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ABSTRACT

It is critical to choose the eorrect specification of carbon nanotubes (CNTs) from
a CNT company in order to fabricatera-desired-quality of nanotube buckypaper (NBP).
In this paper, a statistical experimental design method, Taguchi method with an L4
orthogonal array robust design, was applied to resolve this problem. Filtration,
electrical conductivity, surface area, rope diameter and pore size of NBPs were
considered as the properties. The rope diameter, purity and electrical conductivity of
carbon nanotubes were chosen as significant parameters. As a result of Taguchi
analysis in this study, rope diameter was determined to be the most influencing
parameter on the filtration time, electrical conductivity and rope diameter of NBPs.
The electrical conductivity of CNTs also had a principal effect on the electrical
conductivity of NBPs. The optimal conditions were determined by using Taguchi
method. There is good agreement that is being observed between the prediction and
experiment. Consequently, desired NBPs can be fabricated by controlling the

significant parameters of CNTs.
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CHAPTER 1 INTRODUCTION

1.1 Research Motivation

The discovery of carbon nanotubes (CNTs) introduced a new world of
nanotechnology. A number of experimental investigations proved that CNTs are
molecular-scale tubes of graphitic carbon possessing outstanding properties, such as
elastic modulus, tensile strength, unique thermal conductivity, and electrical
conductivity [1, 2]. Hence, CNTs are regarded as the most promising reinforcement
material for the next generation of high-performance structural and multifunctional
composites. In addition, CNTs evoke great interest in polymer-based composites
research. However, due to nanometric dimensions and strong inter-tube van der Waals
attractions, SWNTs (Single-WallNanotubes) have the tendency to align parallel to
each other and pack themselves into crystalline ropes [3]. Those aggregations were
found to act as an obstacle to-most-applications, diminishing the mechanical and
electrical properties of resulting compesite materials. Satisfactory dispersion and the
uniform distribution of SWNTs are essential elements in achieving improved
mechanical properties in nanocomposites [4-5]. One effective method to achieve
uniform dispersion is to preform nanotubes into nanotube buckypaper (NBP) [6].

NBPs are made up of robust networks of SWNTs, which compensates for the
variations from individual nanotubes and offers some interesting properties [7].
However, large variations of quality of NBPs were observed due to different
specifications of CNTs from the CNT companies. Therefore, determining how to
order the correct specifications of CNTs from the CNT companies in order to produce
desired quality and stable variation NBPs is important. In order words, establishing a
systematic order rule between the NBPs manufacturers and CNT companies is

imperative.



1.2. Research method

In this thesis, Taguchi robust design method [8-10] is introduced. Taguchi
method is an engineering technique used in an empirical study. The method is
economical for characterizing a complicated process. It uses fewer experiments
required in order to study all levels of the input parameters and filters out some of the
effects that occur due to statistical variation. Taguchi method can also determine that
the experimental condition that has the least variability is the approximate optimum
condition. The variability can be expressed by the signal to noise (S/N) ratio. The
experimental condition having the maximum S/N ratio is considered the approximate
optimal condition, as the variability of characteristics is in inverse proportion to the

S/N ratio.

1.3. Research Objective

The objectives of this work are te: (l)-evaluate the effect of purity, electrical
conductivity and rope diameter of CNTs on the filtration time, electrical conductivity,
surface area, rope diameter and pore size of NBPs; (2) define how to measure the
electrical conductivity of CNTs; and (3) apply the statistical experimental design and
Taguchi method on the optimization of properties and obtain the desired quality of

NBPs by using the correct specification of CNTs from the CNT companies.



CHAPTER 2 LITERATURE REVIEW

Carbon nanotubes possess exceptional physical and mechanical properties
together with their nanoscale diameter and hollowness which reveal their strong, light
weight, and high toughness characteristics. They own unique electronic properties,
high thermal conductivity, and extraordinary mechanical properties accompanied by
stiffness, strength, and elasticity exceeds any previously existing reinforcement
materials. These excellent characteristics moved carbon nanotubes into the spotlight
in the 21 century. For their superior thermal and electrical properties, theoretical and
experimental results have revealed: thermally stable up to 2800°C in vacuum,
extremely high thermal conductivity about twice as diamond, and
electric-current-carrying capacity 1000 times-greater;than copper wires [11]. For the
mechanical properties, they also podssesspextremely high tensile modulus, ranging
around 270 GPa to 1 TPa and own 11-200.GPa strength, which is 10-100 times higher
than the strongest steel at a fraction of the weight [12-13]. Carbon nanotubes have
been the focus of considerable research and offer tremendous opportunities for the
development of fundamentally new material systems. This chapter mainly describes

the structure and properties of carbon nanotubes

2.1 Structure of Nanotubes

Fullerenes have been addressed before the carbon nanotube discussion. The
chemistry of fullerenes is like a geometric cage structures of carbon atoms, and is

composed of hexagonal and pentagonal faces, which were discovered by Smalley



group in the mid 1980s [14]. Based on the fullerenes, Ceo molecule further was
deduced and discovered by Kroto group in 1985. Ceo molecule is often referred to as
Buckyballs [14], which consisted of sixty carbon atoms and was surrounded by 20

hexagons and 12 pentagons similar into the shape of soccer ball shown in Figure 2.1.

