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Abstract 

Carbon nanotubes (CNTs) have drawn a lot of attention during the last decades due to its 

promising mechanical and electrical properties. Extensive research regarding the mechanical 

properties of CNTs has been carried out during the last decades. A lot of effort has been put 

into developing methods to properly characterize features such as Young’s modulus and the 

deformation processes of carbon nanotubes. A detailed knowledge of these properties is 

important for many of the suggested applications of carbon nanotubes. 

 

Here we have examined multiwalled carbon nanotubes (MWCNTs) grown by pyrolysis of 

ferrocene. In some cases the carbon nanotube contained an iron core or traces of iron in the 

core. The carbon nanotubes ranged from 20 nm to 65 nm in radius and 1000 nm to 4000 nm 

in length. 

 

An atomic force microscope (AFM) was used inside a scanning electron microscope (SEM) 

for in situ force measurements. The AFM cantilever was used to displace individual carbon 

nanotubes from their equilibrium positions. The forces used to displace the carbon nanotubes 

have been plotted against the displacements of the tubes to obtain the characteristic force-

displacement curves. From the slope of these curves the spring constants of the carbon 

nanotubes have been found. Young’s modulus for each tube was derived from the spring 

constant and the tube dimensions. 

 

We found that Young’s modulus ranged from 7 GPa to 340 GPa with no observed 

dependence on the radius or the length. Previous works suggest that deformation processes 

such as rippling and buckling will drastically change the spring constant of the tubes when 

displaced. The maximum values of the applied forces in our measurements were smaller than 

those needed to push the tubes into the deformation stages. The relatively low values of 

Young’s modulus indicate that these tubes are rich in defects which dominate their 

mechanical behaviour. 
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1. Introduction 

Carbon nanotubes have been a hot topic for the last two decades. They are built up by layers 

of carbon atoms arranged in a chicken wire fashion. These layers, known as graphene layers, 

are rolled up into tube structures (see Figure 1). They can consist of only one layer of carbon 

atoms as in Figure 1a called single walled carbon nanotubes (SWCNT), or several such tubes 

stacked inside each other as in Figure 1b named multiwalled carbon nanotubes (MWCNT). 

Their structure, light weight and small size gives them special properties, electrical as well as 

mechanical, which might be used in numerous applications. 

 

 

Figure 1 – (a) A model of a single walled carbon nanotube (SWCNT) and (b) a multiwalled (MWCNT) 

carbon nanotube. (c) The different types of chirality of the CNTs. In the top an armchair tube is shown. 

The middle tube is called chiral and the bottom tube is a zigzag tube. 

A lot of research has been done and some of these properties are now well established facts 

while other properties still need more research. For the electrical properties it is now widely 

accepted that carbon nanotubes can be semiconductors as well as metallic depending on their 

chirality, opening for even more applications. The different types of chirality are shown in 

Figure 1c. 

 

The mechanical properties of the carbon nanotubes are very important for many of the 

suggested applications. For carbon nanotubes as composites in other material it will play a 

key role. Therefore a full knowledge of how the mechanical properties are affected by for 

example growth process and treatment is very important in order to be able to make use of the 

carbon nanotubes in the best way possible. The use of carbon nanotubes as composite to 

strengthen a material reaches all the way back to the 17
th

 century and the swords of Damascus 

steel. Some blacksmiths could produce these swords which had a reputation of having a blade 

with an extraordinary sharp and resilient edge. Even though the blacksmiths at the time didn’t 
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know it their way of forging these swords gave rise to MWCNTs inside the steel. This was 

discovered in 2006 by M. Reibold et al. and was published in Nature
1
. Nowadays the carbon 

nanotubes will work as composites in sports equipment such as tennis rackets or bicycles
2
. 

Another promising field of application is in nanoelectromechanical systems (NEMS). In these 

systems a low mass and high Young’s modulus is desired. The carbon nanotubes can then 

enable high switching frequencies. 

 

In this project the purpose has been to establish some of the mechanical properties of carbon 

nanotubes produced via catalytic chemical vapour deposition (CCVD) with pyrolysis of 

ferrocene powder. This growth process results in that some of the carbon nanotubes will have 

an iron core while some tubes will be left with an empty or partly filled core. We find the 

Young’s modulus of our carbon nanotubes and establish if there is a dependence on the tube 

radius or length. The presence of iron in the core is not expected to increase the bending 

modulus of the tube. However the iron core could fulfil other purposes for the mechanical 

properties of the tube. It might for example be able to prevent buckling which is the second 

step of deformation that a carbon nanotube undergoes when subjected to a force applied 

perpendicular to the tube axis. 

 

Earlier research suggests a Young’s modulus of carbon nanotubes of up to 1 TPa
3
. This is 

dependent on the amount of defects in the tubes as they will quickly lower the Young’s 

modulus. The growth process does heavily affect the amounts of defects in the tubes. CCVD 

is a popular growth method since it allows for many tubes to be produced to a reasonable cost 

and time. They do however contain more defects than tubes produced via arc discharge. 

 

For measurements we use an AFM inside an SEM. With the AFM cantilever we push the 

freestanding carbon nanotubes and measure the force used to displace them. Together with the 

dimensions of the tubes, the force and the displacements are related to Young’s modulus. 

 

We find that the Young’s modulus of our carbon nanotubes range between 7 GPa and 340 

GPa. We also draw the conclusion that the Young’s modulus is not dependent of the tube 

radius or length and that the presence of iron in the core does not affect the bending modulus. 
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2. Background 

2.1 Carbon Nanotubes 

Carbon atoms bound together by sp
2
-bonds in a honeycomb crystal lattice form graphene 

(Figure 2).  CNTs consist of graphene sheets seamlessly rolled up into concentric tube 

structures. Depending on their structure they are divided into two groups, SWCNTs and 

MWCNTs. 

 

 

Figure 2 - A graphene sheet. The grey circles represent the carbon atoms and the white lines between 

them represent the sp
2
-bonds. 

SWCNTs consist of one graphene sheet rolled up into a tube while MWCNTs consist of 

several such tubes enclosing each other. The interlayer distance between the walls in 

MWCNTs are 0.34 nm
4,5

. This is similar but not the same as the interlayer distance of 

graphite. The carbon atoms in each tube are bound together by sp
2
-bonds resulting in a strong 

structure within each tube wall. In MWCNTs the only force acting between the layers is the 

Van der Waals force. Since this is a rather weak force, the tubes can easily slide and rotate 

inside each other. 

 

2.1.1 History 

The history of carbon nanotubes reaches several decades back in time. Already in 1952 

images of carbon nanotubes were published by L. V. Radushkevich and V. M. Lukyanovich
6
. 

The article was unfortunately only written in Russian and was not paid much attention to 

outside Soviet. They did however show hollow carbon filaments of nanometer size, or in 

other words carbon nanotubes. In an editorial in the journal Carbon
7
 it is suggested that this 

team should be credited for the discovering of CNTs. Two of their images are shown in 

Figure 3. 
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Figure 3 – Images published in 1952 by L. V. Radushkevich and V. M. Lukyanovich showing carbon 

nanotubes
6
. 

Often the history of CNTs is stated to start in 1991, but also during the period 1952 to 1991 a 

lot of research was done on the subject. One reason to why it did not cause much attention 

might have been that the resolution of TEM, and thereby the opportunity to image carbon 

nanotubes, were still very limited. Therefore it was not until 1991, when S. Ijima published 

the nowadays well known article on the subject
8
, that carbon nanotubes made their 

breakthrough in the scientific community. He had used an arc discharge evaporation method 

to produce fullerenes and found MWCNTs as a by-product. A couple of years later he and T. 

Ichihashi at the time at NEC and Bethune et al. at IBM, independent of each other, reported 

about single walled carbon nanotubes. Since then the articles published about carbon 

nanotubes are countless. 

2.1.2 Electrical properties 

Due to the structure of graphene (Figure 2) the CNTs will have differing properties depending 

on around which axis the graphene sheet is rolled up (Figure 4). 
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Figure 4 – The angle θ determines the helicity of the carbon nanotubes. 

 

By defining an axis OA or a vector Ch by joining two equivalent points in the graphene sheet, 

as shown in Figure 4, it is possible to define the chirality of the tube. The vector Ch can be 

written as: 

 

Ch = na1 + ma2 (1) 

 

where vectors a1 and a2 denote two unit vectors of the graphene structure (shown in the 

bottom right corner of Figure 4). The integers n and m denote how many unit vectors that are 

used to form the unit cell of the tube. The vector T (OB) is joining two equivalent points and 

together with Ch it spans one unit cell of the CNT. T is in the direction of the tube axis. 

