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37 ABSTRACT: We have fabricated carbon nanotube (CNT)-polyurethane (TPU) sheets via a one-
39 step filtration method that uses a TPU solvent/non-solvent combination. This solution method
allows for control of the composition and processing conditions, significantly reducing both the
44 filtration time and the need for large volumes of solvent to debundle the CNTs. Through an
46 appropriate selection of the solvents and tuning the solvent/non-solvent ratio, it is possible to
enhance the interaction between the CNTs and the polymer chains in solution and improve the
51 CNT exfoliation in the nanocomposites. The composition of the nanocomposites, which defines
53 the characteristics of the material and its mechanical properties, can be precisely controlled. The

highest improvements in tensile properties were achieved at a CNT:TPU weight ratio around
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35:65 with a Young’s modulus of 1270 MPa, stress at 50 % strain of 35 MPa, and strength of 41
MPa, corresponding to ~10 fold improvement in modulus and ~7 fold improvement in stress at
50 % strain, while maintaining a high failure strain. At the same composition, CNTs with higher
aspect ratio produce nanocomposites with greater improvements (e.g. strength of 99 MPa).
Electrical conductivity also shows a maximum near the same composition, where it can exceed
the values achieved for the pristine nanotube buckypaper. The trend in mechanical and electrical
properties was understood in terms of the CNT-TPU interfacial interactions and morphological
changes occurring in the nanocomposite sheets as a function of increasing the TPU content. The
availability of such a simple method and the understanding of the structure-properties

relationship are expected to be broadly applicable in the nanocomposites field.

Keywords: Carbon nanotubes, polymer composites, morphology, mechanical properties,

conductivity, AFM

INTRODUCTION

The incorporation of CNTs into polymer matrices has been extensively studied, demonstrating
the potential of CNTs for improving the mechanical, thermal and electrical properties of polymer
composites'” and expanding the applications of polymer materials. Nanocomposites are most
commonly fabricated by dispersing CNTs into a polymer matrix via solution or melt processing.’
Interfacial interactions between CNTs and the matrix, as well as the CNT dispersion and
distribution are paramount to transfer the exceptional properties of CNTs to polymer composites.

The development of high nanotube content composites is also of interest in the nanocomposite
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field; however, the incorporation of a high content of well-dispersed nanotubes into polymer
composites can be impractical due to re-agglomeration of the nano-filler and a significant
increase in viscosity. Fabrication of high nanotube content composites is usually carried out by
solution casting” or resin-infiltration of CNT sheets (buckypaper).*® This approach has yielded
some of the highest mechanical performances for CNT composites. However the CNT sheets
that have led to the best mechanical properties,”® such as those produced from long CNTs
collected directly during synthesis, are not yet broadly available in large quantities. Additionally,
uniform polymer infiltration can be challenging due to long periods of time (12- 24 hours*) that
can be necessary to fully infiltrate a preformed buckypaper. It is still challenging to attain a
simple and economical method that improves CNT individualization, CNT distribution and
CNT-polymer interfacial interactions to enable the production and exploitation of nanocomposite

products.

Here we report a one-step filtration process for the direct fabrication of high-content CNT-
thermoplastic polyurethane (TPU) composite sheets that could also be applied to different
polymer matrices. TPU are block copolymers of the (AB), type. They consist of nanophase
separated hard segments (HS) and soft segments (SS) and can be tailored according to the
desired application requirements. Ductile elastomeric polyurethanes, which are characterized by
low stiffness and low stress at low strain but high ductility and toughness, are considered a
promising matrix in balancing the mechanical properties of CNT reinforced polymers for the
production of stiff, stronger, yet tough thermoplastic polymer composites.”'' We show the
fabrication of non-woven CNT-TPU composite sheets of variable composition using the one-step
filtration process, along with analysis of the morphological and compositional control based on

adsorption of TPU on the surface of CNTs. The CNT-TPU sheets have tailored properties
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showing significant enhancement in tensile properties and electrical conductivity. Tensile
properties and electrical conductivity show an optimum near the same composition. We also
employ atomic force microscopy (AFM) to map the elastic modulus at the nano-to-micro scale
for comparison to the bulk tensile properties. Due to their straightforward production and
handling, high nanotube content, and superior properties in comparison to dispersed CNT
composites, the resulting conductive, lightweight sheets are of interest for various applications
including improved damage tolerance and electrical properties of laminate composites, self-

sensing and electromagnetic shielding.

MATERIALS AND METHOS

NC7000TM industrial grade MWCNTSs (CNTs) were obtained from Nanocyl SA
(Belgium). These MWCNTs have average diameter (d) of 9.5 nm, average length (L) of 1.5 pm,
density (pent) of 1.7 g/em?, and BET surface area of 250-300 m?*/g according to the
manufacturer specifications. Longer nanotubes, XL-MWCNTs (XL-CNTs) of L=1-3 mm, d =
20-40 nm and pent = 2.1 g/cm3 were obtained from NanoTechLabs (Yadkinville, NC).
Composites of XL-CNTs were compared to the more common micron-length scale CNTs. The
polyurethane was a thermoplastic ester based polyurethane (UAF 472 by Adhesive Films Inc.,

Pine Brook, NJ) of density 1.19 g/cm’ and a shore hardness A of 85.

