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We report a method for the growth of carbon nanotubes on carbon fibre using a low tem-

perature growth technique which is infused using a standard industrial process, to create a

fuzzy fibre composite with enhanced electrical characteristics. Conductivity tests reveal

improvements of 510% in the out-of-plane and 330% in the in-plane direction for the nano-

composite compared to the reference composite. Further analysis of current–voltage (I–V)

curves confirm a transformation in the electron transport mechanism from charge – hop-

ping in the conventional material, to an Ohmic diffusive mechanism for the carbon nano-

tube modified composite. Single fibre tensile tests reveal a tensile performance decrease of

only 9.7% after subjecting it to our low temperature carbon nanotube growth process,

which is significantly smaller than previous reports. Our low-temperature growth process

uses substrate water-cooling to maintain the bulk of the fibre material at lower tempera-

tures, whilst the catalyst on the surface of the carbon fibre is at optimally higher temper-

atures required for carbon nanotube growth. The process is large-area production

compatible with bulk-manufacturing of carbon fibre polymer composites.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon fibre reinforced polymers (CFRP) have revolutionised

industries that demand mechanically strong materials with-

out the potential weight penalty [1–3]. However, in the aero-

space industry, metals are still being incorporated into

structures to impart electrical conductivity to avoid charge

build up gained through air friction and lightning strikes.

Charge accumulation could lead to discharge sparks and/or
material failure. The addition of metals, however, adds

weight, cost, leads to corrosion issues and has proven trouble-

some to consolidate with the carbon fibre composite. Hence,

there is interest in enhancing the electrical conductivity with-

out relying on metals. With the current advancements in

nanotechnology there exists opportunity to not only improve

mechanical properties, [4–11] but to substantially enhance

the electrical [12–14] and thermal [15–17] properties; introduc-

ing the composite material into new applications. Fabricating
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CFRP with the most promising nanomaterial, carbon nano-

tubes (CNTs), has proven challenging with issues such as dis-

persion, degradation of the CNTs and matrix viscosity. The

general trend has recently been focused on in situ-growth of

CNTs [18–22] or attaching CNTs to the carbon fibre, [23–28]

creating a ‘fuzzy’ carbon fibre reinforced polymer (FCFRP)

composite. These methods are preferred over dispersing the

CNTs in the polymer matrix [29]. Despite advances in the dis-

persion techniques of CNTs in the polymer matrix [19,30–32]

using techniques such as: covalent and non-covalent modifi-

cation, surfactant addition and by mechanical processing

methods, the technology is still in its infancy with issues such

as: poor nanotube alignment, limitation to small weight per-

centage additions, poor CNT graphitisation, CNT agglomera-

tion, lack of morphology control, and poor matrix infusion

capability when subjected to infusion techniques such as re-

sin transfer moulding (RTM) and vacuum assisted resin trans-

fer moulding (VARTM) [9,11,27,33,34].

Using carbon fibre as a substrate for CNT growth allows for

well dispersed and high density of CNTs to be incorporated in

the composite. The CNTs can bridge adjacent carbon fibres,

creating electrical and thermal percolation pathways

throughout the composite as well as enhancing the mechan-

ical characteristics of CFRPs. These include the out-of-plane

characteristics, as well as enhancing the interfacial adhesion

between carbon fibres and resin-dominated processes such as

the interlaminar shear strength or longitudinal fibre compres-

sion [27,35]. This is nontrivial considering that the most com-

mon failure mechanism of conventional composites is fibre

bending and breaking due to the lack of support by the ma-

trix. These parameters are factors that determine the limits

of the mechanical performance of CFRP composites [36]. It

should also be stated that the challenge of dispersing the

CNTs is removed, as is the potential damaging methods cur-

rently used to disperse the CNTs. Thus, fewer defective CNTs

are incorporated into the composite resulting in improve-

ments in electrical and thermal properties.

From the onset of the early experiments [37] of carbon

nanofibre growth on carbon fibre it has been emphasised

the importance of preventing mechanical degradation of the

carbon fibres by the intense heating required for CNT growth

using standard chemical vapour deposition (CVD) techniques.

Thostenson et al. [38] used this growth technique for surface

addition of CNTs on pitch-based carbon fibres. This spurred

many studies to investigate the influence of CNTs on the fi-

bres by either CVD growth processing or attaching the CNTs

on the carbon fibre. Parameters such as pre-treatment, [20]

temperature, [9,35,39–41] catalyst [9,20,41–45] (metallic and

non-metallic) and hydrocarbon source [41,43] were reported.

The majority of the work in the area considered the mechan-

ical improvements from interlaminar toughness to tensile

strength, however, very few studied the implications on the

electrical and thermal properties.

