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Abstract

Carbon nanotube hybrid textiles (CNHT) are produced from a carbon nanotube (CNT) gas phase pyrolysis floating catalyst
process with particle injection. The CNT based metal and ceramic textiles produced can be customized for different applications.
Research is underway by a large group of students and faculty members working in different disciplines to further investigate
injection of different types of nanoparticles in order to wet the nanotubes and to customize the properties of textiles. A brief

introduction to this new material is given in this paper.

Overview of Carbon Nanotube Hybrid Textiles

Synthesis of Carbon Nanotube Hybrid Textiles (CNHT) is based
on the in-situ hybridization of carbon nanotubes. CNHT represent
a new capability in the field of textiles [1]. The significance is that
CNHT technology can produce carbon-metallic, carbon-ceramic or
various carbon-compound sheet and yarn materials customized
for textile and apparel applications. This overall research area
is emerging and will bring a new material system to industry.
Multi-functionality (strength, toughness, electrical and thermal
conductivity) might be designed into carbon hybrid materials
(fabric and yarn) for applications including technical textiles,
fashion apparel, composites, structures, electrical conductors, low
density structures, and other applications. Industrialization of
CNHT will affect many industries and provide economic benefits
and jobs. This high rate manufacturing ata competitive cost depends
on improving and customizing the properties of CNHT. This paper
describes initial research performed to synthesize CNHT.

CNHT are formed by injecting nano or micro particles (NMP) into
the gas phase pyrolysis method. The method is under development
(patent pending, [2]) and involves CNT synthesis with particle
injection technology added. The advantage of the new process is
that metals and ceramics and various compound nanoparticles
can be integrated into the nanotube synthesis process to produce
sheet to be used in textile manufacturing. The carbon hybrid textile
formed can be customized for specific applications. CNHT is a one-
step process in which the integrated NMP can be physically and or
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chemically linked to the CNT sock and resulting sheet. The one-step
process simplifies manufacturing as compared to other approaches
such as electroplating that add metals to carbon nanotubes. The
down side is that CNHT manufacturing is a complex process, and
possibly more expensive than other techniques depending on the
type of particle used. CNHT manufacturing also has additional
environmental health and safety considerations compared to
pristine CNT manufacturing. Special safety procedures related to
protecting against the possible toxicity and flammability of the
particles are needed when injecting NMP. One goal of developing
the CNHT process is to bond together nanotube bundles to increase
the properties (strength and conductivity) of nanotube sheet and
textiles. Initial results from developing the CNHT manufacturing
technique are related to producing textiles are presented in this

paper.
Manufacturing CNHT Textiles

CNT sheet is being developed around the world to form
advanced lightweight materials [3-7]. The material cost is high, and
the manufacturing throughput is low. Alternatively, metals have
different properties including low cost and high conductivities,
while ceramics provide abrasion resistance and fire retardancy. A
barrier in materials science has been the inability to manufacture
a material that integrates carbon materials and metals or ceramics
together to form a reliable material whose properties can be
customized to meet specific application requirements. Much

Page 1 of 7


http://dx.doi.org/10.33552/JTSFT.2019.01.000525
https://irispublishers.com/jtsft/
https://irispublishers.com/jtsft/
https://irispublishers.com/index.php
https://irispublishers.com/jtsft/

Journal of Textile Science & Fashion Technology Volume 1-Issue 5

research has been focused on developing nanocomposite materials
for structural applications or electrical conduction. An alternative
application is to produce nanotube hybrid sheet for use as
performance fabrics and textiles. Shown here are early results from
developing a continuous manufacturing process to integrate NMP
with CNT to produce continuous textile material whose properties
vary based on the constituent metals. A difference is the CNHT
produced here is a nonwoven material whereas most textiles are
woven using fibers.

CNHT are formed using a modified floating catalyst gas phase
pyrolysis method that produces carbon nanotubes (CNT). Carbon
Metals may be formed by joining carbon atoms or CNT with metal/
alloy atoms or clusters of atoms in a high temperature reaction. The
metal atoms are supplied as metal NMP in the high temperature
nanotube floating catalyst synthesis process. The CNT and metals
join chemically or physically to produce a nanotube sock (Figure 1)
that is wound on a drum. The CNHT process allows the properties
of sheet to be customized to a limited degree based on the NMP
used, and the end application goal. Conductivity, strength, porosity,
capillarity, flame retardancy, and other properties can be partially
tailored based on the NMP material, size, and geometry. A key
advance in the process is the rapid integration of the precursor
metals at high temperature, the short growth time, and fast
cooling of the carbon species. Fast windup of the nanotube sock
produces partially aligned tape. The CNT and metals interlock

physically or chemically to form a semi-homogeneous material.
Many combinations of materials design are possible. CNHT is a new
perspective in manufacturing and can provide new materials for
engineered systems.
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-

Figure 1: Winding CNT sock to form fabric.
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Figure 2 shows SEM images of CNT sheet. Figure 2a, b are the
pristine samples where the particles are iron catalyst particles and
are a normal impurity of the process. Figure 2c, d are samples with
injecting silver coated copper platelets which are larger particles
than the iron catalyst.