Figure 2.1 Schematic diagram of C¢y molecule

Since the discovery of «Ceo, similar purified carbon molecules were
consequentially revealed such as'Cyp and Cgp. C79p was displayed by the shape of an
ellipse, which consisted of 25 hexagons and 12 pentagons, while the structure of Cgy
can be treated as the transverse development of a C;y. These led to the synthesis of
carbon nanotubes investigated by lijima after few years later [15]. Figure 2.2 shows

the Cgp, C70 and Cgy molecules

Figure 2.2 Schematic diagrams of Cg, C79 and Cgy molecules

The structure of nanotubes can be considered as a graphene sheet that has been

rolled up to form a cylinder with axial symmetry along the long axis of the tube.



Diameter of nanotubes can range from 0.3 nm to around 10 nm. By comparison, the
length of the cylinder can reach into a millimeter-scale, and thus having an aspect
ratios of 10°~10°. Many research scientists use SWNTs to approximate
one-dimensional systems in dimensionally-constricted experiments [16]. Figure 2.3

shows the schematic diagram of a graphene sheet rolled up to form a nanotube.

Figure 2.3 Schematic dia{gfa;n o;f a_g‘aLhene s‘ "'.é::et rolled up to form a nanotube
., WA 1896 I -

Multi-walled nanotubes (MWNT.S) are aﬁ:'cl;:tﬁer nanotube category. A MWNT
consist of several graphene layers which are coaxially arranged around the central
axis of the tube, with a constant separation between the layers of 0.339 nm [17-19].

Figure 2.4 shows a schematic diagram of SWNTs and MWNTs.

Figure 2.4 Schematic diagram of (a) a SWNT and (b) a MWNT



To understand the helical properties of nanotubes further, we can look at the
periodic arrangement in structure along the tube axis. A single tube can primarily be
classified as achiral (symmorphic) or chiral (non-symmorphic) [20-21]. An achiral
CNT is defined by a CNT whose mirror image has an identical structure to the
original one. Only two kinds of achiral nanotubes have been found to
exist—"“armchair” and °‘zigzag’ tubes. The names refer to the arrangement of
hexagons around the circumference of the tube, as illustrated in Figure 2.5 (a) and (b),
respectively. Chiral CNTs exhibit a spiral symmetry whose mirror image cannot be
superposed on to the original, as illustrated in Figure 2.5 (c). It is the inherent chirality
of the nanotubes which leads to such a range of geometries; and thus, a wide-range of

properties of the individual tubes and the composites they make up.

Armchairin=m

Zigzag: (n,0)

Chiral: (n, m) mz0

Figure 2.5 Classification of carbon nanotubes: (a) armchair, (b) zigzag, and (c) chiral

nanotubes

Figure 2.6 shows how a hexagonal sheet of graphite is “rolled” to form a carbon
nanotube. The tubes are uniquely determined by their lattice vectors, Cp. The chiral
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angle is denoted by @ as the angle between Gy and the zigzag direction, and the

lattice vector Cp often known as the roll-up or chiral vector, which can be described

by the following equation:

Eh = na, + ma, (D)
where n, m are integers, and a,, a, are the unit vectors of graphite. As shown in
Figure 2.6, Eh connects two crystallographically equivalent sites, 4 and A’, on a
two-dimensional graphene structure. The graphene cylinder is formed by connecting
the points 4 and A’ The cylinder joint is made along the lightly dotted lines
perpendicular to i_fh According to this formula above, the diameter of the nanotube

could be determined once the chiral properties are measured.

Figure 2.6 Schematic diagram of a chiral vector rolling up to form a SWNT with

different lattice vectors

As Figure 2.6 shows, the chiral angle 8 should determine the characteristics of



the tubes. In general, nanotubes could be specified based on the tube diameter d, and
the chiral angle 6. In terms of the roll-up vector, the zigzag nanotube is (n, 0) with
chiral angle 6 = 0, while the armchair nanotubes are defined as the chiral angle 6 =
30% and the translation indices is (n,7). All other types of nanotubes could be defined

as a pair of indices (n,m), where n # m.

2.2 Carbon Nanotube Buckypaper

The term “buckypaper” was coined by Smalley and his research group [22].
Buckypaper was a freestanding mat peeled off the membrane of SWNT purifying
process. After the raw SWNT mategial ‘was’ produced, purification started with a 45
hours reflux in 2-3 M nitric acid! Following, the. reflux, the black solution was
centrifuged, leaving black sediment at-the bottom of the centrifuge bottle and
supernatant acid, which was decanted. The sediment still contained substantial
trapped acid, which required repeated washing/centrifugation cycle processing to
clean off the acid. The remaining, nearly neutral solution was completely black, which
was made even more stable when centrifugation time was extended. The black
coloration of the supernatant solution resulting from the lengthier centrifugations was
the fraction of the decomposition product having a very high solubility in the nearly
neutral aqueous solution. This solubility provided the means for removal of the bulk
of this impurity: filter washing with mildly a basic solution, pH11 NaOH. Triton-X

100 was added as surfactant to prevent the impurity impedes the filtration efficiency.

In the filtration process, solids are dispersed in 1.8 1 of pH 10 solution containing
0.5 vol. % Triton-X 100 by ultrasonic agitation (in a bath sonicator) for around 1 hour

that is called post-acid treatment. The process used vacuum filtering, which helped the

8



liquid passing through a PTFE membrane (Millipore LS, 5-um pore). The
post-process, washing SWNT with methanol, was effectively to remove the residual
surfactant. Furthermore, a thick SWNT layer is formed and can be peeled off from the

membrane, which produces a freestanding mate, “buckypaper”.

