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ABSTRACT 

The increasing popularity of carbon nanotubes has created a demand for greater scientific understanding of the 

characteristics of thermal transport in nanostructured materials. However, the effects of impurities, misalignments, 

and structure factors on the thermal conductivity of carbon nanotube films and fibers are still poorly understood. 

Carbon nanotube films and fibers were produced, and the parallel thermal conductance technique was employed to 

determine the thermal conductivity. The effects of carbon nanotube structure, purity, and alignment on the thermal 

conductivity of carbon films and fibers were investigated to understand the characteristics of thermal transport in the 

nanostructured material. The importance of bulk density and cross-sectional area was determined experimentally. 

The results indicated that the prepared carbon nanotube films and fibers are very efficient at conducting heat. The 

structure, purity, and alignment of carbon nanotubes play a fundamentally important role in determining the heat 

conduction properties of carbon films and fibers. Single-walled carbon nanotube films and fibers generally have 

high thermal conductivity. The presence of non-carbonaceous impurities degrades the thermal performance due to 

the low degree of bundle contact. The thermal conductivity may present power law dependence with temperature. 

The specific thermal conductivity decreases with increasing bulk density. At room temperature, a maximum specific 

thermal conductivity is obtained but Umklapp scattering occurs. The specific thermal conductivity of carbon 

nanotube fibers is significantly higher than that of carbon nanotube films due to the increased degree of bundle 

alignment. 

Keywords: Carbon fibers, Nanostructured materials, Thermal properties, Thermal conductivity, Umklapp scattering 

 

Karbon nanotüplerin ve fiberlerin ısı iletim özellikleri üzerine yapı, saflık ve hizalamanın 

etkileri 
 

ÖZ 

Karbon nanotüplerin artan popülaritesi, nanoyapılı malzemelerdeki termal iletim özelliklerinin daha fazla bilimsel 

olarak anlaşılması için bir talep oluşturdu. Buna karşın, karbon nanotüp filmlerin ve fiberlerin termal iletkenliği 

üzerine kirliliklerin, yanlış hizalamaların ve yapı faktörlerinin etkileri tam olarak hala anlaşılamamıştır. Karbon 

nanotüp filmleri ve fiberleri üretildi ve termal iletkenliğini belirlemek için paralel termal iletkenlik tekniği çalışıldı. 

Nano yapılı malzemede termal iletim özelliklerini anlamak için karbon nanotüp yapısının, saflığın ve hizalamanın 

karbon filmlerin ve fiberlerin termal iletkenliği üzerine etkileri araştırıldı. Hacim yoğunluğunun ve kesit alanının 

önemi deneysel olarak belirlendi. Sonuçlar, hazırlanan karbon nanotüp filmlerinin ve fiberlerin ısı iletiminde çok 

verimli olduğunu göstermiştir. Karbon nanotüplerin yapısı, saflığı ve hizalaması, karbon filmlerin ve fiberlerin ısı 

iletim özelliklerinin belirlenmesinde esasen önemli bir rol oynar. Tek duvarlı karbon nanotüp filmleri ve fiberler 

genellikle yüksek termal iletkenliğe sahiptir. Karbonlu olmayan safsızlıkların varlığı, demet temasının düşük olması 

sebebiyle termal performansı azaltır. Termal iletkenlik, sıcaklığa bağlı olarak güç yasasını gösterebilir. Spesifik 

termal iletkenlik, artan hacim yoğunluğuyla azalır. Oda sıcaklığında maksimum spesifik termal iletkenlik elde edilir 

ancak Umklapp saçılması meydana gelir. Karbon nanotüp fiberlerin özgül termal iletkenliği, artan demet hizalama 

derecesinden dolayı karbon nanotüp filmlerinkinden önemli ölçüde daha yüksektir.  

Anahtar Kelimeler: Karbon fiberler, Nanoyapılı malzemeler, Termal özellikler, Termal iletkenlik, Umklapp 

saçılması  

 

INTRODUCTION 

Carbon nanotubes can exhibit unique ability to conduct 

heat [1, 2], referred to as heat conduction properties. 

Specifically, carbon nanotubes are a highly effective 

thermal conductor in the longitudinal direction. 