At present, growing CNTs on the surface of carbon fibre

has the advantage over attaching CNTs in terms of the quan-

tity, length, controllability of size of CNTs [45] and orientation

[46] that can be incorporated into the composite. All of which

are crucial if the nanophase is to compliment the CFRP com-

posite. However, with growth temperatures usually above

700 �C and reactive atmospheres present within the standard
CVD chamber, significant degradation of the fibre has been

observed [35,39,47–49]. If FCFRP is to replace CFRP in indus-

tries, it is imperative that the mechanical properties which

make CFRP useful are retained. We report a process that al-

lows the growth of CNTs with minimum degradation to the

underlying carbon fibre substrate by maintaining the sub-

strate at lower temperatures than those normally used in

conventional CVD techniques for CNT growth without com-

promising on quality, yield or production time of CNTs. Our

Surrey Nanosystems 1000n photo-thermal chemical vapour

deposition (PTCVD) growth system features a water-cooled

substrate table (cooled to 5 �C) and uses optical radiation for

thermal heating [50,51]. This arrangement enables part of

the carbon fibre fabric to remain at low temperature, whilst

the catalyst on the carbon fibre (that is directly exposed to

the optical radiation) is allowed to reach a high temperature

necessary for the growth of carbon nanotubes of high crystal-

line quality [35,39,41,44,49,52–59]. After CNT growth, the ther-

mal radiation (sourced by an array of halogen lamps) can be

turned-off quickly, enabling the PTCVD to cool down in a

short time, �5 min, which greatly improves the sample

throughput yield (up to 8 times as many samples compared

to conventional CVD systems) and reduces the amount of

gas used for cooling. As it employs optical heating instead

of resistive heating, where there is a much larger thermal

resistance between it and the catalyst sites, the system re-

duces the amount of energy required for growth. Additionally,

this method is large-area compatible and directly transferable

to industrial manufacturing companies. A detailed descrip-

tion of the design of the commercially available PTCVD and

its operation principles for CNT growth at low substrate tem-

perature is available for the case of other types of substrates

(temperature-sensitive semiconductor substrates) elsewhere

[50,60,61]. These studies report successful growth of CNTs of

high crystalline quality, at low substrate temperatures.

Plasma Enhanced Chemical Vapour Deposition (PECVD)

has the potential to lower the growth temperature but with

the drawback of growing poor quality nanotubes or the

growth of only carbon nanofibres [50]. There is also the possi-

bility of the plasma energy needlessly increasing the temper-

ature of the substrate [62,63].

This paper shows improvements in the electrical proper-

ties of the composite whilst minimising degradation through

using a PTCVD system. An industrially-relevant VARTM

method is used to demonstrate a good infusion of the nano-

composite through the capillary action of wetting the fibres

out instead of using a polymer sizing to improve the wet

out [4].

2. Experimental section

Sized bi-directional 2/2 twill carbon fibre (Grafil Pyrofil TR30S)

was used as the reinforcement in this study (unless otherwise

stated) with a low viscosity, room temperature curing two-

part DGEBA epoxy resin (IN-2 epoxy infusion, Easy Compos-

itesTM). CFRP samples were prepared using the VARTM to in-

fuse four, 100 mm · 100 mm plies of 2/2 twill carbon fibre

with the lay-up [0,90]4. A nylon peel ply was cut and placed

over the lay-up with an infusion mesh on top, which was sub-

sequently sealed to the metal mould using vacuum bagging



Fig. 1 – (a) DSC curve (10 K/min, nitrogen) of the untreated, sized carbon fibre. (b) TGA of the untreated, sized carbon fibre

(20 K/min, flowing air). Overlap of the TGA results for the carbon fibre with the typical temperature range used in the CNT

growth with the PTCVD. (A color version of this figure can be viewed online.)
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tape with releasing agent having already been applied to the

mould. Once a low pressure was achieved in the bag using a

rotary pump, a resin line was attached which was connected

to a resin reservoir containing a low viscosity, room tempera-

ture curing DGEBA infusion resin. Both the unmodified

2/2 twill carbon fibre (to fabricate the CFRP) and the fuzzy fi-

bres (to fabricate the FCFRP) were infused in this manner.

The resin:hardener ratio advised by the manufacturer is

100:30.

Carbon nanotubes were grown by initially depositing iron

(6 nm) on both sides of the carbon fibre fabric surface using

magnetron sputtering (JLS MPS500 DC sputtering). The sam-

ple was subsequently loaded into the PTCVD apparatus. After

pumping down to its base pressure, hydrogen gas (100 sccm)

was introduced into the chamber, which was maintained at

a pressure of 2 Torr and optical heating (4 kW) was employed

to reduce the iron oxide. After annealing for 5 min, acetylene

(20 sccm) was injected into the chamber and the growth pro-

cess was performed for 10 min on each side of the carbon fi-

bre. The temperature was recorded by a thermocouple, which

was in contact with the sample holder, which is exposed to

same thermal treatment as the carbon fibre substrate. The
Fig. 2 – SEM images of (a) a bundle of carbon fibres following CN

following CNT growth (high magnification).
same set up for temperature measurement was also used by

Anguita et al. [51].

Differential scanning calorimetry (DSC) was performed on

chopped carbon fibres (1.3 ± 0.5 mg) in hermetically sealed

aluminium pans under nitrogen (50 cm3 min�1) using a TA

Instruments DSC Q1000 from 20 �C to at least 200 �C at a heat-

ing rate of 10 �C min�1.