Depending on n and m different flavours of the CNTs are defined. If n = m the tube is called 

armchair and if m = 0 it is called zigzag. All other cases are called chiral. The different 

flavours of tubes are shown in Figure 5. Zigzag tubes and armchair tubes will have different 

electronic properties. The zigzag tubes are mostly semiconducting while the armchair tubes 

are always metallic. This is due to the band structure of graphene. 
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Figure 5 - Different flavours of CNTs. From the top to the bottom are shown an armchair tube (always 

metallic), a chiral tube and a zigzag (mostly semiconducting) tube respectively. 

To understand this it is very instructive to look at the Brillouin Zones (BZs) of the graphene 

and the CNT. The graphene has a BZ forming a hexagon (the grey area in Figure 6a). At the 

corners of the hexagon the band gap is zero. The non-existing band gap is shown in Figure 6b 

where the conduction band and the valence band are touching each other. Even so the 

graphene is not metallic but a semimetal. It is semiconducting since the density of states 

(DOS) vanishes
8
 at the Fermi level. 

 

Figure 6 - The Brillouin Zones of graphene and CNTs explain the electronic properties of tubes with 

different helicity. In a) the Brillouin Zones of graphene (grey hexagon) and CNTs (black lines) are shown. 

In b) the band structure of graphene is shown showing how the conduction band (upper) and the valence 

band (lower) just touches each other at the six symmetry points
9
. 

The carbon nanotubes BZs are a set of line segments parallel to the tube axis (black in Figure 

6a). If these line segments cross one of the corners of the graphite BZ the band gap will be 

zero. In this case the DOS does not vanish and the tubes are actually metallic. This explains 

why the zigzag tubes sometimes are metallic (when the line segment crosses a corner, every 

third integer of n) and sometimes semiconducting (when the line segment does not cross a 

corner). 
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2.1.3 Mechanical properties 

Because of the weak Van der Waals force acting between the layers allowing the tubes to 

slide inside each other the angle between the graphite layers and the tube axis is very 

important. If the angle is such that the tubes slide rather than bend the resulting Young’s 

modulus will be very low. The high Young’s modulus can only be achieved if the strong sp
2
-

bonds can effectively counteract the bending. In cases where sliding between the planes is 

possible Young’s modulus is given by
10

: 

 

  (2) 

 

where sij is the elastic compliances of bulk graphite and ɣ = sin(θ) with θ being the angle the 

graphite planes make with the tube axis. 

 

In Figure 7 Young’s modulus dependence on the angle θ is shown. The Young’s modulus 

drops rapidly and when the angle exceeds 5 degrees it is already a fifth of its original value. 

 

Figure 7 – Young’s modulus plotted against the angle between the graphene planes and the tube axis of a 

carbon nanotube
11

 

 

2.2 Earlier work 

A lot of work has been done trying to establish the mechanical properties of CNTs. The 

earliest result presented about the Young’s modulus of CNTs was an article by M. M. J. 

Treacy et al.
12

 from 1996. They examined the thermal vibrations of their carbon nanotubes 

and related the Young’s modulus to the amplitude of the thermal vibrations, σ, via: 

 

  (3) 
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where l is the length of the tube, T the temperature, kB is the Boltzmann constant, ro and ri the 

outer and inner radii of the tube respectively, E is Young’s modulus and βn is a constant for 

the free vibrations of mode n. Due to large uncertainty in both temperature and length of the 

tubes their estimation became E = 0.4 – 4.15 TPa. This was later corrected by themselves 

towards about 10% higher values of E. 

 

H. Jackman et al. have reported values of the critical strain for rippling as well as Young’s 

modulus for double walled carbon nanotubes
13

. Their tubes were grown with CCVD similar 

to the tubes examined in this work. They also used the same technique used here with an 

AFM inside an SEM. They found that the Young’s modulus varied between about 10 GPa and 

300 GPa for carbon nanotubes with approximately the same radius. In Figure 8 a diagram 

from their result is shown. 

 

Figure 8 – H. Jackman et al. reported values of Young’s modulus for tubes of radii 3 nm to 10 nm. 

The radii of their tubes varied between 3 nm and 10 nm which are considerably smaller than 

the carbon nanotubes in our measurements. 

 

Farzan A. Ghavanni et al.
14

 used the same technique with an AFM inside an SEM measuring 

the Young’s modulus for another type of carbon fibres (Figure 9). Their fibres had a cone 

structure where the graphite plane made an angle with the tube axis. They used two different 

models when calculating the Young’s modulus. 
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Figure 9 – The structure of the fibres examined by Farzan A. Ghavanni et al. They used different models 

for calculating Young’s modulus as shown in a) and b). 

The first model treats the carbon fibre as a uniform structure of tilted graphite planes. The 

other model is a two phase model where an outer layer of amorphous carbon is added around 

the tilted graphite planes. The second model is reported to be the best description of the fibres 

and they yield a Young’s modulus of 11±8 GPa for the inner core and 63±14 GPa for the 

outer amorphous shell. 

 

In 2007 K. Lee et al. presented results showing a change in Young’s modulus of nearly two 

orders of magnitude
15

 as shown in Figure 10. 

  

 

Figure 10 - K. Lee et al. reported values of Young’s modulus in CCVD grown, MWCNTs with diameters 

ranging from 10 nm to 25 nm. 

Their tubes were grown by CCVD. They deposited their tubes on a surface with holes and 

trenches resulting in an ideal set-up as in Figure 11. 
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Figure 11 – A sketch of the set-up for the measurements done by 2007 K. Lee et al. showing the carbon 

nanotube deposited over a trench
15

. The AFM cantilever is deflecting the tube. 

They used an AFM cantilever to deflect the carbon nanotube. By assuming that the beam has 

a uniform and circular cross section they derive Young’s modulus from 

 

  (4) 

 

where l is the length, I the area moment of inertia, F the force and δ the deflection. They do 

report diameter dependence. The wide range of Young’s modulus over a small diameter is 

explained by defects due to the method of growth in the carbon nanotubes. 

2.3 Young’s modulus 

Hooke’s law describes the linear relationship between the stress, σ, and the strain, ε, in a 

material subjected to a small force: 

 

ε (5) 

 

The proportionality constant E in this equation is called Young’s modulus or sometimes the 

modulus of elasticity, after the English 18
th

 century scientist Thomas Young. The stress and 

the strain are defined as 

 

 (6) 

 

with F being the applied force and A the area and 

 

 (7) 

 

where l is the length. This gives Young’s modulus the dimension Pascal. In larger dimensions 

Young’s modulus is a material dependent constant. That means it should not vary within the 
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same material. But when sizes are diminished to nanometer scale it has been found that 

Young’s modulus gets dependent of other characteristics than material. 

 

For a cantilever beam with circular cross section Young’s modulus is given by
13

: 

 

 (8)
 

 

where k is the spring constant of the beam, l the length of the beam and ro the outer radius of 

the beam. 
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3. Experimental methods and sample preparation 

3.1 Scanning electron microscopy 

3.1.1 History and principles 

The first commercial scanning electron microscope (SEM) was sold in 1965, though the 

history of the SEM reaches all the way back to 1935 when its principles were described by 

Knoll
1
. He described a system of lenses, an electron gun, an electron collector, some 

photorecording cathode ray tubes and the electronics required to make an SEM work. Since 

then the development of the SEM has gone far beyond his model but these are still the 

fundamental parts of the instrument. 

 

An SEM is an electron microscope that uses a focused, high-energy electron beam to scan the 

sample surface. The image formation is implemented by the interactions between the 

electrons in the beam and the atoms in the sample. The electron beam interacts with the atoms 

in the sample in different ways as shown in Figure 12. A variety of detectors are used to 

detect electrons with different energies. Depending on the energy range of the electrons 

detected the electrons give information about different features of the sample such as surface 

topography, composition and electrical conductivity. The SEM operates only in vacuum. The 

sample examined by an SEM needs to be conductive in order to prevent accumulation of 

charges on the sample surface. 

