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Abstract 

Theoretical and Experimental Exploration 

to Maximizing the Tensile Performance of 

Carbon Nanotube Yarns 

 

Young Shik Cho 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

This study theoretically describes the model of carbon nanotube yarns (CNTYs) with 

empirical verification to maximize the mechanical performance. Due to the inherently 

superb mechanical properties and high aspect ratios of CNTs, efforts to improve the 

mechanical properties of CNTYs which that exceed those of conventional high-strength 

fibers such as carbon fibers have continued over the last few decades. Nevertheless, 

though CNT is the most attractive materials in the fields of structural materials, CNT 

assembly including CNTY shows relatively very low mechanical performance in 

macroscopic scale comparing to the strength of individual CNTs in nanoscale. To 

overcome the limitation, new insight for correlation between properties of CNT and 

CNTY should be considered. The mechanical properties of CNT assembly depend on 

structural factors of CNT such as the length, number of walls, and the diameter of the 
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nanotubes. Therefore, the most important issue to fabricate ultrahigh-strength CNTY is 

to control the nanostructure of CNTs and the microstructure of the CNT assembly by 

revisiting the hierarchy of CNTYs.  

Chapter 1 briefly describes the CNTYs and related factors that affect the mechanical 

properties of yarns. As discussed in state-of-the-art of strength of CNTY based on 

structural factors of CNT, previous works based on conventional yarn mechanics does 

not provide a guideline and insight for high strength CNTY. This study attempts to draw 

possible correlations between the intrinsic and extrinsic structural parameters of load-

bearing elements and the specific strength of the resulting CNTYs to improve the 

mechanical properties of CNTY 

Chapter 2 presents the theoretical model related to the specific strength of CNTYs 

based on consideration of load-bearing element. On the basis of energy calculation, the 

actual load-bearing element, which is CNT elementary bundle, of CNTY is determined. 

By revisiting failure mechanism, slippage of load-bearing element, the equation 

describing the specific strength of CNTYs is derived based on the structural factors of 

elementary bundle relying on the intrinsic structure of CNTs. Through the relation 

between the specific strength of CNTYs and nanostructure of component CNT 

elementary bundle, dependence of CNTY strength on CNT assembly structure and basic 

load-bearing element is dealt with. Finally, the ideal structure for high specific strength 

CNTY is proposed through the theoretical approach. 

Chapter 3 and 4 discuss the reliability of theoretical approach by comparing the 

specific strength of CNTYs made of various nanostructured CNTs as derived from 

chapter 2. In chapter 3, effect of microstructure of CNT microbundle is investigated 

through in-situ direct spinning which enables the control of the self-assembly behavior 
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of CNT. The strength of fabricated as-spun CNTY successfully reached 80% of the 

empirically estimated maximum strength according to the theory in chapter 2. In chapter 

4, a simplified model of crosslinked CNT yarn derived from chapter 2 to predict the main 

factors influencing the strength of the yarn is suggested in function of degree of reaction. 

By giving variety to linking reagent or degree of reaction and analyzing junction of 

linking reagent and surface of CNT from reaction, developed model fitted well to 

experimental data, giving basis to the model as well as insight to the strategy to 

strengthen CNTY. Finally, through applying the model in chapter 3 and 4, ultra-high 

strength CNTY was realized.  

Chapter 5 suggests the method of maximizing the tensile strain and modulus of CNTY. 

The empirical approach, which is modified in-situ direct spinning, to increase elongation 

and modulus of CNTY is proposed. Through self-assembly control during spinning, 

elongation specialized CNTY and modulus specialized CNTY are prepared and analyzed 

based on bundling and orientation properties.  
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Chapter 1 Introduction 

 

1.1 Overview of CNTYs 

Carbon nanotubes (CNTs), composed of a network of sp2 hybridized carbons with 

outstanding mechanical properties, viz. the theoretical tensile strength of 60 GPa and 

modulus of 1 TPa [1-3]. The one-dimensional morphological features with high aspect 

ratio are very attractive, particularly when considered as basic building blocks for high-

performance CNT yarns (CNTYs) [4-13]. However, in practice, such unprecedented 

advantages of CNTs have not yet been realized regardless of CNTs that have been 

applied in CNTYs. The tensile strength of CNTY ranged from 0.05 to 5.53 GPa, though 

this is far below the theoretical tensile strength of CNTs. 

 

1.2 Theoretical consideration of the tensile strength of CNTYs 

CNTY is commonly considered a one-dimensional material composed of interlocked 

elementary fibers, i.e., CNTs [14-17]. Thus, the tensile strength ratio of the yarn to the 

elementary fiber has been estimated by the classical yarn mechanics theory [18] 

described by equation (1.1), 

 

𝜎𝑦𝑎𝑟𝑛

𝜎𝑓𝑖𝑏𝑒𝑟
≈ 𝑐𝑜𝑠2𝛼[1 − (𝑘 cosec 𝛼)]  (1.1) 
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where σyarn and σfiber are the strengths of the CNTY and the elementary fiber, or CNT, 

respectively.  

According to equation (1.1), the yarn strength depends on the value of k on the twist 

angle (α), the fiber diameter (d), and the fiber length (L) of the elementary fibers (CNTs). 

The term cos2α describes a gradual decline of the yarn strength as the twist angle of the 

elementary fibers increases. The second term [1-(k cosecα)] compensates for the drop-

off effect of the yarn strength due to the increased transverse force from twisting. As the 

twist angle increases, the distance between the CNTs becomes narrower and the degree 

of yarn compaction becomes higher, resulting in a strengthening of the inter-tubular 

interactions.  

Excluding the effect of twist angle, the yarn strength is determined by the material 

term k=(dQ/μ)0.5/(3L), where d is the diameter of elementary fiber, Q is the migration 

length of the fibers from the yarn surface to the inside, μ is the friction coefficient of the 

fiber with the neighboring fibers, and L is the length of the fiber. This describes a 

contribution factor of the unit length of elementary fibers. Equation (1.1) shows how a 

shorter diameter, shorter migration length, higher friction coefficient, and a longer length 

of the elementary fibers are advantageous for stronger yarns.  

Although equation (1.1) suggests that the longer and thinner the elementary CNTs are, 

the stronger the CNTY would be, this equation does not appear to be feasible when 

applied to a practical CNTY. There are two reasons for this; first is the dimensional 

difference and the second is the deformability of CNTs. Indeed, in the equation derived 

originally for cotton or woolen yarns, the elementary fibers - given their micron-sized 

diameters and millimeter-sized lengths - were considered non-deformable cylinders of a 

uniformly specific volume with a circular cross-section. Meanwhile, actual CNTs with 
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nanometer-sized diameter and micron-sized length are deformable, with the 

deformability depending on the structural parameters.  

To overcome the limitations of equation (1.1), Vilatela et al. [15] developed a new 

equation by considering that the failure of CNT yarns consisting of millions of 

elementary CNTs is governed not by the rupture of elementary CNT, but by the pull-out 

due to weak interaction between CNTs. As described in equation (1.2), the strength of 

the CNT yarn strongly depends on the shear strength between elementary CNTs.  

 

𝜎 =
1

6𝑛
𝛺𝐶𝑁𝑇𝜏𝐹𝐿  (1.2) 

 

where τF and L are the shear strength and the length of elementary CNTs. Since only the 

outermost tube layer contributes to the shear force between adjacent tubes where the 

basic load-bearing element is a single nanotube, the total strength is divided by n, where 

n is the number of nanotube walls. The term of ΩCNT, derived from a classical elasticity 

theory, is the fraction of outer layer surface in contact with neighboring CNTs [19]. Due 

to the unique hollow nanostructure, the elementary CNTs are deformable, implying that 

the larger diameter of CNTs is easier to be deformed so as to increase the contact area 

between the elementary CNTs. However, this equation does not fully describe the 

strength of the yarn due to the hierarchy of CNTY. The equation only describes the 

strength of the CNT bundle rather than that of CNTY. 

It should be noted that both equations (1.1) and (1.2) suggest the importance of the 

interfacial shear strength and the structural factor of the elementary CNTs when 
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attempting to make CNTYs stronger. These factors are a function of multiple variables 

like the length, diameter, surface roughness, orientation, and degree of crosslinking. It is 

necessary to gain a deep understanding of these parameter influences to see how to 

improve the CNTY strength. 
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1.3 The state-of-the-art of tensile performance of CNTYs 

1.3.1 Influence of the structural features of CNTs on the resulting yarn strength 

1.3.1.1 Length of CNTs 

In the theories that predict the tensile strength of CNTYs, one of the most influential 

parameters is the interaction energy between the CNTs that dissipates the crack 

propagation energy based on the slippage failure mechanism. For this reason, there have 

been many efforts to synthesize long CNTs so as to increase the interaction forces by 

extending the contact area between the CNTs with weak shear strength [20-24]. For 

example, CNT arrays that were 2.2 cm [25] or 4.7 mm [21] long were successfully 

synthesized, but only CNTs in the range of 0.5~1.5 mm could be spun into a yarn. Zhang 

et al. [20] and Ghemes et al. [26] prepared CNT arrays with lengths in the range of 0.3~2 

mm, which were spun into yarns. Fig. 1.1 clearly illustrates that the strength of the CNTY 

increases linearly with the length of the elementary CNTs. 

It is crucial to note here that despite a clear correlation, the strength of the resulting 

CNTYs from millimeter-long CNTs, as shown in Fig. 1.1b, is lower than that of 

micrometer-long CNTs, as presented in Fig. 1.1a. This indicates that if structural 

characteristics other than the length of the elementary CNTs are identical, a linear 

correlation becomes true. In other words, there are other structural parameters like the 

tube diameter and the number of walls that affect the evolution of CNTY strength. 
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Fig. 1. 1. Dependence of tensile strengths of MWCNT yarns on the length of elementary 

CNTs: (a) in micron scale [20, 26] and (b) in millimeter scale [35], Reproduced with 

permission. Copyright 2012, Elsevier. 
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1.3.1.2 Diameter and number of walls of CNTs 

Given the length of elementary CNTs, the strength of the resulting CNTYs varies 

significantly with the diameter and the number of walls of the CNTs, thus determining 

the extent of inter-tubular interactions. Jia et al. [27] elaborately controlled the synthesis 

conditions in their effort to synthesize CNT arrays with different numbers of walls 

ranging from a few walls (2-3) to multiple walls (>15) that have lengths in the range of 

260~1000 µm. They then tested the strength of the resulting CNTYs with controlled 

diameters of 10-15 µm.  

 From Table 1.1, it is clear that the maximum strength of CNTYs is achieved when the 

elementary CNTs have the smallest diameters and fewest walls. Using the data in Table 

1.1, we calculated the parameters in equations (1.1) and (1.2), (i.e., L/(2Rn), L/(2Rn)
0.5, 

ΩCNT/n, and LΩCNT/n) and plotted them in relation to the yarn strength as shown in Fig. 

1.2. Here, ΩCNT was approximated as 1-(nDG/2γRn
2)0.5, where DG, γ, and Rn are the 

bending rigidity of the graphene layer, the surface energy of the graphene layer, and the 

outer radius of CNT, respectively. The surface energy and flexural rigidity are 0.0597 

J/m2 and 2.11×10-19 J, respectively [28, 29]. However, as shown in Fig 1.2, both classical 

yarn mechanics and classical elasticity theory (equation (1.1) and equation (1.2), 

respectively) failed to describe the relationship between the structural features of the 

elementary CNTs and the resultant CNTY strength. 
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Table 1.1. Effect of diameter and number of walls of elementary CNTs on the tensile 

strength of resulting CNTYs. Adapted from ref. [27]. Copyright 2011, Elsevier. 

Carbon source C2H2- I C2H2- II C2H4 C2H2-CM 

Tube diameter (nm)  8-10 8-10 < 6 > 17 

Number of walls 8-10 ~ 6 2-3 > 15 

IG/ID 0.88 0.99 1.27 1.65 

Length (µm) 320 320 260 1000 

Strength (MPa) 689 866 1170 383 

Modulus (GPa) 10.1 16.0 53.5 6.5 

 

 

 

 

Fig. 1.2. Yarn strength as a function of the different variables of L/(2Rn), L/(2Rn)
0.5, 

ΩCNT/n and LΩCNT/n. Here, the data in Table 1.1 were used to calculate the value of each 

variable. 
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1.3.1.3 Orientation of CNTs 

Apart from the intrinsic structural characteristics of elementary CNTs, there are other 

factors that influence the strength of CNTYs, as indicated by conventional yarn 

mechanics. These include the orientation of the elementary CNTs along the loading axis, 

which crucially influence the compaction of the elementary CNTs, or the load bearing 

efficiency.  

During the wet spinning of CNTY, the orientation of elementary CNTs can be 

enhanced by using a spinning dope where CNTs form a lyotropic-nematic liquid 

crystalline-like phase [10, 25, 45]. During the direct spinning process, CNTs assemble 

in-situ into a yarn form in the gas phase. Alemán et al. [30] demonstrated a means of 

controlling the orientation of the elementary CNTs in the resulting yarn by diluting the 

concentration of the CNTs in a reactor as shown in Fig. 1.3. The concentration of CNTs 

in the reactor critically determines the draw ratio of the CNT aerogel and the orientation 

of the elementary CNTs in the resulting CNTYs. With a low feed rate of the carbon 

source for CNT synthesis and a high draw ratio up to 18, the specific strength of the 

resulting CNTYs was improved from 0.3 to 1 GPa/SG [30]. 

The winding speed of the yarn is also an effective variable when attempting to control 

the orientation of elementary CNTs in the yarn [31] as shown in Fig. 1.4. By controlling 

the winding speed, an extremely high specific strength of 3 N/tex (equivalent to 3 

GPa/SG) of CNTYs was obtained. 
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Fig. 1.3. A way of controlling the alignment of CNTs in a direct CNTY formation by 

diluting the concentration of CNTs in a reactor (a) a schematic representation of the 

direct CNTY spinning process showing the effect of aerogel dilution on the orientability 

of the final fibers, and scanning electron micrographs of (b) nonoriented and (c) oriented 

CNTYs. Reproduced with permission.[30] Copyright 2015, ACS Publications. 
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Fig. 1.4. Effect of winding rate on (a) the orientation and (b) the average specific strength 

and stiffness of CNTYs at 2-mm gauge length. From ref. [31]. Reprinted with permission 

from AAAS. 
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1.3.2 Enhancement of contact between CNTs 

1.3.2.1 Physical densification 

Improvements in the strength of CNTY can be achieved by two approaches: reducing 

the cross-sectional area of the CNTYs under a given load and increasing the load-bearing 

capacity by increasing the inter-tubular interactions under a given cross-sectional area 

of the yarn. In this vein, any effort to maximize the inter-tubular interactions can be 

effective not only to reduce the effective cross-sectional area of the CNTY, but also to 

increase the load bearing capability through enhanced interactions. 

One of the most commonly adopted methods to reduce the cross-sectional area of 

CNTYs is by solvent densification [32-36]. Among the various types of solvents used 

for this process (i.e., non-polar, polar protic, and polar aprotic), ethylene glycol was 

reported as the most effective when used to densify CNTYs, implying that polarity is the 

key factor due to the dipole-induced interaction among CNTs. Fig. 1.5 shows the 

improvements in the average strength and electrical conductivity of CNTYs after solvent 

densification. 

Mechanical densification means, such as pressing CNTYs between rollers as shown 

in Fig. 1.6, has also been reported to have great potential in improving the tensile strength 

of CNTYs [37-40]. Indeed, Wang et al. [37] demonstrated that the average tensile 

strength of CNTY can be improved by up to 4.34 GPa after mechanical densification 

due to the synergetic effect of the reduced cross-sectional area by a factor of ~10 with 

an increase in the load-bearing capacity by 120% through enhanced inter-tubular 

interactions. Table 1.2 shows the effectiveness of mechanical pressure when utilized to 

increase the packing density and mechanical performance of CNTY.  

However, there is an upper limit with regards to the compaction of elementary CNTs 

in a CNTY, as the density of CNTY cannot surpass the density of graphite - 2.23 g cm-3 
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- even if the elementary CNTs are fully collapsed and flattened without any inter-tubular 

space. 
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Fig. 1.5. Tensile strength and electrical conductivity of CNTYs after solvent 

densification. Reproduced with permission.[35] Copyright 2012, Elsevier. 
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Fig. 1.6. (a) A schematic representation of mechanical densification of CNTY, (b~e) 

SEM micrographs after rolling, showing a smooth surface morphology. Scale bars, 100 

mm (b), 2 mm (c) and 5 mm (d,e). Reproduced with permission.[37] Copyright 2014, 

Nature Publishing Group. 
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Table 1.2. Mechanical densification effect on the tensile strength of cylindrical and 

ribbon-like SWCNT yarns. Reproduced with permission.[38] Copyright 2016, Royal 

Society of Chemistry.  

Sample 
Diameter/width × 

thickness (µm) 

Apparent 

density 

(g cm-3) 

Breaking 

elongation 

(%) 

Tensile 

strength 

(MPa) 

Young's 

modulus 

(GPa) 

Treatment 

pressure 

(GPa) 

Cylindrical 

fiber 1 
Φ: 280 0.68 13.7 17 0.35 - 

Cylindrical 

fiber 2 
Φ: 300 0.53 27 18 0.30 - 

Ribbon-

like fiber 1 
800 × 36 1.11 4.8 300 6.5 0.9 

Ribbon-

like fiber 2 
1500 ×13 1.53 1.5 700 50 2.1 

Ribbon-

like fiber 3 
1600 × 13 1.54 1.8 720 72 2.7 

Ribbon-

like fiber 4 
1800 × 8 1.66 1.2 960 81 3.7 

 

  



18 

 

1.3.2.2 Polymeric or carbon mediator 

Based on the slippage failure mechanism, the strength of CNTYs can basically be 

ascribed to the shear strength between the elementary CNTs. There have been many 

efforts to improve the shear strength by infiltrating mediating materials, such as 

polymers or carbon materials, into the inter-tubular spaces. For example, Ma et al. [41] 

experimentally demonstrated that the load-transfer efficiency between elementary CNTs 

improves greatly from 0.045 to 0.4 by infiltrating polymers (e.g. polyvinyl alcohol) 

(PVA) [34, 35, 41-43]. 

Apart from linear chain polymers, cross-linkable polymers like epoxy and 

bismaleimide (BMI) have also been widely adopted for CNTY strengthening [35, 41, 

44-47]. Ryu et al. [46] introduced mussel-inspired catecholamine polymer (PEI-C) 

infiltrated CNTYs in order to achieve strength levels exceeding 2 GPa.  

