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A B S T R A C T

Carbon nanotube grafted carbon fibers (CNT-g-CFs) were prepared continuously, spool to spool, via thermal
CVD. The application of an in-situ potential difference (300 V), between the fibers and a cylindrical graphite foil
counter electrode, enhanced the growth, producing a uniform coverage of carbon nanotubes with diameter ca.
10 nm and length ca. 125 nm. Single fiber tensile tests show that this approach avoids the significant reduction of
the underlying carbon fiber strengths, which is usually associated with CVD grafting processes. Single fiber
fragmentation tests in epoxy, with in-situ video fragment detection, demonstrated that the CNT-g-CFs have the
highest interfacial shear strength reported for such systems (101 ± 5MPa), comparable to state-of-the-art sizing
controls (103 ± 8MPa). Single fiber pull-out data show similar trends. The short length of the grafted CNTs is
particularly attractive for retaining the volume fraction of the primary fibers in composite applications. The
results are compared with a short review of the interfacial data available for related systems.

1. Introduction

Carbon fiber reinforced composites (CFRCs) are widely used for
their high specific strength and modulus [1] in an extensive range of
industries. CFRCs possess excellent in-plane tensile properties but de-
signs are often limited by interlaminar and compressive performance
[2]. The introduction of carbon nanotubes (CNTs) into composites can
enhance through thickness matrix dominated properties, in the in-
tralaminar and interlaminar regions, without affecting in-plane per-
formance [3]. CNTs can also enhance through thickness electrical and
thermal conductivities in CFRCs. The addition of CNTs dispersed in the
matrix can be effective at low concentrations, but is limited by in-
creased matrix viscosity and/or filtration effects [4]. As an alternative,
CNTs can be directly grafted onto carbon fibers (CNT-g-CFs), during
synthesis, to form a hierarchical reinforcement, combining nanoscale
and microscale reinforcements. Computational models of this type of
hierarchical composite predict a net benefit when CNTs are present at

the fiber surface [5–10], through diffusion of stresses across the critical
fiber-matrix region, as found in some biological systems [10]. Another
motivation for including CNTs in composites is to create a conductive
network which can be used for in-situ damage detection [11,12]. Me-
chanical properties of CFRCs, and hierarchical composites, are pri-
marily determined by fiber volume fractions; grafting long CNTs onto
the fiber surfaces increase fiber-fiber separation [13] resulting in a re-
duced fiber packing. An “ideal” perpendicular CNT grafting length can
therefore be suggested, which does not affect the fiber volume fraction
(Fig. 1 and supplementary information (SI) S1). To maintain a fiber
volume fraction of 60% for a typical aerospace grade* carbon fibers
with diameters (d) of 7 µm requires the fiber-fiber separation to be
1.6 µm or lower (approx. d/4.4).

Current methods for producing CNT-grafted fibers (also known as
hairy [3,14,15] or fuzzy fibers [6,13,16]) tend to produce excessively
long grafted CNTs. In addition, the chemical vapor deposition (CVD)
synthesis is typically limited to small scale batch processing due to the
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need for high temperatures (> 500 °C) and flammable gases (carbon
feedstock, hydrogen). The largest batch CNT-g-CF samples are currently
produced by grafting CNTs onto woven carbon fiber materials using
traditional hot-walled CVD, with sample lengths limited to the size of
the stable hot-zone [17]; tubular furnaces also require the woven fabric
to be rolled or scrolled to maximize the volume of the material to be
grafted. An unfortunate by-product of using a woven substrate is nor-
mally poor CNTs coverage between warp and weft yarn overlaid re-
gions, which in some weave architectures can lead to a significant
portion of the parent material left unmodified [18]. A further challenge
is that the growth of CNTs on carbon fibers typically degrades the in-
trinsic strength and stiffness of the original structural fiber properties.
The observed fiber damage is a result of the high CVD processing
temperatures in the presence of a metallic catalyst required for the
synthesis of CNTs. Potential degradation mechanisms include dissolu-
tion of carbon surface by the catalyst leading to channeling [19], and/
or consumption of the carbon surface as a feedstock for CNT growth.
Damage to the fiber can also be sustained from residual water/oxygen if
present [20] or hydrogenation/gasification [21] particularly during
catalyst reduction at elevated temperatures (> 500 °C); an increased
channeling rate has been observed on graphite in a dry hydrogen rich
atmosphere and to a lesser extent in wet hydrogen environments [19].
Retaining the mechanical properties of the pristine carbon fiber after
batch CVD CNT-grafting has been reported by various means, in-
cluding, reducing the temperature during CVD CNT-synthesis (ca.
500 °C) [22], as well as prolonged [23] or minimal [24,25] exposure to
the CVD conditions. Optimized CNT-synthesis reaction gas stoichio-
metry [26] or tensioning fibers during CNT synthesis to reduce ther-
mally-activated mechanochemical changes of the fiber microstructure
[27] were also shown to limit damage of the carbon fiber substrate
during CNT-synthesis. Alternatively, catalysts which do not readily
dissociate carbon, for example ZrOCl [28] or Cu [29] can be used, al-
though they tend to promote the growth carbon nanofibers with a
herringbone or platelet structure rather than multi-walled carbon na-
notubes. The most prevalent method to limit carbon fiber damage
during the synthesis of CNT on carbon fiber substrates is the application
of a barrier coating to the fiber surfaces, which limits catalyst contact
with the fiber substrate. Common barrier coatings include silicon/silica
[30–36], alumina [37–39] or pyrolytic carbon [40–42]. However, re-
cently, we reported that the application of a modest potential difference
minimized carbon fiber damage and improved the CNT coverage