 

 

 

Figure 12 – A principle sketch of how the interaction between the electron beam (primary electrons) and 

the atoms in the sample give rise to electrons with various energies in (a) a thin sample and (b) a thick 

sample. In (b) the range of interaction volume of the electrons penetrating the sample is shown. 
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3.1.2 Imaging methods 

An electron gun is used to shoot the electrons at the sample. There are different kinds of 

electron guns used in SEMs, some using thermionic emitters such as tungsten while others use 

cold, thermal or Schottky field emission sources, but the purpose is always to provide a well 

defined beam current with adjustable energy. In order to achieve a good resolution the energy 

span of the electrons should be as small as possible. Electrons of differing energy will have 

different angels of refraction resulting in chromatic aberration. 

 

The electron gun in the SEM at Karlstad University is a Schottky field-emission gun. 

Electrons are generated and accelerated by the electron gun to an energy of 100 eV to 30 000 

eV depending on the application. To achieve a small probe the electron beam travels through 

a system of lenses as depicted in Figure 13. 

 

 

Figure 13– Principle sketch of the SEM where the electron gun, lenses, the apertures and the detectors are 

shown
16

. 
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The electron beam hit the sample and the outgoing electrons are detected by a detector. 

Different kinds of detectors are used to detect electrons at different places in the chamber and 

of different span of energies as described below. 

 

Secondary electrons 

The secondary electrons (SEs) are emitted from the sample when the primary electrons 

interact inelastically with the atoms in the sample. The SEs have a relatively low energy of 

less than 50 eV and hence only the electrons of at most 5 nm depth
16

 are able to make their 

way out of the material. Depending on the tilt of the sample with respect to the beam a 

different amount of SE will be able to escape. If the beam is perpendicular to the sample few 

electrons will find their way out and that part will be imaged as dark. If the angle between the 

beam and the sample is steep more electrons will be able to escape and that part will be 

imaged as bright. This makes the images created by SE to be similar to that if you shine a 

flashlight perpendicular to a rough surface where the flashlight is the electron beam. Often 

those images may seem easy to interpret and in a lot of cases the intuitive interpretation is 

correct. 

 

Backscattered electrons 

The backscattered electrons (BSEs) are electrons that have been elastically scattered back 

from the sample. Several elastic scattering events may have taken place before the electron 

finds its way out of the sample surface. The intensity of these BSEs depends strongly on the 

atomic number of the atoms they get scattered by. This gives rise to a contrast between 

elements with different atomic number. 

 

The amount of BSE, η, is defined as 

 

nBSE / nB = iBSE / iB (9) 

 

where nBSE and iBSE is the number of backscattered electrons and the backscattered electron 

current passing out of the sample respectively and nB and iB is the number of incident 

electrons and the incident beam current respectively. η is dependent on the tilt of the sample
16

 

i.e. the complement of the angle between the beam and the surface plane. At very high tilt 

angels η is close to one. Since the sample examined in this project is not flat but rather 

contains different tilted artefacts everywhere on the surface the amount of BSE will vary a lot. 
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Characteristic X-rays 

Characteristic X-rays are emitted when electrons from the beam knock off an inner shell 

electron of a sample atom and an outer shell electron falls down to take its place. The energy 

difference between the two states will be the energy of the x-ray photon. Since these levels are 

different for different elements, information about which elements that are present in the 

sample is achieved. Since the composition of the sample was already know this was not of 

interest in the project and was not used. 

 

Detector 

In order to form an image the electrons need to be detected somehow. This is done by an 

electron collector placed in front of a scintillator or photomultiplier
2
. Depending on the 

voltage on the electron collector screen different electrons get detected. If the voltage on the 

screen is positive (+300 V) secondary electrons and backscattered electrons are collected. If 

the voltage is negative (-100 V) the secondary electrons, due to their low energy, are repelled 

and only the backscattered electrons are detected. The electrons collected by the screen are 

accelerated by the scintillator which has a high voltage in the ~10 kV range. A scintillating 

material is a material that when excited, in this case by the accelerated electrons, will emit 

photons corresponding to the energy change. These photons then travel through a light pipe to 

an amplifier where the signal is enhanced and transformed to an image which can be viewed. 

 

The electron beam 

Basically four parameters of the beam determine the sharpness of the image. These are the 

electron probe size, the electron probe current, the electron probe convergence angle and the 

electron beam accelerating voltage as shown in Figure 14. 
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Figure 14 - The electron probe size (dP), the electron probe current (IP), the electron probe convergence 

angle (αP) and the electron beam accelerating voltage (Vo) 

The electron probe size is the size of the electron beam when focused at the surface. The 

smaller the probe size the higher the resolution. In order for a feature on the surface to be seen 

the probe size should be of about the same size. But a small probe size also means a small 

beam current. The probe current is the current in the electron beam when hitting the surface. 

The higher the current the more electrons detected by the detector. There is a limit called the 

visibility threshold which says how large current there must be in order to achieve any 

contrast. This is given by
16

 

 

(10) 

 

Where C is the desired contrast, tf is the time taken to scan one full frame of an image, DQE 

stands for detector quantum efficiency and δ means the yield of secondary electrons (η would 

mean backscattered electrons as before) so that 

 

 (11) 

 

is what is written for the secondary electrons. And 

 

 (12) 

 

for the back scattered electrons. 
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IS is defined as 

 

  (13) 

 

Where τ is the dwell time per pixel, e is the electron charge and n is the number of electrons 

collected at each pixel. 

 

The electron probe convergence angle affects the depth of focus. In order to have a good 

depth of field the angle should be as small as possible. With a small angle the beam diameter 

is not changing very much in the vertical direction. Hence features on different height will 

appear to be in focus for the same focus settings. 

 

The electron beam acceleration voltage determines how deep the beam will penetrate the 

sample. A high voltage (15-30 kV) gives a large penetration depth which will give more 

secondary electrons and hence more information about the interior of the sample. A low 

voltage (< 5 kV) is better for imaging the surface since the interaction volume is smaller. 

 

Interaction volume of the beam on the sample is dependent on several different parameters 

such as the electron beam current, the atomic number of the atoms in the sample and the tilt of 

the sample. During this project an electron beam current of 12 keV has been used. The main 

elements in the samples used were carbon (atomic number Z = 6) and silver (atomic number Z 

= 47). The interaction volume is decreasing with increasing atomic number. Monte Carlo 

calculations of the interaction volume at 20 keV in a flat sample of carbon (left in Figure 15) 

and silver (right in Figure 15) is shown in Figure 15. Some of the tubes had an iron core so 

simulation for iron is also shown for reference (middle in Figure 15). Since the carbon 

nanotubes examined are of smaller size than the interaction volume in carbon and iron there 

are no part of the tubes that is not penetrated by BSE. 
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Figure 15 - Monte Carlo calculations of the interaction volume at an electron beam energy of 20 keV of 

carbon (left), iron (middle) and silver (right). 

Depth of field 

SEM has a depth of field that is several micrometers. In many cases this is an advantage as it 

enables the user to find focus not only on small but also on larger artefacts at the surface. It 

can also be a problem since it makes it hard to distinguish height differences. 

 

Charging 

During some measurements a problem with charging of the sample occurred. The AFM 

sample holder which is inserted in the SEM is partly built up by ceramic material. If imaging 

a ceramic material charges are accumulated at the surface. This give rise to defects in the 

imaging. This charge accumulation disappears only if the sample comes in contact with 

particles that can carry the charges away. Since in vacuum the only way this will happen is if 

opening the chamber slightly to let some air in. The few times this happened the chamber was 

opened and then closed again and left to pump vacuum for several hours. 

 

Resolution 

The resolution is dependent on the thickness of the beam which in turn depends on the 

electron wavelength and the electromagnetic lenses. The resolution is also dependent on the 

size of the interaction volume. Both of these are larger than the interatomic spacing resulting 

in a resolution which is not in the atomic scale but rather about 1-30 nm
16

. 

 

Vacuum system 

A vacuum system basically consists of a chamber, some pumps to reach vacuum and some 

gauges to measure the pressure inside the chamber. When inserting the sample into the 

chamber the chamber doors are completely opened and the chamber is exposed to all the 

molecules in air. From this environment to an ultra-high vacuum there are several steps which 

have to be taken and several different pumps which have to be used. This is because different 
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pumps work in different regions of pressure. First some kind of roughing pump needs to be 

used in order to establish an initial vacuum. When this first vacuum is obtained a 

turbomolecular pump or a diffusion pump can be switched on to further increase the vacuum 

and eventually obtain an ultrahigh vacuum. The SEM in Karlstad University uses a 

turbomolecular pump for the chamber. An ion pump is used to sustain and increase the 

vacuum in the filament i.e. gun vacuum which requires a better vacuum. 

