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Abstract

Carbon nanotubes (CNT) sheet is a new type of nonwoven fabric that is being evaluated
for different applications. This article presents the first friction-based investigation of the
use of CNT sheet as a dust shield. The focus application is for shielding future machinery
on the moon from lunar dust. Lunar dust is strongly abrasive; it adheres to all surfaces and
causes wear. The absence of an atmosphere and water on the moon, along with its low
gravity, and electrostatic adhesion exacerbates the issue of lunar dust, which affects all
surfaces, including machinery and human apparel. Friction testing was performed to
represent the effect of abrasion occurring on a garment surface while astronauts are
working on the moon. The coefficients of static and sliding friction between two CNT
sheets, held against each other by a weight, were 0.6 and 0.45, respectively. The presence
of lunar regolith simulant reduced the friction coefficients between the two CNT sheets
by 33% and 22% for static and sliding friction, respectively. The dust in the sheets was
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easily cleaned with dry wiping and compressed air, showing no requirement to use water
for cleaning in space applications. However, the CNT sheets experienced wear after
repeated friction tests. The CNT sheets passed the flammability test standards ASTM
Dé6413/D6413M-15 and NPFA 1971 for applications under extreme heat conditions.
Thus, CNT sheet can be considered as a multi-functional material for lunar applications,
with shielding protection against dust and electromagnetic waves, and resistance to high
temperatures.
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Carbon nanotubes sheet, lunar dust, lunar textile, shielding

Introduction

In the lunar environment dust collects on surfaces and causes friction and wear. This
paper investigates if the use of carbon nanotube (CNT) sheet can reduce friction
between surfaces. Simulated Lunar Highlands Dust (LHS-1D) obtained from Exolith
Lab.' was used in the experiments. The goal of using CNT sheets was to reduce
friction and wear on surfaces of equipment and machinery working on the moon. CNT
sheets are useful in addressing three major problems reported regarding lunar dust:
Dust Adhesion and Abrasion, Surface Electric Fields, and Dust Transport.” Re-
searchers have shown CNT composites capability in radiation shielding such as proton
radiation, electromagnetic radiation, and ultraviolet radiation, which is important for
space applications.” > CNT sheets are lightweight, they can be tailored for their stress-
strain behavior (CNT composite sheets), they are conductive, and they are
hydrophobic.®™® Hence, they can become a potential candidate for space exploration if
they can withstand the extreme lunar dust environment consisting of strongly abrasive
particles.

Lunar dust is reported to cause serious problems in space exploration. It can adhere
to surfaces causing coating, contamination, false instrument readings, clogging,
thermal and optical control problems, abrasion, equipment failure, and loss of
traction.>*!! Lunar dust can interfere with vision, and inhalation and irritation may
occur.”’ Besides, lunar dust is found to be electrically charged which results in
enhanced adhesion to clothing and equipment.” A text citing commander of Apollo
17, Eugene Cernan, states that “...one of the most aggravating, restricting facets of
lunar surface exploration is the dust and its adherence to everything no matter what
kind of material, whether it be skin, suit material, metal, no matter what it be and its
restrictive friction-like action to everything it gets on”.>'* Electrically insulating
materials and coatings are prone to charge buildup. The conductive properties of CNT
sheet can reduce the problems relating to surface charge buildup and enhanced dust
adhesion by providing electrostatic discharge.'?

Researchers have considered many methods such as electrostatic repelling
mechanisms, attraction mechanisms, and surface treatment methods to eliminate
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lunar dust problems.'*'® Metals and oxides have also been tested.'” Different
mechanisms such as diffusion, inertial impaction, interception, and electrostatic
attraction act together for efficient filtration of particles.'® 2° Lunar dust particles can
be studied to obtain their powder size distribution, so that the dominating mechanism
for filtration can be determined. Then CNT membranes can be tailored in terms of
diameter, porosity, and permeability to obtain good filtration efficiency. Some re-
searchers have already studied CNT as a potential member to filter lunar dust reaching
sensitive machinery and equipment, while others have experimented with the use of
CNT in spacesuits for dust mitigation.'®?'** Though the use of CNT as a filter
membrane has been studied, the use of CNT as a lunar surface textile still remains
underrepresented.

