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1.0

EXECUTIVE SUMMARY

As offshore developments move into deeper water and step-out distances become longer,
there is an increasing need to improve subsea power umbilicals. As water depths
increase, a point is reached where hang-off weights become large and conventional
copper (Cu) wire cannot support its own weight. Thus alternative conductors are needed.
Since individual carbon nanotubes are considered to have conductivity 10 times better
than the traditional Cu used in umbilicals today and are ~9 times lighter, they are an ideal
candidate to replace copper and perhaps other metal conductors as well (e.g. aluminum).
One way to produce a nanotube conducting wire is to incorporate nanotubes into a
polymer that enables the electrical transfer of power through the nanotube conduits. The
nanotubes serve as the conductor in a polymer matrix that will be neutrally buoyant.

The overall objective of this year long study was to design, build, and test an engineering
prototype of a working ultra-high conductivity ‘wire’, also referred to as a polymeric
conductor. In its most ideal form, the polymeric conductor would be at least one foot long -
and operating at room temperature, be demonstrated to carry at least 500 amps, at one
half the diameter of a pure copper conductor carrying the same current at the same
voltage. This prototype, in later stages, could be incorporated into an umbilical. Such an
umbilical, termed polymer nanotube umbilical (PNU), will be expected to exceed 100 miles
in length and be called upon to deliver up to 10 MW at up to 36 kV with operating
envelopes ranging from ~30 — 250°F and pressures from 0 — 4500 psi.

Primary deliverables of the project were met; however the most ideal form of the
conductor was not achieved. Work completed during the project year dictates a
continuation of effort to achieve the ultimate goal of a PNU in an offshore application. Key
findings of the project include:

e Produced polymeric conductors with nanotube concentrations up to 90 wt%;
however, the primary focus of the program was directed toward low concentration
samples.

e Reached a minimum resistivity (inverse of conductivity) value of 2x10% Q:cm in the
melt state.

e Conductor carried a maximum voltage of 40V (the limit has not been evaluated).
e Conductor carried a maximum current of 16 A (not fully optimized).

¢ Identified several new steps for lowering resistivity.
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2.0

INDUSTRY NEED

As offshore developments move both into deeper water (excess of 10,000") and longer
step-out distances (excess of 30 miles) there is an increasing need to improve subsea
power umbilicals. Umbilicals must withstand substantial installation (laying) and service
loads and load combinations as well as perform their functions for an extended design life
(typically 20 years). As water depths increase, conventional copper (Cu) wire cannot
support its own weight so new conductors are needed. An increasingly important use of
umbilicals is the transmission of electrical power to electrical devices on the seabed. In
offshore developments for oil and gas, there is a need to deliver significant amounts of
power to subsea installations, particularly for artificial lift systems incorporating electrical
motors.

(@)

Figure 1 - Projected schematic of a Polymer Nanotube Umbilical (PNU) wire used in an
umbilical system for oil and gas production [1]

Figure 1 above shows a projected view of umbilicals used in oil and gas production from
an offshore oil and gas platform. Figure 1(a) shows the umbilicals spanning from the
platform to the seafloor. Figure 1(b) shows the cross-section of a multipurpose umbilical.
The umbilical can include hydraulic lines, communication electrical wiring, and power lines

-
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for pump operation. Figure 1(c) shows the cross-section of an electrical umbilical (shown
as wired for a three phase conductor). Figure 1(d) shows the nanotube based wire, while
Figure 1(e) shows the cross-section of the nanotube filled polymer wire. The new
Polymer Nanotube Umbilical (PNU) proposed in this program is a single-walled carbon
nanotube filled polymer wire. This paradigm change in conducting wire is enabled by the
high conductivity of the nanotubes and the understanding developed in processing and
manufacturing nanotube filled polymers. Nanotubes are considered to have conductivity
10 times better than Cu [2, 3]. Nanotubes offer lightweight conductors (better than silver)
and do not require the cooling systems of superconducting wires. The focus on producing
a nanotube conducting wire is to assemble nanotubes into a polymer that enables the
electrical transfer of power through the nanotube conduits. Nanotubes have very high
current density and can therefore become a conductor for high power transfer when well
dispersed in a polymer. The polymer filler serves as a binder for the nanotubes and can
enable a high strength wire as further properties are developed.

-
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3.0

SCOPE OF WORK

The overall objective of this study is to design, build, and test an engineering prototype of
a working ultra-high conductivity ‘wire’ (see Figure 1(d)), also referred to as a polymeric
conductor, that could in later stages be incorporated into an umbilical exceeding 100 miles
in length and called upon to deliver up to 10 MW at up to 36 kV with operating envelopes
ranging from ~30 — 250°F and pressures from 0 — 4500 psi.

The three main deliverables for the project were:

o Deliver an actual piece of polymeric conductor. The conductor shall be at least
one foot long, and operating at room temperature, be demonstrated to carry at
least 500 amps and be one half the diameter of a pure copper conductor carrying
the same current and voltage.

¢ Conduct a workshop in Houston, Texas to present and discuss results.
o Deliver a final report that documents the results of the demonstration.

0 An explanation and discussion of how to potentially manufacture the
conductors for industrial use.
0 Preliminary economics of the long term costs.

o Identification of the remaining technical and engineering hurdles.

