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Abstract. A series of unidirectional thermoplastic tapes (UD tapes) 

specimens based on carbon fibers and polyamide filled with fullerene soot 

in a concentration of up to 4 wt. % was made. From the obtained tapes by 

the method of hot pressing, composite materials (CM) specimens with 0/0 

and 90/90 ply orientations were made. A study of the mechanical properties 

of the samples obtained by the 3-point bending test was made. Shown that 

the introduction of fullerene soot up to 2 wt. % can significantly increase the 

strength and modulus of elasticity of both longitudinal and transverse 

reinforcement directions. Further increase in the concentration of soot leads 

to a decrease in properties. A theory that describes the effect of fullerene 

soot on the properties of CM, including the increase and further decrease in 

properties, depending on the concentration of nanoparticles was proposed. 

1 Introduction 

Fiber reinforced polymers (FRP) filled with unidirectional fibers are increasingly used as 

structural materials. Their main advantage is high specific strength and rigidity, corrosion 

resistance, resistance to fatigue, as well as the ability to optimize the geometry of the product 

with a complex stress-strain state due to flexible manufacturing methods.  

There are two types of polymer materials used as matrices in FRP: thermosetting and 

thermoplastic. Thermoset polymers, such as epoxy, phenolic and polyester resins, have a 

fully crosslinked molecular structure and cannot be recycled after curing. Thermoplastic 

polymers such as polyamide, polypropylene, polyphenylene sulfide and 

polyetheretherketone do not have a crosslinked molecular structure and can be recycled by 

melting. Main advantages of FRP based on thermoplastic polymers are [1]: 

1. Increased mechanical properties; 

2. Increased resistance to environment; 

3. Practically unlimited shelf life of raw materials; 

4. Manufacturing process can be adapted consider to the design features of the final 

product (including the possibility of manufacturing of final product by additive 

technologies); 

5. Environmental safety (both at the manufacturing and at the processing stage); 
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6. Faster manufacturing of the final product; 

7. The ability to mold large integrated complex moldings in one operation 

Initially, the introduction of FRP based on thermoplastic polymers began with the use of 

woven prepregs and sheets (up to a few mm thick) made using carbon fibers. These materials 

have high performance characteristics, and found wide application in the automotive 

industry. However, during manufacture of parts with complex geometry, there is a need for 

cutting the workpiece. Depending on the complexity of the workpiece, the use of this 

materials leads to a loss of 25 to 30% of the material at the cutting stage. As an alternative to 

this solution, it has been proposed to use UD tapes. Such tapes are a prepreg sheet with a 

thickness of up to 0.35 mm and a width of 5 to 250 mm, in which all reinforcing fibers are 

located along the longitudinal axis. By the using of modern processing methods (Automated 

Fiber Placement (AFP) and Automated Tape Laying (ATL)), it is possible to optimize the 

geometry of the workpiece to reduce material loss. In present, this class of FRP has a great 

interest to researchers and finds more and more industrial applications [2-6]. 

In paper [7], the main methods for the manufacturing of unidirectional composite tapes 

based on thermoplastic polymers were described: solution processing, slurry processing, melt 

impregnation, film stacking, fiber co-mingling, dry powder impregnation. 

Slurry processing has a great potential for industrial applications, since it is 

environmentally friendly, inflict minimal damage to the fiber, and it also allows high 

equipment productivity of the. In papers [8, 9], the manufacturing processes of FRP by this 

method were described in detail. Also, in paper [10], a mathematical model of process of 

polymer powder introduction and sintering was proposed, using the dry impregnation method 

as an example. It can also be used to develop an industrial technology for tape manufacturing 

by the slurry processing. 

Due to the fact that composite materials consist of several phases with a clearly 

discernible boundary, the strength and rigidity of this class of materials depends on the 

strength of interfacial bonding, adhesion, which through the matrix ensures the redistribution 

of the load between the fibers. Consequently, the ability to control and regulate adhesion in 

FRP makes it possible to produce a higher quality material (with increased 

physicomechanical characteristics) [11]. 

