of graphite oxide, a precursor
used in the production of graphene today was
known as long ago as 1859 [2]. A theoretical
study of graphene and its electronic properties
was in fact published as long ago as 1947

[3] and the term graphene was introduced by
Boehm and co-workers in 1986 [4]. However,
recognition of the unique combination of
properties offered by graphene only became
widespread during the first decade of the
21st century, since when scientific and
commercial interest in this material and other

VOLUME 2 — 2020 AVT
materials with similar lamellar structures has
grown enormously.

The electronic, optical, chemical, thermal and
mechanical properties of pure graphene are
now well-known. Some typical properties are
given in Table 1 below.

While the individual properties of graphene
are extreme compared to other materials, this
is not in itself sufficient for most practical
applications. It is very rare for any material

to be selected for an application based on
only one property. Compromises must be
made, between strength, corrosion resistance,
toughness, conductivity, availability, cost,

etc. What makes graphene attractive for
practical applications is its unique “all round”
combination of several extreme properties.

The extraordinary properties of graphene arise
from its atomic structure, shown schematically
in Figure 1.

The graphene structure is a perfectly
symmetrical 2-dimensional (2-D) arrangement
of carbon atoms in a hexagonal lattice, which
is only one atom thick. Each carbon-carbon
bond is equal, and in pure graphene there

are no defects to disturb the local atomic
environment. However, pure graphene can
only be produced under laboratory conditions,
and for practical applications graphene will

Table 1. Brief Comparison of Graphene Properties and Other Materials.

Density 2.27 g/cm? 7.75 - 8.05 g/cm? (steel)
Young’s modulus 1034 GPa 200 GPa (steel)
Yield strength 457 GPa 250 MPa (steel)
Ultimate tensile strength 130 GPa 400 - 550 MPa (steel)
Failure strain 20 % 2 % (carbon fiber)
Thermal conductivity 2000 - 4000 Wm'iK+? 2200 - 3300 WmK-* (diamond)
Electron mobility 40 000 cm? V-1s'? 1400 cm? V-1s (silicon)

Optical transparency 97.7 % @ 350 nm-2 mm Material dependent

Permeability Impermeable Material dependent

Stable in acid, alkali, organic

Chemical stability Material dependent

solvents
Specific surface area 2630 m*g! 100-1000 m?g*(carbon nanotubes)
Bandgap 0 1.14 eV (silicon)

Non-magnetic
4000°C (sublimes)

Material dependent
3422°C

Journal of the NATO Science and Technology Organization: Applied Vehicle Technology Panel 9
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Figure 1: lllustration of a Graphene Sheet Seen from Above (a)
and from the Side (b). [Copyright: L.H. Karlsson. Reprinted with
permission.]

always contain imperfections and impurities,
depending on the production method.
Controlling the level of defects and impurities
is one of the major challenges yet to be
overcome, although high quality graphene can
today be produced in quantities of hundreds
of kilograms.

The properties of graphene can also be
modified by attaching various chemical groups
to the surface and edges. In this way, graphene
can be made more compatible with other
materials, which is especially relevant for

the production and mechanical properties of
graphene-polymer composites. Graphene can
also be deliberately functionalized for use in
chemical and biological sensors.

Figure 2: (Left) lllustration of Two-Dimensional Hexagonal Boron
Nitride. Boron is Represented by the Blue Dots and Nitrogen by
the Pink. [Copyright: Benjah-Bmm27]? (Right) lllustration of the

MXene Ti,C, [Copyright: L.H. Karlsson. Reprinted with Permission].

T Benjah-bmm27 grants anyone the right to use this work for any purpose,
without any conditions, unless such conditions are required by law.

3.2 Other Two-Dimensional (2-D) Materials

The lamellar structure of graphene is well-
known, and inspired by the extreme properties
being discovered, scientists began to explore
other materials with similar structures. It was
soon found that a large number of other two-
dimensional materials with equally interesting,
but different properties, exist. While these

are structurally more complex than graphene,
as shown in Figure 2, their different atomic
compositions result in a wider variety of, in
particular, electronic properties than does
graphene. Today a whole new class of 2-D
materials is being studied.

4.0 BACKGROUND TO THE AVT-304 RSM

4.1 Introduction/Background

Beginning from an exploratory team (AVT-
ET-161 - Graphene technologies: a preliminary
assessment of the military potential) back in
2016, eight nations (Bulgaria, Finland, Germany,
United Kingdom, Norway, Sweden, Turkey,
United States) thereafter formed a team of
materials specialists in 2017 which planned
and conducted the AVT-304 RSM.

Since the beginning of the 21st century
enormous strides have been made in Materials
Science and Engineering (MSE). Following

the end of the Cold War a paradigm shift has
taken place in MSE. When geopolitical tensions
relaxed and concomitantly defense budgets
began to shrink, cutting-edge research into
materials shifted from being defense-needs
driven towards meeting broader societal needs
for energy efficient transport, information
technology, miniaturization, mobility,
environmental sustainability and healthcare. As
a result, the range of materials available and
knowledge of their properties is vastly greater
today than at any previous time in history.
Although developed for civil applications, these
materials are available worldwide for defense
purposes. It should be noted that the vast
majority of materials are dual-use, with similar
defense and civil applications.

Much defense materiel in service today was
built using materials developed 50 or more
years ago, before the advent of graphene,

10 Journal of the NATO Science and Technology Organization: Applied Vehicle Technology Panel



additive manufacturing, electric propulsion,
adaptive camouflage, high performance sensors
and many of the other advanced technologies
now available. As we discuss the next
generation of aerospace, ground, space and
marine platforms, we cannot ignore new and
emerging materials currently in the “pipeline.”
This is not to say that existing materials have
outlived their role. In many cases it is possible,
and indeed likely, that existing materials,
perhaps manufactured using improved
methods, will continue to be important in
platforms of the future. However, it is also likely
that new materials, such as graphene, will give
rise to new technologies and new applications.
It is imperative that we evaluate and assess
their strengths and weaknesses, manufacturing,
availability, cost and environmental impact and
their potential applications.

During the RSM, sixteen oral presentations,
including two keynote lectures, and six posters
were presented and displayed by scientists
from nine nations (Figure 3) during this
two-day meeting, which concluded with a
presentation by the Technical Evaluator and a
lively discussion on the way forward.

The majority of presentations were concerned
with graphene technologies and their potential
defense applications. However, defense

£ COMPOSITES ™ & ENERGY " DATACOM

| Fast.charging vl o
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Figure 3: The National Distribution of Authors Contributing to
AVT-304 RSM.

organizations are often reluctant to implement
new, and unquestionably high-risk technologies,
so the majority of research and development on
graphene has therefore been financed by public
and private investment, resulting in a growing
number of civilian products.

To obtain a balanced overview and to place
graphene in a broader context, a keynote
presentation describing the Graphene
Flagship®and in particular development

of roadmaps was included in the RSM. A
superficial roadmap of civil applications, many
of which are dual-use, is given in Figure 4.

SENSORS BIOMEDICAL
ELECTRONICS CAND'IMAGING ™ TECHNOLOGIES'

Bioelectronic
| medicine

Figure 4: A Broad Roadmap Covering Civil Applications for Graphene, Many of Which Are Dual-Use.
[Copyright https://graphene-flagship.eu/SiteCollecionimages/News/2018/Roadmap.png. |

2 Graphene Flagship, https://graphene-flagship.eu/, a 10-year, 1 billion euro investment in Europe.
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4.2 Applications Considered in AVT-304

The range of potential applications for
graphene and related technologies is
enormous. Space allows for only a few
examples to be mentioned here, but the list
below includes all the applications discussed
during the AVT-304 RSM:

e (Corrosion protection;

* Thermal management;

e Resin-transfer composites;
e Ballistic protection;

* Rocket motor insulants;

* Bearings and tribology;

* Energetic materials;

* Electro-optical, mechanical, and chemical
Sensors;

e Stealth technology; and

e Structural composites for aerospace.

Pure graphene, as an extremely thin 2-D layer
is difficult to use alone. It is also difficult to
manufacture in large quantities, although roll-
to-roll production (as presented by Fisher [5])
is maturing.

Graphene shows broadband optical transparency
and excellent electrical conductivity, which
suggests applications as a transparent
electrode in displays, for signal readout and
various electro-optical sensors. Charipar et al.
report in their paper [6] show how graphene
can be combined with zinc oxide, a well-known
optically sensitive detector material to produce
a solar-blind sensor to detect the ultraviolet
signature of a missile launch. Electronic
applications, where the excellent electrical
conductivity is beneficial are also possible, and
a prototype broadband VIS-SWIR has recently
been marketed. However, because graphene
lacks a natural bandgap other 2D materials
may be more suitable for some electronic
applications due to their inherent bandgaps.

Graphene is extremely impervious even to
small molecules such as gases and water
vapor, suggesting applications which depend
on barrier properties. It is impractical to use
pure graphene in these applications, but this
material can be used to enhance the properties

of various types of coatings and membranes,
e.g., corrosion protection and personal protection
in gloves and clothing. There are other,

less obvious, but nonetheless attractive
applications, which benefit from impermeability.
Polymers are relatively porous and easily
absorb organic solvents and water, which

leads to dimensional changes and changes

in mechanical properties. This is a well-

known problem with carbon fiber composites.
Reducing the absorption rate and amount of
absorbed solvent/water can lead to improved
dimensional stability and reduced degradation
of mechanical properties of composites in hot
and humid environments.

Composites are invaluable in modern defense
materiel, from structural composites in
aerospace, surface vessels and ballistic
protection to functional composites in

rubber products, such as tires and seals,

and in self-lubricating bearings. Fiber-
reinforced composites, while having excellent
mechanical properties in two dimensions
frequently suffer from poor interlaminar
fracture toughness, and poor electrical and
thermal conductivity. All these parameters
can be improved by the addition of small
quantities of graphene flakes to the resin
matrix, resulting in improved impact tolerance,
reduced sensitivity to lightning strike and
improved thermal conductivity. Graphene
composites show important potential for
aerospace applications, and they are being
studied by all the major aerospace companies.
Robles et al. [7] discussed the production of
graphene-enhanced fiber composites by resin-
transfer molding and showed that Young’s
modulus was improved, but at the expense

of tensile strength. Okan et al. [8] showed
that functionalizing graphene with oxygen
functional groups was successful in improving
the mechanical properties of the graphene-
resin interface in fiber composites. Graphene
may also be combined with bio-based fibrous
composites, as presented by Abreu et al.

[9], who showed interesting antibacterial
properties and improved electromagnetic
shielding properties of these composites. The
terahertz spectrum is growing in importance
in several areas of sensor technologies, and
the terahertz absorption of graphene-epoxy
composites was presented by van Rheenen
and co-workers [10].

12 Journal of the NATO Science and Technology Organization: Applied Vehicle Technology Panel



Thermal management is a growing problem

in aerospace, where the power of electronic
components is increasing while the space
available for heat dissipation is decreasing. The
high thermal conductivity of graphene can be
useful in thermal management, as shown by
Caylan et al. [11].

Ballistic protection systems are of course
specific defense applications, and the
mechanical properties of graphene are
undoubtedly attractive to study in this
application. However, strength alone is not
sufficient, and the application is fraught
with difficulty. A brief review by Savage [12]
and preliminary studies by Gago et al. [13]
suggest there is some potential, but much
work remains before it can be established if
there is a practical potential for graphene in
ballistic protection.

4.3 Selected Papers from AVT-304

Five papers from AVT-304, each describing
original research, have been selected for
publication in this issue. These papers were
selected on the basis of:

1. Scientific quality;
2. Clear relevance for defense; and
3. Cleared for public release.

A single-blind peer review was performed.
These papers represent a small cross-section of
what was presented during AVT-304, but serve
well to give examples of graphene technology
and trends towards defense applications. Many
applications for graphene technologies are
dual-use, and in these cases it is not motivated
for defense organizations to invest heavily in
research during their early development. It is
however important to monitor their progress
and evaluate their defense relevance. However,
some applications are clearly defense oriented.
These include a range of electro-optic sensors,
ballistic protection, high performance structural
materials, functional materials for warheads,
and energetic materials. Papers on all these
topics were presented at the RSM, and with
the exception of ballistic protection, examples
are included in this issue. Ballistic protection

is excluded because of the complexity of

the materials requirements and current

VOLUME 2 - 2020 AVT

lack of knowledge regarding graphene in
this application.

In addition to the papers published here, two
invited keynote papers were presented. The
first, by Reiss [14] gave an excellent overview
of the road-mapping activities of the Graphene
Flagship, and the second, by Selegard [15]
gave an introduction to the potential for
multifunctional applications of graphene in
aerospace. Although the focus of AVT-304
was on graphene technologies, a general
introduction to related 2-D materials was
given by Karlsson [16].

An essential aspect of the RSM was an
independent evaluation of the work presented.
The report by Dryfe [17] was presented at the
end of the RSM and was followed by a lively
discussion. In line with the applied nature of
the work presented in the RSM, an analysis

of graphene technologies following the
DOTMLPFI methodology was also performed.
This analysis is given in the appendix at the
end of this introduction.

Production of graphene in sufficient quantities,
of the appropriate quality and at an affordable
cost is a prerequisite to any practical
application, be it in batteries for energy
storage, energetic materials or structural
composites. Beukes et al. [18] report studies
of a novel, plasma enhanced chemical vapor
deposition process and the graphene flakes
and coatings which can be produced by

the FORZA process. While this is still some
way from being an established production
method, it is clearly an important step beyond
laboratory-scale experiments. Other presenters
also considered production and processing
challenges, including high shear-rate methods
to incorporate graphene homogeneously in

a polymer matrix for structural composites
and mechanical milling for self-lubricating
graphene-polymer composites for wear-
resistance bearings.

Polymer composites are used extensively

in many defense applications, particularly
those needing a combination of properties
including high stiffness and strength, impact
resistance, electrical and thermal conductivity.
Polymer composites modified by the addition
of graphene offer a wide range of properties,
which, depending on the polymer and the

Journal of the NATO Science and Technology Organization: Applied Vehicle Technology Panel 13
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graphene addition, can be tailored for a
specific application. However, incorporating
graphene into a polymer is far from simple,
especially on the industrial scale. Many
processes which work satisfactorily on the
laboratory scale are simply not suitable

for industrialization. Lynch [19] describes

a novel, high shear-rate melt-processing
method starting from mined graphite, which
requires minimum pre-processing. The process
appears to be scalable, and it demonstrates

its applicability for composite production

using several high performance polymers.

The composite produced was combined with

a novel electroplated metal-foil coating. The
plated graphene polymer composites showed a
number of improved properties, although it is
clear there is potential for further improvement
through optimization of the process.

Energetic materials are essential components
of many weapons systems, warheads and
propellants. Depending on the application, it is
necessary to tailor, and/or maximize the energy
content or release rate of the material during
burning or detonation. Aluminum is frequently
added to energetic compositions to increase
the energy content but using aluminum in

its optimal form as nanopowders suffers

from reduced burn rate due to the relatively
thick oxide layer which forms. This reduces
the energy content and the release rate. By
protecting the nanopowders with graphene
oxide it is possible to reduce the formation

of the aluminum oxide, and simultaneously
add (through the graphene oxide) additional
oxygen to the composition. A number of
literature reports indicate improvements
obtained include burn rate, thermal stability,
and energy release, combined with reduced
sensitivity for electrostatic discharge, impact
and shockwave. Gottfried [20] has used a
novel analytical method: Laser-Induced Air
Shock from Energetic Materials (LASEM) for
high resolution, laboratory-scale studies of
the detonation of trinitrotoluene (TNT) with
additions of different sizes of aluminum
powders, and with and without coatings of
graphene oxide. Significantly enhanced energy
release rates were observed for the aluminum
nanopowders coated with graphene oxide.
Although these results are promising, the need
for further study of the effects of impurities
was highlighted.

Continuing on the theme of warheads,

Torry and Whittaker [21] propose the use of
graphene to improve the performance of an
inert component, that is, the insulant between
the solid-fuel propellant and the wall of the
combustion chamber in a rocket motor. Filled
elastomer composites are frequently used,
which can lead to problems if the propellant
(or more specifically low molecular weight
components such as plasticizers of the
propellant) diffuse into the insulant. This leads
to degradation of the propellant. Graphene is
well-known to be impermeable and to provide
an excellent diffusion barrier, in addition to
possibly improving mechanical properties of
the insulant. Tests on a graphene-modified
insulant showed that diffusion of dioctyl
adipate, a commonly used binder in solid
propellants into the insulant, was significantly
reduced. This suggests a route to extending
the usable lifetime of the rocket motor. The
graphene-modified insulant may also enhance
the mechanical and thermal performance

of the insulant. This may provide additional
benefit because hot gases from burning
propellant, leaking through the insulant can
also degrade / severely damage the rocket
motor casing and other components of the
rocket motor during flight, which can lead to
total failure of the missile system.

Electro-optic sensors are essential for modern
information gathering. Fundamental to

the sensor is the detector, where incoming
information carriers in the form of photons

of different wavelengths are converted to
electrical signals. Ultraviolet sensors are of
increasing interest because they can be used
for missile launch detection, and there is an
atmospheric window which can be used. The
detector needs a transparent (to the photons of
interest) and electrically conductive electrode.
Graphene, with its broadband transparency
and extraordinary electrical conductivity is

an obvious candidate, which is compatible
with the zinc oxide photodiode detectors.
Graphene’s excellent flexibility also opens

for the possibility of making non-planar
conformal arrays, which is not possible using
conventional detector materials. The potential
for ultraviolet detectors with ultrafast response
times combined with high sensitivity has been
explored by Charipar et al. [6].
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dimensional
materials

Figure 5: Various Sensors Possible Using Graphene and Other
Two-Dimensional Materials. [Copyright L.H. Karlsson, 2019 and
used with permission].

It was noted that while graphene alone is not
an ideal photodetector, graphene/zinc oxide
in combination offer high responsivity, high
detectivity and fast response.

Graphene offers many other opportunities for
sensor applications, which take advantage of
the lightweight, large surface area, broadband
absorption and chemical sensitivity with
electrical readout using graphene. Karlsson
[16] gave a broad overview of the sensor
applications for graphene and related 2D
materials, summarized in Figure 5,and Lam
[22] et al. discussed the broadband applications
of graphene sensors, from shortwave
ultraviolet to longwave infrared. Lock [23],
described a graphene-based chemical sensor
to detect sulfur contamination in logistic

fuel for fuel cells. This sensor has reached a
TRL of 7 - 8.

5.0 SUMMARY AND THE WAY FORWARD

The field of graphene technologies is very
dynamic. During the three years of the
AVT-304 activity numerous new applications
have been proposed. Many applications have
reached higher Technology Readiness Level
(TRL) and a growing number of civil products
are available. It is clear that many applications
are dual-use, and that at lower TRL (below
about 5) most research is published in the
open scientific literature. This is an immense
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advantage to the defense scientist since it
means that much research and development
does not need to be funded from defense
budgets. However, it is essential that defense
organizations intensify efforts to monitor
and evaluate new results against defense
needs, and to fund research and development
in those essential applications where there
are no dual-use drivers. These are typically
ballistic and chemical protection, signature
management, sensor technologies, weapons
systems and their components including
energetic materials.