The engineering prototype is a polymeric conductive ‘wire’ consisting of nanotubes
embedded in a polymer matrix. Tests and analyses were performed, from both a technical
and a commercial perspective, to determine and qualify the strengths, weaknesses, and
opportunities of further maturing the technology.

Research was performed to advance conduction of the nanotubes themselves to enable
future conductors. The steps taken to deliver this engineering prototype wire were as
follows:

e Implemented single-walled carbon nanotube (SWNT) technology for achieving
conduction.

e Attempted to use metallic SWNTs (m-SWNTs) and were unable to find a source
that could provide sufficient quantities.

e Studied nanotube to nanotube (NT-NT) connection to promote low contact
resistance.

e Processed NT-NT electrical connections to lower contact resistance.
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e Implemented the processing of nanotubes into a polymer binder to form a
conducting polymer.

e Used electric fields to promote nanotube alignment.
e Conducted materials characterization at the nano and micro scale levels.

¢ Conducted small scale electrical conduction tests to evaluate conductivity and NT-
NT connectedness.

The level of electrical conduction achieved in the polymeric conductor was accomplished
by:

e Use of nanotubes.

e Thermal management of the nanotubes.

e Developing conduction beyond that needed for ESD, EMI.

To produce a polymeric conductor, a number of technological advances were attempted,
including:

¢ Nanotube purification by selected approaches (scaled for producing amounts
needed for this program).
e Mixing the SWNTs in polymers and achieving dispersion.

e Use of alignment from extrusion and electric fields.
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4.0 PROJECT ORGANIZATION

The Ultra-High Conductivity Umbilicals study was completed in a one year time frame
relying on the knowledge and skills of the project team. The technical portion of the
project was conducted by Rice University and NanoRidge Materials, Inc. NanoRidge
Materials also served as the project manager. Technip, USA and DUCO provided
guidance support relating to umbilical use and development. Chevron provided financial
assistance. Some personnel of the key contributing organizations are listed below:

| DeanHulsey—PM |

A
L

=~

ave Madaen

| Kerri Dawson - AM

Figure 2 Organizational chart

"1
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5.0
5.1

51.1

KEY COMPONENTS OF THE COMPOSITE
Polymers

Two polymers were suggested for use in the statement of work: polyethylene and
polyamide. These polymers were originally chosen based on recommendations from the
umbilical manufacturers. Current umbilicals are composed of a flexible package typically
comprised of a thermoplastic extruded layer surrounding a bundle of functional
components. These are then assembled together in a compact structure.

The project team selected polyethylene, of various densities, as the chief experimental
polymer. This selection was due to availability, processability, and variability allowed in
the three densities used. Polystyrene and Dymax (UV curable polyurethane) were also
used for certain experiments when necessary. General descriptions of these polymers
are given below. Polyamide was not used due to time constraints of testing multiple
similar polymers. The choice of polymers did not appear to have any effect on the level of
conductivity obtained in the experiments.

Polyethylene (PE)

Polyethylene (PE) is a widely used plastic. It is a polymer of ethylene, CH2=CH2, having
the formula (-CH2-CH2-)n. Polyethylene is resistant to water, acids, alkalis, and most
solvents.

PE is the most widely used plastic, with an annual production of approximately 80 million
metric tons.

PE is divided into various density grades. The following three types were used for the
purposes of this investigation.

High Density PE (HDPE) is defined by a density of greater or equal to 0.941 g/cm®. HDPE
has a low degree of branching and has strong intermolecular forces and tensile strength.

Medium Density PE (MDPE) is defined by a density range of 0.926—0.940 g/cm*®. MDPE
has good shock and drop resistance properties. It also is less notch sensitive than HDPE
and stress cracking resistance is better than HDPE.
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51.2

5.1.3

Low Density PE (LDPE) is defined by a density range of 0.910-0.940 g/cm®. LDPE has a

high degree of short and long chain branching, which means that the chains do not pack
into the crystal structure as well. This results in a lower tensile strength and increased
ductility. The high degree of branching with long chains gives molten LDPE unique and
desirable flow properties.

Depending on the crystallinity and molecular weight, a melting point and glass transition
may or may not be observable. The temperature at which these occur varies widely with
the type of polyethylene. For common commercial grades of MDPE and HDPE the melting
point is typically in the range 120 to 130 °C (250 to 265 °F). The melting point for average,
commercial, LDPE is typically 105 to 115 °C (220 to 240 °F).

Most LDPE, MDPE and HDPE grades have excellent chemical resistance and do not
dissolve at room temperature because of their crystallinity. Polyethylene (other than cross-
linked polyethylene) usually can be dissolved at elevated temperatures in aromatic
hydrocarbons such as toluene or xylene, or in chlorinated solvents such as trichloroethane
or trichlorobenzene.

Polystyrene (PS)

Polystyrene (PS) is a widely used plastic. It is a colorless, transparent thermoplastic that
softens slightly above 100°C (212°F) and becomes a viscous liquid at around 185°C
(365°F). It is resistant to acids, alkalis, oils, and alcohols.