The progress in the development of macroscale CNT composites has provided us with
an opportunity to expand its use to shielding, conducting, and structural support ap-
plications along with filtration. However, the study of innovative CNT films and CNT
composite sheets needs to be explored further to develop reliable dust mitigation so-
Iutions. This study presents preliminary results on the fabrication of macroscale CNT
sheet using a customizable synthesis process. We have investigated the electrical con-
ductivity, flame resistance, and studied the potential use of CNT sheet as a surface textile
material to withstand extreme lunar dust conditions in absence of water as a cleaning
medium. The frictional interaction between CNT and lunar dust is studied in this paper so
the “...restrictive friction-like action to everything...” problem as stated by Eugene
Cernan can be addressed.

Synthesis of carbon nanotubes sheet

The synthesis of pristine CNT sheet was performed on a horizontal Floating Catalyst
Chemical Vapor Deposition (FC-CVD) reactor, using a fuel consisting of methanol
(100%, Fisher Chemical), ferrocene (98%, Fisher Chemical), n-hexane (99.9%, Lab.
Alley) and thiophene (>= 99%, Aldrich Chemistry). The fuel was fed to the reactor
through an atomizer at a rate of 80 mL/hr., using a syringe pump. An argon and hydrogen
gas mixture is fed into the inlet of the reactor to disperse the catalyst and fuel particles and
to carry the CNT through the reactor tube to the glove box. The temperature of the reactor
was maintained at 1250°C during the synthesis. A CNT sock (web of CNT) coming out of
the FC-CVD reactor was collected in a drum located at a distance of 5 cm from reactor
outlet and rotating at 4.3 RPM. An inert atmosphere of Argon was maintained inside a
glove box for the synthesis process. A smooth film of CNT sheet was produced over time
and acetone was used to densify the collected CNT sock. Pristine sock coming out of the
reactor was collected on a rotating and translating drum. As a layer of sock covered the
collector surface, acetone was sprayed for densification. The schematics of the synthesis
process and image of a CNT sheet thus produced are presented in Figure 1(a) and (b)
respectively.

The synthesis process is scalable. The dimensions of the CNT sheets can be altered by
changing the collector drum diameter and translational distance. The fuel feed rate and
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Figure 1. Overview of CNT sheet synthesis. (a) Schematics of CNT synthesis using horizontal FC-
CVD, (b) CNT sheet synthesized using the FC-CVD reactor.

duration help to control the thickness of the CNT sheet. More details about CNT sheet
manufacturing will be available after a patenting process is completed.

Properties of carbon nanotubes sheet

The laboratory arrangement of CNT sock collection for formation of macroscale CNT
sheet is shown in Figure 2(a). The pristine CNT sheet size fabricated for our test was
25 cm by 90 cm with a thickness of 20 microns. The density of the sheet was 0.25 g/cc.
The sheet was electrically conductive with a resistivity of 0.0043 (.cm along length
(synthesis direction), and 0.0091 Q.cm along the width. The measurement was made
using a two-point method as shown in Figure 2(b).>® The difference in resistivity along
length and width arose due to the anisotropy in CNT sheet induced during sock col-
lection.** The electrical resistance of the sheet is much greater through the thickness of the
sheet than in-plane. The greater resistance through the thickness is due to the greater
number of nanotube-to-nanotube lateral junctions. The junctions are expected to have
higher resistance to electron flow than the nanotube walls.?® The conductivity anisotropy
ratio k”/kl in plane was calculated to be 2.12. The resistivity was also measured using a
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contactless surface resistivity measurement method (Delcom Instruments Inc. 873 In-
terface Module) and was found to be in a similar range (0.004 Q.cm). Surface resistivity
was multiplied by thickness of the sheet to determine its bulk volumetric resistivity (by the
instrument). The two-point method measures resistivity along the synthesis direction and
perpendicular direction, whereas the surface resistivity method measures average surface
resistivity. The lower the electrical resistance, the better CNT sheet will shield elec-
tromagnetic waves and discharge static electricity.

SEM imaging (FEI Aprio LV-SEM) of the CNT sheet is presented in Figure 3(a). The
CNT membrane consisted of strands of CNTs with diameters ranging from 4.47 nm to
38.38 nm. Figure 3(b) presents the diameter distribution of the CNT fibers in the CNT
sheet.

The CNT sheets were thermally and electrically conductive and passed flammability
test standard ASTM D6413/D6413M-15.2?7 Details about the flame test are as presented
in Table 1.

Figure 2. Electrical characterization of CNT sheet. (a) Collection of CNT sock to form CNT
sheet, (b) Resistivity measurement using two-point method, (c) Contactless resistivity
measurement.