The CNT-TPU nanocomposite sheets were fabricated by a one-step filtration method using a

suspension of CNT dispersed in a TPU solvent/non-solvent mixture.
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Acetone/methanol: TPU dissolved in acetone was combined with a suspension of CNTs in a

polymer non-solvent (methanol). For 3.5 cm diameter samples, 30 mg of CNTs where suspended
in 80 mL of methanol using a sonication bath (Fisher Scientific FS110) for 1hour followed by
horn sonication (Branson Sonifier 250, 30% output, 50% duty cycle) for 5 min and bath
sonication for 15 min. The CNT suspension was then added to the TPU solution containing the
required amount of TPU (Table 1) dissolved in 75 mL of acetone and mixed with bath sonication

for 1 hour followed by horn sonication for 5 min and bath sonication for lhour.

DMF/methanol: 30 mg of CNTs were dispersed in 90 mL of DMF. TPU dissolved in 10 mL of
DMF was combined with the CNTs and then combined with 150 mL of methanol using bath and

horn sonication as described above.

The mixtures were filtered, using a Venturi air pump, through a PTFE membrane (1.2pm pore
size). Filtration was completed in 5-15 min. The wet nanocomposite sheets were immediately
sandwiched between parchment and filter papers and dried flat at room temperature overnight,
after which they were peeled from the filter membrane, placed between Teflon films and further
dried at 75 °C in vacuum for 10 hours to remove residual solvent. The weight fraction of TPU in
the final composites was determined by weighing the dried nanocomposites. For sorption
evaluation, the amount of TPU adsorbed per unit mass of CNTs (C,4s) and its remaining

concentrations in the solutions (Ceq) at equilibrium were determined as follow:

Mrpy,comp . Meomp — MeNT

Cads -

Mcent Mmcent
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c. = Mrpy,sol _ Mirpu — MTPU,comp
eq — -
Vsol Vsol

Where ment and m; rpy are the initial amounts of CNTs and TPU, respectively, and mcomp
corresponds to the weight of the dried nanocomposite. mrpy comp, MtpU sl aNd Vo1 correspond to
the amount of TPU adsorbed by the CNTs, the amount of TPU remaining in solution, and the

volume (155 mL) of the solution, respectively.

Pristine buckypaper with CNTs from Nanocyl was obtained by vacuum filtration of the CNT
suspension in methanol. For XL-CNTs it was necessary to use an aqueous solution with sodium
cholate (1% by weight) to disperse the XL-CNTs prior to vacuum filtration as the longer CNTs

were not sufficiently dispersed in methanol alone.

Characterization:

Composition: The external volume of the samples was evaluated by cutting squares of 30 mm
x 30 mm from the CNT-TPU composites. The thickness was measured with a Marathon Digital
Electronic Micrometer having a resolution of 0.00lmm. The volume fraction of nanotubes

(Veent), TPU (Verpy) and pores/voids (Viyoeidgs) in the samples were estimated using equations 1,

2 and 3:
pc

Vf,CNT = ﬁwf,a\ﬂ €Y
pc

Vf,TPU = p::,p Wf,TPU (2)

Vf,voids =1- Vf,TPU - Vf,CNT (3)

Where pcomp, pent and prpu, are the nanocomposite sheet, CNT and TPU densities,

respectively. pcomp Was obtained by dividing the mass of the CNT-TPU composite sheets by their
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external volume, while the manufacturer value was used for penr. Weent and Werpy correspond

to the weight fraction of CNT and TPU, respectively in the CNT-TPU composite sheets.

Imaging and properties: Scanning electron microscopy (SEM) images were taken with a

Hitachi High Technologies S-4800v. Tensile testing was performed using a micro-tensile test
frame (Fullam Substage Test Frame). A minimum of five strips (~30 mm x 2mm) of each
material were tested at a displacement rate of 5 mm/min and initial gauge length of ~20 mm.
Electrical conductivity (¢ = 1/Rt) was calculated from measurements of sheet resistance (R;) and
average thickness (t). The sheet resistance was measured using the van der Pauw method,'
where 4 contacts points were made directly with tungsten probes of a probe station (Cascade
Microtech) to the perimeter of the sample in a counter-clockwise order. Two independent
Keithley 2400 source-measure units were used to source current and measure voltages. Current
reversal and reciprocal measurements, rotating the current source and voltmeter though all four
contact pairs, were employed to improve the measurement accuracy. The measurement was
repeated using multiple current levels to ensure consistency of the results, independent of

measurement current.

Atomic force microscopy (AFM) imaging and elastic modulus mapping: AFM measurements
were carried out using the MultiMode AFM with the NanoScope V controller (Bruker Nano
Surfaces Division, Santa Barbara, CA, USA), in Peak Force QNM mode. The peak force with
which the tip taps the sample surface was always kept at the lowest stable imaging level of 200 —
400 pN. Silicon nitride ScanAsyst-Air AFM probes (Bruker AFM Probes, Camarillo, CA, USA)
were used in all peak force feedback measurements. Their manufacturer specified typical tip
diameter and spring constants are 2 nm and 0.4 N/m, respectively. While images of sizes of up

to 20 um x 20 um were acquired to ensure good homogeneity nanotube networks, all the images
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used to measure modulus were 500 nm x 500 nm in size, acquired with the 512 x 512 pixel
resolution, and the AFM probe cantilever was vertically oscillated at 2 kHz, at a lateral scan rate
of 1 Hz. In this way the lateral pixel size is approximately 1 x 1 nm”. The elastic modulus values
were analyzed in terms of the distribution of Derjagin-Muller-Toropov (DMT) moduli over the
investigated area. In order to obtain reliable results of mechanical properties through AFM, the
“relative calibration method” was adopted; details about the “relative method” can be found in
the instrument manual provided by Gojzewski et al."> Two reference samples were selected for
calibration: polystyrene and polydimethylsiloxane gel with elastic modulus of 2.7 GPa and 3.5
MPa, respectively. The calibration was always carried out before any measurements of the

samples characterized.

