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Fabrication and Characterization of Carbon Nanotube/Carbon 
Fiber/Polycarbonate Multiscale Hybrid Composites
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ABSTRACT: Multiscale hybrid composites, which consist of polymeric resins, microscale fibers and nanoscale
reinforcements, have drawn significant attention in the field of advanced, high-performance materials. Despite their
advantages, multiscale hybrid composites show challenges associated with nanomaterial dispersion, viscosity, interfacial
bonding and load transfer, and orientation control. In this paper, carbon nanotube(CNT)/carbon fiber(CF)/
polycarbonate(PC) multiscale hybrid composite were fabricated by a solution process to overcome the difficulties
associated with controlling the melt viscosity of thermoplastic resins. The dependence of CNT loading was studied by
varying the method to add CNTs, i.e., impregnation of CF with CNT/PC/solvent solution and impregnation of CNT-
coated CF with PC/solvent solution. In addition, hybrid composites were fabricated through surfactant-aided CNT
dispersion followed by vacuum filtration. The morphologies of the surfaces of hybrid composites, as analyzed by
scanning electron microscopy, revealed the quality of PC impregnation depends on the processing method. Dynamic
mechanical analysis was performed to evaluate their mechanical performance. It was analyzed that if the position of
the value of tan δ is closer to the ideal line, the adhesion between polymer and carbon fiber is stronger. The effect of
mechanical interlocking has a great influence on the dynamic mechanical properties of the composites with CNT-
coated CF, which indicates that coating CF with CNTs is a suitable method to fabricate CNT/CF/PC hybrid
composites.
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1. INTRODUCTION

In recent years, carbon fiber reinforced plastics (CFRPs)
modified with carbon nanotubes (CNTs), known as “multi-
scale hybrid composites” have been extensively researched in
many fields, such as aerospace, automobiles, marine, railway,
and sporting goods industries [1,2]. The multifunctional com-
posites and nanocomposites have many properties, such as
light weight, structural reinforcement, electrical and thermal
conductivities, EMI shielding and radar absorption, fire retar-
dancy, sensing and energy harvesting, etc. Meanwhile, the
multiscale hybrid composites have drawn significant attention
in the field of advanced, high-performance materials [3]. The
significant advantages of multiscale hybrid composites are
high aspect ratio, high chemical stability, high conductivity
and low mass density. On the other hand, the multiscale

hybrid composites have several challenges in relation to dis-
persion, viscosity, interfacial bonding and load transfer, and
orientation control [4]. As these terms are changed, the prop-
erties of the composites will be markedly controlled. In par-
ticular, the first of these challenges is the difficulty associated
with fiber volume fraction control. Second, the high melting
viscosity of thermoplastic resins causes them difficult to infil-
trate into the fibers. Recently, thermoplastic resins are spot-
lighted because of higher processibility and recyclability, but
their high melting viscosity makes the impregnation difficult
[5,6]. The third issue is poor out-of-plane properties for FRPs
(e.g. delamination) [6,7].

Several researches have been reported on impregnation of
CNTs into carbon fibers (CFs): infusion/impregnation of a
CNT-resin mixture into the primary fiber assembly [8,9],
direct growth of CNTs on reinforcement fiber surface through
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chemical vapor deposition (CVD) [10,11], direct placement of
CNTs between layers of the preform [12], electrophoretic
deposition onto the surface of fiber [13,14], electrostatic
assembly of oxidized CNTs onto functionalized fiber [15] and
coating of fiber with CNT-containing sizings [16-20]. Espe-
cially, the first and the third methods are widely used due to
the easiness of application. The addition of CNTs generally
overcomes the difficulties in fiber volume fraction control and
poor out-of-plane properties for FRPs, and also improves the
thermo-mechanical properties of the composite, increasing
the glass transition temperature (Tg) of the matrix and
decreasing its coefficient of thermal expansion [21]. Infusing
CNT-resin mixture into the fiber, which is the mainly per-
formed method, is a solution-based process that eliminates the
need to consider the melting viscosity of thermoplastic resin
[22]. Solution-based method provides an advantage for low
viscosity which facilitate mixing and dispersion of the CNTs.

