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Abstract 
Glass fibers are widely used as a reinforcing material in composites due to their excellent strength and 
insulating properties. Many researchers have sought to improve the mechanical properties and 
interfacial shear strength of glass fiber-reinforced composites. One means of doing this is to graft 
carbon nanotubes (CNTs) onto glass fibers by chemical vapor deposition (CVD). CNT-grafted glass 
fibers improve the interfacial shear stress and electrical conductivity of their composites. However, the 
growth of CNTs by CVD requires relatively high temperatures that can result in thermal degradation 
of the glass fibers, resulting in poor mechanical properties.  
In this study, a low-temperature, floating catalyst-based CNT grafting process was investigated using a 
bimetallic catalyst. The catalyst was decomposed in the first section of the furnace at high temperature, 
while the carbon source and glass fibers were housed in a separate section of the furnace that was 
maintained at a lower temperature. The mechanical properties, and particularly the tensile properties, 
of the resulting CNT-grafted glass fibers were evaluated. 
 
 
1. Introduction 
 
Due to their excellent strength and insulating properties, glass fibers are widely used in a variety of 
engineering applications, especially as a reinforcing material in composites. Glass fiber-reinforced 
polymer composites (GFRPs) are used in the aerospace and automotive industries and in industrial 
construction due to their high strength and stiffness, good fatigue performance, and low cost. However, 
it is difficult to develop GFRPs with both good mechanical properties and electrical conductivity. 
 
Carbon nanotube (CNT)-coated fibers have been studied for use in electrically conductive fiber-
reinforced composites and have demonstrated improved interfacial properties in such materials [1, 2]. 
Several techniques can be used to coat CNTs onto glass fibers, including electrophoretic deposition, 
spray coating, dip coating, and chemical vapor deposition (CVD). CNT-grafted glass fibers by CVD 
were reported to improve the interfacial shear stress and electrical conductivity of their composites [3]. 
A serious problem, however, is the thermal degradation of glass fibers under the conditions used for 
CNT deposition [4]. CNTs are commonly grown by CVD at temperatures above 500oC. At such 
temperatures, glass fibers can be thermally degraded, resulting in significantly lower tensile strength 
and stiffness.  
 
This report details a low-temperature CNT grafting process using floating catalyst-based CVD 
(FCVD) with a bimetallic catalyst [5]. Floating catalyst-based CVD is expected to enable continuous 
grafting of CNTs on the surface of glass fibers. Here, homogeneous CNT growth on glass fibers was 
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realized by FCVD using bimetallic catalyst precursors to lower the process temperature. The resulting 
CNT-grafted glass fibers were evaluated for their mechanical properties. 
 
 
2. Experimental 
 
2.1 Materials 
 
Glass fibers (Chongqing Polycomp International Corp.) were used as a substrate. Nickelocene 
(Ni(C5H5)2, Sigma-Aldrich) and ferrocene (Fe(C5H5)2, Sigma-Aldrich) were used as bimetallic catalyst 
precursors and toluene (99.5%, Sigma-Aldrich) as a carbon source. 
 
 
2.2 Fabrication of CNT-grafted glass fibers by FCVD 
 
FCVD is a one-step process used to graft CNTs onto a substrate without any further substrate 
modification and results in uniform CNT growth through a continuous process. A bimetallic catalyst, 
composed of a mixture of nickelocene and ferrocene at a weight percent ratio of 2:1, was prepared in 
toluene. These metallocene catalyst precursors have similar melting points, 171℃ and 173℃, 

respectively, and a decomposition temperature around 400℃ [6,7]. The procedure was conducted in a 
mixed atmosphere of argon and hydrogen at flow rates of 600 sccm and 200 sccm, respectively. 
During FCVD, a mixture of metallocene catalyst precursors and carbon source was sublimated in the 
first zone of the furnace and carried to the second zone by the carrier gas. Decomposition of the carbon 
source and catalysts, and growth of CNTs on the glass fiber substrate, occurred simultaneously. 
 
 

 
 

Figure 1. Schematic of the FCVD process. 
 
 
2.3 Mechanical testing 
 
Single fiber tensile tests were carried out with a universal testing machine (RB 302 ML, R&B Inc., 
Korea) with a load cell (Dacell, Korea) of 100 g to determine the tensile properties of the glass fibers 
(20 mm gage length and 1 mm/min strain ratio).  
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3. Results and Discussion 
 
3.1 Morphologies of CNT grafted glass fiber 
 
Figures 2 and 3 show the morphology of CNT-grafted glass fibers as observed by field-emission 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), respectively. 
Analysis of these micrographs shows that uniform growth of multi-walled CNTs was attained on the 
glass fibers.  
 
 

 
 

Figure 2. SEM microgragh of CNT grafted glass fibers. 
 
 

 
 

Figure 3. TEM microgragh of CNTs gown on the surface of a glass fiber. 
 
 
However, degradation of the mechanical properties of CNT-grafted glass fibers was also observed. 
Note that only heat-treated glass fibers were evaluated for their tensile properties. The data in Figure 4 
indicate that thermal degradation occurred at 500℃ as CVD progressed. 
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Figure 4. Tensile strength and modulus of as-received glass fibers, CNT grafted glass fibers, only 
heat-treated glass fibers without CVD. 

 
 
Glass fibers were subjected to additional heat treatments without CVD to identify the temperature at which 
the glass begins to degrade. The data in Figure 5 show that thermal degradation of the glass fibers begins 
between 370℃ and 400℃. 
 
 

 
 

Figure 5. Tensile strength and modulus of glass fibers as a function of heat-treatment temperature. 
 
 
Ideally, CNT-grafted glass fibers should be synthesized at temperatures below the thermal degradation 
temperature of the glass fibers. However, the degradation of bimetallic catalysts requires temperatures 
around 400℃. This conflict requires that CVD temperatures must be lowered to fabricate CNT-grafted 
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glass fibers without degrading their mechanical properties.  
 
 
4. Conclusions 
 
CNT-grafted glass fibers were synthesized by FCVD, a process that enables continuous production. 
The glass fibers underwent significant thermal degradation above 400℃, the required temperature for 
the decomposition of bimetallic catalysts. Using a multi-chamber furnace, and adjusting furnace 
temperatures such that the bimetallic catalysts are decomposed in the first chamber while the glass 
fibers are housed in a second chamber held below 370℃ effectively prevents thermally induced fiber 
degradation. Further experimental results and analyses will be presented at the conference. 
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