Thermogravimetric analysis (TGA) was carried out using a

TA Instruments TGA Q5000 on fibre samples in a platinum

pan in a flowing air atmosphere (60 cm3 min�1) from 20 to

950 �C at a heating rate of 20 �C min�1.

Scanning electron microscopy (SEM) was performed using

a FEI Quanta 200 operating at 20 kV with a spot size of 2 nm.

For low magnification analysis a Leica DM 2500 P microscope

was used.

Raman spectroscopy (Renishaw with Leica DM LM) was

performed between 0 and 3000 cm�1 with a scan duration of

30 s at a microscope magnification of 50·, providing a spatial

resolution of �1 lm. A 514.5 nm laser was operated at a power

of 17 mW.

To provide a comprehensive understanding on the impacts

on the electrical conductivity for this previously anisotropic
T growth (low magnification), (b) a single carbon fibre



Fig. 3 – Raman spectrum of the fuzzy fibre (black line) and

the carbon fibre (red line). (A color version of this figure can

be viewed online.)
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sample, the electrical conductivity was determined for the in-

plane (surface) and out-of-plane (thickness and volume) on

both CFRP and FCFRP samples (40 mm · 20 mm). The samples

were cut in the 0/90 � direction from each infused piece. The

conductivity was determined from current–voltage (I–V)

curves taken from a Keithley 4200 analyser by carrying out

voltage sweeps from �5 V to +5 V with 0.1 V intervals. To im-

prove the electrical contact, silver DAG was applied on each

side, underside and top.

For the single fibre tests, a conventional single carbon fibre

was deposited with iron catalyst (in accordance with the opti-

mum growth conditions) and compared with a thermally

treated single carbon fibre and a single unmodified carbon fi-

bre. They were compared by testing each of their ultimate

tensile strengths in accordance with British Standard, BS

ISO 11566, 1996 [64] (on a minimum of 20 samples) using an

Instron 1175 universal testing instrument (gauge

length = 15 mm, cross-head speed = 1 mm min�1).
Fig. 4 – TGA analysis (20 K/min, air) of (a) the fuzzy fibre sample

untreated carbon fibre (black line). (A color version of this figure
3. Results and discussion

Prior to embarking on the procedure to grow carbon nano-

tubes, a thorough characterisation of the carbon fibre fabric

was performed using thermal analysis techniques. A proprie-

tary coating (a size based on a low glass transition (Tg) epoxy

oligomer) is usually applied to commercial fibres to improve

handling and processibility but it is considered that the pres-

ence of this size might inhibit CNT nucleation via the CVD

process. Consequently, the carbon fibre was analysed to

examine the polymer sizing. Dynamic scanning calorimetry

(DSC) data (heat flow and derivative heat flow) are presented

in Fig. 1a, from which a significant second order transition

associated with a Tg at 150 �C is visible. This is consistent with

the presence of a low Tg epoxy resin such as a diglycidylether

of bisphenol A (DGEBA) as a sizing agent. There is also a small

event (a weak exothermic peak at around 92 �C), which might

be attributed to crystallisation taking place or oligomerisation

of the sizing. Care was taken to minimise air gaps (poor ther-

mal conductivity) between fibres that can prevent uniform

thermal conduction, this led to repeatable results after the

measurement was carried out four times. Thermogravimetric

analysis (TGA) was performed on the unmodified, sized car-

bon fibre to complement the DSC data and to determine the

weight percentage of epoxy size used on the fabric. The

TGA data for the carbon fibre (Fig. 1b) shows a 1.5% weight

reduction at 350 �C, which we attribute to the decomposition

of the polymer sizing, as it compares with the expected poly-

mer sizing loadings of around 2 wt%. A large drop in mass is

observed at 650 �C, corresponding to the onset of thermal

decomposition of the aromatic rings in the carbon fibres

and by 900 �C less than 1% of mass remained. The residual

0.8 wt% remaining is likely to result from impurities. The

temperature of the substrate during the growth of CNTs using

the PTCVD technique was recorded by employing a thermo-

couple placed on the carbon fibre sample stage. This revealed

that the substrate was at temperatures of 620 and 650 �C. This

temperature range is shown superimposed on the TGA data

for the carbon fibres (Fig. 1b). Considering Fig. 1b and the
and (b) overlay of the fuzzy fibre (red line) and the standard,

can be viewed online.)



Fig. 5 – Electrical conductivity for CFRP and FCFRP in (a) in-

plane, (b) the out-of-plane direction (thickness) and (c) the

out-of-plane (volume) direction. (A color version of this

figure can be viewed online.)
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range of typical growth temperatures of �750 �C carried out in

other studies, [35,41,52,54,59] it is expected to result in a sub-

stantial degradation and have deleterious effects on the fi-

bres’ mechanical performance if the carbon fibres in this

study were used. Although it should be noted that the atmo-

sphere in the TGA (air) is more aggressive than the atmo-

sphere in the CVD chamber (wherein a small quantity of

hydrogen and acetylene is used), it does indicate the impor-

tance of maintaining the growth temperature below 650 �C.

