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ABSTRACT

Carbon nanotubes (CNTs) can have exceptional mechanical, thermal, and electrical behavior, but successful
use of CNTs in macroscale materials requires scalable processes to organize CNTs while preserving their
intrinsic properties. Although the chemical influences on CNT growth have been subject to significant
research, the effect of mechanical forces, which have been shown to influence the kinetics of many chemical
reactions, remains unclear. When CNTs grow into vertically aligned "forest” structures by chemical vapor
deposition (CVD), entanglement and attractive forces among the CNTs cause the CNTs to become
mechanically coupled. Further, because there is a distribution of sizes, orientations, and growth rates
amongst individual CNTs within a forest, it has been suggested that coupled CNTs develop forces that are
transmitted to the growth interface at the catalyst.

The goal of this thesis is to investigate the effects of applied mechanical forces and intrinsic forces that
result from mechanical coupling on CNT growth. Using a custom-built chemical vapor deposition system
including a micromanipulator that can apply compressive loads to a CNT forest and measure its height in
real-time, the effects of extrinsic mechanical forces on the growth kinetics and forest morphology were
studied. It was found that forces as small as 0.1 nN per CNT decrease the collective growth rate of the CNT
forest along with its terminal height. Furthermore, time-varying forces can be used to induce a
morphological change in the forest structure and modulate the apparent growth rate without causing
termination. Next, a finite element model was developed to simulate the forces exerted between a pair of
CNTs growing at different rates and coupled by van der Waals forces. The simulation predicts that
mechanical coupling between CNTs enables forces exceeding 10 nN to be transmitted to the catalyst, which
are potentially several orders of magnitude larger than the externally applied forces that were found
experimentally to influence forest growth. Together, these findings suggest that the quality and growth rate
of CNT forests may be limited by CNT-CNT mechanical coupling and force transmission to the catalyst,
and motivate future work using controlled forces to manipulate the quality and morphology of CNTs for
various applications.
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Chapter 1 Introduction

1.1 Motivation and Background

Carbon nanotubes (CNTs) are a cylindrical allotrope of carbon, with rolled sheets of a hexagonal lattice of
sp? bonded carbon atoms (graphene) forming the walls of the nanotube. A CNT comprised of a single sheet
is called a single-walled nanotube (SWNT), and a CNT made of multiple concentric sheets is a multiwalled
nanotube (MWNT). The chirality of a CNT depends on the orientation of the hexagonal lattice of the CNT
walls with respect to the CNT axis, as defined by the (n,m) combination of basis vectors a; and a; (Figure
1.1) [1]. An “armchair” CNT has m = n, a “zigzag” CNT has n = 0 or m = 0, and the other combinations
form “chiral” CNTs (Figure 1.2) [2]. The chirality determines the CNT’s bandgap and consequently its
electronic properties; all armchair SWNTSs and those with » — m = 3k (for nonzero integer k) are metallic
[11, [2], SWNTs of other chirality are semiconducting [2], and for practical purposes MWNTs are metallic
[3] because their bandgap is inversely proportional to diameter regardless of chirality. The aspect ratio of
CNTs is quite large; their diameters can vary from 0.2-2 nm for SWNTs and 5-100 nm (though they are
typically limited to 20 nm) for MWNTSs, and lengths from 100 nm to a few centimeters [3].

Since the 1991 report in Nature by S. lijima [4], there has been much excitement over the potential
for CNTs to be used as an enabling material for newly engineered devices because of their exceptional
thermal, electrical, and mechanical properties [2], [3]. CNTs are reported to have a room-temperature
thermal conductivity of 3500 Wm™'K"! [5] (compared to 398 Wm™'K! for copper [6]), current carrying
capacity of 10° A/cm? [7] (~10° for common electrical conductors like Cu and Au [8]), and Young’s
modulus of 1 TPa and tensile strength of 100 GPa [9] (207 GPa and 2.55 GPa for 1080 steel [10]). Axially
aligned arrays of CNTs (or CNT “forests™) are very promising assemblies for taking advantage of these
unique properties at a larger scale, for example in gas and water filtration membranes [11], [12], flexible
high-conductivity electrical interconnects [13], reinforcement to join interfaces of laminated composites
[14], reversible dry adhesives [15], and interface materials for thermal management of electronic devices
[16]. However, translating the outstanding nanoscale properties of individual CNTs to macroscopic objects
remains challenging, to a large extent because it has proven difficult to assemble CNTs in a way that

maximizes their macroscopic properties [3].



® metal e :semiconductor armchair”

Figure 1.1 Graphene lattice structure showing the (n,m) combinations of basis vectors a, and a, that specify CNT
chirality [1].

armchair zigzag
Figure 1.2 Structure of CNTs of different chirality [17].
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CNT forests are typically formed on flat substrates, and require self-organization of the CNTs
perpendicular to the substrate by crowding during the initial stage of the growth process. This can be
accomplished using chemical vapor deposition (CVD) [18], in which gases are passed through a reaction
furnace to react and synthesize materials on top of a catalytic substrate. The most important parameters for
achieving high density and thus an aligned forest are the carbon source material, the catalyst material, the
support material, and the growth temperature. The carbon source must be reactive enough to achieve to
dissociation into active carbon species without resulting in soot formation; some common hydrocarbon
precursors include methane, ethylene, acetylene, benzene, carbon monoxide, cyclohexane, and xylene [19],
[20] . The requirements for a CNT catalyst are that it can break down the carbon source into active carbon
species, allow for diffusion of those active carbon species, and serve as a template for the proper cylindrical
morphology of CNTs [19], [20]. There are many options for catalysts, but typical ones include the transition
metals Fe, Co, and Ni [20]. The catalyst-substrate interaction is also important, as a strong interaction could
reduce catalytic behavior, though some interaction is thought to be necessary to prevent catalyst sintering
[20]. In many cases, a thin “barrier” layer of an oxide such as alumina or silicon is deposited for this purpose
[20]. Finally, the growth temperature must be high enough to allow for the decomposition of the carbon
source without being so high that the formation of polymeric carbon chains predominates that of graphitic
carbon [19]. MWNTs tend to grow at temperatures between 600 °C and 900 °C, while SWNTs are often
grown at higher temperatures, between 900 °C and 1200 °C [20].

To initiate the CNT growth, the typically inactive metal oxide catalyst is reduced with hydrogen
gas, allowing for the hydrocarbons to interact with the pure metal catalyst. The atomic mechanism of CNT
growth is not fully understood, but can be classified depending on the strength of the catalyst-substrate
interaction [20]. These types of growth are shown schematically in Figure 1.3. With a strong interaction
(“base-growth”), the catalyst dewets into nanoparticles that adhere to the substrate. Carbon species break
down on the catalyst and diffuse into it, precipitating out and joining together to form a hemispherical cap.
Subsequent growth in the axial direction pushes the cap off the catalyst, forming the CNT walls and
elongating the tube. The alternative mechanism to CNT growth is “tip-growth”, in which the catalyst
particle is weakly adhered to the substrate. Growth of the CNT walls results in the CNT growing between
the catalyst and the substrate, lifting the catalyst off the substrate [20].



Figure 1.3 (A) Schematic of base-growth. (B) Still frames from an in sifu transmission electron microscope (TEM)
video and accompanying schematics of base-growth [21]. (C) Schematic of tip-growth. (D) Still frames from an in
situ TEM video and accompanying schematics of tip-growth [22].

Both the nanoscale and macroscale properties of CNTs depend on their structure and assembly.
Defects can develop during the CNT growth process. For instance, a carbon atom vacancy in the CNT wall
can result in a pentagon forming in the wall and breaking the hexagonal symmetry, leading to anisotropic
properties, curved morphology, and degradation of properties of individual CNTs [23]. Additionally, the
aforementioned applications require precise control over the density, alignment, and uniformity of CNTs
that constitute a forest [24]-[26]. However, a typical forest contains CNTs of a wide range of sizes that
exhibit a tortuous morphology (Figure 1.4) [27]. Both the nanoscale and macroscale defects that undermine
CNT properties arise during the growth process. While the chemical and physical influences on CNT
growth have been extensively studied, the effect of mechanical forces, though potentially critical, remains
unclear [28]. To achieve reliable production of CNTs for applications, it is thus pertinent to understand how
forces affect the growth of CNT forests, and to utilize this understanding to improve the fabrication process

and realize the applications of vertically aligned CNT arrays.
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Therefore, the goal of this thesis was to investigate the effects of applied mechanical forces on the
growth kinetics and quality of CNT forests, and to predict the strength of mechanical coupling between a
pair of growing CNTs and the resulting intrinsic forces that develop at the catalyst. As discussed in detail
in the following chapters, these tasks were accomplished with experiments using a custom-built CVD
reactor with an internal micromanipulator for applying forces in siti, and with a finite element model that

captures the dynamics of mechanical coupling.

a B

Figure 1.4 (A) Ideal CNT forest of uniformly spaced, vertically aligned CNTs of equal diameters. (B)
Representative of an actual forest, with polydisperse catalyst particles and CNT sizes, contributing to a tortuous
morphology [courtesy of M. Bedewy].



1.2 Outline

The remainder of the thesis is organized as follows:

Chapter 2 Discusses mechanochemistry — the study of the confluence of mechanical and chemical

forces — and how it relates to CNT forest growth.
Chapter 3 Presents a custom-built chemical vapor deposition and microcompression system, which
was built by colleagues in the Mechanosynthesis group and refined by the author, and measurement

of its performance to apply in situ compressive forces to growing CNT forests.

Chapter 4 Presents the results of experiments where compressive forces were applied to influence the

growth kinetics and morphology of CNT forests.

Chapter S Presents the use of a finite element model to simulate the mechanical coupling of CNTs

and the consequent distribution of forces across the CNTs using simulations.

Chapter 6 Summarizes the key findings of the thesis and identifies the subsequent efforts from this

work.



Chapter 2 The Influence of Mechanical Forces on Chemical Reactions

2.1 Introduction to Mechanochemistry

It has been known since ancient times that mechanical forces can help initiate and stimulate chemical
reactions [29], [30]. The first known documented case of this phenomenon was described by Theophrastus
of Eresus near the end of the fourth century B.C., concerning extracting “quicksilver” (mercury) by grinding
cinnabar and vinegar together with a mortar and pestle [31]. However, the coupling between mechanical
and chemical energetics was not thoroughly investigated until the nineteenth century, during which time
the chemist Wilhelm Oswtald introduced the term “mechanochemistry” [32], [33]. Since then,
mechanochemistry has come to refer primarily to the use or influence of mechanical energy on
transformations, and has become a well-established field within chemistry and materials science [29], [32],

[33].

Mechanochemistry can be regarded as an analogue to electrochemistry and other methods of
physical activation of chemical reactions. The non-equilibrium thermodynamics of concurrently occurring

processes can be superimposed according to the phenomenological relationship:

Ji= Z L Xx 2.1
=1

This equation states that a generalized flux J; is influenced by all manner of forces JX; ...X, acting in a
system, proportional to the phenomenological coefficients Li. For example, a temperature gradient (i)
and/or a concentration gradient (k) can cause a heat flux J; related by the thermal conductivity L, and the
Dufour coefficient Ly [34]. Compared to other methods of physically initiating chemical reactions, the
mechanical energy required to do so can be lower than the covalent bond energy; the mechanical energy is
concentrated on the atomistic scale, deforming the bond and lowering its potential [29], [35], [36]. This
reduction in activation energy AE4 can be described as being a function of the applied force F and the

difference in the geometry of the transition state Ad via a simplified relationship [37]:
AE, =F-Ad (2.2)

A schematic representation of the implications of this equation is illustrated in Figure 2.1, showing a

downward shift in the activation energy for a reaction as force is applied.
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Potential Energy

Extent of Reaction

Figure 2.1 Illustration of a shift in the activation energy for a reaction when force is applied

The kinetics of a chemical reaction under mechanical stress will consequently be affected by the
change in activation energy. For a constant stress, this can be described by a modified Arrhenius equation

for rate constant &:
k = k,exp{—(E, — ao) /RT} 2.3)

where the activation energy for the chemical reaction E, is shifted linearly by an amount proportional to
the stress o [36]. Therefore, the presence of mechanical stress can be expected to have a large effect on

atomistic processes including atomic diffusion, bond transformation, catalysis, and crystal growth.

The principle of mechanochemistry has been studied and utilized extensively in the field of polymer
chemistry. Polymerization can be mechanically activated using turbulent flow through an extruder and
vibratory milling, among other techniques [38]. The atomic force microscope (AFM) has enabled single-
molecule force spectroscopy to elucidate mechanically activated structural changes in polymers, in a setup
as described in Figure 2.2. For instance, Rief er al. found that vertical stretching an individual dextran
molecule initiated a change in the conformality of the polymer chain [39]. Another study utilizing the same
technique applied to a compound of pyridine ligands connected by poly(ethylene glycol) linkers revealed
that a great enough force can cause bond rupture [40]. Similarly, applied tension to a single molecule of
polybutadiene functionalized by gem-dibromocyclopropane (gDBC) caused the irreversible isomerization

of the gDBC. These understandings have allowed for the development and implementation of mechanically
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activated functional groups (mechanophores) in polymers, which can upon application of force undergo
controlled transformations such as ring opening, isomerization, or bond scission [37], [41]. These
developments have shown that mechanical force can be used as a means of selectively inducing desired

chemical changes in molecules.