RESULTS AND DISCUSSIONS

Solubility modulation is a simple method that has been used to control the morphology of
various materials.'*'"> The use of a non-solvent (e.g. methanol) can induce phase separation of
the UAF 472 TPU dissolved in a good solvent (e.g. acetone, THF or DMF) starting at a specific
solvent/non-solvent volume ratio. In the absence of CNTs, a cloudy suspension is obtained
(Figure 1a) when methanol is added to a solution of TPU in acetone to a 50:50 vol.% solvent
ratio due to phase separation. Figure 1b shows a schematic representation of the process used for
the fabrication of the CNT-TPU composite sheets using the solvent/non-solvent approach. It was
evident that when CNTs were present, at the compositions studied, no free polymer particles

were visible in the solvent mixture (Figure 1b). In the presence of CNTs, upon mixing with the
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non-solvent, the polymer separates from the solution and immobilizes onto the surface of the
CNTs as result of non-covalent van der Waals interactions between CNTs and TPU. The large
surface area of CNTs (~250 m?/g) offers abundant sites for the precipitation of the polymer. The
obtained CNT-TPU suspension can be readily vacuum-filtered in about 5-15 min, depending on
the composition, and a smooth homogeneous sheet is easily peeled from the filter membrane
after drying at room temperature (Figure 1c and 1d). It was observed that when only a good
solvent for TPU (e.g. acetone or THF) is used instead of the solvent/non-solvent combination,
increasing the amount of TPU in solution only leads to significantly longer filtration times (30
min to 5h) and the TPU content in the final composite sheets increases only slightly despite
significantly increasing the TPU/CNT ratio in the solution mixture (Table S1). Conversely, at the
constant methanol/acetone volume ratio (~50:50 vol%) the TPU content in the nanocomposites

can be precisely controlled by simply varying the concentration of TPU in the acetone solution.

a) 1 . °)
Eimbe

. CNT-TPU sheet
methanol acetone methanol/acetone mixture t
o

b) ) - =
CNTs N ™
eI
m ok ﬂ &

Filtration

Figure 1. Schematics of the one-step CNT-TPU sheets fabrication method. a) TPU phase
separation in the solvent/non-solvent mixture. b) TPU immobilization on the CNTs surface. c)

Photo of a TPU-CNT composite sheet.
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Table 1 summarizes the compositional properties of nanocomposite sheets with different
CNT/TPU weight ratios obtained by this procedure. The amount of TPU in the final composite
sheet is determined by the TPU partition coefficient between the liquid (acetone/methanol
mixture) and the solid phase (CNT surface) and, for the relevant compositions studied here, it
was found to be close to 70 % of the initial amount of TPU dissolved in acetone (see section 3.2
below). Using this procedure, high CNT content nanocomposite sheets with different CNT:TPU
weight ratios were obtained with increasing density as the TPU content increased (Table 1).
Similar materials can also be obtained by infiltration of a preformed buckypaper by changing the
concentration and/or volume of the TPU solution used for the infiltration. However, this
methodology requires first the fabrication of the buckypaper, which can be a fragile material
(difficult to handle), and then proceeding with the infiltration step.*” The buckypaper infiltration
approach offers less control of the composition and CNT dispersion than the solvent/non-solvent
approach. Additionally, long infiltration times are required to achieve full buckypaper
impregnation. Hence the present approach offers several advantages and can be more convenient

for fabrication of larger samples.

Table 1. Properties of the CNT-TPU sheets prepared from the acetone/methanol mixture. Note
that in the sample labels (CNPU-xx), xx indicates the percentage of TPU by weight in the

composite.

In CNT-TPU Sheets
solution

Sample CNT/TPU | CNT-TPU | Density Thickness | Volume fraction (vol.%)
wt. ratio

wt. ratio | (g/em?) (um) CNT |TPU | Void

MWCNT | 1:0 100:0 0.27 120 16 0 84

ACS Paragon Plus Environment
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CNPU-45 | 1:1 55:45 0.57 100 18 21 60

CNPU-55 | 1:1.5 45:55 0.70 98 19 31 50

CNPU-65 | 1:2.5 35:65 0.94 97 19 51 29

OCoONOOORWN =

CNPU-70 | 1:3.5 30:70 0.98 119 16 60 24

CNPU-80 | 1.5 20:80 1.12 139 13 75 12

CNPU-90 | 1:10 10:90 1.07 271 7 80 13

TPU 0:1 0:100 1.19 - 0 100 0

"Micron-length CNTs from Nanocyl

The measured density of the CNT-TPU sheets indicates that the nanocomposites are porous in
nature even at relatively high TPU weight fractions. Interestingly CNPU-65 has the smallest
thickness despite starting with an equivalent mass of CNTs for all samples. The volume fraction
of the nanocomposite components were calculated using equations 1-3 and results are shown in
Table 1. With increasing amount of TPU in solution, the volume fraction of TPU in the sheets
increases, as expected, and the free volume (voids) decreases. However, the CNT volume
fraction remains almost constant (18-19 vol.%), and higher than for the MWCNT-only
buckypaper comparison, for up to ~50 vol.% TPU (CNPU-65). At higher TPU content (e.g.,

CNPU-70) the volume fraction of CNTs decreases as the TPU content increases.

ACS Paragon Plus Environment
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9.922 nm,
. i’
19.94 nm

20.43 nm

e
-

20.72 nm:

Figure 2. SEM images of the surface of (a) pristine CNT buckypaper and (b) CNPU-55 (c)

CNPU-65 (d) CNPU-80 composite sheets.