The PTCVD system was used to verify the effect of sizing

on CNT growth and the quality and quantity of CNT growth

was determined using scanning electron microscopy (SEM).

The growth parameters were adjusted to obtain long, well-

dispersed CNTs over the entire surface of carbon fibres. The

SEM images presented in Fig. 2 are of the most successful

CNT growth and having established these conditions, all suc-

ceeding fuzzy fibre analysis and fabrication used the same

growth conditions.

SEM images taken at different points around the carbon fi-

bre sample revealed consistent and uniform growth of CNTs

being observable even at a low magnification. It appears that

the presence of epoxy sizing on the carbon fibre does not hin-

der the growth of CNTs which is surprising. This result is in

contrast to other work in the literature, where the sizing

needed to be removed for successful CNT growth [9,20,52].

The ability to grow CNTs without needing to remove the siz-

ing reinforces the applicability of our growth processes and

compatibility with current manufacturing methods as it

avoids the deleterious effects of using polymer solvents on

the carbon fibre or needlessly subjecting the carbon fibre to

high temperatures just to remove the sizing. The CNTs grown

display a distribution of diameters and lengths – with lengths

up to 10 lm which equates to a growth rate of approximately

1 lm min�1. This is comparable to another study by Shang et.

al. [60] who used the same system but for a different sub-

strate. The growth rate is about 6–20 times greater than that

of studies carried out using traditional thermal CVD systems

[65,66]. Although the CNTs display no alignment, they are ob-

served to bridge the gaps between the carbon fibres (Fig. 2a),

which is necessary to provide percolation pathways through-

out the composite. The lengths and morphology of the CNTs

are such that they will not introduce any additional thickness

to the ply interlayer, which would degrade in-plane mechan-

ical properties.

Raman analysis was carried out on both the carbon fibre

and the fuzzy fibre fabric (Fig. 3) to confirm the presence of

CNTs and analyse the quality. The Raman spectra acquired

for both materials revealed the D peak (1315.7 cm�1) and the

G peak (1590.1 cm�1), while the fuzzy fibre displayed an addi-

tional peak in the form of a second order G peak (2619.8 cm�1)

– a signature of a 2D graphene lattice which also provides

information on the number of concentric tubes for MWCNTs

[67]. Comparison of the Raman spectrum reveals the quality

of graphitization, denoted by the ratio of the intensities of

the G and D peaks, I(G)/I(D), changes following deposition of

the catalyst and subsequent CNT growth. Replicate spectra

were acquired for each sample and it was found that the fuz-

zy fibres had the most defective carbon structure – a result

also observed by Boura et al. [68]. As the Raman signal from

the fuzzy fibre sample consists of the signal from the CNTs
and the carbon fibre (spot size of the Raman system �6 lm)

the induced defects could be associated with the damage to

the carbon fibre, the introduction of CNTs or both. The radial

breathing mode (RBM) signature signal from single-wall CNTs

is not observed, which indicates a multi-walled nature of the

CNTs as the RBM signal is too weak for multi-wall CNTs as the

ensemble average of the inner tube diameters broadens the

signal [69]. Furthermore, the absence of the G+–G� mode in
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the spectrum was attributed to the large distribution of the

diameters of the multi-wall carbon nanotubes (MWCNTs)

smearing out the splitting [70].

TGA was carried out on the fuzzy fibre sample (Fig. 4a). A

pronounced weight loss, that was only seen on the fuzzy fibre

sample, was observed at 700 �C, that is attributed to the com-

plete oxidation of CNTs to gaseous products. This phenome-

non was observed by Zhang et al. whom also attributed it to

the CNTs [35]. The CNTs in the present study show a much

higher thermal stability, decomposing some 120 �C higher

than the samples reported in the study by Zhang et al., which

is indicative of the growth of more graphitic (less defective)

CNTs in this study. As is the case with a previous report,

[35] no weight gain was observed below 300 �C, which is be-

lieved to result from the oxidation of the iron catalyst. Once

again, this result suggests that there are no bare particles of

catalyst.

The overlaid TGA data for the fuzzy fibre (red line) and the

unmodified carbon fibre (black line) are presented in Fig. 4b

showing that the fuzzy fibre displays superior thermal stabil-

ity (0–600 �C) before the complete decomposition of the sam-

ple. There was negligible weight loss of the fuzzy fibre

material compared to the fabric at �300 �C which is consis-

tent with the removal of the epoxy sizing during the thermal

treatment to produce the CNT on the carbon fibre fabric. It

was also observed that the fuzzy fibre experiences decompo-

sition (600–850 �C) at a much lower temperature than the car-

bon fibre (denoted by the black line in the Fig. 4b). This is

attributed to the partial degradation of the carbon fibre after

CNT growth since it has already experienced a thermal cycle

in this process prior to another thermal cycle of the TGA.