Figure 2.7 (a) and (b) are SEM images comparing the surface of buckypaper with
and without purification. The SWNT raw materials with bad quality were used to
demonstrate the efficacy of this process. The weight of buckypaper and the volume
ratios of the sampled volume to the total solution volume is typically 10%-20%,

depending upon the initial raw material quality.
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Figure 2.7 a. SEM image of the surface of buckypaper after the first cross-flow
filtration step. b. SEM image of the raw SWNT material shown in a prior to

purification

2.3 Characterization of Nanostructure

Carbon nanotubes are expected to exhibit superior mechanical and electrical
properties as a direct consequence of the nanometric dimensions of individual tubes.
However, the single-wall carbon nanotube (SWNT) aligned parallel to each other and

packed into crystalline ropes, due to strong intertube van der Waals attraction.



Aggregation of nanotube acted as an obstacle in most applications, diminishing the
excellent mechanical and electrical properties of the composite materials [23]. In
other words, tube and rope structures influence the properties of the composite
materials a lot. Therefore, characterization of the nanomaterials and their structures is
a critical phase. In fact, it is crucial to perform a quantitative evaluation on the
characteristics of the nanostructure and develop our fundamental understanding of
process-nanostructure-property relationships. The following section summarizes the

efforts on the characterization of nanostructures of nanotubes and buckypapers.

2.3.1 Rope Size

The excellent properties usually fefer to an individual SWNT in most cases.
Nanotubes tend to form into large bundles due to strong inter-tube van der Waals
forces which reduce the mechanical “properties of nanotube composites. Breaking
nanotube bundles through different kinds of dispersion methods is believed to
improve the properties of nanotube significantly. For example, the elastic modulus of
a nanotube bundle less than 10nm can reach as high as 290 GPa, which is comparable
to the conventional IM7 carbon fiber [24]. Researchers have been relating rope size of

nanotubes to their excellent properties.

A good example was carried out by Dresselhaus [25] when they characterized
the synthesized SWNTs by the catalytic decomposition of hydrocarbon. The SWNTs
were observed via high-resolution transmission electron microscope (HRTTM). Their
diameters were measured and fitted into a Gaussian distribution, as shown in Figure
2.8. The average diameter of the SWNTs was 1.69nm with standard deviation of

0.34nm.
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Scanning Electron Mlcroscopy-fk.siE‘ “Fansi 1s;‘i'¢n Electron Microscopy (TEM),

"5'.

X-ray Diffraction (XRD), Rama M@@d Thermal Gravimetric Analysis
(TGA). In Figure 2.9, the diameter distribution of SWNTs made in the 2” oven
system at 1200 °C was compared with 4 oven system at 1100 °C. The materials made
under the distinct conditions encountered in these systems caused a change in the
diameter distributions. Those differences are such as the peak in the 4” apparatus

material is at around 1.2 nm rather than the 1.4 nm obtains in the 2” apparatus.
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Figure 2.9 Shift of SWNT diameter distribution in different apparatuses

2.4 Surface Area of Buckypaper

Nanotubes have large aspect ratios, large surface areas, and are attracting to
several new types of nanofluidic devices, absorbents, and catalysis supports in many

applications.

The Brunauer-Emmett-Teller (BET) method is widely used to calculate the

specific surface areas of nanotubes by the physical adsorption of gas molecules

12



[27-30]. The BET theory is based on estimating the monolayer capacity from
multilayer adsorption data at relative pressures generally ranging from 0.05 to around
0.3 [31]. The pressure increased then decreased incrementally, and the gas adsorption
and desorption is measured proportional to the change of equivalent pressure. From

the gas sorption isotherm, the surface area can be calculated.

SWNTs have large aspect ratios and the BET surface area of a single SWNT can
reach as high as 1300 m?/g [31]. However, the BET surface area decreased as SWNTSs
formed into a large bundle, to average of 285 m¥/g. The buckypaper also has a high
BET surface area and flexible networks, which can be utilized for applications of

energy generation, biochemistry, gas storage and other nanotechnologies.

2.5 Electrical Conductivity of Buckypapér

Electrical conductivity of nanomaterials 1S another important research issue.
SWNTs possess such superior electrical conductivity that their -electric

current-carrying capacity is 1000 times greater than copper wire [32-36].

Kulesza [37] measured the active energy of buckypaper from 300 to 800 K. As
Figure 2.10 shows, two distinct regimes of the electrical conductivity are observed: 12
meV at moderate temperatures and 745 meV at high-temperatures. Inset is the
resistance vs. probe distance plot used to estimate the contribution of the contact
resistance to the overall resistance. At moderate temperatures of 300 to 500 K, the
activation energy is 90 MeV, and while at high temperatures of 500 to 800 K, the
activation energy increases up to 370 MeV. The latter activation energy is consistent

with that obtained by using the parallel resistance model (EA = 399 meV, the

13



asymptotic resistance R oo = 0.93 Q , and the linear resistance coefficient o = 53 Q /

K).

Temperature [K]

1000 800 600 400 300
1004 o T ' '
i / 12 meV
i = PR R
10° i 7 '
E ". ! ﬁu:-m:cﬂ
B '- f
@ |
L ‘; {
103 : 4
1745 mev om] e eeomm—
1 - Fic ] 0 407 500 [ 175] -] { 5] {11
9 ﬂ[:- Teseparature [K]
0.5 10 15 20 25 3.0 3.5

1000/T [1/K]

Figure 2.10 Temperature-dependent electrical resistance of the buckypaper sample

2.6 Taguchi Method

Taguchi method is a scientifically disciplined statistical analysis tool for
evaluating and implementing improvements in products, processes, materials,
equipment, and facilities. These improvements are aimed at improving the desired
characteristics and simultaneously reducing the number of defects by studying the key

variables, controlling the process, and optimizing the procedures or design to yield the

best results.