In this paper, CNT/CF/PC multiscale hybrid composites are
fabricated by a solution process to overcome the difficulty of
controlling the melt viscosity of thermoplastic resin. Further-
more, the amount of CNT added to polymer solution is varied
to understand its effect on the mechanical properties of the
composites. High-energy sonication was used to achieve uni-
form dispersion of CNTs in the polymer solution. Types of
sonication used are horn sonication and bath sonication
included in ultrasonication which is a very effective method of
dispersion and deagglomeration of CNTs, as ultrasonic waves
of high-intensity ultrasound generated cavitation in liquids [3,
22]. The stirred solution was impregnated to CF by vacuum
filtration to investigate the effect of impregnation for resin as
compared with current widely used method to impregnate
(e.g. spraying). Furthermore, the fiber coated with CNTs to
detect difference of mechanical properties of specimens fab-
ricated by solution process. Dynamic mechanical analysis
(DMA) was performed to evaluate their mechanical perfor-
mances by estimating from “rule of mixtures” for an ideal
composite and scanning electron microscopy (SEM) was
employed to examine the micro-scale morphologies of surface
of fiber, the uniformity of impregnation of polymer into fiber
and state of CNTs coated on fiber.

2. EXPERIMENTAL

2.1 Materials
MWCNTs (CM-250, Hanwha Chemical, Korea) with a

purity rating of >95%, 5-10 nm inner diameter, 60-100 nm
outer diameter were used as additives to improve the prop-
erties of hybrid composites. The polymer solution was created
by dissolving polycarbonate (PC, Honam Petrochemical,
Korea), which is a particular group of thermoplastic polymers
that can be easily worked, molded, and thermoformed, in
chloroform (CHCl3, Daejung Chemicals & Metals, Korea) as
solvent and dimethylformamide (DMF, Samchun Pure Chem-

icals, Korea) was added to the polymer solution as co-solvent.
Plain-woven carbon fiber was used to reinforce conventional
micron-sized advanced fiber. The surfactant, Triton X-100,
was purchased from OCI, Korea.

2.2 Composite fabrication
First, 50 g of PC was weighed and dissolved in 500 mL of

CHCl3, and the solution was impregnated to neat carbon fiber
fabric. The same procedure was applied to impregnation of 2-
ply woven fabrics with polymer solution. In this study, two
impregnation methods were used: (1) impregnation of CNT/
PC/CHCl3 solution to neat CF fabrics; and (2) impregnation of
PC/CHCl3 solution to CF fabrics coated with CNTs. The moti-
vation behind these methods was to overcome the difficulties
associated with controlling the melting viscosity of thermo-
plastic resins and fiber volume fractions. Pre-calculated
amounts of CNTs and PC were dissolved and mixed in CHCl3,
such that the weight fraction of CNTs for PC were varied as
0.5 wt.% (0.25 g), 1 wt.% (0.5 g), and 3 wt.% (1.55 g). The
weight of PC was 50 g for each sample. After 6 h of stirring
and 2 h of dispersing in a bath-type sonicator, the stirred solu-
tion was impregnated into woven fabrics by vacuum filtration
through a Teflon membrane (0.45 μm pore size, Airtech). The
infiltrated fabrics were placed in a vacuum oven and dried at
room temperature for 12 h before being separated from the
membrane (Fig. 1(a)). In the other method, 0.5 mL of sur-
factant and 400 mL of co-solvent were dissolved in 500 mL of
CHCl3 and 0.02 wt.% as 10 mg of CNTs for 50 g of PC were
dispersed in surfactant/co-solvent/CHCl3 solution. After 6 h of
stirring and 1.5 h of horn sonication, the solutions were fur-
ther dispersed for 1 h with a bath-type sonicator. The carbon
nanomaterial suspension was filtered through a Teflon mem-
brane and carbon fiber fabrics were coated with CNTs. The
fabrics were washed with methanol to remove residual sur-
factant and dried at room temperature in vacuum oven for 12 h.

As shown in Fig. 1(b), the CF fabrics coated with CNTs were
placed between two Teflon membrane filters and vacuum
infiltrated with 500 mL of PC/CHCl3 solution (100 g/L). Sub-
sequently, the PC-impregnated CF fabrics were dried at room
temperature in vacuum oven for 12 h.

