VOLUME 2 - 2020

High Performance, Lightweight Graphene Bnhanced

~

Polymer Matrix Composites for Defegse Appﬁcatiﬁns ~—

Jennifer Lynch

Rutgers University, Materials Science and Engineering Department

607 Taylor Road, Piscataway, NJ 08854
UNITED STATES

Email jklynch@soe.rutgers.edu

Keywords: Composites; Exfoliation; Flakes; Graphene; High Shear; Nanometal; Properties; Scalable.

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

22 -

20 £

18 £
g 16 _ ——PEEK
. 14 PSU
= 12 ¢
= E
S 104 —ps
@ E
z 8% ——HDPE
B 6 f

4+

2 £ /

ot -

Polymer G-PMC

Tonsile Stress ai Yeld (MPa)
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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
PSU
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.

700 T
[ —35%G-PEEK_Nanometal 182
600 { —35G-PEEK_Nanometal 75
[ —35%GPEEK
'Esm T —PEEK
k3
g 400
£
® 3m0 -
[
=
®
= 500 |
[T
100 1
0 ; i ' .
0 ool 002 003 004

Flexural Strain (mmy/mm)

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
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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

25
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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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