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ABSTRACT
The current literature reporting on the thermophysical properties of single-wall
carbon nanotube (SWCNT) materials (individual tubes, bundles, and films/mats) reveals
disparities in both experimental and theoretical results. Various theoretical models and
simulations for predicting the thermophysical characteristics of individual/bundles of
SWCNTs have established general trends in these properties. Yet, there is significant
variation in the results and these discrepancies need to be resolved.

The thermophysical behavior of SWCNTs is influenced by the structural
properties (chiral, armchair, zigzag), nanotube length and diameter, sample history
(synthesis, processing and purification methods), defects, thermal contact between tubes,
and the uncertainty in the unconventional techniques being used to probe the samples.
Furthermore, there are relatively few reports on the thermophysical properties of largescale SWCNT mats and films.

In this study, a simple, but novel non-contact and nondestructive optical
profilometry technique has been employed to measure the out-of-plane, temperaturedependent coefficient of thermal expansion (CTE). A thermal cell was designed to
accomodate the 10x objective lens of a Zygo Optical Profilometer for the purpose of
measuring the CTE of the SWCNT films. This cell has an internal resistance of around 12
Ω and can be used to generate temperatures ranging from room temperature to 373 K.

ii

The Zygo NewView 7300 Optical Profilometer was used to measure the out-ofplane CTE of 1mm x 1mm SWCNT films over the range of temperatures between room
temperature and 353 K. The CTE was found to be as low as -4.96 . 10-3 K-1 and went up
to 5.14 . 10-3 K-1 for temperature changes of 20 K from room temperature to 353 K for
sample #1. Other representative samples showed similar variations in their CTE.

Though the results seem counterintuitive at first due to the both positive and
negative CTE’s measured for the samples, specifically because individual SWCNTs are
reported to have a negative CTE at temperatures below 400 K. The variation might be
due to shrinkage in certain areas of the films with an increase in temperature causing
micro-buckling in other regions of the films due to their macroscopic nature which
consequently gives a positive CTE reading for these other areas. However, further
investigations are needed to delineate the factors that could lead to the observed variation.
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Chapter 1
Introduction to SWCNT Membranes
The discovery of carbon nanotubes (CNTs) by Iijima in 1991 [1], and the
subsequent identification of their superb physical, chemical and structural properties have
made CNTs attractive candidates for a number of applications in the emerging
nanotechnologies. In recent years much attention has been focused on the thermophysical
properties (thermal conductivity, specific heat capacity and coefficient of thermal
expansion) of CNTs.

Table 1-1: Summary of CTE Values of CNTs Reported Previously
Nature of CTE
Theoretical
Measured
Negative
Positive
-

Material

CTE Measurement
Method Used

Temperature
Range (K)

SWCNTs

Analytical Method

Low
High

Defect free SWCNTs and
MWCNTs

Topology of CNTs

High

-

Isotropic
positive

X-ray diffraction
Dilatometric Method
Anisotropic
Elasticity

290 - 1600
2.2 - 27
Twist angle
used

-

Negative
Negative

Negative/Positive

-

SWCNT bundles
H2 - SWCNT bundles
SWCNT arrays

Several theoretical models and simulations have been used to calculate the
coefficient of thermal expansion of CNTs, including molecular dynamics [2-4], latticedynamics calculations [3, 5-7], ab-initio density-functional theory, density functional
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perturbation-theory calculations [8, 9], the molecular structural mechanics method [10],
analytical method [11] and the nonequilibrium green function approach. Even though
there are discrepancies in the calculated CTE of CNTs as summarized in Table 1-1 [1115], the general trend is that CNTs exhibit negative CTE at room temperature. However,
there are limited experimental reports on CTE of CNTs [12-14], mainly due to the
challenges in measuring this property at a nanoscale.

As new forms of macrosize CNTs are developed, their properties are expected to
exhibit characteristics that are different from the individual/bundles/ropes counterparts. It
is important to note that conventional measurement techniques can easily be used to
determine the thermophysical properties of “bulk” CNTs. Thus, this study focuses on the
CTE of newly developed, cohesive, robust and flexible membranes of randomly
assembled CNTs by:

i. investigating the temperature dependent coefficient of thermal expansion using a
noncontact and nondestructive optical imaging technique and;
ii. correlating the results with related data in the literature.