2.3 Characterization
The mechanical properties of PC-impregnated CF were

Fig. 1. Schematic diagram of PC impregnation with (a) solution
process and (b) coating process 
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obtained by using a dynamic mechanical analyzer (DMA, TA
Instruments Q800) under tension mode, operated in fre-
quency sweep mode at room temperature, from which storage
modulus (E'), loss modulus (E'') and tan δ were measured. The
samples were cut into 38 mm by 5.5 mm rectangles, and thick-
ness was varied from 380 to 550 μm. The gage length was
15 mm, and the tensile load was applied at a rate of 2 mm/min.
Five specimens were tested for each of 5 samples with varying
amounts of CNTs added to polymer solution and types of
impregnation of CNTs to CF fabrics. In addition, the viscos-
ities of PC/CHCl3 and CNT/PC/CHCl3 solutions were
obtained by using a viscometer (DV-E, Brookfield).

The morphologies of surface of CF fabrics coated with
CNTs and impregnated with PC were observed using a scan-
ning electron microscope (SEM, FEI Nanonova 230) after
being coated with platinum.

3. RESULTS AND DISCUSSION

3.1 Microstructure and morphology
The morphological characterization of CNT-reinforced

composites is normally obtained by using an SEM, which pro-
vides information of state of carbon fiber fabrics surface
coated with CNTs and impregnation of PC and some sub-
sequent analysis to interfacial strength between polymer and
carbon nanomaterials as well as the wetting of the fibers by the
matrix [5,23]. 

As shown in Table 1, the fiber volume fractions (Vf) of each
samples were calculated using the following equation:

(1)

where, ρm, ρf mean the density of matrix and fiber, and Wm,

Wf indicate the weight of matrix and fiber. There is need for
the density of PC and CF to calculate the Vf. We used these

Vf ρmWf/ ρfWm ρmWf+( )=

Table 1. Fiber volume fraction of each sample

CNT weight 
(impregnation 

before/after 
(g))

PC weight 
(impregnation 

before/after 
(g))

CNT 
content 
(wt.%)

Method 
(as to CNTs)

Fiber 
volume 
fraction

(%)
- 50/0.8 - - 69.26

0.25/0.005 50/1 0.5 Solution process 64.31
0.5/0.012 50/1.2 1 Solution process 60.03

1.55/0.039 50/1.3 3 Solution process 58.09
0.01/0.00016 50/0.78 0.02 Coating process 69.79

Fig. 2. Digital photographs of samples fabricated: (a) by solution
process and (b) by coating process

Fig. 3. SEM images of surfaces of PC-impregnated CF: no CNT (a)
cross, (b) top and dispersed CNTs of (c), (d) 0.5 wt.% -cross,
top and (e), (f ) 1 wt.% -cross, top and (g), (h) 3 wt.% -cross,
top and coated with CNTs of (i), (j) 0.02 wt.% -cross, top
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values of 1.21 g/cm3 of PC and 1.41 g/cm3 of CF which are
widely used. Then, it is possible to determine the Vf using the
weight of CF and PC obtained from experiments (Table 1). In
the case of a solution process where CNTs were dispersed in a
polymer solution, Vf decreased as 64.31, 60.03, 58.09%, but in
the other method coating process, Vf maintained a value,
69.79%, similar to the sample containing no CNTs, 69.26%.
When filtrating CNT/PC/CHCl3 solution through CF fabrics,
PC was not impregnated in CF fabrics well but it was over-
coated on the surface of CF fabrics (Fig. 3(c-h)) because of
high viscosity of the CNT/PC solution, which was verified
using a viscometer. As shown in Fig. 4, the viscosity of CNT/
PC/CHCl3 solution is higher than that of PC/CHCl3 solution.
In the former solution, viscosity increased from 227.4 to
1478 cP at 20 rpm, as the CNT content increased from 0.5 to
3 wt.%. The viscosity of PC/CHCl3 solution was 23.4 cP at
20 rpm. Therefore, the fiber volume fraction decreased as the
CNT content increased from 0.5 to 3 wt.% due to over-coating
of CF fabrics. On the other hand, when filtrating PC/CHCl3
solution through the CF fabrics coated with CNTs, impreg-
nation of polymer was better than the former case because of
the lower viscosity of the PC/CHCl3 solution as compared to
the CNT/PC/CHCl3 solution (Fig. 3(i-j) and Fig. 4). Therefore,
the fiber volume fraction is higher than those of solution pro-
cess.

