Journal of

7
Carbon Research ﬂw\D\Py

Article

A Simple Two-Step Process for Producing Strong and
Aligned Carbon Nanotube-Polymer Composites

Seyram Gbordzoe 1 Paa Kwasi Adusei 1@©, Devika Chauhan 2, Noe T. Alvarez 3, Mark R. Haase 4,
Karim Mansari 4, Sathya N. Kanakaraj !, Yu-Yun Hsieh ! and Vesselin Shanov 1:4-*

1 Department of Mechanical and Materials Engineering, University of Cincinnati,

Cincinnati, OH 45221-0072, USA

Department of Aerospace Engineering and Engineering Mechanics, University of Cincinnati,
Cincinnati, OH 45221-0070, USA

3 Department of Chemistry, University of Cincinnati, Cincinnati, OH 45221-0012, USA
Department of Chemical and Environmental Engineering, University of Cincinnati,
Cincinnati, OH 45221-0012, USA

Correspondence: vesselin.shanov@uc.edu; Tel.: +1-513-556-2461

Received: 8 May 2019; Accepted: 20 June 2019; Published: 27 June 2019 lclr;’edcgtfsr
Abstract: In this paper, we present the results of a study related to fabrication of polymer-aligned
carbon nanotube (CNT) composites made with different thermoplastic polymers. These composites
have been manufactured by employing a simple two-step process using the internal resistive heating
approach. The resulting composites have shown improved tensile strength, load, and elastic modulus
compared to pristine CNT sheets. Poly (methyl methacrylate) (PMMA)-CNT, Ultem™-CNT and
thermoplastic polyurethane (TPU)-CNT composites showed an increase in tensile strength by as much
as 41%, 77% and 86% respectively over pristine CNT sheets. The improvement in tensile strength is
the result of a good adhesion achieved between the aligned CNTs and polymer as observed with
transmission electron microscopy (TEM) and scanning electron microscopy (SEM).

Keywords: aligned carbon nanotubes; carbon nanotube-polymer composites; thermoplastic polymers;
resistive heating

1. Introduction

Due to the unique properties of carbon nanotubes (CNTs) [1-3], they have been used extensively
in polymer composites. CNTs being lightweight [4,5] and having high aspect ratios [6-8], make them
excellent materials for the reinforcing phase of such composites. Good interaction between the polymer
matrix and CNTs have been achieved through various means. Functionalizing of CNTs before mixing
with the polymer has been shown to improve dispersion and, therefore, leads to better integration of
CNTs in the polymer [9-14]. Safadi et al. also used ultrasonication as a tool of uniformly dispersing
CNTs in a polymer matrix without the use of chemical functionalization [15]. In-situ polymerization also
practiced, helps to form a uniform layer of the polymer on the CNTs [16]. Other processing techniques
used for producing polymer-CNT composites include solution processing, bulk mixing and melt
mixing [17]. However, these techniques can be laborious and time-consuming. Hence an alternative
method, adaptable for a manufacturing environment, is always of interest to be developed.

Recently, a new approach involving internal resistive heating has been introduced as a simplified
alternative for fabricating polymer-CNT composites [18,19]. This approach utilizes the inherent
electrical resistance of CNTs to heat and cure the polymer by applying voltage. There is, however,
a need to align the CNTs embedded in the composites to improve their properties as was illustrated by
Kim et al. [19]. Techniques such as stretching and pressing [13,20-24], micro-combing [25] and electric
or magnetic field orientation [26,27], have been used to improve CNT alignment.
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In this study, we present a two-step process to fabricate polymer-CNT composites, based on the
internal resistive heating approach. Different thermoplastic polymers with a variety of concentrations
have been studied studied in this research. Stretching has been employed as a means of aligning CNTs,
and the effect of stretched polymer-CNT composites at different concentrations on the mechanical
properties (tensile strength, load, elastic modulus) and electrical conductivity have been evaluated.
Thermogravimetric analysis (TGA) was used to determine the weight percent of CNTs in the
polymer-CNT composites. Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) have been employed to study the morphology of composites and pristine sheets.

2. Experimental Methods and Techniques

2.1. CNT Sheet Assembly

Carbon nanotube (CNT) sheets were assembled from CNT arrays produced by an ET3000 chemical
vapor deposition (CVD) reactor from CVD Equipment. Prior to CNT array growth, a pulsed vapor
deposition (PVD) reactor was used to deposit a thin layer of iron (Fe) and cobalt (Co) as the catalyst
(thickness of 1.2 nm) on a silicon (Si) wafer coated with a 5 nm alumina (Al,O3) layer. This was then
loaded into the CVD reactor to grow spinnable CNT arrays. Details about the growth conditions can
be found in a previous publication by this group [28]. Ribbons from the CNT arrays were drawn and
accumulated to form a 100-layer CNT sheet to be used for composites.