The unmodified carbon fibre and the fuzzy fibre plies were

infused using the VARTM technique and allowed to cure. The

subsequent CFRP and FCFRP laminates were cut to obtain

8 · (40 · 20) mm samples. The dimensions having been cho-

sen to obtain the maximum number of samples from each in-

fused piece whilst being large enough to be representative of

the composite. Both CFRP and FCFRP samples were analysed

under an optical microscope to test the quality of the infu-

sion. No voids were observed for either composite adding evi-

dence that even after the removal of the polymer sizing the

CNTs help wet out the fibres through the capillary effect

[33]. To determine whether or not changes in fibre volume
Fig. 6 – I–V curves for the out-of-plane measurement for (a) th
influenced the electrical conductivity, the following formulas

to calculate the fibre volume (Vf) were used along with known

densities of epoxy resin (qmatrix) and carbon fibre (qfibre) and

measured composite mass (mass of fibre (Mfibre) + mass of

matrix (Mmatrix)):

Vfibre

Vmatrix
¼ Mfibre

Mmatrix

� �
qmatrix

qfibre

� �
ð1Þ

Vmatrix ¼
1

1þ Vfibre
Vmatrix

� � ð2Þ

Vfibre ¼ 1� Vmatrix ð3Þ

Calculations revealed that the fibre volume of the compos-

ites was �50%, consistent for before and after CNT growth.

Silver DAG was applied to each side, underside and top, to im-

prove the electrical contact, as indicated in Fig. 5. It was en-

sured that no silver DAG bridged the gap between adjacent

contacts so abrasive sand paper was applied to the edges of

each sample to remove any possible silver deposits. The elec-

trical conductivity was determined for both CFRP and FCFRP

in the in-plane (surface) and out-of-plane (through-thickness

and volume) directions – Fig. 5a–c, respectively. The inclusion

of both in-plane and out-of-plane electrical conductivity mea-

surements is a consequence of the anisotropic nature of CFRP

with the conventional benchmark material having lower elec-

trical conductivity in the out-of-plane direction than the in-

plane direction (first bar; Fig. 5a–c). Fig. 5a–c shows the electri-

cal conductivity increased significantly for the in-plane

(330%), out-of-plane thickness (510%) and out-of-plane vol-

ume (500%), with the use of fuzzy fibres as opposed to

unmodified, reference carbon fibres. As expected, the

improvements are greater in the out-of-plane directions as

CNTs are bridging the resin rich interlayers, using the carbon

fibres as electrical percolation pathways. Whereas the con-

ductivity enhancement in the in-plane direction is limited

by the already present electrical percolation pathways from

the carbon fibres. Nonetheless, the improvement in the in-

plane direction clarifies that the observed entanglement seen

in the SEM pictures of CNTs connected to different carbon fi-

bres has increased the number of percolation pathways. The

improvement of the electrical conductivity in the out-of-

plane direction suggests that the material has made a shift
e charge-trapping CFRP and (b) the Ohmic-behaving FCFRP.



Fig. 7 – Histogram displaying the ultimate tensile force of (a)

uncoated, (b) coated and (c) thermally treated single carbon

fibre.
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from being anisotropic to isotropic, allowing for a more effi-

cient dispersal of electrons. To clarify the impact of CNTs

on the electrical conductivity of the composite, a study of

the CNT density against conductivity should be considered

for future work.

Additionally, non-linear to linear current–voltage (I–V)

measurements for the out-of-plane measurement (Fig. 6) sug-

gest changes in electron transport behaviour from the charge

– trapping CFRP (Fig. 6a), to the Ohmic-behaving FCFRP

(Fig. 6b). The charge trapping for the CFRP is a result of the re-

sin rich interlayers that are bridged by the CNTs for the FCFRP.

The improvement in conductivity of the FCFRP over our

benchmark CFRP is greater than the improvement observed

by Lee et al. [71] and Bekyarova et al. [72] for their own mod-

ified sample against their benchmark sample and is suffi-

ciently suitable to be used as an electromagnetic shield

[30,73].

As only the carbon fibre has been modified it is imperative

to test for any potential degradation that is a result of the CNT

growth. The temperature of the growth process is the main

influence in degrading the mechanical performance of the

carbon fibre as examined by the TGA data (Fig. 1b). Therefore,

tensile testing of a single unmodified carbon fibre (‘Uncoated’

– Figs. 7 and 8) was compared against a single carbon fibre

with the iron catalyst deposited (‘Catalyst Coated’ – Figs. 7

and 8), as well as compared against another fibre that had

undergone the same thermal treatment as that of the fuzzy

fibre (‘Thermally Treated’ – Figs. 7 and 8). This technique, that

has been used by Zhang et al. [35] avoided handling and being

exposed to CNTs. A paper mounting was employed to aid

handling and once the fibre and holder were placed in the

grips of the testing rig, the frame was cut on both sides along

the dashed line running horizontally through the mounting.

This procedure is in accordance with the British Standard,

BS ISO 11566 [64]. Optical microscopy performed for the preli-

minary tests determined that the fibre was fracturing within

the gauge length and not ‘sliding’ through the glue.