35 £ 5 Mean 11.97 nm
i SD 6.24nm
Min  4.47 nm
Max  38.30 nm

Frequency
5

5 i :

10 15 20 25 3 35 40
CNT Strand Diameter, nm

Figure 3. Characterizing CNT strands. (a) SEM image of CNT sheet, (b) CNT strands diameter
distribution.
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The after-flame time, after-glow time and char length were within the limits of the
flammability test standard. There was no melting and dripping of the CNT sheet (Figure
4).

The CNT sheets were also placed in an oven at 260°C for 5 min. The sheets remained
intact without melting, dripping, or shrinking, thus showing compatibility with NPFA
1971 (Forced Air Oven Test) (Figure 5).

The tensile strength of the CNT sheets was measured using Micro Instron Testing
Machine, Model 5948. A gauge length of 20 mm and width of 2 mm was maintained for
the sample specimens. The specimens were supported with the help of a rectangular paper
specimen holder. Pneumatic grips were used for the tests.

The length direction of the CNT sheet is considered as the dimension across the rolling
(sock collection) direction, whereas the width direction is considered to be perpendicular
to the direction of sock collection. Along length the elastic limit is ~ 7 MPa and the sheet
fails after withstanding a stress of ~28 MPa and around 26% strain. Whereas the elastic
limit along the width is ~ 3.5 MPa and the sheet fails at ~12 MPa at around 55% strain
(Figure 6). This peculiar behavior of failing at nearly half the stress but double the strain
arises from the anisotropy in the CNT sheets, as discussed earlier. In nonwoven CNT

Table I. Flame retardancy test parameters and observed results.

Flame application After-flame Afterglow Char Melting
time(secs) time(second) time(second) length(cm) /Dripping
12 <l <l <4 Not observed

20 mm

Figure 4. Pristine CNT Sheet (a) before flame test, (b) during flame test, and (c) after flame test.



Giri et al. 7

20 mm

20 mm

Figure 5. Pristine CNT sheets (a) before the forced air oven test, and (b) after the forced air oven
test.
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Figure 6. Stress-strain behavior of CNT sheet along length and width.

sheet, the nanotube strands are randomly oriented and under external stress the strands slip
apart. The individual nanotubes do not break. Thus, the strength of CNT fabric is low but
the strain to failure is large. In the sheet winding direction, the CNT strands or bundles of
nanotubes partially align and make the fabric stronger in this direction. In the sheet width
direction, the nanotube strands are not aligned and the strength is lower but the strain to
failure is larger.

Properties of particles tested

Properties of the Lunar Regolith Simulant particles used in the testing, as provided by the
supplier are given in Table 2.'
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The SEM imaging (FEI Aprio LV-SEM) of the Lunar Regolith Simulant is presented in
Figure 7. The Lunar Regolith Simulant tends to agglomerate randomly and show an
inhomogeneous size distribution.

Tin (Sn) nanoparticles, SAE 20 oil and de-ionized water were also tested for relative
comparison with Lunar Regolith Simulant in the friction test. Sn nanoparticles were
obtained from SkySpring Nanomaterials Inc. The particle size ranged from 10 nm to
80 nm, and is supposed to act as a lubricant, filling in scratches and worn surfaces, thus
minimizing friction in the surfaces.

Results and discussion

Lunar Regolith Simulant from the Exolith Lab. was used to study the corroding and
sticking interactions with CNT sheet. A section of pristine CNT sheet as shown in
Figure 8(a) was taken and 5 grams of Lunar Regolith Simulant was sprayed on the top as
shown in Figure 8(b). The Lunar Regolith Simulant was allowed to sit on the sheet for

Table 2. Properties of lunar regolith simulant.

Mean particle size 7 um (<4 pm - 35 pm range)

Uncompressed bulk 0.07 glem?
density

Constituents Anorthosite, glass-rich basalt, ilmenite, olivine, pyroxene
(minerology)

Constituents (oxides) SiO,, TiO, Al,O3, FeO, MnO, MgO, CaO, Na,0, K,0, P,O5

Constituents (trace Ni, Cr, V, Sc, Cu, Zn, Ga, ba, Rb, Cs, Sr., Y, Zr, Hf, Nb, Ta, Mo, La, Ce,
elements) Nd, Sm, Dy, Yb, Th, U, Tl, pb, Sn, Bi, Sb

Constituents (volatiles)  F, Cl, SOs, Br, As

3

o

Figure 7. SEM of lunar regolith simulant.
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5 min. No external pressure was applied, and the Lunar Regolith Simulant was allowed to
fall freely from the pristine sheet. 4.9990 grams of the Lunar Regolith Simulant was
recovered back. 0.0008 g of the Regolith was found to have been stuck in the pristine
sheet, and 0.0002 g remained unaccounted (lost) during the experiment. Part of unac-
counted amount of Lunar Dust Regolith was expected to enter the inherent pores in CNT
materials, but it remained undetected in SEM imaging of the CNT sheet after the ex-
periment. It was qualitatively seen that the Lunar Regolith Simulant does not readily stick
to pristine CNT sheet without external force/pressure. The pristine sheet at the end of the
experiment is shown in Figure 8(c).