Figure 2 shows typical SEM images of the surface of a pristine CNT buckypaper, obtained by
filtration of CNTs dispersed in methanol, together with nanocomposite sheets at different TPU
contents (additional images in Figure S1). The morphology of the nanocomposite sheets
resembles that of composites made by buckypaper polymer infiltration.” In the pristine
buckypaper, individual CNTs (~10 nm) are observed as well as ~15 to 20 nm bundles forming a

low density network with high void content. The nanocomposites also show a nanofiber-like

ACS Paragon Plus Environment
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morphology but with larger diameters (~ 20 to 30 nm) than in the pristine buckypaper, which

suggests the presence of TPU coating the surface of individual CNTs and CNT bundles.

OCoONOOORWN =

The diameters of the CNT-TPU “fibers” are very similar in nanocomposite samples CNPU-55
and CNPU-65, but appear slightly larger for sample CNPU-80 with a higher TPU content. The
14 trend in the bulk density is consistent with SEM images showing the amount of voids decreases
16 with increasing TPU content. Sample CNPU-80 shows the fiber-like morphology apparently
19 embedded with free TPU (Figure 2d) and consequently a significant reduction in visible voids
21 (higher density). The morphological analysis indicates that, through solubility modulation, the
TPU polymer chains form a stable shell around the CNTs and suggests that different degrees of
26 exfoliation might be achieved in solution when increasing the TPU/CNT ratio. This better
28 exfoliation could lead to a more dense structure, which is also apparent from the lower thickness
measured for the CNPU-65 sample (Table 1). Similar network compaction has been reported by
33 others during buckypaper modification with polypyrole. In that case the authors suggested that
35 the conjugated polymer wrapping might be binding the network together more tightly with a
38 more efficient packing,'® which also appears to be the case with CNT-TPU sheets in the present
40 investigation. Above a certain TPU/CNT ratio, between the composition of CNPU-65 and
42 CNPU-80, further addition of TPU does not lead to additional CNTs debundling, CNT network
45 densification or significant growth in the thickness of the TPU coating. After that point, excess
47 free polymer simply coexists with TPU/CNT fibers. The free polymer in the structure is probably
intercalated in the structure and it is responsible for the increase in the sheet thickness, which
52 translates into a lower CNT volume fraction at the highest TPU contents evaluated (e.g. CNPU-

54 70 and CNPU-80 in Table 1).

ACS Paragon Plus Environment
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Adsorption Equilibrium Studies

Adsorption equilibrium studies are often performed to investigate the properties of adsorbents.
For a two-component system of a sorbent (e.g. CNTs) and solution, a graph of the solute (e.g.
TPU) concentration in the solid phase C,q4s (mg/g) can be plotted as a function of the solute
concentration in the liquid phase C.q (mg/L) at equilibrium.'” At equilibrium there is a defined
distribution of the solute between the liquid and the solid phase, which can generally be
expressed by one or more isotherms. Adsorption of contaminants onto CNTs has previously been
studied for water decontamination; '*'° however, to the best of our knowledge, adsorption
isotherms have not been applied to describe surface modification of CNTs in the production of

CNT-polymer composites.

A) w000 B) 40
] n Linear fits (Acetone/Methanol) ™ enpuso
7000 - 3.8
w000 ] Segment |l
] - = 3.6+
= 5000 o
(s)] // 3
o O
[s)] 1 ©
E ol < / S a4 CNPUT0
: 4 = -
O 3000 . ‘onpuss
1 // S8 Segment |
2000 )4 CNPUB5
1 e
3.0
10004 N a
| A A
o] /A " . . . - CNPU45
2.8
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C,, (mg/L)) LogCeq

Figure 3. A) Adsorption data of TPU on CNTs in the acetone/methanol mixture (m), in acetone
alone (A) and in THF alone (e®). (B) Linearized forms of the Freundlich isotherm for the
adsorption shown in Figure 3A. The continuous blue line (Figure 3A) corresponds to the

Freundlich isotherm (segment I only) in the acetone/methanol mixture.
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Figure 3A shows the room temperature adsorption data of TPU on CNTs processed in the

OCoONOOORWN =

acetone/methanol mixture, as well as in acetone or THF alone. The use of a solvent/non-solvent
12 mixture clearly increased the adsorption uptake of TPU by the CNTs as compared to samples

14 prepared in a good solvent only. Moreover, for the same initial concentration of TPU, the higher
16 the adsorption capacity the lower the concentration of TPU at equilibrium (Cq), as determined
19 by the partition coefficient. From these results we can conclude that, because of the CNT-TPU
21 fiber-like morphology and relatively low C.q of TPU (Figure 3A) in the solvent/non-solvent
mixture, the CNT-TPU nanocomposites can be recovered by filtration in a very short time as a
26 nonwoven sheet made of highly entangled and randomly oriented CNT-TPU fibers. In acetone
28 and THF alone, the adsorption of TPU by the CNTs is quickly saturated, which limits the content
of TPU in the nanocomposite sheets to low values while a high concentration of TPU in the

33 solution significantly increases the filtration time. (e.g. weight ratio of ~ 80:20 in TFH with 3 h
35 filtration time, Table S1). The conformation of the TPU chains on the CNT-TPU fibers likely
38 also plays a role in the interaction with the solvent (solvent polarity and hydrogen bonding),

40 which will also influence the filtration time and the packing of the structure.

