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ABSTRACT 

High-performance fiber development is a persistent key theme in the field of composite materials. 

The one-dimensional assemblies of individual carbon nanotubes (CNTs), which are known as CNT 

fibers, have unprecedented properties and are expected to be revolutionary fiber materials. These CNT 

fibers can be fabricated using a one-step floating catalyst chemical vapor deposition method, which 

can be ready scaled up for industrial fabrication. This method yields aerogel-based CNT fibers in 

which the CNTs have diameters of several nanometers and lengths of several hundred micrometers to 

1 millimeter. These high aspect ratios result in a large amount of CNT interweaving and cause high 

porosity and inefficient intertube-load transfer within the fiber. Accordingly, the tensile mechanical 

properties of the current CNT fibers remain inferior to these of advanced carbon fibers and individual 

CNTs. In this study, we aimed to strengthen CNT fibers by enhancing the inter-tube load transfer 

efficiency via infiltration with polyvinyl alcohol and by improving the packing density and alignment 

of both CNTs and polymer chains using densification and hot-stretching treatments. The tensile 

strengths of the fibers increased from 470.2 MPa to 1.2 GPa, and the tensile modulus increased from 

14.9 GPa to 36.7 GPa, suggesting the promise of these materials for the construction of high-

performance structural composites. 

 

1 INTRODUCTION 

Carbon nanotubes (CNTs) possess superb mechanical, electrical, and thermal properties. For 

example, the tensile moduli and strengths of individual CNTs are approximately 1 TPa and 50 to 100 

GPa, respectively [1, 2], and these materials have electrical and thermal conductivities that are 

comparable to or even better than those of metal materials. Accordingly, CNTs have been recognized 

as promising reinforcements for high-performance and multifunctional composite materials. Because 

the mechanical properties of fiber-reinforced composites depend greatly on both the content and 

alignment of fillers and their interactions with matrix materials, the past two decades have seen great 

efforts to introduce CNTs evenly throughout composites and align them in the desired directions. To 

date, the best solution involves the assembly of aligned CNTs into fibers, followed by the use of these 

fibers as reinforcements in the composites. Currently, CNT fibers can be spun from a CNT solution [3], 

a CNT film drawn from a pre-grown vertically aligned CNT array [4], or a CNT aerogel synthesized 

in a high-temperature furnace [5].  

Although few studies have shown that the tensile strength of CNT fibers can be over 8 GPa when 

testing very short or ultrathin samples [6, 7], the reported tensile mechanical properties of these fibers 

remain far inferior to those of high-performance carbon fibers [8]. This is primarily attributed to the 

high aspect ratios of CNTs, which cause waving and interweaving and result in high porosities and 

inefficient intertube load transfers within fibers [9]. Several densification methods, such as liquid 

densification, fiber twisting, die draw-through, and mechanical compression [10-14], have been 

adopted to overcome these challenges. Although the porosities of CNT fibers were somewhat reduced, 

the load transfers between CNTs were still mediated via weak van der Waals interactions. Accordingly, 

some researchers have aimed to establish stronger covalent bonding between CNTs using tube e-beam 

or ion beam irradiation or surface functionization [15]. Unfortunately, these approaches destroyed the 

structures of CNTs and thus degraded their mechanical and electrical properties [16, 17].  
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Alternatively, polymer infiltration offers a simple and effective method for reinforcing CNT fibers 

without destroying the CNT structures. Polymer networks within a fiber not only enhance the load 

transfer between neighboring CNTs, but also establish new connections between distant CNTs [18]. 

To date, several types of polymers, such as polyvinyl alcohol (PVA), polyimide, and epoxy, have been 

adopted to reinforce array-spun CNT fibers [19-21]. For example, aerogel-spun CNT fibers have 

drawn recent and increasing attention because of their readiness for industry fabrication [8]. Few 

preliminary studies have attempted to reinforce aerogel-spun CNT yarns through polymer infiltration. 