It is therefore pleasing to note that the AVT
Panel recently (May 2020) approved a new
exploratory activity - AVT-ET-213 on The
Military value of graphene technologies - to
continue to evaluate graphene technologies,
with a remit to focus on electro-optical
sensors, propulsion, structural composites
and protective coatings including signature
management. This activity will continue until
the Fall 2021 and will consider proposing
follow-on activities in the AVT Panel.

The complete program of presentations and
posters from AVT-304 is available from Science
Connect. Some papers may require login.
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APPENDIX

An analysis of the potential impact of
graphene on defense capabilities, using the
DOTMLPFI scheme.

DOTMLPF is defined in the Joint Capabilities
Integration and Development System of

the U.S. DoD and used to define acquisition
requirements and evaluation criteria for future
defence programs. As such it is a suitable tool
to analyze the potential impact of graphene
technologies on future defence capabilities.
NATO uses a similar tool with the addition

of Interoperability, to take into account the
additional requirements of a multilateral
force. The U.K. MoD uses a similar tool with
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the acronym TEPID-OIL. A more recent
implementation of DOTMLPF also includes
Policy, i.e., DOTMLPF-P. In this analysis we used
the NATO implementation of the tool.

D: Doctrine

It is unlikely that the use of graphene
technologies will have an immediate effect
on military doctrine unless graphene enables
a completely new and to date unavailable
technology which could be implemented

in new materiel. A new or much improved
camouflage or weapon system might have an
impact on doctrine.

O: Organization

It is unlikely that the use of graphene
technologies will have an immediate effect on
military organization, unless improvements in
materiel are so profound as to affect, e.g., the
numbers of personnel needed for a mission.

T: Training

It is unlikely that the use of graphene
technologies will have an immediate effect
on training of military personnel unless
improvements in materiel are so profound
that mission profiles, e.g., the use of a

new and effective camouflage technology
become possible.

M: Materiel

It is highly likely that the use of graphene
technologies will affect the performance of
defence materiel, in ways that are difficult to

foresee. See below for a more detailed analysis.

L: Leadership

It is unlikely that the use of graphene
technologies will have an immediate effect on
military leadership.

P: Personnel

It is unlikely that the use of graphene
technologies will have an immediate effect on
military personnel.

F: Facilities

It is highly likely that the use of graphene
technologies will have an effect on
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military facilities. See below for a more
detailed analysis.

I: Interoperability

It is unlikely that graphene technologies will
have an immediate effect on interoperability
between NATO forces.

Detailed Analysis
Materiel

Implementing graphene technologies into
defence materiel to improve performance
and/or economy is the raison détre for this
study, and it is certain that many aspects of
military materiel will be affected. Design

and manufacturing must be adapted to take
account of new properties and property
combinations, and maintenance procedures
and schedules will be affected. Repair
processes will also be affected. To take one
example, if graphene-based technology is
used as lightning protection on airplanes the
repair process after a lightning strike may be
simplified. If a graphene-based sensor is used
then that sensor will have properties unlike
existing sensors and must be maintained in

a different way. Supply chains will need to

be updated as graphene technologies do not
appear in existing chains, and suppliers will
need to adapt. Possibly new suppliers will need
to be found, and new certification procedures
must be developed, e.g., if graphene-based
energy storage (batteries) are implemented
in materiel. This latter application seems
quite likely within the near term although not
in large volumes.

Facilities

To a lesser extent facilities will also be affected
by the use of graphene technologies, especially
repair and maintenance resources. New safety
routines will need to be developed, and
perhaps new or modified storage conditions
will be needed. Since graphene technologies
are expected to increase the robustness of
materiel, it is expected that the requirements
for storage facilities can be relaxed. However,
for maintenance and repair it is possible that
new tools may be needed.
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ABSTRACT

Modern defense applications require a new

class of lightweight materials that offer high
performance and multi functionality. Graphene-
Polymer Matrix Composites (G-PMC(s) are
promising structural materials due to the
exceptional properties of graphene and are
poised to replace heavier, traditional materials in
a broad array of applications. However, graphite
to graphene conversion has proven costly, and
most G-PMCs suffer from weak graphene-polymer
interaction and an inability to incorporate

high graphene concentrations. This research
demonstrates a general approach to produce
G-PMCs using in situ shear exfoliation of mined
graphite directly within a molten polymer, thus
forming a G-PMC with a uniform distribution

of graphene, few-layer graphene, and multi-
layer graphene, hereafter called Graphene
Nanoflakes (GNFs). This method provides strong
graphene matrix bonding and the possibility

for high graphene concentrations, resulting in
lightweight, high performance composites with
multifunctional, tunable properties, including
high modulus, high impact strength, electrical
conductivity, thermal conductivity, and barrier
resistance to small gases. Several polymers used
in this work to prepare G-PMCs show an increase
in tensile modulus ranging from 200 - 530 %,
depending on the polymer chemistry. G-PMCs
may be enhanced further with an overlay coating
of nanostructured metals using electrochemical
deposition to provide additional property benefits
while maintaining low density. Lightweight,

high performance G-PMCs prepared using this
scalable, low cost method are potential solutions
to structural applications for land, sea, air and
space platforms; damage tolerant composite
materials; lightweight, high performance ballistic

protection, multifunctional coatings for corrosion
and wear resistance; fibers and textiles; sensors
including electro-optical and radar, and other
electronic applications; sensors, energy storage;
and manufacturing and scalability.

1.0 INTRODUCTION

Graphene enhanced Polymer Matrix
Composites (G-PMCs) have the potential to
become a disruptive technology, offering many
benefits compared with traditional materials
for modern defense applications. The electrical
[1],[2], thermal [3], [4], and mechanical [5], [6],
[7],[8] properties of graphene-based PMCs
have been investigated. Most such composites
have not yet realized significant mechanical
property improvements, apparently due to weak
graphene-polymer interaction and an inability
to incorporate high weight concentrations

of graphene [9]. Hence, research is underway
to chemically modify graphene to enhance
bonding with the polymer matrix and improve
mechanical performance [10],[11],[12], [13],
[14],[15]. Further, effective exfoliation of
graphite using melt-processing methods was
considered nearly impossible [9].

The unique melt-processing method used in
this work imparts repetitive, high shear strain
rates, resulting in pure shear, elongational flow
and folding that enable graphite exfoliation
into graphene, few-layer graphene, and multi-
layer graphene (hereafter called Graphene
Nanoflakes; GNFs) directly within a molten
polymer, resulting in a high performance,
lightweight G-PMC[16],[17], [18]. During shear
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exfoliation within a molten polymer, new,
pristine GNF surfaces are created, providing
the opportunity for surface crystallization

of the polymer and good planar adhesive
bonding. Fracture of GNFs across the basal
plane exposes dangling orbitals, which we
suggest enables edge-covalent bonding

with certain polymer matrices [19]. Thus, this
method removes the need to firstly, exfoliate
graphite and secondly, chemically modify the
graphene prior to melt-processing. Rather, in
this work, the raw material is graphite, and
functionalization occurs in situ between newly
created GNFs and the polymer.

Other in situ graphite exfoliation methods
using melt-mixing have been presented.
Expanded graphite has been exfoliated in
nylon 6 using twin screw extrusion at 5, 10, and
20 wt. % [20], using twin screw extrusion up to
70 wt. % graphite [21], and using a Brabender
internal mixer equipped with contrarotating
blades at graphite concentrations up to 60 wt.
% [22]. These methods show interesting
results for graphite that must be expanded
prior to exfoliation. Expanded graphite was
exfoliated within an elastomer using a melt-
processing method, but the method required
several steps, including functionalization of
the expanded graphite with maleic anhydride,
ultrasonication, solvent removal prior to
melt-processing in the elastomer, recovery of
the functionalized graphene, and composite
preparation of the functionalized graphene and
elastomer using a two roll mill [23]. Graphite
has been exfoliated within an elastomer
using multiple passes through a three-roll
mill, however, low concentrations (maximum
of 5 wt. % graphite) were used [24]. Graphite
Intercalated Compound (GIC) and expanded
GIC have been exfoliated within polyamide

to produce thermally conductive composites,
however, this required pre-treatment of the
graphite, and it is not clear if exfoliation
created graphene from the GIC and expanded
GIC within the polyamide [25]. There are
other direct exfoliation methods reported,
typically requiring multiple steps and lower
graphite concentrations, including solution
and polymerization in the presence of the
exfoliated graphite or GIC[26],[27] emulsion
polymerization [28], exfoliation of graphite
within a solution followed by combination
with the polymer [29]. A very different process
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reports in situ exfoliation of graphite in the
solid state to form graphene/polyamide 6
nanocomposites, however, only low graphite
concentrations have been used (maximum
5 wt. %) with a small increase in modulus
of 29% [30].

The general method presented here requires
only two components; graphite and a polymer,
and requires no pre treatments. It is applicable
to a wide range of thermoplastic polymers,
including aerospace-grade polymers, such as
Polyetheretherketonre (PEEK) and Polysulfone
(PSU), to common polymers, like High Density
Polyethylene (HDPE) and Polystyrene (PS),
which provides great opportunity for tunable
properties and broad applicability into several
defense applications. This method is applicable
to a wide range of concentrations of GNFs, from
fractional to 50 wt. % in the polymer; however,
for this work, a GNF concentration of 35 wt. %
was selected, to optimize mechanical property
improvements. Other properties of graphene
may be exploited to impart multifunctionality
to these G-PMCs. For example, optimization of
electrical conductivity, thermal conductivity,
wear resistance, and barrier resistance to
small gases are potential areas to explore.
Manufacturing G-PMCGs is extremely versatile,
since standard polymer processing methods
may be utilized, including injection molding,
extrusion, additive manufacturing, etc. Thus,
mass production of complex shapes is viable
for G-PMC components.

Properties of theses G-PMCs may be further
enhanced by secondary processes. For
example, an integrated process was used to
fabricate G-PMCs with an overlay coating of
nanostructured metals (Nanometal) using an
electrochemical deposition process at Integran
Technologies, Inc. [31], [32], [33], [34], [35],
[36], [37]. Under a cooperative research project
(sponsored by ONR-BAA: NO0014-14-1-0046),
Nanometal coated G-PMCs were investigated
as a potential material for lightweight armor
applications. The G-PMC was developed at
Rutgers University, and the Nanometal coating
was developed and applied by (subcontractor)
Integran Technologies, Inc. located in Canada.
Development of lightweight Nanometal coated
G-PMCs was relevant to the Navy’s Force
Protection Thrust in that it intended to provide
blast and ballistic protection for transportation
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vehicles. Nanometal coated G-PMCs are
lightweight and offer high flexural modulus
and impact resistance.

2.0 EXPERIMENTAL METHOD

2.1 Sample Preparation

G-PMCs were prepared from mined, well-
crystallized graphite (Asbury graphite mills
grade 3627,99.2% purity, average diameter
250 - 300 pm) in combination with PEEK
(Solvay Specialty Polymers, Ketaspire KT 820
NT), PSU (Solvay Specialty Polymers, Udel
P-1700 NT), PS (Polyone, general purpose
GPPS7), and HDPE (Exxon 7960) [16]. To
remove water and other volatiles prior to
processing, graphite, PEEK, and PSU were
placed in a furnace at 400 °C for four hours,
165 °C for six hours, and 160 °C for six hours,
respectively. PS and HDPE do not require pre-
drying. Dried graphite and the selected polymer
were dry-blended by adding each component
in a concentration of 35 wt. % graphite and
65 wt. % polymer into a small container in
50-gram batches and shaking to disperse the
components evenly. Several 50-gram batches
were prepared for each G PMC system to total
between 1 - 3 kg and melt-processed using

35 wt. % Graphite
Mitexials 65 wt. % Polymer:
PEEK, PSU, PS, HDPE
35G-PEEK
Exfoliate Graphite 35G-PSU
into GNFs
Directly within Polymer 35G-PS
35G-HDPE
o
Injection mold
Fabricate G-PMC ASTM D638 Type I Specimens
Characterization
-

Nanometal Coating + 75 pu Conting

35G-PEEK 182 pm Coating

uniform, high shear to exfoliate graphite into
GNFs directly within the molten polymer,
during which homogeneous mixing of the GNFs
within each matrix was achieved. Graphite
concentration of 35 wt. % was selected for

this work to optimize mechanical property
improvements, based on previous results [19],
but can be easily varied to optimize for the
desired property. A high GNF concentration was
selected in order to have a significant effect

on mechanical properties but not too high to
cause complications with processing and part
fabrication. A Negri Bossi V55-200 injection
molding machine was used to fabricate ASTM
D638 Type | tensile specimens with dimensions
3.33mm x 12.5 mm x 165 mm. This same melt-
processing method was followed to produce
pure polymer tensile specimens as a control for
each G-PMCsample.

The PEEK-based G-PM(, labelled as 35G-PEEK,
was selected for coating with Nanometal

at Integran Technologies, Inc. using their
patented electrochemical deposition process.
NanovateTM N1210 NiCo alloy [38],[39]

was applied to 35G-PEEK at thicknesses

of approximately 75 and 182 um. For this
exploratory work, two thicknesses were
selected in order to determine the effect of
coating thickness on the mechanical properties

(b)

Figure 1: Experimental Method Schematic Diagram and (a) Dry-Blended Graphite and Polymer Resin, (b) Injection Molded ASTM Specimens
(Black Is 35G-PEEK and Amber Is PEEK), (c) Nanometal Coated 35G-PEEK Injection Molded Specimen, and (d) SEM Image of Nanometal

Coating on 35G PEEK.
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and to determine the minimum thickness
required to add beneficial properties. The
coating thickness may be optimized for a
particular application to provide sufficient
property enhancements. A schematic diagram
of the experimental method appears in
Figure 1, showing the (a) Materials dry-
blended (graphite and polymer resin
pellets), (b) Injection molded specimens
used for characterization (black specimen is
35G-PEEK and the amber specimen is PEEK),
(c) Nanometal coated 35G-PEEK specimen,
and (d) SEM image of the fracture surface of
Nanometal coated 35G-PEEK.

For electrical conductivity and sensor testing,
PSU was selected as the matrix for the

G-PMC, based on preliminary data collected
comparing different matrices. From this
preliminary data, G-PSU incurred the highest
electrical conductivity compared with the other
matrices tested. The sample preparation is

the same as previously described, except two
concentrations of graphite were selected to be
exfoliated within PSU, including 20 and 40 wt.
%, labelled 20G-PSU and 40G-PSU. Below

20 wt. %, electrical conductivity of G-PSU was
minimal, and above 40 wt. %, melt-processing
became more difficult. Thus, the lower and
upper limits used in this study were 20 and

40 wt. % GNFs in PSU.

2.2 Characterization
2.2.1 Morphology and Mechanical Properties

The morphology and mechanical properties
of each G-PMC and the corresponding base
polymer were investigated. The morphology
was viewed using a field emission scanning
electron microscope (Zeiss Sigma FESEM with
Oxford EDS, operated at 5kV or 20 kV) to verify
graphite exfoliation into a distribution of
graphene, few-layer graphene, and multi-layer
graphene, and to view GNF-matrix interaction.
Samples were prepared by cryogenic fracture,
mounted on typical aluminum studs with
carbon tape, and stored in a vacuum sealed
container prior to viewing on the SEM. A

5 nm gold coating was applied to HDPE and
PS samples.

Tensile mechanical properties were measured
for 35G-PEEK, 35G-PSU, 35G-PS, and 35G-HDPE
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using a MTS Q Test/25 universal testing
machine with an extensometer mounted to
the specimen, according to ASTM D638. Type 1
tensile specimens were tested at a cross-head
speed of 5 mm/min until failure. A minimum
of five specimens per sample were tested and
data averaged, according to the ASTM standard.
The Young’s modulus in tension is reported.
Tensile properties are consistent from batch
to batch, as the batch size is quite large, and
more than one batch has been tested for

each G-PMC.

Flexural mechanical properties were measured
for PEEK, 35G-PEEK, 35G-PEEK + Nanometal
75 pm, and 35G-PEEK + Nanometal 182 pm
using an MTS Q Test/25 universal testing
machine, according to ASTM D 790. A minimum
of five specimens per sample were tested at

a cross-head rate of 1.58 mm/min until 5%
strain and data averaged, following the ASTM
standard. Flexural properties are consistent
from batch to batch, as the batch size is quite
large, and more than one batch has been tested

for each G-PMC.

2.2.2 Electrical Conductivity and Sensors

Electrical conductivity was determined by using
a Keithley 2450 source measure unit, according
to ASTM standard D4496-13. Electric current at
different potentials was measured for 20G-PSU
and 40G-PSU samples (5 specimens per sample
were tested, according to the ASTM). Due to the
potential for structural damage resulting from
high current, the test was conducted up to 20
volts potential. Conductivity as a function of
voltage is presented for 20G-PSU and 40G-PSU.

The sensor capability of G-PSU samples was
tested by cyclically loading and unloading
specimens in 3-point flexural loading using
an Instron 5982 universal testing system
while simultaneously monitoring current as a
function of time under a potential of 10 volts
using a Keithley 2450 source measure unit.
Specimens (ASTM D 638 Type |) were loaded
to a maximum stress of 25 N over five cycles,
while remaining within the elastic region

for these composites. Specimens were also
loaded to 80 N over four cycles to investigate
the effect of loading beyond the elastic
region. Prior to the test start, specimens were
preloaded to 10 N at a loading rate of

2.5 mm/sec, followed by the test loading rate
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of 1 mm/min to reach 25 N and 80 N. Between
loading cycles, specimens were manually
unloaded, and force zeroed, which took
approximately 25 seconds each time.

3.0 RESULTS AND DISCUSSION

3.1 Morphology and Mechanical
Properties

Morphology images of 35G-PEEK are shown in
Figure 2,and morphology images of

35 G-PSU, 35G-PS, and 35G-HDPE are shown in
Figure 3. Intimate particle-matrix interaction
is seen for each G-PMC. During the exfoliation
process, pristine planar surfaces are created
as graphene layers are sheared from graphite,
which enables very good adhesive-planar
bonding between GNF and polymer. Surface
crystallization of the polymer in a preferred
orientation growing from the pristine GNF
surface is evident for PEEK in the circled
region of Figure 2(b) and HDPE in Figure 3(c).
PEEK and HDPE are both semi-crystalline
polymers while PSU and PS are amorphous.
Size reduction of the graphite particles within
each G-PMC is evident in both the c-axis

@ = 1000mm ®) -

Figure 3: SEM Micrographs of (a) 35G-PSU, (b) 35G-PS, and (c) 35G-HDPE.

dimension (shearing of graphene layers from
graphite into GNFs) and in the AB direction
(GNF diameter). After the exfoliation process,
GNFs are reduced to nano-dimensions in

the c-axis direction, and the average GNF
diameter is reduced ranging from 1 - 10 ym,
as seen in Figure 2 and Figure 3. Further,
transparent GNFs are visible in 35G PEEK,
indicating few to single layer graphene, as
shown in Figure 2(c). The original diameter of
the graphite particles ranged between 250 -
300 pm. Thus, fracture has occurred across the
AB basal plane of graphite during uniform, high
shear melt-processing, allowing for covalent
bonding to occur between GNF fractured
edges and certain polymer chemistries (i.e., in
situ functionalization).