PS is a vinyl polymer. Structurally, it is a long hydrocarbon chain, with a phenyl group
attached to every other carbon atom.
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Polystyrene was mainly used for annealing experiments in this project to replicate findings
in prior research [4].

Dymax

The Dymax material used in the project was Ultra Light-Weld® 3091, an adhesive that is
designed for rapid bonding of poly vinyl chloride, nylon, polycarbonate, polyurethane,
styrene, and other plastic substrates. Dymax materials are solvent free and cure upon
exposure to light. This product was chosen for experimentation due to the relatively low
viscosity prior to curing, allowing for manipulation of the nanotubes toward alignment.
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Table 1 Dymax properties

Viscosity (nominal) Shore Hardness Elongation at Break
300 cP D55 200%
5.2 Nanotubes

Carbon nanotubes (CNTSs) are crystalline, lattice graphene sheets rolled into tube-shaped
structures, closed on each end and measuring 1 to 3 nm in diameter. CNTs can measure
up to 10,000 nm long and can exhibit unusually high aspect (length-to-diameter) ratios (as
great as 10,000:1) that are a key factor in their performance. Single-walled carbon
nanotubes (SWNTs) are comprised of a single tube with one wall. Multiwalled carbon
nanotubes (MWNTS) comprise two or more tubes of progressively larger diameter —
tubes within tubes. Because of this, MWNTSs tend to be slightly larger in diameter (8 to 10
nm). SWNTs are more electrically conductive than MWNTS, but also more expensive and
difficult to manufacture.

Nanotubes are the material of choice to promote electrical conduction in the polymers. Of
the dozens of known nanotube types, one third are metallic; the rest are direct band-gap
semiconductors (depending on the processing mode).

Figure 3 Depiction of a carbon nanotube (Rice University)

The metallic nanotubes, especially the ‘armchair’ nanotubes, have been shown to conduct
electricity at least as well as copper, and perhaps ten times better. SWNTSs typically have
the following properties:

Dimensions: 1nm (dia.), 0.3 — 100 mm (length)
e Density: 0.89g/cm?

e Tensile strength ~50GPa

e Tensile Modulus ~1TPa

¢ Elongation to failure ~5%
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e Electrical Conductivity ~1800-2000 ohms™

e Thermal conductivity - low in transverse direction and high in axial direction
(~2500 W/meK)

¢ Bound to each other by van der Waals forces

e Can be chemically functionalized

Optimizing the concentration of the SWNTs would ensure cost control. The project team
did use SWNTs for many experiments, with MWNTSs being utilized when large quantities
were required. The metallic SWNTs are not yet available for scaled use. The nanotubes
used in this project are listed in Table 2:

Table 2 Nanotubes used in project

Source Nanotube Type Summary of Evaluation
Rice University (HiPco) Low amorphous carb(_)n, high_ catalyst content,
SWNT very good nanotube sidewall integrity.
Southwest As-received material contains very little metal
NanoTechnologies SWNT catalyst or amorphous carbon impurities.
(SWeNT) [commercial grade (CG)]

Good quality MWNTs suitable for testing
Bayer MWNT applications, but not a good choice for most
conductive applications.

-
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6.0 MANUFACTURING THE CONDUCTOR

In this project, nanotubes are mixed into a polymer matrix. Theoretical prediction
indicates that the network of slightly misaligned, highly dispersed, and well connected
nanotubes should maximize the conductivity, especially if the nanotubes have the same
chirality and are all metallic. In real practice, four issues are involved: dispersion,
alignment, connection, and chirality.

Within this section, methods of producing a polymeric conductor wire or sample are
described in detail. Differing methods and combinations were researched and used to
create a composite wire or small amount of sample for testing in order to increase overall
conductivity of the nanotube polymer. Despite the many combinations that were used, the
level of improvement for each method ranged from 20 — 70% conductivity improvement
compared to the base nanotube polymer. In further research, it is expected that each of
these processes continue to be studied and improved upon and ultimately used in
combination to create a more conductive sample.

6.1 General Procedure Used to Produce Composite Wire

Rice University developed an incipient wetting procedure for dispersing nanotubes within
a polymer matrix. The incipient wetting includes two steps: mixing in the solution and
removal of the solvent. High density polyethylene (HDPE) and medium density
polyethylene (MDPE) were chosen as the polymers. The procedure for the HDPE/CNTs
system involved mixing of the polymer and nanotubes in the solvent, removal of the
solvent in a drying step, shear and mechanical mixing, followed by extrusion. Figure 4
shows the schematic of the fabrication process. When using the MDPE, a variation of the
previous procedure was used that produced a porous structure on the surface of the
MDPE powder. The nanotubes in this system are better dispersed than in the
CNTs/HDPE system since the porous structure has a larger contact area between the
CNTs and the polymer matrix.

-
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6.2
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Figure 4 General composite wire processing procedure schematic

Four manufacturing techniques were employed in the production of the composite wires.
Initially, composite wires were produced using an injection molding machine, using only 3
grams of starting materials. Injection speed can be adjusted by controlling the injection
pressure and the flow rate controlling the degree of nanotube alignment. Other equipment
used included a miniextruder, a Haake extruder, and a Lab Scientific extruder. The
minimum material requirements for the miniextruder, Haake extruder, and Lab Scientific
extruder are 10 grams, 100 grams and 200 grams, respectively. The three extruders each
have temperature control and torque control functions.