Carbon-coated CNTYs are another route to achieving higher strength. For example, 

Hahm et al. [48] showed a dramatically enhanced tensile strength level of CNTYs. An 

increase from 0.068 to 0.80 GPa is possible when using a core of CNTY and a glassy 

carbon shell as shown in Fig. 1.7a. Similarly, Ryu et al. [49] also showed greatly 

increased tensile strength up to 4.0 GPa, which is nearly 400 % higher than the tensile 

strength of pure CNTY. This was achieved by fabricating CNTYs with a carbonized 

polydopamine (PDA) coating as shown in Fig. 1.7b. 
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Fig. 1.7. The fabrication process of (a) CNTY/GC core/shell type yarns, (b) PDA-CNTY 

and py-PDA-CNTY. Reproduced with permission.[48, 49] Copyright 2013, ACS 

Publications and Copyright 2015, Wiley-VCH. 
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1.3.3 Improvement of interfacial shear strength of CNTs 

1.3.3.1 Surface modification of CNTs 

As chemically strengthened CNTYs were produced mostly by a wet-process, 

chemical modification methods can be classified into three types on the basis of the 

functional groups attached to the surfaces of the elementary CNTs.  

The first method enhances the van der Waals interactions without attaching further 

functional groups. Impurities and defects, such as sp3 carbons, are usually considered as 

obstacles for π-π interaction. Thus, the eliminating impurities and restoring sp2 carbons 

can increase the interaction forces between the elementary CNTs [50-53]. A typical 

example of this can be found in the work of Choi et al. [50], which reported CNTYs with 

an improved strength value of 420 MPa after removing defects in a sp2 conjugated 

system of CNT walls through intramolecular cross-dehydrogenative coupling (ICDC), 

which converts sp3 carbons into sp2 carbons as shown in Fig. 1.8. 

The strength of as-spun CNTY is relatively low due to the weak inter-tubular 

interaction between CNTs, which is van der Waals interaction or π-π interaction between 

CNTs. It is reasonable to enhance the inter-tubular interaction by introducing additional 

strong bonds instead of the existing π-π interaction so as to realize enhanced mechanical 

performance of CNTYs. Hence, the second method involves introducing functional 

groups that induce ionic or hydrogen bonding as compared to π-π interaction [54-56]. 

For instance, Park et al. [54] doped CNTs with nitrogen by the thermal decomposition 

of an ionic liquid and successfully induced hydrogen bonds between the CNTs to obtain 

the resultant CNTY, which in their case showed an increased specific strength from 0.32 

GPa/SG to 0.65 GPa/SG. 

The third improvement method involves grafting a polymer onto the surfaces of the 

CNTs [56, 57]. Indeed, Naraghi et al. [57] reported a CNTY grafted with PMMA 
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oligomer, achieving a shear strength value of 400 MPa between CNTs due to the 

increased interlocking of the PMMA oligomers (Fig. 1.9). 
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Fig. 1.8. Changes of S-S curves of CNTYs with increasing ICDC reaction time. 

Reproduced with permission.[65] Copyright 2013, ACS. 
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Fig. 1.9. A schematic representation of (a) PMMA grafted CNT and (b) shearing between 

oligomer grafted CNTs, (c) TEM micrograph of two overlapping CNTs, and (d) High-

resolution TEM micrograph of the end of the oligomer grafted CNTs. Reproduced with 

permission.[57] Copyright 2013, Wiley-VCH. 
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1.3.3.2 Crosslinking between elementary CNTs 

An extreme means of maximizing the inter-tubular interaction is to bond CNTs 

together covalently. In order to obtain the highest strength of CNTYs, the chemical 

crosslinking of CNTs has been considered. Cornwell and Welch [58] suggested a model 

of directly crosslinked CNTY as shown in Fig. 1. 10a and b exhibit yarn strength levels 

as high as 60 GPa, which are very close to the theoretical strengths of CNTs. If this is 

realized, the CNTY would fail not from slippage, but due to the CNT rupture. 

Furthermore, Filleter et al. [59] reported through in situ TEM tensile testing that an e-

beam irradiated CNT bundle showed the strength of 17 GPa, though this remains below 

the theoretically predicted value. In this case, despite the direct crosslinking between 

CNTs, the dramatic destruction of the outer CNT wall as shown in Fig. 1.10c, was found 

to be a limiting factor with reference to the strength. 

To avoid any structural deterioration of CNTs while preserving the crosslinking of 

CNTs, several linker molecules have been introduced such as aliphatic diols [60], 

aromatic diamines [61], reactive polymeric molecules [62], and more, as schematically 

shown in Fig. 1. 11. Given that as-produced CNTs do not possess any functional groups 

on the surface, the functionalization of CNTs is required prior to chemical crosslinking. 

For example, the pre-oxidation of CNTs was adopted to introduce carboxylic groups, 

which can participate in the crosslinking process through subsequent reactions like 

esterification [60] and amidation [62]. Further, diazotization of CNTs using either 4-

carboxybenzenediazonium salts or p-phenylenediamine was found to be effective for the 

crosslinking of CNTs through the subsequent amidation of the CNTs. 

It is important to note that although the strength of CNTYs could be enhanced 

remarkably via the chemical crosslinking of CNTs, the current state of research remains 

far from the theoretically predicted value. This implies that there should be further 
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research to find possible routes to either crosslink CNTs directly without structural 

deterioration or increase the degree of crosslinking between CNTs. 
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Fig. 1.10. Schematic representative of (a) directly cross-linked CNTs, (b) failure of the 

cross-linked CNT and (c) e-beam irradiated CNTs yarn. Reproduced with permission.[58, 

63] Copyright 2011, AIP publishing and Copyright 2013, Elsevier. 
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Fig. 1.11. CNT cross-linking by various chemical reagents. Reproduced with 

permission.[60-62] Copyright 2017, Elsevier, Copyright 2017, Elsevier and Copyright 

2013, Elsevier. 
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1.4 Aim and scope of this study 

The aim of this study is to design and fabricate ultra-high strength CNTY through both 

theoretical and empirical approaches based on structural factors and hierarchy of CNTYs. 

Though CNT is the most attractive material in the field of structural materials, CNT 

assembly shows relatively very low mechanical performance in macroscopic scale when 

compared to the strength of individual CNTs in nanoscale. Thus, in Part I, the state-of-

the-art CNTY strength based on structural factors of CNT is analyzed. As discussed in 

state-of-the-art, previous works based on conventional yarn mechanics does not provide 

a guideline and insight for high strength CNTY. This study attempts to draw possible 

correlations between the intrinsic and extrinsic structural parameters of load-bearing 

elements and the specific strength of the resulting CNTYs. 

In Part II, the method of maximizing the tensile strength of CNTY based on the 

theoretical derivation of CNTY strength with empirical verification is discussed. In 

Chapter 2, the theoretical approach related to the specific strength of CNTYs based on 

the load-bearing element will be considered. The actual load-bearing element, the CNT 

microbundle, of CNTY is determined based on the energy calculations. By revisiting the 

failure mechanism - slippage of load-bearing element - the equation describing the 

specific strength of CNTYs is derived based on the structural factors of the microbundle, 

which are the number and surface area fractions in contact with the length and interfacial 

shear strength of the microbundle relying on the intrinsic structure of CNTs. In particular, 

structural parameters such as length, diameter, and the number of tube walls are 

considered key factors affecting the microbundle to the specific strength of CNTYs. 

Thus, the relation between the specific strength of CNTYs and nanostructure of 

component CNT microbundle is discussed. In addition, the dependence of CNTY 
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strength on the CNT assembly structure and basic load-bearing element is dealt with. 

Finally, the ideal structure for high specific strength CNTY is proposed through the 

theoretical approach. 

The reliability of the theoretical approach will be verified by comparing the specific 

strength of CNTYs made of various nanostructured CNTs in Chapters 3 and 4. In Chapter 

3, the effect of the CNT microbundle microstructure is investigated through in-situ direct 

spinning to strengthen the CNTY. The specific strength of CNTYs with various bundle 

structures was analyzed according to the theory in Chapter 2 and the maximum strength 

possible through the in-situ direct spinning technique was predicted with our CNTs. 

Furthermore, the strength of fabricated, as-spun CNTY successfully reached 80% of the 

estimated maximum strength achievable. From the bundling and orientation behavior 

analysis of CNTs, the self-assembly behavior control was suggested as one of the most 

influential factors determining the specific strength of the resultant as-directly-spun 

CNTY. 

In Chapter 4, a simplified model of crosslinked CNT yarn that predict the main factors 

influencing the strength of the yarn is suggested in function of the degree of reaction. To 

verify and realize the model, a simple method of crosslinking based on carbon surface 

chemistry, called cycloaddition, was hired. By giving variety to the linking reagent or 

degree of reaction and analyzing junction of the linking reagent and surface of CNT from 

the reaction, the developed model fit the experimental data well, giving basis to the 

model as well as insight to the strategy to strengthen CNTY. Consequently, the ultra-

high strength CNTY was realized from the model.  

Finally, in Part III, the method of maximizing the tensile strain and modulus of CNTY 

is discussed. In Chapter 5, a modified in-situ direct spinning, called the empirical 
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approach, is proposed to increase elongation and modulus of CNTY. Through self-

assembly control during spinning, elongation specialized CNTY and modulus 

specialized CNTY are prepared and analyzed based on bundling and orientation 

properties. 
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Chapter 2 Theoretical Consideration for High 

Tensile Strength of CNTY 

 

2.0 Major symbols 

𝑛: 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑎𝑙𝑙𝑠 𝑜𝑓 𝐶𝑁𝑇 

𝜏: 𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑀𝑃𝑎) 

𝜎𝐶𝑁𝑇𝑌: 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐶𝑁𝑇𝑌 (𝑁/𝑡𝑒𝑥, 𝐺𝑃𝑎/(𝑔 ∙ 𝑐𝑚−3)) 

𝐷𝐺 : 𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑟𝑖𝑔𝑖𝑑𝑖𝑡𝑦 𝑜𝑓 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 (𝐽) 

𝐷𝑛: 𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑟𝑖𝑔𝑖𝑑𝑖𝑡𝑦 𝑜𝑓 𝐶𝑁𝑇 𝑤𝑖𝑡ℎ 𝑛 𝑤𝑎𝑙𝑙𝑠 (𝐽) 

𝛾: 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝐶𝑁𝑇 (𝐽/𝑚2)  

𝑅𝑖: 𝑅𝑎𝑑𝑖𝑢𝑠 𝑡𝑜 𝑖𝑡ℎ 𝑤𝑎𝑙𝑙 𝑜𝑓 𝐶𝑁𝑇 (𝑚)  

𝑟𝑖: 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 𝑡𝑜 𝑖𝑡ℎ 𝑤𝑎𝑙𝑙 𝑜𝑓 𝐶𝑁𝑇 (𝑚)  

𝐿𝐶𝑁𝑇: 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐶𝑁𝑇 (𝑚) 

𝐿𝑒𝑏: 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑏𝑢𝑛𝑑𝑙𝑒 (𝑚) 

𝑁: 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑁𝑇 𝑙𝑎𝑦𝑒𝑟 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑏𝑢𝑛𝑑𝑙𝑒 

𝑁′: 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑏𝑢𝑛𝑑𝑙𝑒 𝑙𝑎𝑦𝑒𝑟 𝑖𝑛 𝑚𝑎𝑐𝑟𝑜𝑏𝑢𝑛𝑑𝑙𝑒 

𝛼: 𝑅𝑎𝑑𝑖𝑢𝑠 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑏𝑢𝑛𝑑𝑙𝑒 𝑡𝑜 𝐶𝑁𝑇 

𝛽: 𝑅𝑎𝑑𝑖𝑢𝑠 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑚𝑎𝑐𝑟𝑜𝑏𝑢𝑛𝑑𝑙𝑒 𝑡𝑜 𝑚𝑖𝑐𝑟𝑜𝑏𝑢𝑛𝑑𝑙𝑒 

𝛺𝐶𝑁𝑇: 𝐴𝑟𝑒𝑎 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑁𝑇 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 with neighboring CNTs 
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𝛺𝑒𝑏: 𝐴𝑟𝑒𝑎 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑏𝑢𝑛𝑑𝑙𝑒 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 with neighboring bundles 

𝑑0: 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑏𝑢𝑛𝑑𝑙𝑒  

𝐷:𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝐶𝑁𝑇𝑌  

𝑑: 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑚𝑎𝑐𝑟𝑜𝑏𝑢𝑛𝑑𝑙𝑒  

𝑑 + ∆𝑑: 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑎𝑟𝑏𝑖𝑡𝑟𝑎𝑟𝑦 𝐶𝑁𝑇 𝑑𝑜𝑚𝑎𝑖𝑛  

𝑁𝑑𝑜𝑚𝑎𝑖𝑛: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑜𝑚𝑎𝑖𝑛  

𝐴𝑡𝑜𝑡𝑎𝑙: 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐶𝑁𝑇𝑌  

𝐴𝐶𝑁𝑇: 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐶𝑁𝑇𝑠 𝑖𝑛 𝐶𝑁𝑇𝑌  

𝐴𝑒𝑓𝑓: 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎  

𝑚:𝑊𝑒𝑖𝑏𝑢𝑙𝑙 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝑠ℎ𝑎𝑝𝑒 𝑓𝑎𝑐𝑡𝑜𝑟  
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2.1  Theoretical consideration relevant to CNTY strength 

There has been remarkable progress with regard to the fabrication of yarns based on 

high-performance CNTs. However, the theoretically predicted tensile strength of CNTs 

has yet to be realized in practical CNTYs. Although equation (1.1) and (1.2) is 

commonly used to predict the CNTY strength [1-3] and it suggests that the longer and 

thinner the elementary CNTs are the stronger the CNTY would be, this equation does 

not appear to be feasible when applied to a practical CNTY due to several factors. The 

most significant factor is the dimensional difference [4-6]. Indeed, in the equation, the 

elementary fibers with micron-sized diameters and lengths were considered as non-

deformable cylinders of a uniformly specific volume with a circular cross-section, 

whereas actual CNTs with nanometer-sized diameter and length of a few tens of microns 

are deformable. Due to the dimensional difference, two factors are needed to be 

reconsidered; first, the structural hierarchy of CNTY and second, actual load bearing 

element. 

Thus, to overcome the limitation of current equations, we developed a new theoretical 

approach which considered that the failure of CNTYs is governed by pull-out of load 

bearing element due to the weak interaction between CNTs and unique hierarchical 

structure of CNTY with the goal of finding rational routes based on fundamental theories 

to improve the tensile strength further and thus hopefully realize the theoretical tensile 

performance of CNTYs.   
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2.2  Modeling of CNTY structure 

Many researchers attempted to develop CNTY model in order to predict the strength 

of yarn-like CNT fibers and explain the deformation behavior of CNTYs. Although they 

provided a helpful suggestion for favorable nanostructure of component CNTs to 

improve CNTY strength, the models showed the limitation to describe the strength of 

CNT bundle rather than the strength of CNTY. In general, smaller bundles are 

theoretically considered to take advantages for better CNTY strength but the most 

common empirical way of CNTY strengthening such as densification and compaction of 

CNTYs, that means bigger bundle makes stronger CNTYs implies contradictory results 

with theoretical suggestion. Thus, the hierarchical level of CNTY structure was tried to 

more properly described in this study unlike the previous simple model of hierarchical 

structure with three level, CNT-bundle-yarn, in order to resolve the contradiction 

between theoretical and empirical results. 

The aim of CNTY structure modeling is to determine failure point, where mainly 

slippage occurs, and provide the guidelines for CNTY strengthening. Most natural fibers, 

such as cellulose fiber, consist of a four-level hierarchy of polymer (~2 nm) – microfibril 

(7~8 nm) – macrofibril (400 nm) - fibers as shown in Fig. 2.1. Previous studies have 

revealed the key mechanistic principle of such fiber and the strengthening role of 

microfibril, which is the load-bearing element. In this respect, mimicking the concept of 

natural fiber inspires a new approach toward the hierarchy of CNT yarn (Fig. 2.2). The 

balance between stabilization energy of the CNTs assembled in a bundle and van der 

Waals interaction of CNTs result in distinctive nanostructure, a primary CNT bundle, 

which named elementary bundle in this study. Every elementary CNT bundles in Fig. 

2.3a is concentrated in form of reticulated structure considered as a secondary bundle. 
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Therefore, we classified the secondary bundle into three stages: CNT micro, meso and 

macrobundle (Fig. 2.3b). Since CNT nano-assemblies have been reported to have high 

strength, we regarded elementary bundle as the smallest load-bearing unit, indicating 

that load transfer occurs starts from slippage between secondary bundles and ends in 

form of slippage of CNT elementary bundles in the secondary bundle, which looks like 

brittle failure in macroscopic view. 
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Fig. 2.1. Hierarchical structure of cellulose fiber. 
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Fig. 2.2. Proposed hierarchical structure of CNTY. 
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Fig. 2.3. (a) SEM image of as-prepared CNTY and (b) simple model of the hierarchical 

structure of CNT secondary bundle.  
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The failure section analysis of the CNTY was performed to identify the unit of the 

load-bearing element. Fig. 2.4a shows the SEM micrograph of a fracture section of 

CNTY. According to previous reports, the CNTY fails through slippage between CNTs 

or bundles. However, the fractography shown in Fig. 2.4a depicts the appearance of a 

ruptured CNT bundle. An additional analysis was performed at high magnification with 

the results shown in Fig. 2.4b-e. CNT bundles with a diameter of around 30 nm were 

found at most ends of the failure section. Since no CNT assembly structures with smaller 

diameters or individual CNTs were found at the fracture ends, the nanofibrillar bundle 

was identified to be a primary structure formed by a strong intertube interactions between 

in-situ growing CNTs. These results show that the load-bearing element is not a simple 

bundle or individual CNT, but an elementary bundle mentioned previously. CNTY 

failure occurs due to slippage between the elementary bundles, which has been appeared 

as a rupture of the CNT bundle from a macroscopic point of view.  

Further, the bundle around brittle mode of CNTY shows diameter around 2-300 nm, 

whereas the bundle far from failure shows diameter over 500 nm as shown in Fig. 2.4a. 

Such result indicates the secondary bundles should also be classified according to 

diameter. Therefore, first, we defined elementary bundle according to nanomechanics 

with stabilization energy, and then classified secondary bundle according to classical 

mechanics such as Griffith theory. The theoretical consideration supported that CNTY 

has somehow a four-stage hierarchy of CNT-elementary bundle-secondary bundle-yarn, 

which is apparently very similar to the structural characteristics of cellulose fibers with 

the hierarchy of molecular chain-microfibril-macrofibril-cellulose fibers. 
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Fig. 2.4. SEM images of (a) a fracture section of as spun CNTY and (b-e) elementary 

bundles at the end of the fracture section.  
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In order to determine the size of elementary bundle, prediction through simplified 

modeling is required. The model of CNT bundle can be simplified into the fiber 

composed of a collection of parallel, rigid rods that can slide with respect to each other. 