without the requirement for a barrier coating [43].
For practical evaluation and application in composites, CNT-grafted

fibers should be produced on the tow level on a suitably large/con-
tinuous scale, ideally during fiber production. Continuous CNT-grafting
at the fiber tow level has been reported for fibers that are more resilient
to the harsh synthesis conditions, such alumina [44] and glass [35,45].
Nevertheless, carbon fibers are preferred in the majority of high per-
formance structural applications, especially those that are specific
stiffness driven. Two examples of manufacturing continuous CNT-g-CF
have been reported; in both cases, the carbon fiber surfaces were pro-
tected by a pacifying siloxane based-coating. CFs grafted with ca. 2 µm
CNTs [35] used in epoxy composites increased the interlaminar fracture
toughness (GIC, double cantilever beam) by 36%, relative to an unsized
carbon fiber control; however, GIC was affected by the length of the
grafted CNTs due to the reduction in the fiber volume fraction with
increasing CNT length. Craddock et al. [46] manufactured grafted CNTs
with less than 5 µm in length onto spread tow carbon fibers using an
injection CVD route. These CNT-g-CF were used to produce composites,
which possessed a higher thermal diffusivity than the control compo-
sites made with desized carbon fibers. A recent article described the
production of CNT-g-CF by injection-CVD, in multiple batch processes
to achieve an extended CNT-g-CF tow product with CNTs length of ca.
1 µm [47]. The interlaminar shear strength (three-point bending) of
epoxy matrix composites containing these CNT-g-CFs was 35% higher
than that of the control specimens. Yet, in spite of these publications,
the effect of continuous CNT-g-CF CVD synthesis on the fiber me-
chanical or fiber/matrix interfacial properties has not been well es-
tablished.

The aim of the present study was to demonstrate a scalable manu-
facturing process to graft short CNTs onto carbon fibers in order to
improve the interfacial properties, whilst avoiding any loss in fiber
stiffness or strength. The application of a modest potential difference
during CNT synthesis has been shown to be beneficial in batch CVD
conditions, improving growth uniformity and minimizing damage to
the fibers during processing. The strategy for increased production was
to implement this methodology in to a continuous embodiment to
produce CNT-g-CFs on the tow level without laborious pre-treatment of
the fiber substrate. The morphology and mechanical properties of the
continuous CVD synthesized CNT-g-CFs were characterized, as was the
fiber-matrix interfacial shear strength in an epoxy matrix at the single
fiber level. The results are compared, in detail, to literature data for

Acronyms and symbols

σf average fiber stress
l average fragment length
lsat average saturation fragmentation length
BET Brunauer, Emmett and Teller
CFRC carbon fiber reinforced composite
CNT-g-CF carbon nanotube-grafted-carbon fiber
CNT carbon nanotube
CVD chemical vapor deposition
lc critical fiber length
le embedded fiber length
Ae embedded fiber area
FBPO fiber bundle pull-out
d fiber diameter
Ef fiber modulus
df fragmentation failure/pull-out fiber diameter
IFSS, τi, τapp interfacial shear strength
IG/ID intensity ratio of the G-mode to the D-mode
L length
Em matrix modulus
σm measured stress

MD-SFPO micro-droplet single fiber pull-out
Fmax peak pull-out force
PMMA poly(methyl methacrylate)
PAN polyacrylonitrile
PEEK polyetheretherketone
P(VEAc) polyvinylethylacetate
dtow pull-out tow diameter
lsat saturation fragmentation length
SEM scanning electron microscope
SFFT single fiber fragmentation test
SFPO single fiber pull-out
SF-PushOut single fiber push-out
Γ standard Gamma function
SI supplementary information
σf tensile strength of fiber
TGA thermal gravimetric analysis
TEM transmission electron microscopy
σ l( )f c ultimate fiber strength at critical length
α Weibull scale parameter
β Weibull shape parameters/Weibull modulus
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batch synthesized CNT-g-CFs.

2. Experimental

2.1. Materials

Commercially-available polyacrylonitrile (PAN)-based sized carbon
fibers (AS4C-GP-12K-8, HS-CP-4000 grade) were supplied by Hexcel
Composites (Duxford, GB) and used as a continuous tow containing
12,000 fibers. These carbon fibers were supplied with a 0.8–1.2 wt%
sizing designed for an epoxy matrix,† and had a circular cross-section
with a diameter of 6.9 µm.‡ The analogous unsized polyacrylonitrile
(PAN)-based carbon fiber (AS4-12K-7D, HS-CP-5000 grade) was also
kindly provided by Hexcel Composites and had never been sized. This

grade also consists of 12,000 fibers in a tow and had circular fiber cross-
sections, but a diameter of 7.1 µm.§ Iron(III) nitrate nonahydrate (Fe
(NO3)3·9H2O, ≥98% ACS reagent, Sigma-Aldrich, GB), nickel(II) acet-
ylacetonate (≥98%, VWR, GB) and ethanol (EtOH,> 99.7% BDH
Prolabo, VWR, GB) were used to prepare the catalyst precursor. Ni-
trogen gas (99.998 vol% min), premixed hydrogen in nitrogen (N2