2.2. Polymer-CNT Composite Fabrication

Polymer-CNT composites were manufactured using a two-step approach presented in Figure 1.
Polymer solutions were prepared by dissolving the polymer in N-methyl-2-pyrrolidone (NMP), forming
solutions with different concentration which was achieved with an ultra-sonicator. Polymers used
for this study included thermoplastic polyurethane (TPU), poly (methyl methacrylate) (PMMA) with
a molecular weight of 550,000 and Ultem™ 1000 (polyetherimide) (Shelton, CT, USA).

Step 1 ;
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Figure 1. Schematic illustration of a two-step process for fabricating polymer-carbon nanotube (CNT)

composites. (a) Step 1 shows the experimental setup of the fabrication of polymer-CNT composite,
while (b) Step 2 shows the final composite manufacturing process where the composite is cured in a hot
press under vacuum.

The chemical structures of these polymers are provided in Figure S1 with relevant physical
properties also given in Table S1 of the supplementary information. In the first step, 5 mL of the
polymer solution was introduced into the CNT sheet with a pipette. After the introduction of the
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solution, a voltage was applied across the sheet (along the direction of tube alignment) by a DC power
source (Hewlett Packard E 3612A, Washintgon, USA), resulting in heating of the sheet by the resistive
(joule) heating phenomena [29]. The voltage was increased or decreased as needed until the surface
of the sheet was approximately 80 °C as registered by an infrared camera (FLIR T640, Goleta, CA,
USA). Infrared (IR) images of the steps in the curing of the polymer solution are provided in Figure 2.
Carbon nanotube sheets were stretched by 0.5 strain percentage with a custom stretching device shown
in Figure 2 while resistive heating cured the polymer. Sheets were stretched to this particular strain
percentage because our previous research showed that this was the optimal elongation for maximizing
the mechanical and electrical properties of CNT sheets [30].

Figure 2. (a) CNT sheet connected to copper electrodes on a custom stretching device. Infrared
(IR) images of (b) a pristine CNT sheet, (c) CNT sheet after introduction of polymer in
N-methyl-2-pyrrolidone (NMP), (d) CNT sheet during initial heating and infiltration of polymer
and (e) CNT sheet after polymer cured.

The evaporation of the solvent also led to further densification of the polymer-CNT composite
as depicted in Figure la. The second stage of composite fabrication involved further curing in
a tetrahedron MTP-14 hot press, Figure 1b. Samples were hot pressed at 180 °C (350 °F) for 1 h under
a pressure of 9.8 MPa. The final composite was then dried in a high vacuum oven at 70 °C for 12 h.
A 100 layer CNT sheet densified with only NMP was prepared as a control.

2.3. Characterization

Polymer-CNT composites and the pristine CNT sheets (serving as the control) were cut into
40 mm long and 1 mm wide strips for mechanical tests. The mechanical test samples were cut from
the prepared composite and the pristine sheets with the help of an automated laser micromachining
system. Ten strips were tested for each composite and the control with an Instron 5948 (Norwood, MA,
USA) at a strain rate of 1 mm/s and a gauge length of 22 mm.

The sheet resistance of the composites and pristine CNTs was measured with a Jandel 4-probe
instrument (Model RM3000, Kings Langley, UK). The electrical conductivity of the samples was obtained
by measuring the sheet resistance in the direction parallel to CNT alignment and multiplying by the
sample thickness. Thickness measurements were attained with a FEI XL30 Scanning Electron Microscope
(SEM, Waltham, MA, USA). The SEM was also used for surface morphology characterizations of
the composites.

Thermogravimetric analysis (TGA) was performed on the composites, to determine the mass
fraction of CNTs in the composites. Thermogravimetric analysis (TGA) was done at a rate of 5 °C/min
in nitrogen environment between a 60 °C to 800 °C range.
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A JEOL 2100F (Peabody, MA, USA) high-resolution transmission electron microscopy (HR-TEM)
was used to study the interaction between polymer and CNT’s to better understand properties
of composites.

3. Results and Discussion

Polymer-CNT composites were fabricated with different concentrations of the polymer solution,
namely at 0.5%, 1% and 2% wt/vol.