The method is applicable over a wide range of engineering fields that include
processes that manufacture raw materials, sub systems, products for professional and

consumer markets. In fact, the method can be utilized to any process be it engineering

14



fabrication, computer-aided-design, banking and service sectors etc. Taguchi method

is useful for tuning a given process for best results.

2.6.1 Principle of Taguchi Method

Taguchi proposed a standard 8-steps procedure for applying his method for

optimizing any process, as shown below [38]:

Step-1: Identify the main function, side effects, and failure mode.

Step-2: Identify the noise factors, testing conditions, and quality characteristics.

Step-3: Identify the objective function to be optimized.

Step-4: Identify the control factors and their levels.

Step-5: Select the orthogonal array matrix-experiments.

Step-6: Conduct the matrix experiments.

Step-7: Analyze the data, predict the optimum levels and performance.

Step-8: Perform the verification experiments and plan the future action.

2.6.2 Application of Taguchi Method

Taguchi robust design method with L’ orthogonal array was implemented to

optimize experimental conditions for the preparation of nanosized silver particles

15



using chemical reduction method [39]. Particle size and the particle size distribution
of silver nano-particles are considered as the properties. Molar concentration ratio of
R (JAgNO3]/[reducing agent (hydrazine)]) value, concentration of dispersant (sodium

dodecyle sulfate, SDS), and feed rate of reactant were chosen as main parameters.

Table 2.1 shows the S/N ratio for particle size and the standard deviation. The
concentration of dispersant is the most influencing parameter on the particle size and
the size distribution. Moreover, the feed rate of reactant has principal effect on
particle size distribution, as illustrated in Table 2.2 and 2.3. The optimal conditions
were determined by using Taguchi robust design method, and nano-sized silver

particles (~8 nm) were synthesized by applying the optimal conditions, as shown in

Table 2.4.

Table 2.1 Experimental measured values for particle size and standard deviation
(S.D.) of silver particles and S/N ratio (Faguchi orthogonal array table of L°(34))

Experiment no. A B C Error Average particle size Standard deviation
Raw data (nm) S/N ratio (dB) Raw data (£nm) $/N ratio (dB)

1 1 1 1 1 62.6 —35.93 15 —23.52
2 1 2 2 2 220 —26.85 3 —9.54
3 1 3 3 3 104 —20.34 1 0.0
4 2 1 2 3 343 -30.71 5 —13.98
5 2 2 3 1 67.2 —36.35 14 —22.92
6 2 3 1 2 26.7 —2833 3 —9.54
7 3 1 3 2 343 —34.69 12 —21.58
8 3 2 1 3 245 —2778 23 —27.24
9 3 3 2 1 14.0 —2292 2 —6.02

Table 2.2 S/N response table for particle size

Symbol Parameter Mean S/N ratio (dB)
Level 1 Level 2 Level 3 Maximum-minimum
A R ([AgNO;s)/[hydrazine]) value =27.71 —31.93 —28.47 422
B Dispersant concentration (M) —33.78 —3039 —2393 985
C Feed rate (ml/min) —30.795 —26.83 —30.53 392

Table 2.3 S/N response table for standard deviation
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Symbol Parameter Mean $/N ratio (dB)

Level 1 Level 2 Level 3 Maximum—minimum
A R ([AgNOs]/[hydrazine]) value —11.02 —15.48 —18.28 7.26
B Dispersant concentration (M) —19.69 —19.90 —5.19 14.71
C Feed rate (ml/min) —=20.10 —9.85 —14.84 10.25

Table 2.4 Results of the confirmation experiment for particle size and standard
deviation

Average particle size (nm) Standard deviation (£nm)

Level Particle size (nm) S/N ratio (dB) Level Standard deviation (nm) S/N ratio (dB)
Prediction AlB3C2 9.6 —-19.7 AlB3C2 +0.7 38
Experiment AlIB3C2 7.5 —17.5 Al1B3C2 +1.0 0.0

2.7 Summary

Due to the promising physical, eléctronic-and thermal properties, buckypaper is
currently being studied and developed into applications by several research groups.
According to the literature review, buckypaper is a thin sheet made from aggregation
of carbon nanotubes. Therefore, properties of buckypaper are depending on qualities

of carbon nanotube and fabrication parameters of buckypaper.

Fabrication parameters optimization of buckypaper such as vacuum pressure,
concentration, sonication power, sonication time and surfactant type had been studied
by Cherng in HPMI group [40]. However, the research of the relationship between
qualities of carbon nanotube and properties of buckypaper is still unavailable. In this
project, investigation of this relationship will be brought out, characterized and
analyzed by Taguchi method. Furthermore, buckypaper performance and properties

can be accurately predicted
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CHAPTER 3 EXPERIMENTS

The standard manufacturing process of NBPs can be defined as two procedures:

(1) Suspension preparation process: Ultra-sonicated carbon nanotube solution, and (2)

NBP filtration process: Filtrated carbon nanotube layers on membrane.