The morphologies of the fracture surfaces of PC-impreg-
nated CF fabrics reinforced with CNTs, as analyzed using
SEM, are shown in Fig. 3. The images of neat-PC-impregnated
CF fabrics are shown in Fig. 3(a and b). The fiber surface is
very smooth and coated with PC very well. On the other hand,
the images of CNTs-added cases by solution process and coat-
ing process with the content of CNTs varied as 0.5, 1, 3 wt.%
and 0.02 wt.% are shown in Fig. 3(c-j). The qualities of
impregnation of polymer are different from fiber volume frac-

tion as varied with contents of CNTs by process of adding
CNTs.

Now, we discuss which is the better method to improve the
mechanical properties - solution process or coating process -
by using DMA and correlating them to fiber volume fraction
and tan δ as CNT content and the method to add them are
varied using the “rule of mixtures.” Results from these studies
are presented in Sections 3.2 and 3.3.

3.2 Estimation of tan δ with fiber volume fraction
We calculated tan δ with fiber volume fraction and mechan-

ical modulus for being confirmed the relation between tan δ
and frequency by using DMA. The value of tan δ can be cal-
culated from the “rule of mixtures” as suggested by Nielsen
[23,24], that is,

(2)

where, tan δc is the tan δ of composite and tan δm is for matrix.
Furthermore, ϕf means the fiber volume fraction. Meanwhile,
the value of tan δ is obtained from a simple equation as fol-
lows:

(3)

In Eq. (3), E'' is the viscous portion factor that causes loss of
energy, and E' is the elastic portion factor that can store energy
without loss. Therefore, the value of tan δ is called loss factor
or damping factor, and the lower the value, the better the
mechanical properties. As shown in Fig. 5, tan δ decreases in
general as the frequency increases from 0.1 to 10 Hz. There are
some interesting points in regard to the relationship between
the estimated tan δ and fiber volume fraction. The reason is
the “rule of mixtures” (Eq. (2)) that fiber volume fraction is
inversely proportional to tan δ. In other words, the tan δ of the
sample fabricated by coating process has a decreasing ten-
dency that shows the lowest value of 0.027 at 10 Hz as com-

tan δc 1 ϕf–( )tan δm=

tan δc E″/E′=

Fig. 4. Viscosity at 20oC of polymer solution with rpm as varied
with added content of CNTs 

Fig. 5. Variation of tan δ with frequency compared to CF/PC
composite
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pared to 0.032 for a neat sample. However, the samples
fabricated by solution process show an increasing tendency
from 0.0417 (CNT 0.5 wt.%), 0.0351 (CNT 1 wt.%), 0.0378
(CNT 3 wt.%) at 10 Hz as compared to the neat case. The tan δ
can be also determined by the ratio of loss factor to elastic fac-
tor as shown in Eq. (3). Accordingly, this ratio for the sample
(CNT 0.5 wt.%) was the highest of all, respectively, having the
higher tan δ than that of any samples at 10 Hz. Furthermore,
the decrement of tan δ with increases of frequencies can be
also affected by the ratio. Hence, the high decrement of tan δ
indicates that the loss factor meaning viscous property can
affect to tan δ dominantly than the elastic factor. For this rea-
son, the sample (CNT 0.5 wt.%) have high decrement of tan δ
by the large reduction of E'', however, in the case of CNT
3 wt.%, the decrement was lower showing the gradual slop
than the other case by the slight reduction of E'' (Fig. 5 and

Fig. 8(b)). These results show that the viscosity of polymer
solution notably affected tan δ for solution process, indicating
the viscosity of CNT/PC/CHCl3 solution is higher than that of
PC/CHCl3 solution. On the other hand, in the case of coating
process, it is considered that the elastic portion of samples
coated with CNTs affected tan δ.

Fig. 6 shows that estimated the values of tan δ with E'' and E'
by applying Eq. (3) are placed at the upper position of the ideal
line. If the position of the value of tan δ is closer to ideal line,
the adhesion of polymer to CF surface is improved due to
improvement of interfacial properties. In addition, the plot
obtained from Fig. 6 shows that the method to impregnate PC/
CHCl3 to CF fabrics coated with CNTs is better than the
impregnation of CNT/PC/CHCl3 to CF fabrics from the
aspect of surface adhesion because the values as estimated by
Eq. (3) by coating process is closer to the ideal line than that of
solution process.