Carbon nanotubes (CNTs), one dimensional filamentous structures formed by
seamless rolling of 2-dimensional graphene into tubes, have been a significant focus of
the scientific research community since their discovery by Ijima in 1991 [1]. The broad
interest stems from CNTs’ unique properties (thermal, electric and mechanical), their
diverse potential applications, and the fact that CNTs are ideal prototypes to investigate
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quantum phenomena in one-dimensional systems. The properties of carbon nanotubes
depend strongly on the geometrical structure represented by the chiral index (n, m). In
general, when n-m = 3p, where p is an integer, the carbon nanotube is metallic, and
semiconducting when n-m  3p. Thus, CNTs exist as either metallic (armchair CNT with
n = m) or semiconducting (zigzag with m = 0 or chiral with n  m) depending on the
chirality of the carbon framework; i.e., the orientation of the tube axis with respect to the
carbon atoms network of the skeletal structure [16]. Different variations of CNTs (singlewall, double-wall and multiwall) have been synthesized and are commercially available
[17]. These classifications are based on the number of the cylindrical layer(s) contained
in the CNT skeletal structure. A single-wall CNT (SWCNT) contains a single layer of
cylindrical carbon network, whereas a double-wall CNT (DWCNT) has two overlaying
concentric cylinders, while a Multi-wall CNT (MWCNT) contains three or more
concentric cylinders.

In addition to these attributes, CNTs have been shown to exhibit high tensile
strength (100GPa) [23, 18, 19] and elastic modulus (1.0 TPa) [18, 19] and high
electrical (10-30 kS/cm) [20] conductivities, ballistic transport, stability at moderate
temperatures, low density, high aspect ratio, high surface area with no bulk atoms (only
surface atoms), and accessibility of both external and internal pores. Furthermore, the
chemical reactivity of the edge states can be exploited to covalently functionalize the
CNT with selective species for specific applications. The monolayer atomic structure and
accessibility of both external and internal pores provides additional channels to modify
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the

CNT

properties

by

either

coating the surface with metal or
metal oxide nanoparticles [21], noncovalent attachment of molecules or
polymers to the surface [22], or
infiltrating the inner pores with
other chemicals. These structural
varieties and the unique, intrinsic
properties of CNTs have made them
promising candidates for numerous
Figure 1-1: Flexible binder-free SWCNT membrane

CNT-based

applications

in

the

emerging nanotechnologies. The uses of CNT in different applications have been
demonstrated in, but not limited to: sensors [23-25], biomedical [26-28], optical
transparent electrodes [29], electrodes for Li ion batteries [30], electrochemical capacitor
electrodes [31-33], electronic components [34-36], catalysis application (fuel cells:
proton exchange membrane fuel cell, organic reaction catalysis, immobilization of
biomolecules) [37], separators, filters and membranes [38-40], mechanical devices [4143], photovoltaics [44-46] and thermoelectrics [47-49]. Most of the afore-mentioned
applications require “bulk” CNT materials and detailed understanding and data on the
physical, thermal and structural properties will go a long way to facilitate such
applications. As such, the proposed studies of CTE of macrosize CNT membranes would
contribute immensely to already existing information to the scientific and the industrial
communities, especially in thermal management where temperature fluctuations are
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unavoidable. A newly developed form of such macrosize material of single wall carbon
nanotube (SWCNT) that is binder free, cohesive, robust and flexible shown in Figure 1-1
has been developed and used in this study. The rest of the thesis is organized as follows:
Chapters 2 and 3 are devoted to the theory of the CTE measurement and the
measurement principles of the Zygo instrument, respectively. The experimental setup is
discussed in Chapter 4. The results and the future works are discussed in Chapter 5.
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Chapter 2
Theory behind Measurement of CTE of SWCNT Membranes
There are limited experimental reports on the coefficient of thermal expansion of
macrosize forms of SWCNTs. In this project, a simple but novel non-contact, nondestructive optical imaging technique is used to perform an investigation of the
temperature dependent coefficient of thermal expansion of the macrosize membranes of
the SWCNTs. CTE is
one

of

the

important

most

nonlinear

thermal properties and
would play a major
role in CNT based
device

design

applications,

and

and

in

thermal management.
Figure 2-1: (a) 2-dimensional optical image and (b) step height of ~