Figure 3 shows TGA and differential thermogravimetric (DTG) plots for PMMA, TPU and Ultem™
composites at different concentrations. Thermogravimetric analysis curves for pristine CNT sheets
and the pure polymer are also included for comparison.
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Figure 3. Graphs showing thermogravimetric analysis (TGA) and differential thermogravimetric (DTG)
plots for (a,b) poly (methyl methacrylate) (PMMA)-CNT, (c,d) thermoplastic polyurethane (TPU)-CNT
and (e f) Ultem™-CNT composites at different concentrations. Experiments were performed in
a nitrogen environment with an alumina crucible at a heating rate of 5 °C/min.
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The %wt. of CNTs in the composite was calculated using the formula below, and the results are
presented in Table 1.

o o % loss of composite — % initial loss of pristine CNT
% remaining of pristine CNT — x 100
% loss of pure polymer

It can be seen that for pristine CNT sheets densified with only NMP, there was a mass loss of
approximately 10% between 240-550 °C before stabilizing. This mass loss is attributed to the loss of
NMP during the thermal process. It has been shown that NMP polymerizes when used at elevated
temperatures in air [31,32]. This polymerized NMP has been revealed to lose mass in a similar range
as that reported in the TGA curves (Figure 3) in a nitrogen environment [33]. A CNT sheet densified
with NMP but dried in a vacuum oven instead of by resistive heating was prepared to verify this.
The thermal degradation of this sample was investigated, and the results are presented in Figure 52 in
the supplementary information. It can be seen that this sheet had little to no thermal degradation/mass
loss thereby supporting our supposition that the NMP was polymerized by resistive heating leading to
an initial mass loss. The TGA and DTG curves show that pure PMMA and TPU decomposed almost
completely in the nitrogen environment, however pure Ultem™ still had a residual mass of about 50%
up to 800 °C, which is akin to that reported in the literature [34-36]. This char residue has been shown
to be a result of extreme hydrogen transfer reactions and subsequent condensation reactions [37].
A reduction in polymer concentration for PMMA-CNT and Ultem™-CNT composites led to a decrease
in the degradation temperature as seen in the graphs in Figure 3. This is due to an increase in thermal
diffusivity in the composite caused by the addition of CNTs, which leads to a reduced composite
degradation temperature [12]. However, for TPU-CNT composites, which have a two-stage degradation
process, a different trend was seen. The first stage was related to the decomposition of urethane
linkages and occurred around 317 °C while the second stage was the decomposition of soft segments of
TPU and occurred around 376 °C [38,39]. For the first stage, an increase in CNTs (decrease in polymer
concentration) led to a decrease in the degradation temperature similarly to the other polymer-CNT
composites. Nonetheless, for the second stage, there was an increase in the degradation temperature
as the number of CNTs increased. Similar results were reported by Liu et al. for graphene/TPU foams
where the addition of graphene led to higher decomposition temperatures at the second stage [38].

The mechanical properties of various polymer-CNT composites at different polymer concentrations
were also measured, and the results are presented in Table 1. The data reveals that an increase in
polymer concentration led to an increase in tensile strength, with the highest at 1% wt/vol polymer
concentration. Stress-strain curves of the most optimized CNT sheet composites (1% wt/vol) are
presented in Figure 4. The TPU composite sample shows the highest tensile strength and the greatest
strain of all the tested polymer CNT sheet composites. Stretched polymer-CNT composites fabricated
with TPU and Ultem™ offered the best tensile strength and load data which is attributed to the uniform
polymer distribution and adhesion of the polymer on the CNT sheets as shown in Figure 5. The smooth
surface texture indicates good polymer impregnation with 1% wt/vol concentration. For 2% wt/vol
TPU-CNT composite, there was an improvement in the load, but since the tensile strength is based on
the thickness of the samples, thicker samples led to a reduction in strength. Poly (methyl methacrylate)
(PMMA)-CNT and Ultem™-CNT composites, however, gave better modulus of elasticity compared
to TPU-CNT composites and this is ascribed to the difference in modulus of the starting polymers
as provided in Table S1. Table 1 also shows that an increase in the polymer concentration led to
a reduction in the electrical conductivity of the overall composite due to the insulating properties of
these polymers, similarly to that reported in literature [40,41].
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Figure 4. Stress vs. strain curves of the made CNT polymer composite sheets including Pristine,
PMMA 1%, TPU 1% and Ultem 1% samples, respectively.

Table 1. Physical properties of polymer-CNT composites at different CNT concentrations.