 

Turbomolecular pump 

When a pressure of about 10
-2

 mbar is achieved a turbomolecular pump is used to decrease 

the pressure even more. A turbo pump will be able to establish a pressure of about 10
-10 

mbar. 

The schematic of the turbomolecular pump is shown in Figure 16. It consists of a rotor part 

and a stator part. The rotor part rotates at a very high speed (about 15 000 - 30 000 rpm). On 

the rotor part several blades are situated which hits the molecules giving them high velocity.  

 

Figure 16 - The schematics of a turbomolecular pump is shown. The rotor and the stator with its blades 

are marked in the figure. 

The direction of this velocity is determined by the blades which are inclined with respect to 

the rotor axis as shown in Figure 17. This gives an enhanced probability that the molecules 

will be pushed in the wanted direction, away from the UHV side and towards the side with the 

rotary pump. The stator blades are also inclined (but inversely) enhancing the probability of 

the molecules moving in the desired direction even more. Since the pumping process is all 

mechanical (molecules hitting the blades) there are no hydrocarbons or any chemical 

reactions present. 
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Figure 17 - The rotor blades are tilted with respect to the rotary axis to enhance the probability of pushing 

the molecules away from the UHV side. 

Ion pump 

To get a pressure in the order of 10
-11

 mbar an ion pump is used. Strong magnets outside the 

vacuum chamber induce a magnetic field inside the vacuum chamber. This magnetic field is 

used to spin electrons, creating an electron cloud. Electrons then hit the gas atoms in the 

chamber kicking off their valence electrons and ionizing them. By applying a voltage to an 

electrode the ions are accelerated towards the electrode. The ions hit the cathode at a high 

speed sputtering the cathode surface. The ions react chemically with the cathode and are 

removed by chemisorption. 

 

Gauges 

In order to know what pressure is obtained in the chamber gauges are used. There are several 

different gauges that are used detecting the pressure in different regimes. For pressures down 

to 10
-4

 mbar a Pirani gauge can be used. The technique of this gauge is that it measures the 

pressure by detecting change of resistance in a wire inside the vacuum chamber. The 

resistance is dependent on the temperature. When heating the wire, by an electrical current, 

molecules in contact with the wire will help cooling the wire. Lots of surrounding molecules 

means more efficient cooling which affects the resistance. So by measuring the resistance it is 

possible to estimate the amount of molecules in the chamber. 

 

Another gauge used in the lower regime (down to 10
-10 

mbar) is the ionization gauge. This is 

possible by bombarding the molecules in the chamber with electrons ionizing the molecules. 

These ions can be detected and the ion current will be a function of the pressure inside the 

chamber. 

 

Valves and flanges 

The different parts of a UHV system need to be connected to each other in a way where 

leakage is avoided. To do this flanges are used. Before putting two parts together a copper 
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flange is applied to the ends. When pressing the two parts together their sharp edges will cut 

into the copper flange and in this way no leakage will occur. These flanges have to be 

replaced every time the system is taken apart. In an SEM the chamber is opened and exposed 

to air every time a sample is inserted or removed. This makes it impractical with copper 

flanges. Instead the chamber door is sealed with a rubber ledge. This will not give as good 

sealing as copper. 

 

In order to achieve a vacuum in the 10
-10 

mbar regime copper flanges and bake out is needed. 

Since neither of those are used in the SEM the pressure will never get lower than 10
-7 

mbar. It 

should also be noted that if the background pressure in the chamber is high during 

measurements amorphous carbon will add to the carbon nanotubes. Also the high energy of 

the electron beam will harm the tubes. Hence it has been of high importance, in addition to 

have a good vacuum, to spend as little time as possible irradiating the tubes with the beam. 

Therefore it has been customary to, right after finding a tube, perform the force measurements 

and only after these are done scan the tube for detailed images for the length determination. 

During measurements the SEM has been operated at an acceleration voltage of 12 kV since 

this voltage earlier has been found to do little harm to the tubes
13

. The chamber vacuum has 

been around 4*10
-7

 mbar. 

 

3.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) is used to gain information about chemical 

composition as well as information about the crystal structure and crystal defects. TEM uses a 

high energy electron beam which is shot through a very thin (~100 nm) sample. The beam is 

focused and the movement controlled by a set of electromagnetic lenses. The electrons which 

are transmitted through the sample are detected and their energy is observed on the other side 

of the sample. Both images and diffraction patterns can be observed depending on what mode 

is being used. The TEM can have a resolution ranging down to under 1 Å. The limiting factor 

is problems with aberration and astigmatism in the lenses. The depth of field of a TEM 

exceeds its resolution. Figure 18 shows a sketch of a TEM. In the figure the electron gun, the 

different lenses and apertures, the specimen port and the fluorescent screen is shown.  
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Figure 18- Sketch of a TEM showing the electron gun, lenses and apertures. Fluorescent screen as well as 

the image recording system is shown. 

3.2.1 Imaging methods 

 

Mass-thickness contrast 

Mass-thickness contrast (M-TC) is usually used when biological or non-crystalline samples 

are examined. The intensity of the elastically scattered electrons will vary depending on the 

thickness of the sample. It will also vary depending on the mass of the sample as well as the 

energy of the electron beam. 
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Diffraction contrast 

Diffraction contrast (DC) is used on crystalline samples. An aperture is inserted in an image 

plane of the electron source beneath the sample. This aperture can allow only directly 

transmitted electrons to form an image (bright field imaging) or only one of the diffracted 

beams (dark field imaging). 

 

Phase contrast 

A larger aperture than those used for the imaging modes above can be inserted allowing 

several diffracted beams into the imaging system. These beams interfere in the back focal 

plane (and not in the imaging plane as in previous imaging modes) giving rise to a diffraction 

pattern. This diffraction image reflects the periodicity in the crystal in the plane normal to the 

optical axis. The diffraction pattern will be incomplete since all beams cannot fit into the 

aperture, but unlike M-TC and DC Phase contrast (PC) will give information about the crystal 

structure. 

3.3 Atomic force microscopy and Nanofactory 

An atomic force microscope consists of a cantilever with a sharp tip sweeping across a sample 

surface (Figure 19). The movement of the cantilever is controlled by piezoelectric devices. 

Forces, such as Van der Waals forces, between the cantilever and the sample will deflect the 

cantilever form its original position. A laser reflected on the back of the cantilever maps the 

displacements of the cantilever. The laser works as a feedback parameter and send 

information to the piezoelectric devices controlling the movement of the cantilever. 

 

 

Figure 19 – A principle sketch of an ordinary AFM. 

With an AFM it is possible to image a sample in several different modes such as tapping 

mode and contact mode. In tapping mode the cantilever is driven by piezoelectric devices to 
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oscillate close to its resonance frequency. When close to the surface the forces acting between 

the cantilever and the surface affect the amplitude of the oscillations. By detecting these shifts 

in amplitude and phase a feedback parameter is obtained. In contact mode the force between 

the cantilever and the sample is held constant by maintaining a constant tip deflection during 

the scan. The deflection is used as feedback parameter. It is also possible to perform force 

spectroscopy where the forces acting between the tip and the sample as a function of the 

distance between the tip and the sample are examined. However it is not possible to image 

and perform spectroscopy simultaneously. The AFM is suitable to use when wanting to 

perform force measurements on freestanding carbon nanotubes. In this project the AFM is 

only used for atomic force spectroscopy and not for imaging. This means that the cantilever is 

not used to sweep across a surface as in the different imaging modes. Instead the cantilever is 

fixed in x- and y-position and only moves in z-direction to push at one point of the sample. 

This point is the very end of the CNT. The force it takes to move in z-direction is registered 

and plotted against the displacement of the cantilever to give the characteristic F-d curve. 

 

The AFM used is specially designed to be able to mount it inside an SEM. A principle sketch 

of the AFM inside the SEM is shown in Figure 20 and image of the AFM is shown in Figure 

28. The piezo movement is controlled manually with software and electronics from 

Nanofactory Instruments
TM

 
17

. Since this AFM supposed to operate in a quite narrow space it 

is impractical with a laser shining on the back of the cantilever. Instead it has a piezoelectric 

sensor attached to it detecting the cantilever deflection. A camera image of the mounted AFM 

from inside the SEM chamber is shown in Figure 21. 

 

 

Figure 20 - A principle sketch of the AFM inside the SEM. 
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Figure 21 – A camera image of the AFM inside the SEM chamber. The lens with its in-lens detector is 

visible at the top of the image and the AFM with the sample holder under the lens. To the top right 

another detector is shown. 