There are two main approaches to increase the adhesion between the matrix and 

reinforcement: fiber surface treatment (chemical or physical) and the manufacturing of 

"Multiscale composite", in which nanoparticles of different nature (carbon, oxide, etc.) are 

additionally introduced into the matrix [12 –14]. 

It was shown in [15-17] that the introduction of carbon nanoparticles of different nature 

into glue mixture based on epoxy resins gives an increase in the shear strength of the adhesive 

compound with metals. Also, in papers [18-20] it was shown that the introduction of carbon 

nanotubes in FRP increases the adhesion of the fiber to the matrix and the mechanical 

properties of CM [21-27]. 

The aim of this work is to study the effect of introducing fullerene soot particles into the 

polymer matrix on the mechanical characteristics of unidirectional tapes based on 

thermoplastic polymer and carbon fibers. 

2 Materials and methods 

2.1 Materials 

The carbon fiber SYT49 12K (Zhongfu Shenying Carbon Fiber Co., Ltd) was used for 

manufacturing unidirectional thermoplastic tapes. As a polymer matrix, the powdered 

polyamide Innova’PA 1550 (Exceltec Ltd.) was used with an average particle size of 40-50 
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μm, Tm = 185 ° C. To obtain a stable suspension, a surfactant, sodium lauryl sulfate, was 

used. To obtain the nanocomposite material, fullerene soot (Suzhou Dade Carbon 

Nanotechnology Co.) was used. 

2.2 Composite tape manufacturing equipment  

To manufacture the composite tape a pultrusion equipment based on slurry process was 

developed. 

 

Fig. 1. Schematic diagram of the developed pultrusion equipment 

Fig. 1 shows schematic diagrams of a pultrusion equipment. The equipment consists of 4 

main units: unwinding, impregnating, heating and winding. The equipment works according 

to the following principle: the carbon thread (1) is unwound from the spool (2) and passes 

through the thread twist control system (3). Then, the carbon filament enters the impregnation 

bath (4), in which the suspension of the polymer powder is located. The stability of the 

suspension is maintained by means of a magnetic stirrer (5) driven by a drive (6). In the 

heating unit, the carbon fiber coated with the polymer slurry passes through a drying oven 

(7), at a temperature of 120-130 ° C (400 mm long), and then through a sintering furnace (8) 

(400 mm long), the temperature in which depends on the polymer binder type. The finished 

composite tape reels on the spool (9) using the drive (10). This design of the plant provides 

the manufacturing speed up to 500 mm / min, depending on the type of polymer powder 

(melting point and average particle size). The maximum productivity of the equipment is 

largely limited by the length and efficiency of the furnaces. 

2.3 Methods 

The manufactured tape structure was studied using an optical microscope Carl Zeiss Observer 

D1m. A study of the mechanical properties of composite materials was carried out using the 

3-point bending test method with the universal testing machine Instron 5965. The traverse 

speed was 1 mm / min, support span-to-depth ratio was 1:32. 

3 Results and discussion 

To introduce carbon nanoparticles into the volume of the material, they were initially mixed 

with a polymer powder and a surfactant. Mixing was done in "drunk barrel" mills, in a glass 

beaker using glass balls. To obtain a stable suspension, the surfactant concentration in the 

polymer was 1 wt. %. The fullerene soot concentration in the polymer was 1; 2; and 4 wt. %. 

Figure 2 shows microsection of manufactured UD tapes. There are no pores in polymer 

and defects at the fiber-polymer interface, which indicates a qualitative impregnation, good 
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wetting, and sintering of the polymer on the fiber surface. The tape surface has a ripples and 

roughness, which is due to the fact that the tape does not undergo an additional calendering 

stage. 

 

Fig. 2. Microsection of manufactured UD tapes. 