However, a thermal barrier is formed in the radial  

 

direction. For an individual single-walled carbon 

nanotube, the thermal conductivity in the radial 

direction is around 1.52 W/(m·K) at room temperature 

[3]. In contrast, carbon nanotubes show superior heat 

conduction properties along the longitude directions. 

The thermal conductivity in the longitudinal direction is 

around 3500 W/(m·K) at room temperature [4]. 
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Consequently, carbon nanotubes outperform diamond as 

the best thermal conductor. When macroscopic, ordered 

assemblies of single-walled carbon nanotubes are 

formed, the thermal conductivity could reach up to 

around 1500 W/(m·K) at room temperature [5]. The 

heat conduction properties of carbon nanotube networks 

vary significantly, with a minimum of thermal 

conductivity less than 0.1 W/(m·K) [6]. The heat 

conduction properties depend on a variety of factors 

such as impurities and misalignments. Single-walled 

carbon nanotube are stable up to around 1000 K in air 

and around 3000 K in vacuum [7]. The study of heat 

transport phenomena involved in carbon nanotubes is an 

active area of interest [8] due to the potential for 

applications in thermal management. 

The thermal conductivity of carbon nanotubes depends 

heavily upon crystallographic defects. Phonons can 

scatter due to crystallographic defects. This will lead to 

the increased relaxation rate, thereby decreasing thermal 

conductivity associated with the reduced mean free path 

of phonons [9, 10]. In single-walled carbon nanotubes, 

the mean free path varies from 50 nm to 1500 nm [11, 

12]. Crystallographic defects will lead to a significant 

reduction in mean free path [13], for example, 4 nm or 

less [14]. The thermal conductivity of carbon nanotubes 

depends also upon the structure of the nanotubes. The 

thermal conductance of multi-walled carbon nanotubes 

is significantly higher than the sum of that of each 

individual shell due to the inter-wall interactions [15]. 

Single-walled carbon nanotubes can conduct heat more 

effectively than multi-walled carbon nanotubes [16] 

under certain configuration conditions. 

Bulk carbon nanotubes can be used as composite fibers 

in polymers, but the bulk structure will reduce the 

ability to conduct heat, causing a decrease in thermal 

conductivity. The thermal conductivity of carbon 

nanotube fibers is comparable to that of common metals 

[17]. Through chemical modification, the thermal 

conductivity of carbon nanotube fibers is comparable to 

or higher than that of highly-conductive metals [18], for 

example, copper. The thermal conductivity varies 

significantly depending upon the density and cross-

sectional area of the bulk material. The bulk carbon 

nanotube material contains pores [19, 20]. 

Consequently, the thermal conductivity of the non-

compact bulk material is much lower than that of the 

skeletal material, since the bulk volume is inclusive of 

the void fraction. The skeletal portion of the bulk 

material is often referred to as the "matrix" or "frame". 

However, there is considerable uncertainty in 

determination of the density of the bulk material. 

Consequently, the effects of carbon nanotube structure, 

purity, and alignment on the thermal conductivity of 

carbon films and fibers are still poorly understood. 

Little research has been conducted to determine which 

parameters are important for high thermal conductivity. 

This study relates to the heat conduction properties of 

carbon nanotube films and fibers. Carbon nanotube 

films and fibers were produced. The effects of carbon 

nanotube structure, purity, and alignment on the thermal 

conductivity of carbon films and fibers were 

investigated to understand the characteristics of thermal 

transport in the nanostructured material. The objective is 

to gain insight into the fundamental characteristics of 

thermal transport in carbon nanotubes. Particular 

emphasis is placed on the dependence of thermal 

conductivity on carbon nanotube structure, purity, and 

alignment, with an attempt to improve the heat 

conduction properties for carbon nanotube films and 

fibers. 

 

EXPERIMENTAL METHODS  
 

Preparation of carbon nanotube films and fibers 

 

The preparation process of carbon nanotube films is 

depicted schematically in Figure 1. Methane, toluene, 

and n-butanol were used as carbon sources. One of the 

carbon sources, thiophene, and ferrocene were 

thoroughly mixed in the bowl of a mixer equipped with 

planetary agitation (Model MA-52X, Gilson Company, 

Inc., Worthington, Ohio). Thiophene was used as a 

growth promoter, which is typically present in the range 

of 0.06 to 0.2% by weight. Ferrocene was used as a 

catalyst precursor, which is typically present in the 

range of 0.2 to 0.8% by weight. The mixture was then 

injected at a flow rate ranging from 2 to 20 mL/min into 

a horizontal tube-like furnace being heated to a 

temperature of about 1300 °C. Hydrogen was used as 

the carrier gas. The carrier gas was supplied together 

with the reaction solution at a flow rate ranging from 20 

to 200 L/min. The reaction solution was pyrolyzed, 

which leads to the formation of carbon nanotubes. 