Nanotube Purification

Nanotubes from various suppliers contain different levels of impurities (amorphous carbon
and residual catalyst) that are dependent on the manufacturing conditions. In this project,
three types of nanotubes were used, HiPco nanotubes, SWeNT CG nanotubes, and
Bayer multi-walled nanotubes. Samples were characterized by thermogravimetric analysis
(TGA) to measure the levels of impurities. TGA reveals that the initial impurities of raw
HiPco nanotubes are 35 weight percent (wt%) iron, with SWeNT and Bayer nanotubes
having residual catalyst content below 5%. Prior to utilization, the HiPco nanotubes were
purified using an in-house purification method. This method was necessary because other
commonly used purification methods damage the nanotubes, resulting in decreased
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6.3

/

20nm

conductivity. The impurity concentration of HiPco nanotubes decreases from 35 wt% to
less than 5 wt% after purification. Raman analysis was also performed to assess
nanotube sidewall damage resulting from the purification. It was revealed that nanotube
integrity was preserved.

Dispersion Methods

In order to effectively use the good electrical properties of carbon nanotubes, efficient
dispersion of nanotubes and a network formation for electron flow in the composite is
essential. To achieve this, an experiment based on the Winey method was used [5]. CG-
SWNTs (0.2 mg/ml) were sonicated in dimethylformamide (DMF), n-methylpyrrolidone
(NMP), and dichlorobenzene (DCB) for 3 hours using an ultrasonic probe sonicator.
Dichlorobenzene was used for processing the CG-SWNTs/MDPE composites, since PE
dissolves in dichlorobenzene and the experimental process, hot coagulation, requires a
solvent which will disperse the SWNTs and also dissolve the PE.

To remove the larger agglomerates, a decanting process was employed. The samples
were centrifuged at different G forces for varying lengths of time. To separate out the
catalyst particles, amorphous carbon, and larger agglomerates, the CG-SWNTs in DCB
samples needed to be centrifuged at 85000 Gs for 15 minutes. Figure 5 shows the TEM
images of the CG-SWNTs before and after decanting. The red arrows indicating dark
spots in the TEM image of the sample before decanting shows the presence of left over
catalyst particles. It can also be seen that the nanotubes are heavily agglomerated before
decanting as compared to after the decanting process. These images are representative
of the entire sample since an average of 10 samples were analyzed using TEM.

AN

20nm

Before Decanting After Decanting

Figure 5 TEM image of the CG-SWNT/DCB suspensions before and after decanting
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A weight analysis on the pellet showed that 30% of the original sample precipitated out of
the solution. Clean non-agglomerated CNTs and smaller diameter bundles of CNTs were
obtained.

6.4 Extrusion and Alignment Methods

In polymeric conductor manufacturing, nanotube alignment is critical for improving the
conductivity of the composites. Shear force and electrical field application are two
methods used to align nanotubes. The methods are sometimes used in tandem. A twin
screw extruder was employed by NanoRidge to deliver shear forces to the sample.
Extrusion speed and pressure could be adjusted as part of optimization of the sample. An
electrical field, described further in Section 6.6.2 as a post processing technique, was
applied with shear flow direction. Nanotubes are polarized and the nanotubes rotate to
align in the direction of the electrical field.

The nanotubes in the composite are wrapped by polymer. The polymer acts as an
insulating layer between nanotubes and breaks the conducting paths within the
composites. In order to enhance the conductivity, the insulating wrapped polymer layer
must be opened up. An attempt was made to connect the nanotubes using an electric
field. This provides local heating that can melt the polymer, enhancing the direct contact
of the nanotubes.

6.5 Increased NT Loading Levels

Although this project focused on low concentration of hanotubes to produce the polymeric
conductor, experiments were carried out at various loading levels. The Winey dispersion
procedure was used to produce samples made of MDPE with nanotube loadings from 10
weight percent (typical throughout the project) up to 90 weight percent. This direction into
higher loadings was attempted to increase the probability of CNT-CNT contact within the
conductor, allowing for a reduction in resistivity. The table below lists resistivity values
obtained using this method.

Table 3 High weight % loading and resistivities

Weight Percent Nanotube type Resistivity (Qcm)
50 CG100 1.4x 10"
60 CG100 6.0 x 10°
90 CG100 3.0x 107

The samples demonstrated similar bulk attributes across the samples and the optimization
of the CNT-CNT connections reduced the resistivity.
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6.6 Post Processing Treatments (NT-NT Connections)

6.6.1 Nanotube Terminations
The set up used for alignment studies is shown below in Figure 6. The samples were
placed between two leads and connected to the power supply. The leads were listed as
terminations. Three types were used, multi-stranded copper wire, single-core copper wire,
and etched and silver coated copper wire. Three different terminations were used to
reduce the contact resistance and improve the surface area of contact with the CG-SWNT

/ MDPE composites.

()
N/

Figure 6 Electric field conditioning set up for polymeric conductors
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Table 4 below shows the resistivity values obtained for different samples and
terminations. No major change in the resistivity was observed due to change in
terminations, however the number of runs required to condition the samples was reduced
by using a single-core or silver coated wire as compared to the multi-stranded wire.