To manufacture CM specimens for testing, the hot pressing method was used. Tape pieces 

were stacked one after the other to obtain a specimen with reinforcement along one axis. The 

pressing was carried out at a temperature of 220 °C and a pressure of 10 MPa. Manufactured 

specimens had a length of 90 mm, a width of 45 mm and a thickness of 1.4-1.6 mm. Two 

types of specimens were manufactured, longitudinally (with a side size of 90mm) and 

transversely reinforced. 

Figure 3 shows the curves of the CM specimens with different content of fullerene soot 

in longitudinal (a) and transverse (b) specimens. 

 
a)                                                                  b) 

Fig.3. 3-point bending test of longitudinal (a) and transverse (b) specimens.  
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Figure 4 shows the relation between the ultimate flexural strength (UFS) and modulus of 

elasticity of the CM as a function of the concentration of fullerene soot in the polymer in 

longitudinal (a) and transverse (b) specimens. 

 
a)      b) 

Fig.4. Relation of the UFS and modulus of elasticity between the concentration of fullerene soot: in 

longitudinal (a) and transverse (b) specimens. 

Composite materials manufactured from UD tapes without fullerene soot have the next 

values: σUFS = 775 ± 16 MPa and E = 72.9 ± 2 GPa in longitudinal specimens and σUFS = 42 

± 4 MPa and E = 2.84 ± 0.2 MPa in transverse specimens. 

The introduction of fullerene soot into the polymer matrix in the amount of 1 wt. % leads 

to an insignificant increase in the modulus of elasticity in longitudinal test, while the value 

of the strength remains in the limit of the static error. By increase the concentration of carbon 

black to 2 wt. % occurs a significant increase in the tensile strength, by 20%, and the modulus 

of elasticity, by 15%. Further increase in the soot content, up to 4 wt. % leads to a decrease 

in mechanical characteristics to values below the basic CM (non-filled with nanoparticles). 

Analysis of the results obtained in a transverse test, demonstrates that 1 wt. % of the 

carbon black increases the ultimate strength by 33% and the modulus of elasticity by 18%. 

When the concentration of carbon black is 2 mass. %, the strength limit is increased by 116% 

and the modulus of elasticity by 32%, compared with the original CM. A further increase in 

the concentration of soot to 4 wt. %, as well as in the longitudinal test, leads to a decrease in 

the mechanical characteristics of the CM, but their values still exceed the analogous values 

for the initial CM. 

The observed effect of a gradual increase in the mechanical properties of CM with an 

increase in the concentration of nanoparticles to a threshold value and their subsequent 

decrease, can be explained by the presence of two competing mechanisms. The first 

mechanism is associated with an increase in the adhesive strength between the polymer and 

carbon fibers initiated by nanoparticles of fullerene soot. The second mechanism is associated 

with a decrease in the cohesive strength of the polymer matrix as a result of introduced 

nanoparticles. In the first stage (when a carbon black is added to 2% by mass), the increase 

in the adhesive strength between the components occurs more intensively than the decrease 

in the cohesive strength of the polymer. A further increase in the concentration of 

nanoparticles leads to such a significant decrease in the cohesive strength of the polymer, 

which leads to a decrease in the strength characteristics of the entire composite material. 

The results of the transverse test are in favor of this theory, since the main contribution 

to the value of the ultimate strength and modulus of elasticity in this axis is made by the 

adhesive interaction between the fiber and the matrix. 
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4 Conclusions 

The method of manufacturing unidirectional composite tapes based on thermoplastic 

polymers filled with carbon nanoparticles was demonstrated. 

The mechanical properties of the manufactured materials, both longitudinal and 

transverse, were studied by the 3-point bending test. 

The influence of the introduction of fullerene soot on the strength characteristics of CM 

is shown. It was found that with the introduction of 2 wt. % of nanoparticles, the greatest 

increase in the tensile strength and modulus of elasticity is achieved, both longitudinal and 

transverse directions. A further increase in the concentration of soot leads to a decrease of 

the properties down to values lower than those of the basic material. 

A theory is proposed that explains the behavior of the system as a function of the 

concentration of soot, including the increase and subsequent decrease in properties. 
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