AFM Tip

Polymer

Figure 2.2 Setup for single-molecule force spectroscopy of a polymer using an AFM tip

Mechanochemistry is also relevant to catalysis. Mechanical force, in the form of ultrasonication for
instance, provides a controlled means of activating latent catalysts of polymers containing catalytic
mechanophores [42], [43]. Additionally, researchers are beginning to thoroughly investigate the use of
stress to control and potentially enhance catalytic activity. These studies have mostly concerned
electrocatalytic hydrogen evolution reactions (HER) and oxygen reduction reactions (ORR) because they
are relatively well-understood and technologically important. Experimental efforts have included straining
thin films during electrochemical deposition [44], [45] and constructing lattice-strained core-shell
nanostructures [46]. The corresponding effects on electronic structure and catalytic activity have been
simulated using density functional theory [45], [47]. Utilization of mechanical stress has been found to be

a promising method for control of activation and enhancement of catalysts.

Furthermore, mechanical forces have been found to have an enabling effect on material synthesis
and crystal growth. Aziz ef al measured and enhanced the solid phase epitaxial growth rate of B,O; [48]
and Ge [49] by application of hydrostatic pressure. Similarly. application of nonhydrostatic pressure with
three-point bending of a Si wafer found that epitaxial growth of crystalline Si was affected, with greater
growth rate on the tensile side than the compressive side [50]. Heteroepitaxial growth of Ag on Pt was also
found to be influenced by strain, as the compressive strain from lattice mismatch decreases diffusion

barriers, changing the kinetics of adatom surface diffusion and grain nucleation [51]. Mechanical force can
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also be used as an engineering parameter to enable the synthesis of novel nanoscale materials, such as using

the ball milling technique to create metallic compound nanoparticles of a desired composition [52]-[55].

Additionally, mechanical agitation has been found to improve the diffusion and chemical reaction rates for

the synthesis of TiO: nanotubes, resulting in elongation of the nanotubes that would have an advantageous

effect for applications in rechargeable lithium ion batteries [56]. Therefore, mechanical forces can be used

to direct the atomic pathways during diffusion and growth processes.

2.2 Effects of Mechanical Forces on CNT Forest Growth

Mechanical coupling of non-uniform CNTs causes the collective forest to deviate from the ideal vertically

aligned monodisperse arrays (Figure 2.3). As revealed by in situ x-ray scattering of growing forests, a

forest growth undergoes a series of characteristic stages [27]:

1.

Initial growth of the CNTs occurs in many different directions. The CNTs come into contact
with each other, becoming mechanically coupled and self-organizing into a tangled “crust™.
After enough CNTs have joined the crust to make it self-supporting, it lifts off the substrate
surface and further growth is more vertically aligned.

There is a density increase as more CNTs nucleate from the catalyst particles and grow into the
forest.

A period of steady growth ensues, with no significant change in density.

The density slowly begins to decay as individual CNT growth deactivates, likely due to catalyst
poisoning or migration.

Self-termination of the forest occurs as the decay in density reaches a point at which the forest

is no longer self-supporting.

The result of these stages of growth having differences in density and alignment is that there is microscopic

non-uniformity throughout the height of the forest in addition to nanoscale non-uniformity between CNTs.
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Figure 2.3 Stages of CNT forest growth, along with an AFM image of the catalyst and scanning electron
microscope images of different heights of the forest [27].

One can consider the multi-scale mechanochemical phenomena governing the presence of intrinsic
and extrinsic stresses during CNT forest growth, as shown schematically in Figure 2.4. At the macroscale,
external forces can induce deformation and buckling of the CNT forest structure, as well as affect the
collective growth rate of the forest. Hart and Slocum showed that placing weights on the catalyst substrate
before growing a multi-walled CNT forest resulted in the forest growing to shorter heights as it lifted the
weights during growth [57]. Additionally, with increasing weight, the CNTs became more tortuous until
coordinated buckling of the CNTs within the forest was observed. The force needed to create CNTs with
apparently buckled shapes during growth was found to be 0.40 nN per CNT, much smaller than the 10 nN
required to buckle an already-grown CNT of the same effective length. Furthermore, transmission electron
microscope (TEM) images revealed that CNTs grown under load contained significant structural defects
and “built-in” waviness [57]. These results suggest that externally applied loads can affect the chemical

processes involved in CNT forest growth.

Mechanical coupling between CNTs due to van der Waals forces results in intrinsic stress
development and increased tortuosity. It has been demonstrated that CNTs within a forest will have a
distribution of diameters [58]-[60], and the growth rates of CNTs are diameter dependent [59], [60].
Furthermore, Puretzky ef al. developed a mathematical model of the diffusion and precipitation processes
involved in CNT growth, which predicts that the diameter and growth rate are positively correlated [61].
Consequently, as two CNTs of different diameters come into contact, being held together by van der Waals
forces, the larger CNT will be pushed in compression and the smaller CNT pulled in tension [28]. This is
illustrated in a TEM image of two growing CNTs taken by Mostafa Bedewy, showing the buckling walls
of the larger CNT (Figure 2.5). The implications are that throughout a CNT forest, CNTs of different

17



growth rates are forming contacts with each other, imparting stresses on one another, and exerting forces

on the catalyst.

a . N . . N .
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Figure 2.4 The multi-scale mechanochemical effects of CNT growth with external forces [courtesy of M. Bedewy]

Figure 2.5 TEM image of two coupled CNTs, with the CNT on the right in compression as evidenced by buckles in
its walls [courtesy of M. Bedewy]



The intrinsic forces generated as a result of mechanical coupling are transmitted to the CNT-
catalyst interface, where carbon precipitates from the catalyst and the walls of the CNT are formed. Bedewy
and Hart calculated that a CNT could potentially impart a load of tens of nN on a catalyst particle during
growth as a result of mechanical coupling [28]. As has been discussed in the preceding section on
mechanochemistry, these forces at the growth front could potentially alter the energetic landscape of the
CNT growth. For instance, results from the studies on stress-induced catalysis for ORR and HER indicate
that stresses transmitted to the catalyst particles will alter the catalyst particle’s activity. Additionally, stress
could mediate the diffusion of the carbon species through the catalyst and to the CNT growth front. Finally,

the mechanical force could cause a shift in the activation energy of the reactions involved in CNT synthesis.

Mechanical forces have been found to affect CNT forest growth from the macro- to nanoscale, with
implications on the atomic processes governing CNT growth. However, there have been no studies to the
author’s knowledge of applying controlled forces during growth, and relating these applied forces to the
dynamic forces generated by the growth behavior of the CNT population. The subsequent chapters of this
thesis detail studies to further investigate the multi-scale effects of applied force on forest morphology and
growth rate, and the microscopic mechanism of mechanical coupling that leads to stress development at the

catalyst.
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Chapter 3 Mechanochamber: A System for Mechanochemical Vapor

Deposition of Carbon Nanotube Forests

3.1 Introduction

Mechanical forces have been found to have detrimental effects on CNT forest growth [28], [57], warranting
the need for experimental investigation into the mesoscale mechanochemical phenomena that occur during
CNT growth. One possibility might be to use a conventional microcompression or nanoindentation device
to apply external forces during CNT synthesis. There have been many studies using nanoindentation
techniques to reveal the mechanical properties of already-grown CNT forests [62]-[65], including using an
indenter capable of operating in a vacuum environment in a scanning electron microscope (SEM) for in situ
studies [66]. However, none of these techniques used equipment that can be operational in the harsh
chemical vapor deposition (CVD) conditions that is required to study the mechanochemical effects on
synthesis of CNTs. The main issue with high temperature testing is thermal drift, but some specialized
devices have been made to partially accommodate this, including one device that can perform
microcompression and nanoindentation studies at up to 665 °C in vacuum [67], and another that can perform
nanoindentation studies at up to 500 °C in inert atmospheres at variable pressures [68] . Despite these
advances, none of these devices or techniques would be able to withstand the harsh gas environment and

high temperatures required to apply i situ forces during CNT synthesis.

This chapter describes the “Mechanochamber”, which is a custom-built microcompression system
with high temperature and variable atmosphere and pressure capabilities. With a coupled actuation and
measurement system, a linear probe can move with micron-scale motion resolution and with force
resolution of ~ 0.1 g. In addition, the system has a heater stage that can reach 1000 °C, inlets for gas flows,
and a vacuum system so that it can operate under a variety of environmental conditions. The system can
therefore be used as a cold-wall chemical vapor deposition (CVD) reactor and can apply and measure
compressive forces to the substrate in situ. These unique capabilities allow for the investigation of the
effects of external mechanical forces on the synthesis of CNT forests. The Mechanochamber was designed

and built by J. Beroz, K. Teichert, M. Bedewy, and T. Serbowicz, as well as other contributors.
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3.2 Design of the System and its Components

Figure 3.1 shows a picture of the Mechanochamber and a schematic of its main components. The top
section of the system contains the components that control the compression probe. The probe, a long 4 mm
diameter rod made of quartz, is mounted on a 10 g capacity load cell. The probe system is moved up and
down (in the axial direction) by a voice coil actuator, and an optical encoder measures the position of the
probe with micron-scale accuracy. The heating stage is a 1 diameter button heater made of alumina with
a Pt alloy heating element, which can reach a temperature of 1000 °C at a rate of 50 °C/min. The heater is
mounted on a manual X-Y-Z-6 positioning system so that a sample on the heater can be aligned with the
probe. The chamber has an inlet for gas flows that are controlled by mass flow controllers (MFCs). The
outlet of the system is connected to a hygrometer for measuring moisture level, a pressure sensor, and a
vacuum pump. The chamber is constructed of stainless steel vacuum components with KF-style o-ring
seals, and can be evacuated (using a rotary pump) to ~100 mTorr. A light source and a digital camera are
positioned outside the system, looking into the front window of the chamber, to allow for experiments to

be recorded in situ.

The probe and holder attached to the load cell must be light enough to not stretch the load cell
beyond its load capacity of 10 g. As discussed in Chapter 2, very small forces are known to have a large
effect on CNT growth [57], so the 10 g limit load cell was chosen because of its ability to detect small
forces. In addition, the probe must be of a material that can withstand temperatures as high as 1000 °C
without deformation or degradation, and prevent transmission of heat to the load cell by conduction. Thus,
the probe was made out of a thin quartz rod. A light-weight collet chuck for the rod was designed and
machined out of a small piece of aluminum and a collar of polyetheretherketone (PEEK) that can be easily
disassembled to exchange probes (Figure 3.1.E). The probe and collet combined to weigh 5.52 g, which is
smaller than the load cell limit. Since the hanging probe puts the load cell in tension, the amount of
compression force that can be applied is equal to the 10 g limit of the load cell plus the weight of the probe.
Thus, the compressive load capacity with this probe is 15.5 g. Additional static weight can be added to the

probe collet to increase the weight to 10 g total to achieve a maximum compressive force of 20 g if desired.

Control of the system is performed with a LabVIEW™ program that is integrated with a National
Instruments FPGA controller and data acquisition devices. An image of the LabVIEW program interface is
shown in Figure 3.2; the right side of the interface controls the probe, and the left side controls the gas
flows, heating, and moisture monitoring. The probe controls are enabled for the entire time the program is
active, and they allow for position or load control of the probe, each controlled with a PID controller. For
position control, the probe can move to a certain position, instantly or at a specified velocity, and can be
stopped automatically if a set load is reached. For load control, the probe is moved until the specified load
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is reached. Additionally, the position or load can be cycled in waveform patterns such as a sine wave or a
square wave. The controls on the left side of the interface are only enabled when the “Press to Grow™ button
is pressed, so that the user can input a growth recipe by specifying the gas flows, temperature, and duration
of each step. The program will then monitor the gas flows, temperature, and moisture level throughout the

growth. The steps to use the program and perform an experiment in the Mechanochamber are described in

Figure 3.3.
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Figure 3.1 (A) Photograph of the custom-built reaction chamber for in situ compression of CNTs. (B) Schematic of
the main components of the system. (C) Photograph of the microcompression system. housed inside a large vacuum
cylinder. (D) Schematic of the quartz probe applying compression to a growing CNT forest.
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Figure 3.2 Custom LabVIEWTM program interface to control the Mechanochamber. The right side of the interface
controls the microcompression system, while the left side controls the CVD components.
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Figure 3.3 Schematic of the procedures involved in conducting an experiment in the Mechanochamber.
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3.3 System Calibration and Operation

A series of calibrations were performed to ensure precise control of the microcompression and heating

systems.

3.3.1 Peosition control

The feedback control system for the movement of the probe allows for movement to specified positions at
various velocities, down to as little as 1.0 um/s. Tests of moving the probe up and down in 50 um increments
at varying velocities are shown in Figure 3.4. Even when moving at high speeds of 50 um/s, the probe does
not drastically overshoot its target position. The movement of the probe is smooth at all speeds except at
1.0 um/s, where there is a noticeably unsteady increase in the position. However, this is not unexpected
when comparing to the steady-state oscillations in position, at time intervals indicated by numbered bubbles
in Figure 3.4.Corresponding analysis of those steady-state time intervals is detailed in Table 3.1, which
reveals that the standard deviation (of the measured signal) from the mean in position is approximately 0.5
um. In addition, the root mean square deviation (RMSD) from the set position shares near identical values
with the standard deviation, indicating that the inaccuracy in the position is caused by the imprecision in
holding the position fixed. The resolution of the optical encoder is 20 nm, so the oscillations in position
when no movement is desired could be due to noise in the electrical signal or a variety of mechanical factors
that could cause vibrations. It can therefore be concluded that there is some amount of imprecision in the
position from the limit imposed by the resolution in measuring position, but most of the time there will be

control to within +/- 1 pm (two standard deviations) of the intended position.

Sample Set 1 2 3 4 5 6 7
Set position [um] 50 0 50 0 50 0 50
7 50.02 -0.01 49.99 0.04 49.98 0.02 50.04
o 0.52 0.54 0.42 0.40 0.38 0.47 0.49
RMSD 0.52 0.54 0.41 0.40 0.38 0.47 0.49

Table 3.1 Variation in position of the probe when no movement is desired for seven samplings, as shown in Figure
3.4, with mean p, standard deviation o, and root mean square deviation (RMSD) from the set position.
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Figure 3.4 Measured position of the probe when moving up and down at different velocities. The numbers indicate
the sample sets analyzed in Table 3.1.

