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ABSTRACT

Mechanisms for Chemical Vapor Deposition Carbon Nanotube Growth by Surface Modification of
316L Stainless Steel

Joshua Hancock
Department of Physics and Astronomy, BYU
Bachelor of Science

The scope of this research is to analyze and attempt to model the mechanisms responsible for
carbon nanotube growth on a stainless steel substrate. CNTs were grown on 316L steel samples
by first exposing the surface to air at high temperatures to build up an oxide layer. This treated
steel was then exposed to ethylene gas at the same temperature, which promoted CNT growth on
the substrate. The oxides of some samples were reduced with hydrogen prior to CNT growth by
ethylene. At 800 °C, pre-growth reduction was found to inhibit significant CNT growth. At 700
°C, CNTs yield was less affected by pre-growth reduction, and the CNTs produced were found to
have smaller diameters than those without pre-growth reduction. The CNTs had a multi-walled
structure and an average diameter of 39 nm. Samples grown at 800 °C were analyzed using both
Scanning and Transmission Electron Microscopy to characterize how the growth process modified
the steel surface. Iron-rich nanoparticles were seen in the tips, cores, and bases of the CNTs. X-Ray
spectroscopy was used to show that iron left the oxide layer over the course of CNT growth. This
suggests that the iron-rich particles were reduced out of the oxide layer during the growth process.
These iron-rich nanoparticles acted as the primary catalysts for CNT growth.
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Chapter 1

Introduction

Due to their unique chemical and physical properties, carbon nanotubes (CNT) are an attractive
nanomaterial for various applications. For example, CNTs can be used as an additive to cement
and concrete in order to improve the compressive strength, tensile strength, electrical conductivity,
and bonding strength of the material [1]. CNTs also have a variety of potential applications in
electronics, optics, and medicine.

In their most basic form CNTs are long tubes made from rolled sheets of graphene. In this
form, they are sometimes known as single-walled carbon nanotubes (SWCNT) or multi-walled
carbon nanotubes (MWCNT) when they are formed from multiple concentric sheets. Alternative
structures also exist, such as conical shells, stacked platelets, or amorphous structures; which are
often collectively referred to as carbon nano bers (CNF). Various CNT structures can be seen
illustrated in Figure 1.1.

There are many techniques for CNT and CNF growth, but among the most common is chemical
vapor deposition (CVD). In this process, a substrate is rst prepared by depositing a barrier layer,
followed by a catalyst layer onto the surface. The substrate, barrier, and catalyst materials vary; but
a common example is a silicon substrate with an alumina barrier and iron catalyst [3]. This layer

deposition may be done by thermal evaporation, magnetron sputtering, or other similar techniques.
1



1.1 Background 2

Figure 1.1 Cross-section schematics for various forms of carbon nanotube and carbon
nano ber crystal structures. Each structure tends to have a range of tube diameters, as
shown on the axis beneath the image. Adapted from Mori and Suzuki [2].

Unfortunately, the directional nature of many of these deposition techniques means that CNT growth
is generally restricted to at substrates. Figure 1.2 illustrates the process of CVD growth on a silicon
Substrate.

Stainless steel stands out as a unique choice of substrate because it may not require additional
catalysts to grow CNTs [4]. As aresult, samples can be prepared for CNT growth without depositing
any additional layers. This means that CNTs may grow on contoured surfaces, and samples may be
prepared with fewer steps and equipment. For these reasons, stainless steel has the potential to be a
simpler and possibly more effective CNT substrate for making bulk CNTs or CNT coatings than

traditional substrates.

1.1 Background

Due to its unique properties as a substrate, various groups have researched stainless steel-grown

CNTs over the last decade. In general, it has been seen that CNTs can be grown on stainless steel
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Figure 1.2 lllustration of a basic CVD process for CNT growth on silicon. A) The
substrate is prepared by having a an alumina barrier layer and a thin iron Im deposited
onto the surface. B) The sample is heated to break the iron layer into small nanoparticles,
and hydrogen gas is used to reduce any oxides present on the particles before growth. C)
Hydrocarbon gas, such as ethylene, is owed over the sample at high temperatures. The
iron nanoparticles help to break down the ethylene into carbon and hydrogen, catalyzing
the growth of the nanotubes.
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alloys without depositing additional barrier or catalyst layers. Without the directional constraints of
layer deposition, CNTs have been successfully grown on steel foils, wire meshes, tubes, pins, and
sheets. In this section, the key results and claims of various researchers will be discussed.