The sticking nature of Lunar Regolith Simulant was further investigated by
spreading the simulant particles on the CNT sheet and cleaning with compressed air.
Air flowing at a velocity of 1 m/s was blown through a nozzle diameter of 3 mm to
clean the CNT sheet.

The smooth CNT surface at the nanoscale may be a reason why dust particles do not
adhere well to the CNT sheet. As CNT sheets are electrically conductive, they tend to
distribute the electrostatic charge buildup over their surface which could quickly dis-
sipate. As a result, CNT sheet that is not charged does not support electrostatic adhesion
and thus has less affinity for dust particles.

The interaction of Lunar Regolith Simulant with CNT sheet along with external force
was studied with the use of a simple force gauge. This friction test was conducted with an
external pressure under a normal force load to represent light compaction of garments that
could occur in use. A pristine sheet was fixed on top of a Teflon base as shown in
Figure 9(a). An iron slider block was covered by another layer of pristine sheet. The block
system weighing 10 N was connected to a spring scale as shown. This block system acts as
an external pressure.

The block covered in pristine sheet was placed on top of the fixed sheet and pulled from
the free end of the spring scale to measure the static friction force. The sliding friction
force was measured by reading the spring scale while sliding the block on the fixed sheet.
The sliding started outside the fixed sheet, in the Teflon block, and slid through the fixed
sheet.

Figure 8. CNT sheetand lunar regolith testing. (a) Pristine CNT sheet, (b) Lunar regolith simulant
sprayed on top of the sheet, (c) Lunar regolith simulant allowed to slide away from the sheet.
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Observations were made for contact between two pristine CNT sheets. Similar ob-
servations were repeated by placing samples of Lunar Regolith Simulant, Tin (Sn)
nanoparticles, SAE 20 oil and de-ionized water as lubricating materials in between two
pristine sheets for relative comparison. CNT sheets as synthesized are hydrophobic but
oleophilic, Figure 9(b) and (c). The lotus effect and non-polar structure of the CNTs
attributed to their hydrophobic and oleophilic nature.?®** The coefficient of friction p was
calculated as p = f(N)/W(N) where fis the force measured using the spring scale and W is
the weight of the block both in the units of Newtons.>® The coefficients of friction
calculated between the two CNT surfaces with different materials sandwiched in between
are listed in Table 3.

The use of the Lunar Regolith Simulant, Sn nanoparticles, Oil and water film reduced
the friction coefficient between two pristine sheets. Pristine CNT sheets without any
intermediate materials lasted for 3 test cycles before tearing. When Dust and Sn
nanoparticles were used, the CNT sheets lasted for 5 test cycles before showing sig-
nificant rupture. The sheets lasted for 8 test cycles when water was used as a lubricating
medium. Interestingly, the sheets lasted for a greater number of sliding tests with oil than
any other materials although we experienced occasional interruption in our tests due to
the sheets being adhered with each other. The pressure applied in the tests was
1762 Pascals (10 N weight on an area of 5.68 x 107> m?). Figure 10(a)—(c) shows the

20 mm 20 mm

Figure 9. Testbed for friction testing. (a) Experimental setup for the friction test, (b) Hydrophobic
and (c) Oleophilic nature of CNT membranes.

Table 3. Coefficients of friction for CNT sheets.

S. No. Lubricating item Static coeff. Of friction Sliding coeff. Of friction
| None 0.6 0.45
2 Lunar regolith simulant 04 0.35
3 Sn nanoparticles 0.45 0.42
4 SAE 20 oil 0.15? 0.12
5 Water film (wet sheets) 0.4 0.35

*The CNT sheets stuck with each other occasionally due to the adhesion of oil during this test. The values
obtained were discarded when the sheets were stuck to each other
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tests using lunar dust, tin nanoparticles, and rupture initiation in the CNT sheet during
the experiment.