Even

4mm SWCNT membrane obtained using ZYGO NewView optical

theoretical predictions

profiler. (c) Schematic of in-plane and out-of-plane mode of the

suggest negative CTE

SWCNT membrane and the expected arrangement of the SWCNTs in

though

at temperatures below

the membrane. (d) Schematic of cutting protocol to facilitate in-plane

400 K and positive at
measurement of thermophysical properties.
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high temperatures above 400 K, there are limited experimental reports on CTE of CNTs
[12, 13, 50, 51]. One of the major challenges is designing a nanoscale experiment that
could measure the CTE accurately. Very few experimental studies have been reported on
the CTE of MWCNTs [12, 13] and SWCNTs [51] bundles using X-ray diffraction
techniques that suggest thermal contraction (negative CTE) at low temperatures and
expansion (positive CTE) at high temperatures. Many emerging applications of CNTs are
focused on using new forms of the CNTs (processed macrosize membranes) that are easy
to handle and to characterize. However, to date, there are very limited reports on the CTE
of processed macrosize membranes. In this project, a simple but novel noncontact and
nondestructive optical imaging technique has been used to perform temperature
dependent studies of the CTE of new macrosize membranes of SWCNTs (see Figure 21). A wet chemistry technique is used to assemble SWCNT powder into a cohesive,
flexible, binder-free, robust macro-size membrane. The technique hinges on the density,
viscosity, polarity and surface tension of the solvent relative to SWCNTs. The properties
of the solvent must be able to break the hydrophobicity of the SWCNTs while
simultaneously maintaining the van der Waals attraction between the tubes, allowing for
self-assembly. Shown in Figure 1-1 is such a membrane fabricated using SWCNT
powder from a commercial vendor (Thomas Swan, Elecarb SWCNTs). Membranes of
thicknesses 20 um – 40 um have been fabricated and used in this study.

Even though different theoretical models have been used to predict the CTE of
individual CNTs, the results cannot be extrapolated to determine the CTE of macrosize
membrane (“bulk”) of CNTs due to the complex nature of the CNTs. It has been shown
8
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that CTE of CNTs depends on the type (chiral or armchair or zigzag), the diameter and
the length. Thus, the complex nature of a membrane makes it impossible to correlate the
theoretical CTE models directly to the experimental data because the membrane contains
all types of CNTs of different lengths, diameters and chirality. To do so one will require
detailed information on every single CNT in the complex ensemble of the macrosize
membrane. To this end, the fundamental CTE expression for a solid bulk system would
be used to determine the CTE of the membranes.

The ZYGO NewView 7300 Optical Profilometer with subnanometer resolution is
used to investigate the temperature dependent CTE of the SWCNT membranes in real
time. Shown in Figure 2-1 (a) is a 2-dimensional image of a 4mm diameter SWCNT
membrane of thickness ~ 36 um [Figure 2-1 (b)] that was measured using the ZYGO
NewView 7300. The instrument uses a noncontact and nondestructive scanning white
light technology to determine the step height of the sample at any particular temperature.
The coefficient of linear thermal expansion () is determined using the expression,



1 t
t o T

(1)

where to is the initial thickness of the membrane and t is change in thickness
( t

 t  to )

of the membrane due to change in temperature T = T-To.

For similar samples with thickness ranging from 20 to 40 um, the out-of-plane
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CTE is explored in this study. This is achieved by performing the measurement along the
axial direction as shown in Figure 2-1 (c). For the in-plane measurements, the samples
can be cut and oriented in the vertical plane as shown in Figure 2-1 (d), however this
analysis is restricted to out-of-plane CTE determination. Theoretical predictions of CTE
of individual CNTs indicate directional (anisotropy) dependency. However, randomly
assembled CNTs in the membrane might exhibit characteristics that are different from the
individual CNTs. If the CTE of the flexible membrane is measured to be isotropic along
different directions in future studies, the volume and the area coefficient of thermal
expansion could be determined.

To measure the CTE of the samples, a 1mm x 1mm square piece of each sample
was cut and mounted in a temperature controlled thermal cell. The cell temperature is
varied from room temperature (300 K) to 380 K. The temperature dependent CTE was
calculated from the real time axial temperature dependent change of the sample height as
measured by the ZYGO NewView 7300. The CTE data was obtained and then correlated
with both theoretical and experimental data in the literature.
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Chapter 3
Theory of Optical Profilometry and the Basic Settings on the Zygo NV7300
Specialized training on setting up, running, and analyzing data from the Zygo
Optical Profilometer was received from Dr. Josh Stapleton at the Materials
Characterization Lab at Millennium Science Complex. This is a mandatory training
required for all users of the
profilometer.