3.3.2 Force control

To determine this the ability of the system to maintain a desired load, the probe was pushed against a plain
Si chip mounted on the heater stage within the system, with forces increasing from 0.1 g to 15 g and back
down again (stopping at 0.5 g below the 15.5 g limit of the load cell with the 5.5 g probe to prevent
accidental overloading). Figure 3.5 shows the load setpoint and the measured load throughout the
experiment. The experiment was conducted by first bringing the probe down in a jump of 1000 um and
then 350 pum to approach the Si chip (the chip was at a position of a little less than 1400 pm lower than the
starting position of the probe), and then lowering the probe at a rate of 0.1 um/s until it touched the Si chip
and pressed down with a force of 0.1 g. This force was maintained for a few seconds, and then the force
was increased to 0.2 g, which translated into the probe being moved downwards slightly until that load was
reached. This was repeated for 0.3 g, 0.5 ¢, 1 g, 5 g, 10 g, and 15 g, and then with those same values of
force but in decreasing order. The probe first touching the Si chip caused a brief jump in load to almost 0.5

g before immediately settling down to the desired 0.1 g. Afterwards, however, there was no overshoot when
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increasing the load, so there will be no unwanted overload to a sample if the load changed during an

experiment.

The oscillations in load with varying setpoints are analyzed in Table 3.2. The average signal over
the course of about 10 seconds for each setpoint shows a relatively large percent error for low forces. The
manner in which the zero of the load is recorded might partially account for this. The resolution of the
setpoint is to the nearest 0.1 g, and the probe weighs 5.52 g; the low-force readings are consistently a few
hundredths of a gram too high, to which the extra 0.02 g would contribute. In addition, the variation in
position due to inexact control might cause variations in the load that is applied. At low load setpoints, the
additional downwards movement of the probe necessary to apply the appropriate compression force is
small, so oscillations in the position can result in relatively large deviations from the intended load. The
similarity in values between the root mean square deviations and the standard deviations, and the decline
in percent error with increasing load support these assertions. The percent error seems to be larger when
pressure is being lifted compared to the same load when the probe was increasing pressure. Despite the
apparently large error for some loads, the standard deviations of under +/- 0.1 g for setpoints up to 1 g are
quite low, especially when considering that there is a standard deviation of +/- 0.03 g when no load is
applied (with the probe freely hanging). The deviations do increase with increasing pressure, as can be seen
in Figure 3.6, but the error in the readings is very low so the applied load is fairly consistent. The system

can thus apply loads of 0.1 g increments.

Set load
[g] 0 0.1 02 03 05 1 5 10 15 10 5 1 0.5 03 02 0.
Y7 0.040.13 0.23 0.32 0.51 1.02 491 9.87 14.8710.175.18 1.17 0.55 035 0.23 0.14
% error |- 26% 14% 6% 3% 2% -2% -1% -1% 2% 4% 17% 10% 16% 15% 39%

o 0.030.04 0.05 0.06 0.06 0.09 0.66 0.83 0.83 0.79 0.79 0.67 0.10 0.06 0.05 0.04
RMSD [0.050.05 0.06 0.06 0.07 0.09 0.66 0.84 0.84 0.80 0.81 0.69 0.11 0.08 0.06 0.06

Table 3.2 Variation in load exerted by the probe compared to different setpoints, for increasing load (blue) and
decreasing load (red), corresponding to data from Fig. 3.5, with mean g, standard deviation o, and root mean square
deviation (RMSD) from the set load.
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Figure 3.5 (A) Measured load exerted by the probe for given setpoints. The probe is first brought close to the
sample with jumps downwards and then slowly being lowered until touching the sample (as seen in B). The probe

subsequently presses down with greater force up to 15 g, and then pressure is released in the same increments and
the probe is retracted.
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Figure 3.6 The mean values of the measured load for each setpoint of increasing load (blue) and decreasing load
(red) corresponding to the data shown in Figure 3.5.

3.3.3 Temperature measurement

The temperature of the heater measured by a thermocouple that touches that backside of the heater, as
shown in Figure 3.7. A feed-through thermocouple was also used to determine the difference between this
thermocouple reading and the temperature at the top surface of the heater where the CNT growth substrate
is placed. The feed-through thermocouple was bonded to a Si chip with a high temperature ceramic
adhesive, placed in the system, and clamped to the heater surface to ensure good contact. The heater was
then heated in an inert atmosphere to its 1000 °C limit and cooled back down. The difference between the
front-side and back-side thermocouple measurements increased with increasing temperature, reaching as
high as 50 °C. (Figure 3.7.C). The difference is much lower at typical CNT growth temperatures between
700 and 800 °C, but this must still be taken into account when performing experiments. Additionally, a
thermocouple positioned on the outside of the 6-way cross shows that the chamber walls reach

approximately 150 °C when the substrate is at 1000 °C.
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Figure 3.7 (A) Photograph of the heater along with its mounting structure and sample clips. (B) Photograph taken
with the system microscope camera to show the setup for temperature calibration. (C) Temperature of the backside
of the heater, frontside of the heater, and chamber wall (left axis) and the difference in measured temperature of the
heater (secondary axis).

3.3.4 Performance under typical CNT growth conditions

The final calibration of the system was to measure the change in position of the probe due to thermal drift
and the ability of the probe to maintain a constant load during typical CNT growth conditions, which
involves variations in temperature and gas flows, depicted in Figure 3.8.A. The first step (blue section of
the figure) involves heating the substrate to the CNT growth temperature in a mixed atmosphere of Hz and
He atmosphere. Then, those conditions are held for 30 minutes as the catalyst particles form and to allow
for the position of the probe to stop changing as a result of thermal expansion of the system. After the 30
minute anneal step, hydrocarbon gases are introduced into the system to commence the CNT growth process
(red section of the figure). These conditions are held until growth has terminated, which is determined by
the cessation of vertical motion of the probe (in the case of constant force control). The system is then

cooled slowly down to room temperature with only He flowing (green section of the figure).

For the control experiment, a bare Si chip was placed in the system to observe the effects of CNT
growth conditions on the height and load measurements of the probe. The probe was pressed down against
the Si chip throughout the experiment with a set load of 0.1 g. Figure 3.8.B shows the measured position
and load of the probe during the experiment. Thirty minutes was enough to accommodate for the thermal
drift of the system, as the height of the probe stayed consistent towards the end of the anneal step. However,
during the growth step the probe drifted upwards 43 um. This was probably caused by the change in
atmosphere, with the introduction of hydrocarbon gases and the reduction of helium and hydrogen gas flows
are reduced while maintaining the same overall gas flow rate. The thermal conductivity of hydrocarbons is
much lower than that of lighter gases (e.g. at 500K and latm, 0.05 W/m-K for ethylene [69] compared to
0.22 W/m-K for He and 0.27 W/m-K for H;[6]). This change in atmosphere will decrease the convective

heat loss around the heater, increasing the temperature at the top of the heater and of the Si chip compared
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to the setpoint growth temperature, and resulting in further thermal expansion of the system. A previous
cold-wall CVD system constructed by Hart also displayed this sensitivity in atmosphere when changing
amongst He, H,, Ar, and Air atmospheres [70]. The thermal drift continued for about 15 minutes, indicating
that the measured growth kinetics during the very early stages of a CNT forest might be inaccurately high
because of thermal expansion. The measured load throughout the experiment stayed consistent and did not
vary due to changing temperatures and gas flows, indicating the reliability of force application in CNT

growth conditions.
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Figure 3.8 (A) Gas flows and temperature profile for a characteristic CNT growth experiment in the
Mechanochamber. The blue regime is the heating and annealing step, red is the growth step, and green is the cooling
step. (B) The position of the probe and its load when replicating CNT growth conditions but without catalyst in
order to determine a baseline.
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Chapter 4 Force-Modulated Growth of Carbon Nanotube Forests

In this chapter, the potential mechanochemical effects of force on CNT growth are explored by applying
compressive forces to CNT forests during growth in the Mechanochamber. This chapter will first describe
the experimental procedure used to apply compression to CNT forests during growth, and then discuss how
to interpret the measured height vs. time results to determine the growth kinetics. Experiments conducted
using static compressive forces reveal that the average forest growth rate decreases from 0.23 um/s to 0.03
um/s for increasing applied forces of 0.3 g and 10 g, respectively. In addition, the forest can be described
by three regimes according to the amount of force applied: for low forces the forest grows at a high rate
and maintains its structure; for moderate forces the forest grows at a high rate until buckling during growth,
subsequently growing more slowly; and for high forces the forest grows sl'owly in a collapsed configuration.
Finally, studies of growth under time varying-forces reveal that a single, sudden increase in the load during
growth will cause a decrease in growth rate without inducing immediate termination of the growth, and a

decrease in the load can cause the growth rate to temporarily increase.

4.1 Methods

This section details the experimental setup and procedure to grow CNT forests in the Mechanochamber

system presented in Chapter 3.

4.1.1 CNT Catalyst Preparation

To prepare samples for CNT growth, a 4” (100) Si wafer with 300 nm of a thermally grown oxide layer is
used as the substrate, with A1;O; and Fe catalyst layers of thickness 10 nm and 1 nm, respectively. If a
certain CNT forest structure is desired, the catalyst is patterned before deposition of the Al,Os; with
photolithography techniques by applying positive resist SPR 700 to the Si wafer. After resist development,
the Si wafer is coated with the Al,Os followed by the Fe catalyst layers using electron beam evaporation.
The wafer is then diced with a dicing saw into samples of size 10 mm % 10 mm. The patterned samples
require an additional lift-off procedure to rid of the photoresist before conducting an experiment, by placing
the sample in a beaker of acetone and into an ultrasonic bath, repeated with fresh acetone and then rinsed
with isopropanol and blow-dried with a stream of N, gas. The Fe layer develops into appropriate catalyst
nanoparticles during the annealing stage of an experiment. Figure 4.1 shows pictures of a Si chip with

patterned catalyst before and after CNT growth.
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Figure 4.1 Photographs of Si chip samples before and after CNT forest growth, for samples prepared (A) with
unpatterned catalyst and (B) catalyst patterned with a single | mm diameter circle in the center.

4.1.2

Procedure for CNT Forest Growth in the Mechanochamber

CNT growth in the Mechanochamber requires a series of preparation and alignment procedures:

1.

oy o B

The chamber is “baked out”, which involves heating the closed system to a high temperature
(typically 900 °C) for 20 minutes to burn away carbon deposits remaining in the system from
previous experiments.

The microcompression assembly is raised and the heater stage assembly is lowered with the hand
cranks to allow access to the assemblies outside the chamber.

The probe and heater are cleaned and wiped with acetone to ensure all contaminants are removed.
The sample is placed onto the heater and clamped into position with clips.

The heater and microcompression assemblies are re-positioned inside the chamber.

The stage is aligned with the probe using the X-Y-Z-6 positioning system of the stage. The stage
should be moved so that the probe is centered above the sample, and the stage tilted so the bottom
surface of the probe is coincident with the sample surface.

The chamber is sealed.

The system is pumped down for I hour with the vacuum pump to under 100 mTorr to rid of
contaminants that had entered the chamber during sample loading

The gas lines to He, to the system, and through the hygrometer are opened

. The system is purged with He to return the chamber to an inert environment and to flush the

hygrometer to a baseline before the growth begins.
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11. The gas lines to the mass flow controllers (MFCs) are opened.

The experiment can then proceed with the steps as described in Figure 3.3: the probe is brought down to
touch the sample surface and aligned with the catalyst if necessary; a standard growth recipe of gas flows
and temperatures is selected or created (Table 4.1); and the grow command is given by the LabVIEW
program. To accurately measure the height of the forest in situ, the probe must be in contact with the forest
at all times during growth. To enable this, the probe must press down and maintain a small force throughout.
From the force control calibration experiments in Chapter 3, it was determined that a 0.1 g load was
sufficient for this purpose. The probe is also used to press against the substrate surface and cover the catalyst
during the annealing step before each growth in order to prevent excessive heat dissipation in the cold wall
system and to allow for the catalyst particles to properly form. The resulting height measurements (Figure
4.2) reveal the CNT forest growth kinetics for a typical growth. Images taken in situ with the system digital
camera are shown in Figure 4.3. When the CNT forest has finished growing, the growth step is ended and
the system is cooled down to below 30 °C, at which point the probe is slowly moved upwards away from

the forest at a rate of 1 u/s.

Ste Time He H2 C2H4 1% C2H2 (He Temperature setpoint
P [min] | [scem] | [scem] | [scem] carrier) [sccm] “C)
Purge Gas | 200 | 500 0 0 0
Lines
Heat 15 200 500 0 0 725
Anneal 30 200 500 0 0 725
Grow 70 200 300 100 100 725
Ramp
temperature 15 500 0 0 0 0
down
Cool to
room 20 200 0 0 0 0
temperature

Table 4.1 Typical CNT forest growth recipe, listing gas flow rates and temperature setpoint (ramp at 50 °C/min).
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Figure 4.2 The height of the probe and temperature profile during a CNT growth experiment.