Samole Thickness Tensile Load (N) Modulus Conductivity Weight Percent
P (um) Strength (MPa) (GPa) (S/cm) of CNT

Pristine 4.89 461 + 24 215 +0.20 38+5 151+ 9 100
PMMA 0.5% 4.82 545 + 100 249 + 0.46 58 +7 156 + 23 62
PMMA 1% 5.16 652 + 76 3.20 + 0.37 59 + 8 129 + 3 55
PMMA 2% 6.1 534 + 80 3.04 £ 0.46 53 + 4 107 +3 52
TPU 0.5% 425 717 + 87 2.90 +0.35 53+ 6 180 + 12 67
TPU 1% 4.40 858 + 87 3.57 £0.36 48+6 150 + 5 57
TPU 2% 482 814 + 129 3.71 £0.59 40+6 137 +5 50
Ultem™ 0.5% 418 671 + 86 2.74 +0.49 59 +3 127 +3 64
Ultem™ 1% 423 815 + 124 3.28+0.5 72+6 139 £ 2 54
Ultem™ 2% 5.19 631 + 119 3.11 + 0.59 68+9 120 + 15 50

To further study the distribution of the polymer among the CNT bundles, TEM was used to analyze
a single layer of sheet densified with a diluted concentration of the polymer solution (0.2% wt/vol).
A lesser concentration of the polymer solution was used to easily visualize the CNTs embedded in the
polymer matrix. This was compared to a single layer of CNT sheet densified with only NMP, and the
results are presented in Figure 6. The densified pristine CNT web showed well aligned and tightly
bundled tubes where the small gaps were bridged by CNTs. All the polymer-CNT materials revealed
a similar macrostructure, with well defined, separated tubes showing little bridging. This is likely
a consequence of the thin film used in sample preparation and may not be evident in thicker samples.
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Figure 5. Scanning electron microscope images of PMMA-CNT composites at (a) 0.5%, (b) 1% and (c)
2% wt/vol concentration, TPU-CNT composites at (d) 0.5%, (e) 1% and (f) 2% wt/vol concentration and
Ultem™-CNT composites at (g) 0.5%, (h) 1% and (i) 2% wt/vol concentration.

Figure 6. Transmission electron microscopy (TEM) images of carbon nanotube (CNT) and polymer-CNT
composites. (a) Single-layer CNT web densified with NMP, (b) single-layer CNT web composited with
PMMA, (c) single-layer CNT web composited with TPU, and (d) single-layer CNT web composited
with Ultem™.
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The micro-structure, however, should also be present in thicker samples, as it is governed
by bundle-polymer and polymer-CNT interactions that are independent of the macro-structure.
The CNT-PMMA tube sample had a similar microstructure to the pristine CNT one, but the tube
spacing was larger. There was some visible evidence of polymer, especially along the bridging CNTs,
however some of these bridging tubes were broken, perhaps due to forces present during densification
and polymer consolidation. There was also no bridging between separated bundles of tubes with
polymer compared to TPU-CNT and Ultem™-CNT composites. The TPU-CNT composite showed
polymer incorporated into its tubes, and much larger tube spacing with some bridging. These bridges
can be TPU, or TPU jacketed CNTs. The Ultem™-CNT showed the most divergent microstructure from
the pristine one where the tubes were well bound, thinly coated with a polymer and with large spacing
between them. The spaces were well bridged with many thin tubes and polymer, some of which crossed
between bundles. Bridges consist of Ultem™ alone and Ultem™-CNT. Many of these bridging tubes
were under tension, suggesting a strong consolidation force during sample preparation. This accounts
for the better mechanical properties of Ultem™-CNT and TPU-CNT composites compared to the one
based on PMMA-CNT.

4. Conclusions

A simple process of fabricating polymer-CNT composites has been demonstrated. This method
was used to make composites with different polymers, in various compositions defined by weight.
Such composites were shown to improve the mechanical properties as compared to a pristine CNT
sheet, accompanied with a modest decrease in the electrical conductivity. Best mechanical properties
were attained at 1% wt/vol for the polymers used in this work. The best composite made with TPU and
Ultem™ showed significant improvement in tensile strength compared to densified and stretched
CNT sheets without any polymer. This was attributed to good adhesion and interaction of the polymer
with CNTs leading to improved properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5629/5/3/35/s1,
Figure S1: Typical chemical structure of: (a) PMMA; (b) TPU and (c) Ultem™ 1000 thermoplastic polymers.
Table S1: Relevant physical properties of different polymers used for fabricating CNT-polymer composites.
Figure S2: (a) TGA and (b) DTG plots of CNT sheet densified with NMP and dried in a vacuum oven. Little or no
thermal degradation was observed within the temperature range considered in this paper.
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