For example, Jung et al. [22] reported that the tensile strengths and moduli of aerogel-based CNT 

yarns could be effectively enhanced by infiltrating three kinds of polymers: polystyrene, 

polyacrylonitrile, and PVA. The infiltration of PVA—the polymer with the poorest affinity toward 

CNTs—yielded the greatest improvements in the mechanical and electrical properties of CNT fibers.  

In this work, we developed a new method of strengthening aerogel-based CNT fibers using PVA 

infiltration accompanied by post-densification and hot-stretching treatment. We selected PVA because 

it is a thermoplastic resin with a high level of toughness and a large number of hydrogen bonds [23] 

and is very effective for reinforcing CNT fibers [18, 22]. Die draw-through and hot-stretching were 

subsequently implemented to enhance the packing density and alignment of both the PVA chains and 

CNTs in the fiber. We also performed a preliminary study of the structure–tensile property relationship. 

 

2 MATERIALS AND METHODS 

2.1 Fabrication of the aerogel-based CNT ribbon 

A CNT aerogel was synthesized using the floating catalyst chemical vapor deposition (FCCVD) 

method and supplied by Suzhou Creative Nano Carbon Co., Ltd. The details of this process can be 

found in Ref [24]. Briefly, the feeding stock, a mixture of ethanol (carbon source), ferrocene (catalyst 

precursor), and thiophene (promoter), was injected into a high-temperature tube furnace, using a 

mixture of hydrogen and argon gases as the carrier. CNTs were synthesized within the furnace and 

entangled with each other to form a sock-like CNT aerogel. This aerogel was continuously blown out 

from the furnace and shrunk into a ribbon after passing through a water bath. This ribbon was 

continuously extruded and wound onto a rotating roller. The winding process stretched the aerogel and 

roughly aligned the CNTs in the drawing direction. In this study, the thickness and width of the CNT 

ribbon were approximately 21 μm and 1.5 to 1.7 mm, respectively.  

 

2.2 PVA infiltration into the CNT ribbon 

PVA (molecular weight 205000 g·mol
-1

, Mowiol 224) was supplied by Shanghai Aladdin Bio-

Chem Technology Co., Ltd and dissolved in deionized water at room temperature while stirring. The 

CNT/PVA composites were fabricated by placing CNT ribbons into a PVA solution and allowing 

them to soak sufficiently at 85°C for 3 h. To explore the influence of the PVA content on the tensile 

properties of fibers, solutions with various PVA concentrations (0.125, 0.25, 0.5, and 1 wt%) were 

prepared. Notably, the original CNT ribbon was too weak to be drawn out from a solution with a 

higher PVA concentration.  

 

2.3 Densification and stretching of the CNT/PVA composite fiber 

To enhance the packing densities and alignments of PVA chains and CNTs, composite ribbons 

were drawn through a series of dies with successively decreasing hole diameters (300, 200, 180, 150, 

130, 120, and 100 μm) to yield fibers with circular cross-sections. Next, the fibers were hot-stretched 

using a universal testing machine (E44.104, MTS) equipped with a heating chamber (GDX200). 

Specifically, a 10-cm-long fiber sample was clamped in the heating chamber at temperatures ranging 

from 100°C to 160°C and was stretched at a rate of 0.01 mm/s. The stretching process was suspended 

when the fiber elongation reached 1.0 mm and repeated once the tensile force was saturated until the 

fiber failed. The failed fibers were then characterized to evaluate the effect of hot-stretching. 
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2.3 Characterization  

The mechanical properties of fibers were tested on a mechanical testing machine (Instron 3365). 

The tensile testing rate was 1 mm/min, and the gauge length was 10 mm. Thermogravimetric (TG) 

analyses were performed using a TG analyzer (TG 209 F1 Libra, NETZSCH) at a heating rate of 10 

K/min. Dynamic mechanical analysis (DMA) was performed using a DMA 242 E Artemis (Netzsch). 