3.4 Calibration 

Calibration of a piezoelectric AFM cantilever inside an SEM 

For proper analysis of our measurements, some properties of the cantilever need to be known. 

The spring constant, k, and the constant c, that relates the output voltage to the deflection, 

need to be known as well as the movement of the piezo in the z-direction when a voltage is 

applied to it. 

 

Calibration of the spring constant in AFM cantilevers can be done in several ways. Cumpson 

et al.
18

 suggest four different ways: theoretical (dimensional), thermal, static and dynamic. 

One of the most popular and reliable ways is to use the resonance frequency of the 

cantilever
19

. This calibration however does not provide a way to determine the constant c that 

relates the output voltage to the deflection. Therefore another technique is used as described 

below. 
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The calibration of the cantilever used in this experiment was already completed when starting 

this project. In order to gain knowledge of how the calibration was performed, another 

cantilever was calibrated in a similar way in a TEM. This calibration consists of three steps. 

 

 Calibration of the movement of the piezo in the z-direction (backward/forward 

direction) 

 Finding the constant c, that relates the output voltage to the deflection, from the slope 

of the distance versus voltage curve received when pushing the cantilever against 

something hard (see sketch in Figure 24a). 

 Finding the spring constant, k, of the cantilever from the distance versus voltage curve 

received when pushing the two cantilevers against each other (see sketch in Figure 

24b). 

 

Note that before anything else is done the SEM magnification has to be thoroughly calibrated. 

 

Step 1 – Calibration of the movement of the piezo in the z-direction 

In order to calibrate the movement of the piezo the cantilever is brought close to a reference 

item located at the same height as the cantilever. In this calibration the cantilever was brought 

close to the holder of the other cantilever used for finding the constant k. Both the cantilever 

and the reference item should be visible in the same image with a reasonable magnification. It 

is desirable that the cantilever is positioned perpendicular to the other item in order to see that 

the piezo movement is straight and to facilitate the analysis (see Figure 22). When this set up 

is achieved a well-defined voltage is applied to the piezo. This will cause the cantilever 

attached to the piezo to move relative to the reference item. Several small steps of movements 

are done in this way and a series of images is taken. 



Sofie Yngman, Diploma work Sidan 30 2013-06-11 

 

 

Figure 22 – A principle sketch of a series of measurements where the reference item is brought closer and 

closer to the cantilever. The distance moved, the z-value, can be plotted against the voltage applied to 

obtain a distance versus voltage curve. 

By analyzing these images it is possible to measure the distance the cantilever moved when 

the voltage was applied. The distance measurements are performed afterwards by using the 

software ImageJ. The image size of the SEM image is stored by the SEMsoftware in the saved 

image and must be inserted into ImageJ. By using the measurement tool the distance between 

both cantilevers are estimated in each of the images in the series. Several measurements are 

done and the mean value is used in the calibration. The movements in each image are plotted 

against the applied voltage resulting in a plot as in Figure 23. Some hysteresis is seen in these 

plots. This is due to the response of the piezo to the applied voltage not being instantaneous 

but rather occurs over time. Sometimes the piezo will not be able to do the change quickly 

enough. 

 

By knowing the distance the cantilever moves when the known voltage is applied to the piezo, 

the piezo movement is calibrated. It is very important that both the cantilever and the 

reference item are at the same height since objects on different heights appear rotated to each 

other in a TEM. This could be difficult to do in the TEM but by rotating the sample holder 

and watch the movement of items in the image it is possible to locate the position where the 

items are at the same height. 

 

This calibration was performed over a large voltage interval. When pushing at carbon 

nanotubes only smaller voltages will be used due to the small size of the tubes. This means 

that a second calibration would be desirable and was later performed. 
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Step 2 

The second step is to push the cantilever against a hard surface in order to find the constant c 

(mV/nm) that relates displacement to voltage. 

 

Figure 23 – This diagram comes from an earlier calibration of the same cantilever as we used
11

. It is an 

example of the distance versus voltage curve obtained in the calibration. The slope of the dashed line is the 

obtained k- and c-values of the cantilever. When pushed against the hard reference material the c-value is 

obtained from the slope and when pushed against the other cantilever ktot is achieved from the slope. 

 The ideal set up is shown in Figure 24a. The force applied to the cantilever by the hard 

surface should be perpendicular to the surface since the sensor in the cantilever only registers 

deflection in this direction. Forces not perpendicular will give rise to a situation where only 

the perpendicular component shows the correct value. Several measurements are done, 

preferably over 10, in order to see that the curve is reproducible. A mean value of the slopes 

of these curves will give the constant c. 

 

Figure 24 – (a) The hard reference surface is pushed against the cantilever. A voltage versus distance 

curve is obtained and the slope of this curve gives the c-value. (b) Set up for determining k. The cantilever 

is pushed against a cantilever with known k. A voltage versus distance curve is obtained and the slope of 

this curve gives the k-value. 
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Step 3 

In the same manner the constant k will be determined which relates displacement to force. 

The set-up is shown in Figure 24b.  

 

Now the cantilever is pushed against a cantilever with known k and by using 

 

 (14) 

 

the k value of the cantilever can be determined. Where k is the total k of the system, k1 is the 

spring constant of the pre-calibrated cantilever and k2 the spring constant of the cantilever. 

Also in this set up it is important that the force is applied perpendicular to the cantilever. 

Another thing that will affect k is the length of the cantilever as seen in the beam bending 

equation: 

 (15) 

 

where t is the thickness, w the width, l the length of the cantilever and E is Young’s modulus. 

Therefore it is very important to get a good estimation of the length of the cantilever and to 

note where on the cantilever the force is applied. The length can be found by using an optical 

microscope. 

3.5 Producing the carbon nanotubes and specimen preparation 

3.5.1 Producing the carbon nanotubes 

There are several ways of producing carbon nanotubes. Some methods commonly used are 

carbon-arc discharge techniques, catalytic pyrolysis of hydrocarbons and condensed-phase 

electrolysis
20

. 

 

The carbon nanotubes used in this project were produced at the University of Sussex 

(England) in collaboration with Chalmers University of technology. They were produced by 

using pyrolysis of ferrocene powder (Figure 25) at a temperature of 800°C. Pyrolysis is a 

process in which a material decomposes at elevated temperatures without the incorporation of 

oxygen. In this way no combustion happens. 
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Figure 25 – The structure of ferrocene, (C5H5)2Fe. The large atom in the middle is the iron atom. It is 

sandwiched between two rings, each consisting of five carbon atoms (medium size) with five attached 

hydrogen atoms (small size) to it. 

The filling within the carbon nanotubes has been found to be dependent of the ferrocene 

concentration
21

. In this article they used an aerosol generated from a solution of ferrocene 

decomposed with compressed Ar gas. The ferrocene concentrations used were 2.5% and 5%. 

At the higher concentration of ferrocene the filling yield was increased. It was also found that 

by increasing the temperature to 950°C from 800°C the amount of carbonaceous material 

produced increased but the yield of carbon nanotubes decreased. 

 

Figure 26 – The ferrocene is used as the precursor in the producing of the iron filled carbon nanotubes. By 

pyrolysing ferrocene at 800°C the carbon nanotubes are synthesised. 

In the process of making the carbon nanotubes used in our project, aerosols was not used 

during the synthesis (se Figure 26). A two-stage furnace was used where both parts of the 

furnace have independent temperature controllers
22

. 

 

The resulting CNTs are multiwalled, ranging from just a few walls and a diameter of about 20 

nm to CNTs built up by tens of walls with diameters up to around 150 nm as observed in 

TEM. A wild variety of lengths of the carbon nanotubes have been observed in TEM and 
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SEM ranging from just a few nanometers to several micrometers. They are found in large 

clusters or skeins. 

3.5.2 Specimen preparation 

The fibres were brought in powder form from Chalmers University of Technology. These 

were dissolved in ethanol and a drop of the solution was deposited onto a glass slide and left 

to dry. When dry, the glass slide was covered with the carbon fibres conveniently spread out. 

 

The carbon fibres were attached to a silver wire by conductive epoxy silver glue. The glue 

was left to cure for about 40 minutes such that it was sticky but not liquid. The attachment is 

done by carefully dipping the end of the silver wire in glue, preferable as little glue as 

possible, only covering the very end of the wire. The glue covered end of the wire is then 

carefully brought close enough to the dispersed fibres to barely touch them and pick them up. 

This is done under a microscope after first localising a suitable area of carbon particles. If 

done properly the sample might look as in Figure 27 having good chances of containing 

freestanding fibres suitable for force measurements. 