In the first fabrication process, carbon nanotubes are dispersed into distilled water

and become a black solution, called suspension by going through the steps in the next

section. Furthermore, carbon nanotubes are deposited on the membrane and construct

the networking structure as an NBP by filtrating the suspension with vacuum

pressure.

3.1. Suspension preparation process

Figure 3.1 shows the standard suspension-preparation process; the procedures are

listed and detailed below.

1.

80 mg of SWNT particles are ‘ground. into.a powder with a drop of surfactant
(Triton-X) by 3-inch mortars for 10 minutes, and 80 ml of water is added for
sonication for 3 minutes with the power set at 30-50 watts.

800 mg of surfactant (Triton-X) is added to 100 ml distilled water in a 200 ml
beaker. It is then sonicated for 3 minutes with the power set at 30-50 watts.

Pour all of the solution in the mortar into the beaker in procedure 2 and add
distilled water to the 200 ml. Sonicate the solution for 10 minutes with the power
set at 30-50 watts.

Pour all of the solution in procedure 3 into a 500 ml beaker and add the distilled
water to the 500 ml. Sonicate the solution for 15 minutes with the power set at
30-50 watts.

Pour all of the solution in procedure 4 into a 1000 ml beaker and add the distilled
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water to the 1000 ml. Sonicate the solution for 15 minutes with the power set at
30-50 watts.

6. Pour the 500 ml solution in procedure 5 into another 1000 ml beaker. Both
beakers are added distilled water to 1000 ml. Sonicated both solutions for 15
minutes with the power set at 30-50 watts.

7. 2 liters of suspension is produced.

Grind 80 mg SWNT E‘k‘ = Somcate atlevel 10 for 2
. - - . - LSrTEEIEsaEraEEnnEE .
bucky pets Tnto povade : Fomnss e AR

2 for 15 minutes

Mixing wath 800 ‘ Agd 200 mil
mg of Triton X- distilled water s Add cistilled

100 wigter to S00 ml

Add distilled ¢ 3.0 .
sl \
t : TR )
gpzereraansansareareer e ‘ PEEE T

(Dividinginto fy'}ro 500 ml ) T to 1000 ral

l = S e
2 liters suspension o 1000 e ‘ e ey BT

Figure 3.1. Flow chart of suspens;ioh preparation‘pfocess
3.2. NBP filtration process

Figure 3.2 shows the standard NBP filtration process. The procedures are listed
and detailed below.
1. Prepare a 90 mm membrane, plastic ring, 1000 ml hollow beaker and filter.
2. Put the membrane on the filter.
3. Put the plastic ring on the membrane in procedure 2.
4. Put the beaker on the plastic ring in procedure 3.
5. Fix the filter and beaker together with a clip.

6. 2 liters of suspension is filtrated through the membrane with vacuum pressure.
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7. A 90 mm NBP is produced.

Prepare a 90mm Prepate afilter Put membiane on filter Put plastic ring on
membrane and a membrane
plastic ring

L F

Fixfilter and heaker by

Open the vacuum Add suspension into a clip
i

switch to filuate beaker
suspension

After filnate 2000 il
suspension and 500 ml I0mm buckypaper
isepropanol

Figure 3.2. Flow chart of NBP ﬁltré:t.i:bn pr‘oce_ésj "' A
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3.3. Orthogonal array and experimental-parameters

L& 1Lk

Taguchi’s orthogonal array table was used by choosing the input parameters that
could affect the output properties. In this experiment, the input parameters include the
rope diameter, purity and electrical conductivity of CNTs; the output properties
include the filtration time, electrical conductivity, surface area, rope diameter and
pore size of the NBPs.

For CNT companies, it is hard to produce two same qualities CNTs even the
processing parameters are corresponding. That is, the input parameters of making
NBPs are uncontrollable, therefore, it is difficult to decide the level value used in this
experiment. Hence, carrying out several experiments to define the level value is
necessary. Table 3.1 shows the rope diameter, purity and electrical conductivity of six

different batches of CNTs. In this research, the orthogonal array of the L4 type was
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used and is represented in Table 3.2. L with the subscript 4 is a Latin square and the
number of the experiment, respectively. Each experiment was carried out three times.
Three, 2-level parameters can be positioned in an L4 orthogonal array table. The

numbers 1 and 2 in Table 3.2 indicate the low and high levels of a factor, respectively.

Table 3.1

Rope diameter, purity and electrical conductivity of six different batches of CNTs

Batches Rope diameter (nm)  Purity (%) Electrical conductivity (S/cm)
SWNT 69 5.95 92.2% 0.2767

SWNT75 7.3 92.6% 0.2319

SWNT 79 5.74 90.8% 0.2187

SWNT 81 6.51 91.0% 0.2591

SWNT 86 7.14 90.1% 0.2912

SWNT 91 6.02 90.9% 0.2271

Table 3.2

Taguchi orthogonal array table of L4

Experimental trial ~ Parameter A Parameter B Parameter C
1 1 1 1
2 1 2 2
3 2 1 2
4 2 2 1

According to Tables 3.1 and 3.2, table 3.3 shows the four batches (SWNT 69,

SWNT 75, SWNT 86 and SWNT 91) were chosen to fit Taguchi orthogonal array
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table of L4. Table 3.4 shows the parameters and levels used in this experiment.
Table 3.3

The four batches fitted Taguchi orthogonal array

Batches Rope diameter (nm) Purity (%) Electrical conductivity (S/cm)
SWNT 91  6.02 90.9% 0.2271