97.6 vol% and H2 2.4 vol%, C certificate (± ) 5% level of analysis) and
premixed acetylene in nitrogen (N2 98.7 vol% with C2H2 1.3 vol%, C
certificate (± ) 5% level of analysis) were used for continuous CVD
CNT synthesis. All gases were purchased from BOC Gases, GB. Graphite
foil, approximate dimensions 100mm×180mm×0.2mm was used
as counter electrode (99.8%, C1179, Advent Research Materials Ltd,
GB). Bisphenol-A (DGEBA) based liquid epoxy EP-828 from Netmro, US
and Jeffamine T-403 (polyetheramine) curing agent from Huntsman,
US were used as matrix for the pull-out test. A similar resin system was
purchased from Polymer Gvulot Ltd., IL for the fragmentation test.
Carbon fibers and all chemicals were used as-received.

2.2. Catalyst precursor deposition on carbon fibers

A 30m long section of the sized carbon fiber 12 K tow was wrapped
on a polytetrafluoroethylene frame and impregnated with catalyst
precursor by submerging it for 2min into a bi-catalyst precursor solu-
tion [48]. The sized carbon fiber was chosen as the substrate as it had
been previously found to provide uniform CNT growth in the batch
experiments [43]. The solution contained 2 wt% iron(III) nitrate non-
ahydrate and 2wt% nickel(II) acetylacetonate in ethanol to obtain a
molar ratio of Fe:Ni/1:1.6. The fibers were then dip washed in deio-
nized water (18 MΩ cm at 25 °C) for 1min and subsequently unwound
on to a spool and dried in a fume hood at standard ambient atmospheric
temperature and pressure.

2.3. Continuous synthesis of carbon nanotube-grafted-carbon fibers

Continuous CVD synthesis of CNT-g-CF was performed at 770 °C
within a 2″ quartz tube enclosed in a hot-walled furnace. In an ar-
rangement akin to the batch CNT-g-CF methodology previously re-
ported [43], a potential difference can be applied to the carbon fiber
substrate in a co-axial capacitor-like configuration. However, in the
continuous embodiment, the electrical connection to the fiber tow was
maintained by passing the fibers over a stainless-steel contact pin out-
side the furnace with the fibers passing through a tubular graphite foil
counter electrode (earth), as shown in Fig. 2(a) and (b), which com-
pleted the capacitor-like circuit. When CNT-g-CF are synthesized with
an applied potential difference, the voltages are presented in adjacent
parentheses. An applied potential of 300 V was chosen for continuous
CVD CNT-g-CF production, based on previous experience of batch
production [43]. The catalyst precursor deposited carbon fiber tow was
taken from ambient conditions, and pulled through the different CVD
chambers within the reactor for continuous CNT synthesis growth. The
collection of synthesized CNT-g-CF from the reactor was made in am-
bient conditions, using a motorized spool, which defines the linear up-
take speed for the whole continuous line. The reactor was split into four
gas exchange regions for heating, catalyst reduction, CNT synthesis and
cooling. The tow passed through each region sequentially in an un-
hindered procession, at a constant speed of 1.2 m h−1, Fig. 2(c). The
dwell duration in each region was determined by the length of quartz
tubes in each section. Inert gas sleeves were implemented to protect the
fibers during heating and cooling stages in a nitrogen atmosphere (7500
sccm at 5 bar, both for 30min). The catalyst precursor loaded onto the
carbon fibers was reduced in hydrogen (premixed H2 in N2, 3400 sccm
at 2 bar, for 10min) to activate the catalyst for CNT growth in the
central region (containing premixed C2H2 in N2, 325 sccm at 2 bar, for

Fig. 1. Idealized hexagonal close packing in fiber reinforced composite for a
fiber volume fraction 60%: (a) CFRC with fiber-fiber separation distance of B,
(b) CNT-grafted-fibers with radial nanotubes from adjacent CNT-grafted-fibers,
which just touch (nanotubes length=B/2), (c) CNT-grafted-fibers with nano-
tubes nesting between adjacent CNT-grafted-fibers (nanotube length≥ B). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

†Hexcel Composites. HexTow Carbon fiber. General Information. 2015:1–8.
‡Hexcel Composites. HexTow™ AS4C carbon fiber. Data Sheet. 2009:1–2. § Hexcel Composites. HexTow™ AS4 carbon fiber. Data Sheet. 2009:1–2.
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30min). Further details of the CVD set-up, along with the determina-
tion of the volume percentages for flammable gases used and the circuit
diagram, can be found in the SI S2, S3 and S4, respectively.