Ve

N
Figure 2: SEM images of CNT sheet. (a, b) are pristine CNT samples, the particles are iron catalyst, a normal impurity of the process. Sample
ais collected at 30 RPM, sample b at 20 RPM speed of the wind-up drum. Faster winding aligns more of the nanotube bundles in one direction;
(c, d) Samples are CNT-silver coated copper hybrid samples. The samples are not fully densified.

J

Figure 3 shows a sample with silver coated copper NMP. These
samples contain a small percentage of Ag-coated Cu particles. The
NMP are expected to improve the strength, electrical and thermal
conductivity of the sheet. However, higher loading of smaller

Citation: Devika Chauhan, Chenhao Xu, Daniel Chen, Ashley Kubley, et al. Introduction to Carbon Nanotube Hybrid Textiles. ] Textile Sci &
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particles is needed to provide a large improvement in properties.
CNHT properties can be customized based on the type of particles
used. This suggests the possibility of producing “designer textiles”
that will have application specific properties.
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Figure 3: CNT-Ag-Cu hybrid material with metal particles on the surface. Metal particles may “glue” bundles of nanotubes together if the metal
can wet the nanotubes. The gluing may improve the electrical conductivity of the sheet and also increase the mechanical stiffness and strength
of the fabric.
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Figure 4: EDAX results from the CNT sheet with Ag-Cu particles.
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X-Ray analysis (EDAX) results from one spot shown with
red square on the sample in Figure 3 are shown in Figure 4.
Corresponding eZAF Smart Quant Results are shown in Table 1.
The concentrations of chemicals vary for different positions on the
textile. This structural and chemical characterization verifies the
carbon-metal composition of the textile material.

Table 1 results quantify the chemical composition of the CNHT.
The weight percentage of an element is the weight of that element

Table 1: eZAF Smart Quant Results from Figure 4.

measured in the sample divided by the weight of all elements in
the sample multiplied by 100. Whereas, the atomic percentage is
the number of atoms of that element, at that weight percentage,
divided by the total number of atoms in the sample multiplied by
100. In spectroscopic analysis, the “ZAF correction method” is used
for quantitative analysis of the constituent elements. The intensity
of the emitted characteristic X-rays is influenced by the atomic-
number effect (Z), the absorption effect (A) and the fluorescence
excitation effect (F) [27].

CK 59.31 80.92 1034.71 6.35 0.3121 0.9866 0.5334 1.0000
OK 6.96 7.12 130.36 12.87 0.0187 0.9507 0.2831 1.0000
AIK 8.61 5.23 499.45 4.27 0.0592 0.858 0.7986 1.0029
SiK 0.04 0.02 2.44 99.99 0.0003 0.8791 0.828 1.005
SK 2.78 1.42 142.88 5.76 0.0228 0.8654 0.9385 1.0116
AgL 7.01 1.06 150.67 7.49 0.0512 0.6664 1.0954 1.0019
FeK 6.95 2.04 127.46 5.78 0.057 0.7621 1.0075 1.068
NiK 1.11 0.31 16.08 19.97 0.0093 0.7733 1.0036 1.0725
CuK 7.23 1.86 83 7.42 0.056 0.7358 1.0042 1.0489
Hybridizing CNTH Therefore, binary phase diagrams and ternary phase diagrams of

Many types of NMP constituents may be integrated into
CNT sheet [8]. The metal particle selection is a very important
parameter on the CNHT process. The improvement in CNHT
properties compared to the pristine CNT sheet strongly depends on
the solubility of carbon in the selected metal at high temperatures.
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metal carbon systems are helpful for the metal particle selection
process. Some metal particles have higher solubility of carbon
compared to other metals. The fundamental process of CNT
and graphene growth involves the dissolution of carbon in the
metal catalyst’s liquid phase and the precipitation of crystalline
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carbon in nanostructure form [9]. The solubility of carbon in the
selected metal catalyst depends on the synthesis temperature and
metal catalyst size. The physical and chemical properties of the
synthesized carbon nanostructure can be tailored by altering the
type of metal catalyst along with synthesis temperature and metal
catalyst size [10-12]. Similarly, the properties of CNHT depend on
the metal particle used, synthesis temperature and particle size.