 

 
Figure 1. Schematic illustration of the preparation process of 

carbon nanotube films. A dense film was laid down with 

aligned carbon nanotube bundles 

 

Carbon nanotube films were produced by spinning 

continuously onto a single rotational winder of a 

spinning machine (Saurer Schlafhorst GmbH & CO. 

KG, Übach Palenberg, Germany). A dense film was laid 

down with aligned carbon nanotube bundles. The dense 

film was sprayed with acetone to further condense the 

carbon nanotube networks. By preparing a dense film in 

such a manner, the carbon nanotubes were highly 

aligned [21], although the surface tension effect is 

significant in the extrusion process [22]. A laser was 
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used to cut the carbon nanotube film into small pieces 

for the measurement of thermal conductivity. Carbon 

nanotube fibers were produced by stretching the dense 

film with two rotational winders of the spinning 

machine. The two rotational winders operate with only a 

small difference in rotation rate. 

Thermal conductivity measurement methods 

 

It is difficult to measure the thermal conductivity using 

conventional steady-state methods. This is because the 

diameter of the needle-like samples was very small. In 

such a context, the parallel thermal conductance 

technique [23, 24] was employed to determine the 

thermal conductivity. Fourier's Law was used to 

compute the thermal conductivity. This steady-state 

method has been carried out to measure the thermal 

conductivity of boron nitride nanotube sheets [25], and 

carbon nanotube sheets [26] and yarns [27, 28]. The 

configuration of the parallel thermal conductance 

technique is depicted schematically in Figure 2. A 

preliminary measurement of thermal conductance was 

performed with respect to the sample holder itself so as 

to determine the background or base-line heat 

conduction and losses associated with the sample stage. 

The sample was attached and the thermal conductance 

of the system was measured. The parallel thermal 

conductance can be obtained by subtraction. In this 

method, all conductance factors arising from the thermal 

contacts, sample, and thermal radiation from the sample 

accounted for. The radiative heat losses were caused 

primarily by the thermal radiation from the hot surface 

of the heater. However, such heat losses have been 

included in the base line. Therefore, a correction factor 

of 0.5 was introduced into the method [23, 24] to 

account for the radiative heat losses. 

 

 
Figure 2. Schematic illustration of the configuration of the 

parallel thermal conductance technique  

 

The base line was measured with the sample holder 

itself and then the sample was attached to perform the 

measurement of parallel thermal conductance in which 

the base line was subtracted. 

Linear mass density measurement methods 

 

The linear mass density of the carbon nanotube films 

was measured by using a gravimetric method [29]. In 

contrast, the linear mass density of the carbon nanotube 

fibers was measured by using a vibroscope method [29, 

30]. The sample was tensioned between two hard points 

of a mechanical vibroscope. Mechanical vibration was 

induced and the fundamental frequency was measured. 

The specific thermal conductivity is defined as the 

thermal conductivity normalized by bulk density. The 

bulk density can be determined in terms of the linear 

mass density and the cross-sectional area. 

RESULTS and DISCUSSION 

Material characterization 

 

The prepared carbon nanotube fibers are characterized 

by scanning electron microscopy. The surface 

morphology is analyzed with scanning electron 

microscope SU3800, Hitachi High-Tech Corporation. 

Scanning electron microscopy images are presented in 

Figure 3 for the carbon nanotube fibers prepared by the 

method described above. The carbon nanotubes are 

highly aligned. However, the fiber material contains a 

relatively small amount of short deformed carbon 

nanotubes. The carbon nanotubes are of the order of 

several hundred microns. 