3.3 Dynamic mechanical behavior of PC-impregnated
carbon fiber fabrics

CF fabrics are essentially porous materials, and conse-
quently impregnating with polymer allows filling of the pores,
effectively reinforcing and toughening the fabrics [22]. As
shown in Fig. 7, when CNTs were low in content at 0.02 wt.%,
some holes of CF fabrics were coated with CNTs sparsely,
therefore, infiltrated polymers piled up at the surface of the
fiber, but some polymers were impregnated to fiber internally.
In particular, each carbon fiber was surrounded by CNTs con-
tributing to strong interface or good adhesion between poly-
mer and fiber, which is known as mechanical interlocking
(Fig. 7(b)). On the contrary, when CNTs were dispersed in
polymer solution, most of the holes of CF fabrics were covered
with CNTs, and CNTs were dispersed randomly in empty
space in fiber fabrics because of high viscosity of stirred solu-
tion. The filtrated polymers piled up on the surface of the fiber,
and impregnating the fabrics with polymer, such as PC, was
not performed well (Fig. 7(a)). To further investigate these
phenomena, in Fig. 8(a), E' increases slightly for all samples
but E'' decreases with frequency up to 10 Hz. Especially, E' for
composite coated with CNTs is about 10 GPa, which is twice
as high as the value for a neat case (i.e., without CNTs). The
reason for this is the effect of mechanical interlocking, which is
a type of adhesion mechanisms between two surfaces. For
mechanical interlocking, adhesion is promoted mechanically
by a large interfacial area, that is, surface roughness, friction
interlocking and dovetail interlocking [25]. Therefore, the
mechanical properties, such as elasticity and stiffness, of sam-
ples fabricated by coating process were improved remarkably.
On the other hand, when CNTs were mixed in polymer solu-
tion, as CNT concentration increased gradually, the polymer
layers accumulate on the surface of the fabrics (Fig. 3(c-h)). As
a result, E' for composites fabricated by solution process
increase from 5 to 13.5 GPa as CNT content varied from 0.5 to

Fig. 6. Plot of tan δ with storage modulus (E') and loss modulus
(E'') of each sample at 10 Hz and ideal value with “rule of
mixtures” presented linear negatively

Fig. 7. Schematic of PC-impregnation behavior with varying
methods of CNTs-add as (a) solution process and (b) coat-
ing process
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3 wt.% allowing improvement of mechanical properties. The
values of E'' with frequency are shown in Fig. 8(b). In the case
of samples fabricated by solution process, the composite with
3 wt.% of CNTs has the highest E'' of 0.5 GPa at 10 Hz as com-
pared 0.16 GPa at 10 Hz for CF/PC composites, whereas the
composite coated with 0.02 wt.% CNTs has E'' of 0.3 GPa. The
results support the viscosity of polymer solution with dis-
persed CNTs is higher than the other case because E'' is a vis-
cous portion factor.

4. CONCLUSIONS

The microstructure and mechanical properties of PC-
impregnated CF fabrics have been reported. In particular, the
effect of adding carbon nanomaterials, such as CNTs, has been
investigated, comparing solution-based and pre-coating pro-
cesses. The solution process was performed to overcome the

difficulty of controlling the melt viscosity of thermoplastic res-
ins. The multiscale hybrid composites were prepared by the
vacuum-filtration method, and the amount of CNTs added to
polymer solution was varied to analyze their effects on the
mechanical properties of composites. High-energy sonication
was used to achieve uniform dispersion of CNTs in the poly-
mer solution.

SEM analysis of samples fabricated by solution process
showed that impregnating CF fabrics with CNT/PC/CHCl3
solution was not as effective as pre-coating CF fabrics with
CNTs. The reason is that the former method is limited by
aggregation of CNTs and increase in solution viscosity caused
by CNTs. 

The value of tan δ with fiber volume fraction was calculated
using “rule-of-mixtures” and not every composite was in good
agreement with the calculated value because of poor surface
adhesion between CF and matrix. Only the PC-impregnated
carbon fiber coated with CNTs approached to the ideal value
of tan δ, which suggests that coating process is a more effective
method to increase surface adhesion of hybrid composites, as
compared to the simple mixing process. In addition, tan δ of
the sample coated with CNTs showed the lowest of all samples,
indicating higher mechanical properties than other samples
because tan δ represents the loss factor or damping factor. 

The mechanical behavior of hybrid composites was char-
acterized using DMA. In the case of impregnation with poly-
mer solution into fiber fabrics coated with CNTs, the
composites coated with CNTs at 0.02 wt.% led to optimum
mechanical properties due to mechanical interlocking between
CNTs and fibers.
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