In

the

most

fundamental sense, optical
profilometers
wave

are

light

interference

microscopes

that

are

primarily used to study
surface

contours

to

determine parameters like
roughness and waviness
Figure 3-1: Zygo NV7300 Optical Profilometer [52]

with a high degree of

precision. These instruments are well-established within the scientific community and
considered dependable for obtaining accurate surface height variation measurements.
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The Zygo NV7300 Profilometer seen in Figure 3-1 was used for this experiment.
It employs a novel highly accurate surface measurement technology called Scanning
White-Light Interferometry. It consists of an interferometric objective lens mounted in a
piezo scanning device that translates in the vertical direction. The camera positioned at
the top of the device detects interferogram intensities which are acquired into a computer
and sorted to store only the high modulating (> 5%) data as a three - dimensional
interferogram. This is then coupled with a frequency domain analysis that determines the
heights of each display pixel to a resolution of < 0.1 nm and a repeatability of < 0.3 nm
[52].

Figure 3-2: Zygo NV7300 Optical Profilometer Joystick [52]
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The joystick shown in Figure 3-2 is one of the key components of the optical
profilometer. The functions associated with each of its buttons have been displayed in the
Figure 3-2. Before using the profilometer, it is crucial to understand these functions in
order to minimize the risk of injury to the user and damage to the instrument itself.

Table 3-1: Properties of Object Lens Available on the Zygo Optical Profilometer [52]
Magnification
Optical Res
(um)
Slope Limit
(deg)
0.5x
1.0x
2.0x

2.5x

10x

20x

50x

100x

3.8

0.95

0.71

0.52

0.36

3.71

14.53

21.8

28.81

38.66

0.28x0.21
0.14x0.11
0.07x0.05

0.14x0.11
0.07x0.05
0.04x0.03

3.4

0.55

5.65x4.24
2.81x2.10
1.41x1.06
10.3

Field of View (mm x mm)
0.71x0.53
1.41x1.06
0.70x0.53
0.35x0.26
0.35x0.27
0.18x0.13
Working Distance (mm)
4.7
7.4

This optical profilometer comes with a variety of different objective lens to
choose from. Their magnification varies from as low as 2.5x up to 100x. It is absolutely
essential to pick the right objective lens for the specific application of interest since it
puts a limit on the optical resolution, slope limit, field of view and working distance
required to make the final surface profile measurent. Table

3-1 outlines the

interdependence of these parameters. For this experiment, since the sample size was
chosen to be 1mm x 1mm, a 10x objective was used with a 0.5x image zoom. The
settings used for this study are in bold font in the Table 3-1.
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In order to avoid expensive damage to the profilometer, the most important
joystick setting that one must learn is to set a Z-stop. A Z-stop acts as a safety net to limit
the translation of the objective lens in the vertical or out-of plane direction of the sample.
The instrument has the potential to be severely damaged if the objective lens touches or is
translated into any object in its vicinity. Thus, to avoid this, first pick the right objective
lens for the project of interest, 10x is what was used for this study, next locate its working
distance in Table 3-1 which is 7.4 mm for this case.

What this distance gives us is the maximum vertical distance that the objective
lens can be from the sample in order to be able to effectively focus on it for surface
measurements. So in this case, the tip of the objective lens would need to be around 7
mm which is less than the working distance away from the top of the sample.

There are three possible colors for the Z-stop light on the joystick and they mean
different things. Red means that the objective lens is currently at the Z-stop that has been
previously set. Green means that the lens is currently above the Z-stop position and a
flashing red light indicates that no Z-stop has been set and one must be most cautious
when this happens. First set the Z-speed to FAST and translate the objective using the
turn twist knob in the X-Y setting reasonably close to the sample. Next turn down the
speed to the MEDIUM setting and focus only on the objective-sample distance till it has
reached the value below the working distance using the scale positioned behind the
objective. Once the objective is at the required position, hit the Z-stop button to set this as
the minimum possible distance between the objective and the sample. Once the Z-stop
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light turns red, twist the knob back away and then towards the sample to see if the
objective can be translated closer to the sample, if a beep is sounded, it means that the
system won’t let the lens go any closer since it is at the Z-stop.