Camilli et al. (2011) found that acetylene gas could be used to grow MWCNTSs on oxidized
steel when heated to 73C [5]. They observed iron particles present in the tips and at the bases of
the nanotubes, which they believed served as the seed particles for CNT growth [6]. Camilli was
uncertain of the process that pulls these iron particles out of the steel.

Zhuo et al. (2014) grew their CNTs on a 316L stainless steel wire mesh. To modify the surface
of the steel in preparation for CNT growth, the surface was given an oxidizing heat treatment in air
at 800°C, before ethylene was used to grow CNTs at 800The time of this treatment varied, but
it was found that shorter heat treatments (under 5 minutes) produced the highest CNT vyield. It was
seen by SEM imaging that heat treatment creates a faceted oxide layer on the steel surface, which is
thicker and rougher with longer heat treatments. Zhuo believes that the iron nanoparticle catalysts
are being reduced out of this oxide layer during the growth process [7].

Pattinson et al. (2015) used a stainless steel mesh in an attempt to produce large amounts
of CNTs.They prepared their steel surface via a heat treatment in air prior to growth, testing
various heat treatment temperatures. High temperature anneals were shown to increase CNT yield
dramatically, and nanotubes were observed to have iron-rich nanoparticles as tip-based catalysts [8].

Padkee et al. (2017) grew CNTs on 304 stainless steel foil using active temperatures ranging
from 600 to 90C°C. They found that CNT diamter generally decreased with increasing temperature,
and no CNTs grew at 90TC. Instead, large amorphous carbon nodules grew on the surface at this
high temperature. By performing Energy Dispersive X-Ray Spectroscopy (EDX) on cross-sections
of heat treated steel (see Section 2.2-2.3), Padkee observed that the surface of the steel had less
chromium and iron than the deeper bulk. They suspected that these metals left the surface to form

the oxide layer, and the missing iron was used to create catalytic nanopatrticles for CNT growth [4].
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From these four groups, it appears that oxidizing the surface is a key step to preparing the
steel for CNT growth. This can be done at a variety of temperatures, but appears to work best at
temperatures above 60C. CNTs can be grown at temperatures ranging from 600 td80and
above this range, amorphous growth dominates. Nanotube diameter varies greatly across studies,
but most appear to be either MWCNTSs or cone shell CNFs, ranging from 20-150 nm in diameter.
All groups observed iron nanoparticles inside their nanotubes. As such, the prevailing model is that
during CNT growth, these iron particles are pulled out of the oxide layer to act as catalysts.

While various groups have used EDX analysis (See section 2.3) to observe how the composition
of the substrate changed at various points in the growth process, all of these were done on the
bulk of the material. To better analyze the composition of small regions or layers of the material,
we believe that creating lamella cross-sections and analyzing them in a Scanning Transmission
Electron Microscope (STEM) will allow us to more carefully monitor the changes in the steel over
the growth process (See section 2.3). This technique has been demonstrated successfully in the

analysis of carbon nanotube substrates by Ke et al. [9].

1.2 Previous Research at BYU

Previous to the research presented in this thesis, several other students investigated the properties
of steel-grown CNTSs here at BYU. The results and questions left by these research projects were
crucial in establishing the goals and direction of our experiments. They also helped to develop and
establish the process for CNT growth that we used in this paper. As such, it is important to review
the ndings from these students' work.

Among the rst motivations for studying steel-grown CNTs here at BYU was as an antimicrobial
coating for biomedical implants. Because steel substrates require no deposited layers, CNTs can be
grown uniformly on contoured and complex surfaces, such as pins and screws. In addition, CNTs

coatings have been shown at BYU to discourage the growth of bio Ims due to their structure. For
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this purpose, Stephanie Morco (2021) investigated whether stainless steel implants could be made
more microbe-resistant by growing CNTs on the surface. Nano bers were successfully grown on
steel xator pins and hollow pipes. Although the nano bers were randomly oriented and wide in
diameter, they still discouraged bio Im growth on the steel, making this seem like a promising
method for medical application [10].