Mechanical property measurements show

a significant increase in tensile elastic
modulus for each G-PMC. Tensile modulus for
each polymer and its G-PMC with 35 wt. %
graphite well-exfoliated into GNFs is shown
in Figure 4(a). Relative to the polymer alone,
tensile modulus increases by approximately
390%, 530%, 260%, and 205% for 35G-PEEK,
35G-PSU, 35G-PS, and 35G-HDPE, respectively.
The modulus increase is dependent on

1000 nm () == 1000mm
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GNF-matrix interaction, which may be due to
mechanical and/or chemical bonding, with
stronger GNF matrix interaction resulting in
better mechanical properties. Certain polymer
chemistries allow for edge covalent bonding
(chemical bonding) to occur between GNF
edges and the matrix, providing stronger
GNF-matrix interaction and better mechanical
properties. For example, a polymer with a
double bond to a side group in its structural
repeat unit has the potential to convert to a
single bond and leave an open location for
chemical bonding with a GNF. For 35G-HDPE,
there is no double bond in the HDPE repeat
unit but mechanical interactions between
GNFs and HDPE occur that cause a 205%
increase in modulus, which is likely due to
surface crystallinity of HDPE on GNF surfaces.
For 35G-PEEK, there is a higher percentage
increase in modulus than for 35G-HDPE, which
is likely due to PEEK having a double bond

to an oxygen in its repeat unit that allows for
edge-covalent bonding between GNFs and
PEEK, as well as surface crystallinity of PEEK
on GNF surfaces [19]. Additionally, the modulus
of 35G-PEEK is 20 GPa, which is equivalent to
30 wt. % carbon fiber reinforced PEEK.

Tensile stress at yield increases for each G-PMC
relative to the polymer alone, as shown in
Figure 4(b). The linear line between the stress
value for the polymer alone and its G-PMCiis
not a trend line but simply connects the two
data points for better visibility. The increase is
not as significant as for the modulus. Thus, the
strong GNF-matrix interactions significantly
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affect modulus but not tensile stress at

yield, which may be due to a competing
phenomenon. During in situ exfoliation,

larger graphite particles are exfoliated into
GNFs within each polymer and undergo size
reduction in the c-axis direction (thickness)
and in the AB direction (diameter), resulting

in a distribution of the number of graphene
layers within each GNF. The presence of

a thicker GNF particle may act as a stress
concentration, causing a reduction in strength.
With a better degree of exfoliation, the size
reduction of the GNF particles becomes more
uniform, which will allow the strong GNF
matrix interaction to affect the strength values
more significantly [19]. Furthermore, from the
polymer perspective, experiments in molding
are necessary to increase strength further (i.e.,
optimizing mold temperature), and with more
efficient exfoliation, as the process is improved,
polymer degradation will decrease.

The flexural modulus of PEEK, 35G-PEEK,
35G-PEEK with Nanometal coating of 75
microns, and 35G-PEEK with Nanometal
coating of 182 um is 3.8 GPa, 17 GPa, 30

GPa, and 43 GPa, respectively Figure 5. The
modulus of aluminum is approximately 69
GPa but has approximately 2.5 times greater
density than the polymer. Additionally, the
Nanometal coating on 35G-PEEK enhances
strain to fracture, as seen in the flexural
stress-strain curves in Figure 6. For 35G-PEEK
with Nanometal coating of 182 ym, the
Nanometal coating is able to withstand high
loads and does not fracture prior to 5% strain

128
1
-e—PEEK
80 L
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o - =P8
a0 L ~—HDPE
[ —=
20 + *- ¢
ol f t
Pelymer G-PMC

Figure 4: Tensile Properties of 35 wt. % GNF Enhanced G-PMCs and Each Polymer (a) Modulus and (b) Stress at Yield. Lines are for improved

visibility only.
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Figure 5: Flexural Modulus of PEEK, 35G-PEEK, 35G-PEEK with
75 pm Nanometal Coating, and 35G-PEEK with 182 mm
Nanometal Coating.

(test termination). Izod impact resistance

of un-notched specimens for 35G-PEEK

and 35G-PEEK with Nanometal coating
(approximately 100 um thickness) is 1,783 J/m
and 4,700 J/m, respectively. These results
suggest intimate particle-matrix interaction,
as well as strong G-PMC-Nanometal

coating interaction.

3.2 Electrical Properties and Sensors

Electrical conductivity as a function of voltage
for 20G-PSU and 40G-PSU appears in Figure 7.
With an increase in GNF concentration from
20 to 40 wt. % in PSU, electrical conductivity
increases by an order of magnitude. The
morphology of 40G-PSU allows for more
efficient electrical conductivity, as the distance
between GNFs decreases with increasing

GNF concentration. The easy tunability of
these G-PMCs allows for optimization of
functional properties, for example electrical
conductivity, while simultaneously offering
structural integrity.

Cyclic loading of 40G-PSU and the
corresponding current versus time curves

are shown in Figure 8, when loaded to 25 N
(a), (b) and 80 N (c), (d). The current increases
while under load and decreases as the load is
removed, indicating that 40G-PSU is a good
candidate for sensor applications. When loaded
to 25 N, the stresses remain within the elastic
region for the material.
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Figure 6: Flexural Stress-Strain Curves for PEEK, 35G-PEEK,
35G-PEEK with Nanometal Coating 75 mm, and 35G-PEEK with
Nanometal Coating 182 mm.
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Figure 7: Electrical Conductivity as a Function of Voltage for
20G-PSU (Black) and 40G-PSU (Blue).

Loading to 80 N exceeds the material’s yield
stress, however, the current response is still
good. Comparing (a) and (c), the current
response is slightly different due to the
difference in maximum loading in that the
current does not decrease fully after each
loading for the sample loaded to 80 N in (c).
Cyclically loading 40G-PSU to 80 N is above
the material’s yield stress and likely caused
plastic deformation. In application, loading
should be kept within the elastic region to
avoid plastic deformation. Interestingly, the
mechanical response improves from the first to
last loading cycle, as seen in both (b) and (d).
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Figure 8: Sensor Characterization of 40G-PSU Showing Current as a Function of Time and Corresponding Force Versus Displacement During

Cyclic Loading to 25 N (), (b) and 80 N (c), (d).

4.0 CONCLUSION

The general approach presented in this work
will enable fabrication of a new class of high
performance, lightweight G-PMCs with tunable,
multifunctional properties. The high shear
melt-processing method offers simple, versatile
manufacturing; low raw materials costs; and
the opportunity to enhance properties of the

G PMC with further treatment Llike Nanometal
coatings. These materials will allow entry into
a broad array of defense applications to meet
current and future needs. Compared to existing
solutions, materials substitution using G-PMCs
offers cost and weight savings in a particular
application. By reducing vehicle weight by 30%,
operational energy cost savings arise since fuel
consumption will be lowered, longer service
lifetime is possible since these materials

are corrosion resistant, and manufacturing
costs will be reduced. Improved logistics

Journal of the NATO Science and Technology Organization: Applied Vehicle Technology Panel

capabilities through increased range, increased
payload (more ammunition per vehicle) and
improved protection to the warfighter can be
achieved. Some potential applications include:
lightweight vehicular armor that serves as the
structural component while providing ballistic
protection, lightweight personnel armor that
would allow reduced combat load weight and
increased ammunition per soldier, lightweight
UAVs that offer higher payloads and longer
loitering times, lightweight munitions,
lightweight tactical bridges, and sensors.

Key advantages of this in situ graphite
exfoliation process to fabricate G-PMCs
are that any thermoplastic polymer may be
used. Very high concentrations of graphite
may be added to the polymer, which are
subsequently converted into GNFs; new,
pristine surfaces and edges are created on
exfoliated GNFs and these bond well with
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the surrounding molten polymer. Significant
modulus enhancement occurs and GNFs impart
electrical and thermal conductivity [40] and
barrier resistance to small gases [41]. G-PMC
properties are multifunctional and easily
tunable; and manufacturing using standard
polymer processing methods may be used,
including extrusion, injection molding, and
additive manufacturing.
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ABSTRACT

Most in-service missiles have solid propellant
rocket motors, the major component being the
energetic propellant cast in an insulant-lined
combustion chamber. The insulant is typically a
solid-filled polymer that is thermally sacrificed
during motor combustion. The reactivity of
some propellant ingredients with typical rubber
formulation components can limit insulant
formulation. The aim of this programme was to
formulate effective barrier coatings suitable for
application between the insulant and propellant
that, if successful, could increase the range of
materials that could be safely used in insulants
and thereby improve their performance. A number
of graphene and functionalised graphenes were
investigated as to their suitability in binder
systems that are known to be compatible
(non-reactive) with composite and double

base propellants.

Although described as graphene and graphene
oxide, some off-the-shelf materials were found

to consist of thick flakes (assessed by optical and
scanning electron microscopy) that proved difficult
to exfoliate by both ultrasound and acoustic
mixing. The graphene samples were unable to
form stable colloids in typical graphene “solvents”
(as measured using visible spectroscopy). Even
materials that did form stable solutions were
found, using an optical microscope, to consist of
thick particles as opposed to single or multilayer
graphene sheets (with less than ten layers).

An alkylamine functionalised graphene oxide
dispersion was found to contain sheets of material
that were flexible and transparent suggesting this
material had stable graphene-like dimensions.

The alkylamine functionalised graphene oxide
was added to two families of binders - single
component binders crosslinked at 120°C and

two component binders crosslinked at 95°C.
Traditional “drying” agents, such as zinc caprylate,
were found to be not beneficial for creating an
even graphene coating on glass microscope
slides. Insulant samples (silica / carbon fibre
filled Polyvinylchloride/Nitrile (PVC/NBR) or
Ethylene-co-Propylene Diene Monomer (EPDM)
rubber) coated on one side with test barrier
coating were soaked in bis-(2-ethyl hexyl)adipate
(DOA) / polybutadiene solutions at 50°C, over five
days, to test barrier efficacy. Samples were cross-
sectioned using a microtome and the extent of
diffusion of the DOA plasticiser into the insulant
was measured using an infrared microscope.
Samples coated (one to three coats) with the

one component binders at a binder to graphene
additive ratio of 1:1 were ineffective barriers.

The two component binder systems, at ratios
of functionalised graphene to binder of 1:3 or
1:4, were found to be effective barrier coats
to DOA diffusion. Eight barrier coats, totalling
approximately 0.015 mm thick, were found to
decrease the amount of DOA at the insulant
surface by more than 95%.

1.0 INTRODUCTION

Graphene and the family of functionalised
graphenes, have potential to being beneficial
in energetic materials and other materials
such as adhesives and insulants used in rocket
motors, by exploiting graphene’s’ chemistry,
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topology and electrical properties. In the case
of energetic composites, there is a potential for
graphene to:

* Improve ballistic performance by
catalysing and controlling how a
propellant burns;

* Improve thermal conductivity lowering
thermal hazard effects of energetic
materials;

* |Improve mechanical properties of
explosives and propellants;

* Decrease sensitivity to electrostatic
hazards;

e Stabilise energetic molecules in host
structures;

e Decrease sensitiveness to mechanical
impact; and

* Control migration of energetic molecules
via barrier properties.

Energetic materials are often used in weapon
sub-systems, for example solid rocket motors.
Undesirable interactions can occur during
their service life. This can be a particular
problem when low molecular weight species
migrate from their original position potentially
causing degradation of adjacent components,
decrease liner-propellant bond strength

and cause potential system failure. This

could be mitigated if there were an effective
barrier between components. A number of
barrier coatings based on high aspect ratio
nanocomposites such as vermiculite in latex
[1], polymer/layered silicates [2], multi-walled
carbon nanotubes, modified layered-silicates,
polyhedral oligomeric silsesquioxanes [3],
nano-metal oxides, nano glass flakes, nano-
nitrides [4] have been developed and can
decrease gas permeability 20 to 30 fold [1].
For energetic applications, it is desirable to
use fillers with little reactivity towards nitrate
esters and other energetic moieties, hence

in this work, carbon based materials were
considered as fillers in a barrier formulation.
Carbon is commonly used as an additive in
energetic materials (as a ballistic modifier
and in low friction coatings). Although carbon
black has been used in barrier applications,
Christopher et al. [5] found that graphene
fillers outperformed carbon black in corrosion

barrier applications. Similarly, Yang et al. [6]
found that plate-Llike fillers were superior to
carbon black in nitrile butyl rubber barrier
applications. Due to its high aspect ratio and
high electron density in its aryl ring structure,
graphene has a reputation of being a good
barrier towards even small atoms such as
helium [7], [8]. The permeability towards gases
and other molecules depends on the defects
in the graphene, how the graphene sheets
assemble into macrostructures and how well
the graphene is dispersed and orientated. It

is thought that multilayer graphene sheets
should impede diffusion by increasing the
tortuosity and diffusant pathlength. Some
workers have found that addition of graphene
to polymers induces the polymer to crystallise
thereby decreasing the more permeable
amorphous content [9].

The aim of this work was to investigate the
use of graphene as a barrier to prevent or
impede the diffusion of DOA plasticiser into a
rocket motor insulant. Self-assembling of the
graphene into flat sheets would effectively
increase the diffusion pathway of the
plasticiser (as per Figure 1) and hence limit
plasticiser migration.

=

—

W

Figure 1: Diffusion Through Self-Assembled Graphene Sheets.
Normal diffusion (left), impeded diffusion through graphene
(right).

2.0 EXPERIMENTAL
2.1 Binders

Binders (Hydroxy Terminated Polybutadiene
(HTPB), Cray Valley; polyvinyl butyral, Sigma-
Aldrich; polyvinylformal, Sigma-Aldrich;
polycaprolactone, Perstorp) were dried before
use in a vacuum, overnight at 60°C. Crosslinker
species (isophorone diisocyanate IPDI, Sigma-
Aldrich; Isocyanate N3600, Bayer; epoxy,
Momentive) were used as received. Insulants
were proprietary formulations based on
Ethylene co Propylene Diene Monomer (EPDM)
and Polyvinylchloride/Nitrile (PVC/NBR).
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Table 1: Graphene Sources.

VOLUME 2 - 2020 AVT

Elicarb Materials Grade Graphene Powder

Graphene oxide

Graphene oxide, alkylamine functionalised 2 mg per cm?® in toluene

Thomas Swan, County Durham
Sigma-Aldrich, 763713-1G

Sigma-Aldrich, 809055-50ML

Graphene oxide powder, 15 - 20 layers, 4 - 10% edge-oxidised

(Aldrich)

10 mg/mL, graphene dispersion in N-Methyl-2-Pyrrolidone (NMP)

Graphene ink C2131121D3

2.2 Graphene Samples

The five graphene and graphene oxide samples,

used in this programme, are summarised in
Table 1. Three samples were solid powders,
whilst the alkylamine functionalised graphene
oxide, and graphene dispersion were supplied
in solvent.

Within a week of receipt, the graphene in NMP
solvent settled out of solution — application
of low power ultrasound did not disperse the
graphene into a stable colloid. There appeared
to be no visible change in the alkylamine
functionalised graphene oxide dispersion in

toluene over a period of at least three months.

Throughout the programme, it remained as

a stable, pale brown dispersion slightly more
viscous than pure toluene. Most exfoliation
work was performed on the Elicarb graphene.
For comparison, other graphene samples
were investigated.

2.3 Spectroscopy

Fourier Transform Infrared (FTIR)
measurements were performed using a
Nicolet iS50 spectrometer fitted with an
inbuilt diamond Attenuated Total Reflection
(ATR) detector. Infrared mapping experiments
were performed using a Nicolet iN10 FTIR
microscope in transmission mode (ultrafast
mode, 150 x 20 pym step size and 150 x 20 ym
aperture) at a spectral resolution of 16 cm-

1. Raman spectroscopy was collected using
an iS50 Raman Module with a 1064 nm

laser (variable power up to 0.5 W) with a

50 uym spot size.

Sigma-Aldrich, 796034-1G

Sigma-Aldrich, 803839-5ML

Gwent Group

Visible spectroscopy was performed using
matched 10 mm silica cuvettes in a Perkin
Elmer Lambda 20 spectrometer. An absorption
measurement was performed every ten seconds
over a period of ten hours.

Nuclear Magnetic Resonance (NMR)
measurements were performed using a Bruker
Avance 400 spectrometer (proton frequency
400 MHz) fitted with a 5 mm quattro nucleus
probe. Samples were dissolved in deuterated
Dimethyl Formamide (DMF) and proton spectra
measured at 25°C.

2.4 Microscopy

Microscopy was performed using a Zeiss
Axiolmager A1m microscope in transmitted
or reflected light modes (2.5 to 50 times
magnification). Image analysis was conducted
using the AutoMeasure Plus module in the
microscope’s Zeiss AxioVision 4.6 software.

Scanning Electron Microscopy (SEM) was
carried out using a Hitachi S-3500N Electron
Microscope and an Oxford instruments
X-Max50 EDX with Aztec software. Samples
were mounted onto stubs coated with
conductive adhesive tape.

2.5 Graphene Dispersion

Two methods of exfoliation were attempted in
this work:

* Acoustic mixing; and

e Ultrasound bath.
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Acoustic mixing was performed using a
Resodyn LabRAM acoustic mixer fitted with a
bespoke polycarbonate vial holder. Samples
were mixed in disposable 10 ml glass vials
fitted with PTFE faced screw tops. The mixer’s
power input and mixing time were varied in an
attempt to improve exfoliation and dispersion.

Attempts were made to disperse graphene
samples in solvents (1 mg per cm?®) in an
ultrasound bath (200 to 400 W), at room
temperature for up to two hours.

2.6 Plasticiser Diffusion in Insulant

The alkylamine functionalised graphene

oxide was provided as 2 mg/cm? in toluene.
The dispersion was further diluted with the
binder system in THF (dried over 4A molecular
sieve). Rocket motor insulant plaques (6 mm x
12 mm x 19 mm) were coated on one side with
the barrier coating solution as per Figure 2.
Solution was dripped onto the surface using a
pipette (typically 3 drops per 2.2 cm? surface).
The solvent was allowed to evaporate, and

a further three drops were applied to the
surface. The surface was then allowed to cure
at temperature for a known amount of time. If
required, the sample was recoated.

lDOA migration

Cross-section

Coated surface

Uncoated surface /’
DOA migration

Figure 2: Insulant Plaque Configuration.

The barrier efficacy was assessed by soaking
the coated insulant plaque in a polymer/
plasticiser solution (46% bis-(2-ethylhexyl)
adipate (DOA), 53% HTPB, 1% antioxidant)
for up to five days at 50°C. After ageing, the
samples were patted dry using tissue paper.
The centre portion of the plaque was cut out
and sectioned to a thickness of 25 and 30 um
using a Bright cryogenic microtome at -36°C
using a tungsten carbide knife set at an angle
of 23°. The insulant centre slice was mounted
between sodium chloride plates.

Infrared microscopy was used to assess the
relative DOA concentration by measuring the
carbonyl peak area at 1739 cm™ through the
plaque cross-section.

3.0 RESULTS

3.1 Graphene Characterisation

Attempts were made to characterise the
graphenes using diamond ATR infrared and
Raman spectroscopy. Additionally, optical
and SEM microscopy was performed on
the samples.