The equilibrium experimental data for adsorbed TPU on CNTs in the acetone/methanol
46 mixture were subjected to analysis based on Freundlich adsorption isotherm, which is purely
48 empirical and it best describes adsorption on heterogeneous surfaces.'**° The following

linearized Freundlich equation was used:

54 logC,,, =logK, +1/nlogC,,

ACS Paragon Plus Environment
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where C,gs 1s the amount of TPU adsorbed (mg/g), Ceq is the equilibrium concentration of TPU
in solution (mg/L), K is the Freundlich constant (L/g), and 1/n is the Freundlich exponent. The
linear plots of Freundlich isotherm for the adsorption of TPU on the CNTs (acetone/methanol
mixture) is presented in Figure 3B. From the linearized form it is evident that if the data is
separated in two segments (I and II), both segments are better described separately by this model.
Linear fits return correlation coefficients of 0.988 for the data corresponding to compositions
between CNPU-45 to CNPU65 (segment I) and 0.999 for compositions between CNPU-70 to
CNPU-90 (segment II). The isotherm parameters Ky and 1/n , which are rough measures of the
adsorption capacity and adsorption intensity of the adsorbent, were determined by the least-
squares fitting to be 38 L/g and 0.8 respectively for segment I. Figure 3A (continuous blue line)
shows the calculated isotherm using the Freundich parameters for the first segment. The Ky and
1/n parameters for segment Il were found to be 9 L/g and 1.2 L/g, respectively. A value of 1/n =
1 signifies that the relative adsorption (adsorption partition) of the chemical was the same across
the whole range tested, which is unusual (especially across the concentration range of two orders

20521
.0.2%%! These values

of magnitude often used). More normally, 1/n values will range from 0.1 to 1
show that when the concentration of chemical under investigation increases, the relative
adsorption decreases. This is indicative of saturation of adsorption sites available to the
chemical, resulting in relatively less adsorption. The concentration range of segment I (CNPU-45
to CNPU-65) follows this behavior and is well-described by the Freundlich isotherm. However,
if the concentration of TPU in the solvent/non-solvent mixture increases above the point of
saturation a deviation from the predicted behavior occurs. Likely explanations are that additional

TPU adsorbed by formation of a thicker coating and/or it is deposited by phase separation

between CNT-TPU fibers (cooperative adsorption). These results are in agreement with the

ACS Paragon Plus Environment
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morphological characterization by SEM (Figure 2), and with the properties of the nanocomposite

sheets (Table 1). Up to sample CNPU-65 the incremental addition of TPU might be increasing

OCoONOOORWN =

CNT exfoliation (increasing surface area) and increasing CNT coverage with TPU, while the
CNT vol.% and CNT-TPU sheet thickness remain almost constant. Above the saturation
13 concentration, additional TPU is instead deposited by phase separation, which increases the

15 nanocomposite sheet thickness and the CNT vol.% decreases.

22 Mechanical and electrical properties of the nanocomposite sheets

Figure 4a shows typical tensile stress-strain curves of the CNT-TPU nanocomposite sheets

o8 fabricated from the acetone/methanol mixture. Results for neat TPU are also shown for

30 comparison. Table 2, Figures 4b and 4c summarize the mechanical properties as a function of

33 TPU content (CNT/TPU weight ratio). The polyurethane used in this study is a thermoplastic

35 rubber with manufacturer reported values of 34 MPa, 4 MPa and 8 MPa for the tensile strength,
37 stress at 100% strain (Ge=100%) and stress at 300 % strain (Ge=300% ), respectively. The tensile tests
40 show that the tensile strength (o) and Young’s modulus (E) initially increase as the TPU wt.%
42 increases in the composite films, with maximum values at the CNPU-65 composition, and then
decrease with increasing TPU. These results correlate with observations from morphological and
47 compositional properties of the nanocomposites described above and support the hypothesis that,
49 at this composition (CNPU-65), better CNT exfoliation and optimal CNT surface coverage is
achieved, which in turn leads to an optimal packing of CNT-TPU fibers. Further addition of TPU

54 leads to a lower reinforcement effect, which can be explained as a result of additional TPU not
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only decreasing the void vol.% in the obtained CNT-TPU sheets but also depositing between

CNT-TPU fibers and producing nanocomposites sheets with a lower CNT vol.%.

At the “optimal” composition, E of 1.27 GPa, 6509, of 35 MPa, and o of 41 MPa are
obtained corresponding to ~10 fold improvement in E, ~7 fold improvement in G5, and 20 %
improvement in 6g,; (or 57 % improvement in specific strength) compared to those of the neat
TPU. As expected, the modification of the TPU with high content of the stiff CNT filler
decreased the failure strain relative to the TPU matrix and in the nanocomposite sheets the
failure strain increases with the increasing TPU content for all the compositions. However, at an
equivalent strain, the absorbed energy per volume of the nanocomposite is significantly higher
than that of TPU (i.e. G=209%, Ge=50% and G.=jgpg9; in Table 2). The ultimate absorbed energy
before fracture or tensile toughness (G;) was measured for all CNPU compositions. The CNPU-

80 offered the highest tensile toughness as compared to all specimens (including neat TPU)).
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gg Figure 4. Typical tensile stress-strain curves for CNT-TPU sheets of different CNT/TPU wt.

1 . . . .