At the same time, Sterling Voss (2021) investigated how the mechanical and chemical properties
of the steel were changed by the CNT growth process. He found that CNTs grown on stainless steel
had high adhesion, remaining xed to the surface of a xator pin even after it was screwed into bone.
Unfortunately, steel treated with the CNT growth process was far less resistant to corrosion than
control samples. Stainless steel is normally corrosion resistant due to a passive chromium oxide
layer that protects the surface. So some part of the CNT growth process may have modi ed the steel
surface such that it can no longer produce this layer effectively. As such, even though the CNTs
resisted bio Im growth, rusting of the steel made them unsuitable for use in medical implants [11].

In order to better understand the mechanisms that drive CNT growth on stainless steel, Michael
Manwaring (2021) performed STEM and EDX analysis on several samples. During this project,
a promising method of growth was established, which allowed us to grow samples quickly at a
constant temperature (see Section 2.1). Manwaring found that the oxide layer created during the
heat treatment step contained Cr, Fe, and O, but not Ni. After 15 minutes of growth, this oxide layer
had been completely reduced to a discontinuous layer of Cr and Fe. This differed from the bulk of
the steel, which was composed of Fe, Cr, and Ni. Iron-rich nanoparticles were also seen inside the
nano bers [12].

Several important questions remained from this body of work. Firstly, how were the iron
nanoparticles that catalyze CNT growth formed? Secondly, why does the CNT growth process
cause the steel to lose its corrosion resistant properties? Answering these questions was a key

driving factor for this project.
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1.3 Thesis Overview

The primary objective of this thesis is to determine how iron nanoparticles are formed on the
stainless steel surface to catalyze CNT growth. In addition, we want to understand how the steps in
this process change the surface of the steel to affect its corrosion resistant properties. Furthermore,
we want to understand why an oxide layer is important to prepare the steel for CNT growth.

We hypothesize that the oxide layer on the steel is reduced during growth to produce iron
catalyst particles. To test this hypothesis, we analyzed how the composition of the oxide layer
changed over the course of the CNT growth process. In order to analyze the composition of such
a small region, Transmission Electron Microscopy and Energy Dispersive X-Ray Spectroscopy
were used on cross-sections of our samples. Our nal results include an illustrated model for CNT

growth on stainless steel based on our ndings.



Chapter 2

Methods

This chapter outlines how we produced and analyzed our CNT samples. The primary techniques
used to collect data were forms of electron microscopy. These allowed us to study the form and

composition of our nanotubes and stainless steel substrate.

2.1 CNT Growth Process on Stainless Steel

We used type 316L stainless steel plates with a mirror polish nish as our sample substrates. These
were cut into small chips, approximately 1 cm x 1 cm. To protect the surface from contamination,
the manufacturer's protective Im was left on until it was ready for growth.

To prepare the stainless steel surface for CNT growth, the rst step was to give the steel an
oxidative heat treatment. A gas fed tube furnace was heated up to the active temperature (either 700
or 800°C) and fed with 370 sccm of regular air. Once the temperature stabilizes, a sample chip is
inserted into the furnace on a quartz glass boat. This chip is exposed to the air ow for 4 minutes,
during which the surface oxidizes.

When the 4 minutes have passed, we begin to ow 300 sccm of argon gas over the sample and
the air ow is switched off. Argon purges the furnace for about 10 seconds, after which we begin to

8



2.2 SEM Imaging and FIB Cross-Sections 9

ow 340 sccm of ethylene in addition to the argon. This ethylene-argon mixture is passed over the
sample for a predetermined growth time, which varies from sample to sample, but ranges from 0-30
minutes. CNTs grow on the surface during this process. Once the predetermined growth time has
elapsed, the ethylene ow is switched off, leaving only argon owing through the tube. After this,
the furnace is cooled off to 200 °C, after which the sample is removed.