 

 

Figure 27 – A properly prepared sample with carbon fibres glued to a silver wire imaged by an optical 

microscope. The diameter of the wire is 0.25 mm. 

The wire is placed in an AFM sample holder shown in Figure 28a. This holder is placed over 

the black ball inside the AFM shown in Figure 28. 
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Figure 28 – a) The AFM sample holder. b) The AFM specially designed to be mounted inside an SEM. 

The AFM is then mounted inside the SEM. The SEM chamber is left pumping for several 

hours to obtain a satisfying vacuum level in which electron beam induced deposition is 

negligable. 

 

3.6 Set-up for force measurements 

The force measurements are performed by pushing the carbon fibre perpendicular to an AFM 

cantilever. The cantilever is calibrated as described in section 3.4 Calibration. A principle 

sketch of the set-up is shown in Figure 29. 

 

 

Figure 29 – The set-up during the measurements
11

. In (a) the cantilever approaching the silver wire with 

the carbon nanotubes glued to it is shown. In (b) the tip of the cantilever just before contact with the 

carbon nanotube (upper figure) and during bending (lower figure). 

In Figure 30 an SEM image of the set-up is shown. In this image the AFM cantilever is on the 

left side and the silver wire with the carbon nanotubes to the lower right. 
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Figure 30 – An SEM image of the set-up. To the left the AFM cantilever. To the right the silver wire with 

a carbon particle attached in the top. The small thread-like items sticking out from the carbon particle are 

the carbon nanotubes. 

The force can be plotted against the displacement to get a force-displacement curve (F-d 

curve). A typical F-d curve is shown in Figure 31. The black line between 0 nm and 190 nm 

shows the cantilever approaching the carbon nanotubes but not yet in contact. At about 190 

nm the carbon nanotubes and cantilever comes in contact with each other as can be seen from 

the black line when the force is increased. From 190 nm to 300 nm the cantilever is pushing 

the carbon nanotube with increased force. At 300 nm the force starts to decrease as the 

cantilever is retracted from the carbon nanotube again (grey line). At about 130 nm the 

cantilever lose contact with the carbon nanotube again and a snap out can be seen in the 

graph. 
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Figure 31 – A typical force-displacement curve. The solid line shows the forward direction and the grey 

line shows the backward direction. 

Determination of Young’s modulus 

Due to the structure of the carbon nanotubes they can advantageously be modelled as a hollow 

cylinder. For a hollow cylinder Young’s modulus can be determined by 

 

 (16) 

 

where kc is the spring constant of the CNT and ro is the outer radius of the tube. 

 

Spring constant 

The spring constant ktot is determined from the F-d curves obtained during the force 

measurements. The slope of the curve, ktot, when the cantilever is pushing the carbon fibre 

with increasing force is approximately linear. 

 

The total spring constant is correlated to the spring constant of the cantilever, kcl, and the 

spring constant of the carbon nanotubes, kc, as follows
14

 

 

  (17) 
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The spring constant of the cantilever, kcl, is determined during the calibration of the cantilever 

which is described in section 3.4 Calibration. During this it was found that kcl = 0.715. For 

each nanotube several force curves are taken. These are summed up to get an average slope. 

This average is the spring constant used when determining Young’s modulus. 

 

3.7 Length- and diameter estimation 

The dimensions of the carbon nanotubes are of high importance for the estimation of Young’s 

modulus. The length comes into equation 16 as l
3
 and the diameter as ro

4
. Hence reliable 

models for estimating the length and diameter are necessary. 

3.7.1 Tube length analysis 

The length of the tube is important in the analysis of the force curves. The length comes into 

equation 16 to the power of three so an accurate value is crucial. Since it is difficult, and in 

some cases even impossible, to determine the exact point of attachment just by inspection of 

the SEM images, another technique has been used. The carbon nanotube subjected to the 

force of the cantilever can be modelled as a beam subjected to a point load. 

 

The displacement of a beam subject to a point load can be described by
11

: 

 

 (18) 

 

where x is a point on the reference line,  is the displacement in the point of attachment 

where x is zero and l is the length. The set-up is shown in Figure 32. 

 

Figure 32 – A sketch of the carbon nanotubes before (upper figure) and during bending (lower figure).  

The displacements are found by measuring the distance from a reference line, x, to the carbon nanotubes. 

The difference between this distance before bending and after bending is the displacement. Figure 

modified from reference
1
. 
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The reference line was used to compare the displacement of the fibre before and during 

bending. For measurements ImageJ was used. By using the method of least squares, equation 

18 was fitted to the displacements and the length was used as the fitting parameter. The least 

square method used was lsqcurvefit in MATLAB. The MATLAB code to this can be found in 

Appendix. In Figure 33a (before bending) and Figure 33b (after bending) an example of what 

the measurements look like is shown. 

 

 

Figure 33- a) An SEM image of the carbon nanotube before bending. The cantilever is seen in the upper 

left and is just out of contact with the carbon nanotube. b) An SEM image of the carbon nanotube during 

bending. The cantilever is seen in the upper left and is pushing the carbon nanotube downwards. 

3.7.2 Estimation of the diameter 

The radius comes into equation 16 as r
4
. Hence it is, just like in the case of the estimation of 

the length, of high importance that a good measure of the radius can be found. In an article
23

 

by H. Jackman a method for retrieving the outer diameter of nanotubes is presented. There 

they fit a 10
th

 degree polynomial to the data points and take the second derivative of the fit. 

The distance between the two zero points of the second derivative is a good approximation of 

the diameter. This method was used here. 

 

In Figure 34 a 10
th

 degree polynomial is fitted to our data points. The second derivative of this 

polynomial is calculated and shown as the solid line. The distance between the two zero 

points of the second derivative (indicated with two black rings in Figure 34) is the estimated 

value of the diameter. 
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Figure 34 – An example of what a plot of the diameter looks like. The black stars are the data points 

obtained when performing a line plot in ImageJ. The grey line is a 10th degree polynomial fitted to these 

data values with MATLABs polyfit. The solid line is the second derivative of the fit and the dashed line is 

a.u = 0. The two rings mark the zero points of the second derivative. The distance between these points is 

the estimated diameter, d. 
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4. Results and discussion 

4.1 SEM-AFM results 

The force used to displace the tubes has been about 5-10 nN and only in some cases higher. 

These small forces are used since the Young’s modulus is found from the approximately 

linear part of the force-displacement curve right after contact with the tube. At higher 

displacements other phenomena, such as buckling and rippling
6
 might occur. When this 

happens a sudden change in the k-value appears in the force-displacement curve. The critical 

strain, defined as the strain at which the rippling, for a beam with circular cross section is 

given by
13

: 

 

   (19) 

 

and consequently the critical displacement, the displacement at which the rippling starts to 

occur, is given by 

 

   (20) 

 

where r is the radius, l the length and δcr the critical displacement. By observation of the F-d 

curves rippling was not seen during our measurements. If the critical strain is taken to be 

0.01
24, 25, 26

, the length of the tube is l = 3641 nm and the radius is r = 65 nm, which 

correspond to the tube with the largest radius in our measurements, the critical displacement 

would be 

 

 

 

The applied force in our measurement is approximately 10 nN which will cause a 

displacement of about 200 nm as seen in Figure 37. For the tube with smallest radius in our 

measurements (l = 1163 nm, r = 19 nm) the same calculation gives a critical displacement of 

δcr = 237 nm. 

 

For tubes with a large amount of defects the critical strain is increased
13

. If the critical strain 

instead is εcr = 0.04 the above values would change to δcr = 2720 nm for the tube with largest 

radius and δcr = 949 nm for the tube with smallest radius. We have not bent them further in 
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order to detect rippling as for higher displacements there are also other factors that will give a 

nonlinear behaviour. The high critical displacements were a bit counterintuitive having the 

results of M Arroyo et al.
27

 in mind. When looking at their simulations one easily gets the 

impression that rippling starts to occur almost at once when a force is applied. Figure 35 

shows their model. 

 

Figure 35 – An image from the modelling done by M Arroyo et al. showing the rippling process. The 

rippling appears already in the top tube where the displacement is really small. 

This is true for their tubes, however their tubes were much shorter but with a large radius 

giving a drastically different radius to length ratio compared to our tubes. This is why it seems 

like the rippling starts very late for our tubes. 