(a)

(b)

(c)

(d)

Figure 3-3: (a) Out of focus halo around f-stop (b) Closer to focus halo around f-stop (c)
Surface in focus with f-stop (d) Surface in focus without f-stop

While using the 50x and 100x objective lens, it is important and often difficult to
verify that the samples are in focus. Since the 10x was used for this study, the following
steps were not required however, they have been provided for ease of operation for other
future users. Highly reflective and smooth samples require the f-stop which can be found
on the top right of the Zygo NV7300. When the sample is loaded, and the Z-stop set,
check the LiveDisplay in the bottom right corner to focus the sample correctly. Figure 33 (a) depicts an out of focus halo and Figure 3-3 (b) shows a closer to focus halo which
is collapsed nearer to the f-stop by translating away or towards the sample as required.
Once this collapsed halo has been achieved, hit the F5 button to auto-set the light level of
the pixels. A fringe pattern as shown in Figure 3-3 (c) (with f-stop) and Figure 3-3 (d)
(without f-stop) which indicates that the sample is in focus will be observed.
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Also, for highly reflective and smooth samples, one needs to carry out a pitch and
roll adjustment to null the fringes achieved after focusing the sample. For this, put the
joystick in P-R and SLOW Z-speed setting. Focus up a little and note the direction in
which the fringes travel. For example up and right or down and left etc. Once this is
noted, push the knob in those two directions individually until the fringes are aligned
vertically as shown in Figure 3-3 (d) and the sample is nulled by filling the entire
LiveDisplay or field of view with one fringe. Next, press the F4 button to manually set
the pixel light level, the ‘+’ button is used to increase the light intensity and the ‘–’ button
is used to decrease the light intensity of a particular peak. Turn the knob and scan through
the different bright fringes to make sure that their intensity never exceeds 90% to avoid
pixel saturation in the final surface plot. Since the SWCNT films aren’t highly reflective,
they did not require this adjustment.
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Chapter 4
Experimental Setup for CTE Measurement

a. Design and Construction of Thermal Cell

Figure 4-1: CAD model of thermal cell a) top section b) bottom section and

c) assembly
After brainstorming several ideas about the shape, size, and material to be used to
construct a thermal cell capable of delivering steady temperatures up to 373 K, the design
shown in Figure 4-1 (a)-(c) was chosen for various reasons. It is compact and portable
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for running experiments. It is capable of maintaining good durability, robustness, and
high temperature structural stability if constructed with premium grade PTFE (Teflon)
which has a Young’s modulus near 700 MPa and melting temperature of 600 K. It fits
well within the profilometer platform and accommodates the lens through its lens hole to
achieve the small working distance of < 7.4 mm. Its square shape is easy to manufacture
on a machining center like a mill and doesn’t require any specialized tooling. The tight
tolerances around the mating parts ensures minimal heat loss. The threaded holes in the
top part can be fitted with screws for easy disassembly.
The major source of heat loss in this design is from the through hole of the top
part which the profilometer uses to capture pictures of the sample. This hole cannot be
sealed with a transparent material as it would interfere with the profilometer readings,
however its diameter is only 6.35 mm which enables a good field of view for the
objective lens while minimizing heat loss. The actual engineering drawings and
dimensions used to manufacture this part are included in Figures A-1 and A-2 of the
Appendix. After following all the design guidelines closely, the part shown in Figure 4-2
(a)-(c) was constructed using a mill and a machinist vice.
(a)

(b)

(c)

Figure 4-2: (a) Machined top section (b) Machined bottom section with heating tape and
breadboard connector (c) Assembly used under objective lens of
profilometer
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Next, a resistive heating Mylar tape was adhered to the inner surface of the
bottom part as shown in Figure 4-2 (b). One end of the double wire was soldered to the
contacts on the heating tape and a male crimp was attached to the other end to act as a
breadboard connector. A soldering iron was used to shrink a rubber tube onto the wire to
fix the crimp in place. A KEITHLEY voltage source was used to generate a voltage
difference across two parallel busses of a breadboard and the male crimp was connected
to it. This voltage difference causes an input current to flow through the Mylar tape
which in turn acts like a heat source in the cell.
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b. Calibration of Thermal Cell
This project used two K-type thermocouples attached to a data logger
thermometer like the OMEGA RDXL4SD to get temperature data from within the
thermal cell. These thermo couples can enter through the narrow clearance regions
between the four edges of the top and bottom sections. Place one thermocouple at the top
end and the other on the heating tape. Secure them in place by using scotch tape near
their tips but never touching the tip. This will help us determine the temperature
difference across the height of the cell and check to see if it can maintain a fairly constant
cell temperature.