SWNT 69  5.95 92.2% 0.2767

SWNT 86  7.14 90.1% 0.2912

SWNT75 7.3 92.6% 0.2319

Table 3.4

Parameters and levels used in this experiment

Levels

Low (1) High (2)
A Rope diameter (nm) Beyond 6:5 Above 6.5
B Purity (%) Beyond 91.5% Above 91.5%
C Electrical conductivity (S/cm)y+Beyond 0.25 Above 0.25
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CHAPTER 4 RESULTS AND DISCUSSION

4.1. CNTs’ electrical conductivity measurement methodology

The measurements methodology of the rope diameter and purity of CNTs;
filtration time, electrical conductivity, surface area, rope diameter and pore size of
NBPs were widely used, except for the electrical conductivity of CNTs. Table 4.1
shows the measurements methodology. It is difficult to examine the powder of the
CNT raw material. In this experimental process, a designed mold has been fabricated
to press the CNT powder into a thick CNT film. Figure 4.1 shows the schematic
diagram of the copper mold. CNT powder was placed in the square hole of G10 layer.
A thick, compact CNT film was created by pressing the upper and lower copper
planks using hot press equipment. The upper and lewer copper planks were connected
to a power supply. Figure 4.2 shows an image of the copper module with the
connected power supply. The module-of electrical resistance was conducted through
the voltage difference by applying Ohm’s law:-(V. = IR).
Table 4.1

The measurement methodology

Parameters Measurement methodology

Rope diameter of CNTs SEM (Scan Electronic Microscopy) and
SIMAGIS (Smart Imaging Spreadsheet)

Purity of CNTs TGA (Thermal Gravimetric Analysis)

Filtration time of NBPs Timekeeper

Electrical conductivity of NBPs  Four-probe method

Surface area of NBPs Gas absorption analyzer — Tristar 3000

Rope diameter of NBPs SEM and SIMAGIS
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Pore size of NBPs Gas absorption analyzer — Tristar 3000

Copper ———> | ,_|
|——| Look down from above

G10 —— | |

Copper ——> /_I

Figure 4.1. Schematic diagram of copper mold

Figure 4.2. Picture of copper module with connected power supply

4.2.Taguchi array design and analysis of variance

In this experiment, a Taguchi orthogonal array design was used to identify the
optimal conditions and select the parameters having the most important influence on
the filtration time, electrical conductivity, surface area, rope diameter and pore size of
the NBPs. Tables 4.2, 4.3, 4.4, 4.5 and 4.6 show the results of the measurements. The
analysis of variance of the filtration time, electrical conductivity, surface area, rope

diameter and pore size in Tables 4.2, 4.3, 4.4, 4.5 and 4.6 were calculated; the results
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are shown in Tables 4.7, 4.8, 4.9, 4.10 and 4.11, respectively. The purpose of the
analysis of variance (ANOVA) is to investigate which parameters significantly affect
the quality characteristic. In the tables, S represents the sum of the square of each
column, and ¥V represents the mean square of the factor. The significance of the
parameters on characteristics can be estimated by the results of the ANOVA process.
The significance refer to the extent of a parameter’s effect on the characteristics and
can be determined using the F values of the F-distribution. The F values are used to
determine whether a parameter can be pooled to an error term or not. In general, the
results of the experiments have a small degree of freedom. Therefore, a pooling
method was used to increase the freedom of error.

Table 4.2

Experimental measured values forfiltration time of NBPs and S/N ratio

Exp. A B C Filtration time (hrs)

No. yl y2 y3 S/N ratio(dB)
1 1 1 1 9.5 7.5 10.5 -19.32

2 1 2 2 11 5.25 12 -19.89

3 2 1 2 6.25 7.25 9 -17.60

4 2 2 1 9 5 6.25 -16.84

Table 4.3

Experimental measured values for electrical conductivity of NBPs and S/N ratio

Exp. A B C Electrical conductivity (S/cm)

No. yl y2 y3 S/N ratio(dB)
1 1 1 1 46.42 64.13 44.27 33.92

2 1 2 2 55.34 55.64 67.34 35.38
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3 2 1 2 52.11 60.23 41.15 33.86

4 2 2 1 40.13 49.41 47.21 33.07

Table 4.4

Experimental measured values for surface area of NBPs and S/N ratio

Exp. A B C Surface area (m?/ g)

No. yl y2 y3 S/N ratio(dB)
1 1 1 1 57118  537.17  492.15 5449

2 1 2 2 592.13  550.31 490.12  54.21

3 2 1 2 51492 49145 53726 5427

4 2 2 1 53232 47632  551.23 5440

Table 4.5

Experimental measured values for rope diameter of NBPs and S/N ratio

Exp. A B C Rope diameter (nm)

No. yl y2 y3 S/N ratio(dB)
1 1 1 1 6.51 4.83 4.98 -14.80

2 1 2 2 4.11 5.1 7.52 -15.20

3 2 1 2 6.41 8.64 6.53 -17.22

4 2 2 1 5.59 7.42 5.92 -16.07

Table 4.6

Experimental measured values for pore size of NBPs and S/N ratio

Exp. A B C Pore size (nm)

No. yl y2 y3 S/N ratio(dB)
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1 1 1 4.46 4.72 5.98 -14.15
2 2 2 4.52 4.74 5.45 -13.83
3 1 2 4.98 5.14 4.8 -13.94
4 2 1 4.83 6.14 4.78 -14.47
Table 4.7

The ANOVA table of filtration time for the pooling method

Factor Sum of square (S) | Degree of freedom | Mean square (V) | F

A 14.08 1 14.08 3.17*
Error 44.40 10 4.44

Total 58.48 11

* Most significant parameter

In Table 4.7, factors B and C wererdeleted, implying that the lower F value
(Fg=0.04, Fc=0.17) was combined with the error term. Therefore, factor A had an
effect on the filtration time, but B and C had no significance. At 10% significance, the
value of Fy; with 1 and 10 degrees of freedom is 3.28. The calculated F values for A

(3.17) are closed to the identification value F implied that factor A had a partial

influence on the results of the experiment.