An optional step was added to some samples between the heat treatment and growth steps. This
step was a hydrogen reduction, which was used to reduce the oxides built up in the heat treatment
before the surface was exposed to ethylene for growth. In this step, the furnace tube is purged with
argon, as explained in the growth step, after which 310 sccm of hydrogen is owed with the argon.
This gas mixture is passed over the sample for a time ranging from 0-60 minutes.

A graphic representation of the full process can be seen in Figure 2.1. Certain parameters were
varied between the different samples we prepared; such in furnace temperature, reduction time, and
growth time; in order to help us draw comparisons as to how each parameter affects the substrate. A

detailed listing of the parameters used for each of our samples can be found in Appendix A.

2.2 SEM Imaging and FIB Cross-Sections

The surface of each sample was imaged using a FEI Helios Nanolab 600 Scanning Electron
Microscope (SEM). The high resolution of the electron microscope allows us to study the ne
surface details of the nanotubes and make length measurements of important features, such as
nanotube diameter, growth density, and nanotube growth height. Growth height was measured by
focusing on the steel substrate, then the tops of the nanotubes, and comparing the focus lengths.
Nanotube diameters were measured from SEM images using ImageJ.

To test CNT adhesion to the substrate, a plastic stylus was used to gently scrape the CNTs off a
region of some some samples. These regions were then imaged in SEM to compare how cleanly the

CNTs could be removed.
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Figure 2.1 The CNT growth process we used can be broken down into four steps: heat
treatment, hydrogen reduction, CNT growth, and cooling. The rst three steps take place
at the same furnace temperature, either 700 or°8@epending on the sample. The
hydrogen reduction step is optional and was only performed on some samples to better
understand how this process affects the steel.
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Figure 2.2 This chart depicts a 6 step process we used to create our TEM lamella cross-
sections. Our samples were rst coated in a 30 nm layer of alumina via ALD to protect
the nanotubes while using the FIB. 1) The FIB is used to deposit a rectangular cap of
organic-Pt composite on the surface. 2) The FIB is used to mill two regular cross-section
cuts on either side of the cap, leaving a bridge. 3) The FIB is used at an angle to mill
a "J-cut" around the remaining bridge. 4) An omniprobe needle is brought into contact
with the sample and welded on. The connection point left from step 3 is removed, and the
sample is lifted out of the hole with the omniprobe. 5) The sample is brought into contact
with a TEM copper grid and welded on. After this, the omniprobe needle is removed with
the FIB. 6) The FIB is used to carefully thin the cross-section via "cleaning cross-section”
cuts. This continues until the sample is <100 nm thick.

To better see how the nanotubes interact with the steel, a Focused lon Beam (FIB), equipped
within the Helios SEM, was used to mill vertical cross-sections into some samples. To prepare
the surface for milling, samples were rst coated in 20-30 nm of aluminum oxide via atomic layer
deposition (ALD). This alumina layer helps to protect the nanotubes from the ion beam during the
milling process and also helps to isolate the original material from redeposition (see Figure 2.3).

The full process of making these cross-sections is illustrated in Figure 2.2.



2.3 STEM/TEM Imaging and EDX Analysis 12

2.3 STEM/TEM Imaging and EDX Analysis

To better understand the structure of our produced CNTs, we imaged them in a Transmission
Election Microscope (TEM). We used a FEI Tecnai F20 S/TEM to image our samples. CNTs
were prepared by scraping them off of the substrate and into isopropyl alcohol. This CNT solution
was then placed onto lacey carbon TEM grid and allowed to dry. High resolution TEM imaging
of the CNTs allowed us to measure the spacing of lattice planes in the CNTs and their metallic
nanoparticles (see Figure 3.4).

As previously stated, thin cross-sections called lamella were made from several chosen samples
to be imaged and analyzed in a Scanning Transmission Election Microscope (STEM). Using an
annular dark- eld detector (ADF) with different camera lengths, we could emphasize different types
of contrast within the image. Diffraction contrast allowed us to see the different grains in the oxide
and the steel, and Z-contrast allowed us to distinguish which regions of the sample were made from
heavier elements. An example of a STEM image of one of our lamella is shown in Figure 2.3.