2.4. Characterization of the fiber morphology

As-received fibers, bi-catalyst precursor coated fibers, and CNT-g-
CFs were assessed using a high-resolution field emission gun scanning
electron microscope (SEM, Leo Gemini 1525 using SmartSEM software
interface V05.05.03.00, Carl Zeiss NTS Ltd., GB) operated at 5 kV, and
working distance ca. 10mm. SEM specimens were prepared on Al stubs

and adhered with silver DAG. SEM preparation products were sourced
from Agar Scientific Ltd, GB. Fracture surfaces of single fiber compo-
sites were characterized by SEM using a SUPRA-55 VP (Carl Zeiss NTS
Ltd., DE) or ULTRA-55 (Carl Zeiss NTS Ltd., DE). Micrographs were
taken at an acceleration voltage of 3 kV or 5 kV and working distance
between 4mm and 5mm. To prevent charging, the fractured single
fiber composites were sputter coated (Edwards (US) S150) with a
gold–palladium alloy prior to imaging. Grafted CNTs were imaged
using transmission electron microscopy (TEM) using a JEOL-2010F
electron microscope or a JEOL JEM-2100F. TEM images were collected
using an acceleration voltage of 200 kV with specimens prepared in a

Fig. 2. Continuous CVD set-up for synthesis of CNT-g-CF (a) an overview photograph showing the fiber tow entry and exit from the reactor, (b) schematic of the
electrical connections and concentric quartz tubes, which determine the reaction regions shown in (c). Not drawn to scale. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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hinged TEM grid folded and secured using the provided latch (butterfly
copper mesh, Agar Scientific Ltd., GB). Post-processing of micrographs
to determine feature diameters was carried out using open-source Java
software ImageJ (V. 1.45 s, U.S. National Institutes of Health, US) [49].

2.5. Characterization of the mechanical fiber properties

The mechanical properties of single fibers were measured using
tensile tests and their matrix-fiber interfacial shear strength determined
by single fiber fragmentation and single fiber pull-out tests in an epoxy
matrix. Diameters of as-received, bi-catalyst precursor deposited, and
as-synthesized CNT-g-CF were determined by SEM (Table 1).

2.5.1. Characterization of single fiber tensile properties
Single fiber tensile tests were carried out using a TST350 Tensile

Stress Tester (Linksys32, V1.9.1, Linkam Scientific Instruments Ltd.,
UK) as described elsewhere [43,50], according to the British standard
BS EN ISO 11566, 1996 [51] (Method B) in standard ambient atmo-
spheric temperature and pressure using a 20 N load cell at crosshead
speed of 15 μm s−1. The device compliance (K) was determined to be
16.6 mmN−1. Gauge-length dependent fiber strength fits are included
in the results with the Weibull shape parameter determined from fiber
strength populations using OriginPro (V8.6.0, Score method Blom,
OriginLab Corp., USA, 2012) [52].

2.5.2. Characterization of model single fiber composites
Single fiber fragmentation/pull-out tests were conducted to de-

termine the interfacial shear strength of carbon fibers/CNT-g-CFs in
model epoxy composites. Composites were prepared with resin and
curing agent mixed in stoichiometric proportions (1:0.42 w/w); the
mixture was degassed in a vacuum oven at room temperature for
30min; individual test preparation details are described below.

The fragmentation tests were performed using a computer-con-
trolled Minimat tensile tester (Rheometric Scientific, Series 2000,
50 μmmin−1 crosshead speed, 200 N load cell) mounted on a polarized
optical microscope with video recording capabilities. A single carbon
fiber was aligned along a dog-bone silicone mold, and kept taut by
hanging a weight (approximately 0.6 g). The degassed epoxy was then
cast into the mold and an additional degassing step was performed for
30min. The composite was cured at 100 °C for 6 h. The resultant single
fiber composite samples had a typical gauge cross-sectional dimension
of ca. 1.45mm × 1mm and gauge length of ca. 12mm. At least five
specimens were tested for each configuration. Fiber break sites were
observed in-situ under load (utilizing the birefringence effect) with the
corresponding stress recorded at each instance. The average length of
fiber fragments was determined to be the initial gauge length divided
by the number of breaks counted plus one. Further increases of the
applied stress cause the fiber to gradually break into shorter and shorter
fragments. The fragment lengths progressively decreased, first linearly
with the applied stress until a deviation from linearity occurred; further
fragmentation followed until a saturation limit was reached, i.e. no
further breaks occurred with increasing applied stress. Under low loads
and those far below the saturation limit for fiber fragmentation, the

probability of interaction between distant (on average) breaks along a
fiber is low and the fragmentation test may be viewed as a “multiple
tensile test” with independent samples, for which Weibull statistics
apply. Assuming that the strength of a fiber obeys the Weibull weakest
link model, the mean tensile strength σf of fibers of length L is described
by:

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

=− −σ L αL
β

L e( ) Γ 1 1
f

β β( 1/ ) ( 1/ )
intercept

β

(1)

where α and β are the Weibull scale and shape parameters for strength,
respectively, and Γ is the standard Gamma function. We may adopt Eq.
(1) (in reverse form) to obtain the desired relationship between the
average fragment length l and the average fiber stress σf described by:

⎜ ⎟= ⎧
⎨⎩

⎛
⎝

+ ⎞
⎠

⎫
⎬⎭

−l α σ
β

Γ 1 1β
f

β
β

(2)

The fiber stress σf is taken as =σ E E σ( / )f f m m, where Ef and Em are
the fiber and matrix moduli, respectively, and σm is the measured stress
(which can be determined from the force output) resulting from the
applied strain. This assumption is valid as long as strain continuity at
the fiber–matrix interface is maintained. The continuously monitored
single fiber fragmentation approach yields two important results. First,
away from the saturation limit, a plot of Eq. (2) in −ln ln form yields a
straight line with slope equal to the Weibull shape parameter (β) of the
embedded fiber. The Weibull scale parameter (α) of the fiber is readily
obtained from the intercept of this line:

+ + −β ln α ln β[ ( ) {Γ(1 )}]1 (3)

Secondly, the interfacial shear strength can be calculated by
adapting the classical Cottrell-Kelly-Tyson approach. As long as a
fragment length remains greater than the critical length lc, the fiber can
break into smaller pieces, thus at saturation a range of fragment lengths
exists, 0.5 lc < lsat < lc, the average of which is lsat =0.75 lc (as-
suming the length distribution is Gaussian). From this saturation frag-
mentation length, assuming a constant interfacial shear stress, one can
calculate the interfacial shear strength τi through the simple force bal-
ance:

=τ
d σ l

l
( )

2i
f f c

c (4)

where df is the fiber diameter (measured for each sample from asso-
ciated pull-out/embedded fiber after composite failure), and σ l( )f c is
the ultimate strength of the fiber at the critical length, which can be
calculated from Eq. (1) by using lc instead of L.

For single fiber pull-out tests (detailed in SI S5) an in-house appa-
ratus was used, following procedures previously reported [50,53,54].
The method involves embedding a single fiber using an in-house em-
bedding device (detailed in SI S5), ca. 100 µm into a liquid epoxy resin
filled aluminum screw followed by a cure cycle. A droplet of epoxy was
placed into the screw and a clamped single fiber was maneuvered into
the droplets’ zenith. The fiber was then carefully submerged into the
droplet, heated to 100 °C for 20min using the integrated heater, then

Table 1
Properties of carbon fibers and carbon nanotube-grafted-carbon fibers: diameter of the carbon fiber substrate d, CNT perpendicular thickness to fiber, CNT diameter
dCNT , specific fiber surface area ABET, average intensity ratio IG/ID, and the temperature at which 99 wt% of original fiber mass and the temperature onset of
combustion for the fiber. Values with ǂ, ◊, ¤ and ʇ refer to results obtained by SEM, TEM, Raman and TGA, respectively.

Carbon fibre samples dǂ CNT perp. thickness to fiber◊ dCNT
◊ ABET Average IG/ID¤ Temp. 99%ʇ Temp. onsetʇ

[µm] [nm] [nm] [m2 g−1] [°C] [°C]

As-received sized [43] 6.9 ± 0.2 N/A N/A 0.28 ± 0.05 1.16 ± 0.02 529 ± 1 538 ± 1
As-received unsized 7.1 ± 0.2 N/A N/A 0.34 ± 0.01 1.18 ± 0.04 567 ± 1 538 ± 1
Bi-catalyst precursor deposited [43] 6.9 ± 0.2 N/A N/A 0.31 ± 0.05 1.09 ± 0.02 503 ± 1 469 ± 1
Cont. CNT-g-CF (0 V) 6.9 ± 0.2 N/A N/A 0.26 ± 0.03 1.09 ± 0.02 534 ± 1 502 ± 1
Cont. CNT-g-CF (300 V) 7.0 ± 0.2 126 ± 69 9.1 ± 1.8 0.53 ± 0.05 1.06 ± 0.03 492 ± 1 501 ± 1
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removed and fully cured in an oven for 5 h 40min. Then the sample is
mounted onto a piezo-force sensor and the free end fixed to a piezo-
translator. The pull-out test was performed on a stiff frame operated at
cross-head speed of 0.2 µm s−1 while the force-displacement was
measured via computer interface, to accuracies of 0.1 mN and 1.8 nm,
respectively. The apparent fiber pull-out interfacial shear strength τapp
was calculated from the peak pull-out force Fmax and the embedded
fiber area:

=τ F
πd lf e

app
max

(5)

where df is the pulled-out fiber diameter (for each sample including any
contribution from grafted CNTs) and le is the embedded fiber length.
The free fiber length was approximately 100–150 µm, the embedded

length and the fiber diameter were verified using optical and electron
microscopy. The average pull-out interfacial shear strength was gen-
erated from at least 15 measurements for each specimen by a linear fit
to the population of =F f A( )emax , i.e. the embedded fiber area.

2.6. Surface area characterization of fibers

The specific surface area of as-received fibers, bi-catalyst precursor
coated fibers, and CNT-g-CFs was determined using the BET (Brunauer,
Emmett and Teller) method following the ISO 9277 standard [55] using
a Micromeritics TriStar Surface Area, Porosity Analyzer, and
TriStar3000 V6.07 software (Micromeritics UK Ltd., UK) with oxygen-
free nitrogen (99.998 vol%, BOC, UK). In order to achieve reliable re-
sults, the tests were conducted on samples which consisted of 12 K fiber

Fig. 3. SEM images of continuous CVD CNT produced with (300 V) and without (0 V) an applied potential difference, left and right, respectively. Additional CNT-
grafted fibers, as-received sized fibers and unsized fibers and bi-catalyst precursor coated fibers micrographs can be found in SI S6.
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tows approximately 2m long. The samples were degassed in nitrogen
for at least 4 h at 80 °C before characterization.