However, considering the circular cross-section of CNTs, it is overestimating the total 

shear force because it is impossible for all surface area to be in contact each other so the 

fraction of tube surface area in contact should be considered to estimate precisely the 

specific strength of CNTYs. Hollow cylindrical structure of the nanotube allows it to be 

easily deformed in the radial direction rather than classical fibers. Through hexagonal 

packing model, Vilatela et al. [4] derived the proportion of CNT surface area in contact 

with neighboring CNTs, Ω, as expressed total energy of tubes per length with surface 

energy and curvature energy for non-contact area for round tubes and deformed tubes as 

shown in Fig. 2.5. The curvature energy is expressed as bending energy of graphene. 

Therefore, the total energy of deformed CNTs per unit length is given as equation (2.1). 

 

𝐸𝐶𝑁𝑇 = 2𝜋𝑅𝑛𝛾(1 − 𝛺) +  𝐷𝑛 × ∑
2𝜋𝑅𝑛(1 − 𝛺)

2𝑟𝑛
2

𝑛

𝑖=1

 (2.1) 

 

Also, the fraction of perimeter in contact can be expressed as follows: 

 

𝛺 = 1 −
𝑟𝑛
𝑅𝑛

 (2.2) 

 

where r is the radius of curvature. 

Combining equations (2.1) and (2.2) leads to fraction value ΩCNT as follows. 



51 

 

 
 

𝛺𝐶𝑁𝑇 = 1 − √
𝐷𝑛

2𝛾𝑅𝑛
× ∑

1

𝑅𝑖
(
𝑑𝐸𝐶𝑁𝑇

𝑑𝛺
= 0 𝑤ℎ𝑒𝑛 𝛺 = 𝛺𝐶𝑁𝑇) (2.3) 

 

Equation (2.3) implies that the fraction value ΩCNT also relies on structural parameters, 

outer diameter and a number of walls because the surface energy and bending rigidity 

can be taken as constant values. 

On the other hand, the total energy of undeformed CNTs per unit length is given as 

equation (2.4). 

 

𝐸𝐶𝑁𝑇,0 = 2𝜋𝑅𝑛𝛾 +  𝐷𝑛 × ∑
2𝜋𝑅𝑖

2𝑅𝑖
2

𝑛

𝑖=1

 (2.4) 

 

The stabilization energy of CNTs is the driving force in which isolated CNTs are 

gathered and hexagonally packed, expressed as the energy difference between the packed 

CNTs and the isolated CNTs from equation (2.1) and (2.4), respectively. The energy per 

unit length can be obtained by combining equations (2.1), (2.3) and (2.4) as follows. 

 

∆𝐸𝑠𝑡𝑎𝑏 = 𝐸𝐶𝑁𝑇 − 𝐸𝐶𝑁𝑇,0 = −2𝜋

[
 
 
 

√𝑅𝑛𝛾 − √𝐷𝑛 × ∑
1

2𝑅𝑖

𝑛

𝑖=1
]
 
 
 
2

 (2.5) 
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Since ΩCNT is positive fraction value, hexagonal packing model is applicable only 

when outer radius of CNT is large enough. Within a certain range of radius, Fig. 2.6 is 

presenting the stabilization energy against structural parameters of nanotubes taking 

surface energy (γ) and bending rigidity (DG) as 0.0597 J/m2 and 2.11 x 10-19 J respectively 

from the reference [7, 8]. For all CNTs with various number of walls, the stabilization 

energy from radial deformability of CNT gets larger as the radius of CNT increases. 
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Fig. 2.5. Schematic of before and after radial deformation of CNTs. 
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Fig. 2.6. Stabilization energy of hexagonally packed CNTs according to outer radius and 

number of walls. 
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  Since the stabilization energy is always negative, if this energy is the only driving 

factor of the CNT assembly, the CNT bundle must be boundlessly large. However, since 

the results are different from actual reports, it can be seen that there is another driving 

factor in the formation of CNT assembly, that is, the van der Waals interaction between 

CNTs. Accordingly, the size of microfibril in cellulose fiber is determined by the 

equilibrium of hydrogen bonds and van der Waals force between molecules. At this 

juncture, the balance between stabilization energy of the CNTs assembled in a bundle 

and van der Waals interaction of CNTs result in distinctive nanostructure, the CNT 

elementary bundle. 

  In order to calculate the stabilization energy of CNT assembly, the model of CNT 

assembly is required. By hexagonal packing, the model is simply derived as function of 

CNT layers (N) as shown in Fig. 2.7. At given N, the total number of CNTs in the 

assembly is 3N2-3N+1, while the number of inner and outer CNTs are 3(N-1)2 and 3N-2, 

respectively. Since stabilization only occurs on the inner CNTs, the grey area of Fig 2.6, 

the total stabilization energy is expressed as 3(N-1)2×ΔEstab.  
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Fig. 2.7. Schematic image of hexagonal close-packed CNT assembly based on number 

of CNT layers. 
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  The cohesive energy of CNTs from van der Waals interaction is also determined by 

structural factors of CNT such as outer radius and number of walls. With simulation and 

derivation from Lennard-Jones potential, Girifalco et al. [9] found out that cohesive 

energy of SWCNT is linear function of square root of radius of CNT. On the other hand, 

Zhao et al. [10] reported that cohesive energy of MWCNT is function of radius of CNT 

and number of walls. Combining both reports, the cohesive energy of CNT is given as 

equation (2.6) 

 

∆𝐸𝑐𝑜ℎ(𝐽/𝑚) ≈ −[0.5773 × 𝑅𝑛(𝑛𝑚) − 0.0149] × ∑
𝑅𝑛

𝑅𝑖

𝑛

𝑖=1

× 10−9 (2.6) 

 

Based on equation (2.6), Fig. 2.8 is presenting the cohesive energy against structural 

factors of nanotubes. For all CNTs with various number of walls, the cohesive energy of 

CNT gets larger as the radius of CNT increases. 
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Fig. 2.8. Cohesive energy between CNTs according to outer radius and number of walls.  



59 

 

The balance between the stabilization energy of assembly and cohesive energy 

between CNTs occurs at number of CNT layers in elementary bundle. Through 

combining equation (2.5), (2.6) and the hexagonal model, the number of CNT layers is 

expressed as equation (2.7) 

 

𝑁 = 1 + √
∆𝐸𝑐𝑜ℎ

3∆𝐸𝑠𝑡𝑎𝑏
 (2.7) 

 

Also, the diameter of elementary bundle is expressed as (2N-1)×2Rn or 2αRn, where α 

indicates the radius ratio of elementary bundle to CNT, calculated as 2N-1. Fig. 2.9 and 

2.9 are presenting the number of CNT layers in elementary bundle and the diameter of 

elementary bundle against structural factors of nanotubes, respectively.  

Since DWCNT which we experimentally used has a radius of 2.8 nm, the calculation 

was performed for a given CNT. The elementary bundle is composed of 3.6 layers of 

CNT, resulting elementary bundle with diameter of 34 nm. Such value well matches with 

the diameter of elementary bundle shown in Fig. 2.4., indicating model of elementary 

bundle is well-defined.  
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Fig. 2.9. Number of CNT layers in elementary bundle according to outer radius and 

number of walls of CNT. 
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Fig. 2.10. Diameter of elementary bundle according to outer radius and number of walls 

of CNT.  
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2.3  Estimating CNTY strength 

2.3.1  Strength function of CNTY in term of elementary bundle 

CNTY has unique hierarchical structure. CNTYs are composed of elementary bundles 

and secondary bundles of CNTs. We assumed that load bearing mechanism of CNTY is 

based on slippage between elementary bundles with high strength comparable to CNT. 

As Vilatela et al. [4] reported that the strength of CNT bundle is function of length, 

surface fraction, interfacial shear strength and the number of CNT, we revisited the 

strength of CNTY (σCNTY) as a function of secondary bundle based on four factors of 

elementary bundle as equation (2.8), 

 

𝜎𝐶𝑁𝑇𝑌 = 𝑓𝑠𝑏(𝑡𝑒𝑏 , 𝐿𝑒𝑏 , 𝛺𝑒𝑏 , 𝜏𝑒𝑏) (2.8) 

 

where teb, Leb, Ωeb and τeb are number fraction in contact, length, surface area fraction in 

contact and interfacial shear strength of elementary bundle, respectively. 

 

2.3.2  Number fraction of elementary bundle in contact 

As we already know that the load-bearing mechanism of CNTY is based on the 

slippage between the load-bearing elements, the elementary bundles, the strength of 

CNTY would be proportional to the area where the elements are in contact with each 

other. To estimate the strength of CNTY, we considered a hexagonal array of load-

bearing element similar to CNT assembly in Fig. 2.7. Only the inner area excludes the 

area in the perimeter of the array and contributes to the strength of CNTY. The specific 

strength, which represents the load over the linear density, will be proportional to the 



63 

 

ratio of the aforementioned region to the entire region of the array. This number ratio is 

also expressed as the load-bearing ratio (teb), which can be expressed as the number of 

elementary bundle layers in the secondary bundle (Neb) as equation (2.9). 

 

𝑡 = 1 −
3𝑁𝑒𝑏 − 2

3𝑁𝑒𝑏
2 − 3𝑁𝑒𝑏 + 1 

 (2.9) 

 

The dependency of the number fraction of elementary bundle in contact on the number 

of elementary bundle layers of assembly is shown in Fig. 2.11. When load-bearing 

elements are stacked in layers of five, 80% of the theoretically achievable strength can 

be reached. The diameter of secondary bundle recorded in previous report is around 50 

nm based on CNTYs with specific strength around 1~2 N/tex [11]. If the load-bearing 

element had individual CNT, the number of layer is about 7 and reaches 90% of the 

maximum theoretical strength. However, previous reports with the strength of more than 

3 N/tex [12-14] show that the load-bearing element cannot mathematically be an 

individual CNT. It should be noteworthy at this juncture that the results are 

mathematically well matched when the element is assumed to be elementary bundle. 
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Fig. 2.11. Dependency of number fraction contacting each other in CNT assembly on a 

total number of CNTs in assembly. 
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As the packing density of CNTs in CNTY increases, it becomes difficult to determine 

the size of the secondary bundle. Therefore, teb must be expressed as a new factor. 

Defining the new factor β (= 2Neb-1) as the radius ratio of elementary bundle to 

secondary bundle, the load bearing ratio can be summarized and approximated as 

equation (2.10).  

 

𝑡 = 1 −
3𝑁𝑒𝑏 − 2

3𝑁𝑒𝑏
2 − 3𝑁𝑒𝑏 + 1 

= 1 −
6𝛽 − 2

3𝛽2 + 1
≈ (1 −

1

𝛽
)
2

 (2.10) 

 

When CNTY is divided into arbitrary sections as a domain, the domain is composed 

of CNT elementary bundles and void (Fig. 2.12a). The area of CNTY cross section (Atotal) 

can be expressed as the sum of these domain areas as equation (2.11),  

 

A𝑡𝑜𝑡𝑎𝑙 =
1

4
𝜋𝐷2 = 𝑁𝑑𝑜𝑚𝑎𝑖𝑛 ×

1

4
𝜋(𝑑 + ∆𝑑)2 (2.11) 

 

where D, d, d+Δd and Ndomain are diameter of CNTY, secondary bundle, domain and 

the number of CNT domain, respectively. In order to obtain the area of CNT (ACNT) in 

the domain, a secondary bundle is rearranged by combining the elementary bundles that 

exist inside, represented as in Fig. 2.12b. Since the diameter of domain decreases by Δd 

and the number of domains is maintained, ACNT is expressed as equation (2.12).  
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A𝐶𝑁𝑇 = 𝑁𝑑𝑜𝑚𝑎𝑖𝑛 ×
1

4
𝜋𝑑2 (2.12) 

 

The effective area ratio (Aeff), which indicates the ratio of the area occupied by CNTs 

in the entire cross section is defined as ACNT/Atotal. Substituting equation (2.11) and (2.12) 

into Aeff and introducing an approximation results equation (2.13) in a form similar to 

equation (2.10).  

 

𝐴𝑒𝑓𝑓 = (1 +
∆𝑑

𝑑
)
−2

= (1 +
∆𝑑

𝛽𝑑0
)
−2

≈ {(1 −
1

𝛽
)
2

}

∆𝑑
𝑑0

⁄

 (2.13) 

 

where d0 is the diameter of elementary bundle. In summary, the strength of CNTY is 

function of the effective area ratio as shown in equation (2.11). 

 

σ𝐶𝑁𝑇𝑌 ∝ t𝑒𝑏 ≈ (𝐴𝑒𝑓𝑓)
𝑑0

∆𝑑⁄
 (2.13) 

 

The higher packing density of elementary bundle or larger secondary bundle leads to 

higher mechanical properties of CNTY by fully utilizing surface for load-bearing. 
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Fig. 2.12. Schematic cross-sectional image of (a) CNTY with domains (b) CNTY with 

rearranged domains (c) CNT domain (d) CNT secondary bundle (rearranged domain) 

and (e) CNT elementary bundle. 
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2.3.3  Length of elementary bundle  

From classical mechanics, we already know that the strength of yarn is function of 

length of fiber. Among theories reported to date, the weakest link theory based on the 

Weibull model is known to best establish the relation between yarn strength and fiber 

length [15]. The model is based on fragmentation model, which is based on multiple 

breakage of fiber. To be specific, the yarn breaks when the average length of fiber (lf) 

gets lower than the critical length (lc) as shown in Fig. 2.13. Though the model is 

applicable to three-tiered hierarchy of fiber-bundle-yarn, with reinterpretation based on 

elementary bundle, the model is applicable to CNTY with four-tiered hierarchy of CNT-

elementary bundle-secondary bundle-CNTY. 

According to Weibull model, the probability (P) of yarn failure at given tensile load 

(σ) is described as equation (2.14), 

 

𝑃(𝜎) = 1 − 𝑒𝑥𝑝 {−(
𝜎

𝜎𝑠
)
𝑚

} (2.14) 

 

where σs is scale factor and m is shape factor. The shape factor describes the dispersion 

of fiber strength along a fiber length. In general, if the shape factor is 2~4, the fiber is 

known as brittle material, whereas if the shape factor is 20, the fiber is known as ductile 

and uniform material. Since CNT belongs to the latter, it can be it can be easily inferred 

that the shape factor of CNTY is around 20. 
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The strength ratio of bundle and fiber is expressed by the Coleman factor (Ψ), which 

is function of shape factor. Applying fiber to CNT and bundle to elementary bundle, the 

strength ratio of CNT (σCNT) to elementary bundle (σeb) is expressed as equation (2.15). 

 

𝜎𝐶𝑁𝑇

𝜎𝑚𝑖𝑏
= 𝛹 = 𝑚

1
𝑚⁄ 𝑒

1
𝑚⁄ 𝛤 (1 +

1

𝑚
) (2.15) 

 

Fig. 2.14 is presenting the Coleman factor against shape factor. For ductile materials, 

the Coleman factor converge to 1, indicating the strength of elementary bundle is 

comparable to the strength of CNT. Since elementary bundle can be assumed as 

unbreakable fibril, the hierarchy of CNTY applied to Weibull model is should be 

considered as elementary bundle-secondary bundle-CNTY (three-tiered hierarchy). 

Applying secondary bundle to bundle of Weibull model, the strength ratio of yarn to 

bundle is calculated as that of CNTY to secondary bundle (σsb). The ratio is expressed as 

equation (2.16), 

 

𝜎𝐶𝑁𝑇𝑌

𝜎𝑠𝑏
= (

𝐿𝑒𝑏

𝐿𝑐
)

1
𝑚⁄

𝑉𝑓𝜂𝑞 (2.16) 

 

where Leb, Lc, Vf and ηq are length of elementary bundle, critical length, volume 

fraction of elementary bundle and orientation factor, respectively. Since teb is the strength 

ratio of secondary bundle to elementary bundle, the strength of CNTY is expressed as 
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equation (2.17), 

 

𝜎𝐶𝑁𝑇𝑌 ∝ (
𝐿𝑒𝑏

𝐿𝑐
)

1
𝑚⁄

(𝐴𝑒𝑓𝑓)
𝑑0

∆𝑑⁄
 (2.17) 

 

The formula contains both the bundling property and the length property. According 

to equation (2.17), the strength of CNTY can be increased by dense packing of longer 

elementary bundle.
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Fig. 2.13. Schematic image of model of fragmentation mechanism. 
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Fig. 2.14. Dependency of Coleman factor on shape factor. 
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2.3.4  Surface area fraction of elementary bundle  

It was confirmed through the Weibull model that the elementary bundle is as high as 

CNT in strength, so the elementary bundle can be assumed to be one huge imaginary 

MWCNT. Assuming that the layer of CNT is a wall of MWCNT shown in Fig. 2.15, the 

energy of the elementary bundle can be inferred by modifying the equation suggested by 

vilatela et al. as shown in equation (2.17), 

 

𝐸𝑒𝑏 = 2𝜋𝑅𝑛(3𝑁 − 2)𝛾(1 − 𝛺) + 2𝜋𝐷𝑛 × ∑
1

2(2𝑗 − 1)𝑅𝑛(1 − 𝛺)

𝑁

𝑗=1

 

≈ 2𝜋𝑅𝑛(3𝑁 − 2)𝛾(1 − 𝛺) + 2𝜋𝐷𝑛 × ∫
𝑑𝑗

2(2𝑗 − 1)𝑅𝑛(1 − 𝛺)

𝑁

1

 

(2.17) 

 

where Dn is bending rigidity of CNT in elementary bundle. The surface energy of 

elementary bundle is described as total surface energy of outer CNT in elementary 

bundle. For curvature energy, the term Ri is rescaled as (2i-1)Rn whereas bending rigidity 

of graphene is replaced by that of CNT since the actual wall of imaginary MWCNT is 

composed of CNT. Pantano et al. [16, 17] derived Dn as a function of structural factors 

of CNT such as number of walls and innermost radius, described as equation (2.18). In 

the case of N obtained earlier, it is mainly calculated in a non-integer form, which is 

difficult to substitute into the sigma function. Therefore, the curvature energy was 

approximated in an integral form. As a result, the surface area fraction (Ωeb) of 

elementary bundle is expressed as equation (2.19).  

 



74 

 

𝐷𝑛 ≈ 𝐷𝐺 × 𝑛 × [1 +
3(𝑛 − 1)

2
(
0.335 𝑛𝑚

𝑅1
)

+
(𝑛 − 1)(2𝑛 − 1)

2
(
0.335 𝑛𝑚

𝑅1
)
2

+
𝑛(𝑛 − 1)2

4
(
0.335 𝑛𝑚

𝑅1
)
3

] 

(2.18) 

 

𝛺𝑒𝑏 = 1 − √
𝐷𝑛

2𝛾𝑅𝑛
2 ×

𝑙𝑛(2𝑁 − 1)

3𝑁 − 2
= 1 − √

𝐷𝑛

2𝛾𝑅𝑛
2 ×

2 𝑙𝑛 𝛼

3𝛼 − 1
 

(
𝑑𝐸

𝑑𝛺
= 0 𝑤ℎ𝑒𝑛 𝛺 = 𝛺𝑒𝑏) 

(2.19) 

 

  Based on equation (2.18) and (2.19), Fig. 2.16 is presenting the surface fraction of 

elementary bundle in contact against structural factors of nanotubes. For all CNTs with 

various number of walls, the radial deformability of elementary bundle gets larger as the 

radius of CNT increases. Combining equation (2.17) with Ωeb, the strength of CNTY is 

expressed as equation (2.20). 