Table 4 Composite resistivity values under the effect of electric field

Sample Resistivity Diameter Electric

AWG 8 — 18 strand copper wire (Qcm) (cm) Field
as leads Application

Polyethylene (MDPE) 10" 0.394 None

10 wt% CG / MDPE ~1*10° - 1.5 10° 0.394 None
10 wt% CG / MDPE ~4*10° - 6*10~ 0.394 At high temp
10 wt% purified HiPco / MDPE ~2*10% - 6*10~ 0.394 At high temp
10 wt% CG / MDPE ~5*10" - 10 0.394 At room temp
10 wt% purified HiPco / MDPE ~2*10"-5 0.394 At room temp
10 wit% purified HiPco / MDPE ~7%10° -9*10" 0.394 At high temp

*Single core copper lead
10 wt% purified HiPco / MDPE ~45%10 -8*10 " 0.200 At high temp
10 wt% CG / MDPE ~3.5%10° — 5*10” 0.394 At high temp
*Silver coated copper leads

6.6.2 Electric Field

To improve the electrical conductivity of MDPE/CG-SWNT composites, one of the post
processing steps used was the application of an electrical field. Previous studies have
shown that the SWNTs in a liquid behave as dipoles when subjected to an external
electrical field and over a period of time, they tend to align in the direction of the field [6].
The electric field was used to improve the CG-SWNT network formation in the composite
and also to reduce the polymer—carbon nanotube contact junctions that reduce the
electrical resistivity of the composite. A schematic of the set up is shown above in Figure
6. The samples were heated to 145°C to let the polymer flow which in turn enables free
rotational and translational motion of the SWNTs under the effect of electric field. The
samples were conditioned 3 to 4 times which minimized the voids and improved the
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current carrying capability of the composite. A low DC field with a voltage varying from 1
to 8 volts was applied. Several solutions used to combat the challenges that occurred are
shown in Table 5.

Table 5 Electric field processing challenges and solutions for CG-SWNTs/MDPE composites

Challenge

Solution

For CNTs to effectively align in the
polymer, the polymer has to have low
viscosity

Resistivity ( ~ 200 Qcm)

Composites were heated to 145 °C to
allow the nanotubes to align and form a
network

Resistivity (~2.5 Qcm)

For the electric field to be effective there
should be a solid contact between the
copper leads and the sample

Resistivity ( ~ 2000 Q' cm)

The sample was compacted between
the leads by applying pressure and the
leads were clamped in place
Resistivity (~ 60— 100 Q'cm)

Unlike all previous studies where the
polymers are either photo curable and UV
curable, PE is not UV curable or photo
curable

Resistivity ( ~ 50 — 100 Q'cm)

A low voltage electric field was applied
when polymer was allowed to harden
after alignment tests

Resistivity (~ 0.5 Qcm — 10 Qcm)

Void formation will prevent a continuous
network for electron flow

Resistivity at 145°C (~2.5-5Q'cm)

Samples were conditioned and after
each conditioning run the leads were
pushed in further to eliminate the voids

Resistivity at 145°C (~ 0.02 — 0.09
Qcm)

Upon applying force on the copper leads,
the polymer flows on the exterior of the
leads due to a minor difference between
the inner diameter of quartz tube and the
copper leads. This decreases the amount
of polymer between the leads.

Sealing the area between the copper
lead and inner diameter of the quartz
with Teflon and holding the copper in
place using an insulating tape and
clamp reduced the polymer flow.

Figure 7 shows the current voltage statistics of a typical electric field conditioning test for
the CG-SWNT / MDPE composites. It can be seen that after every conditioning run the
current carrying capability of the composite is improved. This is because of improved
junctions between carbon nanotubes and reduction in void formation.

-
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Figure 7 Current carrying capability of 10 wt% CG-SWNTs/MDPE composites based on
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Figure 8 and Figure 9 show SEM images of the composite before and after electric field
processing. After electric field application, some areas of alignment were visually
observed.

2.0 Puri

|gure 8 SEM |maes of comosite before and after application of electric field

Before Electric Field After Electric Field

2uri

igure 9 Improved network and alignment of CG-SWNTsafter electric field processing
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6.6.3 Annealing

Annealing is a method used to enhance the conductivity of the composite wires. The
effect is more pronounced for low loading samples than for high loading samples. Figure
10 shows that annealing causes the conductivity of the composite wires loaded with 10
wt% nanotubes to increase by two orders of magnitude. For higher loading samples, the
enhancement effect dims at the same annealing condition.

Annealing is typically done post-processing for 40 minutes in a vacuum oven set at 115°C.
The oven is then turned off and the sample is cooled slowly to room temperature.
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Figure 10 Annealing impact on resistivity of Bayer MWNTs
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6.6.4 Pressure

Direct contact of the nanotubes in the composite is one of the key factors in approaching
the desired conductivity of the CNTs/polymer composites. Motivated by the promising
scenario that polymers between nanotubes are squeezed out and direct contacts between
nanotubes can be realized, various pressures were applied on the as-produced wire
samples using a hot press in the uniaxial direction. The equipment can supply desired
pressures while maintaining the sample in a softened state by homogeneous heating.
Table 6 shows the resistivity of the samples before and after compression by 3000 Psi
pressure at 150°C. The resistivity was measured at room temperature. The compression
resulted in a decrease in resistivity of about 5 percent for the samples with 30 wt% loading
of MWNTs with respect to the un-compressed sample. The pressure was increased to
30000 Psi and the resistivity of the sample was reduced by as much as 15 percent with
respect to the un-compressed counterpart.