The standard stipulates that a minimum of 20 samples be

tested, but the total number of tests carried out were: clean

carbon fibre (n = 51), carbon fibre with the deposited catalyst

(n = 43) and the thermally treated carbon fibre (n = 44). From

the histograms it can be seen that the peak for carbon fibre

(Fig. 7a) is positioned at a higher ultimate tensile force, great-

er than the value recorded for the catalyst coated carbon fibre

(second highest position) (Fig. 7b) and the thermally treated

carbon fibre (Fig. 7c). It should also be noted that the distribu-

tion for the tensile force is relatively narrow for the catalyst

coated carbon fibre and the thermally treated carbon fibre

compared with the conventional carbon fibre. These differ-

ences in distribution are probably more influenced by sample

numbers rather than inadvertently conducting a test using

two fibres instead of one.

The mean tensile strength of the uncoated carbon fibre

was (0.165 ± 0.004) N, catalyst coated of (0.159 ± 0.003) N and

thermally treated: (0.149 ± 0.004) N. The measured tensile

strength of the unmodified carbon fibre of 4570 MPa compares

with the manufacturer’s quoted value of 4410 MPa.

Considering Fig. 8, the tensile properties of the carbon fibre

when coated with and without a catalyst are equivalent, with

the tensile performance decreasing by only 9.7% when the
single carbon fibre is subjected to the CNT growth process

temperatures, shown as ‘Thermally Treated’.

Zhang et al. carried out a similar test but only in an inert

gas and vacuum and reported a 40% degradation in tensile

strength [35]. The gas atmosphere tested in this experiment

is more aggressive than that of an inert atmosphere as it

was critical for this study that the same gases were used for

two reasons: to achieve the same temperature as the CNT

growth as the temperature is dictated by the heat capacities



Fig. 8 – Average ultimate tensile values with errors of

uncoated, catalyst coated and thermally treated carbon

fibres.
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of the gases used (and their quantities) and to mimic the con-

ditions as close as possible to have a more comprehensive

understanding of the effects. Qian et al. reported a 15% reduc-

tion in tensile strength [49] and in a separate paper, Qian et al.

grew CNTs on silica fibres and reported a 30% reduction in

tensile strength [74]. Sager et al. reported [53] a 30% reduction

from the unsized fibres alone with a reduction in tensile prop-

erties from the sized fibres expected to be even greater. There-

fore, the method of growing CNTs using the PTCVD method

has been demonstrated to be the least damaging to the car-

bon fibre than the methods in other studies. Once infused

into a FCFRP composite, the enhancements in the adhesion

between the fuzzy fibre and the epoxy resin is expected to off-

set the degradation to the carbon fibres resulting in a net

improvement in the mechanical properties of the FCFRP

composite.

4. Conclusions

The growth of carbon nanotubes on carbon fibre using a low

temperature photo-thermal chemical vapour deposition tech-

nique has successfully yielded fuzzy fibres. The growth is the

least harmful to the mechanical properties of the carbon fibre

than other studies and will improve the prospect of employ-

ing fuzzy fibres in industry. Vacuum assisted resin transfer

moulding has been used to successfully infuse the fuzzy fi-

bres even after the removal of the polymer sizing, to produce

composites with enhanced electrical conductivities over the

conventional carbon fibre composite. The in-plane and out-

of-plane electrical conductivity are enhanced by 330% and

510%, respectively over the unmodified carbon fibre

composite.
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[28] Vivet A, Doudou B, Poilâne C, Chen J, Ayachi MH. A method
for the chemical anchoring of carbon nanotubes onto carbon
fibre and its impact on the strength of carbon fibre
composites. J Mater Sci 2011;46(5):1322–7. http://dx.doi.org/
10.1007/s10853-010-4919-0.

[29] Bose S, Khare RA, Moldenaers P. Assessing the strengths and
weaknesses of various types of pre-treatments of carbon
nanotubes on the properties of polymer/carbon nanotubes
composites: a critical review. Polymer 2010;51(5):975–93.
http://dx.doi.org/10.1016/j.polymer.2010.01.044.

[30] Moniruzzaman M, Winey KI. Polymer nanocomposites
containing carbon nanotubes. Macromolecules
2006;39(16):5194–205. http://dx.doi.org/10.1021/Ma060733p.

[31] Iwahori Y, Ishiwata S, Sumizawa T, Ishikawa T. Mechanical
properties improvements in two-phase and three-phase
composites using carbon nano-fiber dispersed resin. Compos
Part A Appl S 2005;36(10):1430–9. http://dx.doi.org/10.1016/
j.compositesa.2004.11.017.

[32] Gojny FH, Wichmann MHG, Fiedler B, Bauhofer W, Schulte K.
Influence of nano-modification on the mechanical and
electrical properties of conventional fibre-reinforced
composites. Compos Part A Appl S 2005;36(11):1525–35.
http://dx.doi.org/10.1016/j.compositesa.2005.02.007.

[33] Yamamoto N, de Villoria RG, Wardle BL. Electrical and
thermal property enhancement of fiber-reinforced polymer
laminate composites through controlled implementation of
multi-walled carbon nanotubes. Compos Sci Technol
2012;72(16):2009–15. http://dx.doi.org/10.1016/
j.compscitech.2012.09.006.