The ATR IR spectra of the solid graphenes /
graphene oxides were mostly featureless. The
Elicarb and graphene oxide 1 - 20 sheets were
broad band IR absorber. The graphene oxide
was in the form of thick, large (~1 to 5 mm?)
sheets. Its IR spectrum exhibited OH stretches,
and carboxylic acid signals. Broad signals
around 1500 to 1000 cm™ are thought to be in
part due to polyaromatic species.

IR measurements of alkylamine functionalised
graphene in toluene (Figure 3) indicated that
toluene was still in the sample after 1.75 hours
drying (as indicated by the peaks at 1494,

752 and 693 cm). The IR suggested that as
well as alkyl species (2922, 2855, 1465 cm-

1), carboxylates (1740 to 1600 cm™) and
polyaromatic species (1450 - 895 cm?) are
present. These signals are also observed in the
Sigma-Aldrich graphene oxide.

Attempts were made to measure the Raman
spectra of the graphene samples using a near
infrared (1064 nm) laser.

The laser power was altered from 0.05 to

0.5 W, and the number of scans was increased
in attempt to measure a structural spectrum.
The Elicarb sample did not exhibit the normal
graphene signals using 1064 nm excitation.
The spectra generally consisted of a broadband
emission peak at 3400 cm™ and other minor
peaks. The graphene sample spectra were
similar to carbon black signals.

Measurements were also performed on the
same material using a 532 cm™ laser [10].
The Raman spectrum consisted of 2D, g and
D peaks (Figure 4). The ratio of the 2D/g peak
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Figure 3: ATR IR of Alkylamine Functionalised Graphene Oxide. Top as received, middle dried for five minutes, bottom dried for 1.75 hours.

areas indicated that the material consists

of graphene structures (D/G ratio of 0.087).
According to the manufacturers, Elicarb
graphene materials grade should have a D/G
ratio of typically 0.07 to 0.1 and consist of

a “few layers” graphene platelets of 5 um
lateral size.

The Raman spectrum of alkylamine
functionalised graphene oxide consisted of
broad humps at 3500, 1800 to 1000 and 900 to
100 cm®. These are probably associated with
OH and carboxylic acid groups decorating the
graphene surface.

Unless careful surface preparation is performed
on slides with optimised refractive indices,

1000

900
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Raman intensity (a.u.)

300

200

100

4000 3000 2000 1000

Raman shift (cm-1)

Figure 4: Raman of Elicarb Graphene.

single layer graphene sheets are nominally
invisible to optical microscopy measurements
[11],[12],[13]. As no surface preparation was
performed on the optical slides used in this
work, the observation of visible flakes was

used as evidence for multilayer graphene/
graphite. The Elicarb graphene powder
consisted of agglomerates and flakes (Figure 4).
The graphene oxide consisted of large flakes
(several mm?) with smooth surfaces. The
graphene oxide 15 - 20 layers consisted of very
small particles and loose agglomerates.

Upon drying, the graphene dispersed in
NMP consisted of visible flakes whilst the as
received alkylamine functionalised graphene

Y ¥ v }" . ] hl‘ e s
Figure 5: Optical Micrograph of Amine Functionalised Graphene
Oxide.
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oxide was nominally invisible under the
microscope. Folds around particles and other
unfocused features (Figure 5) were observed.
Some thicker flakes were observed - they
exhibited interference bands which suggest
that some of the flakes have thicknesses of the
order of 100 to 400 nm.

Figure 6: SEM Micrograph of Elicarb.

The samples were subjected to SEM and EDX
measurements to assess morphology and
carbon to oxygen ratio. The solid Thomas
Swan Elicarb graphene appeared to be a free-
flowing fine powder. The graphene was built
up to a thickness which would prevent the
electron beam interacting with the mounting
tab. At a low magnification, the graphene

was found to be agglomerated. At higher
magnifications, using the SE detector, small
sections of graphene, appearing to be semi-
transparent to the electron beam due to the
thin layers of atoms (e.g., Figure 6, highlighted
by green circle).

EDX analysis indicated 96.8% carbon with 3.0%
oxygen and copper and sodium impurities at
0.1% each. Graphene dispersion behaviour

is thought, in part, to be a function of the

C/0 ratio.

Graphene oxide and graphene oxide

(15 - 20 layers) contained 4.9% and 14.8%
oxygen, respectively. Graphene from NMP

and functionalised graphene oxide could

not be deposited in a thick enough layer to
measure the oxygen content reliably. As in
optical observations, SEM microscopy of amine
functionalised graphene oxide did not observe
individual sheets but did observe folds and
creases of material around occluded particles.

3.2 Graphene Exfoliation and Deposition

The process of exfoliating solid graphene/
graphite into graphene sheets requires the
use of solvents that interact well with the
graphene surface. Traditionally, solvents such
as DMF, NMP, and isopropanol have been used
to form stable graphene dispersions. Such
solvents interact with the graphene surface in
such a way as to prevent the graphene sheets
reassembling into graphite. These solvents
tend to have high boiling points or functional
groups that are potentially reactive with
typical binder systems. In this work, solubility
parameters have been used to assess potential,
non-reactive, solvents that interact well with
graphene forming a stable solution and that
could also flash off after coating a surface
(causing graphene deposition). According to
the Hansen solubility parameter method [14],
solvents such as cyclohexanone, THF, NMP and
1,3-dioxalane are expected to interact well
with graphene (Table 2).

Low “R” numbers (calculated as per Equation
1) indicate good interaction between the
solvent and graphene. Solvents such as water,
ethanol and methanol are expected to act as
bad dispersion solvents. The degree of solvent
interaction will depend on the nature of the
graphene. If the graphene is oxidised then the
Hansen parameters will be different, and the
family of dispersion solvents will also change.
It is noted that although graphene is poorly
dispersed in water, graphene oxides are well
dispersed in water. Most of the exfoliation work
was carried out using Elicarb Materials Grade
Graphene Powder. As the stable dispersion
mass level per unit volume of solvent was
unknown, all solutions were prepared at a
concentration of 1 mg per cm?® of solvent.
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Table 2: Solubility Parameters [16].
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Material/Solvent Boiling Point (°C) | Add /MPa0.5 Aop /MPa0.5 Aoh /MPa0.5 “

Graphene [17]
Cyclohexanone 155.6
Methylene chloride 39.6
NMP 202
1,3-Dioxolane 75
Acetone 56
i 165
Tetrahydrofuran 66
Methyl propyl ketone 101
Acetonitrile 81
Methyl acetate 57.1

R = \JIliL{:ﬂﬂd}: + (Ad,)* + (A8, )°

Equation 1

In this work, two methods of exfoliation were
studied:

1. Acoustic mixing
technique); and

2. Ultrasound (200 to 400 W).

(medium shear mixing

The rate of graphene falling out of solution for
some samples was assessed by following the
change in absorption at 660 nm using a visible
light spectrometer [15]. Sample solutions

were deposited onto microscope slides to
assess whether the processing had exfoliated
the sample to “invisible” graphene sheets. It
was assumed that if the graphene were fully
exfoliated then the broken down aggregates
would form graphene sheets that would be
invisible under an optical microscope. Only
thick layers would be observed.

Where Add, Adp, Adh, are the difference
between the graphene and solvent dispersion
(0d), polar (dp), and hydrogen bonding (dh)
solubility parameters.

Although high mixer input powers and
extended mixing times were employed,
acoustic mixing processing could only break
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17.8
17
18

18.1

155

16.8

16.8
16
16

155

8.4 51 2.78
7.3 7.1 2.89
12.3 7.2 3.04
6.6 9.3 3.14
104 7 5.16
11.5 10.2 4.10
5.7 8 4.34
7.6 4.7 4.78
12.8 6.8 5.39
72 7.6 5.42

down the Elicarb aggregates to visible sheet-
like particles. These particles shimmered in
solvent when shaken. This suggested the
acoustic mixing could not exfoliate Elicarb to
graphene sheets.

Ultrasound was also used in an attempt to
exfoliate Elicarb and other graphenes to
form stable colloids. In this work, UV-Vis
spectroscopy was used to see how stable the
graphene colloid was. Samples of graphene
exfoliated by acoustic mixing or ultrasound
were left in a UV-Vis cuvette overnight. For
most samples, the graphene precipitated out
of the solution within 1.5 hours (Figure 7)

to concentrations between 0.025 to

0.075 mg per cm?.

Most of the Elicarb samples were unstable in
THF or DMF (processed using ultrasound or
acoustic mixer). Addition of polymer (Butvar)
and surfactants (Zn caprylate, Zn neodecanoate)
appeared to stabilise the Elicarb sample to
some extent (taking from 340 to 480 minutes
to reach 0.1 mg per cm?®). The graphene oxide
(15 to 20 layers) appeared to be stable for at
least ten hours post ultrasound processing.
Similar solutions left on the bench appeared to
be visibly stable for more than eight weeks.
Graphene oxide (15 to 20 layers) processed
using acoustic mixing was less stable than the
equivalent ultrasound processed material.
Graphene solutions were deposited onto
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Figure 7: UV Assessment of Some Graphene/Graphene Oxide Stability in Solvents and Additives. A = acoustic mixing exfoliation,

U = ultrasound exfoliation.

glass microscope slides to assess whether the
exfoliation process and the use of additives
facilitated the exfoliation and even deposition
of graphene over the slide surface. Zirconium
(IV) 2-ethylhexanoate, zinc neodecanoate, zinc
caprylate and zinc stearate surfactant additives
with and without polybutadiene or Butvar did
not facilitate the even distribution of graphene
layers on the slide.

Higher ultrasound powers and alternative
shear mixing techniques may be more suitable
for exfoliating the graphene powders. However,
in this work the only material that evenly
coated the slide was alkylamine functionalised
graphene oxide (surfactants did not improve
the coating ability of the graphene oxide).

3.3 Curing Reactions With/Without
Graphene

Alkylamine functionalised graphene oxide
fulfilled the criteria of fully coating a rough
surface (observation of folds around surface
particles). Hence alkylamine functionalised
graphene oxide was used in barrier coating
formulations. Two types of binder systems
were considered for coating formulations: 1)
high temperature crosslinking one component
systems; and 2) low temperature crosslinking
two component systems. The high temperature
processes, although nominally poorly
controlled, are simple reaction processes.

These were originally considered as good
binder candidates as it was thought that
extraneous reactions were less likely to occur.
The two component crosslinking reactions in
this work (epoxy ring opening and isocyanate
reactions) are sensitive to moisture. This is
especially an issue using dilute solutions/
solvents that have to be employed when
handling graphene dispersions. Graphenes
are only stable in dispersions at low
concentrations. Care was taken to ensure
solvents were dry for use. Excess curative
(typically 10%) was used in case solutions
were contaminated with water. None of the
crosslinking processes have been optimised
with respect to curing ratio, additives,
temperature, etc. These are scoping reactions to
see if the binder systems facilitate the coating
of graphene onto uneven rubber surfaces.

The effect of alkylamine functionalised
graphene oxide on the curatives and
crosslinking processes were assessed by mixing
amine functionalised graphene oxide with
the binder system, casting the sample onto

a silicon plate, measuring the IR spectrum,
heating the sample at a known temperature
and time, and measuring the change in the
IR spectrum. As the graphene has a large
surface area and is decorated with a number
of unknown functionalities, there is potential
for the graphene to interfere with the binder
crosslinking process.
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Eight binder systems were investigated at
elevated temperatures (95 to 120°C):

1. Polybutadiene oxidisation;

2. lsocyanate oligomerisation and reaction
with ambient moisture;

3. Epoxy ring opening by moisture and
catalysts;

4. Polyvinyl butyral transacetalisation;

5. Polyvinyl formal transacetalisation;

6. Hydroxyl Terminated Polybutadiene (HTPB)
/ isocyanate urethane formation;

7. Polycaprolactone / isocyanate urethane
formation; and

8. Epoxy/butanediol/catalyst ring opening.

There was qualitative evidence that the
alkylamine functionalised graphene oxide

did not affect polybutadiene oxidation.

The functionalised graphene oxide may

have impeded isophorone diisocyanate
oligomerisation and may have reacted with
isocyanate Desmodur N3600 (hexamethylene
diisocyanate isocyanurate). It was difficult to
observe transacetalisation in polyvinyl formal
and polyvinyl butyral and the effect of amine
functionalised graphene oxide. It proved
difficult to observe epoxy ring opening and
any effect of the graphene oxide. Isocyanate
N3600 and IPDI readily reacted with HTPB or
polycaprolactone in the presence of alkylamine
functionalised graphene.

3.4 Coated Insulants and Diffusion

Assuming the diffusion processes are Fickian in
nature and that DOA is mutually soluble in all
the materials, then the diffusion profile could
be modelled by:

* Coated surface. DOA diffusing from
solution to the barrier coating surface
(diffusion coefficient Ds). DOA diffusing
through a thin layer of barrier coating into
the polymer plaque (diffusion coefficient
Db). DOA diffusing into the polymer
plaque (diffusion coefficient Dp).

* Uncoated surface. DOA diffusing from
solution to the polymer plaque surface
(diffusion coefficient Ds). DOA diffusing
into the polymer plaque (diffusion
coefficient Dp).
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e |nitial conc.=1 in solution, Initial
conc.= 0 in barrier and plaque. Rate at
which DOA leaves solution = rate at which
it enters interfaces. DOA solution
Ds = 1-e®cm? st Barrier coating at
10 mm; 0.05 mm thick, Db = 5-e** cm? s*
Plaque at 10.05 mm to 16.05 mm,
Dp=1-e®cm?s™.

Figure 8 illustrates a predicted DOA diffusion
profile, calculated using the PDE functionality
in MATLAB, of a plagque with a good barrier
coating on one surface (right side of plaque
cross-section) and no coating on the right hand
plague surface. The initial DOA concentration
profile (orange line) is predicted to evolve an
unsymmetrical profile in the presence of an
effective barrier coating.

Init Conc. -5 days
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Figure 8: Theoretical Profile of DOA Diffusing into Coated (Right)
and Uncoated (Left) Plaque Surfaces. Grey area = plaque cross-
section.

The predicted plaque DOA profile compares
well with the measured profile of a insulant
coated with a good barrier. Typical IR maps of
plagues with a poor barrier coat and a good
barrier coat for EPDM insulants are illustrated
in Figure 9. The bottom contour map in

Figure 9 indicates the DOA readily migrates
through the uncoated surface, but plasticiser
migration (right hand side) is impeded through
the coated surface.

Microtome slices can be of uneven thickness
and therefore alter the apparent peak intensity
of the DOA. Variation in carbonyl content due
to sample thickness was avoided by calculating
the ratio of the DOA carbonyl peak height at
1739 cm™ against a polymer/insulant peak
that was independent of DOA spectral features
(peak height at 3323 cm'?). Six DOA profiles
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Figure 9: DOA Distribution, Barrier Coating Right Hand Side — Composite Optical Micrograph (Top), IR Map of Poor Barrier Coating (Middle), IR
Map of Good Barrier Coating (Bottom). Hot colours (red, orange, yellow) = high concentration of DOA. Cold colours (green, cyan, blue) = low

concentration of DOA.

(Figure 10) overlay each other reasonably

well. The profiles are relatively “noisy” as each
spectrum samples a volume that contains areas
of impermeable fibre.

The ratio of the DOA peak concentration at

the uncoated surface relative to the coated
surface was used as a metric for barrier efficacy
(DOA surface ratio). Additionally, in the case of

Concentration profile
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Figure 10: Profile Plot of DOA Distribution in 8x Coated EPDM.

DOA absorbed in PVC/NBR insulant, the centre
baseline value subtracted from both edge
values before calculating the DOA surface ratio.

None of the single component binder systems
exhibited good barrier properties (1:1 binder
to graphene composition). Even samples with
three coats exhibited poor barrier coating
efficacy - the lowest DOA surface ratio

was 0.81.

Two component binder systems with higher
binder content performed much better as
barrier coatings. In the absence of graphene,
the binder systems did not appear to impede
DOA diffusion to any significant extent into
the insulants. Hence the presence of graphene
was critical to the barrier efficacy of the tested
coatings. The barrier efficacy depended on

the number of applied coats (Figure 11). Eight
barrier coats in on EPDM insulant decreased
the DOA surface ratio to below 0.05. That is to
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Figure 9: DOA Distribution, Barrier Coating Right Hand Side — Composite Optical Micrograph (Top), IR Map of Poor Barrier Coating (Middle), IR
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concentration of DOA.

say the permeability has decreased by at least
95%. A plague with eight coats is thought to
have approximately 1.3 mg of binder/graphene
per cm? surface. Assuming the density of the
binder/graphene is 0.9 g per cm?, this would
mean the barrier coating is approximately
0.015 mm thick.

4.0 SUMMARY AND CONCLUSIONS

The aim of this programme was to investigate
and formulate effective barrier coatings
suitable for application between the insulant
and propellant that, if successful, could
increase the range of materials that could be
safely used in insulants and thereby improve
their performance.

A number of graphene and functionalised
graphenes were investigated as to their
suitability in binder systems that were known
to be compatible (non-reactive) with composite
and double base propellants. It proved difficult
to exfoliate by both ultrasound and acoustic
mixing (high shear) some graphene materials.
The graphene samples were unable to form
stable colloids in typical graphene “solvents”.
Even materials that did form stable solutions
were found, using an optical microscope, to
consist of thick particles as opposed to single
or multilayer graphene sheets (with less

than ten layers). Although the graphene and
graphene oxides used in this work exhibited
characteristics that are associated with

graphenes, most materials proved not to be
suitable as a coating component. An alkylamine
functionalised graphene oxide (2 mg per cm?

in toluene) was found to contain sheets of
material that were flexible and transparent
suggesting this material had stable graphene-
like dimensions.

The alkylamine functionalised graphene oxide
was added to two families of binders - single
component binders crosslinked at 120°C and
two component binders crosslinked at 95°C.
Traditional surfactant agents such as zinc
caprylate were found not to be beneficial for
creating an even graphene coating on glass
microscope slides. Insulant samples (PVC/NBR
or EPDM rubbers) coated on one side with
test barrier coating were soaked in dioctyl
adipate/polybutadiene solutions at 50°C to test
barrier efficacy. Samples coated (one to three
coats) with the one component binders at a
binder to graphene additive ratio of 1:1 were
ineffective barriers.

The two component binder systems, at ratios of
alkylamine functionalised graphene to binder
of 1:3 or 1:4, were found to be effective barrier
coats to DOA diffusion. Eight barrier coats,
totalling approximately 0.015 mm thick, were
found to decrease the amount of DOA at the
insulant surface by more than 95%.

For future work, the binder formulations
should be optimised with respect curing
ratio, additives, and cure temperature. Better
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control of surface coverage, both homogeneity
and applied mass, should be investigated.