The tests were conducted at room temperature, an operating frequency of 1 Hz, a force amplitude of 

0.2 N, and a displacement amplitude of 80 μm. The surface morphology was observed using a 

scanning electron microscope (SEM, Hitachi S4800).  

 

3 RESULTS AND DISCUSSION 

3.1 Structure and tensile performance of a pure CNT fiber 

The sock-like CNT aerogel synthesized using the FCCVD method shrunk into a ribbon-like 

filament upon entering the water. TG tests were performed in both air and nitrogen atmospheres to 

quantitatively evaluate the content of impurities in the dried CNT ribbons. As shown in Fig. 1A, the 

ribbon was calculated to contain 5.5% amorphous carbon and 8.6% Fe. The surface morphology of the 

CNT ribbon is shown in Fig. 1B and demonstrates the formation of small, curly bundles that entangle 

with each other. The interspaces between CNTs or CNT bundles ranged from several nanometers to 

several hundred nanometers, far beyond the van der Waals interaction distances, thus limiting the load 

transfer between neighboring CNTs. Next, ribbons were drawn through dies with decreasing hole 

diameters to densify the network. As shown in Fig. 1C, most CNTs aligned along the drawing 

direction, although a few voids remained among the CNT bundles. It should be noted that although the 

diameter of the last die is 80 μm, the diameter of the obtained CNT fiber was 95 to 100 μm. This may 

be attributable to the radial elastic recovery of the CNT fiber after passing through the die [12]. 
 

Figure 1: (A) Impurity content of CNT ribbon. Morphologies of CNT ribbons before (B) and after (C) 

being drawn through dies observed by SEM.  

 

The tensile mechanical properties of CNT fibers were evaluated using a single-fiber tensile test. 

The tensile strength and modulus of the densified CNT fiber were approximately 470.2 ± 48.3 MPa 

and 14.9 ± 1.9 GPa, respectively, and the fail strain is approximately 21.3 ± 2.5%. A representative 

stress–strain curve can be found in Fig. 2A.  

 

3.2 Effect of the PVA composition  

To further enhance the intertube load transfer in the fiber, the CNT ribbon was first immersed in a 

PVA solution, and the resulting composite ribbons were drawn through several dies with decreasing 

diameters. To reveal the effect of the PVA content on the mechanical properties of composite fibers, a 

series of fibers were made by varying the PVA content in the solution—0.125, 0.25, 0.5, and 1.0 wt%. 

The PVA contents of the final composite fibers were evaluated through TG analyses (Fig. 2B), which 

yielded values of 17.4 wt%, 19.1 wt%, 22.3 wt%, and 30.7 wt% respectively. Single-fiber tensile 

testing was also performed to study the tensile mechanical properties of the CNT/PVA composite 

fibers. Table 1 summarized the tensile strengths, moduli, and failure strains of fibers with varying 

PVA concentrations. The representative stress–strain curves of all fibers are also shown in Fig. 2A.We 

observed that the tensile strengths and moduli of the fibers increased with increasing PVA 

concentration. This was not surprising, because the increased PVA could fill more of the intertube 
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spaces in the fiber. Fig. 2C and 2D depict the surface morphologies of composite fibers that contain 

0.5 wt% and 1 wt% PVA, respectively. As shown clearly, the former fiber still contains some free 

voids, whereas most of these were filled with PVA in the latter fiber. Greater amounts of PVAs in the 

interspaces of CNTs can effectively enhance the load transfer efficiency between neighboring CNTs. 

Notably, the shear between the die hole and fiber forced a better alignment of CNTs on the fiber 

surface in the axial direction, as shown in Figs. 2C and 2D.  The tensile strength and modulus of a 

fiber containing 30.7 wt% PVA were approximately 749.2 ± 46.7 MPa and 16.5 ± 0.6 GPa, 

respectively, which was 59.3% and 14.9% higher than that of a pure CNT fiber, respectively.    
 

     
Figure 2: (A) TG and (B) stress-strain curves of CNT fibers and CNT/PVA composite fibers with 

different PVA contents. Morphologies of CNT/PVA composite fibers containing 22.3 wt% (C) and 

30.7 wt% (D) PVA. 