120.0
100.0

y = 708.06x2 + 29.854x + 21.802
R² = 0.9996

T (deg C)

80.0
60.0
40.0
20.0
0.0
0.0000

0.0500

0.1000

0.1500 0.2000
I (amp)

0.2500

0.3000

0.3500

Figure 4-3: Cell temperature (T) as a function of input current (I)

Next, it is required to calibrate the temperature inside the thermal cell as a
function of input current to give the user reasonable control over the cell temperature
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during CTE determination. The measured internal resistance of the cell is around 12 Ω,
just slightly above the 11.1 Ω of the heating tape itself. With the circuit setup as
explained above, pass a current of 0.0500 amps trough the cell using a power source like
the KEITHLEY 2200-72-1 and note down the two temperature measurements after a
settling time of 5 min to reach close to a steady state value. Increment the current in steps
of 0.0125 amps while noting the cell temperature till the upper working temperature (373
K) is reached. The data from one such test has been shown in Figure 4-3.

7.0

T2-T1 (deg C)

6.0
5.0
4.0
3.0
2.0
1.0
0.0
0.0000

0.0500

0.1000

0.1500 0.2000
I (amp)

0.2500

0.3000

0.3500

Figure 4-4: Temperature difference (T2-T1) as a function of input current (I)
Figure 4-4 plots the temperature difference across the height of the cell as a
function of input current. We see that even at temperatures nearing 373 K, the cell top
(T1) and bottom Mylar (T2) temperatures vary by less than 7 degrees over a height of
6.35 mm. This is sufficient for this study since the sample thickness is expected to vary
between only 20-40 um suggesting that the temperature drop will be much smaller across
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the sample height. Thus, a fairly uniform temperature surrounding can be created around
the 1mm x 1mm SWCNT sample to be measured in this thermal cell.
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c. Step-by-step Example of CTE Measurement on a Representative Sample #1
In this section, a detailed description on how the CTE measurements were
conducted on a representative SWCNT film sample has been provided. This has been
done for the convenience of the user and to share a process that was develop after months
of trial and error to help save time and repetitive efforts in future projects:

Figure 4-5: Desktop on Zygo NV7300 Computer

1. When access has been received to the computer programmed to the Zygo NV7300
click on the ‘MetroPro (X)’ icon shown in Figure 4-5.
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Figure 4-6: Program selection screen on Zygo NV7300

2. A window as in Figure 4-6 will appear. Click on the ‘PSUStitch7k.app’ icon.
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Figure 4-7: Custom user interface in surface profile measurement program
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3. This will open up a program specifically written for surface profile measurements
as shown in Figure 4-7. This is the main interface that must be referenced in
order to find any icons mentioned in single quotes in the text below.

4. Check to see that the objective lens of the Zygo NV7300 is sufficiently far away
from any obstructions and click on the ‘Objective Lens’ icon in the top left corner
until it sets to the 10x.

Figure 4-8: Measure Controls Pop-Up Menu

5. Next, click on ‘Measure Controls’ along the left column of icons to open up a
pop-up menu as shown in Figure 4-8. Make sure that all the default settings are
changed to that shown in the Figure 4-8. The 0.5x image zoom gives a field of
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view slightly larger than 1mm x 1mm. A scan length of 150 um ensures that the
entire height of the sample that is between 20-40 um gets scanned during
measurement from the point of focus. The minimum modulus of 5% ensures that
only the high modulating interferogram intensities get analyzed.

6. Cut a 1mm x 1mm sample of the SWCNT film and place it directly under the
opening of the top section of the thermal cell.

7. Cut a second larger SWCNT sample to use it as a dummy in order to get an
estimate of the temperature on the top surface of the SWCNT film at all times and
place it on the thermal tape close to the actual sample to be measured.

8. Next, attach two thermocouples similar to the procedure outlined in Chapter 4
(b) only this time the thermocouple at the top surface of the cell gets replaced by a
thermocouple placed directly on the dummy film. The steady state average of the
bottom and top temperatures will be used to determine the actual temperature of
the film. This is a key assumption involved in order to use the linear definition of
CTE mentioned in Chapter 2. More complex models can be generated to
determine the actual temperature of the films but they are out of the scope of this
study.
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9. Place the entire thermal cell apparatus under the 10x objective of the Zygo
NV7300 and connect the cell to the power source just as in Chapter 4 (b).