The binder to graphene ratio and graphene
concentration should be optimised. Other
bespoke functionalised graphenes should be
synthesised and investigated in an attempt

to increase the concentration of stable
functionalised graphene dispersion. Application
methodologies, such as spraying, should

be investigated.
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ABSTRACT

Graphene Oxide (GO) has been used to facilitate
the oxidation of micron- and nano-sized
aluminum (Al) particles on both the microsecond-
and millisecond-timescales relevant to detonation
chemistry and combustion performance,
respectively. A laboratory-scale technique based
on the pulsed laser excitation of milligram
quantities of material was used to evaluate the
energy release from the Al/GO composites. High-
speed video images of the reacting materials and
time-resolved emission spectra provided further
insight into the differences in chemistry between
the samples. Transmission Electron Microscopy
(TEM) was used to characterize the structures
and spatial distribution of elemental species

for the Al/GO composite samples. Micron-Al/GO
and nano-Al/GO demonstrated enhanced energy
release on both the fast and slow timescales
compared to pure micron-Al and nano-Al.
Mixtures of the Al/GO composites (20 wt %)

with the military explosive Trinitrotoluene (TNT)
suggest that unlike conventional aluminized
explosives, Al/GO composites have the potential
to increase the detonation performance as well as
providing enhanced blast effects.

1.0 INTRODUCTION

Because of its high specific energy (31 kl/g)
and widespread availability, micron-sized
aluminum (micron-Al) powders have been
extensively used in energetics applications,
primarily for blast enhancement on extended
timescales (i.e., following the formation of
detonation products). A key goal in energetic
materials research is to accelerate the reaction

of metals during an explosion so that the
detonation performance of the explosive is
enhanced. In addition to reacting too slowly to
influence the detonation performance, micron-
Al particles often suffer from incomplete
combustion. Nano-sized Al (nano-Al) particles
have the potential to react faster due to the
increased specific surface area and kinetics-
based (rather than diffusion-limited) reaction
times, but suffer from issues such as the
formation of a native oxide layer (alumina;
AL,0,), which delays the reaction of the Al
core and contributes significantly to the

total mass of nano-Al particles, and strong
agglomeration of the particles resulting in
incomplete combustion.

Various approaches to improving the
combustion efficiency and oxidation rate of Al
have been investigated by our group and many
others, including replacing the oxide layer with
a more energetically favorable passivation
layer [1],[2],[3], ball-milling the Al with faster-
reacting metal species [4], formulation with
energetic binders [5], and manipulation of

the particle morphology [6], [7]. Because the
oxidation of Al in an energetic formulation

on a microsecond-timescale results in the Al
scavenging oxygen (O) from the detonating
explosive and reducing the detonation velocity
[8], [9], enhancement of the detonation
properties of an aluminized explosive requires
additional oxidizing species in the formulation
to maintain the optimal oxygen balance for the
detonating explosive.
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Graphene Oxide (GO) is typically synthesized
by reacting graphite powders with strong
oxidizing agents such as sulfuric acid (H250,)
and potassium permanganate (KMnO,); the
resulting GO sheets consisting of ordered
nanoscale sp2 carbon domains, highly
disordered oxidized sp3 domains, and carbon
vacancy defects are functionalized with various
carboxylic acid, phenol, hydroxyl, and epoxide
groups [10]. While GO is an important precursor
for the large-scale synthesis of graphene, GO
has many interesting and unique properties

as well [11],[12]. GO can be viewed as either
molecules (along the ~1 nm nanometer-thick
edge) or particles (along the active surface/
basal plane, up to hundreds of micrometers).

Table 1: Example Energetic Applications of GO.

Of particular interest for this work is the
energetic nature of GO, which has been shown
to undergo disproportionation reactions

at 200 °C (~30% mass loss and ~1.3 kl/g
heat release under both air and argon [13]),
resulting in the formation of reduced-GO,
heat, and gases [14],[15]. GO contaminated
with alkali salts from the chemical synthesis
process is highly flammable in air, producing
additional heat and gas due to carbon
combustion reactions at 500°C (~40% mass
loss and ~8.9 kl/g heat release). GO has been
demonstrated as an effective catalyst for
various reactions [16],[17],[18], [19],[20],
[21],[22]. Table 1 gives an overview of some
of the energetic applications of GO that have
been explored.

Sample/Formulation Description of results

First report of the thermal instability of GO.
Also noted the thermal instability of GO upon heating.

Reported combustion of GO upon heating.

Brodie [23] GO
Croft [24] GO
Boehm and Scholz GO
[25]

Jimenez [26] GO

Sabourin et al. [27]

Kim et al.[28]

Krishnan et al.[10]

Li et al.[29]

Zhang et al. [30]

Zhang et al. [31]

Liu et al. [32]

Yu et al. [33]

Qiu et al.[34]

Nitromethane/GO

GO

GO

Cyclotetramethylene

tetranitramine (HMX)/GO
Nitrocellulose (NC)/GO

Nitromethane/GO

Hexanitrohexaaza-

isowurtzitane (HNIW or

CL-20)/GO
CL-20/binder/GO

GO

Thiruvengadathan et BiO,/Al/GO

al.[35]

Thiruvengadathan et BiO,/Al/GO

al.[36]

42

Measured the thermal decomposition of GO.

GO catalyzed nitromethane combustion, leading to lower ignition
temperatures and increased burning rates.

Observed spontaneous ignition of GO contaminated with potassium (K) in
air.

Demonstrated that the thermal instability of GO is due to the presence of
alkali impurities such as K or sodium (Na).

GO decreased the impact and friction sensitivity of HMX and increased the
thermal stability.

GO added to enhance the optical ignition with a Nd:YAG laser and increase
the burning rate of NC; also increased the thermal stability.

Molecular dynamics simulations showing the mechanisms for catalytic
decomposition of hot nitromethane by GO.

GO found to have no significant effect on the thermal properties of CL20.

GO was found to slightly decrease the impact and friction sensitivity of
the CL-20/binder, lower the decomposition temperature, increase the heat
of decomposition, and decrease the critical explosion temperature during
slow cook-off tests.

Observed explosive decomposition of GO samples in inert gas during
thermal reduction, leading to laboratory equipment damage; 0.04 wt%
K lowers the onset temperature for GO reduction and increases the
probability for explosive reduction; increasing the sample mass enables
the internal build-up of heat and gas, leading to thermal runaway in
quantities as small as a few milligrams.

GO used to direct the self-assembly of Al and Bi,O, nanoparticles, resulting
in nearly double the energy release.

GO used to direct the self-assembly of Al and Bi,O, nanoparticles, resulting
in enhanced pressure generation, pressurization rate, burning rate, and
specific impulse.
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Chen et al.[37]

Qiu et al.[38]

Memon et al. [39]

Wang et al. [40]

Yan et al.[41]

Yan et al. [42]

Yan et al. [43]

Tao et al. [44]

Wang et al. [45]

An et al. [46]

Jiang et al. [13]

Lyu et al. [47]

Chen et al.[48]

Lakhe et al. [49]

Zhang et al. [50]

Chen et al.[51]

Cheng et al.[52]

Hanafi et al. [53]

Huang et al. [54]

Qi et al.[55]

Jiang et al. [56]
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Metal nanoparticles /
reducedGO films

GO

GO / Ammonium
Perchlorate (AP) /
Hydroxyl-Terminated
Polybutadiene (HTPB)
HMX/Viton/GO

GO/energetic materials

Al@Fe,0,/GO

[GO@Fe,0,/AP

Al/Cu0/GO

TKX-50/GO
GO/Triaminoguanidine
(TAG)/AP
micron-Al/GO

GO-doped PVDF/CuO/Al

GO/TAG

GO

GO/TAG

GO/TAG/AP

Functionalized-GO/AP

Functionalized-GO/AP or
RDX

GO/CL-20
GO/energetic materials

micron-Al/GO/
Fluorinated Graphene
(FG)
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Developed process to uniformly distribute reactive metal nanoparticles
in a reduced-GO film; demonstrated energetic properties of nano-Al
embedded in reduced-GO, which served as a barrier to oxidation and
agglomeration for the AL

Concluded that the explosive thermal decomposition of GO is a function
of mass; for higher masses, the reaction rates exceed heat losses to the
surrounding environment, leading to thermal runaway.

Used recrystallization / fast crash method to create AP/GO composite,
which resulted in increased propellant burning rates at high pressures.

GO desensitized HMX: improved thermal stability, lower impact and shock
wave sensitivities.

Review of GO (and other functionalized carbon nanomaterials) in energetic
compositions, with emphasis on Chinese literature.

Fe,0, deposited on GO/AL substrates via atomic layer deposition results
in reduction of GO and formation of energetic composites with increased
energy release and reduced electrostatic discharge sensitivity.

Reduced GO decorated with Fe,0, nanoparticles was used to catalyze the
decomposition of AP.

GO quantum dots (<100 nm in lateral dimensions) used as building
blocks to assemble metastable intermolecular composites of Al and CuO,
resulting in increased energy release and specific heat.

GO changed the morphology of TKX-50, decreased the impact and friction
sensitivities, and did not affect the thermal stability.

Transition metal complexes of TAG nitrate with GO as a dopant were used
to catalyze the decomposition of AP.

Micron-Al wrapped in GO to increase the optical ignition of Al with a Xe
flash tube, also increased combustion efficiency.

Electrospinning the GO-doped nanocomposites improved the heat of
reaction, density, and anti-oxidation capability compared to mechanical
mixing, while GO improved the reaction efficiency of PVDF/CuO/AL

Transition metal complexes of TAG nitrate with GO as a dopant were used
to investigate the mechanisms for GO stabilization of energetic materials.

Demonstrated that GO can explosively decompose at normal drying
temperatures with pressure generation rates >1000s psig/min, with
surface area determining the critical mass necessary for decomposition.

Studied decomposition of GO/TAG via Reactive Force-Field (ReaxFF) with
experimental validation; GO decreases the decomposition temperature of
TAG.

Transition metal complexes of TAG nitrate with GO were used to study the
decomposition of AP; the photon transfer between O and O, determines
the catalytic decomposition pathways, depending on the reactive center.

The effect of surface functional groups on metal-free GO energetic
performance, thermal stability, and catalytic properties with respect to AP
was investigated.

Highly energetic coordination polymers were synthesized by cross-linking
functionalized GO; these polymers had a strong catalytic effect on the
decomposition of AP and stabilized RDX.

GO used to improve the thermal stability and decrease the mechanical
sensitivity of CL-20 composites.

Investigated the compatibility of various GO-related systems with
energetic materials such as AP, RDX, and HMX.

GO facilitates the dissociation of FG, and FG accelerates the
disproportionation and oxidation of GO; together, they greatly accelerate
Al combustion.
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The enhancement of the ignition and
combustion properties of micron-Al particles
with as little as 3 wt % GO was recently
demonstrated [13]. In addition to enabling
micron-sized Al to be ignited by an optical
Xenon (Xe) flash, the GO also promoted

the more efficient combustion of Al in air

on the millisecond-timescale. Analysis of

the combustion reactions, post-combustion
products, and reactive molecular dynamics
simulations confirmed that the addition of
GO promotes the oxidation of micron-Al
particles via additional heat release (from
exothermic disproportionation and oxidation
reactions), catalytic effects (by providing active
sites for stabilization of free radicals), and
gas generation (CO,, H,0, etc.). The goal of
this work was to determine if the exothermic
disproportionation of GO and reactions of the
resulting gaseous products could be used to
facilitate the oxidation of micron-Al and/or
nano-Al on the microsecond-timescale in order
to improve the detonation performance of
military explosives.

A laser-based technique developed at the
Combat Capabilities Development Command’s
(CCDC) Army Research Laboratory (ARL) for
evaluating the energetic performance of
milligram quantities of material was used

to measure the energy release of Al/GO
composites on both the fast (i.e., detonation-
relevant) and slow (i.e., propellant/blast-
related) timescales. The Laser-Induced Air
Shock From Energetic Materials (LASEM)
technique uses a high energy, nanosecond-
pulsed laser to ablate, atomize and excite

a residue material, forming a laser-induced
plasma with temperatures exceeding 10,000 K
[57]. The heating rate and microsecond-
timescale conditions in the laser-induced
plasma are very similar to those during
detonation initiation and within the chemical
reaction zone behind a detonation front during
an explosion, respectively. Just as reactions
behind the detonation front drive a shock
wave through the bulk material, the high-
temperature reactions in the laser induced
plasma increase the velocity of the laser-
induced shock wave that expands into the air
above the sample; thus, the more energetic the
material is on the microsecond-timescale, the
faster the resulting laser induced shock velocity
[58]. On the millisecond-timescale, the intensity
and duration of combustion (or deflagration)

reactions indicate the potential of the material
for propellant-based applications [59]. The
LASEM method for estimating detonation
performance has been demonstrated for
conventional military explosives [58], novel
energetic materials [60], military explosives
with added Al or boron [9], and novel metal
additives [1], [2], [3], [61]. For both conventional
[58] and aluminized [9] military explosives, the
laser-induced shock velocities from LASEM can
be directly correlated to the detonation velocity
from large-scale detonation testing. Here, we
compare the energy release rates for micron-
Al/GO and nano-Al/GO powders and estimate
the detonation performance of TNT mixtures
with 20% added Al/GO.

2.0 EXPERIMENTAL
2.1 Synthesis of AI/GO Composites

Al/GO composites (80/20 wt %) were prepared
by mechanical mixing, also known as ultrasonic
mixing. The Al particles were either an
average 3.9 ym or 70 nm in diameter. The Al
was sonicated in a 1:1 dimethylformamide
and isopropyl alcohol solution (10 mg/mL)

for 15 min. The GO powder (0.55 - 1.2 nm
thick, 0.5 = 3 ym diameter) was sonicated in
dimethylformamide (1 mg/mL) for 2 hours.
The two suspensions were then mixed and
sonicated for 1 hour, filtered, heated at 100 °C
for 1 hour to vaporize the solvent residue, and
dried in a vacuum desiccator overnight [13].

2.2 Sample Imaging and Elemental
Map Acquisition

Transmission Electron Microscope (TEM)
specimens were prepared via a standard
nanoparticle suspension technique by
dispersing a small quantity of Al/GO in
acetonitrile and sonicating until a colloidal
solution was formed. A few drops of the Al/
GO-containing solution were then added
onto the holey carbon film-supported TEM
grid (Ted Pella; 300 mesh) and air dried. The
samples were studied using a JEOL 2100FX
microscope operated at a 200 kV acceleration
voltage (JEOL USA, Inc.). The samples were
imaged under Bright Field (BF) image
conditions with a Gatan Digital Micrograph
and an Orius digital camera (Gatan, Inc.). The
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chemical analyses were performed by acquiring
elemental X-ray maps of the nano-Al/GO
derived from spectrum images acquired using
the TEAM Analysis software (EDAX, Inc.) in the
Scanning Transmission Electron Microscopy
(STEM) mode.

2.3 LASEM Measurements

The LASEM technique has been described
in detail previously [57],[58],and the

configuration for this work is shown in Figure 1.

Briefly, a 6-ns pulsed laser (1064 nm, 850 m))
was focused below the sample surface. The
laser ablates, atomizes, ionizes, and excites

the sample - resulting in the generation of a
laser-induced plasma. The heating rate and
plasma conditions (temperature, pressure,
electron density, etc.) are very similar to those
occurring during the initiation and within

the propagating chemical reaction zone of
detonating energetic materials, respectively.
The high-temperature reactions in the laser-
induced plasma are monitored using time
resolved, gated emission spectroscopy with an
echelle / Intensified Charge Coupled Device
(ICCD) spectrometer (200 - 1000 nm, 0.02-nm
resolution). The formation of the laser-induced
plasma generates a laser-induced shock wave,
which expands into the air above the sample. A
high-speed color camera records the expansion
of the shock wave via schlieren imaging [62]
at 84,000 frames-per-second (1 ps shutter).
Exothermic chemical reactions occurring in the
plasma during the expansion of the shock wave
through the plasma region (<10 pus) increase
the plasma temperature and accelerate the
shock wave (which rapidly decays to the speed
of sound in air following cessation of the

laser pulse). The characteristic laser-induced
shock wave for the sample under the given
experimental conditions is determined by the
y-intercept of a 5th order polynomial fit of the
shock wave velocity versus time.

Particles ejected off the sample surface by the
laser-induced shock wave can start combusting
as they pass through the region of air heated
by the plasma and the passage of the shock
wave. These self-sustained combustion
reactions, which occur on the millisecond-
timescale, are monitored with a second time-
resolved emission spectrometer (230 - 900 nm,
0.25-nm resolution) and photodiodes that are
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Figure 1: Experimental Schematic for the Laser Ablation and
Excitation of Al/GO Composites Using LASEM. The emission from
the laser-induced plasma and subsequent combustion reactions
was detected with spectrometers gated to the appropriate

time regime and time-resolved emission integrated over the
Visible (VIS) and Infrared (IR) wavelengths was recorded with
photodiodes. The laser-induced shock wave was recorded with a
high-speed camera using schlieren imaging.

integrated over the infrared (900 - 1700 nm)
or visible (300 - 1050 nm) emission regions.

A bandpass filter at 486 nm was added to the
visible photodiode to monitor the ALO emission
during the combustion reactions.

In addition to the Al/GO composites prepared
for this work, LASEM data on the 70 nm Al
precursor for the nano-Al/GO composites

was obtained; previous data on a micron-Al
sample [9] and a commercial GO was used. The
military explosive Trinitrotoluene (TNT) was
obtained from colleagues at ARL and hand-
mixed with the Al additives (20% by weight)
for comparison to the tritonal formulation of
TNT with 20% micron-Al previously studied [4].
All samples were prepared by spreading a thin
layer of material on double-sided tape affixed
to a glass microscope slide (~100 pg/mm?).
While the laser-induced shock velocities are
independent of the material thickness (since
excess material is ejected off the sample slide
out of the laser-material interaction region),
the extent and duration of the millisecond-
timescale combustion reactions depends
strongly on the residue thickness [2] - thus the
sample thicknesses were kept as consistent

as possible between samples and between
different sample slides.

3.0 RESULTS
3.1 TEM Analyses

For the micron-Al/GO composite, the
morphology and structural features of the
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Figure 2: TEM Images of Micron-Al/GO Showing Inconsistent
Particle Wrapping with the GO. Recorded with a high-speed
camera using schlieren imaging.

micron-Al particles cannot be fully revealed
in TEM because of the relatively large particle
diameters, which make the sample opaque to
electrons; a typical thickness for an electron-
transparent specimen is usually less than

100 nm. Scanning Electron Microscope (SEM)
images of the micron-Al/GO composites were
previously published [13]. After surveying
many different regions with TEM, we found
that GO wrapping was not successful for most
micron-Al particles. As shown in Figure 2,
complete wrapping of the micron-Al/GO was
only achieved for smaller Al particles, e.g., the
approximately 500 nm Al particle shown in
the bottom of Figure 2. This can be attributed
to direct spatial blocking effects due to the
relatively large particle sizes. The difficulty in
GO wrapping was also exacerbated due to the
presence of agglomerated micron-Al, as shown
in the top right of Figure 2.

On the other hand, detailed structural features
were revealed in TEM for the nano-Al/GO
particles because they were much more
electron beam transparent. The amorphous

IS

Figure 3: TEM Images of Nano-Al/GO Showing the Wrapping of
the GO Sheets Around The Nano-Al, the Presence of the Al,0,
Shell, and the Contamination Present on Some of the Al Particle
Surfaces.