The life of the CNT sheets also depended upon the surface conditions (for example:
some CNT strands protruding from the sheets induced early rupture. This indicates the
importance of the quality and surface finish of the sheets manufactured.). The CNT
sheets had a muddy appearance with lunar dust when friction and pressure was
applied. They were easily wiped clean with the help of a paper towel. They were also
cleaned by using a compressed air gun (1 m/s air from a nozzle of 3 mm diameter). The
results were similar to Figures 8(c) and 11(c). The friction tests were repeated in a
small vacuum (—2 inches of water) inside a glove box. The results were the same as
before.

The smooth and strong nanostructured surface, and the hydrophobic nature of CNTs
have contributed to resisting friction from surfaces. Moreover, the ability of CNT
nonwoven sheet to endure large frictional forces comes from nanoscale interactions where
the CNTs have the freedom to deform and slip over each other.>'

CNT sheets before and after lunar dust testing were characterized using scanning
electron microscopy (SEM) imaging to observe relative differences at the microscale.
However, no noticeable differences were present. The white spots in the images are the
result of some impurities attached to the sheets due to the handling and transfer of the
sheets. (Figure 12).

A Renishaw inVia Raman spectroscope with a 514 nm laser was used to analyze the
samples before and after the lunar dust test. A laser spot size of ~1 pm?® with a lens of 50x
magnification was used with exposure time of 10 s for 3 accumulations. The overlayed

Figure 10. Measuring friction between two CNT sheets with particles between the sheets. (a)
Test with simulated lunar regolith simulant; (b) Test with Sn nanoparticles; (c) Initiation of
rupture after a few tests.
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Figure I 1. Interaction of CNT sheet and lunar regolith. (a) Lunar regolith simulant sprayed on
a CNT sheet, (b) Compressed air from nozzle being used to blow away the dust particles, (c)
CNT sheet after blowing the dust particles. Notice in part (c), the dust did not stick to the
CNT sheet but adhered to the surroundings (plastic box on which the system was placed). This
shows lunar dust does not have an affinity to adhere to CNT sheet as it has with other
materials.

Raman spectra of CNT sheet before and after lunar dust tests are shown in Figure 13. Both
the spectra show the D, G and 2D peaks which are the signature peaks of Carbon
Nanotubes. There was no change in the vibrational behavior of the CNT sheet after the
lunar dust test.

The SEM imaging and Raman spectra denoted no significant changes in the nanoscale
properties of the CNT sheet after the lunar dust testing. This implies that CNT sheets can
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Figure 12. SEM imaging of CNT sheet (a) before lunar dust test, and (b) after lunar dust test.
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Figure 13. Raman spectra of pristine CNT and the CNT after the lunar dust test.

be used continuously in a lunar dust environment without degradation when mechanical
wear and tear are prevented.

Conclusions and suggested future work

The experiment shows that the CNT sheet to sheet dry static friction coefficient is in the
range of 0.6. Adding Lunar Regolith Simulant particles to the sheet reduces the friction
coefficient instead of raising it. The sheets tear after a few cycles, but they show positive
results in terms of low frictional effects with simulant particles, and low adhesion of the
particles on the surface. The sheets lasted longer with oil and water as a lubricating
medium, indicating that some type of lubricating medium may be helpful in the lunar
environment. The decrease in friction between two pristine sheets with the use of Lunar
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Regolith Simulant as an intermediate material can signify that CNT sheets are more
resistant to the frictional nature of the regolith simulant. The sheets after each test with
Lunar Regolith Simulant were wiped off with a dry paper towel, and the sheets released
the Lunar Regolith Simulant particles easily without sticking. Similar observations were
made with compressed air. This testing of Lunar Regolith Simulants and CNT interactions
shows an opportunity to use CNT sheets as lunar textiles. Considering the mix of
properties including low density, good conductivity, high temperature resistance, high
toughness and dust shielding, the study on macroscale CNT sheets needs to be expanded
to comprehensively evaluate their application in space exploration. The frictional effects
and flame resistance properties of CNT sheets combined with their electrical conductivity,
radiation shielding capabilities, and mechanical strength demonstrates their potential as
innovative multifunctional lunar textile materials, in addition to their potential application
in space exploration activities.

Limitations of this study are that the Lunar Regolith’s real morphology might be
different on various environments of the lunar surface than the simulant material used in
this study. Furthermore, the lunar conditions in which the particles acquire their electric
charge are not exactly reproducible for our study on earth. Therefore, the adhesion
properties described due to particle’s morphology and electrostatic effects may not be an
exact representation of the lunar environment.

The following future work is suggested: Bond CNT sheets to surfaces to prevent or
reduce tearing of the sheet and develop CNT composite (layered) sheets to increase the
strength of CNT sheets to use as a multifunctional structural component.
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