Table 6 Resistivity of the composite before and after compression

Initial Resistivity Resistivity after Compression
(Qcm) (Qcm)
30 wt% Loading 0.38 0.36
40 wt% Loading 0.14 0.13

6.6.5 Doping/Intercalation

Intercalation is a term used to describe the reversible incorporation of a foreign molecule
between two other molecules, most often in a periodic structure. It is most associated with
the incorporation of foreign species between layers of graphite hence the term; graphite
intercalation compounds (GICs).

The introduction of foreign species to carbon nanotubes is more commonly described as
doping. Doping in this sense can be broken down into three main categories [7]:

(a) Endohedral inclusion of the free space within the nanotube

(b) Replacement of carbon atoms of the nanotube structure with a dopant

(c) Exohedral incorporation of molecules between nanotubes within a bundle or
agglomerate

The exohedral doping correlates closely to the intercalation of graphite, in particular when
a charge transfer between dopant and nanotube often lead to novel electrical properties
[7, 8].

-
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For this initial study, several dopants were investigated: iodine, thionyl chloride, and
antimony pentafluoride. The first dopant was applied to an extruded composite wire and
produced a decrease in resistivity of 67%. The remaining two dopants were applied to the
nanotubes prior to integration into the polymer matrix. The thionyl chloride reduced the
resistivity of the sample by 50%. The antimony pentafluoride showed an increase of the
nanotube conductivity by over one order of magnitude, but further research is needed to
incorporate the doped nanotubes into the polymer matrix to determine the effect on the
composite. Each of these methods is discussed below in further detail.

6.6.5.1 lodine Doping

Composite wires were doped using a post-processing treatment.  The as-produced
composite wires were placed in an iodine steam environment for 8 hours. Upon removal,
the resistivity of the treated composite wires reduced by 67%. The sample with 30 wt%
loading ratio reduced its conductivity from 0.48 Q'.cm to 0.16 Q.cm. Although a reduction in
resistivity was observed, it is unclear how much of the improvement can be solely
attributed to iodine atoms.

6.6.5.2 Thionyl Chloride Doping

Thionyl chloride, SOCI2, was used as a dopant to make the nanotubes more conductive
and facilitate their dispersion within the polymer matrix. Before adding the nanotubes into
the HDPE matrix, the nanotubes were doped by SOCI2 [9, 10, 11]. 5 g raw Bayer
MWNTs were added into 50 ml SOCI2 solvent. The solution was heated to 150°C and
maintained at that temperature for 2 hours. Following filtration and washing with copious
amounts of water, the SOCI2 doped MWNTs were collected and dried in an oven at
105°C overnight. The SOCI2 doped nanotubes were then used to produce the composite
wire. The composite wires loaded with SOCI2 doped CNTs showed 50% increase in the
conductivity compared to its counterpart loaded with pristine CNTs at the same loading
ratio.

6.6.5.3 Antimony Pentafluoride

Single wall carbon nanotubes (SWNT) and SbFs were combined in a method based on
Lalancette et al. [12]. The SWNT were dried by heating under vacuum in a boiling flask for
72 hours at a temperature range of 90 — 110°C. The sample was transferred to a plastic
glove bag for processing under an atmosphere of dry nitrogen. SbFs (Sigma Aldrich) was
pipetted onto the SWNT inside a boiling flask. The end product was a dry black powder,
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similar to the starting SWNT, which appeared stable under normal atmosphere and was
resistant to hydrolysis.

In order to measure electrical conductivity, the small amount of material produced dictated
the use of a simple two-point probe measurement. The material was placed inside a
Teflon tube and a probe attached at each end. Two-point electrical probe measurements
were obtained using a Commercial Electrical HDM350 Multimeter with the following
results:

Table 7 Antimony pentafluoride doping results

Tube Type Resistance (Qcm)
Raw SWNT 55.3
SWNT SbF5 2.3

The SbFs—treated SWNT showed over an order of magnitude improvement in
conductivity. This is in keeping with the typical factor of ten improvement noted by Inagaki
et al. review [13].

The sample showed a mix of two tube types, but the microscopy consistently found very
rigid and straight nanotubes in the 20-40nm range (Figure 11). High-resolution STEM
images of the smaller ~2nm nanotubes suggest these are modified or functionalized
SWNT (Figure 12). Energy Dispersive Spectrometry (EDS) data shows the presence of C,
Sb and F (Figure 13) on these smaller nanotubes.

-
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Figure 11 STEM imagery of material produced with high resolution images of large
diameter tube structures
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Figure 12 As produced material with high resolution STEM of smaller tube
structure. Surface morphology of small tube shows definite changes over raw
SWNT
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450k BF-STEM

Figure 13 STEM image of coated small tube structure and corresponding EDS data
confirming presence of C, F, and Sb
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Figure 14 and Figure 15 further highlight the presence of C, Sb and F through EDS area
scans and STEM microscopy.