Figure 4.3 Photographs taken with the in situ digital camera microscope of 1 mm diameter pillar sample loaded in
the Mechanochamber (A) before CNT growth begins and (B) after growth, with the CNT pillar highlighted in red.
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4.1.3 Application of Compressive Force during CNT Growth

The Mechanochamber system as described in the previous chapter was used to perform experiments where
a controlled compressive force was applied to the top surface of a CNT forest while monitoring the height
kinetics. To ensure a constant pressure across the CNT forest was maintained so that the force could be
distributed as equally as possible, substrates containing catalyst patterned in a single a 1 mm diameter circle
(as shown in Figure 4.1) were used. These circles could then be centered underneath the 4 mm diameter
probe inside of the Mechanochamber so that a constant pressure can be maintained across the forest (Figure

4.3).
Assuming equal distribution of force amongst the CNTs in the forest, the force acting on each CNT
can be computed from

mg

@.1)

FCNT B NCNTAfarest
where m is the applied load (in mass units), g is the gravitational constant, Ny is the CNT areal number
density (CNTs/cm?) of the forest, and Asre is the area of the top of the forest that the force is acting upon.
Table 4.2 lists corresponding pressures for some values of force within the 0.1-10 g range that was used in
experiments. Figure 4.4 shows plots of the force per CNT for a range of applied forces and forest densities,
and can be used to estimate the force per CNT for a given applied force. For instance, assuming a forest

density of 10'© CNTs/cm?, the force per CNT under 12.5 kN/m? compression is approximately 0.1 nN.

Force [g] Applied Pressure [KN/m?]
0.1 1.2
0.3 4.0
04 5.1
0.5 6.4
0.6 7.5
0.7 8.6
0.9 11.4
1.0 13.0
1.5 19.1
2.5 31.5
4.0 50.0
5.1 63.8
7.0 87.0
10.0 125.0

Table 4.2 Corresponding pressures for the range of static forces applied in the compression of 1 mm diameter CNT
pillars during growth.
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Figure 4.4 Average force per CNT for application of pressure on the top of a 1 mm diameter CNT forest pillar, for
different CNT number densities.

4.2 Determination of Kinetics from Recorded Data

The height of the probe as measured throughout an experiment is used to determine the kinetics of the CNT
forest growth, approximated as the change in height of the CNT forest. The height vs. time data for only
the growth step of the experiment (the red section of Figure 4.2; after the carbon source is introduced) is
isolated as shown in Figure 4.5.A for a representative CNT growth under static compression. The
instantaneous growth rate of the forest, represented by motion of its top surface, can be obtained by

numerical differentiation of the height with time using the simple difference quotient

4.2)

where Vs is the instantaneous growth rate, / is the height, and ¢ is the time.
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Figure 4.5 For a nominal growth of a CNT pillar under static compression, (A) height vs. time with two different
smoothing methods (discernible in the inset), and (B) kinetics from numerical differentiation of the filtered height
data, where “Raw Data” refers to no smoothing of the kinetics curve.
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However, noise in the height measurement must be filtered in order for the numerical derivative to
be an accurate estimate of the instantaneous growth rate. Two methods of signal smoothing were compared,
one based on a simple moving average and another based on a lowpass filter. A third option would be to fit
the height data to a smooth function then differentiate that function as an estimate of the rate. However,
forces cause abrupt changes in the growth rate so approximation by a smooth function is not always possible

without using a high order polynomial, and thus this method was not studied.

The simple moving average uses a lag in the beginning as the averaging window; values ranging
from 10 to 1000, with 500 as the one typically used, were investigated. The lowpass filter was based on a
Butterworth filter of order 12 and varying cutoff frequency for the point 3 decibel points below the passband
value, in normalized frequency units of (x rad/sample). These smoothing methods still cannot recover the
characteristic kinetics from the differentiated raw height data. Therefore, the height data must first be
smoothed before taking the numerical derivative. The zoomed-in areas of Figure 4.5.A show that the
moving average smoothing method with an averaging window size of 500 results in a significant delay of
a few seconds, especially for the early data. By increasing the lag, the moving average appeared to better

retain the shape of the kinetics data than the low-pass filter, but at a cost of increasing delay.

A lowpass filter was thus used to smooth the height data before numerical differentiation, which
subsequently reveals some characteristics of the kinetics but still with far too much noise (Figure 4.5.B).
Smoothing the rate data with a moving average showed the same characteristic delay as when applied to
the height data. This is especially noticeable for the sharp jumps that are stretched by the moving average,
which is a very negative effect for analyzing the kinetics as much of the interesting kinetics data occurs at
these jumps. Therefore, a low-pass filter was chosen as the method to smooth the rate data as well. Finally,
the cutoff frequency for the low-pass filter on the rate data was optimized. Figure 4.6 shows that the higher
cutoff frequencies of 0.01 and 0.005 display a large amount of noisy oscillations, especially at the relatively
constant rate above 0.25 um/s, but a cutoff frequency of 0.001 is not able to adequately follow the true

kinetics, so 0.003 was chosen as the cutoff frequency.
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Figure 4.6 Smoothing of the kinetics of a nominal growth using low-pass filters of different frequencies.
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4.3 CNT Forest Growth under Constant Compression Forces

A series of experiments was conducted to determine how the growth of CNT forests may be affected by
external loads. Specifically, this series sought to answer if there is a correlation between applied load and
CNT growth rate (as measured by height increase), and how the force may affect the CNT forest
morphology. This was achieved by growing CNT forests under a constant force that was changed for each
experiment, ranging from 0.1 g to 10 g (corresponding to pressures of 1.2 to 125 kN/m? as given in Table
4.2), according to the procedure described in Chapter 4.1. Each experiment was performed with the same
operating procedure to attempt to remove variations amongst experiments. In particular, there were
concerns of how variations in the moisture level of the system could affect run-to-run variability, as
moisture level in the system has been shown to have a large impact on the growth results [71]-{73]. During
this sequence of experiments, the average and standard deviation of the temperature of the room was 24 +/-
2 °C, of the relative humidity of the room was 62 +/- 7%, and of the dew point measured in the outlet of the

reaction chamber was -22 +/- 3 °F.

4.3.1 Overall Trends in the Effects of Force

The heights of the CNT pillars throughout the growth experiment as measured by the probe displacement
are plotted in Figure 4.7.A, with the corresponding growth kinetics curves in Figure 4.7.B. The data is
processed using a low-pass filter with 0.003 cutoff frequency. First, it is known that CNT forest growth
begins by accumulated nucleation of individual CNTs which self-organize into a vertically aligned
configuration then begin collective upward growth. In the Mechanochamber, CNTs are initially in contact
with the bottom surface of the probe yet the gap between the probe and surface varies. Therefore, vertical
motion of the probe is recorded when CNTs can collectively exert enough force to displace the probe, and
a sharp increase in the growth rate is noted after a short time. This can be attributed to self-organization of
the CNTs, which should have greater ability to exert force and therefore displace the probe while
maintaining the constant force imposed by the control system. After some time, the collective forest growth
rate decreases until the measured forest height is no longer increasing with time, indicating the growth has
terminated. For example, for the growth under a 0.3 g force, after 500 seconds the growth rate increases to
0.2 um/s, then increases further to a maximum of 0.28 pm/s, then decreases rapidly after a total time of
3200 s.
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The maximum CNT forest height, which is the height measured in sifu at termination of growth, is
plotted in Figure 4.8.A, and is 1040 pm and 31 pm for the 0.4 g and the 7 g growths, respectively. There
is a general trend of decreasing forest height with increasing applied force in the constant force experiment
series. The maximum growth rate, which is expected to be achieved shortly after lift-off of the collective
forest and early in the growth, is plotted in Figure 4.8.B. The fastest growth rate is 0.34um/s as under 0.1
g load, while the 10 g load resulted in a maximum rate of 0.08 um/s. The maximum growth rate is also
found to decrease with increasing applied force, though with some notable scatter in the values for small

forces.
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Figure 4.8 Maximum (A) forest height and (B) growth rate for each experiment under a static compressive load.

From this data, it is evident that external forces can retard the growth rate and terminal height of
CNT forests. The effect is especially evident in looking at how much the termination height changes with
increasing small applied forces. For instance, an increase from 0.1 g to 0.7 g results in a forest growing to
1000 um to only growing 600 um. Run-to-run variations could partially contribute to these changing
heights; for example, different humidity levels in the system will cause differences in the development of
catalyst particles since humidity has been shown to affect the dewetting and annealing of the catalyst [72].

Despite this, there is a dramatic decline in height that is consistent for the collective experiment set.

A closer look at the height and kinetics curves reveals some common characteristics. Figure 4.9
shows a plot of the height and growth rate vs. time for one of the growths, during which a 0.9 g static

compressive force was applied. The initial height increase is most likely due to thermal expansion of the
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system resulting from the changing gas environment, as detailed in Chapter 3.3.4. There is then a sharp
increase in growth rate to the point circled in black on the curve, as the CNT density reaches a point that
allows for it to withstand the applied load and push back against the probe. The rate then slowly increases
to a maximum as the CNT density continues to increase after self-organization as shown by Bedewy ef al.
[27]. The forest will continue to grow at a high rate until the onset of termination and the growth rate rapidly
drops. In experiments with moderate forces, a sharp change in the shape of the height versus time curve is
noted by the sharp decrease in the growth rate; this corresponds to the CNT forest buckling at the base as
seen in the SEM image of Figure 4.12.G. The forest continues to grow upwards, but at a much slower rate
as individual CNTs continue to grow in a much more tortuous manner. The growth rate continues to decline
as the growth of more individual CNTs is halted until eventually there is termination of the collective forest

growth, marked by the black cross-mark on the rate curve.
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Figure 4.9 Height (blue) and growth rate (green) for a representative growth of a CNT pillar under a moderate static
compressive load. The red diamond on the height curve highlights the point at which buckling first occurs. The
green region represents the time period that was used for determining the average growth rate.

The average growth rate can be determined by averaging the growth rate for the time period shown
only in the green region and excluding the gray regions denoting the initial measured rate and the rate after
termination. The average growth rate for all of the experiments is shown in Figure 4.10, ranging from 0.23

um/s to 0.03 um/s for applied forces of 0.3 gand 10 g, respectively. This shows a clearer trend in decreasing
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rate with increasing pressure than the plot of maximum growth rate with pressure, since the average rate

takes into account the effect of force on the longevity of the growth and the onset of buckling.
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Figure 4.10 Average growth rate for each experiment under a static compressive load.

4.3.2 Pillar Buckling and Three Force Regimes

It is found that the kinetic behavior under constant applied force, as measured by the CNT height, can be

divided into three regimes ranked according to the magnitude of nominal applied pressure:

e Regime I: 0.1-0.6 g, equaling 1.2-7.5 kN/m? over the area of the pillar
e Regime II: 0.7 g to 4 g, equaling 8.7-50 kN/m’
e Regime III: 5.1 gto 10 g, equaling 63.7-124.9 kN/m?

Figure 4.11 shows a summary of the growth kinetics of representative samples from each of the three
regimes. Scanning electron microscope (SEM) images of representative samples from each regime are

shown in Figure 4.12. These images show the relative height difference among the three cases, and
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evidence of the buckling as indicated by ripples in the side walls. The low force (0.4 g) growth does not
show evidence of buckling; though there is a crease near the bottom. The crease does not wrap around the
whole pillar and it does not show CNTs buckled underneath. The moderate force (1.5 g) growth shows clear
buckles near the bottom, supporting the assertion that the kink in the height curves and the sharp drops in
rate correspond to the pillar buckling during the later part of growth after CNT density at the base has
declined due to catalyst deactivation. Finally, the growth under 10 g shows buckles throughout the height
of the pillar.

For Regime I (low applied forces), a growth rate near the maximum is maintained for a large portion
of the growth. The shape of the corresponding height vs. time curves is similar to previous work where no
external load is supplied. In these studies, it was found that abrupt termination of growth occurs when the
density at the base has decayed such that the CNTs that remain growing can no longer support the growth
of the collective forest [74]. In the force-controlled experiments, this is indicated by the abrupt flattening

of the height curve and drop of the growth rate to zero.

If a moderate amount of force is applied (Regime II), the forest buckles sometime after growing at
a high rate. This is observed by a kink in the height curve, and by the rapid drop in growth rate followed by
sustained growth at a much lower rate. The SEM image in Figure 4.12.G for growth under moderate force
shows clear buckles at the bottom of the forest, supporting the assertion that the kink in the height curves
and the sharp drops in rate correspond to the pillar buckling during the later part of growth after CNT. After
this time, CNTs continue to grow in a tortuous geometry so that the collective forest increases in height at
a much lower rate until termination. Therefore, we hypothesize that termination is caused by the applied

force combined with the density decay of the CNTs known to occur in the CNT forest growth process [27].

Finally, if enough force is applied (Regime III), the force appears to be of sufficient magnitude to
oppose the self-organization of the CNTs and the CNTs within the forest do not show vertical alignment.
Consequently, the height versus time curves increase very slowly, and the resulting rate shows a maximum

at the beginning that steadily declines.

47



Low Force

0.25
0.2
)
g
E‘ 015 - Moderate Force
§ Buckles
- after a
‘g Period of
o Straight
2 04 \J Growth
v
| D]
0.05!- High Force
% Buckles
| 9 ’ Instantly
0 1000 2000 3000 4000

Time [s]

Figure 4.11 (A) Kinetics plots for represeritative samples of three growth regimes occurring under low, moderate,
and high static compressive loads, depicted in schematics (B-D, respectively).
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Figure 4.12 SEM images of representative samples of each of the three growth regimes, showing the whole pillar
(A-C), the top of the pillar side-wall (D,E), the bottom of the pillar side-wall (F-G), and the whole pillar side-wall
(H).

The time and height of the forest at which buckling first occurs, determined by the sharp change in
the height vs. time curve, for each growth is plotted in Figure 4.13, for Regime Il and Regime I11. Generally,
there is a decrease in time and height to buckle with increasing force. However, there is a sharp transition
from Regime II to Regime [II between applied force of 4 g and 5.1 g (50.0 kN/m? and 63.7 kN/m?). It
appears that pressures above 50 kN/m? will induce immediate collapse of the forest so that the pillar only
grows with a deformed geometry. The pressures required to cause buckling (8.7 kPa) or complete collapse
of the forest (50 kPa) are nearly an order of magnitude lower than the amount needed to buckle an already-
grown forest by compression, measured at values ranging between 0.2 and 4.3 MPa [66], [75]. Therefore,

such external forces during growth should be avoided if a forest devoid of buckles is desired.
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Figure 4.13 Plot of the time it takes for buckling to start (black) and the height at which buckling starts (blue) for
CNT pillars grown under moderate and high static compressive loads.