2.7. Raman spectroscopic characterization of fibers

The evaluation of the graphitic structures through Raman analysis is
non-destructive and commonly used to characterize the level of im-
perfections (disorder) in a sp2 (graphene) framework via the intensity
ratio of the G-mode (1582 cm−1) to the D-mode (∼1350 cm−1) (IG/ID)
[56]. Raman spectroscopy was performed on a LabRAM Infinity with
532 nm [2.33 eV] Nd-YAG green laser (LabSpec v4.18-06, Horiba Jobin
Yvon Ltd., UK) in a backscattered geometry. Measured Raman spectra
were processed with the background subtracted, then normalized to the
G-mode and averaged using OriginPro (v8.6.0, OriginLab Corp., USA,
2012), with at least five independent locations sampled for each region.

2.8. Thermal gravimetric analysis of fibers

Thermal gravimetric analysis (TGA) was performed to determine
whether the grafted CNTs or the CVD process affected the thermal
stability of the carbon fibers. TGA was carried out on a Mettler Toledo
TGA/DSC 1 with a GC200 flow controller, using STARe software
v12.00C. The samples were heated under nitrogen from 30 °C to 100 °C
at 35 °Cmin−1, and then held isothermally at 100 °C for 30min to dry,

the gas was then changed to compressed air (60 sccm) and the tem-
perature ramped to 850 °C at 10 °Cmin−1.

3. Results and discussion

3.1. Microscopy and morphology

Whole tows of CNT-g-CF were successfully produced from pre-de-
posited catalyst precursor loaded carbon fiber, drawn through the
continuous CVD system. Multiple, independent sections of CNT-g-CF
tow were imaged by SEM (Fig. 3, additional micrographs in SI S6) for
each sample (each region separated by a minimum of 0.4 m over a
length of least 2 m,); quantitative analysis of the fiber diameters and
average CNT length, with/without potential difference, are detailed in
Table 1. Production of CNT-g-CF without an applied potential differ-
ence (0 V) resulted in irregular CNT-growth and pitting on the fiber
surface (Fig. 3, right). CNT growth was significantly enhanced on
carbon fibers when 300 V were applied (Fig. 3, left). The carbon fibers
were covered with uniform CNTs (Fig. 3, left), which were relatively
short ca. 125 nm and had diameters ca. 10 nm (TEM, Fig. 4). TEM
images showed a range of structures grown at random orientations
away from the carbon fiber surface, with a relatively disordered, multi-
walled, internal structure ranging from tubular to hollow-core stacked
nanocones, or partitioned stacked nanocones morphologies as defined

Fig. 4. TEM images of CNTs grafted to carbon fibers with an applied potential difference of 300 V (a) and (b) with 100 nm scale bar, and (c) and (d) with 20 nm scale
bar.
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by Suarez-Martinez et al. [57]. Electron micrographs of as-received
sized/unsized and bi-catalyst precursor coated carbon fibers can be
found in SI S6.

In the absence of acetylene (reductive conditions), the as-received
sized carbon fibers appeared to be structurally unchanged after passing
through the continuous CVD system (SEM, SI S7 and S8, with (300 V)
and without (0 V) an applied potential difference, respectively).
However, fiber damage and surface pitting were observed for bi-cata-
lyst loaded fiber samples when no potential difference (0V) was applied
under the same reductive conditions (SEM, SI S8, Fig. S.10(d)). Yet,
when bi-catalyst loaded fibers were exposed to reductive conditions
with a potential difference (300 V), there was less obvious fiber damage
and minimal evidence of channeling [19,43] of catalyst particles into
the carbon surface. Under these conditions, uniform catalyst particles
(SEM, SI S7, Fig. S.9(d)) were formed with a similar diameter and
distribution as the CNTs grown on the carbon fibers with an applied
potential difference of 300 V.

In the batch operation mode of the CVD set-up [43], longer CNTs
were grown than under continuous operation. In the continuous pro-
cess, the effective gas flow rates were 84 sccm and 4.2 sccm for hy-
drogen and acetylene (at the same pressure, 2 bar, as the batch mode),
respectively, which relates to a total reduction of the concentration of
the reactive gases of 58% when compared to batch CVD CNT-synthesis
conditions. This reduction in gas concentrations was necessary for
safety reasons (SI S3). Moreover, the catalyst reduction time was kept
constant at 10min, but the effective CNT growth time was reduced by
half to 30min due to the length of the stable hot zone within the fur-
nace (SI S2.6).

3.2. Tensile properties of (CNT-grafted-)fibers

In single fiber tensile tests, the tensile strength of the CNT-g-CF
synthesized without an applied potential difference (0 V) was reduced
(up to 20%) as compared to the as-received carbon fibers (Fig. 5, ta-
bulated data SI S9). The loss in fiber tensile strength was attributed to
the fiber surface damage caused by the catalyst pitting (Fig. 3). How-
ever, the tensile strength decreased to a lesser extent than for batch
CVD [43], possibly due to the reduced residence time. The tensile
strength of CNT-g-CF (300 V) was similar to that of as-received sized
and bi-catalyst precursor coated control fibers, indicating that the ap-
plication of a potential difference prevented damage during continuous
CVD CNT growth. Unsized, as-received carbon fibers had a slightly
higher strength, due to the inherent properties of the available grades.
The tensile modulus of elasticity is a property associated with the fiber
as a whole; when damage is sustained to the core of the fiber both the
tensile strength and tensile modulus are reduced [30]. The tensile
modulus was almost identical for all samples indicating that the fiber
core remained unaffected by the CNT growth conditions. Fiber strength
variability can be characterized using the Weibull shape parameter
(Weibull modulus, β). All single fiber tensile specimens, with each
sample set tested at three different gauge lengths, had similar Weibull
distribution variance. The Weibull modulus for the majority of samples
was in the range of 3.4 to 8.4, with the exception of CNT-g-CF (300 V),
which had a higher Weibull modulus in the range of around 11, in-
dicating a lower variance in strength between samples which is shown
in the fit of the tensile data (Fig. 5(a)). A Weibull modulus of around 5
is common for carbon fibers [58], but the value can be as high as 14 for
as-received carbon fibers, whilst Weibull moduli in the range of 5 to 7
have been reported for CNT-g-CF samples [59–61]. Single fiber frag-
mentation measurements identify high fiber strengths due to the short
effective gauge. The ultimate fiber strengths at the critical length were
similar for the as-received fibers, CNT-g-CF (300 V), and CNT-g-CF
(0 V) samples (10.3 ± 0.3 GPa, 10.1 ± 0.4 GPa, and 10.6 ± 1.2 GPa,
respectively). The inhomogeneous damage observed in the CNT-g-CF
(0 V) case (Fig. 3, right), is not expected to affect the ultimate strength
at the short effective gauge lengths.