SE MAG: 50000 xHV: 30.0 LAl 0 0.2 mm

osey

3

Figure 14 SEM and corresponding EDS area map of carbon nanotube bundles showing
presence of C, Sb and F

M images showing potential Sb

M

nce on nanotube
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Figure 15 STE prese
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6.6.6 Metal Additives
Simpler than chemical doping or coating is the incorporation of nanoscale metal particles
into the CNT polymer composite to increase interconnectivity of the nanotube network

(Figure 16).

Figure 16 lllustration of increasing interconnectivity of nanotube networks [14]

In an effort to harness the potential for more facile processing suitable for bulk fabrication,
a number of potential protocols were explored. SWNT and MDPE were combined with
both aluminum oxide and silver nanoparticles (Figure 17 and Figure 18). The composites
that included aluminum were exposed to microwave energy in an effort to perform in-situ

removal of the thin oxide layers present.

. 3 B BT L M
100nm

LI N B S B B B ) B
55500 30.0kV x250k BF-STEM 200nm $5500 30.0

Figure 17 Silver nanoparticles Figure 18 Aluminum nanoparticles

Composites comprising 10 wt% SWNT in MDPE showed improvements using 0.1 — 1 wt%
of silver nanoparticles of one order magnitude or less in resistivity.
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6.6.7 Microwave Processing

A research group at Rice University has shown the heating effect of carbon nanotubes
(CNT) with microwaves to be highly efficient, even when included in a polymer to form a
composite [15, 16]. Higginbotham, Moloney et al have shown that even less than 1 wt %
of CNT included in a ceramic composite can be heated in excess of 1000°C in minutes
using 30-40 watts of microwave energy [17].Conductive polymer composites containing
CNT, whose conductivity has been further improved by a microwave process, would be
very useful for umbilical applications. This microwave process is a low cost, highly
scalable procedure that can improve the electrical conductivity (reduce resistivity) of CNT
polymer composites (patent pending). The experiment resulted in a reduction in resistivity
by 33% and is further described below.

6.6.7.1 Experimental

CNTs were dispersed in polymers (PE, PEEK, PS) by mechanical and/or chemical
means. These CNT-polymer nanocomposites were exposed to microwave radiation either
in an S-Band wave guide or a simple microwave oven. The nanotubes heated rapidly and
the polymer in their immediate vicinity is modified creating conductive pathways between
each nanotube, which in turn increases the interconnections between the nanotubes and
reduces the bulk resistivity of the composite.

The resistivity of CNT polymer composites can be reduced to as low as 1*10% Q<cm via
mechanical, chemical and electrical processing. Often, these steps are costly, time
consuming and not scalable from the laboratory to industrial usefulness. By harnessing
the heating effect of CNTs, a novel process for the enhancement of CNT polymer
composite conductivity (reduction in resistivity) has been observed. It is thought this
reduction in resistivity is due to either:

(1) Polymer char between the CNT providing increased electrically conductive
pathways or

(2) Polymer char between the CNT providing increased electrically conductive
pathways in combination with movement and alignment of the CNT due to
the melting of the polymer and electromagnetic forces placed on the CNT
by the microwave radiation (see Figure 19).

CNT polymer composites tested include:

e Single wall carbon nanotubes (SWNT) and polyether ether ketone (PEEK)
e SWNT and high density polyethylene (HDPE)
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e Multiwall carbon nanotubes (MWNT) and MDPE

6.6.7.2 Characterization and Results

Reduction in resistivity of 33% has been observed using an S-band wave guide producing
70 watts of microwave energy for exposures of less than 30 seconds. The composite bulk
mechanical properties remained unchanged post microwave treatment.

Figure 19 Conductive pathways before and after microwave processing

The heating effect of nanotubes from microwave radiation is not fully understood. These
initial experiments showed that further refinement of the process, with more control on the
microwave exposure, would be useful. Initial testing showed that the bulk mechanical
properties remained unaffected by the microwave heating.

-
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7.0 COST ANALYSIS OF THE CONDUCTOR AT LONG LENGTHS

The eventual cost of the PNU cable will be dominated by the cost of the metallic single
wall nanotubes (m-SWNTs) which will need to be employed in the final product. As the
cable is currently conceived, the matrix material will be a polyethylene (PE) polymer.
Various forms of PE are commonly used throughout industry and are readily available.
They are a commodity product whose cost varies with the cost of petroleum products, and
for the purposes of this report the price assumption will be in the range of $2.00/Ib.

The cost of the nanotubes is a much more challenging proposition with costs ranging from
$0.50/gram to as high as $200,000.00/gram. This wide variation is caused by the
variation in the types of tubes. The low end cost is for commonly available multiwall
nanotubes, with the high end being for enriched metallic single wall nanotubes. Of
course, the metallic single wall tubes are expected to be needed for the final product.