The microstructure of the CNT forest is drastically affected by the applied forces. SEM images of
higher magnification of the top, middle, and base of the pillars are shown in Figure 4.14. The individual
CNTs remain relatively straight and aligned throughout the height of the pillar for forests grown under
low forces. For moderate forces, there is a large difference in the tortuosity of the CNTs between the areas
higher in the forest and those that constitute the buckling. However, the CNTs are much more misaligned

and tortuous in forests grown under high loads, especially in the middle of the forest.
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Figure 4.14 More detailed SEM images of the representative samples from the three growth regimes, showing the
top (A-C), middle (D-F), and bottom (G-I) of the pillar side-wall.

The degree of misalignment is quantitatively described by the Herman’s orientation parameter,
which ranges from 1 for perfect vertical alignment, O for completely random orientation, and -0.5 for
alignment in the horizontal direction. Previous studies of CNT forests grown conventionally under similar
CVD conditions found that the orientation parameter ranges from 0.2 at the top of the forest, to up to 0.5 in
the middle of the forest, and then as low as 0.1 at the forest base [76]. This Herman’s data for the middle
of the forest was collected by Mostafa Bedewy and colleagues by placing the CNT forests in the beamline
of a synchrotron X-ray source and mapping the scattered X-rays, as shown in Figure 4.15 for nominal
samples of each Regime. Integration of the intensity of the X-ray map allows one to obtain the Herman’s
parameter. The CNTs of forests grown under 0.4 g, 1.5 g, and 4 g show less vertical alignment with
increasing force. However, they still exhibit preferred orientation in the vertical direction (the direction of

growth). This is in stark contrast to the forest grown under 10 g, which is actually more horizontally oriented
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than vertically as indicated by its negative Herman's value; the CNTs have become so entangled that the

characteristic vertical alignment of the CNT forest is lost.

The effects of static compressive forces during CNT forest growth on the growth kinetics and the
resulting forest morphological characteristics have been investigated. It has been found that forces as small
as 0.1 g (1.2 kN/m?) affect growth, while forces of 0.7 g (8.7 kN/m?) may cause deformation of the CNT
structure during growth. Even large applied forces, of 50 kN/m* or greater, will result in the complete
collapse of the CNT structure immediately after the forest lifts off the substrate. The individual CNTs
become more tortuous and misaligned as force increases. Applied force also limits the achievable height
and growth rate of the forests. Further characterization of the forests to obtain a number density at the base
might reveal a general critical force per CNT that if exceeded would cause termination of growth of an
individual CNT.
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Figure 4.15 (A-D) Maps of scattered x-rays from CNT pillars representing each regime placed in the beamline of a
synchrotron x-ray source. (E) Plot of the corresponding orientation parameters.
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4.4 CNT Growth under Time-varying Forces

Now that an understanding of the effects of static force on CNT growth has been established, the effects of
time-varying forces can be investigated. These dynamic growth experiments were conducted in a different
lab setting and at a later time than the static force experiments, so the limiting values of applied force
inducing a change in the growth behavior cannot be compared to those of the preceding section (for
example, no forests detailed in this section grew taller than 500 pm), but the relative trends amongst growths
within the set hold. The samples used in the dynamic force experiments were of the same Al,Os/Fe catalyst
design and 1mm diameter circle pattern as used in the static force growth experiments. Three methods of
applying time-varying forces were used: stopping the probe at a fixed position after a certain growth height
is reached; administering a sudden change to the amount of force applied; and using cyclic forces. Above
all, the previous experiments show that the response of the forest to force may be different depending on
the forest morphology and density. For example, it was found above that force can influence the rate of
CNT self-organization. Therefore, experiments varying the force with time at certain stages of the growth
process (e.g. after self-organization has occurred) can further our understanding of the dynamics of CNT

growth in response to force.

4.4.1 Hard Stop Tests

The first instance of CNT growth under time-varied forces studied concerns initially growing at a steady
force until self-organization was assumed to be complete, then holding the probe at a fixed position after a
certain duration of CNT growth. This experiment is an attempt to discover the maximum load that a growing
CNT forest will be able to exert on a rigid body, and to determine how an impediment to the vertical growth
of the CNT forest affects its morphology. One experiment was conducted by first growing a CNT forest
pillar under a load of 0.1 g to a height of 150 pm to allow for the forest structure to fully develop. After the
forest had grown 150 pm, the probe height was held fixed so that further growth resulted in the forest
pushing against the probe. Rather than the load slowly increasing to some maximum value and maintaining

that value as expected, the load peaks in periodic fashion as shown in Figure 4.16.

The assertion is that the peak corresponds to the maximum force that the forest exerts, and thus the
maximum force the forest can withstand, before the load is too great for the CNTs to support and the forest
buckles while growth continues. The rapid decrease in the load as shown in Figure 4.17 corresponds to the
forest buckling, and the measured height drops briefly in response. The probe then quickly returns to the
set height of 150 um, and further CNT growth slowly pushes the forest back against the probe until the load

increases and the forest buckles again. The frequency of the peaks corresponds to how often the forest
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buckles. As detailed in Table 4.3, the forest initially buckles once every 22.3 seconds on average, as further
growth of the CNTs is required to return the forest to the set probe height and to subsequently reach the
critical value needed to induce buckling. The period decreases over time as the time between load peaks
decreases and the load peaks broaden until eventually, by minute 15 there is a constant increase and decrease
in the load. At this point, termination of the forest growth is reached, and the peaks in measured is caused
by an over-crowded area under the probe, which results in the probe being pushed slightly above its set
value. The probe’s feedback control responds by compressing the forest, which springs back in a repeating
fashion. Releasing the probe from this constraint so that it maintained a constant load instead of a constant
height did not result in the probe increasing in height, further proving that growth had terminated. The force
needed to induce buckling can be determined from Table 4.3 as the load amplitude plus the offset from the
baseline initial value, or 3.1 +/- 0.4 g. This value might partially reflect the effect of the spring back of the
forest after growth had terminated and thus be a measure of the forest stiffness rather than capacity to resist
buckling, though the two are inherently related. Figuré 4.18 shows SEM images for this forest, highlighting

the regions of frequent buckles near the base of the forest (E,F).

Pea}(-to-peak Load Baseline |Load Amplitude LOi.ld Peak Load Period [s]
Height [pm] [g] [e] Width [s]
Minute 1 53 0.0 2.5 4.4 223
Minute 10 4.0 0.1 32 7.6 21.2
Minute 15 2.4 0.1 3.2 11.1 19.0
yZi 3.9 0.1 3.0 7.7 20.8
o 1.5 0.1 0.4 3.4 1.7

Table 4.3 Summary of characteristics of the height and load curves corresponding to Fig. 4.12, obtained by holding
the force probe fixed after 150 pm of growth under 0.1 g of applied force. Values were averaged for the 2-4 peaks
present during the selected minutes, with mean p and standard deviation ¢ across the selected minutes. The peak-to-
peak height is the total vertical displacement of the probe for a cycle, the load baseline is the average value of the
load outside of the peaks, the load amplitude is the height of the load peak, the load peak width is the time during
which the load spikes, and the load period is the time from one load peak to the next.
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Figure 4.16 (A) Measured height and load for a pillar grown under 0.1 g compression for the first 150 um of
growth, after which the probe was commanded to maintain that height. Subsequent growth created large oscillations
in the measured load as well as some dips in the height curve, as highlighted in Figure 4.17
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Figure 4.17 For the 0.1 g hard stop test, the (A) 1%, (B) 10", and (C) 15" minutes after the forest reached a height
of 150 pm.
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Figure 4.18 SEM images of (A) the whole pillar, (B) the whole side-wall, (C,D) the top of the side-wall, and (E,F)
the base of the forest.

Figure 4.19 shows results from a similar experiment starting with growth under an applied load of
1 g rather than 0.1 g, with characteristic values for the selected minutes of the height and load curves
detailed in Table 4.4. The load curve for this experiment exhibits an odd behavior of decreasing load

amplitude with time (though with the same maximum load reached of around 3 g. A review of the SEM
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images of Figure 4.21 reveals a large crease (E) causing the pillar to become slanted, which would influence
the force transmission between the probe and the base. Similar to the 0.1 g experiment, the 1 g experiment
also finds the frequency of buckling to be around once every 20 seconds and the value of force needed to
induce buckling at around 3 g (1 buckle per 18.4 +/- 2.9 seconds and 2.9 +/- 0.9 g respectively, to be exact).
The load baseline is 0.9 g, caused by the initial growth conditions of having the probe hard stop while
already applying a 1 g load. The load amplitude of 2.0 +/- 0.5 g is smaller than that of the growth started
under 0.1 g applied force.

In summary, these hard stop tests showed that a physical obstacle to forest growth will not result
in abrupt termination of the growth. Additionally, the CNT forest will buckle immediately upon reaching a
critical load. For this given CNT catalyst system, geometry, and number density, a maximum load of around
3 g (37.5 kKN/m? pressure) was measured. These results also give an indication that buckling might be

avoided if the external load can be relieved before a critical value of force or time is reached.

Pea}(-to-peak Load Baseline |Load Amplitude LOZ.!d Peak Load Period [s]
Height [um] [g] [g] Width [s]
Minute 1 5.0 0.0 2.5 4.3 16.7
Minute 10 1.5 1.5 1.5 11.2 16.8
Minute 15 1.6 1.1 1.9 15.7 21.8
u 2.7 0.9 2.0 10.4 18.4
o 2.0 0.8 0.5 5.7 2.9

Table 4.4 Summary of characteristics of the height and load curves corresponding to Fig. 4.14, obtained by holding
the force probe fixed after 150 um of growth under 1 g of applied force. Values were averaged for the 2-4 peaks
present during the selected minutes, with mean p and standard deviation o across the selected minutes. The peak-to-
peak height is the total vertical displacement of the probe for a cycle, the load baseline is the average value of the
load outside of the peaks, the load amplitude is the height of the load peak, the load peak width is the time during
which the load spikes, and the load period is the time from one load peak to the next.
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Figure 4.19 (A) Measured height and load for a pillar grown under 1 g compression for the first 150 pm of growth,
after which the probe was commanded to maintain that height. Subsequent growth created large oscillations in the
measured load as well as some dips in the height curve, as highlighted in Figure 4.20.
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Figure 4.20 For the 1 g hard stop test, the (A) 1%, (B) 10™, and (C) 15" minutes after the forest reached a height of
150 pm.
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Figure 4.21 SEM images of (A) the whole pillar, (B) the whole side-wall, (C,D) the top of the side-wall, (E,F) the
base of the forest, and (G,H) a crease in the forest.

61



4.4.2 Force Jump Experiments

Another simple case to investigate CNT forest growth under time-varying loads is to allow the forest to
grow unhindered with the probe waiting above the substrate, and to see how the forest responds to applied
force after contact with the probe. In a test case, the probe was moved to 150 um above the substrate, a
height determined to be enough to allow for proper self-organization of the CNT forest and growth to
develop and to be comparable to the hard stop tests. The probe was kept there and upon contact the probe
was commanded to exert a force not to exceed 1.0 g; therefore, the probe remained at a constant position

as the CNT forest increased the force exerted and then began moving upward.

Figure 4.22 shows the time-dependent load, height, and growth rate throughout the experiment.
The starting height is measured from where the probe waits initially for the CNT forest to grow into it, so
the terminal height is approximately 275 pum rather than 125 pm as shown in the plot. Assuming a constant
growth rate for the first 150 um of growth since the rate was not measured, the initial growth rate until
probe contact 0.13 pum/s. The average rate from after the load change to termination is 0.049 um/s, a
significant decrease. The numbers on the kinetics plot indicate important features in the kinetics. Point 1
indicates right before the forest grows into and begins pushing the probe upwards. The second point is when
buckling of the forest first occurs, and point 3 is a time close to termination of growth. The SEM images
on the right of the figure show how the features in the kinetics translate into features in the forest
microstructure. The initial stage of growth, corresponding to the top section of the forest side-wall (Figure
4.23C,D) results in fairly straight and vertically-aligned CNTs, as there is no external load limiting their
self-organization and upward motion. However, the forest responds immediately to the application of force
with the development of a crease in the forest (near point 1) and an increase in the tortuosity of CNTs. This
is seen after the forest has buckled near point 2 as in Figure 4.23E,F, and especially near the base of the

forest as in Figure 4.23G,H, where CNT density is lower and there are fewer CNTs supporting the load.
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Figure 4.22 Height and growth rate curves for sudden increase in load from zero during growth.

63



Figure 4.23 SEM images of the forest from Figure 4.22: (A) the whole pillar, (B) the whole side-wall, and the side-
wall (C,D) top, (E.F) middle, and (G.H) base. Features of the kinetics curves indicated by numbers are highlighted
in the microstructure.
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Two experiments were performed in which there was an initial period of growth under low force
(0.1 g), and then a sudden change to higher force (1 g) after the forest had grown 150 pm. The goal of these
experiments was to observe if a rapid increase in load would cause irrecoverable deformation and premature
termination of the forest, and to measure the response in growth rate. The height and kinetics curves are
shown in Figure 4.24 and Figure 4.26, and SEM images of the pillar structures are shown in Figure 4.25
Figure 4.27. In both cases, there is a brief halt in the height increase and a sharp dip in the rate curve as
load is increased (point 2). However, the rate almost immediately recovers to an amount slightly lower than
what it was at prior to the load change. This demonstrates the ability of a growing CNT forest to withstand
sudden loads and to continue growth. Both of the forests display a crease in the side-wall, caused by the
load change and indicated by point 2. These pillars also both display an increase in waviness and
misalignment of individual CNTs from the top to the bottom of the pillar, as the effect of CNT density

decrease in the later stages of growth is compounded with the increase in force.
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Figure 4.24 Height and growth rate curves for sudden increase in load during growth
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Figure 4.25 SEM images of the forest from Figure 4.24: (A) the whole pillar, (B) the whole side-wall, and the side-
wall (C,D) top, (E,F) middle, (G,H) and base. Features of the kinetics curves indicated by numbers are highlighted
in the microstructure.