 

𝜎𝐶𝑁𝑇𝑌 ∝ 𝛺𝑒𝑏 (
𝐿𝑒𝑏

𝐿𝑐
)

1
𝑚⁄

(𝐴𝑒𝑓𝑓)
𝑑0

∆𝑑⁄
 (2.20) 
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The formula additionally contains the property of surface area of elementary bundle. 

According to equation (2.20), the strength of CNTY can be increased by using CNT with 

less number of wall and large outer radius.  
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Fig. 2.15. Schematic image of elementary bundle assuming as single huge imaginary 

MWCNT.  
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Fig. 2.16. Surface area fraction of elementary bundle in contact according to outer radius 

and number of walls of CNT. 
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2.3.5 Interfacial shear strength of elementary bundle  

It is well known through the classical mechanics that the strength of yarn is 

proportional to interfacial shear strength of load-bearing element due to slippage of the 

element. At this juncture, it can be inferred that the strength of CNTY is proportional to 

the interfacial shear strength of elementary bundle as shown in equation (2.21), where k 

is proportional constant. 

 

𝜎𝐶𝑁𝑇𝑌 = 𝑘𝛺𝑒𝑏𝜏𝑒𝑏 (
𝐿𝑒𝑏

𝐿𝑐
)

1
𝑚⁄

(𝐴𝑒𝑓𝑓)
𝑑0

∆𝑑⁄
 (2.21) 

 

In general, interfacial shear strength is affected by the surface nature of CNTs, stating 

its value does not change significantly. In case of post-treatment on CNTY, surface 

nature changes and both surface fraction and interfacial shear strength are influenced. 

Due to the characteristics of the elementary bundle model developed so far, the surface 

modification is applied only to the outermost wall of the CNT at the outermost part of 

the elementary bundle. The energy of the surface-modified elementary bundle (Eω) is 

expressed as equation (2.22), 

 

𝐸𝜔 = 2𝜋𝑅𝑛(3𝑁 − 2)(1 − 𝛺)(𝛾 + 𝜔∆𝛾) +
2𝜋

2𝑅𝑛(1 − 𝛺)

× {∫
𝐷𝑛𝑑𝑗

2𝑗 − 1

𝑁−1

1

+ ∫
(𝐷𝑛 + 𝜔∆𝐷𝐺)𝑑𝑗

2𝑗 − 1

𝑁

𝑁−1

} 

(2.22) 

 

where ω is area fraction of chemically modified region. In the case of total surface energy, 

only the outermost CNTs are already applied, stating there is no change in the number 

of CNT. Rather, only γ value is replaced by γ+ωΔγ. On the other hand, in the case of 
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curvature energy, since the chemical modification occurs only in the outermost layer of 

CNT in elementary bundle, the integral form is separated. Also, since the chemical 

modification is applied only to the outermost wall of the CNT, Dn was replaced with 

Dn+ωΔDG. As a result, the surface area fraction (Ωω) of surface modified elementary 

bundle is expressed as equation (2.23). 

 

𝛺𝜔 = 1 − (1 − 𝛺𝑒𝑏)√
1 +

∆𝐷𝐺
𝐷𝑛

(1 −
𝑙𝑛(𝛼 − 2)

𝑙𝑛 𝛼
)𝜔

1 +
∆𝛾
𝛾

𝜔
 (2.23) 

 

Through the surface modification, the interfacial shear strength, τeb, is replaced with 

τω (=τeb+ωΔτ). Since only surface area fraction and interfacial shear strength is modified 

by surface treatment, the strength ratio of surface treated CNTY (σω) to pristine CNTY 

(σ0) is calculated as (Ωωτω)/(Ωebτeb). Combining with equation (2.23), the strength ratio 

is expressed as equation (2.24). 

 

𝜎𝜔

𝜎0
=

1

𝛺𝑒𝑏
×

[
 
 
 
 

1 − (1 − 𝛺𝑒𝑏)√
1 +

∆𝐷𝐺
𝐷𝑛

(1 −
𝑙𝑛(𝛼 − 2)

𝑙𝑛 𝛼
)𝜔

1 +
∆𝛾
𝛾 𝜔

]
 
 
 
 

× (1 +
∆𝜏

𝜏𝑒𝑏
𝜔) (2.24) 

 

According to equation (2.23), among factors influencing specific strength, surface 

treatment, especially chemical crosslinking, increases the interfacial shear strength while 

decreases the contact between elementary bundles. Since strength-decreasing factor 

comes from Ω, main factors influencing strength are ΔDG and Δγ. From the material point 
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of view, low surface energy and high bending rigidity prevent elementary bundle to 

dense packing, which is unfavorable for high strength CNTY. On the other hand, in case 

of crosslinking, Δγ indicates the covalent bond energy of linking reagent. Since the 

weakest point of linking reagent is normally single-bond between two atoms, the bond 

energy can be considered to be constant, about 300 to 400 kJ/mol. Expanding this 

perspective further, a new factor, K (=σ0×Δτ/τeb), which excludes the structural factor of 

CNTY by multiplying the initial strength of CNTY and rate of change in interfacial shear 

strength, is also related to the covalent bond energy. The factor K can be also considered 

as constant. Therefore, since Δτ is not an adjustable variable, in order to fabricate higher 

strength CNTY, decreasing ΔDG as well as increasing Δγ is required by employing 

suitable linking reagent. 

 

2.3.6 Interfacial shear strength of elementary bundle  

If the elementary bundles in the CNTY are ideally evenly distributed, the equation 

(2.21) will be satisfied. However, in reality, there is a non-ideal point, which causes an 

error. The non-ideal point is the part where the endpoints of the elementary bundle that 

exist in the secondary bundle are concentrated. Such point acts as a flaw in the CNTY 

and cause brittle failure. Therefore, it is necessary to revise the equation (2.21) using a 

weakest point theory based on Griffith theory. 

Griffith theory predicts the ultimate strength through the balance between the atomic 

bond energy and strain release energy applied to the flaw of a brittle material. Even if 

the CNTY showed a brittle mode through the rupture of the secondary bundle, the 

covalent bond in the CNT is not destroyed, indicating the shear energy of the elementary 

bundle should be used instead of the atomic bond energy. Since the smallest flaw is an 

elementary bundle, the shear energy can be expressed in the form of 2γΩebteb×(3Neb
2-
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3Neb+1)×2πRebLeb. On the other hand, the strain release energy is defined as toughness 

of secondary bundle multiplied by the volume of elementary bundle (=πReb
2Leb). The 

classification of secondary bundles is determined depending on whether toughness 

represents only elastic energy or includes plastic energy, which can be summarized in 

the Table 2.1.  

In Fig. 2.4a, the failure of CNTY includes two brittle modes and one slipping mode. 

Since the shear energy of the microbundle is lower than the elastic strain energy, the 

shear between the microbundles does not contribute to the load transfer in the plastic 

region. As a result, it appears mainly at the very end of brittle failure or just before the 

elementary bundle emerges. The mesobundle, whose shear energy is larger than the 

elastic strain energy, contributes a lot to load transfer through slippage in the plastic 

region. Since the shear energy is smaller than the plastic strain energy, it contributes to 

the brittle mode and appears mainly between the failure part of the CNTY and the body 

part. The macrobundle, whose shear energy is greater than the plastic strain energy, 

contributes to load transfer through slippage in all areas. As a result, the elongation of 

the CNTY is improved by revealing the plastic instability or exhibiting a slipping mode 

in failure. However, since the final strength is mainly determined by the brittle mode, it 

can be inferred that the highest strength can be achieved when the CNTY consists of one 

macrobundle. 

According to Y. Bai et al. [18] the elastic strain energy of elementary bundle is 0.9 

GJ/m3, where the plastic strain energy is 3.6 GJ/m3. Based on the two energies, with 

assumption of ideally compacted structure (teb=1), the classification of secondary 

bundles according to the unit CNT can be known by finding the Neb. The diameter of 

micro, meso and macrobundle accordingly can be expressed as (2Neb-1)×2Reb (Fig. 2.17). 

In particular, the plot results for DWCNT shown in Fig. 2.17 states that the boundaries 
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of the diameter of secondary bundle for micro-mesobundle and meso-macrobundle are 

390nm and 790nm, respectively. Such result corresponds well with fractography of Fig. 

2.4a, indicating our classification of secondary bundle is reasonable to predict the load 

transferring mechanism of CNTY. 

In the above work, the standard of the secondary bundle was set as an ideal case with 

a minimum flaw of an elementary bundle. Therefore, a more realistic situation should be 

reflected in the strength thereafter. In most cases, a flaw is a misoriented microbundle, 

and the strength of the CNTY should be predicted by reflecting this. In the case of 

microbundle, since it is involved in elastic strain energy, toughness can be expressed as 

σ2/2E where and σ are E (≈ 0.7 TPa [18]) strength and Young’s modulus, respectively. 

On the other hand, the shear energy of microbundel can be expressed as 2γΩebteb×(3Neb
2-

3Neb+1)×2π(2Neb-1)RebLeb. Through the condition in which the shear energy and the 

elastic strain energy are balanced, strength of CNTY is expressed by equation (2.25). 

 

𝜎𝐶𝑁𝑇𝑌 = √8𝛺𝑒𝑏𝛾(𝐴𝑒𝑓𝑓)
𝑑0

∆𝑑⁄
× 𝐸

𝑅𝑒𝑏
×

3𝑁𝑒𝑏
2 − 3𝑁𝑒𝑏 + 1

2𝑁𝑒𝑏 − 1
 

(2.25) 

 

If the diameter of the microbundle is known, the actual strength of the CNTY can be 

predicted using equation (2.25). In the case of CNTY with an effective area ratio of 0.9 

and a specific strength of 4.0 N/tex, it has an internal structure as shown in Fig. 2.18 and 

the diameter of the microbundle does not exceed 200nm. When the strength is predicted 

by reflecting such a case in equation (2.25), it is expressed as a plot as shown in Fig. 

2.19, well matched with the actual strength. Furthermore, as long as the microbundle 

exists inside the CNTY, in case of DWCNT, the specific strength of the CNTY can reach 
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up to 7 N/tex. Such result states that modified Griffith theory based on brittle failure is 

effective for estimation of strength in reality.
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Table 2.1. Classification of secondary bundle based on energy comparison. 

Secondary bundle Energy 

Microbundle Shear energy < Elastic strain energy 

Mesobundle Elastic strain energy < Shear energy < Plastic strain energy 

Macrobundle Plastic strain energy < Shear energy 
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Fig. 2.17. Diameter of secondary bundle according to outer radius and number of walls 

of CNT. (Solid line and dashed line indicates the boundary of micro-meso and meso-

macrobundle, respectively.)  
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Fig. 2.18. SEM image of internal structure of as-spun CNTY. 
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Fig. 2.19. Estimated strength of CNTY according to diameter of microbundle.  
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2.4 Conclusion 

The unique nanostructure, CNT elementary bundle, is determined by the stabilization 

energy of CNTs in assembly and cohesive energy between CNTs. Since the strength of 

elementary bundle is estimated to be comparable to that of CNT, CNTYs show typical 

yarn failure breaking by slippage between CNT elementary bundles. Therefore, specific 

strength of CNTYs can be estimated by number and surface area fraction in contact, 

length and interfacial shear strength of elementary bundle that were determined from 

structural parameters such as diameter and number of walls. The contact area is the key 

to calculate the total shear force and predict the specific strength of CNTYs. The 

deformability of elementary bundles in radial direction is highly related with the fraction 

of surface area in contact with neighboring elementary bundles, derived from the total 

energy of elementary bundle. Also, the total number of elementary bundles composing 

CNT assembly, which is secondary bundle, should be applied to determine contact area. 

Furthermore, the effect of surface treatment on surface area fraction and interfacial shear 

strength should be considered. As a result, the maximum specific strength is expressed 

as following equation (2.26). 

 

𝜎𝑒𝑠𝑡 =
1

𝛺𝑒𝑏

[
 
 
 
 

1 − (1 − 𝛺𝑒𝑏)√
1 +

∆𝐷𝐺
𝐷𝑛

(1 −
𝑙𝑛(𝛼 − 2)

𝑙𝑛 𝛼
) × 𝜔

1 +
∆𝛾
𝛾 × 𝜔

]
 
 
 
 

× (𝑘𝛺𝑒𝑏𝜏𝑒𝑏(𝐿𝑒𝑏)
1

𝑚⁄ (𝐴𝑒𝑓𝑓)
𝑑0

∆𝑑⁄
+ 𝐾𝜔) 

(2.26) 
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Larger assembly of elementary bundle from CNT of large diameter and less number 

of wall crosslinked by polar linking reagent is favorable to fully utilize CNT surface for 

load-bearing, resulting to higher mechanical properties of CNTYs. Furthermore, the 

actual strength of CNTY can be estimated as equation (2.25), stating larger microbundle 

leads to higher strength of CNTY. 
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Chapter 3 Relationship between Self-

Assembly Characteristics of CNT 

Microbundles and Tensile Strength of 

CNTYs 

 

3.1  Introduction 

A CNT yarn (CNTY) [1], a one-dimensional assembly of CNTs, is known to have 

strength equivalent to a few percent of individual CNTs. A fiber implementing the 

mechanical properties of CNT have not yet been reported. The most ideal approach to 

overcoming discrepancies in mechanical properties between individual CNT and CNTY 

are to synthesize unlimitedly long CNTs so that failure would arise from CNT breakage 

instead of slippage between CNTs [2], which is the main failure mechanism of CNTY. 

Even though few research groups have reported on the growth of centimeter scale-long 

CNT through control over the catalyst lifetime and optimization of the synthesis 

conditions [3, 4], unexpected drawbacks have occurred. These include long synthesis 

times as essential prerequisites [5, 6], stating that the suggested methods are not practical 

for commercially available CNTYs.  

Accordingly, recent advances in CNTYs have been directed toward strengthening the 

interaction between CNTs, which determines the performance of CNTY. The tensile 

strength of CNTY scales with the aspect ratio of constituent CNTs as long as the 

intertube friction dominantly determines the strength of CNTY [7-10]. The theoretical 
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calculation has predicted that the achievable strength of CNTY could be comparable to 

that of CNT if the constituent CNTs are longer than a certain length and perfectly dense 

along the yarn axis [11]. Although the tensile strength of 5.5 N/tex is the currently 

achievable maximum strengths [12], they had to go through tedious, complicated and 

environmentally unfriendly processes in order to reach the goal [12-16]. 

In this chapter, we report a possible route to enhancing the specific tensile strength of 

CNTY closely to its theoretical maximum strength through the in-situ direct spinning 

method, which is fast, simple, and ecologically friendly. The specific strength of CNTYs 

with various bundle structures was analyzed according to the theory in chapter 2 and the 

maximum strength possible through the in-situ direct spinning technique was predicted 

to be 5.6 N/tex with our CNTs. Furthermore, we successfully fabricated as-spun CNTY 

with an average specific strength of 4.5 N/tex, which is 80% of the estimated maximum 

strength achievable, exceeding that of previously ever-reported as-spun CNTY. From 

the bundling and orientation behavior analysis of CNTs, the self-assembly behavior 

control was suggested to be one of the most influential factors determining the specific 

strength of the resultant as-directly-spun CNTY. 

  



92 

 

3.2  Experimental 

Synthesis of DWCNTs and DWCNT yarns 

A DWCNT yarn was synthesized by a floating catalyst chemical vapor deposition 

method using a vertical alumina tube reactor that had inner diameter of 85mm and length 

of 1800 mm. Ferrocene, thiophene, and methane were used as the catalyst precursor, 

promoter, and carbon source, respectively, for the CNT synthesis at 1200 °C. Ferrocene 

and thiophene were purchased from Sigma Aldrich (South Korea) and used as received 

without any further purification. For synthesis conditions, the flow rate of H2 (99.999%), 

CH4 (99.999%), and Ar (99.999%) are fixed at 1200 sccm, 60 sccm, and 500 sccm, 

respectively. The temperatures of the ferrocene container and the thiophene bubbler were 

fixed at 80 °C and −20 °C, respectively. Both catalyst precursors were supplied as H2 

flowing into the system at a rate of 0.5 mg/min and 3.6 mg/min, respectively. The total 

H2 flow rate was maintained at 1200 sccm by adjusting the additional H2 flow rate. The 

CNTY was spun on a bobbin after passing through water at the bottom of the vertical 

furnace at a spinning rate of 6 m/min. For the drawing, the yarn passed through the guide 

roller and reached the bobbin. Consequently, the guide roller was located 8cm above the 

bobbin and 8cm sideways. 

 

Characterization of CNT yarns 

The nanostructure of CNTs was characterized by HR-TEM (JEM-2100F, JEOL) and 

Raman spectroscopy (RAMANplus, Nanophoton) using 532 nm laser. The thermal 

gravimetric analysis (TGA; SDT-Q600, TA Instruments) was used to measure the purity 

of CNTs in air atmosphere. The nanostructures of CNT were observed through field-
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emission transmission electron microscopy (JEM-3000F, JEOL, Japan). The internal 

structures of the CNT yarn were observed through field-emission scanning electron 

microscopy (SUPRA 55VP, Carl Zeiss, Germany) after cutting with a focused ion beam 

(FIB; Helios 650, FEI). Furthermore, the specific strength was calculated by linear 

density, which was determined by weighing 15 m-long CNT yarn, divided into a 

measured load of a single yarn with tensile stage (TST350, Linkam) at a gauge length of 

10 mm and strain rate of 3 mm min-1. In the case of the in-situ Raman analysis, the tensile 

stage for which the sample was set at a gauge length of 30 mm was placed in a Raman 

device and measured when strain is applied to CNTY. 
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3.3  Result and discussion 

Double-walled CNTs (DWCNT) are synthesized through floating catalyst chemical 

vapor deposition (FCCVD) as previous reports [16-20]. To control the self-assembly 

behavior of CNT, the synthesized aerogel-like CNT assembly with highly connected 

network structure is spun as a continuous fiber by passing through water at the bottom 

of the vertical furnace followed by drawing at the guide roller, as shown in Fig. 3.1. The 

guide roller was located 8cm above the winding roller and 8cm sideways while the 

synthesized as-spun CNTY was drawn at the winding rate of 5 to 9 m/min without any 

additional treatments. CNTY was named the DW-SA-X, where X indicates the winding 

rate.  