 

PVA concentration 

in solution [wt%] 

0 0.125 0.25 0.5 1 

PVA content  

in fiber [wt%] 

0 17.4 19.1 22.3 30.7 

d [μm] BHS 95.0 ± 4.5 86.8 ± 5.1 90.0 ± 4.4 89.2 ± 8.8 85.5 ± 5.3 

AHS 110.0 ± 1.0 91.8 ± 6.5 95.5 ± 1.0 89.5 ± 5.1 80.4 ± 4.8 

σ [MPa] BHS  470.2 ± 48.3 619.2 ± 29.6 695.2 ± 21.0 741.0 ± 67.3 749.2 ± 46.7 

AHS 221.9 ± 28.3 984.8 ± 46.0 934.4 ± 57.0 962.3 ± 75.4 1182.8 ± 83.3 

Ε [GPa] BHS  14.9 ± 1.9 17.0 ± 1.5 17.5 ± 0.6 17.2 ± 1.4 16.5 ± 0.6 

AHS  7.7 ± 0.6 28.4 ± 3.7 26.5 ± 1.7 29.4 ± 2.8 36.7 ± 2.5 

ε [%] BHS  21.3 ± 2.5 12.2 ± 5.8 21.5 ± 4.9 15.2 ± 3.4 11.3 ± 4.4 

AHS  7.1 ± 1.1 5.1 ± 0.8 5.3 ± 0.5 6.3 ± 0.2 4.9 ± 0.5 

Table 1. Masses of PVA and mechanical properties of PVA/CNT composite fibers before hot-

stretching (BHS) and after hot-stretching (AHS). d, σ, Ε, and ε represent the fiber diameter, tensile 

stress, tensile modulus, and tensile strain, respectively. 
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3.3 Effect of stretching 

Post-stretching is widely used in the traditional fiber industry. This process can greatly increase the 

alignment of polymer chains in the fiber direction and thus enhance the mechanical performance of 

fibers. In this context, the obtained CNT/PVA composite fibers were stretched in a hot furnace to 

further increase the alignment and densification of CNTs within the fibers.  

Fig. 3 depicts the internal structure evolution of the composite fiber. In the first step, polymer 

infiltration, PVA was either absorbed on the surfaces of CNTs or into the free interspaces between 

CNTs comprising the ribbon. Both CNTs and PVA chains were curly and entangled with each other to 

yield a loosely packed composite ribbon. After passing through a series of dies, the ribbon was 

transformed into a fiber with enhanced packing density. The diameter of the CNT/PVA fibers was less 

than that of the final die, in contrast to the pure CNT fibers as discussed earlier. PVA chains in the 

composite fiber restrict the elastic recovery of a CNT network passed through the dies, and the 

evaporation of intermolecular water during the drying process led to a decrease in fiber diameter. 

During hot-stretching, the temperature was set above the Tg but lower the Tm of PVA to facilitate PVA 

chain mobility. Upon stretching, both the CNTs and PVA chains were forced to align along the 

direction of tension. Given the viscoelasticity of PVA, stretching was suspended for periods of time to 

allow the fiber to equilibrate and deform evenly. In this study, the fibers were stretched by 12% to 

20%.  
 

 
Figure 3: Schematics of the internal structure evolution during the fabricating CNT/PVA composite 

fiber fabrication. 

 

The tensile properties of pure CNT fibers and composite fibers after hot-stretching are compared in 

Fig. 4A and Table 1. The tensile strength of the CNT fibers decreased from 470.2 ± 48.3 MPa to 221.9 

± 28.3 MPa, and the modulus decreased from 14.9 ± 1.9 GPa to 7.7 ± 0.6 GPa. This reduction may be 

attributable to the radial thermal expansion of CNT fibers in the hot environment, as indicated by the 

increase in diameter (Fig. 4B). Radial looseness within the CNT fiber degrades the intertube load 

transfer efficiency and reduces the tensile strength and modulus. However, hot-stretching effectively 

enhanced both the tensile strengths and moduli of all CNT/PVA composite fibers. For example, the 

tensile strength and modulus of composite fibers containing 30.7 wt% PVA increased to 1.2 ± 0.1 GPa 

and 36.7 ± 2.5 GPa, respectively, which was 57.9% and 122.0% higher than those of the unstretched 

counterparts, and 151.6% and 146.3% higher than those of pure CNT fibers, respectively.  