Table 4.8

The ANOVA table of electrical conductivity for the pooling method

Factor Sum of square (S) | Degree of freedom | Mean square (V) | F

A 153.37 1 153.37 2.44%*
C 134.94 1 134.94 2.15%
Error 565.43 9 62.83
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Total 853.73 11

* Most significant parameter

Table 4.8 shows the results of ANOVA for the electrical conductivity of NBPs.
In the analysis of variance, the F value of factor B was 0.06, which was significantly
lower than Fo and F¢. This difference of value indicates that parameter B has a
smaller effect on the electrical conductivity of NBPs. Therefore, factor B was
combined with the error term. Table 4.8 shows that, after recalculating the values in
the analysis of error variance, the values of F, and Fc were 2.44 and 2.15,
respectively. Although all of these F-values are smaller than the Fy; which is 3.28
with 1 and 10 degrees of freedom, they are large enough to believe that they are
relative to the electrical conductivity of NBPs: Therefore, the rope diameter and
electrical conductivity of CNTsgare the parameters for affecting the electrical
conductivity of NBPs.
Table 4.9

The ANOVA table of surface area for the pooling method

Factor Sum of square (S) | Degree of freedom | Mean square (V) | F

A 1398.82 1 1398.82 1.10
Error 12702.12 10 1270.21

Total 14100.94 11

* Most significant parameter

Table 4.9 shows the results of the ANOVA for the surface area. In the analysis of
variance, the Fg and F¢ are 0.15 and 0.02, respectively, combined with the error term.

Table 4.9 shows that, after recalculating the values in the analysis of error variance,
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the values of F4 are 1.1. The F-value of factor A was smaller than the Fy; which is
3.28 with 1 and 10 degrees of freedom. Therefore, all of the factors A, B and C were

not significant parameters for the surface area of NBPs.

Table 4.10

The ANOVA table of rope diameter for the pooling method

Factor Sum of square (S) | Degree of freedom | Mean square (V) | F

A 4.64 1 4.64 3.29*
Error 14.13 10 1.41

Total 18.77 11

* Most significant parameter

Table 4.10 shows the resultsiof the ANOVA: for the rope diameter of NBPs. In
the analysis of variance, the “F value-of-factors: B and C were 0.3 and 0.55,
respectively, significantly lower than Fg:Therefore, factors B and C were combined
with the error term. After recalculating the values in the analysis of error variance, the
value of F5 was 3.29, which is larger than the Fy; which is 3.28 with 1 and 10 degrees
of freedom. Consequently, the rope diameter of the CNTs proved to be the most

significant parameter for influencing the rope diameter of NBPs.

Table 4.11

The ANOVA table of pore size for the pooling method

Factor Sum of square (S) | Degree of freedom | Mean square (V) | F
A 0.05 1 0.05 0.14
B 0.01 1 0.01 0.03
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C 0.14 1 0.14 0.36

Error 3.04 8 0.38

Total 3.24 11

Table 4.11 shows the results of the ANOVA for the pore size of NBPs. In the analysis
of variance, the F value of factors A, B and C were 0.14, 0.03 and 0.36, respectively.
All of these factors much smaller than the Fy; which is 3.28 with 1 and 10 degrees of
freedom. Therefore, all of the factors A, B and C were not the influencing parameters

for the pore size of NBPs.

4.3. Determination of optimal conditions using Taguchi method

In Taguchi method, the terms ‘signal’ and ‘noise’ represent the desirable and
undesirable values for the outputcharacteristics, respectively. Taguchi method uses
the S/N ratio to measure the quality:characteristic deviating from the desired value.

The S/N ratio is defined as [9]

2 = —10log (MSD) (D)

where MSD is the mean squared deviation from the target value of the output
characteristic. Consistent with its application in engineering and science, the value of
S/N is intended to be large; hence the value of MSD should be small. Thus MSD is
defined differently for each of the three quality characteristics considered, i.e.
the-smaller-the-better, the-larger-the-better, and the-nominal-the-better [8—10]. For
the-smaller-the-better characteristic,

MSD = Liza¥ 2)

mn

For the-larger-the-better characteristic,
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MSD = — (3)

where y; are the results of experiments; n is the number of repetitions. To achieve
optimal conditions, the-smaller-the-better quality characteristic for the filtration time,
rope diameter and pore size must be taken; conversely, the electrical conductivity and
surface area belong to the-larger-the-better characteristic. Tables 4.2, 4.3, 4.4, 4.5 and
4.6 show the S/N ratio for the filtration time, electrical conductivity, surface area,
rope diameter and pore size using Egs. (1), (2) and (3). Since the experimental design
is orthogonal, it is possible to separate the effects of each parameter at different levels.
For example, the mean S/N ratio for the purity at levels 1 and 2 can be calculated by
averaging the S/N ratios for the experiments (1, 3) and (2, 4), respectively. The mean
S/N ratio for each level of the other parameters can be computed in a similar manner.
As mentioned in Section 4.2; rope diameter, purity and electrical conductivity of
the CNTs were not significant fo the surface area and pore size of NBPs. Therefore,
the determination of optimal conditions of-filtration time, electrical conductivity and
rope diameter was followed. The mean S/N'ratio for each level of the parameters was
summarized. Table 4.12 shows the S/N response table for the filtration time of the
NBPs. As shown in Table 4.12, the Max—Min value of the rope diameter was the
highest value. Therefore, it can be determined that the rope diameter was the
significant parameter for affecting the filtration time of the NBPs; the optimum
condition was A2. Since factors B and C were not significant parameters, the
determination of their levels was unnecessary.
Table 4.12