10. After this is done, set the Z-stop at a distance < 7.4 mm away from the sample in
the out-of-plane or vertical direction as outlined in Chapter 3.

Figure 4-9: SWCNT film within field of view of Zygo NV7300

11. When the focus is close to the sample, the LiveDisplay should display a picture
similar to Figure 4-9. If the display is unclear hit F5 to auto-set the light levels.
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Figure 4-10: Manual light level adjustment pop-up screen

12. Next, hit the F4 button to manually adjust the light level of the pixels. A pop-up
window like Figure 4-10 will show up. Focus on the heater surface first, this can
be known by the appearance of fringes underneath the SWCNT film. Turn the
turn twist knob in the SLOW speed setting both up and down making sure that
intensities never exceed 90% as discussed in Chapter 3.

13. Once this is done, turn the knob back to the highest intensity peak and click ‘Set.’
Also, note down the Z translation value that appears in the middle of the screen.
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Figure 4-11: Fringes on the top surface of the SWCNT film

14. Change back to the MEDIUM speed setting to focus on the top surface of the
SWCNT film as shown in Figure 4-11 and note down the Z translation value
again.

15. Before clicking ‘Measure,’ the Z translation needs to be set exactly in between the
two previously noted values in order to scan the entire thickness of the sample.
After setting the Z value using the turn twist knob hit ‘Measure.’ Do not touch the
instrument or allow any large vibrations around the instrument when the
measurement is in progress.
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Figure 4-12: 2-D and 3-D surface contour plots of the SWCNT samples

16. When the instrument is done taking a measurement, 2-D and 3-D surface contour
plots will appear on the screen as shown in Figure 4-12.

17. Next, hit the ‘Save Data’ icon and save the graphs as a ‘.dat’ file in order to be
able to return to this interface to make actual measurements later.

18. Repeat steps 10 to 17 for elevated temperatures that can be achieved using the
KEITHLEY power supply and thermal cell calibration curves previously
obtained. Allow at least 5 to 15 minutes for the system to reach steady state, keep
an eye on the thermocouple temperatures to make sure they are at the right value
before making a measurement.

19. Once the data collection is complete, the next step is to determine the CTE of the
SWCNT films. This can be done by loading the ‘.dat’ files of the surface contour
stored at the different temperatures, in this case room temperature, 313 K, 333 K
and 353 K.
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Figure 4-13: Surface prolife of the line element drawn

20. Use the mouse pointer to draw line elements along certain preferred vector

directions across the 2-D contour plot of the sample. The brings up a ‘Surface
Profile’ plot as show in Figure 4-13. Right click on the graph and bring up two
inspectors so that the vertical distance may be measured between any two points
on the plot as denoted by ‘yDst’ in Figure 4-13.

21. Repeating this procedure along the same line elements at different average steady

state temperatures gives all the information required to compute the out-of-place
CTE of the SWCNT films. The to mentioned in Chapter 2, Equation (1) is
known and is just the yDst at the base temperature. ∆t is the change in yDst with
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respect to the base temperature and ∆T is the change in average steady state
thermocouple temperature readings.
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Chapter 5
Experimental Results and Future Work

a. Summary of Results and their Implications
Though most theoretical models on SWCNTs suggest a negative CTE at lower
temperatures and a positive CTE at higher temperatures, this study shows that macrosized SWCNT films may not always behave the same as their nanoscale counterparts.
Three representative 1mm x 1mm samples were heated from room temperature up to
around 353 K in increments of around 20 K and the height of the samples were measured
at eight randomly selected edge points to give a total of 12 different out of plane CTE
measurements for each sample. However, since these data are stored as a ‘.dat’ file it is
always possible to go back and increase the number of data points gathered by drawing
more line elements on each sample.

Table 5-1: Out-of-place CTE along Different Line Elements of Representative sample #1
Initial
Final
Temperature
Temperature Temperature
Change (K)
(K)
(K)
297.55
314.3
16.75
314.3
333.05
18.75
333.05
353.9
20.85
Mean
St. Dev.