66



Time [s]
0 1500 2000

300

250
7
F200 5
-
z ]
2
2 150 £
8
Q

2000 2500
Time [s]

Figure 4.26 Height and growth rate curves for another experiment of sudden load increase during growth
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Figure 4.27 SEM images of the forest from Figure 4.26: (A) the whole pillar, (B) the whole side-wall, and the side-
wall (C.D) top, (E,F) middle, (G,H) and base. Features of the kinetics curves indicated by numbers are highlighted
in the microstructure.
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Figure 4.28 shows what happens if the load is decreased instead of increased during a growth. For
this experiment, the load is decreased from 1 g to 0.1 g after the forest had grown 150 um. The forest grew
at a rate near 0.14 um/s at the time of the load change, comparable to the corresponding rates of the
previously discussed dynamic experiments (grown at lower forces to start). However, in contrast to the
increasing load growths, decreasing the load from 1 g to 0.1 g resulted in the full recovery of the growth
rate at point 2. Subsequent growth is with a slowly declining rate until rapid termination (point 3). This
behavior is characteristic of the static low force regime. However, inspection of the microstructure with
SEM (Figure 4.29) reveals that at the top of the forest the CNTs are fairly tortuous, comparable to the
bottom of the forests grown under increasing loads. The bottom of the forest grown under decreasing load
does have some creases, and the CNTs show some degree of misalignment. However, there are no buckles
of the forest throughout its height; the distinction between buckles and creases being that buckles are when
all of the CNTs at that height bend to cause the overall forest to collapse, while a crease just has local
deformation of the forest structure. This experiment is important because it showed that the forest will

increase in growth rate when load is decreased.
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Figure 4.28 Height and growth rate curves for a sudden decrease in load during growth
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Figure 4.29 SEM images of the forest from Figure 4.28: (A) the whole pillar, (B) the whole side-wall, and the side-
wall (C,D) top, (E,F) middle, (G,H) and base. Features of the kinetics curves indicated by numbers are highlighted
in the microstructure.

71



Another experiment of decreasing the load from 1 g to 0.1g was performed (Figure 4.30), but with
drastically different results as shown in Figure 4.28. In this case, the forest grew very slowly even to start
(at no more than 0.065 pm/s), and the growth rate drastically declined before the forest had even grown 50
um. Relieving most of the load seemed promising, as the growth rate rapidly increased to a peak rate,
though this rate declined immediately and quickly to termination. This growth shows that the growth rate
can be recoverable (and may even be exceeded) upon relief of external force, but the extent of the
improvement is limited by the initial growth conditions. The SEM images (Figure 4.31) seem to indicate
that the CNT density was low and misalignment was high to begin, with enhanced effects visible near the
forest base. This experiment offers hope that deteriorating growth might be overcome, though it also serves

as a warning that prolonged growth under a moderate load may be unrecoverable.
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Figure 4.30 Height and growth rate curves for a sudden decrease in load after the pillar had already begun buckling
during growth.
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Figure 4.31 SEM images of the forest from Figure 4.30: (A) the whole pillar, (B) the whole side-wall, and the side-
wall (C,D) top, (E,F) middle, (G,H) and base. Features of the kinetics curves indicated by numbers are highlighted
in the microstructure.
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A final investigation into the effect of decreasing the load during growth focused on a sudden switch
from a high load of 5 g to low one of 0.1 g. This was to test the limiting case of whether normal forest
growth can still be achieved after a load shown previously to prevent self-organization into a vertical
morphology is applied. As indicated in Figure 4.32, the forest grew at a very low rate under the 5 g load.
After 15 minutes of growth under the 5g load, when the pillar was not yet visible in the in situ camera, the
load was suddenly decreased, resulting in a rapid response in the growth kinetics, and the growth rate
increased rapidly. Even though the forest had been growing in a collapsed configuration, relieving the load
allowed for subsequent growth to proceed with CNTs arranged more vertically aligned, thereby reducing
the constrictions from mechanical coupling and allowing for the growth rate to be much higher. The divide
between the initial, more tortuous section of CNT growth and the area of rapid growth after the load relief

is visible in the SEM images in Figure 4.33.
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Figure 4.32 Height and growth rate curves for a large sudden decrease in load during growth.
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Figure 4.33 Images of the forest from Figure 4.32: (A) an optical image taken by the Mechanochamber camera
after retraction of the probe, and SEM images of (B) the whole pillar and (C) the top of the side-wall.

One question this experiment proposes is whether the regions of the CNTs that grow in a collapsed
state can be unwound to lengthen the forest and improve its properties after growth. This seems unlikely,
based on the result of retracting the probe after the growth had finished and the system had cooled down to
35 °C. As seen in the in situ picture of the probe retraction in Figure 4.33 and an SEM of the remaining
pillar, a chunk of the forest remained adhered to the probe and pulled apart from the substrate and from the
rest of the pillar upon probe retraction. This indicates that application of the 5 g load enhances the adhesive
force between the forest and the probe as CNTs are forced to grow further into the roughness of the probe
surface and increasing the van der Waals attractions between the forest and the probe. Although relieving
the load allowed for a long period of rapid growth, the forest may have been growing under the collective

power of just enough CNTs to withstand the low 0.1 g load.

The results of these experiments of a single sudden load change are summarized in Figure 4.34,
along with two static force growths shown for reference. The average growth rate for before and after the
load change is plotted with the height of the forest at the load change and the terminal height, respectively.
The size of square points is proportional to the applied load. The legend lists the dynamic force growths
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(colored plots) in the order that they were presented in this chapter. For most of the dynamic growths, the
load was changed when the forest reached a height of 150 um. The static growths, shown by the black
arrows and gray points, frame these dynamic growths well. Since the static force growths did not have a
load change, the growth rates were averaged before and after the forest reached a height of 150 pm. The
plot of the growth of increasing load from zero to 1.0 g, represented in blue, starts at a height of 150 pm at
an assumed average growth rate of 0.126 pm/s. Even under 1.0 g, the average growth rate for the first 150
pm is around 0.13 um, indicating that this initial growth rate is more a function of growth conditions such
as the moisture level and catalyst preparation, rather than the applied force — unless that force is great
enough to cause immediate collapse of the forest (such as the 5 g). The two outliers in the plot are the
growth of decreasing force from 1.0 g to 0.1 g (red) that grew slow initially and had a load switch before
reaching 150 um (which it ultimately never reached), and the growth of decreasing force from 5.0 g to 0.1

g (green) that was growing too slow to reach 150 um before the load switch, but grew rapidly afterwards.

The first notable information gleaned from the plot is that the static growth of 0.1 g gave the best
growth results (i.e. tallest forest, fastest growth rate on average), but this high terminal height and growth
rate can almost be achieved for forests grown at high forces initially. The growths represented by purple
and green plots achieved this; the red one did not. It is even possible to increase the average growth rate, if
the decrease in load is large enough. Additionally, there is very little separating the dynamic growths that
underwent an increase in load from the growth under a static moderate force of 1.0 g. This means that
increasing the load after a short period of growth will likely harm the growth, causing it to grow slower and
shorter than its potential, but it will not prevent further growth from occurring unless the increase in force
is too great or it happens too late in the growth process. Therefore, a single sudden change in load during

growth can be used to control the terminal height, the growth rate, and consequently the microstructure.
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Figure 4.34 The average growth rate before and after load change for each experiment (colored arrows), along with
two static force experiments (black arrows) for comparison. The first point corresponds to the height at which the
load changed (taken to be 150 um for the static force cases), and the second point is the termination height. The size
of the square points is proportional to the applied load.
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4.5 Conclusions

To conclude, external forces have a large effect on the growth of carbon nanotube forests, and can change
the achievable terminal height of the forest, the growth kinetics, and the morphology of the forest. These
effects can be studied with the in situ force application and height measurement capabilities of the
Mechanochamber system, coupled with post-growth characterization. It has been found that applied loads
drastically limit the achievable height and average growth rate of a CNT forest. In addition, a load as small
as 0.7 g can induce eventual buckling in the forest during growth, corresponding to a much smaller force
than those typically required to buckle pre-grown forests. Applying time-varying loads has revealed further
characteristics of CNT forest growth. It was found that a 3 g load can cause instantaneous buckling, a forest
can resume growing at nearly the same rate if the load is suddenly increased, and a large enough decrease
in load can allow for the forest to grow at a higher rate. Future experiments might reveal a method of
improving the quality of CNT forests or the growth rate. For instance, a high-frequency cyclic force might
be enough to break CNT-CNT contacts without the force being transmitted all the way to the growth front
at the substrate, allowing for the CNTs to rearrange and become more aligned. Additionally, applying
tensile forces to growing forests might be a way to improve the quality of growths by promoting the
alignment of CNTs within the forest and providing mechanical energy to the growth front at the catalyst to
increase the growth rate. External forces applied in a controlled manner can thus be used to administer

changes to the forest morphology and to growth kinetics.
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Chapter 5 Modeling of Mechanical Coupling between Growing Carbon

Nanotubes

To complement the experimental observations of force-modulated growth, it is important to understand
how CNT-CNT mechanical coupling can influence the growth process, and transmit externally applied
forces to the catalyst. Simulations can provide a means of approximating these forces and further
understanding the mechanism of mechanical coupling during growth. This chapter will present the
framework for modeling the intrinsic forces that develop when CNTs become mechanically coupled during
growth, and can be related to variations in the diameter and/or growth rate of CNTs coupled by van der
Waals attraction. Simulations of the growth of a pair of CNTs are used to show the mechanism of contact
formation and evolution, and it is found that the force acting on the catalyst can exceed 10 nN. Finally, a
preliminary simulation of an 8 CNT array demonstrates the scalability of the model. This work was

performed in collaboration with Abhinav Rao.

5.1 Analytical Model of CNT-CNT Interactions

A CNT forest consists of vertically aligned CNTs with a primary orientation direction yet typically
significant tortuosity [77]. Locally, the CNTs can be grouped together as segments of CNTs in close
proximity are drawn together due to van der Waals attraction forces (Figure 5.1). This mechanical coupling
allows the CNTs to grow upwards collectively in the forest configuration, and it has been hypothesized that

varying growth rates along with mechanical coupling cause waviness to develop as growth proceeds [28].

Molecular dynamics simulations and TEM studies have shown that the van der Waals forces cause
local radial deformation of the CNTs within those contact regions [78]-{80], and the extent of the
deformations depend on the diameter and number of walls of the CNTs [78]. The CNTs will bend to align
in the contact region and the cross section of the CNTs will flatten, in a geometrical configuration as
described by Figure 5.2. The CNTs will assume a geometry that minimizes the potential energy Ur between
the contributions from elastic deformation and from van der Waals forces, and can be described as the sum

of the elastic strain energy to bend the CNTs (Us) and the potential energy of the contact (Uc):
UT= US+UC (5])

The following discussion details the determination of each of the energy terms with a methodology derived

by Abhinav Rao and colleagues [81].
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Figure 5.1 SEM image and schematics [81] illustrating the multi-scale phenomenon of mechanical coupling
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Figure 5.2 (A) Geometry of CNTs deforming to form a contact. (B) Cross section of two CNTs of equal diameter
deformed by the contact [81].
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Assuming a multi-walled CNT can be modeled as a series of concentric hollow cylinders,
continuum mechanics can be used to find the elastic strain energy as a function of curvature (x) using

Bernoulli-Euler beam theory:
Lo—Lc
Us = 2[ EI k? dx (5.2)
0
The total length of the CNT that is deformed by the contact (L,) and the contact length (L) are as shown in
Figure 5.2.A. The flexural rigidity £/ is the product of the axial Young’s modulus £ and the second moment

of inertia /. For the representative CNT geometry of concentric hollow cylinders, having N walls, radius 7,

and wall thickness ¢, the second moment of inertia is given by

Sl (-]

The potential energy of the contact can be determined by integrating the contributions of strain

[ =

N

energy from radial deformation and van der Waals attractions in a cross-sectional segment over the entire

contact length.

Ue = Le(Ucs + Uyaw ¢ + Uvaw o) (5.4)

The strain energy per unit length from radial deformation can be found from plate theory [82] as

u—ande 3
cs = [m (5.5)

where D is the cylindrical rigidity of a plate and #(6) is the piecewise radius of the deformed CNT cross

section derived by Rao and described by Figure 5.2.B [81].

92
h<1+7> 0<f<a

r(8) = (5.6)

ap+a;0—-a)+a,(@—-a)? a<6<p
Tq B<6<rm

Here a and 3 are sector angles, 7 is the radius at the top, and the constants are determined through geometric

continuity. The angle a determines the sector that forms the width of the contact, given by
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w=|rdb (5.7)
/

The last term needed to determine the strain energy of radial deformation is the cylindrical rigidity D, which
can be found using the radial Young’s modulus E, Poisson’s ratio v, and thickness A:
D= Eh? (5.8)
T 12(1-v?) '

The other terms determining the potential energy of the contact are a result of the van der Waals
adhesion energy for the hollow cylinder geometry. These terms can be obtained using the extension of the
interatomic potential across a surface, removing the hollow region with superposition of the surface
potentials[83]. There are two terms for the van der Waals adhesion, one for the section of the CNT walls in

contact with each other (Uyaw ) and one for the remaining section of the walls in the cross-section (Uyaw o).