 

 
Figure 3. Scanning electron microscopy images of the carbon 

nanotube fibers prepared by the method described in detail 

above 

 

Four samples are prepared with different structure, 

purity, and alignment in order to investigate the effects 

of various factors on the thermal conductivity. Three 

structural parameters are selected in terms of alignment, 

purity, and the number of walls. The structural 

parameter space for the selection of samples is 

illustrated in Figure 4 in the style of the design of 

measurement experiments. For type A, the carbon 

nanotube films or fibers are composed mostly of multi-

walled carbon nanotubes. In addition, there is a small 

amount of short deformed carbon nanotubes. For type 

B, a mixture of carbon nanotubes is used. More 

specifically, the carbon nanotube films or fibers are 

composed of single-walled and multi-walled carbon 

nanotubes. In addition, there is a small amount of 

amorphous carbon. For type C, the carbon nanotube 

films or fibers are composed mostly of single-walled 

carbon nanotubes. In addition, there is a small amount 

of non-carbonaceous impurities. For type D, the carbon 
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nanotube films or fibers are composed of single-walled 

carbon nanotubes with very high purity. The 

understanding of which parameters are important for 

high thermal conductivity is made possible through the 

comparison of heat conduction properties between the 

nanostructured materials. 

Thermal conductivity of carbon nanotube films 

 

The effects of structure, purity, and alignment on the 

specific thermal conductivity of carbon nanotube films 

are illustrated in Figure 5 at different temperatures. The 

specific thermal conductivity of the A-type film is lower 

than that of the other-type films. Multi-walled carbon 

nanotubes generally have low thermal conductivity. The 

A-type film is composed mostly of multi-walled carbon 

nanotubes. Therefore, the specific thermal conductivity 

is lower than that of the film composed of single-walled 

carbon nanotubes. The specific thermal conductivity of 

the C-type film is higher than that of the A-type film, 

since the structure is different from each other. 

 

 

Figure 4. Structural parameter space for the selection of 

samples in the style of the design of measurement experiments 

 

 
Figure 5. Specific thermal conductivity of the carbon 

nanotube films at different temperatures. There exist 

significant differences in terms of structure, purity, and 

alignment between the films 

Accordingly, the specific thermal conductivity varies 

between different carbon nanotube films. However, the 

specific thermal conductivity of the C-type film is much 

lower than that of the D-type film. This is because the 

presence of non-carbonaceous impurities reduces the 

degree of bundle contact between single-walled carbon 

nanotubes, which increases the thermal resistance at the 

interface junctions and degrades the thermal 

performance of the C-type film. 

While the specific thermal conductivity increases with 

temperature, the effect of temperature is different for the 

B-type film and the other-type films. The specific 

thermal conductivity of the B-type film has a linear 

relationship with temperature. For the other-type films, 

there is an exponential increase in specific thermal 

conductivity. The effect of temperature on thermal 

conductivity is illustrated in Figure 6 for the carbon 

nanotube films. The thermal conductivity of all the 

films presents power law dependence with temperature 

except that of the B-type film. It means that the thermal 

conductivity varies as a power of temperature. A power 

law is a functional relationship between the two 

quantities, where a relative change in temperature 

results in a proportional relative change in the thermal 

conductivity. The power law index is about 1.87, 1.80, 

and 1.96 for the thermal conductivity of the A, C, and D 

type films, respectively. In contrast, the temperature 

index is 0.99 for the thermal conductivity of the B-type 

film. The temperature index is small, which reduces the 

dimensionality of the propagation of phonons [31, 32] 

due to an increase in the degree of bundle alignment and 

contact. 
 

 

Figure 6. Thermal conductivity of the carbon nanotube films 

at different temperatures. The thermal conductivity is 

indicated with points plotted on a logarithmic coordinate 

system  
 

The effect of bulk density on the specific thermal 

conductivity at room temperature is illustrated in Figure 

7 for the carbon nanotube films. At room temperature, 

the highest specific thermal conductivity is achieved for 

the D-type film. In addition, the power law index is 
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largest, although the degree of bundle alignment is very 

low, which reduces the mechanical stiffness of the film. 

At room temperature, the lowest specific thermal 

conductivity is obtained for the A-type film. A tentative 

explanation could be made for the distinctive 

phenomenon. The specific thermal conductivity 

decreases with increasing bulk density. The low bulk 

density of the D-type film compensates for the adverse 

effect of poor alignment on specific thermal 

conductivity. Therefore, the bulk density may be 

controlled to produce carbon nanotube films with high 

thermal conductivity. 