If the PNU cable achieves the ideal conductivity goal as stated for the project, the cable
will have four times the conductivity of copper. Since the polymer/nanotube density is
~1/9" that of copper, a unit mass of PNU will produce 36X’s the length of wire as an equal
mass of copper. Today, a pound of copper costs ~$3.50, 36 pounds would cost $220.00.
Assuming our eventual nanotube cost will be $100.00/gram, one pound of PNU
(equivalent wire length for 36 pounds of copper) would cost ~$4500.00 (10 wt%
nanotubes in PE). The cost of the polymer is negligible for this cost estimation as well as
the manufacturing cost for turning the polymer/nanotube material into a wire. It is also
assumed that the manufacturing cost of turning copper into wire and PNU into wire is
equivalent. For cost equivalence, the price of the nanotubes will have to drop to
~$4.00/gram. This would seem to be a huge price decline, but with increased production
of nanotubes throughout the world it is not unimaginable, as was seen with the cost of
carbon fiber ($1000/Ib to $10/Ib). Also, this estimation does not include any cost benefit
for the product, which should be significant.

-
Confidential: Do not disclose without authorization. March 2, 2010



Page
34/44

Ultra-High Conductivity Umbilicals

8.0 SUMMARY OF RESULTS AND REMAINING TECHNICAL HURDLES

While the original scope of this study was to design, build, and test a prototype of a
polymeric conductor in its most ideal form, this project ultimately produced two prototype
specimens that were demonstrated during the nano-Umbilical Workshop. The first sample
measured one foot in length, 2mm in diameter, and was shown to power a light bulb
(comparison study). A picture of the setup is shown below in Figure 20. The second
sample was in a glass tube approximately 5 cm long and was used to power a pump, as
shown in Figure 21 below.

Figure 20 Setup of polymeric conductor prototype
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Figure 21 Setup of sample used to power pump (higher voltage condition)

Polymeric Conductor Properties Achieved:

e Lowest resistivity value reached in the melt state was 2*10% Q.cm.

e Highest voltage carried by PNU was 40V (the limit has not been evaluated).
e Highest current carried by PNU was 16 A (not fully optimized).

e |dentified several new steps for lowering resistivity.

e Nanotube concentrations up to 90 wt% were evaluated.

Although the polymeric conductor was not produced in its ideal form, seventeen orders of
magnitude improvement from the standard polymer material was realized. It is expected
that with the use of more metallic SWNTs a much higher level of conductivity may be
achieved. In addition, many of the new methods used during this study should be further
advanced, potentially enabling new technologies.

-
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As shown in the table below (Table 8), many of the program tasks were achieved and led
to sample pieces for two setups (two experimental stations) to demonstrate polymeric

conductors.

Table 8 Status of program tasks at the end of the one year program

Technical Tasks (Monthly) Completion Status
Date
a. Obtain SWNTs & m-SWNTs May Completed
b. Process wires w/ polymer 1 & 2 April Completed
c. Test properties of 1 & 2 wire April Completed
d. Characterize m-SWNTs May Completed
e. Conduct NT-NT study September Incomplete
f. Improve NT-NT conduction September Completed
g. Disperse SWNTsin1 &2 April Completed
h. Disperse m-SWNTs in1 & 2 October Completed
I. Implement Electric Fields November Completed
j- Characterize NT filled wires December Completed
k. Conduct physical tests December Incomplete
|. Connection study December Completed
m. Reporting Monthly Completed
Milestones Completion Status
Date

1. Obtain m-SWNTs March Completed
2. Produce first 1 ft wire June Completed
3. Evaluate for umbilical September Completed
4. Evaluation & optimization September Completed
5. Optimize and prototype test December Incomplete
6. Final Report December Pending

7. nano-Umbilical Workshop December Completed
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Listed below are a number of items identified and discussed as technical/engineering
hurdles that remain that could be overcome in continued implementation of this program.
The hurdles involve overcoming scientific aspects that will enable the PNU to reach lower
resistivities and longer lengths.

The hurdles to overcome are as follows:

(1) Reduce or eliminate the phenomenon of nanotubes becoming individually coated with
the host polymer. Novel methods to accomplish this are needed.

(2) The minimum achievable resistance between the nanotubes has not been formally
tested. A NT-NT contact study should be completed to determine this resistance.

(3) Determine the effect of contact angles and overlap distance between nanotubes on
electrical resistance.

(4) Determine the ultimate electrical resistivity of metallic versus non-metallic single wall
nanotubes.

(5) Optimize the processing methods employed to achieve best possible conductivity.
This includes high dispersion and improved alignment of nanotubes, use of pressure
and doping to enhance contact of nanotubes, and review of the complete
manufacturing process.

As the knowledge base regarding nanotube composite polymeric conductors continues to
expand, several intermediate products may be discovered while working toward the
ultimate goal of the polymer nanotube umbilical.

-
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Appendix 1, Acronyms and Abbreviations
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CG Commercial Grade

CNT/NT Carbon Nanotube / Nanotube
DCB Dichlorobenzene

DMF Dimethylformamide

ESD Electro static disipation

EMI Electro magnetic interference
GICs Graphite Intercalation Compounds
HD High Density

HiPco High Pressure carbon monoxide
LD Low Density

m-SWNTs Metallic Single Walled Carbon Nanotubes
MD Medium Density

MWNT Multi Walled Carbon Nanotubes
NMP n-methylpyrrolidone

PE Polyethylene

PNU Polymer Nanotube Umbilical

PS Polystyrene