Uvaw e =—w [1;111 (315 T +12t)2>] (5:9)

_ (((R2_ R=0Y2\ (@} (@) -0
UVdW_o— 27.[ 12\/— f{(dyz (d+2t)3/2> ( ds3/2 - (d+2t)3/2 )} do (5-10)

Here, d is the separation between CNTs, R is the undeformed radius, and 4 is the Hamaker constant [81].

The total potential energy of the contact can then be determined by substituting Eq. 5.5, 5.9, and 5.10 into
Eq. 5.4.

The equilibrium geometry after a contact is formed can now be obtained by minimizing U, with
respect to the contact length L and the sector angle a. The resultant contact width and length determine the

strength of the contact. The capacity of the contact to withstand a normal force is given by

A
F, = (Gnd3) wL, (5.11)

In addition, the capacity of the contact to withstand a shear force can be found by
F, = twl, (5.12)

where 7 is the interfacial shear strength [81], [84], [85]. A contact will break if the effective shear force
capacity F is overcome by external forces. With increasing distance between the two CNTs forming the
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contact, /' will become smaller as the van der Waals attractions weaken, until essentially no attractions are
felt beyond a distance of dye: (Figure 5.3). This method is used to calculate the strength of all CNT-CNT

contacts throughout an assembly of CNTs in the subsequent sections.
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Figure 5.3 Plot of strength F of a contact with distance d between CNTs, showing the abrupt drop in strength as the
distance exceeds a threshold 8.« beyond which the van der Waals attractions are weak.
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5.2 Simulation Framework and Finite Element Structure

This simulation framework is based on a model developed by Abhinav Rao for modeling the strength of
CNT yarns. It involves creating an array of CNTs of a short initial geometry, analytically computing contact
properties, and simulating growth by adding segments at the base of the CNTs. The framework of the
simulation performed in MATLAB, and the simulation step of the CNT growth is achieved with ANSYS
finite element software. The steps involved in running a simulation are described by Figure 5.4, and a
visual representation of the effect of the key steps on the CNT geometry is shown for two CNTs in Figure
5.5. First, an array of CNTs is created, with initial geometry of short straight segments of length L, at
angle 8 and spacing s (Figure 5.6). Relevant CNT property constants used are shown in Table 5.1.

The CNTs are represented by nodes, spaced equally apart in 1 nm increments in the y direction.
The first node starting at y = 0 represents the position of the catalyst on a substrate. Other information about
the CNTs, including their diameters 4 and number of walls N,a, are specified. Then, there is a search for
any contacts between CNTs that fall within the J..ax range of the van der Waals attraction. Once located,
the contact strength, width, and length are analytically computed for each contact, according to the method

described in Chapter 5.1.

Growth segments are then added to the bottoms of the CNTs, with CNT-specific length L
Ladd = VdAt (513)

Vy is the diameter-dependent growth rate, and A7 is the simulation time step. The segments are added in a
direction so as to continue the trajectory of the bottom two points of the CNTs. The diameter dependence
of the growth rate is approximated from an expression derived to fit an analytical model by Puretzky et al.

[61] to experimental data of forests of MWNTSs grown in a cold-wall CVD reactor [28]:
V; =0.111d% — 0.02d + 0.36 (5.14)

where the CNT diameter d is in nm, and the growth rate V5 is in um/s. The analytical model by Puretzky
takes into account the diameter-dependent kinetics of the reactions occurring simultaneously at the catalyst
during CNT synthesis, with the result of a positive correlation between growth rate and CNT diameter.
Some examples of growth rates calculated from Eq. 5.14 for some diameters used in simulations are shown
in Table 5.2. The growth segments are added in the negative y direction so that the initial CNT segments

remain in the same location.
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Figure 5.4 Schematic showing the workflow of performing a CNT growth simulation using a custom MATLAB
code and ANSYS finite element simulation software.
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Figure 5.5 Schematic showing how the simulation geometry of 2 CNTs changes according to the key steps from Fig
4, along with descriptions of each element. Steps 2-4 are performed in MATLAB; Steps 5 and 6 are of performed in
ANSYS. The dotted line represents the substrate that the CNT catalyst rests on.
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Figure 5.6 Initial geometry of two CNTs, with diameter D, number of walls N, initial length Ly, added length Laqa,
angle from the substrate 6, and spacing between CNTs s.
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Property Value
Minimal Interlayer spacing of MWNT [86] 0.34 nm
Axial Young’s modulus [87] 610 GPa
Radial Young’s modulus [88] 4 GPa
Poisson’s ratio [81] 0.15
Hamaker’s constant [81] 6 x 10-19
CNT mass density [81] 2200 kg m-3

Table 5.1 Relevant Properties of Multi-walled CNTs

Diameter [nm] Growth Rate [pm/s]
6 4.2
7 5.6
8 7.3
9 9.1
10 11.2
11 13.5
12 16.1

Table 5.2 Diameters and corresponding growth rates for a series of simulations varying the smaller CNT diameter

For CNTs that do not have any contacts, the CNT position is redefined in MATLAB so that the
bottom of the added segment is moved to the catalyst base position at y = 0 and the rest of the CNT is
moved upwards, representing CNT base-growth. If there are CNT-CNT contacts, the geometries and
properties of the CNTs forming the contacts are sent to ANSYS. ANSYS builds the mesh of CNTs with
elements as shown schematically in Figure 5.5. To create a CNT structure, nodes are connected with a
beam element (BEAMI188). The contact is represented with a single complex element (COMBIN40)
connecting the bottom nodes of the contact, composed of two springs as shown in Figure 5.7. The first
spring has a stiffness K1 defined by the contact stiffness that had been computed analytically, with a
maximum value determined by contact strength F. That spring is on a slider so that the contact can be
broken without causing a convergence issue in the simulation if the force required to pull the contact apart
is exceeded. The other spring has a piecewise stiffness that has a magnitude in tension of only 0.01% of
K1, but an extremely high stiffness in compression representing van der Waals repulsion. Nodes that are
already closer than d,.» = 0.34 nm (the minimum interlayer spacing of MWNTs found experimentally [86])
are joined together with a rigid link element (MPC184) to ensure that the simulation does not allow for the

CNTs to be pushed closer than physically possible.
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Figure 5.7 (A) Schematic of combination spring element used for contacts. The top spring can slide to allow for
disengagement if the distance it is pulled exceeds &max. (B). Custom stiffness law for the attractive part of the
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contact, which breaks at the analytically computed contact strength. (C) Custom stiffness law for the repulsive part
of the contact.

Once the elements are added, a simulation is run using ANSYS, displacing the CNTs to move the
bottom of the added segments to the catalyst base positions. Pushing the CNTs up from below the x-axis to
their original start positions is akin to having the added segment grow out of the catalyst. It is important to
use this configuration to emulate the growth step using ANSYS because growing the CNTs in ANSYS
allows for the springs to capture all of the interactions that occur during growth. Forces in the CNTs develop
during the simulation because the length of each CNT segment added is determined by the CNT growth
rate. If a contact exists between two CNTs, the faster-growing CNT with the longer added segment will be
put in compression and the slower one in tension. The distribution of these forces and the resulting CNT
geometries are returned to MATLAB and recorded so that the next growth step can begin with the updated

geometry. The simulation is completed after a pre-defined number of steps have been performed.
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5.3 Simulations of Two CNTs in Contact

To understand the effects of mechanical coupling on CNT growth in the simplest of cases, simulations of
the growth of two CNTs having different growth rates were performed. For each simulation, the CNTs were
initialized as straight segments not in contact yet angled towards each other, as shown in Figure 5.6. All of
the simulations were performed for the same amount of time steps, and unless otherwise stated, the CNTs
shared the same parameters between each other and across simulations, which are listed in Table 5.3. Three
series of simulations were conducted to test the effects of varying diameters, number of walls, and starting
geometry on the force each CNT experiences, on the force that develops at the catalyst base, and on the

final geometry of the pair.

Parameter Value
Diameter of CNT1 [nm] 8
Diameter of CNT2 [nm] 11

Growth Rate of CNT1 [um/s] 11.2

Growth Rate of CNT2 [pum/s] 13.5
Number of Walls 4

Initial Length [nm] 100
Initial Angle (degrees) 80
Spacing [nm] 50

Table 5.3 Parameters used in 2-CNT simulations

5.3.1 Varying Diameters

A series of simulations was performed to test the effects of varying the diameters of the CNTs, which is
assumed to be the most important variable in determining catalyst force as it affects the growth rate of the
CNTs, their stiffness, and the strength of the contact they can form. A nominal simulation of CNTs of
diameter 9 nm and 11 nm (growth rates of 9.1 um/s and 13.5 um/s, respectively) was conducted. Figure
5.8 shows the force on the catalyst, defined as the resultant force on the bottom element of the CNT, versus
the mean CNT height throughout the simulation. The CNT with smaller diameter and slower growth rate is
always in tension as indicated by the positive red line on the plot; the larger, faster CNT is always in
compression (blue). Surprisingly, the force throughout the simulation is orders of magnitude larger than the
force per CNT shown in Chapter 4 to affect the growth kinetics of a forest. The growth force is in the range
of tens of nN for the simulation compared to 0.1 nN in experiments with 12.5 kN/m? applied load (assuming

10' CNTs/cm?). This simulation suggests that even with relatively similar diameters and growth rates, the
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stresses induced by mechanical coupling during growth may influence the quality and straightness of CNTs,

as well as the growth rate.
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Figure 5.8 (A) Plot of force on the catalyst vs. mean CNT height for two CNTs of varying growth rates throughout a
nominal simulation. (B-G) Map of force throughout each CNT (colored lines) at various stages of the simulation.
Red is tensile and blue is compressive force. A contact is represented by a black line joining the two CNTs.
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Also shown in the figure are colormaps of force on the two CNTs at various times throughout the
simulation. The force initially starts at zero as the CNTs are uncoupled (B), yet increases rapidly and reaches
a maximum after the CNTs come into contact and the differential growth causes the CNTs to bend (C).
With subsequent growth, the force relaxes as the CNTs lengthen such that the bending strain is reduced
(D,E). Eventually, the bending strain relaxes such that the CNTs become nearly parallel and the nodes
underneath the contact are pulled within the Jma threshold distance for van der Waals attraction forces,
causing those nodes to join the contact (F). The contact length increases and the contact is strengthened.
This results in a slight increase in the force on the catalyst as the flexural rigidity of the CNTs beneath the
contact increases. As the simulation progresses (G), the CNT pair continues groWing in roughly the same
trajectory, the contact length continues to increase, and the force on the catalyst stays relatively constant

over time.

Another simulation was performed with the same diameter for the larger CNT (11 nm), but
decreasing the size of the smaller CNT to 8 nm. The resulting plot of force on catalyst vs. height is shown
in Figure 5.9. The curves are noticeably less smooth than the previous simulation (Figure 5.8), with the
discontinuities highlighted by the numbered labels. The first jump in force (not numbered) is when the
CNTs first come into contact. The force relaxes slightly with some additional growth until the jump at (1),
and similarly for (2). Figure 5.10 shows colormaps of force on the CNTs, zoomed into the contact region
at the CNT tips, for before (A,C) and after (B,D) the jumps in force. The dark black line connecting the
CNTs represents the bottom of the contact, and the thin dashed lines are connecting nodes that are within
the d.:» range of van der Waals repulsion forces. The reason for the jumps in the force plot at points (1) and
(2) is that the contact is reforming with greater stiffness between steps. This forces the tips to bend slightly
more, which in the colormaps is translated into the CNTs becoming darker colors, indicating that there is

stronger coupling between the CNTs and greater forces that they exert on each other.

With further growth, the force on the catalyst decreases more until there is a brief dip in the force
at (3) in Figure 5.9, highlighted in the colormap plots in Figure 5.11. The plots show three contacts near
the CNT tips; the other two contacts had formed as more nodes were drawn within d.... between points (2)
and (3) on the force plot in Figure 5.9, as noted by the slight oscillations in the force. However, at point
(3), the contacts break and slide down the CNT (Figure 5.11.A to Figure 5.11.B), furthering the alignment
of the tips and moving many nodes away from the .. distance. The contacts move closer together (C),
further increasing alignment of the tips, but without bending them as much. As a result, the tips are holding
less force, but the increased stiffness of the contact is driving the parts of the CNTs below the contacts to
bend more, causing an increase in the force plot. The CNTs are experiencing stick-slip behavior that CNTs

are known to exhibit [89], [90]. This behavior was not evident in the previous simulation because the
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diameter and growth rate differences were small enough for the CNTs to bend the amount needed to

compensate for the growth mismatch to conform to each other without requiring too large of a strain energy

penalty to do so. Finally, at point (4), as illustrated in Figure 5.12 there is a large increase in force as the

contact increases in size and shifts orientation, forcing the CNTs to bend more below the contact.
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Figure 5.9 Force on the catalyst vs. mean CNT height for two CNTSs with larger differences in growth rate than

those of Figure 5.8. Moments of interest in the force plots are noted by numbers and further explained in Figure
5.10-Figure 5.12.
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after (C) the dip (3) in the force plots of Figure 5.9.
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The previous two simulations have elucidated the difference in contact behavior during a growth
of a CNT pair for CNTs of small diameter difference and those of large enough diameter difference to cause
stick-slip behavior. The following discussion will concern trends in the force on the catalyst and in the final
growth height between simulations of increasing mismatch in diameter. The larger CNT for each simulation
had the same diameter of 12 nm, and the smaller CNT diameter was varied from 6-11 nm. The

corresponding growth rates are listed in Table 5.2.

The variation of final height of the simulation with increasing growth rate of the smaller CNT is
displayed in Figure 5.13. The final height is defined as the average height between the CNT tips when the
simulation ends. Also shown in the figure is a plot for reference of the height that a single CNT unrestricted
by mechanical coupling would reach over the course of the same time period, using the same starting angle
of 80° and initial length of 100 nm. Generally, the final height increases with increasing growth rate of the
smaller CNT (decreasing difference in growth rate between the CNTs). However, with greater growth rates,
the final height of a single CNT far surpasses what a coupled pair accomplishes; the goupling has a
drastically limiting effect on the ability of the CNTs to translate growth into vertical gain as they become

bent rather than staying perfectly straight.