S/N response table for filtration time of NBPs

Symbol Parameter Mean S/N ratio (dB)

Level 1 Level 2 Max-Min
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A Rope diameter -19.61 -17.22 2.39

B Purity -18.46 -18.37 0.09
C Electrical -18.08 -18.75 0.67
conductivity

Table 4.13 shows the S/N response for the electrical conductivity of the NBPs.
The optimal conditions for the electrical conductivity of NBPs were Al and C2. It
was also found that the values (Max—Min) of the rope diameter and electrical
conductivity of the CNTs were higher than the purity of the CNTs, implying that
these two parameters had the most significant influence on the electrical conductivity
of NBPs. Since factor B was insignificant, it is unnecessary to control the
specification of the purity of the CNTs.
Table 4.13

S/N response table for electrical:‘conductivity-of-NBPs

Symbol Parameter Mean S/N ratio (dB)
Level 1 Level 2 Max-Min
A Rope diameter 34.65 33.46 1.18
B Purity 33.89 34.22 0.33
C Electrical 33.49 34.61 1.12
conductivity

Table 4.14 shows the S/N response for the rope diameter of NBPs; the optimal
condition was A1l. The value (Max—Min) of the rope diameter of the CNTs was higher
than the purity and electrical conductivity of the CNTs, indicating that the rope

diameter of the CNTs was the most significant influencing parameter. Because factors
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B and C were not an influence on the rope diameter of NBPs, controlling the
specifications of the purity and electrical conductivity of CNTs was unnecessary.

Table 4.14

S/N response table for rope diameter of NBPs

Symbol Parameter Mean S/N ratio (dB)
Level 1 Level 2 Max-Min
A Rope diameter -15 -16.65 1.65
B Purity -16.01 -15.64 0.37
C Electrical -15.43 -16.21 0.78
conductivity

Table 4.15 shows the rope diameter, purity and electrical conductivity of three
CNT batches (SWNT 70, SWNT 75 and SWNT 101). which are verifies the results of
electrical conductivity, filtration time:and-rope-diameter of NBPs, respectively. Table
4.16 shows the comparison of the predicted-electrical conductivity, filtration time and
rope diameter of the NBPs, with the experimental results using the optimal conditions.
There is good agreement between the predicted and experimental particle size that
was observed. Consequently, the filtration time, electrical conductivity and rope
diameter of NBPs can be improved by controlling the specification on CNTs through
Taguchi method approach.

Table 4.15

Level values of three batches

Batches Rope diameter (nm)  Purity (%)  Electrical conductivity (S/cm)
SWNT 70  5.72 (1) 92.1% (2) 0.2672 (2)
SWNT75 7.3(2) 92.6% (2) 0.2319 (1)
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SWNT 101 6.23 (1) 90.6% (1)  0.2953 (2)

1: low level, 2: high level

Table 4.16
Results of the confirmation experiment for electrical conductivity, filtration time and

rope diameter of NBPs

Batch: SWNT 70 Electrical conductivity (S/cm)

Level Electrical S/N ratio (dB)

conductivity (S/cm)

Prediction Al1C2 57.59 35.207

Experiment Al1C2 57.98 35.27

Batch: SWNT 75  Filtration time (hrs)

Level Filtration time (hrs) S/N ratio (dB)
Prediction A2 7:26 -17.22
Experiment A2 8 -18.06

Batch: SWNT 101  Rope diameter (nm)

Level Rope diameter (nm) S/N ratio (dB)
Prediction Al 5.62 -15
Experiment Al 5.54 -14.87
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CHAPTER 5 CONCLUSION AND FUTURE WORKS

NBPs were fabricated from CNTs through a series of sonication and filtration
processes. In this study, Taguchi method was used to optimize the parameter values
for obtaining the desired characteristics. Various factors affecting the filtration time,
electrical conductivity and rope diameter were analyzed and optimized. The rope
diameter of the CNTs was the parameter that had major effects on the filtration time,
electrical conductivity and rope diameter of the NBPs. In addition, it has been
determined that the electrical conductivity of CNTs is the most significant factor
affecting the electrical conductivity of NBPs. Under optimal conditions using Taguchi
method, these results are in good agreement with the data that was verified and
analyzed by Taguchi method. Consequently, the desired NBPs can be fabricated using
Taguchi method and ANOVA to realize what the significant parameters of CNTs are

and to obtain the correct specification of ENTs from @ CNT company.

In this thesis, although there are several-parameters had been investigated, some
factors which were not chosen in this experiment might be significant, such as rope
length. Moreover, different CNT company’s products might result in different quality
NBPs even though manufactured by the same specification of CNTs. In conclusion, in
order to further realize CNTs and NBPs, there are lots of experiments and efforts need

to implement.
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