 

 
Figure 7. Effect of bulk density on the specific thermal 

conductivity of the carbon nanotube films at room temperature 

 

Thermal conductivity of carbon nanotube fibers 

 

The effects of structure, purity, and alignment on the 

specific thermal conductivity of carbon nanotube fibers 

are illustrated in Figure 8 at different temperatures. The 

specific thermal conductivity of the fibers is around 10 

W·cm2/(K·g) at room temperature, which is comparable 

to or higher than that of pristine and chemically 

modified carbon nanotube fibers [17, 18]. A maximum 

specific thermal conductivity is obtained at room 

temperature, which appears as a peak in the dependence 

of temperature in Figure 8, as determined previously 

[18, 32]. The maximum specific thermal conductivity 

represented by the peaks indicates the onset of Umklapp 

scattering. The Umklapp scattering is the dominant 

process for thermal resistivity, which limits the specific 

thermal conductivity. High thermal conductivity of 

carbon fibers is often associated with a high modulus of 

elasticity [33, 34]. Therefore, the carbon nanotube fibers 

have sufficient strength to be used as a reinforcement 

for composite materials. Clearly, the specific thermal 

conductivity of the fibers is significantly higher than 

that of the films. This is caused by the improved degree 

of bundle alignment for the fibers. A high degree of 

bundle alignment will lead to an increase in thermal 

conductivity due to the increased interfacial area 

between the carbon nanotubes. 

The effect of cross-sectional area on the specific thermal 

conductivity at room temperature is illustrated in Figure 

9 for the carbon nanotube films and fibers. Some 

previous datas are also included for comparison. These 

previous datas are available in the literature [18, 27, 28, 

35-38]. The fibers have higher specific thermal 

conductivity than the films. Under the same cross-

sectional area conditions, the specific thermal 

conductivity of the films and fibers is higher than that 

previously reported in the literature. 

 

 
Figure 8. Specific thermal conductivity of the carbon 

nanotube fibers at different temperatures. There exist 

significant differences in terms of structure, purity, and 

alignment between the fibers 
 

The carbon nanotubes are of the order of several 

hundred microns, which is significantly greater than the 

phonon mean free path. As the length of carbon 

nanotubes increases, the effect of temperature on 

thermal conductivity becomes more pronounced [4, 38]. 

The length of the carbon nanotubes contained in the 

films and fibers is much greater than that of the carbon 

nanotubes used in the literature.  

 

 
Figure 9. Effect of cross-sectional area on the specific thermal 

conductivity of the carbon nanotube films and fibers at room 

temperature. Some previous datas are also included for 

comparison  
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Consequently, the films and fibers are very efficient at 

conducting heat and typically have higher specific 

thermal conductivity in comparison to the previous 

datas. The furnace is heated to a temperature of about 

1300 °C, as stated above. Such a high operating 

temperature will lead to a very high rate of growth of 

long carbon nanotubes. Therefore, it is desirable to 

operate the carbon nanotube synthesis reactor at higher 

operating temperatures but this requires close control of 

the temperature profile across the carbon nanotube 

synthesis reactor to prevent side reactions from 

occurring, for example, the formation of amorphous 

carbon. 

CONCLUSIONS 

 

Carbon nanotube films and fibers were produced, and 

the effects of carbon nanotube structure, purity, and 

alignment on the heat conduction properties of carbon 

films and fibers were investigated to understand the 

characteristics of thermal transport in the nanostructured 

material. The results indicated that multi-walled carbon 

nanotube films and fibers generally have low thermal 

conductivity. The presence of non-carbonaceous 

impurities reduces the degree of bundle contact between 

carbon nanotubes, thereby increasing the thermal 

resistance at the interface junctions and degrading the 

thermal performance. The thermal conductivity presents 

power law dependence with temperature or has a linear 

relationship with temperature. The specific thermal 

conductivity decreases with increasing bulk density. 

Low bulk density can compensate for the adverse effect 

of poor alignment on specific thermal conductivity. A 

maximum specific thermal conductivity is obtained at 

room temperature due to the onset of Umklapp 

scattering. The specific thermal conductivity of carbon 

nanotube fibers is significantly higher than that of 

carbon nanotube films. The improved thermal properties 

are caused by the increased degree of bundle alignment. 

The prepared carbon nanotube films and fibers are very 

efficient at conducting heat due to the increased length 

of the carbon nanotubes. 
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