As a result of analyzing DW-SA-6 as the representative, CNTY with a diameter of 20 

μm (Fig. 3.2a) and DWCNT with an outer diameter of about 5.5 nm (Fig. 3.2b) were 

obtained. According to the TGA thermogram in Fig. 3.2c, 79.2 wt% of CNTY is 

composed of DWCNT while 11.2 wt% and 9.2 wt% of the yarn are amorphous carbon 

and residual Fe, respectively [21]. A high amount of load-bearing unit, which is 

proportional to the amount of DWCNT, contributes to the mechanical performance. 

According to the Raman analysis, the intensity ratio of the D-band to G-band (ID/IG) was 

approximately 0.038±0.009 (Fig. 3.2d), confirming that the DWCNT is highly 

crystalline. Furthermore, the polarized Raman intensity factor (IGII/IG┴, ratio of G peak 

intensity parallel to the Raman laser to one in the vertical direction) which shows the 

degree of CNT orientation [18, 22] was 8.89±1.09, high enough for linear load transfer. 
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Fig. 3.1. Schematic image of the in-situ direct spinning process 
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Fig. 3.2. (a) SEM micrograph, (b) TEM micrograph, (c) TGA thermogram, and (d) 

Polarized Raman spectra (inset: normal Raman spectrum) of as-spun CNTY.  
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3.3.1 Empirical verification of microbundle theory 

3.3.1.1 Bundling property: Effective area ratio 

The FIB analysis for DW-SA-5~9 was performed to confirm the correlation between 

bundling behavior and strength (Fig. 3.3). When the spinning rate was 6 m/min, the 

specific strength reached the optimal point. As the rate increased, the specific strength 

decreased, which matches the bundling behavior. As shown in Fig. 3.3a-e, it becomes 

impossible to measure the diameter of the mesobundle or macrobundle as CNT 

aggregation takes place. Thus, from equation (2.3), we derived equation (3.1) to linearly 

fit the effective area ratio (Aeff) to strength of CNTY in logarithmic scale. 

 

log σ𝐶𝑁𝑇𝑌 =
𝑑0

∆𝑑
log𝐴𝑒𝑓𝑓 + 𝑦𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 (3.1) 

 

Since the slope and y-intercept are empirical factors, Aeff and σCNTY of Fig. 3.3a-e were 

plotted on a logarithmic scale to confirm the equation (Fig. 3.3f). The graph clearly 

shows that the equation linearly fits well to experimental data, resulting in a slope of 2.3 

and intercept of 0.74. This supports the assumption that the load-bearing element of the 

CNT yarn proposed previously was correct. The intercept indicates the logarithm of 

maximum specific strength is achievable through CNT bundling when the intrinsic 

property of CNT is determined. The maximum specific strength of the CNTY that can 

be achieved with CNT synthesized under the same conditions was 5.6 GPa/(g cm-3). 
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Fig. 3.3. (a-e) SEM micrographs of radial cross sections of FIB cuts of DWCNT yarns 

with effective area ratios, specific strengths, and spinning rates in the upper right of the 

image. (f) The log-log plot of specific strength (σ) and effective area ratio (Aeff) are based 

on FIB data (a-e). 
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3.3.1.2 Length property: Weibull analysis 

The Weibull analysis for DW-SA-5~9 was performed to confirm structural factors of 

CNTY. From equation (2.14), equation (3.1) was derived to linearly fit the strength (σ) 

to the probability (P) of yarn failure at given tensile load in logarithmic scale where σs 

is scale factor and m is shape factor. 

 

𝑙𝑛{−𝑙𝑛(1 − 𝑃)} = 𝑚𝑙𝑛(𝜎) − 𝑚𝑙𝑛(𝜎𝑠) (3.2) 

 

As described in chapter 2, the shape factor describes the dispersion of fiber strength 

along a fiber length. The fiber known as ductile and uniform material is known to have 

high shape factor. Fig. 3.4 is presenting the plot of DW-SA-5~9 and Table 3.1 is 

summarizing the analysis based on equation (3.2). Every yarn group showed shape factor 

around or over 10. Such values are high enough to get Coleman factor around 1. Thus, 

the strength of microbundles in DW-SA-5~9 is comparable to the strength of CNT, 

indicating the assumption on chapter 2 is applicable. Therefore, according to equation 

(2.17), the strength of CNTY is proportional to 0.1 power of length of microbundle. 

However, in DW-SA-5~9, the spinning method has changed, but the synthesis 

conditions have not changed. Thus, it can be assumed that the length of the microbundle 

is the same in all samples. According to previous reports, it is known that the length of 

the microbundle reaches several hundred μm. The difficulty in measurement states that 

further research is required. 
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Fig. 3.4. Plot of Weibull analysis on group of (a) DW-SA-5, (b) DW-SA-6, (c) DW-SA-

7, (d) DW-SA-8 and (e) DW-SA-9. 
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Table 3.1. Weibull analysis on group of DW-SA-5~9. 

Sample 

σaverage 

(N/tex) 

σs (N/tex) 

(scale) 

m 

(shape) 

R2 

Ψ 

(Coleman) 

DW-SA-5 4.12 4.26 9.86 0.936 1.33 

DW-SA-6 4.46 4.48 31.49 0.928 1.13 

DW-SA-7 3.79 3.82 19.66 0.905 1.19 

DW-SA-8 3.24 3.31 12.72 0.949 1.27 

DW-SA-9 2.60 2.61 29.57 0.933 1.14 
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3.3.2 Mechanical property from self-assembly behavior 

3.3.2.1 Mechanical properties of in-situ directly spun CNTYs 

Among in-situ as-directly-spun CNTYs, we experimentally achieved specific strength 

of 4.5±0.2 N/tex with specific stiffness of 141.1±9.9 N/tex through DW-SA-6 (Fig. 3.5a). 

(Fractography of DW-SA-6 is described in chapter 2 with Fig 2.4.) Our results reached 

80% of the theoretically predicted maximum specific strength, which surpassed the 

carbon fiber T1100 (~3.9 N/tex), known as one of the strongest fibers in recent times. In 

order to examine the in-situ self-assembly, CNTY was fabricated by general direct 

spinning without the guide roller. In comparison, CNTY was manufactured with a 

winding rate of 6 m/min and called DW-Raw-6. The specific strength of DW-Raw-6 was 

3.0±0.1 N/tex with specific stiffness of 140.6±22.0 N/tex (Fig. 3.5b). The results state 

that the specific strength of the CNTY was increased by 48% through in-situ self-

assembly.  

This is also effective for the post treatment on DW-Raw-6. Consequently, post 

treatment was carried out in an ex-situ self-assembly method in which DW-Raw-6 was 

released after a specific strain was applied for 10 seconds. The strain was applied up to 

0.5~2.5% and the specific strength of CNTY to which strain was applied was shown in 

Fig. 3.5c. Until the applied strain reached 2%, the specific strength steadily increased 

and showed a maximum value of 4.4±0.1 N/tex. After 2%, the specific strength showed 

a decreasing trend. The maximum value is almost the same as when the in-situ direct 

spinning indicates a self-assembly of about 2% strain was applied to CNTY in the in-

situ direct spinning. Such result well matches with the strength of DW-SA samples. As 

the spinning rate increases, the strain applied during self-assembly increases. The 

strength of DW-SA sample is optimized at spinning rate of 6 m/min, which matches with 
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strain of 2%. (Spinning rate of 7~9 m/min matches with strain over 2%, whereas 5 m/min 

matches with strain under 2%.)   
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Fig. 3.5. The stress-strain curve of (a) DW-SA-6 and (b) DW-Raw-6, (c) the specific 

strength of DW-Raw-6 after ex-situ self-assembly.  
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3.3.2.2 Self-assembly behavior of CNTs in yarn: bundling 

The mechanical properties of CNTY are determined by the assembly of CNTs due to 

the characteristics of the load-bearing mechanism. Each CNTY was analyzed according 

to the assembly classification, which are bundling and orientation behavior. First, the 

bundling behavior of microbundles in CNTY in the static state (Fig. 3.6a) and the 

dynamic state (Fig. 3.6b and c) was analyzed using Raman spectroscopy. The key factor 

for the total area of shear failure depends on the extent of bundling of the CNT 

microbundles. The Raman band is strongly resonant under deformation of CNTs and the 

down shift rate of the G’ peak implies load transfer efficiency between CNT with 

neighboring CNTs [23, 24]. In addition, the higher load transfer efficiency guarantees 

effective dissipation of applied energy. Since the applied energy in CNTY dissipates by 

slippage between CNT microbundles in a mesobundle, a larger mesobundle indicates 

higher efficiency of load transfer with the larger down shift of the G’ peak. The Raman 

G’ peak of DWCNT yarns with Lorentzian fitting are provided in Fig. 3.6a. Since the 

orthogonal electronic dispersion occurs when CNTs are in contact with each other and 

the G’ peaks shift to lower energies, the G’ peak shift is reflecting the inter-nanotube 

contact area. The G’ peak shifted from 2674.4 cm-1 of DW-Raw-6 to 2666.7 cm-1 of DW-

SA-6 through in-situ self-assembly so that dense packing was already achieved from the 

initial static state.  

To further analyze the load-bearing mechanism of CNTY, DW-Raw-6 (Fig. 3.6b) and 

DW-SA-6 (Fig. 3.6c) were analyzed through in-situ Raman spectroscopy during tensile 

strain. In both cases, the deformation behavior of CNTY was shown to have 4 zones. In 

Zone I, which is the elastic region, individual CNT microbundles or mesobundles are 

aggregated and reoriented to form larger, reversible bundle. Zones II to IV were the 

plastic region. In Zone II (yielding zone), mesobundles that have already increased in 



106 

 

size in the elastic region are merged further with nearby bundles. As bundles get 

stretched in Zone III (slipping zone), slippage occurs between CNT microbundles in and 

around the mesobundle. Finally, in Zone IV (failing zone), partial failure occurs.  

The transfer efficiency of DW-SA-6 was -13.65 cm-1/% whereas that of DW-Raw-6 

was -13.62 cm-1/% in Zone I. The load transfer efficiency did not show a significant 

difference and matched the modulus of DWCNT yarns. On the other hand, a significant 

difference was found in Zone II. The widened Zone II of DW-SA-6 states the assembly 

of CNT in DW-SA-6 was able to withstand more yielding due to the enhanced bundling. 

This is also consistent with the results of Fig. 3.5c, which improved the specific strength 

by applying strain to Zone II of DW-Raw-6. The static and dynamic analysis indicates 

that as bundling behavior conditions where CNTs could aggregate were formed, it 

became possible to withstand a larger load and improve the specific strength of CNTY. 
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Fig. 3.6. (a) Raman spectra of the G’ peak (symbol) that is fitted using a Lorentzian 

function (solid line) of DWCNT yarns. The down shift rate of the G’ peak of (b) DW-

Raw-6 and (c) DW-SA-6 during tensile loading.  
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3.3.2.3 Self-assembly behavior of CNTs in yarn: orientation 

The orientation behavior of CNTY in the static state (Fig. 3.4d and 3.7a) and dynamic 

state (Fig. 3.7b and c) was analyzed using polarized Raman spectroscopy. At the initial 

state, the intensity factor (IGII/IG┴) of DW-Raw-6 was 8.56±1.24 (Fig. 3.7a), showing 

negligible difference to that of DW-SA-6. Rather, the difference between both yarns 

appeared in the dynamic state under tensile strain. For DW-Raw-6, the orientation was 

changed according to the bundling behavior and was involved in the load transfer (Fig. 

3.7b). Particularly in Zone II, the orientation behavior was compromised as the 

microbundles abandon the previous oriented form and aggregates to the surrounding 

mesobundles grown through elastic deformation (In Zone III, orientation increased by 

stretching the bundle). As the bundling and orientation behaviors were reversed, efficient 

load transfer could not be achieved. On the other hand, the orientation of CNTs in DW-

SA-6 was constant regardless of strain (Fig 3.7c). Since dense packing between bundles 

has already been made in an aligned form in DW-SA-6, the orientation behavior that did 

not interfere with bundling led to an efficient load transfer. This self-assembly control of 

CNT was the key to improving the specific strength of CNTY through in-situ self-

assembly. 

Fig. 3.8 summarizes the load bearing mechanism of CNTY based on the Raman 

analysis result and the load transferring mechanism of semicrystalline polymer. The 

amorphous region and the misoriented crystallite of the polymer correspond to the 

microbundle of the CNTY, whereas remaining crystallite of the polymer corresponds to 

mesobundle (or macrobundle) of the CNTY. Considering bundling and orientation 

behavior, at Zone I, the microbundle mainly contributes to load transfer. As amorphous 

region and misoriented crystallite form oriented crystallite, microbundles agglomerates 

to mesobundle in oriented form. At Zone II, as crystallites form larger crystallites, 
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mesobundles aggregates into larger bundle corresponding to the macrobundle. In this 

process, the orientation of microbundles, which is connecting mesobundles, is distorted 

due to rearrangement between mesobundles. Then, at Zone III, as crystallite forms a 

fibrillar structure through slip or twinning, slippage occurs between mesobundles or 

microbundles. Finally, at Zone IV, partial failure of mesobundle occurs in CNTY. 
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Fig. 3.7. (a) The polarized Raman spectrum of DW-Raw-6 as well as polarized Raman 

intensity factor of (b) DW-Raw-6 and (c) DW-SA-6 during tensile loading.  
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Fig. 3.8. Suggested load bearing mechanism of the CNTY.  
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The specific strength, specific stiffness, and elongation of CNTYs were compared 

with those of various state-of-the-art high-performance fibers and metals from industry 

(Fig. 3.9). Even the commercialized state-of-the-art materials do not possess both high 

specific tensile strength and elongation. Our CNTY has high-average specific tensile 

strength (4.5 N/tex) as well as high-elongation (6.3 %) with superfiber class modulus 

(141 N/tex).   
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Fig. 3.9. Ashby plot of specific strength versus (a) specific stiffness and (b) elongation 

of various fibers (circle) with CNTY from this work (star).  
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3.4  Conclusion 

We proposed an in-situ direct spinning technique to fabricate CNTYs with comparable 

or even superior properties to commercialized state-of-the-art fibers and engineering 

metals. Our findings showed that the theoretical maximum strength of the as-directly-

spun CNTY is clarified by the suggested model system, followed by the best ever 

reported specific strength of the as-directly-spun experimental CNTY. These results 

highlighted the suitability of appropriate self-assembly engineering with a simple in-situ 

direct spinning technique for achieving ultra-strong CNTYs. Consequently, we opened 

a new possibility of enhancing the specific strength of CNTY by adopting a couple of 

post-treatment processes.  
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Chapter 4 Effect of Crosslinking on Surface 

Nature of CNT Elementary bundles and 

Tensile Strength of CNTYs 

 

4.1  Introduction 

It has generally been understood that the mechanical properties of CNTY [1] highly 

depend on intrinsic surface nature of CNTs. CNTYs with high strength are thought to 

require void-free and defect-free materials with a high degree of alignment. However, 

CNT yarns produced through variety of methods have exhibited significantly poorer 

mechanical properties [2-11] than those of individual CNTs, which exhibit modulus as 

high as 1 TPa, strengths as high as 60 GPa [12, 13]. A variety of attempts has been made 

to minimize the discrepancy of mechanical properties between individual CNTs and 

CNT yarn through control of nanostructure, including properties of individual CNT such 

as number of walls, diameter [14] and length [15-19], as well as microstructural control, 

including bundling [20-24] and orientation [25] of CNT. Despite the variety of structural 

approaches, pristine CNT yarns still show poor properties due to interfacial slippage 

among CNTs. 

The majority of recent progress are focusing on overcoming the weak interfacial 

interaction between CNTs for strengthening CNT yarn. Therefore, methods of 

improving interfacial strength by chemical crosslinking between CNTs were introduced 

[26-28]. This method introduces stronger interaction than van der Waals interaction 

between CNTs, expected to result in improved mechanical properties [29]. However, 
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such methods reported limited strength increment without revealing the main cause of 

results. Therefore, it is highly desirable to investigate on the influential parameters in 

order to define the correlation between the effect of crosslinking and the mechanical 

properties of CNT yarn.  

In this chapter, we suggest a simplified model of crosslinked CNT yarn to predict the 

main factors influencing the strength of the yarn. Based on the model assuming strength 

as a function of contact area of CNT and interfacial shear strength of CNT, we 

transformed such model into function of degree of reaction, resulting main factor 

influencing strength as bending rigidity from curvature energy and surface energy 

changed by linking reagent. To verify the model, simple method of crosslinking was 

hired, based on carbon surface chemistry. By giving variety to linking reagent or degree 

of reaction and analyzing junction of linking reagent and surface of CNT from reaction, 

we found out developed model fitted well to experimental data, giving basis to the model 

as well as insight to the strategy to strengthen CNTY. Applying the model, finally, we 

found crosslinking by 1,3-dipolar cycloaddition reaction strengthened CNTY up to 5.4 

N/tex with 20% increment from DW-SA-6 of chapter 3, which is 93% of estimated 

maximum strength achievable. 
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4.2  Experimental 

Materials 

Ferrocene, thiophene, maleic anhydride, 2,2′-(ethylenedioxy)bis(ethylamine), 4,7,10-

trioxa-1,13-tridecanediamine, ethylene glycol (EG) and diiodomethane (DIM) were 

purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO), acetone and 

ethylenediamine were purchased from Daejung Chemical and Metals. 1,5-

diaminopentane was purchased from Alfa Aesar. N,N’-dimethyl-1,3-propanediamine 

and pyrrole-2-carboxaldehyde were purchased from Tokyo Chemical Industry Co., Ltd. 

All materials were used as received without further purification. 

 

Synthesis of DWCNTs and DWCNT yarns 

CNT yarns were fabricated through a direct spinning method as our previous report 

[21, 27, 30-33]. Diels-Alder cycloaddition reaction of CNT yarns were proceeded by 

soaking CNT yarns in primary diamines (0.5~50 mM) and maleic anhydride (two equiv.) 

dissolved 110 ml of DMSO solution at 180 °C for 24 h. 1,3-dipolar cycloaddition 

reaction of CNT yarns were proceeded by soaking CNT yarns in N,N’-dimethyl-1,3-

propanediamine (10~200 mM) and pyrrole-2-carboxaldehyde (two equiv.) dissolved 100 

ml of DMSO solution at 120 °C for 24 h. Then CNT yarns were washed with acetone 

for several times to remove unreacted and adsorbed reagents. 

 

Characterization of CNT yarns 
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The nanostructure of CNTs was characterized with HR-TEM (JEM-2100F, JEOL) and 

Raman spectroscopy (RAMANplus, Nanophoton) using 532 nm laser. Thermal 

gravimetric analysis (TGA; SDT-Q600, TA Instruments) was used to measure degree of 

reaction in N2 atmosphere and the purity of CNTs in air atmosphere. Chemical 

characteristic was evaluated by X-ray photoelectron spectroscopy (XPS; AXIS-HSi, 

KRATOS) and elemental analyzer (Flash EA 1112, Thermo Electron Corporation). 