3.3. Adhesion properties of (CNT-g-)carbon fibers to an epoxy matrix

Unsized, as-received, carbon fibers are often used as reinforcements
for thermoplastic polymers. However, more commonly, carbon fibers
are sized to protect fibers, coat surface flaws, improve ease of handling,
and ease impregnation/wetting by thermosetting matrices. The inter-
facial shear strength of the fiber/epoxy matrix interface is often dra-
matically improved by a commercial sizing treatment when compared
to the as-received unsized carbon fibers [62]. State-of-the-art, com-
mercially sized fiber should therefore be used as bench-mark when
measuring interfacial shear strength in epoxy matrices. The matrix
choice is significant when considering interfacial properties, especially
if there is poor compatibility between the reinforcing fibers and matrix.
Substantial improvements are observed, for instance between thermo-
plastic matrices and carbon fibers, if the fiber surface is roughened/
physically modified, with interfacial properties improving due to a
mechanical interlocking mechanism [63], or through the redistribution
of stresses at morphological features, such as CNT inclusions [10].

To determine if the CNTs grafted to carbon fibers could be effective
for stress transfer in composites, fiber/matrix interfacial properties
were characterized using single fiber fragmentation and single fiber
pull-out tests. The matrix chosen for these studies was a common two-
part bisphenol-A (DGEBA) based epoxy, which allows for comparison

Fig. 5. Single carbon fiber tensile properties for as-received sized [43], as-re-
ceived unsized, bi-catalyst precursor coated [43], and continuously CNT grafted
carbon fibers with (300 V) and without (0 V) the application of a potential
difference produced in the continuous set-up, (a) tensile strength (with gauge
dependence fitted using the Weibull shape and scale parameters) and (b) tensile
modulus. Data are slightly offset on the abscissa for clarity. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

D.B. Anthony et al. Composites Part A 112 (2018) 525–538

532



with current literature data.
Single fiber fragmentation: CNT-g-CFs synthesized with an applied

potential difference (300 V) had a significantly improved interfacial
shear strength in an epoxy matrix over as-received unsized and bi-
catalyst precursor coated carbon fibers, by 71% and 117%, respectively,
and a comparable interfacial shear strength to as-received sized carbon
fibers (Fig. 6, tabulated data SI S10). CNT-grafted to carbon fibers in the
absence of a potential difference (0 V) resulted only in a modest im-
provements of the interfacial shear strength over as-received unsized

and bi-catalyst precursor coated carbon fibers, of 20% and 52%, re-
spectively. Residues from catalyst precursor deposition for the bi-cat-
alyst precursor coated fibers led to an overall reduction in interfacial
shear strength by 21% when compared to unsized fibers, leading to
premature debonding and pull-out of the fiber. The critical length of the
different fibers at stress saturation reduced with increasing interfacial
shear strength, as expected. Cross-sections of the single fiber model
composites after the final rupture of the fragmentation test specimens
are shown in Fig. 6(a)–(d), and in SI S10. The effect of sizing was

Fig. 6. (Top) Comparison of apparent interfacial shear strengths determined by single fiber fragmentation and single fiber pull-out tests. SEM images of cross-sections
of fractured single fiber composites after fragmentation tests (a) CNT-g-CF (300 V), (b) CNT-g-CF (0 V), (c) as-received sized and (d) as-received unsized carbon fibers.
SEM images of fiber surfaces pull-out from cured epoxy matrix droplets (i) CNT-g-CF (300 V), and (ii) as-received sized carbon fiber. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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evident in the fracture cross-sections, with multiple textured microflow
initiation sites and scarps extending into the matrix around the as-re-
ceived sized fiber (Fig. 6(c)). The fracture plane of the matrix and the
as-received sized fiber are coincident and consistent with a good in-
terface between the two constituents, as confirmed by the high inter-
facial shear strength (102.6 ± 7.7MPa). In contrast, as-received un-
sized fibers not only exhibited debonding (Fig. 6(d), indicated by a
white arrow) but also fiber pull-out as a result of the poor compatibility
between fiber and matrix, leading to a less effective stress transfer
(58.7 ± 2.9MPa). CNT-g-CF produced with an applied potential dif-
ference (300 V) exhibited a much better fiber/matrix adhesion; conse-
quently, no debonding or pull-out were observed on fracture surfaces.
Cracks in the matrix surrounding the CNT-g-CF (300 V) samples were
observed (Fig. 6(a)) as a consequence of the stress transfer and the high
interfacial shear strength (100.6 ± 5.1MPa). Fracture surfaces for
CNT-g-CF (0 V) (Fig. 6(b)) samples showed that partial debonding and
fiber pull-out had occurred, which correlated with the lower interfacial
shear strength (70.6 ± 12.6MPa) when compared to CNT-g-CF
(300 V).