22 ratios (a) and a summary of the mechanical properties (b and c¢) showing the Young’s Modulus
53
54 (m), tensile strength (A), strain at break (m) and toughness (®) . Samples were prepared in the
55
gg acetone/methanol mixture with CNTs from Nanocyl.
58
59
60
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”
2
3
4
g Table 2. Mechanical properties of the CNT-TPU composite sheets, with comparisons to CNT
7
8 buckypaper (Nanocyl MWCNTs) and the neat TPU. The CNT-TPU samples were prepared in
9
}(1) the acetone/methanol mixture
12
;Z E Ofuil Efuil G; 0e=20% O=50% Oe=100% | Ge=20% | Ge=50% Ge=100%
16 MPa MPa | (%) MJ/m® | MPa MPa MPa MJ/m® |MJ/m’ | MJ/m’
17
MWCNT 160+57 1+£0.5 | 1.5%0.5
19
ONPU-45 | 575+89 21£3 [ 3949.8 6+2.2 | 14.9£0.6 |24.3£1 |- 2.0£0.1 | 8.1£0 -
21
LNPU-55 | 630+88 262 | 44+4.4 8.0£1.4 | 17.9+0.8 | 29.1£1.5 | - 2.440.1 | 9.940 -
23
#NPU-65 12704230 | 41£2 | 86+8.6 274£2.6 |26.542.2 [ 34.943.1 | - 41403 | 13.4+1.2 | -
25
gNPUJO 870+51 38+2 | 114+19 | 33+6.5 | 21.5+1.6 [29.9+1.7 | 37.1£1.6 | 3.3+0.3 | 11.1+0.7 | 27.8+1.1
ggNPU-SO 670£120 |31+1 |[160+6.1 |38+2.0 | 16.2+0.8 [22.0+1.0 | 27.9+£0.6 | 2.6+0.1 | 8.3+0.3 | 21.0+0.6
;?’NPU-% 290+27 2042 | 189+2.4 | 29+£3.1 [ 11.0+1.4 | 13.3+1.7 [ 15.8£1.6 | 1.7+£0.2 | 5.4+£0.7 | 12.7£1.6
XL-CNPU-
6F" 20304350 | 99+14 | 20+3.0 14£3.7 | 102+15 | - - 13.8£2 | - -
35
FBAF-472 | 12048 34> [580° 35° 58403 [53+03 |5.440.3 | 1.0+0.1{2.640.1 [5.3+0.3
37
38 * Prepared with XL-CNTs, XL-CNT/TPU=35:65 weight ratio (29 vol.% void), density 0.984
39 /em®

g/cm
2(1) °From the manufacturer data sheet. The data sheet information is used here as the neat TPU
42 (UAF-472) did not fail within the displacement limit of the micro-tensile test frame (see Figure
43 S2).
44
45
46
j; An additional sample was also fabricated with longer nanotubes (XL-CNPU-65 sample in
49
50 Table 2 using XL-CNTs) at the optimal CNT/TPU weight ratio. It has been shown that the CNT
51
52 aspect ratio plays an important role in the overall performance of nanocomposites, but longer
53
gg nanotubes are generally more difficult to disperse and process. Nanocomposites incorporating
56
57 XL-CNTs with a significantly higher aspect ratio were also successfully fabricated using the
58
59
60
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one-step filtration method. The tensile properties significantly increased as compared to the
shorter CNTs, although the nanotube content was approximately the same as the previous sheets

(17 vol.% vs. 19 vol.%, respectively). In this case ~ 17 fold improvements in E, ~18 fold

OCoONOOORWN =

11 improvement in 6.0, and 3 fold improvement in og,; (3.5 fold improvement in specific
13 strength) compare to those of the neat TPU were observed. These improvements in tensile
15 properties are comparable to current literature values that use the buckypaper infiltration or

17 . .
18 solution casting methods.*”"!

The nanocomposite sheets are robust, flexible and can be
20 integrated similarly to other fiber fabrics into conventional composite manufacturing processes

to fabricate hybrid composites.*

26 AFM imaging and mechanical mapping have recently been introduced to provide quantitative
28 elastic modulus information on soft and hard segments of polymers such as polyurethane,”
carbon black-filled nitrile butadiene rubber** and polypropylene.”> However, the AFM based
33 measurements are generally limited to the mechanical characterization of homogeneous sample,
35 and only a handful attempts to use this more direct imaging and mapping technique to

38 characterize samples with complex morphology distribution. Peak Force QNM mode was

40 conducted on selected CNT-TPU nanocomposites and pure TPU in order to compare the
experimental tensile tests (macroscale) with the elastic modulus at the nano/microscale. Figure
45 5a shows typical height images (top panel) and elastic modulus maps (bottom panel) measured
47 on TPU and the nanocomposites. Corresponding distributions of elastic moduli are shown in

Figure 5b and the specific absolute values of elastic modulus are summarized in Table S2.
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Figure 5. AFM morphology images (top panel) and elastic modulus maps (bottom panel) of TPU

and CNT-TPU nanocomposites (a). Note that different vertical (z-range) scales were used to

better visualize the sample morphology and elastic modulus. (b) Distributions of elastic moduli

for TPU and CNT-TPU nanocomposites corresponding to images in Figure 5a

The unmodified TPU clearly shows well-separated phases in the form of ribbon-like hard

domains dispersed in the soft segment phase, which can be quantified by high resolution elastic

modulus mapping (Figure 5a). As shown in Figure 5b and summarized in Table S2 the

distribution of modulus values for the neat TPU was narrow (compared to the nanocomposites)

and centered around 60 MPa with a shoulder peak at around 30 MPa. AFM images of the CNT-

TPU nanocomposites confirm the SEM surface characterization indicating the presence of voids

and changes in the CNT network density as a function of composition. CNPU-55 and CNPU-65

both show high density networks of CNTs, with higher modulus than TPU but much broader

distributions of elastic modulus with values ranging from a few MPa to 450 MPa, centered at

100 - 200 MPa. For CNPU-80, fewer CNTs were visualized in both the topography and modulus

maps and the narrower modulus distribution (Figure 5b) resembles the neat TPU but with values

centered between 90 and 140 MPa (depending on the analyzed surface areas).
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Similar trends are observed from both the macroscopic, uniaxial tensile tests and the AFM
mapping. Both results indicate a limit in TPU content, which determines the density of the

network of CNTs and the interface contribution (fraction of the polymer phase strongly adhered

OCoONOOORWN =

11 to the CNTs surface), for optimal improvement in the nanocomposite stiffness. Moreover, the

13 macroscopic values of specific modulus (Young’s modulus normalized to the sample density) of
15 CNPU-55 and CNPU-65 are very similar and both significantly higher than for CNPU-80 (1000
18 and 1400 MPa for CNPU-55 and CNPU-65, respectively and 600 MPa for CNPU-80) in closer
20 agreement with the trend observed by AFM. This indicates that the elastic modulus determined

by AFM measurements is probably not as influenced by the sheets porosity as tensile tests are.