In addition to imaging, Energy Dispersive X-Ray Spectroscopy (EDX) was used to analyze
the element makeup of the sample. As the electron beam scans the sample, it excites native atoms,
occasionally knocking out electrons from the sample. This causes the partly ionized atom to undergo
several energy transitions that release characteristic X-rays. The energy of these x-rays corresponds
to the energy levels of the atoms, allowing us to deduce which elements are present in the sample.
Because of the small electron interaction volume in STEM imaging, we can collect x-ray spectra
from different spots and compare them to see how the composition varies across the sample.

It is important to note how we compared our EDX data. Because the data relies on number of
counts, which can vary depending on thickness, density, exposure time, and other variables; it is
vital to normalize the spectra to some chosen value. As such, EDX data is not quite quantitative,

but instead can be comparative between regions. Because we were most interested in how the
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Figure 2.3 This lamella was taken from sample 20 (see Appendix A). A CNT is seen
growing off of the oxide layer with a metallic particle at the base. On the right, color
contrast has been added to the image to help better distinguish the different regions. The
protective alumina layer (uncolored) isolates the original material (colored) from any
redeposition, greatly aiding in image interpretation and sample protection.

composition of the steel and its oxide changed, we decided it would be best to normalize most
spectra to the Fe & peak. By keeping all our normalizations consistent to this peak, it allowed us
to compare how the ratio of Fe to other elements changed between samples and regions.

We used EDX to analyze the bulk steel, the oxide surface layer, and metallic nanoparticles
seen within the oxide layer and the CNTs. By comparing each region against the bulk steel, we
can see how the CNT growth process modi ed the surface of the steel. By comparing samples
with different parameters, we can see how each effects the overall growth process. The results of
our EDX analysis is among the most important data we used in forming our nal model for CNT

growth.



Chapter 3

Results and Discussion

This chapter reviews the observations and data we collected from our various samples. Short
Discussion on the results will be presented at the end of each section. We also give our conclusions
in the form of an illustrated model for CNT and CNF growth on stainless steel, which is presented

in Section 3.4. Future plans for the project are discussed at the end of this chapter.

3.1 General Characteristics of the CNTs and CNFs

This section will give a general overview of the features that we observed on our samples. The
characteristics discussed here are common across all the samples we created.

The rst important feature of our CNT samples was their growth direction and height. The
nanotubes grow in random orientations, without a preferred alignment. This caused them to spread
out along the surface of the material rather than growing upwards. As a result, the nanotubes form a
tangled mat or “bramble” rather than an aligned forest. In addition, the height of the growth ranges
from 3-7 microns, which is much shorter than what is achievable from silicon-based CNT growth
(See Figure 3.5 in Section 3.2). Nanotube lengths are much harder to measure due to the CNTs
tangling together, but crude measurements reveal them to be on the order of 10-20 pm.

14
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Figure 3.1 Example of CNTs, as grown. Note the tangled growth pattern.

The random orientation and short height of the CNT growth may be due to a low packing density
of nanotubes on the surface of the steel. As a result, they are not close enough to force each other
upwards into an aligned forest. Alternatively, the nanotube lengths may also be too short for aligned
growth to occur. An example of these CNTs can be seen in Figure 3.1.

Another important feature of our nanotubes was their diameters. Fifty CNTs each were randomly
selected and measured from samples 16, 20, 21, and 22 (see Appendix A). All the measured
diameters are plotted together in Figure 3.2. Across these 4 samples, the nanotubes had an average
width of 39 nm, with a standard deviation of 12 nm. This means that most of our nanotubes ranged
from 25-50 nm in diameter.

As discussed in Chapter 1, nanotube diameter has a correlation to its structure. MWCNTSs tend
to have diameters on the order of 10 nm. Shelled CNFs tend to have diameters on the order of 100
nm. Given our measurements, we expected our samples to contain primarily MWCNTS or to be

some combination of MWCNTs and CNFs.
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