Figure 5a shows how the melting temperature of different metal
~

particles reduce with the reduction of the particle diameter. For
CNHT, the metal particle selection should refer to the metal-carbon
phase diagram to achieve the application specific properties. The
advantage of the CNHT synthesis process is multiple types of
metal particles can be used to tailor the property of CNHT. Careful
selection of metal particles which are soluble in each other’s system
can result in new properties of the CNHT.
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Figure 5: Synthesizing CNHT: (A) the melting temperature of the metal varies with nanoparticle diameter [9]. (B) the metal must wet carbon or
carbon must be partially soluble in the metal, binary phase diagrams of transition metals and carbon, (a) Ni-C; (b) Co—C; (c) Fe—C; (d) Cu—C.
Figure reproduced from [13] with permission of The Royal Society of Chemistry. The low carbon solubility in Cu is highlighted in the inset of
panel (d).
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Generally, there are two classes of particles that can be injected,
chemically reacting particles and non-reacting particles. Reacting
particles, like transition metals, change shape and may chemically
wet or bond to the carbon nanotubes. Non-reacting particles, like
carbon or ceramic materials, pass through the reactor and do not
interact chemically with the nanotubes. Lower melting temperature
particles will melt and conform to the CNT and partly coat the
bundles of CNTs. A variety of different NMP in a mixture can be
incorporated into the process at once. The amount of NMP used
is optimized to achieve the desired properties. Tuning the process
is difficult, and only a narrow window of parameters will allow
the process to proceed. This condition is being investigated and
depends on the type and size of the particle. Combinations of metal
particles can be used to form hybrid materials with properties and

cost to meet desired applications [13,14]. CNT and NMP materials
P

potentially can be composited with functional fibers and advanced

materials depending on where they are integrated into the process
[15,16].

Increasing the yield of the CNTH process is being investigated
considering the capability to inject particles at different points
along the reactor tube and by moving away from the use of tube-
type reactors.

Safety of
Nanoparticles

Carbon Nanotube

Fabric with

Nanotube Sheet must be safe for use and must be tested for
particle release. The high rate of manufacturing must also be
achieved to reduce the cost of the material. These aspects are
discussed next.

particles in the sheet.

Figure 6: Samples tested for particle release: (a) pristine CNT sheet with residual catalyst particles;

By

(b) CNTH sheet with carbon charcoal

J
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Nanotechnology has brought advancements in many areas such
as electronics, photonics, energy, and medicine [14-21]. However,
unwanted nanoparticle release during usage or production of these
particles is a concern due to the potential impact of nanoparticles
on the environment and human health. Therefore, early detection
of unwanted nanoparticles in the environment can lead to safer use
of nanotechnology [22]. Manufacturing of nanoparticles especially
during the cleaning and disposal processes may lead to unwanted
human exposure to nanoparticles. Relaxation times (the time taken
for a particle released into the flow to move with the velocity of its
surrounding flow) for nanoparticles in the nanometer size range
are extremely small [23-24]. Traditional detection techniques,
such as based on inertia, are only effective at very high velocities
[25]. Knowledge of the concentration of nanoparticles in the
environment during manufacturing may help to take safety steps
[26] to reduce exposure to nanoparticles. The safety of nanotube
sheet pristine and with nanoparticles inside must be established in

order for the material to be accepted in broad applications. Thus,
testing for release of particles from the sheet was performed. Two
CNT sheets (sheet 1 pristine, and sheet 2 with microscale carbon
particles integrated within the sheet during the nanotube synthesis
process) were tested for particle release, Figure 6.

Testing for nanoparticle release from nanotube sheet

In this test, potential airborne nanomaterials that may have
been released from the surface of the CNT sheet are monitored
using a personal ultrafine particle (UFP) counter (Figure 7a). For
the test, two types of CNT sheets are rubbed/flexed using hands in a
glove box to monitor the release of nanomaterials, Figure 7b. Before
rubbing/flexing the CNT sheets, the background UFP concentration
was measured inside the glove box (which was at the typical
level of particle concentration for a room). Subsequently, the UFP
concentration was measured during rubbing/flexing of the sheet
and the particle level compared to the background concentration.