26 To investigate the effect of a different solvent on the exfoliation of CNTs and on the properties
28 of CNT-TPU sheets, an additional set of samples was prepared using the solvent/non-solvent
approach but with DMF as the good solvent. Table S3 summarizes the composition of the CNT-
33 TPU sheets (using Nanocyl MWCNTSs) prepared from the DMF/methanol mixture. DMF is a

35 more effective organic solvent to disperse CNTs than acetone, although the solubility of

38 individualized CNTs is still limited to low concentrations. In this case the filtration time was

40 usually longer than in the acetone/methanol case, despite the use of the non-solvent, which
suggests that the conformation of the polymer and the interactions with the solvent are different.
45 Table 3 summarizes the tensile properties obtained for these nanocomposite sheets at different
47 CNT/TPU weight ratios. Samples were prepared comprising the composition range previously

found to provide optimal improvement in elastic modulus and tensile strength.

53 Table 3. Mechanical properties of the CNT-TPU composite sheets prepared in the

55 DMF/methanol mixture
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CNT E Ofail Efail G,
content* ;
Sample (MPa) (MPa) (%) MJ/m’)
(vol.%)
CNPU-40-D 23 1440 £250 | 28+3 36 +7 8+2
CNPU-58-D 22 1715+£97 | 42+4 50+£12 16 £5
CNPU-62-D 23 2010£370 | 51+2 61+7 24+ 4

" Prepared with CNTs from Nanocyl

For similar CNT/TPU weight ratios, higher CNT volume fractions are reached when the
DMF/methanol mixture is used as compared with nanocomposites sheets obtained from the
acetone/methanol mixture (23 vs. 19 vol.%). The tensile properties exhibit the same trend
previously observed with increasing TPU wt.%, but with greater improvements in mechanical
properties (e.g. ~17 fold improvement in elastic modulus, and 50 % improvement in tensile
strength compare to those of the neat TPU) as compared to CNT-TPU sheets prepared in the
acetone/methanol mixture at the optimal composition. This indicates that the use of a good TPU
solvent that can also exfoliate the CNTs more efficiently leads to a better packing in the

nanocomposite sheets.
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23 Figure 6. Electrical conductivities for CNT-TPU nanocomposite sheets (filled symbols)
6 prepared by the solvent/non-solvent one-step filtration method using different types of CNTs and
28 different good solvents. Electrical conductivities for CNT buckypapers without TPU (unfilled

30 symbols) are shown for comparison.

One important aspect of lightweight nanocomposite materials is the opportunity for added

36 functionalities while improving mechanical performance. Figure 6 shows a summary of the

38 electrical conductivity measured for the obtained CNT-TPU composites of different

41 compositions (i.e., CNT wt.% and CNT type) and fabricated with different solvent/non-solvent
43 mixtures. The conductivity values here fall within the typical range reported for randomly

45 oriented buckypaper sheets (~1,000-10,000 S/m, e.g.”**). Nanocomposites prepared in the

48 acetone/methanol mixture (using MWCNTSs from Nanocyl) in the composition range between
50 CNPU-45 to CNPU-65 (Table 1), where the CNT vol.% is almost constant, exhibit an electrical
conductivity similar to the pristine buckypaper. This indicates that the number of conductive

55 paths is not significantly decreased by the increasing addition of the insulating matrix and that

57 during the fabrication method a similar number of nanotube-nanotube junctions are still present.
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The electrical conductivity results support the description that in this composition range, even
though the CNTs or CNT bundles are being increasingly covered by the TPU, further CNT
exfoliation is also occurring and only a small decrease in electrical conductivity is observed.
However, above ~65 wt.% TPU (bellow 35 wt.% CNTs) the electrical conductivity significantly
decreases as the TPU wt.% increases in agreement with the data for TPU adsorption on the
CNTs (Figure 3A), its effect on the sheets morphology and the systematic decrease in CNT
vol.%. The effectiveness of the fabrication method to facilitate processing and increase CNTs
exfoliation in the final sheet was also demonstrated for the case of longer CNTs. Figure 6 also
includes electrical conductivity values for the nanocomposite sheet (XL-CNPU-65) prepared by
the one-step filtration method in the acetone/methanol mixture and a buckypaper fabricated with
XL-CNT using sodium cholate as dispersant in water. In this case, as expected the electrical
conductivity of the buckypaper fabricated with the longer tubes shows an increase (almost 2
fold) over the shorter CNTs. However, in the CNT-TPU composite sheets almost 3 fold increase
is observed and the conductivity is much higher than the buckypaper sample, indicating that the
solvent/non-solvent approach with TPU is more effective than the sodium cholate surfactant for

debundling and packing these long CNTs.