[34] Du JH, Bai J, Cheng HM. The present status and key problems
of carbon nanotube based polymer composites. Express
Polym Lett 2007;1(5):253–73. http://dx.doi.org/10.3144/
expresspolymlett.2007.39.

[35] Zhang Q, Liu J, Sager R, Dai L, Baur J. Hierarchical composites
of carbon nanotubes on carbon fiber: influence of growth
condition on fiber tensile properties. Compos Sci Technol
2009;69(5):594–601. http://dx.doi.org/10.1016/
j.compscitech.2008.12.002.

[36] Liao L, Wang X, Fang P, Liew KM, Pan C. Interface
enhancement of glass fiber reinforced vinyl ester composites
with flame-synthesized carbon nanotubes and its enhancing
mechanism. ACS Appl Mater Interfaces 2011;3(2):534–8.
http://dx.doi.org/10.1021/am101114t.

[37] Downs WB, Baker RTK. Modification of the surface properties
of carbon fibers via the catalytic growth of carbon nanofibers.
J Mater Res 1995;10(3):625–33.

[38] Thostenson ET, Li WZ, Wang DZ, Ren ZF, Chou TW. Carbon
nanotube/carbon fiber hybrid multiscale composites. Appl
Phys 2002;91(9):6034–7.

[39] Zhu S, Su CH, Lehoczky SL, Muntele I, Ila D. Carbon nanotube
growth on carbon fibers. Diam Relat Mater 2003;12(10–
11):1825–8.

[40] Kai-Hsuan H, Shinn-Shyong T, Wen-Shyong K, Bingqing W,
Tse-Hao K. Growth of carbon nanofibers on carbon fabric
with Ni nanocatalyst prepared using pulse electrodeposition.
Nanotechnology 2008;19(29):295602.

[41] Susi T, Nasibulin AG, Jiang H, Kauppinen EI. CVD Synthesis of
hierarchical 3D MWCNT/carbon-fiber nanostructures. J
Nanomater 2008;2008. doi: 10.1155/2008/425195.

[42] Yamamoto N, John Hart A, Garcia EJ, Wicks SS, Duong HM,
Slocum AH, et al. High-yield growth and morphology control
of aligned carbon nanotubes on ceramic fibers for
multifunctional enhancement of structural composites.
Carbon 2009;47(3):551–60. http://dx.doi.org/10.1016/
j.carbon.2008.10.030.

[43] Jo SH, Huang JY, Chen S, Xiong GY, Wang DZ, Ren ZF. Field
emission of carbon nanotubes grown on carbon cloth. J Vac
Sci Technol B 2005;23(6):2363–8.

[44] Cesano F, Bertarione S, Scarano D, Zecchina A. Connecting
carbon fibers by means of catalytically grown nanofilaments:
formation of carbon-carbon composites. Chem Mater
2005;17(20):5119–23.

[45] Zhao J, Liu L, Guo Q, Shi J, Zhai G, Song J, et al. Growth of
carbon nanotubes on the surface of carbon fibers. Carbon
2008;46(2):380–3. http://dx.doi.org/10.1016/
j.carbon.2007.11.021.

[46] Boskovic BO, Golovko VB, Cantoro M, Kleinsorge B, Chuang
ATH, Ducati C, et al. Low temperature synthesis of carbon
nanofibres on carbon fibre matrices. Carbon
2005;43(13):2643–8. http://dx.doi.org/10.1016/
j.carbon.2005.04.034.

[47] Ramanathan T, Bismarck A, Schulz E, Subramanian K.
Investigation of the influence of acidic and basic surface
groups on carbon fibres on the interfacial shear strength in
an epoxy matrix by means by single-fibre pull-out test.
Compos Sci Technol 2001;61(4):599–605.

[48] Sonoyama N, Ohshita M, Nijubu A, Nishikawa H, Yanase H,
Hayashi Ji, et al. Synthesis of carbon nanotubes on carbon