Ve

(a)

=

Figure 7: Testing the release of nanoparticles from nanotube sheet: (a) The PUFP C110 Enmont UFP counter used in this test; (b) The
normalized particle concentration (real-time nanomaterial concentration divided by the average background concentration). Nanotube sheet 1
is a pristine sheet. Flexing the sheet did not release nanoparticles (nanotubes or iron catalyst). Nanotube sheet 2 is a sheet with micron carbon
particles integrated into and on the sheet. Flexing the sheet released particles. Since the carbon particles do not react with the CNT, they are
not bound to the surface of the CNT sheet and can be released which is expected. Thus, nanotube face sheets or functional grading should
be used to prevent the release of particles when non-reactive particles are used.

~

Normalized Particle Concentration

0.9

(b)

_/

Instrument for particle counting

The current wearable Enmont LLC PUFP counters are relatively
small, lightweight and rugged. The Enmont PUFP counters are
water-based condensation particle counters (CPC) that measure
particle concentrations down to the size of 5 nanometers in
aerodynamic diameter in near real-time (300msec response time).
Also, the Enmont PUFP counters are able to provide ongoing single
particle count measurement from any geometrical position and
sustained mobile conditions (*#4 gravitational acceleration). The
Enmont PUFP counters maintain pinpoint accuracy even when they
are turned upside down or jostled, therefore, are easy to operate.

Results

Figure 7b shows the normalized particle concentration during
rubbing/flexing. The normalized particle concentration is the real-
time particle concentration measured near the CNT sheet divided
by the average background concentration of nanoparticles. The
measurements were performed from two CNT sheets (sheet 1
pristine, and sheet 2 with micron carbon particles integrated within
the sheet during the nanotube synthesis process). No cleaning or

Citation: Devika Chauhan, Chenhao Xu, Daniel Chen, Ashley Kubley, et al. Introduction to Carbon Nanotube Hybrid Textiles. ] Textile Sci &
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post-processing of the sheets was performed. The NMP in the CNT
sheet 1 are iron catalyst particles and are adhered to the CNTs.
The results show that no noticeable nanomaterial release from
sheet 1 was detected. In addition to the catalyst particles that come
from the synthesis reaction, carbon nanoparticles are injected on
the second CNT sheet. For sheet 2, it is observed that the rubbing
action released particles which were detected by the instrument.
This initial testing indicates that non-reactive particles like carbon
can be released from the surface of the sheet. Thus, a pristine cover
sheet may be needed to prevent particle release. Alternatively, acid
treatment or rolling post-processing may be needed to prevent the
release of the particles. In some applications, the release of particles
may be part of the functional design of the fabric or functional
textile material. The nanotubes are mm length and entangled and
are not released from the fabric.

Functionally graded textiles

Functionally graded CNT sheet, Figure 8, is being investigated
for safety and performance for various applications. To accomplish
this, the Functional Nanoparticle (FNP) injectors used in the
synthesis process must inject particles without agglomeration at
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low flow rates of the carrier gases. Integrating different types of being performed. Grading the amount of nanoparticles throughout

NMP into the reaction and characterizing the material produced is  the textile allows the properties to be varied.

4 A

CNTpristine outer layers e

CNT interior layers
hybridized with particles

CNT pristine outer layers P

Figure 8: CNHT functional textile. The CNT sheet side view illustrates many layers from hundreds of revolutions wrapping CNT sock onto a
drum at 20 RPM for 2-3 hours. The CNT hybrid sheet can be functionally graded with different concentrations of particles for controlling porosity
and tunable properties through the thickness of the sheet. Also, the top and bottom layers are pristine to reduce the release of particles from

the interior of the sheet.
N

sheet is shown.

(&

Figure 9: CNHT with Cu NMP. The distribution of Cu particles is greater at the top and less at the bottom of the figure. The side view of the

J

Figure 9 shows functionally grading the CNT sheet with Cu
nanoparticles. Some of the particles agglomerate forming larger
particles. The distribution of particles can affect the porosity,
conductivity, particle filtering size, and other properties of the
sheet.

Summary and Conclusion

CNTH material is a new development for textiles. The
hybridization adds additional properties to CNT sheet and may
reduce certain properties depending on the particles used.
Potentially many applications can benefit from customization of the
properties of CNT sheet. Design of the sheet through nanoparticle
selection and functional grading is important to provide the
technical performance and safety desired. Carbon nanotube
textiles with nanoparticles are achieving properties that will
enable their insertion into more and more applications. If low-cost
scale-up of the material manufacturing is achieved, the economic
impact of nanotube textiles will be significant. The CNHT method
is a one-step process with several outstanding advantages for

manufacturing customizable carbon nanotube metal and ceramic
materials. Carbon nanotube hybrid textiles may become a new
common industrial material.
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