AL,O, shell surrounding the crystalline Al core
was clearly visible with different contrasts

in the TEM images (Figure 3). The nano-Al/
GO particles had better surface coverage of
the nano-Al by the GO. The white rings in the
images shown in Figure 3 indicate an under
focus condition, which was chosen to show
the strong contrast of the crystalline Al core.
Surface contamination on the nano-Al/GO
particles resulting in “Christmas ornament™Llike
particles was also observed sporadically. The
source of the observed impurities in nano-
Al/GO composites is not yet clear. However,
the contaminants may have been introduced
during the sonication process used for the
sample preparation.

In order to further characterize the wrapping
of the nano-Al particles with the GO and the
origin of the observed structural features,
elemental maps of the nano-Al/GO sample
were obtained via STEM Mode in TEM
(Figure 4). These elemental maps show the
presence of nitrogen (N), which is seemingly
concentrated near the particle-particle
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Figure 4: (a) TEM Image and (b) the Corresponding Elemental Map
Obtained Using STEM Showing the Spatial Distributions of

(c) Aluminum, (d) Oxygen, (e) Carbon, and (f) Nitrogen in Nano-Al/
GO.

interfaces and O on the surface of the nano-Al
particles (from the native AL, O, layer and/or the
GO). Nitrogen can be introduced into the nano-
Al particles during the commercial synthesis
process. While a longer collection time was
needed to obtain a stronger carbon (C) signal,
the C (from GO and/or surface functional
groups) appears well-dispersed throughout the
nano-Al particles.

3.2 Emission Spectra

Time-resolved emission spectra from the laser-
induced plasma of excited Al/GO composites
provide information about the elemental
composition of the ablated material, a
technique known as Laser-Induced Breakdown
Spectroscopy (LIBS) [63]. The LASEM setup
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Figure 5: Emission Spectra integrated over the first 200 ps of the
Laser-induced Plasma Lifetime (following a 2 ps delay to avoid
the Broadband Continuum Emission).

incorporates LIBS as part of the diagnostic
information collected. Previous work by Serrano
et al. demonstrated the characterization

and discrimination of graphite, graphene,

and GO samples with LIBS [64]. Selected
regions of the emission spectra of the GO,

Al, and Al/GO samples are shown in Figure 5.
Carbon emission is present in all the spectra,
including AL; Cin the Al spectra is a result

of organic surface functional groups and/or
organic impurities. The molecular Cyano (CN)
radical emission, formed primarily from the
recombination of Cand N atoms in the plasma

Table 2: Emission Intensity Ratios (with 95% Confidence Intervals) from the Spectra of GO, AL, and Al/GO

Composites.

m----

44+10 2505 48+20
micron-Al 25%0.2 71%1.6 1.9%0.8
nano-Al 2.7%0.3 5312 23%05
micron-Al/GO 6.0 £ 0.2 3409 48=+1.0
nano-Al/GO 54%10 10+ 4 9.6+3.6

- 0.82+0.37 0.35%0.29

1.3+0.2 1.0+0.1 5927 0.63*0.38

14+0.1 1.1+0.3 6.7%35 0.65%0.99
0.58+0.06 49%1.0 144 143
087+0.14 2.7%0.5 55+ 28 8.2%42
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(including N from air), is significantly stronger
for the GO-containing samples. In the previous
study [64], C, emission was not observed in
the GO spectra (over a much shorter gate,

0.5 ps) - here, we have observed only very
weak C, emission in the GO spectra over the
200 ps gate (near 516 nm). Depletion of C,
radicals through competitive reactions with

O in the plasma has been shown to reduce or
eliminate C, emission from carbon-containing
molecules [65]. While the presence of Al may
promote the formation of C, (by preferentially
reacting with the available O and reducing

the formation of CO and CO,), unfortunately
any C, emission in the Al/GO composites is
obscured by the strong aluminum monoxide
(ALO) emission. All sample spectra also contain
significant hydrogen (H) emission (not shown).
The presence of hydrogen gas during the
reduction of GO has been shown to result

in violent reactions with —OH groups on GO
surface [66], inducing thermal decomposition.
Thus, increasing the hydrogen concentration in
the composite material could potentially lead
to GO decomposition reactions even faster.
Hydrogen bonds also serve as bridges between
adjacent nanosheets within the GO lattice [67].

While most of the O and N emission is due

to entrainment of air into the laser-induced
plasma, the O/N ratio (using background-
corrected emission intensities) is higher

for the GO-containing samples (Table 2)

- which may serve as an indication of the
extent of oxidation of the GO compared to
other graphene-related samples. Higher O/C
content has also been shown to increase the
decomposition rate of GO [68], although in
this case the Cin the Al samples contributes
significantly to this ratio. The ALO emission is
only present in the Al-containing samples and
indicates the extent of aluminum oxidation on
the microsecond-timescale. The Al/O and
ALO/Al ratios indicate that the Al/GO
composites have less unoxidized Al in the
first 200 ps of the reactions compared to pure
Al particles.

In addition to the emission from the primary
elemental species (C, Al, O), emission from
impurities was also observed. The Al/GO
composites contain higher concentrations

of the alkali [Llithium (Li), sodium (Na), and
potassium (K)] and alkaline earth [magnesium
(Mg), calcium (Ca), and strontium (Sr)] metals.

-

O ps 11.9 ps 23.8 ps

130.9 s

Figure 6: Snapshots from the High-Speed Video of Laser-Excited
(a) Blank Tape, (b) Micron-Al, (c) Nano-Al, (d) GO, (e) Micron-Al/
GO, and (f) Nano-Al/GO.
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Figure 8: Emission from the Laser-Induced Plasma (1st Sharp
Spike Near Time Zero) and the Subsequent Combustion Reactions
of the GO, Al, and Al/GO Particles Ejected Into the Air Above the
Sample Surface.

It is important to note that the pure GO and

Al samples were similar, but not identical,

to the materials used to make the Al/GO
composites - so the impurities in the Al/GO
composites could have originated from the
starting components and were not necessarily
introduced during the synthesis process.
Because each laser shot samples only tens of
micrograms of material, the concentration of
these impurities (e.g., K) can vary significantly
from shot-to-shot. Since alkali impurities are
known to catalyze the decomposition of GO
and increase flammability [10], the relative
quantities of these impurities could potentially
be used to evaluate the safety of GO-containing
composites. For this application, where the
heat released from the exothermic reactions of
GO facilitates the oxidation of AL, the presence
of the alkali salt contaminants may actually
increase the efficiency of this process since
they promote the further combustion of the
reduced-GO products - thus enhancing the
total energy release from GO.
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Figure 9: Snapshots from the High-Speed Video of Laser-Excited
(@) TNT, (b) TNT+AL0,, (c) TNT+micron-Al, (d) TNT+nano-Al, (e)
TNT+micron-Al/GO, and (f) TNT+nano-Al/GO.
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TNT-+AL0,, TNT+micron-Al, TNT+nano-Al, TNT+micron-Al/GO,
and TNT+nano-Al/GO.

3.3 Laser-Induced Shock Waves

Snapshots from the high-speed video of the
laser excitation of the blank tape, micron-Al,
nano-Al, GO, micron Al/GO, and nano-Al/GO
are shown in Figure 6. All images have been
cropped (from the top) and the brightness
enhanced (+40%) to increase the contrast of
the shock wave and background. In general,
inert materials produce significantly more
visible plasma emission [57]. Blue emission
from ALO is visible in the images from Al-
containing samples, purple CN emission
appears in the GO-containing samples - as
does the orange-ish Na emission from
combustion of the GO at later times. The
ejection of burning Al particles is visible in
the micron-Al image at 130.9 us (Figure 6(b),
appearing as dark streaks). Significant
differences in the plume expansion can be
observed for the samples at later times, as
shown in the last frame used to measure the
shock position (130.9 ps, shock wave position
cropped out-of-frame). Understanding the
observed differences in plume expansion
would require modelling the hydrodynamic
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Figure 12: Emission Spectra for TNT, TNT+Al, and TNT+Al/
GO Samples Integrated Over the First 4 ms of the Combustion
Reactions Following the Laser-Induced Plasma.
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Figure 11: Emission from the Laser-Induced Plasma (1% Sharp
Spike Near Time Zero) and the Subsequent Combustion Reactions
of TNT, TNT+AI, and TNT+AI/GO Particles Ejected Into the Air
Above the Sample Surface.

effects resulting from the high-temperature
chemical reactions, which is beyond the scope
of this study.

3.4 Energy Release Rates

The microsecond-timescale energy release
rates (<10 ps), as measured by the laser-
induced shock velocities, are shown in Figure 7.
The energy release from micron-Al, nano-Al,
and GO was exothermic compared to the inert
blank tape substrate. Enhanced microsecond-
timescale energy release was observed for

the Al/GO composites compare to the pure Al
samples. The energy release from nano-Al/GO
was significantly higher than that of
micron-Al/GO, as a result of the higher specific
surface area of the nano-Al and/or more
intimate contact between the Al and GO.

In contrast, the nano-Al/GO had less
millisecond-timescale energy release than
micron-Al/GO, as measured by the combustion
emission (Figure 8). There are two contributions
to this behavior:

1. Because the oxide layer comprises a more
significant fraction of the mass of the nano-
Al, it has a lower active Al content and thus
less overall energy to release; and

2. Because the nano-Al reacts earlier, most
of the Al had reacted by the time the
combustion reactions occur.

Both Al/GO composites combust significantly
faster and more strongly than their pure
Al counterparts.
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3.5 TNT+AI/GO Composites

In order to investigate the effect of the
enhanced microsecond timescale reactions
of the Al/GO composites on the detonation
performance of TNT, mixtures of 20% by weight
additive were prepared and tested. Images
from the high-speed videos of laser-excited
TNT, TNT+AL203, TNT+micron-Al,
TNT+nano-Al, TNT+micron-Al/GO, and
TNT+nano-Al/GO are shown in Figure 9. The
characteristic laser-induced shock velocities
for the samples are shown in Figure 10. While
the addition of the inert Al203 reduces the
laser-induced shock velocity of TNT (and

thus the estimated detonation velocity), the
micron-Al and nano-Al further reduce the
estimated detonation velocity of TNT since
the oxidation of the Al that reacts on the
microsecond-timescale scavenges the O from
the detonation products [8],[9]. Since the
nano-Al is more reactive on the microsecond-
timescale due to its larger specific surface
area, this effect is more extreme than for the
micron-AlL On the other hand, both the micron-
Al/GO and nano Al/GO increase the estimated
detonation velocity of TNT, suggesting that
they contribute to the exothermic energy
release without scavenging O from the
detonation products - likely as a result of the
O available due to the disproportionation
reactions of GO. Interestingly, no significant
difference in the laser-induced shock velocities
between TNT+micron-Al/GO and TNT+nano
Al/GO was observed, perhaps suggesting

that the increased reactivity of the nano-Al is
not sufficiently balanced by the presence of
additional oxidizing agents from the GO.

In addition to the predicted increase in
detonation performance by the Al/GO
composites compared to Al, the increase in
millisecond-timescale combustion observed
for the composites (Figure 11) suggest that
significantly enhanced blast effects may also
be possible. The time to peak combustion

is also faster for the Al/GO composites than

AL Unlike the emission spectra from the
high-temperature laser-induced plasma
(Figure 5), the combustion emission spectra are
dominated by emission from molecular species
and blackbody radiation from the burning

VOLUME 2 - 2020 AVT

particles (Figure 12). The Na and K emission
from the TNT+AL/GO composites nearly
saturate the spectrometer at ~12,000 counts
each (off-scale).

4.0 CONCLUSIONS

By wrapping micron-Al and nano-Al in GO via
sonication, enhanced energy release on both
the microsecond and millisecond-timescales
has been demonstrated. We speculate that

the heat released from the exothermic
disproportionation reactions of GO during
rapid heating facilitate the oxidation of AL
Furthermore, the gases also released (e.qg.,

CO, CO,) reduce the agglomeration of product
species that could have otherwise inhibited
efficient combustion. According to the TEM
analyses, efficient GO wrapping was achieved
for nano-Al particles but not for the majority
of the micron-Al particles - resulting in
considerably different energy release rates
between these two composites. The nano-Al/
GO had significantly enhanced microsecond-
timescale energy release. Further studies

are needed to quantify the effect of alkali
impurities on the catalytic effect of GO and
improve the wrapping efficiency, especially for
micron-Al particles. An improved methodology
for preparing transmission transparent
micron-Al/GO TEM specimens is also necessary
to study their detailed structural and chemical
properties, most likely involving tedious
sample preparation to sandwich the particles
in epoxy, followed by Focused lon Beam (FIB)
milling and Lift out. Mixtures of TNT with

20% Al/GO showed enhanced microsecond- and
millisecond-timescale energy release compared
to TNT+AL mixtures. Increased microsecond-
timescale energy release is expected to

result in increased detonation performance,
i.e., higher detonation velocities (shattering
ability) and/or Gurney velocities (metal-
pushing ability), while increased millisecond-
timescale energy release is expected to

result in increased blast effects (late-time
impulse). Optimization of the formulation to
achieve a better oxygen balance and improve
performance is necessary. The predicted
performance enhancements must then be
confirmed with large-scale detonation testing.
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ABSTRACT

Combining graphene with bulk materials holds
great promise for advancing and developing both
civilian and defense technologies.

Here, we present a large scale Plasma Enhanced
Chemical Vapor Deposition, PECVD, reactor system,
FORZA, that has been developed exclusively for the
production of high-quality graphene flakes and
coatings. The reactor system is the largest known
system of its kind, and can coat large surfaces, up
to 86 cm width and 390 cm length, with vertically
oriented graphene. FORZA is capable of large-area
graphene coating directly on materials and devices
and the graphene may be harvested continuously
as a powder.

FORZA graphene has been incorporated into
various materials and products. It has been used to
improve electric conductivity of polymers (epoxy).
Further, it has been used to enhance mechanical
properties of polymer material (poly lactic acid),
fiber reinforced polymer composite (glass fiber/
polyester) and elastomers. FORZA graphene has
been used to improve ballistic performance of
polymer composite material (glass fiber / polyvinyl
ester) for vehicles and body armor. In addition, it
is possible to coat surfaces directly with FORZA
graphene on various materials (such as knife edges,
carbon fiber,aluminum and copper foils) for multiple
property enhancements. Graphene’s possibilities
for boosting battery charging performances has
also been demonstrated.

1.0 INTRODUCTION

Although the potential of graphene has

been highlighted in numerous laboratory
studies, there are still challenges in producing
graphene with sufficient quality and scale
necessary for industrial applications. The
FORZA system is used both as a research
reactor for determining optimum parameters
for new specialized coating machines, as well
as serving as a graphene machine for large
scale production. Commercial and defense
applications of graphene-based materials are
numerous. As an example, these materials
may be used as anti-corrosion and anti-

icing coatings for helicopter rotor blades
[1],[2], [3]- As an additive, flake graphene
imparts high strength-to-weight ratio and
can contribute enhanced mechanical, thermal,
and electrical properties to polymers even at
very low concentrations. As a continuous thin
film or coating, graphene can be applied to a
wide range of materials, providing a flexible,
transparent, electrically conductive, corrosion-
resistant, gas-impenetrable, and atomically
thin diffusion barrier. Moreover, graphene-
based materials are believed to provide

high strength-to-weight ballistic solutions

for vehicles and body armor. There are also
significant possibilities for the enhancement
of battery energy density and charge rate
performance with the use of graphene.
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Current methods for producing flake graphene
are based on top-down exfoliation of graphite
by either mechanical or chemical means [4].
Techniques, such as the Scotch-tape method [5]
or shear-force mixing, can produce high-quality
graphene flakes with little contamination,

but are limited to small production volumes.
Chemical exfoliation and chemical synthesis
can produce higher volumes of graphene

than mechanical exfoliation, but the process

is harsh and results in substantial damage

and undesirable effects on the graphene

itself including defects, oxide functionalities,
substitutional nitrogen, and residual metallic
contaminants. Chemical waste is also an issue
with chemical exfoliation [6].

High-quality graphene films can be produced
by Chemical Vapor Deposition (CVD) [7]. CVD
of graphene is a bottom-up process whereby
gaseous hydrocarbons are converted to
crystalline graphene via high temperatures
and catalytic substrates. Although thermal
CVD can produce high-quality graphene

films, the trade-offs include the need for high
temperatures, ~1000°C, slow growth times,
and a limited number of substrates on which
is can be applied. Plasma Enhanced CVD
(PECVD) is a variant of thermal CVD wherein
reactive growth species are generated within
a plasma environment rather than with high
temperatures [8]. The advantages of PECVD
include lower growth temperature, faster
deposition, improved film quality, and the
ability to deposit multilayer films. The high
growth rates of PECVD allow graphene to be
grown perpendicularly (see Figure 1) to the
substrate as opposed to regular CVD processing
that only deposits parallel layers. This makes it
possible to grow substantially more graphene
per growth area, which can easily be harvested
to be used as flakes. However, a challenge
with PECVD has been scaling the process to
industrially relevant size.

The reactor system, FORZA, is based on a
scalable microwave plasma technology
platform. The system can transform carbon
containing gases and hydrogen and
continuously deposit vertical 3D graphene
areas of up to 6.7 m?. Large-area graphene
deposition has been demonstrated on a variety
of substrates, including stainless steel, Inconel,
aluminum, quartz, and copper, as well as more
complicated structures, including metal mesh,
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carbon fiber cloth, and particles. Deposition can
occur below 400°C, which allows for coating of
temperature sensitive materials and electronic
devices. As will be shown, characterization of
FORZA flake graphene with Scanning Electron
Microscopy (SEM), Transmission Electron
Microscopy (TEM), and Raman spectroscopy
maps reveal excellent uniformity and high
crystallinity. Properties of the graphene

can further be controlled by changing the
growth conditions by varying the growth time,
gas compositions, input energy, pressure,

and temperatures.

In this paper, we briefly describe the FORZA
machine and address ways of using graphene
for improving various material properties for
practical applications.

Figure 1: 3D Graphene is Growing Perpendicularly from a
Substrate.

2.0 METHODOLOGY
2.1 High Volume Production of Graphene

The FORZA machine (see Figure 2) was
constructed as a factor 6700 scale-up of the
environment from a patented laboratory
device set-up with a 1 cm? growth area [9].
The corresponding growth areas in the FORZA
machine consists of two 3.9 meter long metal
bands where graphene can be perpendicularly
deposited either by dynamically moving the
belts, or by stepwise-static mode (see Figure 3).
In this way it is possible to grow perpendicular
graphene with different base length for

the graphene sheets, which depending on
residence time in the plasma zones, has

been observed from a few hundred nm up to
30 pm thickness.
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Figure 2: The FORZA Graphene PECVD Production Unit at
Cealtech, Stavanger, Norway. Inside the large vacuum chamber
there are two motorized metal belts used as substrates for
graphene growth. The chamber is equipped with gas reactant
controls, microwave plasma generators, a harvesting system and
interlock controls.

The graphene deposited on the metal bands
can be harvested by mechanical scraping and
conveying from the reactor. In addition to
controlling the flake sizes, the morphology
of the produced graphene can be controlled
by varying the process parameters, such as
temperatures, total gas pressure, plasma
energy, gas compositions, and argon dilution
parameters. For on-line analysis, the machine
has a probe installed for in-situ Raman
spectroscopy measurements. Further, routine
characterization of harvested graphene powder
is done by Raman mapping.