Interestingly, the diameters of pure CNTs fibers and composite fibers containing 17.4 wt%, 19.1 

wt%, and 22.3 wt% PVA increased after hot-stretching whereas the diameter of composite fibers 

containing 30.7 wt% PVA decreased, indicating the dichotomous effect of hot-stretching. On one hand, 

the fiber expands upon heating, which increases the diameter. On the other hand, stretching tends to 

induce radial shrinkage due to the Poisson effect. The diameter of a hot-stretched fiber depends on the 

balance of these two phenomena. For composite fibers with 30.7 wt% PVA, the latter effect 

overwhelms the former, whereas the former effect is dominant for the other fibers. 

Fig. 4C compares the loss factor and the ratio of loss modulus to storage modulus of the pure CNT 

fibers, CNT/PVA composite fibers, and hot-stretched CNT/PVA composite fibers. Here, the loss 

factor of the pure CNT fiber was much higher than those of the composite fibers and hot-stretched 

composite fibers. In the pure fibers, the CNTs entangled with each other. Upon loading, the entangled 
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CNTs unwound and energy dissipated as a result of unrecoverable intertube sliding. In the CNT/PVA 

composite fibers, the PVA network in the fiber restricted sliding between CNTs and most of the 

energy was stored by the elastic deformation of PVA, thus reducing the loss factor. Here, energy 

dissipated mainly through PVA chain sliding and CNT/PVA interface debonding. Hot-stretching 

enhanced the alignment of both CNTs and PVA chains in the fiber direction and rendered the fibers 

stronger and stiffer. Therefore, upon loading and unloading, the fiber experienced a majorly elastic 

deformation of PVA and CNTs, which further reduced the loss factor. Meanwhile, the loss factors of 

all fibers decreased over time, suggesting that cyclic loading/unloading would enhance the 

recoverability of these fibers.  
 

 
Figure 4: The tensile properties (A) and diameters (B) of CNT fiber and CNT/PVA composite fibers. 

(C) Variations in fiber loss factors with testing time.  

 

4 CONCLUSIONS 

In summary, we developed an efficient method to reinforce aerogel-based CNT fibers via PVA 

infiltration, followed by densification and hot-stretching. PVA filled the free spaces in CNT fibers and 

enhanced the load transfer between neighboring CNTs, thus increasing the tensile properties of fibers 

at the macro-scale. Subsequent passage through a series of dies with decreasing diameters increased 

the density of the fibers and enhanced the load transfer between CNTs and PVA. We also found that 

the fiber strength increased with the PVA content for composite fibers containing 0 to 30.7 wt% PVA. 

Lastly, hot-stretching of the composite fibers increased the alignment of both CNTs and PVA chains 

along the fiber direction, which further strengthened the composite fibers. Fibers with 30.7 wt% PVA 

had tensile strengths and moduli as high as 1.2 ± 0.1 GPa and 36.7 ± 2.5 GPa, respectively, or 

approximately 151.6% and 146.3% higher, respectively, than those of pure CNT fibers.  

We note that although the CNT fibers were greatly strengthened by the processes developed in this 

study, the fiber strength remains far inferior to those of currently used high-performance fibers. To 

further increase the fiber strength and fully transfer the superb properties of individual CNTs to 

microscale fibers, further research efforts are needed, possibly including optimization of the interface 

between CNTs and PVA and efforts to increase the mechanical performance of PVA itself through 

crystallization. These studies are undergoing and will be reported in the future.  
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