Contact angle measurement (SmartDrop plus, Femtobiomed) was used to measure 

surface energy of CNT. The internal structures of the CNT yarn were observed after 

cutting with a focused ion beam (FIB; Helios 650, FEI). Specific strength was calculated 

by linear density, which was determined by weighing 15 m long-CNT yarn, divides into 

a measured load of a single yarn with tensile stage (TST350, Linkam) at a gauge length 

of 10 mm and strain rate of 3 mm min-1. 

 

Computation details 

Monte Carlo (MC) simulations of linking reagents and CNT adsorptions were 

performed to calculate the preferential adsorption site and the interaction energy on 

various CNTs: SWCNT, DWCNT and MWCNT of which the number of wall is 8. All 

CNTs had their innermost wall as (30, 30) armchair type. Prior to MC simulations, each 

adsorbent structure was fully optimized by Forcite module in a Material Studio 8.0 

platform. COMPASS (condensed phase optimized molecular potentials for atomistic 

simulation studies) forcefield was applied in all the calculations. The interaction energy 

for the adsorbates were identified by the simulated annealing algorithm. 
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4.3  Result and discussion 

CNTs were synthesized by floating catalyst chemical vapor deposition (FCCVD) as 

previous method in chapter 3. Single-walled (SW), double-walled (DW) and multi-

walled (MW) CNT were synthesized to identify the effect of crosslinking. According to 

the TGA thermogram in Fig. 4.1a, c and e, each CNTY is composed of 40 wt% SWCNT, 

70 wt% DWCNT and 80 wt% MWCNT [34]. From TEM analysis in Fig. 4.1b, d and f, 

the outer radius of SWCNT, DWCNT and MWCNT was 2.58 nm, 2.78 nm and 5.19 nm, 

respectively. (The number of wall of MWCNT was around 8.) 

The strength of synthesized CNT yarn mainly depends on CNT-CNT interaction 

(shear strength). In order to strengthen the yarn, the degree of crosslinking should be 

considered. Since CNT is reported as inert material due to aromaticity, appropriate 

chemical reaction should be employed. Normally, the molecular structure of CNT is 

expressed as clar representation form as shown in Fig 4.2. Since the structure consists of 

resonance form, there are mainly two more molecular structure that presents the 

chemical character of CNT; diene and dienophile form. Also, since there is no hydrogen 

on CNT to balance charge during reaction, electrophilic aromatic substitution is 

unsuitable. Therefore, such interpretations indicate that suitable chemical reaction for 

CNT involves diene or dienophile without charge, which is cycloaddition reaction [35, 

36]. 

To quantify the reaction, Degree of reaction (x) was defined as equation (4.1), where 

ν is linear density of yarn and M is molecular weight of linking reagent. 
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𝑥 = 
∆𝜈

𝜈
×

1

𝑀
 (4.1) 

 

For comparison under same conditions, number of linking reagents grafted on surface 

of CNT should be controlled. Since all linking reagents from crosslinking reaction are 

designed to contain nitrogen atom, N/C ratio shows amount of linking reagent reacted 

with CNT surface. Since degree of reaction showed linear relationship N/C ratio from 

elemental analysis shown in Fig. 4.3, degree of reaction is suitable for independent 

variable. 

 

𝜎𝑥

𝜎0
=

1

𝛺𝑚𝑖𝑏
× [1 − (1 − 𝛺𝑚𝑖𝑏)√

1 + 𝐶𝑥

1 + 𝐵𝑥
] × (1 + 𝐷𝑥) (4.2) 

 

Since crosslinking is performed between elementary bundles in microbundle due to 

the size of the linking reagent, it should be analyzed based on equation (2.24), which 

expresses the behavior of the elementary bundle. Considering the term ω is proportional 

to degree of reaction (x), equation (2.24) is simplified into equation (4.2). The difference 

in linear density (Δν) of yarn after crosslinking is not large enough, the influence of Δν 

on is σx neglected. According to the equation, the coefficient B, C and D indicate Δγ, ΔDG 

and Δτ, respectively.  

In order to find out the criterion to determine whether crosslinking reaction results in 

monotone increasing strength in function of degree of reaction, equation 10 was 
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differentiated by degree of reaction. To achieve monotone increasing function, 

differentiated form should be greater than 0 for any x. In case of ideally strengthened 

CNT yarn, its strength will be increasing even at infinite x given as following equation.  

 

lim
𝑥→∞

𝑑

𝑑𝑥
(
𝜎𝑥

𝜎0
) ≥ 0; 

𝐵

(1 − 𝛺0)
2
− C ≥ 0 (4.3) 

 

Equation (4.3) indicates the criterion to achieve high strength CNT yarn; decreasing 

ΔDG as well as increasing Δγ is required. In terms of material and reaction factor, high 

Δγ can be achieved by linking reagent with high polar character, while low ΔDG can be 

achieved by junction between CNT and linking reagent with low distortion energy 

loaded on the surface of CNT from crosslinking reaction. 
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Fig. 4.1. (a, c, e) TGA thermogram and (b, d, f) TEM micrograph of (a, b) SWCNT, (c, 

d) DWCNT and (e, f) MWCNT. 
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Fig. 4.2. Carnonical resonance structures of graphene. 
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Fig. 4.3. N/C ratio versus degree of reaction for crosslinked DWCNT yarn.  
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4.3.1 Empirical verification of crosslinking theory 

In order to identify the effect of surface energy, we designed crosslinking reaction 

based on Diels-Alder cycloaddition, which is known to be favorable reaction with π-

conjugated system according to carbon surface chemistry. The detailed mechanism of 

reaction is presented in Fig 4.4a. First, linking reagents were vitalized by forming 

bisimide complex from diamine molecule with two equivalents of maleic anhydride. 

Then, covalent bonds between CNT surface and bisimide complex were formed through 

cycloaddition. As shown in Fig 4.4b-i, bisimide complex from ethylenediamine, 1,5-

diaminopentane, 2,2′-(ethylenedioxy)bis(ethylamine) and 4,7,10-trioxa-1,13-

tridecanediamine were named A2, A5, A8 and A13 respectively. CNT yarn crosslinked 

by such complex was named (SW, DW, MW)-(A2, A5, A8, A13). For example, DWCNT 

yarn crosslinked by A2 was named DW-A2. Pristine CNT yarns were named (SW, DW, 

MW)-Raw. 

XPS analysis was performed to obtain the information of chemical nature of DWCNT 

yarns as a representative of other samples. Various forms of carbon atoms quantitatively 

calculated from C 1s and spectral deconvolution provided in Fig 4.5a-c. The ratio of 

oxidative carbon atoms related to linking reagent, C-O/C-N, C=O and COOH/imide, 

increased in DW-A2 compared to DW-Raw. As cycloaddition reaction proceeds, ratio of 

sp3 carbon increases with oxidative carbons due to reaction mechanism. In addition, 

spectral deconvolution N 1s peak provides formation of imide functional groups that 

only appear in vitalized linking reagent by forming bisimide complex. Such analysis 

indicates both imide formation and crosslinking by cycloaddition are well proceeded. 

According to come preceding studies, imide derivative functional groups get 

decomposed starting at approximately 300 ˚C [33, 37], indicating that the reduction in 

mass is from crosslinking on CNTs. Based on mass reduction, the degree of reaction 
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could be calculated as 0.32 mmol/g for DW-A2, which fits well to the result (0.35 

mmol/g) calculated from equation (4.1). 
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Fig. 4.4. Schematic image of (a) mechanism of formation of bisimide complex with 

Diels-Alder cycloaddition on the surface of CNTs, (b) ethylenediamine, (c) A2, (d) 

1,5-diaminopentane, (e) A5, (f) 2,2′-(ethylenedioxy)bis(ethylamine), (g) A8, (h) 

4,7,10-trioxa-1,13-tridecanediamine and (i) A13.  
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Fig. 4.5. XPS spectra of (a) C 1s of DW-A2 (inset: C 1s of DW-Raw), (b) Quantitative 

analysis of carbon forms by XPS and (c) N 1s of DW-A2. (d) TGA data of DW-Raw 

and DW-A2 at N2 atmosphere.  
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4.3.1.1 Surface area fraction of elementary bundle in contact 

Under same degree of reaction of 0.35 mmol/g, among various linking reagents, A5 

for SW, MWCNT yarn and A2 for DWCNT yarn showed highest mechanical strength. 

In Fig 4.6a-f, SW-A5, DW-A2 and MW-A5 displayed 1.55, 2.41 and 2.17 N/tex of 

specific strength from that of SW, DW and MW-Raw which are 0.77, 0.97 and 0.96 N/tex, 

respectively. Each crosslinked yarn showed increment of 101%, 148% and 134% from 

pristine yarn, indicating effect of crosslinking. To verify that the model is well grounded, 

equation (4.2) was applied to experimental values of strength ratio for each sample as 

shown in Fig. 4.6g-i. The strength of yarn was normalized in consideration of linear 

density change. The graph shows clearly that the equation fits well to experimental data, 

resulting coefficient values in Table 4.1. The empirical Ωmib of SWCNT, DWCNT and 

MWCNT yarn was 0.83, 0.67 and 0.53, respectively. We also calculated the theoretical 

Ωmib from equation (2.19) by applying structure values of CNTs we used. As a result, the 

area fractions of SWCNT, DWCNT and MWCNT yarn were 0.73, 0.66 and 0.57, 

respectively. Since empirical Ωmib of CNTY well fitted with the theoretical Ωmib as shown 

in Table 4.1, it is suitable to analyze CNTY with model from equation (4.2). 
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Fig. 4.6. Stress-strain curve of (a) SW-A5, (b) DW-A2 and (c) MW-A5. Mechanical 

properties of (d) SWCNT, (e) DWCNT and (f) MWCNT yarn. Comparison of theoretical 

and experimental values of strength ration versus degree of reaction for (g) SW-A5, (h) 

DW-A2 and (i) MW-A5. 
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Table 4.1. Theoretically calculated Ωmib with coefficient values of equation (4.2). 

Sample 
Ωmib 

(Theoretical) 

Ωmib 

(Experimental) 

B 

(g/mmol) 

C 

(g/mmol) 

D 

(g/mmol) 

SW-A5 0.73 0.83 2.2 100 19 

DW-A2 0.66 0.67 4.8 48 32 

MW-A5 0.57 0.53 7.1 32 32 
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4.3.1.2 Coefficient B: surface energy (Δγ) 

For prediction of high strength CNTY, investigation of each factor is required. First, 

to find out how coefficient B, which indicates Δγ, affects the strength, surface energies 

of DW-Raw and DW-A2 were calculated through Owen-Wendt method [38]. According 

to Owen-Wendt method, surface energy is divided into dispersion (γD) and polar (γP) 

component. From the contact angle (θ) between solid and probe liquid, the surface 

energy of solid (γs) can be determined by the surface energy of solid(γl) with following 

equation (4.4). 

 

𝛾𝑙(𝑐𝑜𝑠𝜃 + 1)

2√𝛾𝑙
𝐷

= √𝛾𝑠
𝑃

(

 
√𝛾𝑙

𝑃

√𝛾𝑙
𝐷

)

 + √𝛾𝑠
𝐷 (4.4) 

 

When the square root of polar (γs
P) and dispersion (γs

D) component of the surface 

energy of solid on the right side are taken as slope and intercept, respectively, the 

equation (4.4) has the linear form in terms of surface energy of probe liquids and contact 

angle. Water, EG, DMSO and DIM were used as probe liquid for containing contact 

angles. Detailed information of surface energy of each liquid is shown in Table 4.2. 

Fig. 4.7a-h shows the images of contact angle of probe liquids deposited on CNT films; 

DW-Raw (x = 0 mmol/g) and DW-A2 (x = 0.54 mmol/g). Since EG and water were used 

as the polar component dominant probe, as crosslinking reaction proceeds, the contact 

angle decreases due to increment of polar surface energy of CNT film. It is clearly shown 

in Fig. 4.7i-j and Table 4.2 that polar component as increased by 3.9 times. According to 
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equation (4.2), the term (1+Bx) indicates the surface energy ratio of after to before 

reaction. By applying x to 0.54 mmol/g and B to 4.8 g/mmol from Table 4.1, the 

calculated surface energy ratio is 3.6, which fits well to actual ratio of polar component 

of DW-A2 to that of DW-Raw. The functional groups in crosslinking reagent works as 

mechanical locker by dissipating energy from external load. Since the functional groups 

shows polar character rather than dispersive character, the dissipated energy is related to 

polar component of surface energy, indicating the term (Δγ/γ)graphene in equation (2.24) 

should be (Δγpolar/γpolar)CNT in specific.  
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Fig. 4.7. Contact angle of probe liquid droplets deposited on (a-d) DW-Raw and (e-h) 

DW-A2 film. Owen-Wendt plot of (i) DW-Raw and (j) DW-A2 film. 

 

Table 4.2. Surface energies of CNT films (unit: mJ/m2). 

Sample Dispersion Polar Total 

DW-Raw 40.9 3.8 44.7 

DW-A2 30.1 14.8 44.9 
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To specify which factors could influence Δγpolar, linking reagents with various 

interaction energy to pristine CNT were hired to analyze their relation to strength of 

crosslinked CNTY. Adsorption energy was calculated by probability density function 

(Figure S3) from COMPASS forcefield. As shown in Fig. 4.8a-c, strength and affinity 

between CNT and linking reagent showed similar tendency. When magnitude of 

adsorption energy of linking reagent to CNT decreases, strength of the fiber increases. 

Such phenomena can be explained by following equation (4.5). 

 

∆𝛾 =  ∆𝛾𝑑𝑒𝑓𝑒𝑐𝑡 + ∆𝛾𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (4.5) 

 

Variation of surface energy after reaction can be mainly described as sum of two terms; 

increase term from defect formation and decrease term from interaction between linking 

reagent and surface of CNT. Since all reactions are equivalent, same Diels-Alder 

cycloaddition and same degree of reaction, Δγdefect term is expected to show little 

difference. Therefore, second term Δγadsorption is mainly determining Δγ and strength of 

the yarn. Smaller magnitude of Δγadsorption leads to higher value of Δγ and the strength. It 

also indicates that surface of CNT is stabilized through interaction with linking reagents. 

They drive force to make contact between CNTs smaller, leading to lower value of Ωx. 

Furthermore, Raman peak shifts of DWCNT yarn crosslinked with various linking 

reagents are provided in Fig. 4.8d. Raman peak shift is reflecting the inter-nanotube 

interaction and contact area. Orthogonal electronic dispersion occurs when CNTs are in 

contact each other and peaks shift to lower energy [39-41]. To be specific, DW-A2, 

which showed highest strength among other samples, showed Raman G’ peak shift from 
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2697.1 cm-1 of DW-Raw to 2680.8 cm-1. It is much lower value compare with DW-A5, 

8 and 13. G’ peak shift of Raman spectra reveals DW-A2 has larger contact area between 

CNTs, in good agreement with the relation between adsorption energy of linking reagent 

to CNT and the strength of the CNTY. 
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Fig. 4.8. Comparison of specific strength of CNTY strengthened by various linking 

reagents at degree of reaction of 0.3 mmol/g and adsorption energy of linking reagent to 

CNT: (a) SWCNT, (b) DWCNT and (c) MWCNT. (d) Raman spectra of G’ peak (symbol) 

and fitted using a Lorentzian function (solid line) of DWCNT yarn crosslinked with 

various linking reagents. 
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4.3.1.3 Coefficient C: curvature energy (ΔDG) 

Another term of the equation (2.24), ΔDG, is determined by type of reaction. 

According to Table 4.1, coefficient C is much higher than other coefficients in every 

sample, indicating it is most critical factor determining the form of graph. Since bending 

rigidity is resistance offered by a structure while undergoing bending, the junction type 

of linking reagent and surface of CNT is another key factor determining the intensity of 

coefficient C and strength of the CNTY. To verify the term affecting coefficient C, we 

selected representative junctions that CNTs and linking reagents could have based on 

carbon surface chemistry, and calculated the distortion energy generated when the 

junctions were given to CNTs. 

As shown in Fig. 4.9 and Table 4.3, we calculated the distortion energy applied to the 

CNTs when several ring type junctions were formed on the CNT surface through forcite 

module. The distortion energy from point type junction showed the lowest value (149.3 

kJ/mol) among junctions. Cycloaddition reaction inevitably forms ring composed of sp3 

carbon. Such ring structure is similar to structure of diamond, which is reported to have 

infinitely higher curvature energy compared to graphene. Although such ring forming 

cycloaddition reaction is favorable to react with chemically inert π-conjugated system 

composed of sp2 carbon according to carbon surface chemistry, bending rigidity from 

ring type junction is inevitably larger than that from point type junction. The coefficient 

C of crosslinked CNTY of which junction was trapezoid type was about 30~100, while 

the largest distortion energy came from trapezoid type (673.8 kJ/mol), 4.5 times larger 

than that of point type. Such calculation results support why the specific strength of 

crosslinked CNT yarn eventually decreases as the degree of reaction increases. 



142 

 

 

Fig. 4.9. Schematic illustration of junction type: (a) point, (b) triangle, (c) tetragon, (d) 

trapezoid, (e) pentagon and (f) hexagon. 
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Table 4.3. Distortion energy on CNT given by various types of junctions. 

Junction type CNT distortion energy (kJ/mol) 

Point (a) 149.3 

Triangle (b) 621.8 

Tetragon (c) 296.9 

Trapezoid (d) 673.8 

Pentagon (e) 194.7 

Hexagon (f) 187.5 
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4.3.2 Fabrication of high strength CNTY 

4.3.2.1 Determination of crosslinking reaction and linking reagent 

According to verification of model, the linking reagent requires polar character with 

chemical ability to form pentagonal or hexagonal junction with CNT. Thus, we adapted 

1,3-dipolar cycloaddition reaction, which is one of favorable for reaction with π-

conjugated system. The detailed mechanism of reaction is presented in Fig. 4.10. First, 

linking reagents were vitalized by forming dipolar complex from secondary diamine 

molecule with two equivalents of aldehyde. Then, covalent bonds between CNT surface 

and dipolar complex were formed through 1,3-dipolar cycloaddition. We selected N,N’-

dimethyl-1,3-propanediamine as secondary diamine molecule while pyrrole-2-

carboxaldehyde was selected as aldehyde since such molecule is able to stabilize dipolar 

complex by π-conjugation with its polar character. The crosslinked DWCNT yarn was 

named DW’-B3. Pristine CNT yarns were named DW’-Raw. For comparison with the 

previous reaction, the strength of pristine CNTY was adjusted to a similar scale.  

As shown in Fig. 4.11a, the specific strength of DW’-Raw was 1.67±0.11 N/tex while 

the specific strength of DW’-B3 was 4.43±0.21 N/tex at the degree of reaction of 0.44 

mmol/g. The crosslinking was done until the solubility limit of the linking reagent. 