Figure 5.14 shows the cumulative force on each catalyst throughout each simulation plotted vs.
difference in diameters. For these, the diameter of the larger CNT was kept constant at 12 nm (growth rate
of 16.1 um/s), varying only the diameter (and thus growth rate) of the smaller CNT. It was seen that the
force on the catalyst at any one point in a simulation can reach tens of nN; over the course of an entire
simulation in which the CNT pair approaches 1 um of height, the catalyst can feel a force in the uN range.
Looking at the first point in the plot, a small difference in diameters allows for the CNTs to better conform
to each other’s shapes, increasing the strength of the contact and allowing for it to zip the CNTs for better
alignment without requiring a large bending strain. With increasing difference in diameters and growth
rates, the strength of the contacts is not enough to hold throughout the simulation; the contacts break,
causing the segments of the CNTs near the contacts to be forced into increased bending to re-form the
contacts. The growth is characterized by stick-slip, or the breaking and re-forming of contacts as the CNTs
slide between each other However, enough stick-slip can actually cause the cumulative force to decrease,
since there are repeated dips in the force that might ultimately sum to a lower force. Finally, at very large
differences in growth rate and diameter, the strain energy to bend CNTs to extend a contact might be too
great, so there is no strengthening and downward shifting of the contact that caused large jumps in force as
noted in the discussion of Figure 5.9. This results in the decrease in magnitude of cumulative force on the

catalyst for the largest difference in growth rate simulated.
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Figure 5.13 Final Height of the CNTs as a function of the growth rate of the CNT with smaller diameter (black).
The gray points are a reference showing the height that a single CNT would achieve with each growth rate.
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Figure 5.14 Cumulative force on the catalyst when the diameter of the small CNT (red) is changed, but that of the
large CNT (blue) is kept constant at 12 nm.

5.3.2 Varying Number of Walls

Varying the number of walls is another way besides varying the diameters to alter the rigidity of the CNTs
and thus the stiffness of the contacts they form and their degree of mechanical coupling. The number of
walls was increased from 2 to 10 for a series of simulations. The resulting final simulated heights of the
CNT pair are plotted in Figure 5.15. There is an unambiguous increase in the effective height with number
of walls; increasing the number of walls increases the flexural rigidity of the CNTs, so they will not bend
as easily and will grow straighter. Figure 5.16 shows the effect of changing the number of walls on the
cumulative force on each catalyst. Much like the trend for increasing difference in diameters/growth rates,
increasing the number of walls results in an increase in force on the catalyst, but only up to a certain point.

As the number of walls gets larger, the cylindrical rigidity increases, causing an increase in the strain energy
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to radially deform the CNTs, decreasing the contact width along with the contact strength. Similarly, the
increase in wall number increases the flexural rigidity, increasing the strain energy required to bend the
CNTs into the contact, decreasing the resulting contact length and contact strength. The end result is that
increasing the number of walls from a small number (e.g. 2 to 4) drastically increases the flexural rigidity
and thus the bending stress that is caused by the mechanical coupling. But by increasing the number of
walls (while keeping the same outer diameter), the contact stiffness is weakened to the point that stick-slip
occurs, and the cumulative force on the catalyst does not increase significantly because the CNTs may grow

uncoupled.
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Figure 5.16 Cumulative force on each catalyst when the number of walls of the two CNTs (each having the same
number of walls) is changed between simulations.

5.3.3 Varying Starting Angle

The final two-CNT study investigated the effects of changing the initial angle between CNTs. The starting
angles here are defined as angles from the vertical axis (perpendicular to the substrate), as shown
schematically in Figure 5.17. These simulations were conducted to understand how the CNTs compensate
for misalignment when they come into contact. The smaller CNT is placed at the origin, and the larger one
at a distance away so that there is a 5 nm lateral gap between the tips. Simulations were conducted with
three different starting geometries:

1. both CNTs at the same angle 6/2 (black)

2. the smaller CNT at angle € and the larger CNT at 1° from the vertical (red)
3. the larger CNT at angle # and the smaller CNT at 1° from the vertical (blue)
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The final height of the CNT pair for the simulations is plotted vs. the starting angle & from the vertical. For
the smaller CNTs, the angle does not make a large difference as the smaller CNT becomes pulled along by
the larger CNT once they form a contact. Increasing the angle from the vertical for the larger CNT, though,
drastically reduces the growth height, since the larger CNT bends the smaller CNT to maintain roughly the

same trajectory.
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Figure 5.17 Final height when the angle from the vertical of (black) both CNTs, (red) the CNT of small diameter
only, and (blue) the CNT of large diameter only is changed between simulations. The CNT with the smaller
diameter in the schematics is the left one starting at the origin.

For the simulations in which both CNTs started at the same angle (6/2), the sum (6) of the individual
angles was used as the independent variable. The plot shows that if both CNTs start at the same angle, the
ultimate height achieved by the CNT pair does not seem to dependent on that angle. Closer examination of
the colormaps of force in the CNTSs at the last step of each simulation (Figure 5.18) shows that with
increasing & the CNTs are actually growing more slanted while maintaining nearly the same average height.
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Additionally, with increasing 6 the disparity in tip height between the CNTs decreases because the contact
forms closer to the tips. In comparing these colormaps to the cumulative force on the catalyst for each
simulation (Figure 5.19), the same behavior of increasing € (i.e. increasing the degree of misalignment and
the CNT separation) as that of increasing the diameter difference and increasing the number of walls is
prevalent. With small €, the CNTs can align easily and there is hardly any bending stress (Figure 5.18.A).
With increasing 6, the increase in bending stress as a strong contact is created and maintained (Figure
5.18.B) causes the force on the catalyst to increase. Further increase in § and catalyst separation (Figure
5.18.C,D) results in weakening the contact as a greater bending strain is required to increase the contact
length, so stick-slip occurs, decreasing the force on the catalyst. Finally, if the initial  and separation are
too large (Figure 5.18.E), the contact does not increase in size or strength, the CNTs are not forced to bend

closer to the catalyst, and the force on the catalyst is reduced.
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Figure 5.18 Colormaps of force in each CNT at the final step of the simulation for varying starting angle 6. Each
CNT started at angle 6/2 from the vertical.
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Figure 5.19 Cumulative force on the catalyst when the angle from the vertical 8/2 for both CNTs is changed. The
force is plotted vs. the sum of the starting angles.
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5.4 Simulation of an Array of CNTs

A growth simulation of an array of 8 CNTs was conducted to show the capabilities of this model to extend
to larger sample sizes. The diameters and starting angles were chosen with a random normal distribution
about a mean of 10 nm and 90°, respectively. The CNTs all had 4 walls, and started at a spacing of 5 nm
with a length of 10 nm. Force colormaps of various stages throughout the simulation are displayed in Figure
5.20. This simulation demonstrates that CNTs will group, forming multiple contacts along their length.
Table 5.4 lists the cumulative force on each catalyst particle throughout the simulation. It is interesting to
note that even for such similar diameters there is a vast range of catalyst forces from 88 nN to 3605 nN in
magnitude. Additionally, half of the CNTs are in tension and half are in compression. Finally, the sum of
the forces on the catalyst (and thus the force on the substrate) is compressive, suggesting that mechanical

coupling might create compressive intrinsic stresses that could limit catalytic behavior.

Diameter [nm] Cumulative Force on Each Catalyst [nN]

10.2 168
9.8 -88
9.1 2867
11.0 -3473
10.3 -211
10.4 156
10.8 -3605
9.2 3446

Total -739

Table 5.4 Diameters and cumulative force on their respective catalyst for an 8-CNT simulation
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5.5 Conclusions

In this chapter, an analytical model that computes the strength and geometry of a CNT-CNT contact based
on principles of energy minimization was implemented into a custom code with finite element modeling to
simulate mechanical coupling in carbon nanotube growth. This code was used to discover the effects of
mechanical coupling on the force and morphological development of growing CNTs. The findings from

simulations of growth of two CNTs, and of one simulation of an array of 8 CNTs, are that:

1. Mechanical coupling causes tensile stress to develop in the smaller CNT and compressive stress
in the larger CNT, which is transmitted to the catalyst at the base (assuming the growth rate is
positively correlated with diameter as proposed by Puretzky et al. [61])

2. The magnitude of the force on the catalyst predicted by the simulation at any given time can
exceed tens of nN, and can sum to pN during the time it takes two CNTs to grow to almost 1
um in height. This is much larger than the extrinsic forces shown to affect the growth kinetics
and morphology of forest growth (e.g. 0.1 nN for applied load of 12.5 kN/m? and density10'
CNTs/cm?).

3. CNT-CNT contact behavior can fall within three regimes: (1) the contact is maintained
throughout the simulation and can grow in length, (2) the contact breaks and reforms (stick-
slip), and (3) the contact is maintained but does not grow in length

4. In general, transition from regime (1) to regime (3) occurs with increasing difference in
diameter, increasing number of walls, and increasing separation at the base, as each of these
results in increased strain energy penalty for bending the CNTs to increase the contact length

5. An array of CNTs will produce greatly varying stresses at the catalyst, even if the CNTs have

similar diameters and growth rates.

The implications of these results are that mechanical coupling could have a significant effect on
CNT growth kinetics, if the magnitudes of the forces created can be compared to the experimental studies
of Chapter 4. This could potentially have a homogenizing effect on the collective forest growth, as faster-
growing CNTs impart compressive stresses on the catalyst particles, possibly shifting the energetics of the
reactions occurring at the catalyst and decreasing the growth rate of those CNTs. The opposite effect might
also occur for slower-growing CNTs, as tensile stress might increase the growth rate of those CNTs, in
effect equilibrating the growth rate amongst the CNTs in the forest. However, at this point, these are merely
stipulations, and atomistic simulations are likely needed to discover the relationship between force and
growth rate as a result of any change in catalytic activity. In addition, the actual relationship between

diameter and growth rate has not been established, which would greatly affect the magnitude of the forces
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involved. Further work on these points are needed to improve the accuracy of the model presented in this

chapter.
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Chapter 6 Conclusions and Future Work

The main goal of this thesis was to explore the influence of mechanical forces on the growth kinetics and
quality of vertically aligned CNT “forests”. First, using a custom-built CVD reactor with an internal
micromanipulator, it was shown that compressive forces can alter the apparent growth rate and the
collective morphology of CNT forests. Second, a finite element model was used to predict the strength of
mechanical coupling between a pair of growing CNTs and the dynamics of force transmission to the
catalyst which may influence the carbon precipitation process at the CNT-catalyst interface. The major
insights and contributions of this work, as well a brief outlook for the extension of this work are

highlighted below.

6.1 Insights and Contributions
The main insights and contributions of this thesis are:

e A custom-built CVD reactor was used to, for the first time, apply controlled and time-varying
forces to CNT forests as they grow, and to monitor the growth kinetics in situ.

e [t was found that compressive forces applied to a CNT forest during growth increase the time
required for self-organization, slow the apparent growth rate, decrease the alignment, and reduce
the growth lifetime. Specifically, static forces in the range of 0.1-10 g decrease the average forest
growth rate from 0.23-0.03 um/s (as measured by the rate of height increase). Additionally, time-
varying forces can be used to induce a morphological change in the forest structure and modulate
the apparent growth rate without causing termination of growth.

e Application of compressive forces can cause the CNT forest to buckle during growth, yet growth
continues after buckling with much greater tortuosity until the growth process self-terminates.

¢ Finite element simulations suggest that mechanical coupling between CNTs causes them to
experience dynamic forces during growth, and the magnitude of these forces depends on the
relative growth rate, diameter, number of walls, initial angle from the substrate, and initial length
constraint properties.

¢ The simulations also indicate that variation in these constraints changes the behavior of the
contacts between CNTs, which affects the amount of force that is transmitted to the catalyst. For
the range of constraints studied, the magnitude of cumulative force on the catalyst ranged from
0.9 uN to 2.9 pN over the same time frame.

e The force magnitude shown experimentally to influence the morphology and growth rate of a
CNT forest (on the order of 0.1 nN) is much smaller than the force predicted by simulations to act
on individual, mechanically coupled CNTs (up to 10 nN).
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Therefore, this thesis has shown that both intrinsic and extrinsic forces can influence the morphology of
CNTs growing in forests, and may be detrimental to the achievement of high CNT density and structural

quality, which are essential for many practical applications.

6.2 Future Work

The findings described above suggest that forces hinder CNT growth, but can forces be used to improve
CNT growth? This might be possible if forces can be applied in such a way so as to prevent or disrupt
mechanical coupling without damaging the forest. This could potentially be accomplished by breaking
CNT-CNT contacts without transmitting excessive load to the catalyst. Additionally, an applied electric
field might allow for the application of electrostatic tension forces to increase the alignment of the CNTs.
Electrostatic tension might also enable increased growth rate of the CNT forest, if it can be assumed that

tension will have the opposite effect as compression.

However, it is necessary to understand the true nature of the effect of force on growth rate of
individual CNTs, how forces are distributed on the catalyst, and how they affect the catalytic activity. For
example, is there a force limit that results in immediate termination of growth if it is exceeded? Another
vital piece of knowledge is the true relationship between CNT diameter and growth rate, as that informs
the extent of mismatch in growth rates and the resulting forces that develop. Atomistic simulations of the
carbon precipitation process or in situ TEM experiments might provide a method of elucidating these
unknowns. Such understanding would be able to further guide the simulations of mechanical coupling to
achieve a more accurate representation of the distribution of forces that intrinsically develop during

growth, and how those forces affect the growth of CNTs.
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