 

An example of a measurement is shown in Figure 36. This particular carbon nanotube was 

found to have a Young’s modulus of 99.1 GPa. The tube length was estimated to 935.06 nm 

and its radius to 25 nm. The length is indicated in Figure 36 as a line inside the carbon 

nanotube. A circle marks the point of attachment. 

 

 

Figure 36 – This is an example of the force measurement as well as estimation of the length of one of the 

carbon nanotubes. This tube was found to have a Young’s modulus of 99.1 GPa. (a) The CNT before 
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bending. The line in the tube indicates the estimated length and the ring marks the point of attachment. 

(b) The cantilever bends the tube. The area where the diameter is averaged is marked with a square. 

One of the corresponding F-d curves from this experiment is shown in Figure 37. The 

maximum applied force is about 12 nN. 

 

Figure 37 – A F-d curve corresponding to one of the measurements of the carbon nanotube shown in 

Figure 36. The maximum applied force is about 12 nN. The solid line shows the forward direction, the 

grey line shows the backward direction and the dashed line shows the slope. The red line shows what the 

force looks like if we consider only the component of the force which is applied perpendicular to the tube 

axis. 

The black line shows the forward direction and the grey line the backward direction. The 

dashed line shows the slope. It can be seen that the black and grey lines are not completely 

linear but deviates form the dashed line with approximately 0.5 nN at 300 nm. Since the 

forward and backward lines are at about the same place, hysteresis in the piezo can be 

excluded. If there would have been hysteresis in the piezo the curve would follow the same 

pattern as the distance versus voltage curve in Figure 23. The deviation from the slope can be 

explained by the angle of the applied force. When calculating Young’s modulus we consider 

all of the force to be applied perpendicular to the carbon nanotube. During large displacement 

this will not be the case. In Figure 37 the red line marks the perpendicular component of the 

force. If only this component were to be considered the curve deviate even more from the 

linear slope than what our measured force does. For a carbon nanotube that is vertically 
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aligned when not subjected to the force from the cantilever, it is therefore instructive to 

calculate the angle the tubes make to the direction of the applied force when it is displaced. 

This has been done in two ways, by inspection of an SEM image and by using a model. 

 

In Figure 38 the angle tool in ImageJ has been used to determining the angle. It was found to 

be φimage = 10.3°. But the SEM images are sometimes not very clear hence it is also preferable 

to calculate the angle from a model. 

 

 

Figure 38 – Finding the angle using the angle tool in ImageJ. The angle is found to be 10.3°. 

The theory of deflection of cantilever beams says that the angle, φ, is given by
28

: 

 

  (21) 

 

where F is the applied force, l is the length, E is Young’s modulus and I the moment of 

inertia
29

. By using the dimensions of this tube, mentioned earlier, an angle φmodel = 9.9° was 

obtained. This means that at the end of the CNT subjected to maximum deflection the applied 

force is no longer perpendicular to the tube. By using the angle φ = 10° it is easy to determine 

the perpendicular contribution from the cantilever. The applied force at maximum deflection 
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was, in this case, F = 12 nN. This gives a contribution from the perpendicular force 

component which is  = 11.8 nN. 

 

 

Figure 39 – The applied force in its perpendicular and parallel components. 

This small difference in force has been neglected. It explains some of the force difference 

found in the F-d curve seen in Figure 37 near maximum deflection. 

 

In total ten different carbon nanotubes, all with the desired set up, were analysed. The result is 

presented in Figure 40 where the Young’s modulus of the CNTs is plotted against the radius 

of the CNTs. The radii of the CNT varied from around 20 nm to 65 nm and the corresponding 

Young’s modulus ranged from 7 GPa to 340 GPa. 

 

No clear connection between the radius of the tubes and their Young’s modulus is seen. The 

points marked with a filled circle indicate CNTs with some iron present in the core. Neither 

the presence of iron in the core seems to affect the Young’s modulus. This is as expected from 

the geometry. 



Sofie Yngman, Diploma work Sidan 46 2013-06-11 

 

 

Figure 40 – The Young’s modulus (GPa) of the carbon nanotubes plotted against their radius (nm). 

These results are comparable to the results presented in 2011 by H. Jackman et al.
13

 where 

Young’s modulus was found to vary in an order of magnitude for carbon nanotubes with 

approximately the same radius. Their carbon nanotubes were also produced via catalytic 

chemical vapour deposition (CCVD) but were of smaller radii (3 nm - 9 nm). In an article by 

Kyumin Lee et. al
15

. they present results showing that the Young’s modulus of CCVD grown 

multiwalled carbon nanotubes is dependent of the radius. They examined tubes of diameter 10 

nm - 25 nm where the thinner tubes were found to have a higher Young’s modulus. Though 

they also showed results similar to these found here that the Young’s modulus, in some cases, 

vary in an order of magnitude for tubes of approximately the same diameter. They explain this 

by growth induced defects. This could be a reason to some of the very low values of Young’s 

modulus that has been found here too. When examining the carbon nanotubes in a TEM it was 

found that many of them really do have defects. 

 

Below is the result shown for one of the carbon nanotubes with smaller Young’s modulus. Its 

radius was estimated to r = 49.5 nm, its length to l = 2799.5 nm and its Young’s modulus to 

8.91 GPa. 
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Figure 41 – The measurements of a carbon nanotube with an estimated Young’s modulus, E = 8.91 GPa. 

The area over where the radii were averaged is marked with squares. (a) The CNT just before any force is 

applied and (b) during bending. The calculated point of attachment is marked with a ring. 

The very low Young’s modulus might be the result of the varying radius of the tube. The 

radius of the tube is always measured close to the point of attachment since this is where the 

tube will have the largest radius of curvature when subjected to the applied force from the 

cantilever. However the radius of this tube is considerably smaller closer to the free end. With 

a smaller radius the Young’s modulus would be higher. From the SEM image it is difficult to 

see whether this is the true radius of the tube or if the smaller tube behind our tube makes it 

look bigger cause of the limiting resolution in the SEM. If the radius is calculated further out 

on the tube, as indicated with a square in (a), the Young’s modulus would instead change to E 

= 29 GPa. 

 

One of the most severe problems encountered was to find CNTs with the desired set up. Often 

the tubes were not aligned properly but rather made an angle different from the desired 90° to 

the direction of the applied force as in Figure 42. 
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Figure 42 – An example of a carbon nanotube which makes a too high angle to the applied force. 

An angle differing by ±25° from this was accepted. If the angle got larger than that the results 

were not accounted for. 

 

The tube could also make an angle in depth (Figure 43). This is not as easy to see since the 

SEM has a high depth of field allowing several micrometer of depth to be in focus 

simultaneously. In order to determine if the tube was actually aligned properly the cantilever 

was used to push the tube in the positive and negative z-direction. A tube that was not 

reasonably aligned would then appear to change its length. It is instructive to calculate how 

much the observed length, lOBS, deviate from the true length, lTRUE for a certain angle. 
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Figure 43 – A sketch of the carbon nanotube seen from above. In (a) the ideal set-up where the observed 

length equals the true length of the tube. In (b) the case with tilted set-up where the true length of the tube 

is larger than the observed length. 

For a tube which in the image is observed to have a length lOBS = 2000 nm an angle α = 25° 

would mean a true length, lTRUE = 2210 nm. The change in depth, z, would still not be larger 

than about z = 930 nm which is smaller than the depth of field. This would give an error of 

about 20% in the length if not detected which in turns means a huge error in Young’s modulus 

since the length appears as cubed in equation 16. When pushing the tubes in z-direction they 

did not seem to change length drastically which indicates that the angle was approximately 

smaller than around α = 15° giving a maximum error of the length of about 10%. 

 

Another problem was that some of the tubes did not seem to have a very firm point of 

attachment. Even if the point of attachment was not very clear in a lot of the measurement the 

length measurement made it possible to work out if the point of attachment was firm enough. 

If the point of attachment is loose the carbon nanotube will bend around this point rather than 

as modelled. The displacements will then give a clear indication that the point of attachment 

is not good enough for measurements. The estimation of the length will be highly 

exaggerated. An example of this is shown in Figure 44. In this case it was impossible to see 

the point of attachments due to some other parts of the sample that stays in the way of it. 

Before bending (Figure 44a) this tube seems to be a promising candidate for measurements. 

During bending it does not bend as modelled but rather bend around its point of attachment. 

Alternatively the tube is just very long. However with such bad view over the point of 

attachment the result would be very uncertain. There might be other tubes disturbing our tube 

during bending. 
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Figure 44 – The CNT right before bending in (a) and during bending in (b). An example of when the point 

of attachment is too unclear or maybe even loose. 