2.2 Methods for Graphene
Characterization and Mechanical
Testing of Composite Materials

As part of normal quality control routines,
every batch of FORZA graphene is analyzed
by means of Raman spectroscopy (Raman).
Other techniques such as Scanning Electron
Microscopy (SEM), Transmission Electron

Figure 3: The Graphene (Black Substance) Inside the FORZA
Machine Can Be Produced Using Various Processing Parameters.
Here is shown a step-mode growth (left) where the belt is kept
in a static position, and a dynamic mode growth by moving the
substrate at a continuous speed (right). In addition, one can tune
the gas composition and temperatures in the FORZA, to produce
the desired amounts and graphene qualities and morphologies.

Microscopy (TEM), and Energy Dispersive X-ray
Spectroscopy (EDS) are complementary used to
ensure the consistency of the product.

Raman spectroscopy (Renishaw inVia, UK) is
a preferred tool for characterizing graphene
in-situ and as harvested from the production
process, as well as during subsequent
manipulation for interfacing it in various
application matrices. The Raman spectra
and analysis give a good indication of the
crystallinity and quality and the interaction
with host materials.

The morphology and nanostructure of
graphene are observed by SEM (Gemini SUPRA
35VP (ZEISS), Germany) and TEM (JEOL-

2100 (LaB6 filament) equipped with Energy
Dispersive X-ray Spectroscopy (EDS), operating
at 200 kV, Japan). Elemental composition and
impurity in graphene is identified by EDS. In
addition, the TEM provides electron diffraction
patterns that give valuable insight into the
crystallinity of the honeycomb graphene lattice.
The dispersion of graphene in a polymer/
elastomer matrix is determined by X-ray
diffraction (Bruker’s X-ray Diffraction D8).

Tensile strengths of graphene enhanced
polymer composites were measured according
to the ASTM D3039 standard. Flexural strength
(3-points flexure) was measured according to
ISO standard 14125. All tests were performed
on an Instron Applications Laboratory Model
5985. For each sample, seven specimens

were tested to reduce uncertainty on

the measurement.
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3.0 RESULTS AND DISCUSSION
3.1 Properties of FORZA Graphene

The Raman spectra of neat FORZA graphene,
Figure 4, and subsequent analysis, see

Figure 5, shows that the graphene produced

is very uniform. Furthermore, the neat
graphene has a signature suggesting it is
functionalized, which is believed to be partially
hydrogenated graphene [10].

Figure 4 shows the spectrum before and after
annealing the neat graphene in vacuum, and
the resulting Raman spectrum looks more like
pristine graphene. The neat FORZA graphene
goes through some changes, where the most
noteworthy is: low total mass losses of <28%
as shown by Thermal Gravimetric Analysis
(TGA). A significant reduction of D and D’ peaks
indicate reduction of defects (morphology
and/or functionalization). The G peak width

is maintained and indicates no deterioration
of crystallinity. The significant increase in the
2D peak area, and the 2D/G ratio, as well as a
narrower 2D peak width from 78 to

61 cm® indicates a reduction of over-all
number of layers down to very few layers
during the annealing process.

Counts
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The drastic decrease in D peak in Raman by
annealing is correlated to two aspects; the
reduction of poor quality graphene content
such as graphene with more holes and lower
crystallinity, which is mechanically weaker
and less thermally stable, and carbon content
which is non-graphene such as amorphous
carbon or other forms of carbon. This could
also contribute to most of the weight loss
during thermal process as is found by TGA
analysis. Annealing may also reduce hydrogen
that is incorporated during PECVD production
of graphene in the presence of hydrogen

gas. The removal of hydrogen enables the
transformation of sp3 to sp2 states in atoms
within the partially hydrogenated graphene.
This would enhance electron mobility

in the graphene sheet, and therefore an
increased electrical conductivity. However, it
is challenging to quantify the consequence of
these two effects and which one of these two
plays the most important role in improving
graphene quality as seen by Raman, remains
to be determined.

Figure 6 shows some of the morphologies
obtained as shown by SEM. Using TEM, and
subsequent electron diffraction shows that the
graphene obtained from the FORZA reactor is
of high crystallinity and quality (see Figure 7)
with no impurity found (Figure 8).

2D

FORZA Annealed

FORZA Neat

1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2100 2800

Raman shift / em-1

Figure 4: Raman Spectra of FORZA Graphene Before and After Heat Treatment up to 1700°C. For certain applications, the neat FORZA
graphene is more suitable for entering various material matrices, while other applications can benefit from the properties of the

annealed graphene.
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Figure 5: Distribution of Raman Peak Parameters and Peak Relations for a Raman Map of FORZA Graphene.

Figure 6: SEM Images from the Graphene Morphologies that Arise from Varying Production Parameters in the FORZA Reactor. By tuning
gas compositions, temperatures and plasma power, different morphologies are grown. Here are shown wavy walls, maze-like walls, dense
structures, highly branched, and loose branched morphologies (scale bars = 1 um).
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Figure 7: TEM Image of a FORZA Graphene Flake. The inset at the bottom right shows the corresponding electron diffraction peaks from an
arbitrary position in the TEM image. The diffraction pattern shows that the graphene has a high degree of crystallinity (scale = 500 nm).
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Figure 8: EDS Spectrum of FORZA Graphene. EDS indicates that the graphene contains only carbon without any impurity found (The peak at
8.0 keV refers to copper in the sample holder).
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Figure 9: XRD Patterns of FORZA Graphene and FORZA Graphene Enhanced NBR. The XRD pattern of FORZA graphene exhibits a

characteristic diffraction peak at 26= 26,268° (d = 0.339 nm), which is assigned to the (002) plane of graphene. The interlayer distance will
be increased when graphene is intercalated by NBR molecules, leading to intensity decrease and a shift to lower angle or disappearance of

this peak. This peak totally disappears in the sample containing only 1 wt % FORZA graphene, indicating complete exfoliation of the

graphene layers.

3.2 Implementation of FORZA Graphene in
Materials for Applications

The FORZA graphene has been successfully
integrated in various polymer matrices,

either as produced or annealed or chemically
functionalized, as well as mixed with other
available graphene-like materials. Some of

the applications are of both military and civil
interest. In addition to producing graphene in
powder form, it can also be deposited directly
on large surface areas of various materials. The
only limit to direct deposition with the PECVD
methodology is for the host material to sustain
the conditions, such as temperature and low-
pressure growth conditions.

3.2.1 Graphene Enhanced Poly Lactic Acid
(PLA) Polymer, Epoxy, Vinyl Esters, and
Elastomers

The dispersion of graphene is one of the

main challenges for graphene composite
applications. CealTech has successfully
developed methods to homogeneously disperse
FORZA graphene in various material matrices.
XRD of one of the samples where graphene is
fully exfoliated and homogeneously dispersed
in Nitrile Rubber (NBR) is showed in Figure 9. In
addition to expected changes in strength of the
composite materials, the fatigue performance

is expected to be enhanced. Confirming this is
part of ongoing research programs.

62 Journal of the NATO Science and Technology Organization: Applied Vehicle Technology Panel



VOLUME 2 - 2020 AVT

Table 1: Increased Mechanical Performance by Introducing FORZA Vertical Graphene into Fiber Reinforced

Polyester.

Average Increase
Standard Tensile | compared
Strength to Ref

(MPa) (%)

Polyester/
fiberglass (Ref)

100.6(9.6) -

0.01 wt 114.9(3.0) 14.2
% FORZA
Graphene

0.1 wt % FORZA
Graphene

124.0(3.9) 232

Significant improvement in these properties,
will facilitate early commercialization

of various applications of low wt %
graphene composites.

In order to improve electrical conductivity

as well as terahertz absorption of epoxy
composites, FORZA graphene has been
homogeneously dispersed in epoxy at various
concentrations. Van Rheenen et al. [11]

have tested these materials and found that
introducing as little as 0.1% graphene in epoxy
increased the electrical conductivity by a factor
108 which was further improved by increasing
the graphene concentration. The implication

is that using graphene enhanced materials

as coatings has many possible practical
applications due to, e.g., making insulating
materials electrically conductive. The capability
of enhancing microwave and near infrared
absorption makes the material interesting for
among others stealth applications.

3.2.2 Graphene Enhanced Fiber Reinforced
Polyester

Graphene was homogeneously dispersed in
polyester resin via high shear rate mechanical
mixing. The resin/graphene mixture was

then well mixed with a hardener. Graphene
enhanced glass fiber/polyester composites
were prepared by hand-lay-up techniques, with
65% polyester resin and 35% fiberglass.

Average Increase | Average Standard Increase
E-Modulus
(MPa) to Ref Flexure Stress Ref

compared Maximum compared to

(%) (MPa) (%)

6598(687) - 190(11) -
7323(686) 11.0 205(10) 77
7129(441) 8.1 200(7) 48

The prepared resin was poured on a stainless
steel plate with the surface treated by wax.

A piece of fiberglass mat was then placed on
the resin mixture and additional resin was
spread by brush on the mat. A steel roller was
used to press air out of the sample to improve
the wetting of the polyester resin in and on
the fiberglass mat.

The strength properties of a matrix material
modified with graphene changes as a
function of the graphene concentrations.
For polyester, the tensile strength increases
with increasing concentration of graphene,
while the E-modulus and maximum flexure
strength seem to go through a maximum
value at concentrations below 0.1 wt %
graphene (see Table 1). For each different
matrix, these properties need to be
investigated before concluding on suitable
graphene concentrations.

3.2.3 Direct Deposition on Carbon Fibers and
Other Functional Materials

Graphene coatings have numerous applications
in areas of electronics, mechanical wear
reduction, and mechanical strength.
Perpendicular graphene is strongly light
absorbing [12].Perpendicular graphene
coatings can also be combined with polymers
and existing commercial carbon materials such
as carbon fibers for improved strength.
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Figure 10: SEM Images of Direct Deposition of FORZA Graphene on a Cr-Based Knife Edge. Left: low resolution side view of the blade, and
right: higher resolution image of the edge.

Various substrates, such as metals and ceramics
and even organic materials, have been coated
with graphene in the FORZA machine. The
capability to directly grow and coat up to the
86 cm width of the plasma region makes it
possible to produce a large area and uniform
coating up to 6.7 m? and could be utilized
among others in large scale electronics.

Figure 10 shows SEM images of graphene
growth on a Cr-plated knife blade.

Yao Chi et.al. [13] reported that that the
interface strength of composites and carbon
fibers were considerably improved (by 173%)
by growing graphene nano walls on carbon
fibers. To confirm this using the FORZA
machine, graphene was grown on carbon
fiber bundles (see Figure 11), which is a topic
for further investigation towards improving
material strength.

Figure 11: SEM Images of Direct Deposition of FORZA Graphene
on Carbon Fiber. Graphene is seen as the paler material that
resides on the darker carbon fibers (scale = 10 pm).

3.3 Battery Technology

Batteries are critical for both general society
as well as the modern military, and the need
for rapid charging may impair operations.
The time needed to fully charge devices may
be a critical factor. To study the possibility to
enhance charging rate FORZA graphene has
been incorporated into battery electrodes.

Lithium lon Battery (LIB) performance
includes the aspects of, for example, energy
capacity, battery life and safety. The capacity
of a LIB is related to the rate of discharge.

LIB experiences increasing capacity drop as
the discharge rate is increased. Graphene is
highly effective in enhancing the capacity as
discharge rate increases, which means shorter
charging time and higher power output.

Capacity retention, %

0.1 0.2 0.5 1 2 5
Charge/Discharge rate, C

Figure 12: Advantage of Electrodes Which Incorporate Graphene
for Fast Charging and Discharging. Conventional electrode
discharge capacity (represented as blue columns) drops more
drastically than the electrode with graphene (represented as
red columns) when the rate of discharge (discharge current)
increases from 0.1 Cto 5 C.
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This is due to higher electrical conductivity and
improved ionic transport kinetics provided by
graphene [14], [15]. A preliminary study was
performed at CealTech (as shown in Figure 12)
and demonstrated an improved rate capability
of the cathode with graphene. Graphene also
helps to increase battery life by mitigating
instability of the electrode caused by volume
expansion and irreversible phase transitions of
the active material [14]. It is also reported that
LIB safety can be improved because graphene
can confine the growth of lithium dendrites
which is a significant cause for shorting

the LIB cell and may lead to fire and even
explosion [16].

3.4 Other Potential Applications

Graphene-reinforced advanced materials are

of military as well as civil importance, to e.g.,
reduce weight of various types of equipment by
using stronger and still lightweight materials.
In addition, the enhanced electrical and
thermal conductivities of graphene enhanced
host materials may be beneficial for smart
clothes as well as in aiding anti-fouling and
anti-icing properties of aviation machines.

An important area of interest is ballistic
protection, and since graphene has been
shown to be compatible with materials used as
ballistic protection, there are projects ongoing
that aim to show improvement of the relevant
properties. Potential benefits obtained include
increased ballistic performance and/or lighter
personnel protection equipment and lighter
protection for vehicles.

4.0 CONCLUSION

We have presented a machine for large

scale production of high-quality graphene
coatings and flakes. The machine is capable of
continuous production of graphene flakes as
well as coating areas as large as 6.7 m% The
graphene is found to be of excellent quality.

Dispersion of graphene in a host matrix is
essential for successful composites, and
CealTech’s FORZA graphene has been found
to easily disperse in a variety of solvents,
polymers, organic compounds, and oils. The
FORZA graphene is well suited for composite
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and energy storage applications. We have
explored graphene enhancement of fiber
reinforced polymer materials, elastomers, and
paints/coatings with regards to improving
strength, electrical and thermal conductivity,
mechanical and chemical resistance, anti-
corrosion, and anti-icing. Perpendicular
graphene is an excellent conductor with a high
surface area. We have demonstrated direct
deposition of graphene on various substrates,
and in particular on metal foils for use as
electrodes for batteries and supercapacitors.
The application areas demonstrated are
believed to be relevant for both civil and
military use.
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ABSTRACT

The broadband transparency of graphene from
the UV to far-IR makes it an ideal candidate

as a transparent electrode for optoelectronic
applications. However, the intrinsic photoresponse
of graphene is low and, as such, is not alone
suitable for photodetection.As a method to
improve photoresponse, zinc oxide has been
studied extensively for photodetector applications
because of its wide bandgap (~3.3 eV) and high
exciton binding energy (~60 meV). By combining
the advantageous properties of both zinc oxide
and graphene, solar blind hybrid photodetectors
were demonstrated using pulsed laser deposition
for zinc oxide thin film growth. The electrical and
optical properties, as well as surface morphology
of the zinc oxide thin films as a function of growth
pressure and film thickness, were characterized.
Additionally, the effect of the zinc oxide thin

film growth process on the graphene layer was
also investigated. Two device architectures were
fabricated and characterized, including zinc oxide
graphene hybrid phototransistors and Schottky-
type photodiodes.

1.0 INTRODUCTION

From a defense standpoint, there is a strong
need for Ultraviolet (UV) detectors as there is
an underutilized atmospheric window in the
UV region of the electromagnetic spectrum.
While there has been a proliferation of
optical sensors in the battle space, none has
been as pronounced as infrared detectors.
While the atmospheric transmission losses
are less in the infrared, they are strongly
dependent on atmospheric conditions including
water vapor. UV propagation on the other

hand is less sensitive to water vapor as it

is more transparent in the UV. Traditional
photodetectors such as silicon have a modest
bandgap of ~1 eV and, as such, show a peak
sensitivity between the visible and near
infrared. Because of this, these photodetectors
require extensive filtering to ensure that

the sensor is not overwhelmed by visible
radiation. Photodetectors that do not respond
to the visible portion of the solar spectrum
are referred to as solar blind detectors.
These solar blind detectors have significantly
lower false alarm rates in applications, such
as missile warning systems. Wide bandgap
semiconductors offer an alternative to solar
blind photoelectric detectors as they do not
require fragile glass envelopes or vacuum

to operate. Traditional photoconductive

wide bandgap photodetectors rely on an
interdigitated electrode design, which is
detrimental to both detection efficiency

and response time. These interdigitated
electrodes shadow a fraction of the surface
decreasing sensitivity. Secondly, the transit
time is determined by the distance between
the electrodes and the carrier mobility of

the underlying material thereby limiting the
response time of the detector.

The combination of low sheet resistance and
ultralow absorption of 2.3% make graphene
ideal as a transparent top conductor for
photodetectors. This transparency enables
devices with out-of-plane geometries which
provide faster response times and lower

loss compared to lateral device geometries.
Graphene offers additional design freedom
because it does not have to be grown directly
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on the device of interest. Both wet and dry
transfer processes allow for the device to

be fabricated by conventional methods,

where the graphene layer can be transferred
onto the device as the final fabrication step.
Alternatively, the device could be directly
fabricated on graphene and an associated
copper or silicon carbide superstrate. In the
case of the silicon carbide superstrate, it is
preferred to leave the superstrate in place
because it exhibits a large bandgap and
exceptional mechanical properties. Because of
this, the device is environmentally protected
which increases operational lifetime and
ultimately reduces cost. On the other hand,

a superstrate comprised of copper requires

its eventual removal due to its lack of
transparency. Depending on the adhesion
between the device, graphene, and superstrate,
it has been shown that the superstrate can be
mechanically removed from the device and
graphene layer. Unfortunately, it is not possible
to do this in all cases, as the surface energies
may not be favorable. Under these conditions
it is necessary to remove the copper layer via
chemical etching.

Zinc oxide, or ZnQ, is a promising material

for ultraviolet detection because of its wide
direct bandgap of 3.37 eV and high exciton
binding energy of 60 meV at room temperature
[1]. While there are other wide bandgap
semiconductors that exhibit similar properties
such as GaN, ZnSe, and ZnS, zinc oxide also has
the added advantage of having a higher degree
of radiation resistance. The peak responsivity
of ZnO can be easily adjusted by tuning the
bandgap via doping. For example, the bandgap
of ZnO can be tuned by Al-doping which has

a direct effect on its transport properties such
as conductivity, carrier density and mobility

[2]. By adjusting the Al-doping, its mobility

can be tuned from ~ 10 to 40 cm?Vs? while
the direct band gap increases from 3.3 to

3.8 eV for Al-doped ZnO films. In addition, the
bandgap of ZnO can be further increased up to
~6 eV by Mg-doping to extend its responsivity
into the deep UV [3]. A photoconductive UV
photodetector can be fabricated using a simple
implementation comprised of a graphene /
Zn0 / metal thin film stack. High quality ZnO
thin films with a relatively high mobility of
~40 cm?V-1st allow for high speed operation
because of the reduced transit times and

can be grown onto highly conductive, yet
transparent graphene layers.

The graphene-based approach described here
is compatible with ZnO based photodiode
detectors such as ZnO p-n homojunctions

and Schottky barrier photodiodes. Because
graphene is ultrathin, these photodetectors can
exhibit physical flexibility not achievable using
traditional photodetectors such as silicon. This
enables the possibility of applications requiring
conformal arrays where optoelectronics can

be applied to non-planar surfaces. In addition,
because the detector is flexible and can

be wrapped around a cylinder, it offers the
possibility of truly omnidirectional sensing.
Graphene as a transparent conductor provides
a method of photodetection that is broadband
with a fast response time, while highly
sensitive at the same time. To demonstrate the
aforementioned advantages, both a solar blind
graphene / zinc oxide-based UV photodetector
and a ZnO/graphene-based phototransistor

are presented.