Through the designed crosslinking, the specific strength showed increment of 165% 

from pristine yarn. The specific strength of our work even surpassed that of carbon fiber 

T1100 (~3.9 GPa/(g cm-3)), which is known as one of the strongest fiber recently.  

XPS analysis was performed to obtain the information of chemical nature of DWCNT 

yarns in Fig 4.11c. Spectral deconvolution N 1s peak provides formation of pyrrolic N 

and tertiary amine with the residual peak of pyridinic N. Pyridinic N is formed when 

linking reagent is activated by forming dipolar complex and converts to tertiary amine 
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when the linking reagent reacts with the CNT surface. Since the pyrrolic N and tertiary 

amine peak account for 93.5% of N1s peak while pyridinic N account for 6.5%, such 

analysis indicates that both ends of most linking reagents reacted with CNTs and 

crosslinking by cycloaddition are well proceeded. TEM image of DW’-B3 is shown in 

Fig. 4.11d, after chemical modification. After 1,3-dipolar cycloaddition reaction, organic 

layer was deposited on the surface of CNT, indicating grafting of linking reagents. 

Furthermore, change in deformation behavior of CNTs after reaction was analyzed 

through in situ Raman spectroscopy during tensile strain to confirm crosslinking. Raman 

band is strongly resonant under deformation of CNTs and down shift rate of G’ peak 

implies load transfer efficiency between CNT with neighboring CNTs [39, 42]. Higher 

load transfer efficiency guarantees effective dissipation of applied stress and interferes 

breakage of CNT yarn by stress concentration through linking reagent. In Fig. 4.11e-f, 

the results of downshift rate exhibited DW’-B3 showed load transfer efficiency as high 

as -21.9 cm-1/%, almost twice higher than that of DW’-Raw. It implies DW’-B3 has 

mechanically more favorable structure since it successfully dissipated applied stress 

evenly through crosslinked regions. 

Also, to verify that the model is well grounded even with the change of chemical 

reaction, equation (4.2) and (4.3) were applied to experimental values of strength ratio 

as shown in Fig. 4.11b. The graph shows clearly that the equation fits well to 

experimental data, resulting coefficient values in Table 4.4. The empirical Ωmib of DW’-

B3 yarn was 0.68, well matched with empirical Ωmib of DW-A2 and theoretical Ωmib of 

DWCNT of given structure values. Due to pentagon type junction from the 1,3-dipolar 

cycloaddition reaction, less distortion energy was loaded to CNT, leading to less increase 

in bending rigidity (coefficient C). Furthermore, with N based functional groups and 
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charge on dipolar complex, its polar character led to CNT-phobic nature with sufficient 

increase in surface energy (coefficient B). As a result, criterion of DW’-B3 from equation 

(4.3) was positive value, indicating the specific strength of DW’-B3 monotonically 

increases as degree of reaction increases. 
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Fig. 4.10. Schematic image of mechanism of formation of dipolar complex with 1,3-

dipolar cycloaddition on the surface of CNTs.  
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Fig. 4.11. (a) Stress-strain curve of DW’-Raw and DW’-B3. (b) Specific strength 

increase ratio. (c) XPS spectra of N 1s of DW’-B3. (d) TEM image of DW’-B3. Down 

shift rate of G’ peak of (e) DW-Raw and (f) DW-A2 during tensile loading (Symbols and 

red solid lines are raw data and linear fitting).
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Table 4.4. Coefficient values of equation (4.2) and criterion equation (4.3) for DW-A2 

and DW’-B3. 

Sample 
Ωmib 

(Experimental) 

B 

(g/mmol) 

C 

(g/mmol) 

D 

(g/mmol) 

𝐵

(1 − 𝛺0)
2
− C 

DW-A2 0.67 4.8 48 32 <0 

DW'-B3 0.68 3.8 35 19 >0 
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4.3.2.2 Ultra-high strength crosslinked CNTY 

Through the previous analysis, the possibility of fabrication of ultra-high strength 

fibers through 1,3-dipolar cycloaddition reaction was confirmed. Thus, we crosslinked 

DW-SA-6 from chapter 3 by dipolar complex same as DW’-B3. At the degree of reaction 

of 0.45 mmol/g, crosslinked CNTY, which will be named as DW-X-6, showed specific 

strength of 5.4±0.1 N/tex with specific stiffness of 225.7±34.4 N/tex (Fig. 4.12). Our 

results reached the previously reported maximum specific strength [43], which surpassed 

the carbon fiber T1100 (~3.9 N/tex), known as one of the strongest fibers in recent times. 

The results state that the specific strength of the CNTY was increased by 20% through 

designed crosslinking reaction. Also, the specific stiffness of CNTY was increased by 

60%, well matched with in-situ Raman analysis of Fig 4.11e-f. 

For crosslinked yarn, external load should exceed the bond energy of covalent bonds 

in the linking reagent to reach failure. Even if the linking reagent consists of aromatic 

ring, the molecular structure is bound to have single bond where the final failure occurs. 

Therefore, regardless of the type of linking reagent, covalent bond energy hardly makes 

any difference, indicating Δτ should be approximated as a fixed value. If the number of 

wall of CNT is same, the multiplication between specific strength of as-spun yarn (σ0) 

and coefficient D would be a fixed value. Based on DW’-B3, DW-A2, SW-A5 and MW-

A5, σ0D of CNTY converged to 31. Applying calculation to equation (4.2), empirically 

estimated value of strength of crosslinked yarn can be given as equation (4.6). 
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𝜎𝑥=0.45 =
1

𝛺𝑚𝑖𝑏
[1 − (1 − 𝛺𝑚𝑖𝑏)√

1 + 𝐶𝑥

1 + 𝐵𝑥
] {𝜎0 + (𝜎0𝐷)𝑥}

≈ 0.29𝜎0 + 4.1 

(4.6) 

 

When the crosslinking reaction, which is 1,3-dipolar cycloaddition, is applied with 

degree of reaction of 0.45 mmol/g, the estimated strength becomes linear function of 

strength of as-spun yarn. The maximum strength (σmax) is determined when σ0 becomes 

equal to σx=0.45. Through the 1,3-dipolar cycloaddition, σmax achievable is calculated as 

5.8 N/tex. Though our result has achieved up to 93 % of the maximum value, with 

stronger CNTY would have reached even closer value to maximum strength.  

 

𝜎𝑒𝑠𝑡 =
1

0.32
[1 − 0.68 × √

1 + 35𝑥

1 + 3.8𝑥
] (𝜎0 + 31𝑥) (4.7) 

 

Furthermore, by applying calculated coefficients to modified equation (2.24) and (4.2), 

we empirically derived universal equation (4.7) of strength of DWCNT yarn against 

initial strength and degree of reaction. To verify that the equation is well grounded, 

strength of DW-X series and DW’-B3 series were applied to theoretically estimated 

strength as shown in Fig. 4.13. The graph shows clearly that the equation fits well to 

experimental data. Such results states that upper limit of strength will be higher as the 

initial strength increases.  
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The specific strength, specific stiffness, and elongation of CNTYs were compared 

with those of various state-of-the-art high-performance fibers and metals from industry 

(Fig. 4.14). Even the commercialized state-of-the-art materials do not possess both high 

specific tensile strength and elongation. Our CNTY has high-average specific tensile 

strength (5.4 N/tex) as well as high-elongation (5.8 %) with superfiber class modulus 

(226 N/tex). 

However, our results show that the efficiency of the reaction is somewhat inferior. 

Therefore, for higher maximum specific strength, according to our theory, new 

crosslinking reaction inducing point junction with high degree of reaction as well as 

linking reagent with low affinity to CNT will be required. 
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Fig. 4.12. The stress-strain curve of DW-SA-6 and DW-X-6. 
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Fig. 4.13. Estimated specific strength of CNTY against degree of reaction and initial 

strength of CNTY. 
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Fig. 4.14. Ashby plot of specific strength versus (a) specific stiffness and (b) elongation 

of various fibers (circle) with CNTY from this work (star).  
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4.4  Conclusion 

A simplified model was developed for the strength of crosslinked CNT yarn based on 

crosslinking method devised in this work. According to the model, main factors 

influencing the strength of CNT yarn are flexural rigidity and polar component of surface 

energy increasing by linking reagent. Low surface energy and high flexural rigidity 

prevent CNT to dense packing, which is unfavorable for crosslinking. Tendency of 

affinity between linking reagent and surface of CNT fitted well to strength of crosslinked 

CNT yarn, concluding low magnitude of interaction energy leads to high strength yarn 

by increasing polar component of surface energy. On the other hand, junction between 

CNT and linking reagent from crosslinking increased curvature energy of graphitic layer 

in CNT, leading to decrease in strength of the yarn. Through calculating distortion energy 

loaded on CNT by various junctions, point type or at least pentagon type junction is 

suitable for crosslinking. Based on the criterion for high strength CNT yarn developed, 

we designed crosslinking scheme and fabricated CNT yarn with strength of 5.4 N/tex on 

average. Strength of CNT yarn has increased 20% from that of pristine CNT yarn. Also, 

increased strength is 93% of estimated maximum strength achievable through our 

crosslinking reaction. Through the experimental results, it is proven our model and 

theory well fit to real CNT yarn and can be the guideline for high strength CNT yarn. 
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Chapter 5 Effect of Controlling Behavior of 

Microbundle on Tensile Strain and Modulus 

of CNTY 

 

5.1  Introduction 

Carbon nanotubes (CNTs) are the most attractive materials as a filler for fiber-

reinforced composite (FRC) and a component of super-strong fibers because of its 

outstanding mechanical strength and high aspect ratio [1-5]. In the early 2000s, 

manufacturing methodology of CNTYs was dominantly studied and introduced. The 

representing methods to produce CNTYs are liquid crystalline spinning, CNT array 

spinning and direct spinning [6-9]. Morphological features such as CNT alignment along 

the yarn axis and twist angle were widely investigated to improve mechanical properties 

of CNTYs [10-15]. Though a fiber implementing the mechanical properties of CNT have 

not yet been reported, recent advances in CNTYs have been directed toward controlling 

the interaction between CNTs, which determines the tensile performance of CNTY. The 

tensile properties of CNTY scales with the structural factor of constituent CNTs and 

microbundle as long as the intertube friction dominantly determines the tensile 

properties of CNTY [16-19]. The theoretical calculation has predicted that the 

achievable strength of CNTY could be comparable to that of CNT if the constituent 

CNTs are longer than a certain length and perfectly dense along the yarn axis [20].  
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In this chapter, we report a possible route to enhancing the tensile properties of CNTY, 

which are specific modulus and tensile elongation, through the modified in-situ direct 

spinning method, which are water gap control and air gap control. The tensile properties 

of CNTYs with various bundle structures was analyzed according to the theory in chapter 

2 and 3. As a result, we successfully fabricated as-spun CNTY with an average modulus 

of 190 N/tex through air gap control and a tensile elongation of 12% through water gap 

control, exceeding that of previously ever-reported as-spun CNTY. From the bundling 

and orientation behavior analysis of CNTs, the self-assembly behavior control was 

suggested to be one of the most influential factors determining the tensile properties of 

the resultant as-directly-spun CNTY.  
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5.2  Experimental 

Synthesis of DWCNTs and DWCNT yarns 

A DWCNT yarn was synthesized by a floating catalyst chemical vapor deposition 

method using a vertical alumina tube reactor as chapter 3. The CNTY was spun on a 

bobbin after passing through water at the bottom of the vertical furnace at a spinning rate 

of 6 m/min. For the drawing, the yarn passed through the guide roller and reached the 

bobbin. The guide roller was located 8cm above the bobbin and 8cm sideways. For water 

gap control, the roller in water bath was located 3cm below compared to location at 

chapter 3. On the other hand, for air gap control, both the roller in water bath and the 

water surface went down by 3cm. 

 

Characterization of CNT yarns 

The nanostructure of CNTs was characterized by HR-TEM (JEM-2100F, JEOL) and 

Raman spectroscopy (RAMANplus, Nanophoton) using 532 nm laser. The thermal 

gravimetric analysis (TGA; SDT-Q600, TA Instruments) was used to measure the purity 

of CNTs in air atmosphere. The nanostructures of CNT were observed through field-

emission transmission electron microscopy (JEM-3000F, JEOL, Japan). The internal 

structures of the CNT yarn were observed through field-emission scanning electron 

microscopy (SUPRA 55VP, Carl Zeiss, Germany) after cutting with a focused ion beam 

(FIB; Helios 650, FEI). Furthermore, the specific strength was calculated by linear 

density, which was determined by weighing 15 m-long CNT yarn, divided into a 

measured load of a single yarn with tensile stage (TST350, Linkam) at a gauge length of 

10 mm and strain rate of 3 mm min-1. In the case of the in-situ Raman analysis, the tensile 
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stage for which the sample was set at a gauge length of 30 mm was placed in a Raman 

device and measured when strain is applied to CNTY. 
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5.3  Result and discussion 

Double-walled CNTs (DWCNT) are synthesized through floating catalyst chemical 

vapor deposition (FCCVD) as previous reports [21-25]. To control the self-assembly 

behavior of CNT, the in-situ direct spinning technique was modified by controlling water 

gap and air gap during spinning the aerogel-like CNT assembly, as shown in Fig 5.1. For 

air gap control, both the roller in water bath and the water surface went down by 3cm 

compared to normal in-situ direct spinning at chapter 3 (Fig. 5.1b). On the other hand, 

for water gap control, the roller in water bath was located 3cm below compared to normal 

in-situ direct spinning at chapter 3 (Fig. 5.1c). Still, the guide roller was located 8cm 

above the winding roller and 8cm sideways while the synthesized as-spun CNTY was 

drawn at the winding rate of 6 m/min without any additional treatments. Water gap and 

air gap controlled CNTY were named DW-WG-6 and DW-AG-6, respectively.  

For comparison under the same conditions, the DWCNT with same structural factor 

in Chapter 3 was used. DWCNT with an outer diameter of about 5.5 nm (Fig. 3.2b) were 

obtained. According to the TGA thermogram in Fig. 3.2c, 79.2 wt% of CNTY is 

composed of DWCNT while 11.2 wt% and 9.2 wt% of the yarn are amorphous carbon 

and residual Fe, respectively [26]. A high amount of load-bearing unit, which is 

proportional to the amount of DWCNT, contributes to the mechanical performance. 

According to the Raman analysis, the intensity ratio of the D-band to G-band (ID/IG) was 

approximately 0.038±0.009 (Fig. 3.2d), confirming that the DWCNT is highly 

crystalline.  
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Fig. 5.1. Schematic image of (a) the normal, (b) air gap controlled and (c) water gap 

controlled in-situ direct spinning process. 
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5.3.1 Classical mechanics for elastic and plastic deformation 

According to classical mechanics, the stress on a material can be expressed as a 

function of strain. Reversible deformation is called elastic deformation, and at this time, 

stress and strain show a linear relation as shown in equation (5.1), 

 

𝜎 = 𝐸𝜀 (5.1) 

 

where E is the modulus of elasticity, or Young’s modulus. Young's modulus is known to 

be affected by the orientation of the fiber, which is a load bearing element, in the case of 

yarn. Elastic deformation is nonpermanent, i.e. the material returns to its original shape 

and size after the applied stress (load) is released. 

When the applied stress exceeds the elastic region, plastic deformation takes place, i.e. 

the applied stress is no longer proportional to the strain. The point where the nonlinearity 

of the stress-strain relationship begins is known as the proportional limit. The applied 

stress is related to the induced strain in the plastic deformation region by the following 

Hollomon’s equation (5.2), 

 

𝜎 = 𝐾𝜀𝑛 (5.2) 

   

where K and n are empirical parameters. Equation (5.2) is applicable when the strain 

applied to the material is less than the strain (εUTM) at the ultimate tensile stress. The 

results of CNTY analysis using Equations 5.1 and 5.2 are summarized in Table 5.1. In 

the case of CNTY, K and n are functions related to the bundling property covered in Part 
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2, but εUTM can be treated as a function of the length of the microbundle. 

During plastic deformation, there is a competition between two phenomena in the 

strength of CNTY: load transfer due to bundling property and load transfer caused by 

stretching of microbundle. At this time, the case where the latter phenomenon is 

dominant is called plastic instability, and the material becomes unstable. The conditions 

of plastic instability are as in equation (5.3). 

 

𝜎 ≥
𝑑𝜎

𝑑𝜀
 (5.3) 

 

If equation (5.2) is substituted in equation (5.3), the condition is established when the 

strain is greater than n, and this case is applied only to the almost perfect plastic material. 

CNTY does not meet the conditions, so CNTY generally shows stable plastic 

deformation. As a result, the strain at failure (εfail) and εUTM show similar values. 

However, if the two strains show a large difference, the section in which equation (5.2) 

does not hold, that is, the section that satisfies the condition of equation (5.3) is revealed. 

For this section to appear, a microbundle that is long enough for the stretching of the 

microbundle to become the main load transfer mechanism will be needed.  

Furthermore, fractography of DW-AG-6 and DW-WG-6 (Fig. 5.2) is analyze to 

support the behavior of microbundle. In case of DW-AG-6, though brittle mode appeared, 

slippage mode was larger than that of DW-SA-6 (Fig. 2.4a), which led to a lower n value. 

However, the orientation of the failure initiation was higher than that of DW-SA-6, 

which led to a higher modulus. On the other hand, in the case of DW-WG-6, slippage 

mode appeared prominently with three steps. This is consistent with the results due to 
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high strain and plastic instability. That is, it can be confirmed that it is possible to 

maximize the tensile performance of the CNTY according to the behavior of the 

microbundle. 
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Table 5.1. Coefficient of classical mechanics of CNTYs. 

Sample 

E 

(N/tex) 

K 

(N/tex) 

n 

εUTM  

(%) 

εfail  

(%) 

DW-Raw-6 141 15.1 0.502 4.28 4.62 

DW-SA-6 141 35.5 0.721 5.74 6.06 

DW-X-6 226 34.2 0.610 5.14 5.45 

DW-WG-6 97.5 7.56 0.429 10.3 12.6 

DW-AG-6 190 14.6 0.446 5.66 6.04 
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Fig. 5.2. SEM image of fractography of (a) DW-AG-6 and (b) DW-WG-6. 

  



174 

 

5.3.2 Tensile property from self-assembly behavior 

5.3.2.1 Strain specialization: water gap control 

Through water gap controlled in-situ as-directly-spun CNTYs, we experimentally 

achieved tensile elongation of 12.5±0.9% with specific strength of 2.6±0.1 N/tex and 

specific stiffness of 97.5±8.0 N/tex through DW-WG-6 (Fig. 5.3). Although the strength 

and modulus were decreased, the tensile elongation was extremely high compared to the 

previous CNTYs. In addition, the cross-section of DW-WG-6 and low Aeff shown in Fig. 