Out-of-plane CTE (K^-1)
Line 1

Line 2

Line 3

Line 4

2.77E-03
-5.77E-04
1.80E-04
7.91E-04
1.76E-03

-4.24E-04
-6.65E-04
2.03E-04
-2.95E-04
4.48E-04

-1.79E-03
-3.21E-04
3.89E-04
-5.75E-04
1.11E-03

1.86E-04
5.14E-03
-4.96E-03
1.22E-04
5.05E-03

In order to tabulate the data meaningfully, they have been restricted to only 4 line
elements as shown in Table 5-1 for the sample #1 outlined in detail in Chapter 4 (c). All
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the raw data for two more representative samples can be found in Appendix B for
reference. As seen in the Table 5-1, the CTE doesn’t have any obvious consistent pattern.
It turns out to be either positive of negative based on the location on the SWCNT film.
Since these films were processed in a way that they contain random cross links and knots
to provide them with strength and flexibility, even though the individual SWCNTs may
shrink around the operating temperatures used, the macroscopic behavior of the film
doesn’t always lead to a reduction in its height measured. Micro-buckling mechanisms
may emerge as a consequence of the regional shrinkage and that is a possibly why such
fluctuations are observed in the out-of-place CTE for these films.

Also observe that the mean values of the CTEs along each line element are
generally a lot smaller in magnitude than the standard deviation which points to the fact
that these SWCNT films are bound to have both negative and positive CTE values based
on the nature of the cross-linking present in particular regions and the micro-buckling
mechanisms involved.

As these films show great dimensional stability even at higher temperatures up to
353 K as shown in this study through the small values for the CTE measured, one
wouldn’t expect this mixed value to hamper the columbic or energy efficiency of the
electrochemical supercapacitors or batteries that employ such SWCNT films as
electrodes and they could even be used for high temperature applications up to this
temperature and possibly well beyond it.
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b. Future Work to be Conducted

The future scope of this project includes but isn’t limited to the following:

1. Improving the credibility of the profilometer and the thermal cell by measuring
the CTE of other well studied and published thin film materials like graphene.
2. Measuring the in-plane CTE for the SWCNT membranes to study any anisotropic
effects.
3. Conducting a volumetric and/or area based CTE analysis along with a linear outof-plane/in-plane analysis.
4. Developing more isotropic SWCNT mats that retain their strength and flexibility
and have a more uniform CTE.
5. Building a better insulated thermal cell with a closed transparent top that may be
used with more sophisticated optical profilometers.
6. Developing theoretical material models for the SWCNT mats in order to verify
the experimental results found.
7. Studying other thermo-physical properties of these SWCNT films for example
thermal conductivity, specific heat capacity etc.
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Appendix A

CAD Drawings of Thermal Cell

Figure A-1: Top half of thermal cell
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Figure A-2: Bottom half of thermal cell
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Appendix B
Out-of-plane CTE data for Other Representative Samples

Table B-1: Out-of-place CTE along Different Line Elements of Sample #2
Initial
Temperature
(K)
298.450
314.100
330.800

Final
Temperature
Temperature
Change (K)
(K)
314.100
15.65
330.800
16.7
352.650
21.85
Mean
St. Dev.

Out-of-plane CTE (K^-1)
Line 1

Line 2

Line 3

Line 4

-1.76E-03
-7.46E-04
-1.60E-03
-1.37E-03
5.44E-04

2.25E-03
1.32E-04
-3.18E-04
6.89E-04
1.37E-03

-3.19E-03
3.99E-03
-2.73E-03
-6.40E-04
4.02E-03

1.89E-03
-3.99E-04
2.75E-04
5.89E-04
1.18E-03
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Table B-1: Out-of-place CTE along Different Line Elements of Sample #3
Initial
Temperature
(K)
298.55
312.3
332.25

Final
Temperature
(K)
312.3
332.25
350.7

Out-of-plane CTE (K^-1)

Temperature
Change (K)

Line 1

Line 2

Line 3

Line 4

13.75
19.95
18.45
Mean
St. Dev.

-1.14E-05
-6.28E-04
-4.25E-04
-3.55E-04
3.14E-04

-2.92E-03
2.44E-03
4.50E-04
-1.09E-05
2.71E-03

-1.56E-03
1.83E-04
2.47E-04
-3.77E-04
1.03E-03

-3.89E-03
1.54E-03
9.45E-04
-4.67E-04
2.98E-03
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