2.0 EXPERIMENTAL METHODS

Pulsed Laser Deposition (PLD) was used to
grow ZnO thin films onto various substrates,
including quartz, graphene/quartz, and
graphene/SiO2/Si. All films were deposited
using a KrF excimer laser (Lambda Physik LPX
205, 248 nm, 30 ns FWHM) with a repetition
rate of 5 Hz. The pressure (10 - 100 mTorr),
temperature (room temperature to 150 °C),
and processing gas (O, and Ar) were varied to
optimize the optical and electrical properties
of the ZnO films. The incident laser was
focused onto a rotating ZnO target (5 cm
diameter) in a vacuum chamber with a laser
fluence of 2 J/cm?2. Prior to the deposition, the
chamber was evacuated to a base pressure
below 10-5 Torr. The target-to-substrate
distance was set to the maximum allowable in
the system (~9 cm), which allowed for reactive
species to thermalize. The number of laser
shots was adjusted to yield various thicknesses
of ZnO films, ranging from 20 to 100 nm.

Commercial graphene grown on Cu foils

by chemical vapor deposition (Graphene
Supermarket) was used for all experiments. A
wet transfer process [4], [5], [6],[7] was used to
fabricate the ZnO/graphene devices.
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The commercial graphene/Cu substrate

was first spin-coated with poly(methyl
methacrylate), or PMMA, (Microchem, 495
PMMA A2), yielding a thickness of ~600 nm,
followed by curing on a hot plate at 100°C for
2 min. The sample was then floated onto a
solution consisting of 20% HNO, acid in water
to remove the graphene on the back side of
the substrate. It was then floated in a ferric
chloride etchant solution for 2 hr to remove
the Cu substrate. The PMMA/graphene film
was then floated in a bath of deionized water
and rinsed several times to clear the solution
of any remaining etchant. The sample was
then floated on a solution of ~0.2% HCl acid
in water to remove any Cu particles that may
have adhered to the graphene layer during
the etching process. This substrate was then
placed in a bath of deionized water where

it was ready for transfer onto a receiving
substrate. Both highly-doped Si substrates
(0.001 - 0.005 Q-cm) with a 285 nm SiO,
layer and quartz substrates were used for the
wet transfer of graphene. Once transferred,
the devices were allowed to air dry. A small
droplet of PMMA was then drop casted onto
the graphene surface to encourage flattening
of the film, followed by a 3 min bake at 60°C
on a hot plate. The PMMA was removed in an
acetone bath and rinsed in isopropanol and
gently dried with nitrogen.ZnO thin films were
subsequently grown via PLD on the surface of
the graphene devices. As an alternative, ZnO
was grown on the as-received graphene/Cu
substrates. It was wet transferred following
the identical procedure described above,
resulting in the congruent transfer of the ZnO
and graphene stack. Electrical contacts were
fabricated via electron beam evaporation of Ti
(5 nm) / Au (100 nm) using a shadow mask so
as to avoid further lift-off processes that could
contaminate or modify the device surfaces.
Because the highly-doped Si substrates have
SiO, on both sides, the SiO, on the backside
was removed via laser micromachining so that
an electrode can be attached when back-gating
the device thereby removing an additional wet
etching step. Additionally, because multiple
devices were fabricated on each chip, an
isolation line was laser micromachined around
each individual graphene device.

Optical characterization was performed using
an optical microscope (Olympus, BX51) as
a first-line inspection. Raman spectroscopy
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(WITec, alpha300 R), operating at 532 nm

(2.33 eV), was used to give insight into the
structural and physical properties of both the
graphene and ZnO. The optical transmission
spectra were collected using a UV/Vis
spectrophotometer (JASCO, V670), while surface
morphology and roughness were analyzed
using atomic force microscopy, or AFM,

(Bruker, Dimension Icon). Photoillumination
experiments were conducted using a 100 W

Hg lamp fed via optical fiber through a
spectrometer (Oriel, MS260i). From there, the
light was coupled through a 10x microscope
objective mounted on a probe station
controlled via a semiconductor characterization
system (Keithley, 4200). The illumination spot
size used for these experiments was ~ 2 mm in
diameter, while the intensity was maintained
via computer-controlled attenuation.

3.0 RESULTS AND DISCUSSION

3.1 Pulsed Laser Deposition of Zn0
Thin Films

A study of the ZnO growth process on various
substrates, including quartz, graphene/quartz,
graphene/copper, and graphene/SiO,/Si was
performed. The optimization for ZnO growth
was first done on quartz substrates because the
substrate material is not affected by the PLD
process. When depositing ZnO on graphene
surfaces, the PLD process must be optimized
to reduce oxidation and degradation of the
graphene surface. Thus, various different
parameters were investigated for PLD of ZnO
onto graphene surfaces and will be discussed
in the following sections.

3.1.1 Quartz Substrates

Zn0 thin films were grown on bare quartz
substrates to characterize the processing
parameters of the pulsed laser deposition
process [8],[9], [10]. To characterize the optical
properties of the deposited ZnO films,

UV/Vis spectrophotometry was performed. The
films were grown at varying temperatures,
from room temperature up to 150°C, and

at varying pressures, ranging from 1 to 100
mTorr. As the growth pressure increased, an
increase in optical transmission was observed
in conjunction with an increase in resistivity
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[11]. The optical band gaps of 20 nm ZnO
films grown at 20 mTorr and 100 mTorr
were determined to be 3.29 eV and 3.24 eV,
respectively, which can be seen in the Tauc
plots in Figure 1.
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Figure 1: Tauc Plots of ZnO Film on Glass Substrates Grown at
150 °C at Both 20 mTorr and 100 mTorr, Showing Band Gaps of
~ 3.29 and 3.24 eV, Respectively. Inset: Transmission spectra
(300 to 900 nm) of a typical ZnO film deposited on a quartz
substrate.

3.1.2 Graphene/Cu Substrates

Raman spectroscopy was performed on ZnO
grown on graphene/Cu substrates. Initial
measurements show a strong background
signal from the Cu substrate. This observation
is due to photoluminescence of copper, which
has a maximum peak at ~ 600 nm [12], [13].
Because the Raman measurements were
carried out using a 532 nm (2.33 eV) laser,
this photoluminescence effect is expected.
This background can be subtracted out during

analysis to reveal flat spectra. The effect of
growth temperature and partial pressure

were studied by growing ZnO films at both
room temperature and also at 150°C, and by
varying the partial pressure growth in an Ar
atmosphere (both at 1 and 20 mTorr). While
higher temperature processing in an oxygen
environment can help grow higher quality
Zn0 films with fewer defects, these conditions
can degrade the graphene through oxidation.
The as-received graphene/Cu substrates

show distinct peaks at 1580 and 2700 cm'?
representing the G and 2D bands, respectively.
Because PLD is a high energy process, requiring
laser fluences on the order of 2 J/cm?, the
target-to-substrate distance can also affect the
quality of the films.

3.1.3 Graphene/Quartz Substrates

In addition to growth of ZnO films onto
graphene/Cu substrates, thin film deposition of
Zn0 films on graphene/quartz substrates was
also optimized by varying growth temperature
and film thickness. It is known that the
temperature greatly affects the quality of the
ZnO film where higher growth temperature
can help reduce defect density by reducing
compressive stress induced in the films as
displayed in Figure 2 (note highlighted area
inside of yellow circles), where the evolution
of cracking throughout the 100 nm film can

be seen. This residual stress induced during
the growth process is due to the different
thermal expansion coefficient between the ZnO
and graphene/quartz layers. For comparison,
another 100 nm film was grown under similar
conditions but at Room Temperature (RT).

The morphology of the RT film is significantly

Figure 2: Time Lapse Optical Micrographs of 100 nm Thick Zn0 Film (Grown at 100°C) at (a) 0 sec (b) 10 sec and (c) 20 sec Displaying the
Evolution of Cracking in the Films. (Yellow circles are guides for the eye.)
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different than that of those grown at high
temperature; however, the RT film still exhibits
wide-scale buckling.

The thickness and residual stress of the

100 nm thick films are likely the cause of the
observed cracking and buckling. To determine
the effect of film thickness on the quality of
the film, two ZnO films (20 nm and 350 nm
thick) were grown at room temperature. The
20 nm ZnO film is seen to lack the macroscopic
defects, such as wrinkling and cracking,
observed in the 100 nm films. The thicker film
also appears to be of higher quality compared
with the 100 nm films; however, some small
areas of cracking are observed. The surface
morphology was analyzed by Atomic Force
Microscopy (AFM) on the 350 nm thick ZnO
film. The measured rms surface roughness was
~ 1.84 nm, indicative of a very smooth film
(Figure 3). A similar surface roughness was
observed for 20 nm films.

Figure 3: Atomic Force Microscope (AFM) Image of ZnO (350 nm)
Film, Showing an rms Roughness of ~1.84 nm.

The high quality 20 nm film that exhibited no
cracking or wrinkling was further characterized
via Raman spectroscopy. Before deposition,
Raman of the graphene/quartz substrates
reveals two distinct graphene peaks, at ~

1606 cm™ and ~ 2684 cm?, which correspond
nicely to expected G and 2D peaks with an
additional peak at 440 cm™, representing

the underlying quartz substrate (Figure 4(a)).
After the deposition of the 20 nm ZnO film,

the Raman data again shows two distinct
graphene peaks at 1586 cm™ (G) and 2684 cm'!
(2D) (Figure 4(b)). In addition, a broad peak is
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observed at 474 cm?, characteristic of a ZnO
film with oxygen deficiency, interstitial Zn, or
the formation of free carriers [9]. The typical
E2 peak, normally observed at 437 cm™ is
absent, which is expected for films grown

at low or room temperature. Because of the
growth temperature and the fluences required
for PLD, compressive stress on the ZnO can be
induced in addition to the abovementioned
defects. The optimization process for growth
of ZnO must balance the quality (transmission
and resistivity) of the ZnO film with the quality
of the underlying graphene film. In other words,
to minimize oxidation of the graphene layer
during the growth of ZnO, the ZnO deposition
temperature must be minimized. The D band
peak observed at 1349 cm™ for graphene
indicates defects in the graphene film via

the formation of graphene oxide. The Raman
spectra for ZnO grown on graphene/quartz
substrates as well as ZnO grown on graphene/
copper substrates followed by a subsequent
wet transfer onto a SiO,/Si substrate are shown
in Figures 4(c) and 4(d), respectively.

In addition to studying the effect of ZnO film
thickness and growth temperature on the
resulting films, the effect of oxygen growth
pressure was also investigated. ZnO films were
grown at room temperature with a thickness
of 20 nm at both 20 mTorr and 100 mTorr
onto graphene/quartz substrates. The effect of
pressure on bandgap can be seen in Figure 1,
where increasing pressure causes a minimal
decrease in bandgap from 3.29 to 3.24 eV.

In addition, the growth pressure impacts the
electrical properties of the film as well as

the quality of the underlying graphene layer.
Raman spectra can be seen for films grown at
both 20 mTorr and 100 mTorr in Figure 5(a)
and Figures 5(b), respectively. The ratio of the
2D to G graphene peaks increases from 0.26 to
0.54 (an increase of over 200%) with increasing
growth pressure, indicating that defects are
reduced at higher pressure. Furthermore, the
resistivity of the film grown at higher pressure
(0.11 Q cm) is roughly 10 times higher than
that of the film grown at lower pressure
(0.012 Q-cm). This increased resistivity at high
pressure is attributed to decreased oxygen
vacancies in the film. However, the intensity

of the laser produced plasma may be reduced
at higher oxygen deposition pressure due to
more scattering with oxygen gas molecules
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Figure 4: Raman Spectra of (a) Graphene on Quartz, (b) ZnO (20 nm) on Graphene/Quartz, (c) ZnO (20 nm) / Graphene / Cu
(Before Wet Transfer), and (d) ZnO (20 nm) / Graphene / Si02 / Si (After Wet Transfer).

during deposition, resulting in a less damaged
graphene layer [14].

In addition to controlling growth temperature,
the role of target-to-substrate distance in
conjunction with growth gas and pressure
plays an important role in the quality of

the ZnO films. By increasing the target-to-
substrate distance to the maximum allowable
in the system, reactive species are allowed to
thermalize more before being depositing onto
the receiving substrate. The use of a buffer
gas, such as oxygen, also allows for energetic
species to thermalize before deposition. This
is especially important when depositing ZnO
films onto graphene layers, where the graphene
is susceptible to oxidation and degradation.

3.2 Photodetector Architecture

Because of the synergistic relationship
between Zn0O and graphene, a wide variety of
optoelectronic devices have become possible

[15].Zn0O exhibits a wide direct band gap of
72

~ 3.3 eV and a high exciton binding energy
of ~ 60 meV while graphene exhibits high
carrier mobility, optical transparency, and
both mechanical and chemical stability. By
combining the advantages of both materials,
Zn0O/graphene hybrid photodetectors offer
high responsivity, high detectivity and fast
response. The architecture of the devices
depends on the application, where the ZnO
can be nanostructured to further enhance the
properties of the device.

3.2.1 Photodetector (ZnO/Graphene/Quartz)

Zn0O/graphene heterostructures can be used
as Schottky photodiodes, similar to metal-
semiconductor Schottky junctions [16],[17].
Lee et al. demonstrate a ZnO/graphene/
Si02/Si Schottky photodiode, where the ZnO
(340 nm) was deposited via RF magnetron
sputtering. The Schottky barrier height was
observed to be 0.684 eV, where the magnitude
of the photocurrent is highly dependent on
wavelength [18].Zhang et al. developed a
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Figure 5: Raman Spectra of 20 nm ZnO Films Grown at Room Temperature via PLD on Graphene/Quartz at both (a) 20 mTorr and (b) 100
mTorr of 02. The corresponding electrical resistivity, optical bandgap values, and both 2D/G and D/G ratio values are also shown.

Schottky photodiode by creating a metal/Zn0O/
graphene structure, where an electrode is

evaporated on the backside of a ZnO wafer and

graphene is transferred onto the topside [19].
Because graphene is optically transparent, the
graphene acts as the top electrode.

Quartz/graphene/Zn0O/Ti/Au photodetectors
(Figure 6(a)) fabricated via PLD of ZnO were
characterized, showing I-V curves that exhibit
a weak Schottky behavior with a signification
amount of leakage current. This is expected
due to the difficulty in growing high quality
Zn0 on graphene as discussed previously.
The leakage current is likely exacerbated by
the thin, 20nm, ZnO which likely has pin hole
defects resulting in shorting between the
graphene and gold layers. The photoresponse
of this structure when illuminated with

365 nm radiation from a Hg-source (after a
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monochromator) is shown in Figure 6(b). The
responsivity of the device was determined to
be 2 AW at a bias voltage of 5V.The rise time
(10 % to 90 %) is 89 sec which is limited by
oxygen migration in the ZnO films [14].

3.2.2 Phototransistors
(Zn0/Graphene/Si0,/Si)

In an effort to improve sensitivity, we
investigated a graphene hybrid architecture
similar to a phototransistor. While this
phototransistor geometry does not use
graphene as a transparent electrode like the
Schottky-type photodetector, it does offer the
benefit of higher sensitivity. Graphene/ZnO
heterostructures as UV phototransistors have
been demonstrated using ZnO nanowires,
graphene foams, and quantum dots, to
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Figure 6: (a) Schematic Diagram and (b) Temporal Photoresponse of Schottky Photodiode (ZnO/Graphene/Quartz).
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name a few. Dang et al. demonstrated a UV
phototransistor based on ZnO nanorods

/ graphene heterostructures that showed
photocurrent responsivity of 2.5 x 10 AW
with a gain of 8.3 x 10¢[20], [21]. For the
current work, a similar phototransistor
architecture was fabricated using PLD-grown
Zn0O in combination with laser micromachining
to pattern individual devices. These devices
were fabricated on highly-doped Si substrates
with a 285 nm SiO, thermal oxide layer

using the techniques described earlier in the
experimental section. The final ZnO active area
was 2 mm x 0.5 mm, where two devices can be
seen in an optical micrograph in Figure 7(a).
Additionally, a schematic of this phototransistor
architecture is seen in Figure 7(b).

The first devices tested consisted of 20 nm ZnO
films grown at 20 mTorr, yielding a resistivity
of 0.012 Q-cm and a bandgap of 3.29 eV.

The phototransistors were gated from-70V

to 70 Vatadrain voltage,V, of 1V at both
dark current and an intensity (A = 365 nm) of
63 uW/cm?. As seen in Figure 8(a), there is an
observed shift in drain current when UV light
is applied. Furthermore, transfer characteristics
of the devices can be seen in the |-V curves in
Figure 3-8(b), where drain voltage,V,, is varied
from -5V to 5V, with no gating (V.= 0 V).

Temporal measurements were conducted

over various fluences ranging from 38 uW/
cm? up to 1.05 mW/cm?2 These tests yield a
responsivity of up to ~ 120 AW-1 at low fluence
(38 W/ cm?).
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Figure 7: (a) Optical Micrograph and (b) Schematic Diagram of
Fabricated ZnO/Graphene Phototransistor Devices.

Other devices were fabricated using a higher
growth pressure of 100 mTorr to determine if
the films resulted in better performance. These
Zn0 films yielded a resistivity of 0.11 Q-cm and
a bandgap of 3.24 eV; however, the resulting
responsivity was very similar (~117 AW at

38 pW/cm?) to the devices with ZnO grown at
20 mTorr.

The spectral response of the phototransistors
was measured as a function of incident
wavelength, showing superior solar blind
performance, as seen in Figure 9.

4.0 CONCLUSION

In conclusion, both UV Schottky-type
photodetectors and phototransistors were
fabricated by the direct growth of ZnO thin
films onto graphene. It is shown that the effects
of PLD growth conditions strongly influence
the quality of the underlying graphene via
oxidation to graphene oxide. Through process
optimization, including studying the effect

of film thickness on device performance and
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Figure 8: (a) Effect of Voltage Gating on Drain Current for Graphene FET (without UV lllumination) and ZnO/Graphene Phototransistors (with

V,of 1V.
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(b) I-V Characterization of ZnO/Graphene Phototransistors at UV Fluences Of

0 (DARK), 38, and 63 pw/Cm?>With V Fixed at 0 V. (Inset: |-V Characterization Of Graphene-Only Device Without UV lllumination).
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altering the device geometry such as channel
width, it is expected that the quality of both
the ZnO and graphene can be improved further.
A responsivity of 120 AW was observed for
the phototransistor hybrid devices as well as
superior UV spectral selectivity below

~ 400 nm. These UV photodetector
architectures illustrate how the use of

Zn0/ graphene heterostructures enables the
fabrication of new types of photodetectors.
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Figure 9: Responsivity of ZnO/Graphene Phototransistors as a
Function of Incident Wavelength (V, = -5V,V, = 0V, and P ~ 50
pw/cm2).
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