5.4 well explain the low specific strength of CNTY. Considering the results in Fig. 3.5c, 

it is estimated that the strength of the CNTY was reduced by applying excessive strain 

on the CNT assembly to Zone III as the drawing effect in water increased. Though the 

decrease in strength could be explained, the explanation for increase in elongation is still 

required. As a special feature, looking at the stress-strain curve in Fig. 5.3, it can be seen 

that DW-WG-6 withstands a given strain for a long time while reaching ultimate tensile 

strength. Unlike previous CNTYs where strain at ultimate tensile strength and rupture 

are almost same, DW-WG-6 showed a large difference (>2%) between the two strains. 

Since the result states that the load transfer is also performed in Zone IV, it is necessary 

to analyze bundling and orientation behavior. 
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Fig. 5.3. The stress-strain curve of DW-SA-6 and DW-WG-6. 

 

 

Fig. 5.4. SEM micrographs of radial cross sections of FIB cuts of DW-WG-6 with 

effective area ratios in the upper right of the image.  
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The mechanical properties of CNTY are determined by the assembly of CNTs due to 

the characteristics of the load-bearing mechanism. DW-WG-6 was analyzed according 

to the assembly classification, which are bundling and orientation behavior. First, the 

bundling behavior of microbundles in CNTY in the static state (Fig. 5.5a) and the 

dynamic state (Fig. 5.5b) was analyzed using Raman spectroscopy. The key factor for 

the total area of shear failure depends on the extent of bundling of the CNT microbundles. 

The Raman band is strongly resonant under deformation of CNTs and the down shift rate 

of the G’ peak implies load transfer efficiency between CNT with neighboring CNTs [27, 

28]. The Raman G’ peak of DWCNT yarns with Lorentzian fitting are provided in Fig 

5.4a. Since the orthogonal electronic dispersion occurs when CNTs are in contact with 

each other and the G’ peaks shift to lower energies, the G’ peak shift is reflecting the 

inter-nanotube contact area. The G’ peak shifted from 2667.7 cm-1 of DW-SA-6 to 

2671.3 cm-1 of DW-WG-6 through water gap control. The upper shift of the peak from 

the initial static state resulted in low specific strength. 

To further analyze the load-bearing mechanism of CNTY, DW-WG-6 was analyzed 

through in-situ Raman spectroscopy during tensile strain (Fig. 5.5b). The deformation 

behavior of DW-WG-6 was shown to have 4 zones same as CNTYs in chapter 3. The 

transfer efficiency of DW-WG-6 was -10.30 cm-1/% in Zone I. The load transfer 

efficiency showed a significant decrease in absolute value compared to that of DW-SA-

6 (-13.65 cm-1/%). Such result matched with the modulus of DWCNT yarns. 

Furthermore, a significant difference was found in plastic region. The narrowed Zone II 

of DW-WG-6 states the assembly of CNT in DW-WG-6 was not able to withstand more 

yielding, resulting decrease in strength. On the other hand, the widened Zone III of DW-

WG-6 indicates that the microbundles were able to transfer external load by efficient 

slippage between them. Excess strain given during spinning caused slippage between 
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microbundles across CNTY. This is presumed to maintain Zone III by preventing 

slippage from being concentrated in one place when an external load is given. As a result, 

Zone IV was also widened, which also resulted in the overall dispersion of partial failure 

in CNTY. According to the weakest link theory, probability of yarn rupture decreases 

when length of fiber increases. In case of CNTY, the increase in the length of 

microbundle resulted in resistance to catastrophic failure through dispersion of partial 

failure [29]. Thus, by preventing concentration of partial failure, it is estimated that the 

tensile elongation increased though the strength did not increase.  

The orientation behavior of CNTY in the static state (Fig. 5.5a) and dynamic state 

(Fig. 5.5b) was analyzed using polarized Raman spectroscopy [10, 22]. At the initial 

state, the intensity factor (IGII/IG┴) of DW-WG-6 was 5.44±0.75 (Fig. 5.5a), showing 

significant decrease to that of DW-SA-6. Since it is well known that the elastic modulus 

is related to the initial orientation, decrease in polarized Raman factor well matches with 

low specific stiffness of DW-WG-6. Furthermore, the slight difference between DW-

WG-6 and DW-SA-6 appeared in the dynamic state under tensile strain. While the 

orientation of CNTs in DW-SA-6 was constant regardless of strain (Fig 3.7c), the 

orientation of CNT in DW-WG-6 monotonically increased (Fig 5.5b). The orientation 

behavior rather supported bundling behavior even at Zone III and IV, leading to an 

efficient load transfer without total failure of CNTY. This water gap-based self-assembly 

of CNT mainly controls bundling behavior in the direction of improving tensile strain 

by even distribution of weak points. 
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Fig. 5.5. (a) Raman spectra of the G’ peak (symbol) that is fitted using a Lorentzian 

function (solid line) of DWCNT yarns. (b) The down shift rate of the G’ peak of DW-

WG-6 during tensile loading.  
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Fig. 5.6. (a) The polarwized Raman spectrum of DW-WG-6 and (b) polarized Raman 

intensity factor of DW-WG-6 during tensile loading.  
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5.3.2.2 Modulus specialization: air gap control 

Through air gap controlled in-situ as-directly-spun CNTYs, we experimentally 

achieved specific stiffness of 190.4±18.5 N/tex with specific strength of 3.8±0.2 N/tex 

and elongation of 6.0±0.5% through DW-AG-6 (Fig. 5.7). Compared to DW-SA-6, DW-

WG-6 showed similar strength and elongation. Rather, the difference appeared on the 

modulus and outline of the stress-strain curve. Though the modulus had increased, the 

outline of stress-strain curve returned to that of DW-Raw-6. In addition, the cross-section 

of DW-AG-6 and low Aeff shown in Fig. 5.8 well explain the low specific strength of 

CNTY. Considering the results in Fig. 3.5c, it is estimated that the strength of the CNTY 

was maintained by applying strain comparable to that of DW-SA-6 on the CNT assembly 

to Zone III as the drawing effect in air increased. As a special feature, looking at the 

stress-strain curve in Fig. 5.7, it can be seen that load transfer in plastic region of DW-

AG-6 has been decreased. Since the change in the outline of the stress-strain curve means 

that there is a large change in Zone II, it is necessary to analyze bundling and orientation 

behavior. 
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Fig. 5.7. The stress-strain curve of DW-SA-6 and DW-AG-6. 

 

 

Fig. 5.8. SEM micrographs of radial cross sections of FIB cuts of DW-AG-6 with 

effective area ratios in the upper right of the image.  
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DW-AG-6 was analyzed according to the assembly classification, which are bundling 

and orientation behavior. First, the bundling behavior of microbundles in CNTY in the 

static state (Fig. 5.9a) and the dynamic state (Fig. 5.9b) was analyzed using Raman 

spectroscopy. The Raman G’ peak of DWCNT yarns with Lorentzian fitting are provided 

in Fig 5.9a. The G’ peak shifted from 2667.7 cm-1 of DW-SA-6 to 2668.3 cm-1 of DW-

AG-6 through air gap control. The negligible upper shift of the peak from the initial static 

state resulted in comparable specific strength. 

To further analyze the load-bearing mechanism of CNTY, DW-AG-6 was analyzed 

through in-situ Raman spectroscopy during tensile strain (Fig. 5.9b). The deformation 

behavior of DW-AG-6 was shown to have 4 zones same as CNTYs in chapter 3. The 

transfer efficiency of DW-WG-6 was -19.77 cm-1/% in Zone I. The load transfer 

efficiency showed a significant increase in absolute value compared to that of DW-SA-

6 (-13.65 cm-1/%). Such result matched with the significant increase in modulus from 

141 N/tex of DW-SA-6 to 190 N/tex of DW-AG-6. Furthermore, a difference was also 

found in plastic region. The narrowed Zone II of DW-WG-6 states the assembly of CNT 

in DW-WG-6 was not able to withstand more yielding, resulting decrease in strength 

with change in outline of stress-strain curve. On the other hand, the widened Zone III of 

DW-AG-6 indicates that the microbundles were able to transfer external load by efficient 

slippage between them. Unlike concentrated slippage in DW-SA-6, higher strain given 

during spinning caused slippage between microbundles across CNTY. This is presumed 

to maintain Zone III by preventing slippage from being concentrated in one place when 

an external load is given. As a result, catastrophic failure as DW-SA-6 did not happen in 

DW-AG-6. 

The orientation behavior of CNTY in the static state (Fig. 5.10a) and dynamic state 
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(Fig. 5.10b) was analyzed using polarized Raman spectroscopy [10, 22]. At the initial 

state, the intensity factor (IGII/IG┴) of DW-WG-6 was 10.18±1.24 (Fig. 5.10a), showing 

significant increase to that of DW-AG-6. Since it is well known that the elastic modulus 

is related to the initial orientation, inccrease in polarized Raman factor well matches with 

high specific stiffness of DW-AG-6. Furthermore, the similar behavior between DW-

WG-6 and DW-SA-6 appeared in the dynamic state under tensile strain. While the 

orientation of CNTs in both CNTYs was constant regardless of strain (Fig 3.7c and 5.6b). 

Compared to water-gap control, this air gap-based self-assembly control of CNT mainly 

affects the orientation of CNT rather than bundling behavior.  
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Fig. 5.9. (a) Raman spectra of the G’ peak (symbol) that is fitted using a Lorentzian 

function (solid line) of DWCNT yarns. (b) The down shift rate of the G’ peak of DW-

AG-6 during tensile loading.  
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Fig. 5.10. (a) The polarwized Raman spectrum of DW-AG-6 and (b) polarized Raman 

intensity factor of DW-AG-6 during tensile loading.  
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The specific strength, specific stiffness, and elongation of CNTYs were compared 

with those of various state-of-the-art high-performance fibers and metals from industry 

(Fig. 5.11). Even the commercialized state-of-the-art materials do not possess both high 

specific tensile strength and elongation or specific stiffness. Our CNTYs have high-

average specific tensile strength (2.6 N/tex) as well as high-elongation (12.5 %) or 

specific strength (3.8 N/tex) as well as superfiber class modulus (190 N/tex).   
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Fig. 5.11. Ashby plot of specific strength versus (a) specific stiffness and (b) elongation 

of various fibers (circle) with CNTY from this work (star).  
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5.4  Conclusion 

We proposed a modified in-situ direct spinning technique to fabricate CNTYs with 

comparable or even superior properties to commercialized state-of-the-art fibers and 

engineering metals. The water-gap control induced even slippage in bundling behavior, 

resulting in longer microbundle. On the other hand, air-gap control induced orientation 

of CNT. However, direct evidence in nanostructure change should be revealed through 

further research. As a result, we were able to achieve CNTY with high modulus or high 

elongation without any post treatment, which is best ever reported tensile properties of 

the as-directly-spun experimental CNTY. These results highlighted the suitability of 

appropriate self-assembly engineering with a simple in-situ direct spinning technique for 

achieving tailor-fitted CNTYs. Consequently, we opened a new possibility of enhancing 

the tensile properties of CNTY.  
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Conclusion and further works 

 

Due to the inherently superb mechanical properties and high aspect ratios of CNTs, 

efforts to improve the mechanical properties of CNTYs which that exceed those of 

conventional high-strength fibers such as carbon fibers have continued over the last few 

decades. Nevertheless, though CNT is the most attractive materials in the fields of 

structural materials, CNT assembly including CNTY shows relatively very low 

mechanical performance in macroscopic scale comparing to the strength of individual 

CNTs in nanoscale. To overcome the limitation, new insight for correlation between 

properties of CNT and CNTY should be considered. The mechanical properties of CNT 

assembly depend on structural factors of CNT such as the length, number of walls, and 

the diameter of the nanotubes. Therefore, the most important issue to fabricate ultrahigh-

strength CNTY is to control the nanostructure of CNTs and the microstructure of the 

CNT assembly by revisiting the hierarchy of CNTYs. 

Aim of this study is to design and fabricate ultrahigh strength CNTY through both 

theoretical and empirical approaches based on structural factors and hierarchy of CNTYs. 

Though CNT is the most attractive materials in the fields of structural materials, CNT 

assembly shows relatively very low mechanical performance in macroscopic scale 

comparing to the strength of individual CNTs in nanoscale. As discussed in state-of-the-

art, previous works based on conventional yarn mechanics does not provide a guideline 

and insight for high strength CNTY. Therefore, in this study, the method of maximizing 

the tensile strength of CNTY based on the theoretical derivation of strength of CNTY 

with empirical verification is proposed. On the basis of energy calculation, the actual 

load-bearing element, which is CNT microbundle, of CNTY is determined. By revisiting 
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failure mechanism, slippage of load-bearing element, the equation describing the 

specific strength of CNTYs is derived based on the structural factors of elementary 

bundle and microbundle, which are number and surface area fraction in contact, length 

and interfacial shear strength of microbundle relying on the intrinsic structure of CNTs. 

In particular, structural parameters such as length, diameter and the number of tube walls 

are considered as a key factor affecting from microbundle to the specific strength of 

CNTYs. Thus, relation between the specific strength of CNTYs and nanostructure of 

component CNT microbundle is suggested.  

The reliability of theoretical approach is verified by comparing the specific strength 

of CNTYs made of various nanostructured CNTs. The effect of microstructure of CNT 

microbundle is investigated through in-situ direct spinning for CNTY strengthening. The 

specific strength of CNTYs with various bundle structures was analyzed and the 

maximum strength possible through the in-situ direct spinning technique was predicted 

with our CNTs. Furthermore, the strength of fabricated as-spun CNTY successfully 

reached 80% of the estimated maximum strength achievable. From the bundling and 

orientation behavior analysis of CNTs, the self-assembly behavior control was suggested 

to be one of the most influential factors determining the specific strength of the resultant 

as-directly-spun CNTY. 

A simplified model of crosslinked CNT yarn to predict the main factors influencing 

the strength of the yarn is suggested in function of degree of reaction. To verify and 

realize the model, simple method of crosslinking based on carbon surface chemistry, 

which is cycloaddition, was hired. By giving variety to linking reagent or degree of 

reaction and analyzing junction of linking reagent and surface of CNT from reaction, 

developed model fitted well to experimental data, giving basis to the model as well as 
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insight to the strategy to strengthen CNTY. Applying the model, ultra-high strength 

CNTY was realized.  

The method of maximizing the tensile strain and modulus of CNTY is suggested. The 

empirical approach, which is modified in-situ direct spinning, to increase elongation and 

modulus of CNTY was proposed. Through self-assembly control during spinning, 

elongation specialized CNTY and modulus specialized CNTY are prepared and analyzed 

based on bundling and orientation properties. However, the analysis of the length of the 

microbundle and the resulting change in strength could not be quantitatively analyzed in 

this study. Therefore, the relationship between the length of the microbundle and the 

strength of the CNTY should be analyzed experimentally for further works.  
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Abstract in Korean 

 

본 연구는 고강도 탄소나노튜브 섬유 제조를 위한 이론 및 실험적 접근을 

통하여 기존의 고강도 섬유의 역학적 물성을 넘어서는 초고강도 

탄소나노튜브 섬유 제조를 목적으로 하였다. 탄소나노튜브 고유의 높은 

역학적 성질과 종횡비로 인하여 탄소섬유와 같은 기존의 고강도 섬유 

물성을 넘어서는 초고강도 탄소나노튜브 섬유를 제조하고자 하는 노력이 

지난 수십년 동안 지속되어왔다. 그럼에도 불구하고 여전히 탄소나노튜브 

섬유에서 탄소나노튜브 한 가닥이 갖는 우수한 역학적 특성이 발현되지 

못하고있다. 이러한 한계를 극복하고자 탄소나노튜브와 섬유 사이의 

상관관계에 대한 새로운 통찰이 요구된다. 탄소나노튜브는 나노튜브의 길이, 

벽수, 직경 등의 나노구조에 따라서 다양한 물성을 갖는다. 따라서 초고강도 

탄소나노튜브 섬유를 제조하기 위해서는 탄소나노튜브 섬유의 계층구조를 

재정립하여 탄소나노튜브의 나노구조와 집합체 내에서의 탄소나노튜브 

미세구조를 제어하여야 한다. 

1장에서는 탄소나노튜브 섬유의 간략한 설명과 섬유의 역학적 성질에 
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영향을 미치는 관련 인자들을 소개하였다. 섬유의 역학적 성질을 

향상시키고자 진행된 최근의 연구들을 탄소나노튜브의 구조적 요소들을 

기반으로 분석함으로써 기존의 섬유역학으로는 고강도 탄소나노튜브 섬유를 

제조하기에 한계가 있음을 보였다. 또한, 최근의 연구들을 종합하고 아직 

해결되지 못한 이슈들과 해결방법을 모색하여 새로운 응력완화 메커니즘을 

모색해야한다는 본 연구의 목적을 설명하였다. 

2장에서는 CNTY의 하중 분산 메커니즘, 즉 CNTY의 파단 메커니즘을 

기반으로 한 비강도 이론 방정식을 도출하였으며, CNTY의 구조적 인자와 

섬유의 역학적 물성의 상관관계를 규명하였다. 최종적으로, 이론적 접근을 

통하여 고강도 탄소나노튜브 섬유의 이상적인 구조를 제안하였다.  

3장과 4장에서는 2장에서 도출된 탄소나노튜브와 나노집합체의 구조적 

인자가 섬유의 강도에 미치는 영향을 실험적으로 확인하였다. 3장에서는 

CNT의 자기조립 특성 제어에 의한 CNTY의 미세구조 형성과 인장강도 

사이의 상관관계를 검증하였고, 4장에서는 CNTY내의 microbundle 간의 

가교결합이 CNTY의 인장강도에 미치는 영향을 검증하였다. 그 결과 

직접방사법에 의한 As-spun CNTY의 경우는 4.5 N/tex, 가교결합을 도입한 
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CNTY의 경우는 5.4 N/tex로 두 경우 모두 세계최고 성능의 CNTY을 제조할 

수 있었다.  

5장에서는 CNT의 인장 변형률과 탄성계수를 최대화하는 방법을 

제안하였다. 탄소나노튜브의 축방향 자기조립 특성을 제어할 수 있도록 

방사조건을 변화시킴으로써 인장 변형률 혹은 탄성계수를 선택적으로 

극대화한 CNTY을 제조하였다. 이 연구는 CNTY의 인장성능 극대화를 위한 

이론적 토대를 재정립했을 뿐만 아니라 세계최고성능의 CNTY을 

제조해보임으로써, 학문적 측면뿐만이 아니라 산업적 측면으로도 매우 

중요한 기여를 했다고 생각되며, 차후 연구에서 탄소나노튜브의 합성법 및 

탄소나노튜브의 길이에 대한 영향력 분석 및 개선함으로써 더 높은 역학적 

성능을 갖는 탄소나노튜브 섬유의 제조가 가능 할 것으로 예측된다. 

 

 

주요어: 탄소나노튜브, 섬유, 초고강도, 자가조립, 미세구조, 나노구조, 
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