http://dx.doi.org/10.1021/nl052145f
http://dx.doi.org/10.1021/nl052145f
http://dx.doi.org/10.1063/1.1466880
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0095
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0095
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0095
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0100
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0100
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0100
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0100
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0100
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0105
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0105
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0105
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0105
http://dx.doi.org/10.1007/s10853-009-3484-x
http://dx.doi.org/10.1007/s10853-009-3484-x
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0115
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0115
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0115
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0115
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0120
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0120
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0120
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0120
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0125
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0125
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0125
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0125
http://dx.doi.org/10.1039/c0jm03919e
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0135
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0135
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0135
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0135
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0135
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0135
http://dx.doi.org/10.1007/s10853-010-4919-0
http://dx.doi.org/10.1007/s10853-010-4919-0
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0145
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0145
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0145
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0145
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0145
http://dx.doi.org/10.1021/Ma060733p
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0155
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0155
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0155
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0155
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0155
http://dx.doi.org/10.1016/j.compositesa.2005.02.007
http://dx.doi.org/10.1016/j.compscitech.2012.09.006
http://dx.doi.org/10.1016/j.compscitech.2012.09.006
http://dx.doi.org/10.3144/expresspolymlett.2007.39
http://dx.doi.org/10.3144/expresspolymlett.2007.39
http://dx.doi.org/10.1016/j.compscitech.2008.12.002
http://dx.doi.org/10.1016/j.compscitech.2008.12.002
http://dx.doi.org/10.1021/am101114t
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0185
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0185
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0185
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0190
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0190
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0190
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0195
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0195
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0195
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0200
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0200
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0200
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0200
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0205
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0205
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0205
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0210
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0210
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0210
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0210
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0210
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0210
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0215
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0215
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0215
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0220
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0220
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0220
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0220
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0225
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0225
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0225
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0225
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0230
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0230
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0230
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0230
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0230
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0235
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0235
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0235
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0235
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0235
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0240
http://refhub.elsevier.com/S0008-6223(14)00294-2/h0240


328 C A R B O N 7 4 ( 2 0 1 4 ) 3 1 9 – 3 2 8
fibers by means of two-step thermochemical vapor
deposition. Carbon 2006;44(9):1754–61.

[49] Qian H, Bismarck A, Greenhalgh ES, Shaffer MSP. Carbon
nanotube grafted carbon fibres: a study of wetting and fibre
fragmentation. Compos Part A Appl S 2010;41(9):1107–14.
http://dx.doi.org/10.1016/j.compositesa.2010.04.004.

[50] Chen GY, Jensen B, Stolojan V, Silva SRP. Growth of carbon
nanotubes at temperatures compatible with integrated
circuit technologies. Carbon 2011;49(1):280–5. http://
dx.doi.org/10.1016/j.carbon.2010.09.021.

[51] Anguita JV, Cox DC, Ahmad M, Tan YY, Allam J, Silva SRP.
Highly transmissive carbon nanotube forests grown at low
substrate temperature. Adv Funct Mater. 2013:n/a-n/a. doi:
10.1002/adfm.201300400.

[52] Al-Haik M, Luhrs CC, Reda Taha MM, Roy AK, Dai L, Phillips J,
et al. Hybrid carbon fibers/carbon nanotubes structures for
next generation polymeric composites. J Nanotech.
2010;2010. http://dx.doi.org/10.1155/2010/860178.

[53] Sager RJ, Klein PJ, Lagoudas DC, Zhang Q, Liu J, Dai L, et al.
Effect of carbon nanotubes on the interfacial shear strength
of T650 carbon fiber in an epoxy matrix. Compos Sci Technol
2009;69(7–8):898–904. http://dx.doi.org/10.1016/
j.compscitech.2008.12.021.

[54] Mathur RB, Chatterjee S, Singh BP. Growth of carbon
nanotubes on carbon fibre substrates to produce hybrid/
phenolic composites with improved mechanical properties.
Compos Sci Technol 2008;68(7–8):1608–15. http://dx.doi.org/
10.1016/j.compscitech.2008.02.020.

[55] Wicks SS, de Villoria RG, Wardle BL. Interlaminar and
intralaminar reinforcement of composite laminates with
aligned carbon nanotubes. Compos Sci Technol
2010;70(1):20–8. http://dx.doi.org/10.1016/
j.compscitech.2009.09.001.

[56] Kepple KL, Sanborn GP, Lacasse PA, Gruenberg KM, Ready WJ.
Improved fracture toughness of carbon fiber composite
functionalized with multi walled carbon nanotubes. Carbon
2008;46(15):2026–33.

[57] Gong Q-J, Li H-J, Wang X, Fu Q-G, Wang Z-W, Li K-Z. In situ
catalytic growth of carbon nanotubes on the surface of
carbon cloth. Compos Sci Technol 2007;67(14):2986–9. http://
dx.doi.org/10.1016/j.compscitech.2007.05.002.

[58] Qu L, Zhao Y, Dai L. Carbon microfibers sheathed with
aligned carbon nanotubes: towards multidimensional,
multicomponent, and multifunctional nanomaterials. Small
2006;2(8–9):1052–9.

[59] An F, Lu C, Li Y, Guo J, Lu X, Lu H, et al. Preparation and
characterization of carbon nanotube-hybridized carbon fiber
to reinforce epoxy composite. Mater Des 2012;33:197–202.
http://dx.doi.org/10.1016/j.matdes.2011.07.027.

[60] Shang NG, Tan YY, Stolojan V, Papakonstantinou P, Silva SRP.
High-rate low-temperature growth of vertically aligned
carbon nanotubes. Nanotechnology 2010;21(50). Artn 505604.
doi: 10.1088/0957-4484/21/50/505604.

[61] Saavedra MS, Sims GD, McCartney LN, Stolojan V, Anguita JV,
Tan YY, et al. Catalysing the production of multiple arm
carbon octopi nanostructures. Carbon 2012;50(6):2141–6.
http://dx.doi.org/10.1016/j.carbon.2012.01.020.
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