Electrical conductivity measurements for samples prepared from the DMF/Methanol solvent
mixture also suggest that using a better solvent for the CNTs leads to more efficient debundling
and formation of a more effective CNT network. The electrical conductivity of CNT-TPU sheets
prepared using this solvent system is significantly higher compared to the pristine buckypaper
and the CNT-TPU sheets prepared from the acetone/methanol mixture, which provides further
indication of a better exfoliation of the CNT bundles in these nanocomposite sheets producing

nanocomposite sheets with higher CNT volume fraction.
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TPU Content

CNT Content
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13 CNT buckypaper CNT/TPU=45:55 CNT/TPU=35:65 CNT/TPU=20:80

19 Figure 7. Schematic representation of morphological changes in the nanocomposite sheets as a

21 function of the CNT/TPU weight ratio

24 Figure 7 schematically represents the morphological evolution of the CNT-TPU sheets as a

27 function of the CNT/TPU weight ratio according with results discussed above. As the TPU wt.%
29 increases, up to a 35:65 CNT/TPU weight ratio (i.e. sample CNPUG6S in the acetone/methanol
mixture), the incremental addition of TPU improves CNT exfoliation by forming a stable shell
34 around the CNTs. In that composition range the CNT vol.% is almost constant (no significant

36 increase in the sheet thickness), and an optimal packing is achieved with increasing CNT
exfoliation. When the TPU wt.% increases above the CNT surface-coverage saturation point,

41 free polymer coexists with the CNT-TPU fibers. The free TPU not only reduces the void vol.%
43 but also increases the CNT-CNT inter-tube (and/or inter-bundle) distance, which decreases the
46 CNT vol.% in the nanocomposite sheets. These morphological changes explain the observed

48 trends in composition, tensile properties and electrical conductivity.

The one-step solvent/non-solvent processing method has proven effective for the fabrication of
54 light-weight (0.5 to 1.1 g/cm3), high-CNT-content nanocomposite sheets with tailored

56 composition, and tailored mechanical and electrical properties. Even without optimal CNT
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individualization, which usually requires large volumes of solvent or covalent surface
modification and can make scaling-up more difficult (i.e., large solvent quantities, very long
filtration times, difficulties to attaining reproducible high power sonication at larger scale), it was

possible to improve the CNT exfoliation and optimize the interface interaction with the matrix.

CONCLUSION

We have developed a one-step filtration method for the fabrication of CNT-TPU composite
sheets with high CNT content and precise control of the composition. Consequently, electrically
conductive materials with tailorable properties (e.g. porosity, stiffness, strength and toughness)
and shapes can be fabricated. The use of a solvent/non-solvent mixture to fabricate the
nanocomposite sheets has proven to be effective to improve the processing conditions by
significantly reducing filtration times and avoiding the need to disperse the CNTs in large

volume of solvents to improve CNTs exfoliation.

Equilibrium sorption experiments were conducted to evaluate the CNT-TPU interaction and
explain the morphological and processing changes occurring as a function of increasing TPU
content in different solvents and in an acetone/methanol mixture. It was shown that a
solvent/non-solvent mixture increases the adsorption uptake of TPU by the CNTs as compared to
samples prepared in a good solvent only. In the resulting nanocomposite sheets, the TPU is
observed as a coating on the CNTs. Because of the CNT-TPU fibril morphology and relatively
low C.q of TPU in the acetone/methanol mixture, the CNT-TPU nanocomposites can be
recovered by filtration in a very short time as a sheet made of randomly oriented CNT-TPU

fibers. Tensile properties and electrical conductivity show an optimum near the same
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composition. As the TPU wt.% increases the tensile strength and modulus initially increase, with
maximum values at the CNT/TPU composition of 35:65 by weight, and then decrease with

increasing TPU content. This trend was also explained as a result of the morphological changes

OCoONOOORWN =

11 occurring as a function of increasing the TPU wt.%. At the 35:65 weight ratio a better CNT

13 exfoliation and optimal CNT surface coverage is achieved (optimized CNT/TPU interface),

15 which in turn leads to an optimal packing of CNT-TPU fibers. With further TPU addition (above
18 35:65 weight ratio) the deposition of free TPU occurs (cooperative adsorption), which increases
20 the inter-tube distance and produces thicker sheets with a lower CNT vol.% (lower
reinforcement), although optimal tensile toughness was achieved at the 20:80 weight ratio. The
o5 use of a better solvent to disperse the CNTs led to a higher CNT vol.% in the nanocomposite

27 sheets, as seen for sheets fabricated from a DMF/methanol mixture. Further improvements in
tensile properties and electrical conductivity were observed in this solvent mixture as compared
32 to materials prepared from the acetone/methanol mixture. This result also supports the

34 hypothesis that a better packing is achieved when the CNT bundles are better exfoliated at the
37 optimal surface coverage. AFM imaging and mechanical mapping analyses confirmed the

39 morphological characterization by SEM and were used to obtain localized modulus values at the
nanoscale. In addition, simultaneously measured elastic modulus maps also directly correlated to
44 the topography of the samples at the micro- and nanometer scales, which provided basic

46 localized trends from different compositions and can be compared with macroscopic results.

The morphological changes explain the observed trends in composition, mechanical properties
52 and electrical conductivity. The one-step solvent/non-solvent process has been shown to be a
o4 convenient method for the fabrication of light-weight, high CNT content nanocomposite sheets

with tailored mechanical and electrical properties. The features of the process are also expected
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to be favorable for scaling to larger sheets and higher production rate, which is presently under
investigation along with the use of these nanocomposite fabrics as a component in laminated

composites and for coatings.

ASSOCIATED CONTENT

Supporting Information. Composition of CNT-TPU sheets prepared and additional SEM

images. Summary of elastic modulus calculated by AFM.
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