The iron core could be clearly seen in the SEM. An example of this is shown in Figure 46. 

The influence of the iron can be found by calculating the bending modulus of the carbon 

nanotube. The bending modulus, B, is given by: 

 

B = EI (22) 

 

where E is Young’s modulus and I the area moment of inertia of the tube cross section (Figure 

45). For iron the bending modulus is BFe = 210 GPa
30

. 

 

Figure 45 – in (a) the cross section of the carbon nanotube without the iron core. In (b) the cross section of 

the iron core. 

The moment of inertia of a solid circular beam, IFe, is given by 

 

  (23) 

 

where r is the radius of the iron core. 
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Figure 46 – An example of what the iron core looked like in the SEM. 

The moment of inertia of a carbon nanotube with inner radius, ri (here ri = r) and outer radius, 

ro is given by 

 

  (24) 

 

For a carbon nanotube with the same dimensions as in Figure 49, ri = 10 nm, ro = 25 nm, with 

a Young’s modulus of 200 GPa this means that only about 5 GPa comes from the iron core. 

Since the effect of the iron core on the bending modulus is very small it can be neglected. 

 

We also plotted the Young’s modulus versus the length of the CNTs. The result is shown in 

Figure 47. No relationship was found between the length and Young’s modulus. 
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Figure 47 – Young’s modulus plotted versus the length of the carbon nanotubes. No relationship can be 

seen. 

4.2 TEM results 

To examine the structure and amount of defects in the carbon nanotubes, one sample was 

examined in TEM. An overview of the sample is shown in Figure 48a. 
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Figure 48 – (a) An overview of the sample examined in TEM. The CNTs can be seen at the edge of the 

wire. (b) The same sample as in (a) but now imaged with an SEM. The sample is rotated 180° here 

compared to its position when imaged in TEM. 

It shows that the size and length of the CNTs vary in the sample. The same sample was also 

examined in SEM is shown in Figure 48b. The sample is 180° rotated compared to in the 

TEM image but the main shape is still recognisable. 

 

Some of the CNTs, though not all, still contain the iron core from the producing of the tubes. 

This is shown in Figure 49 and Figure 50 where Figure 49 shows a TEM image of a tube with 

an iron core and Figure 50 shows an image of a tube with an empty core. As discussed in 

section 4.1 SEM-AFM results, the effect on Young’s modulus of the core was negligible. 
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Figure 49 – A TEM image of a CNT with an iron core. The drop shaped artefacts on the upper left part of 

this tube was found on a lot of the tubes. They originate from the growth process. 

In Figure 49 drop shaped artefacts on the tubes are shown in the upper left part of the image. 

These originate from the growth process of the CNT and consist of carbon. Such artefacts, 

with amorphous carbon, increase the stiffness. 

 

In Figure 50 a TEM image of a CNT with an empty core is shown. The outer walls of this 

tube are damaged all along its length. Also close to the point of attachment all of its walls are 

damaged. Such defects are not visible in SEM. In cases like that the graphite planes make an 

angle to the tube axis. As shown in equation 2 and Figure 7 already a small angle will 

drastically affect Young’s modulus. This might describe some of the large variations observed 

for the values of Young’s modulus. 
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Figure 50 – A TEM image of a CNT with an empty core. The walls of the tube are damaged and at the 

point of attachment the tube is heavily defective. 
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5. Outlook 

5.1 Further studies 

For further studies it would be interesting to find shorter tubes with a large radius and 

measure their Young’s modulus. Then the critical displacement would be smaller than for the 

tubes examined here. With a smaller critical displacement effects such as rippling and 

buckling would come in earlier in the F-d curve as can be seen from equation 19. It would be 

interesting to examine these effects for the carbon nanotubes in this project. One possible way 

to find such tubes would be to give the epoxy glue less time to harden. With a more runny 

glue it would creep further out on the tubes resulting in a different point of attachment. It 

would also be interesting to use the AFM inside of a TEM in order to make in situ 

observations of rippling and buckling. 

 

Examination of other types of carbon nanotubes for comparison to the results obtained here 

would be interesting. In the beginning of this project we looked at carbon fibres where the 

carbon had grown chemically onto cores of nickel
31

. A lot of the nickel was still present in the 

sample and can be seen as white dots in Figure 51. The tubes were also covered in hollow 

balls of carbon also resulting from the growth. 
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Figure 51 – Carbon fibres grown onto nickel particles. A lot o f the nickel is still present in the sample and 

can be seen as white dots in the image. 

In addition some samples of MWCNTs NC3100 from Nanocyl
32

 were examined. One of these 

is shown in Figure 52. The tubes are very long and bundled closely together making it very 

hard to find tubes with the desired set-up. With more time it would be nice to find a way to 

dissociate the tubes from each other making it possible to examine their mechanical 

properties. We dissolved the MWCNTs in ethanol and left it in ultrasound bath for 15 

minutes. We then dripped the solvent onto a glass slide and left it to dry in air. The resulting 

carbon particles were picked up with the silver wire analogously with what is described in 

section 3.5.2 Specimen preparation. If left for a longer time in the ultrasound bath the tubes 

might get more dispersed and easier to perform measurements on. 
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Figure 52 – A sample of MWCNT. The tubes are very long and bundled together in a wool pad fashion. 
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6. Conclusion 

Multiwalled carbon nanotubes have been examined in order to establish some of their 

mechanical properties. The carbon nanotubes were produced via CCVD through pyrolysis of 

ferrocene. The dimensions of such tubes ranged from radii of about 20 nm to 65 nm and 

lengths of around 2500 nm ±1500 nm. Some of the tubes contained an iron core while the 

core of other tubes only contained traces of iron or were completely empty. 

 

By in situ measurements of individual carbon nanotubes, where an AFM were used inside an 

SEM, force curves were obtained. From these force curves Young’s modulus was derived for 

each carbon nanotube. The obtained values of Young’s modulus ranged from about 7 GPa to 

340 GPa. The relatively low values of Young’s modulus measured here indicate that the 

mechanical properties of the CNTs are dominated by defects. No dependences on the radius 

or the length of the carbon nanotubes were found. The iron core did not contribute to the 

bending modulus of the carbon nanotubes as expected from the geometry. 

 

The applied maximum force was around 10 nN. We did not observe any rippling or buckling 

in our carbon nanotubes while subjected to the force form the cantilever. This is fully 

explained by the geometry. 
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8. Appendix 

The MATLAB code calculating the estimation of the length. 

 
% Start of M-file called myfun 
% Function for the equation that relate the displacement to the length 
% l is the fitting parameter 

 
function F = myfun(l,x) 

 
% d0 is displacement where x/l = 0 
d0=182.1429; 

 
F = (d0/2).*((1/(l.^3)).*(x.^3)-(3/l).*x+2) 

% end of M-file called myfun 

 
% Start of M-file called varden2 

% Räknar ut displacements 

% pix = nm/pixels 
pix = 0.28; 
 

% y1 describes the length between the reference line and the tube before  

% the force is applied. 
y1 = []; 
y1 = y1/pix; 
 

% y2 describes the length between the reference line and the tube when  

% the force is applied. 
y2 = []; 
y2 = y2/pix; 
 

% d is the displacements 
d = y2 - y1; 

  
% picks out d0 from the displacement vector 
d0 = d(1) 

  
% Displacement vector D 
D = d(2:end) 

  
% x1 describes the x-position 
x1 = []; 
x1 = x1/pix; 
 

% x2 describes the x-position starting from zero 
x2 = x1 - x1(1); 

  
% Takes out x0 = 0 
x = x2(2:end) 
 

% plots the displacement versus the position 
hold on 
plot(x, D,'*k'); 
 

% end of M-file called varden2 

 
% Start of M-file called rakna 

% The program that do the least square fitting of the length 

% starting value 

l0=; 
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% lb = lower bound, the smallest accepted value of the length 
lb=; 

% ub = upper bound, the largest accepted value of the length 
ub=; 

 

% call MATLAB function lsqcurvefit 
[l,resnorm, residual, exitflag] = lsqcurvefit(@myfun,l0,x,D,lb,ub) 

 
% calculates the fit 
F = (d0/2).*((1/(l.^3)).*(x.^3)-(3/l).*x+2); 
 

% plots the fit 
hold on 
plot(x,F,'g') 
title('Displacement vs position (blue-displacement, green-fit)') 
xlabel('Position (nm)') 
ylabel('Displacement (nm)') 

% end of M-file called rakna 
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