Single fiber pull-out: The single fiber pull-out tests showed similar
relative trends to the single fiber fragmentation tests (Fig. 6); however,
the absolute values and relative spread are smaller. The interfacial
shear strengths determined using single fiber fragmentation tests also
relate to fiber strength, which can magnify variations; in contrast, only
the interface, not the fiber, fails in a single fiber pull-out test. Tabulated
results from the single fiber pull-out tests, additional micrographs, and
the population linear fit for maximum force against embedded area are
available in the SI S11. The interfacial shear strength between CNT-g-
CF (300 V) and the epoxy matrix increased by 7% and 3% compared to
as-received unsized and bi-catalyst precursor coated carbon fibers, re-
spectively. The highest apparent interfacial shear strength was de-
termined for the as-received sized sample, then CNT-g-CF (300 V)
which was slightly lower, in this instance a decrease of 8%. The surface
of the CNT-g-CF (300 V) pulled-out of was still coated by a thin layer of
epoxy with CNTs visible below this layer (due to electron beam pene-
tration into the surface) [64], suggesting that the interfacial failure
occurred in the matrix region surrounding the CNT-grafted carbon fiber
(Fig. 6(i), SI S11, Fig. S.13(a)), in agreement with fragmentation cross-

sections (Fig. 6(a)). CNT-g-CF (0V) had one of the lowest interfacial
shear strength in this series, resulting in generally clean failure surfaces
of the single fiber model composites (SI S11, Fig. S.13(b)) but occa-
sional small regions of CNTs were observed, attached to their surface
(highlighted by an arrow). As the CNT-g-CFs (0 V) were passed through
the furnace at high temperatures no sizing remained; moreover, the
coverage of the fibers with CNTs was poor and, leading to a poor in-
teraction with the epoxy matrix. Bi-catalyst precursor coated fibers
showed a slight improvement over as-received unsized fibers, but lower
than as-received sized fibers, suggesting that the catalyst precursor
deposition did not remove the sizing completely (confirmed by TGA,
Section 3.6).

Numerous papers have been published investigating the adhesion
between CVD synthesized CNT-g-CF and polymer matrices (Tables 2
and 3). Although the definition of the fiber diameter is critical when
determining the apparent interfacial shear strength of CNT-g-CF, the
actual fiber diameter is often unclear or ill-defined in the literature.
There are two approaches, using the overall CNT-g-CF diameter, which
includes the cross-sectional area containing the CNTs [60] or only the
diameter of the fiber substrate [18,59,65–68]. There are no specific
standards for either single fiber fragmentation tests nor single fiber pull-
out tests, yet there is a large body of literature for traditional fiber-
matrix systems [69]. Relative differences between a baseline sample
and modified samples are typically preferred rather than absolute va-
lues due to large testing variability. However, the choice of a suitable
baseline sample is also problematic; whilst most researchers choose the
as-received starting fiber, if this control is unsized or desized then the
absolute values reported are only an improvement over the untreated/
industrially treated carbon fiber surface [70], which potentially can
have inherently poor fiber-matrix compatibility [71]. It may be more
appropriate to include a sized fiber reference, depending on the system.
The most prominent method to determine the fiber-matrix interfacial
shear strength is the single fiber fragmentation test. In comparison with
the literature (Fig. 7), the interfacial shear strength of CNT-g-CF (300 V)
determined by single fiber fragmentation is amongst the highest values
reported.

Generally, it can be seen from the literature that an increase in
fiber/matrix interfacial shear strength is reported when CNT-grafted

Table 2
Reported apparent interfacial shear strength (IFSS), critical fiber length (lc), fiber strength at critical length (σlc), fiber diameter (d), CNT-grafted-carbon fiber (CNT-g-
CF), percentage difference of IFSS for baseline and CNT-grafted-CF (% dif.) determined from single fiber fragmentation tests for CNT-grafted-carbon fibers compared
to controls.

Carbon fiber (Baseline) Carbon nanotube-grafted-carbon fiber

Fiber substrate Matrix IFSS (MPa) lc (µm) σlc (GPa) d (µm) IFSS (MPa) lc (µm) σlc (GPa) df (µm) % dif.

Single fiber fragmentation test
Amoco T300 [65] Desized P(VEAc) 2.90 2340 ± 40 – 4 13.78 2340 ± 40 – – 375
Granoc YS-50-30S [72] Desized Epoxy – 450 ± 80† – 7† – – – – 15
Toray M40B [67] Unsized Epoxy 28.4 444 3.83 6.6 31.5 395 3.77 – 11
Hexcel IM7 [61] Unsized PMMA 12.5 ± 0.2 1750 ± 40 7.36 5.2 15.8 ± 0.4 1310 ± 40 7.07 5.2 26
Toray T300 [73] Desized Epoxy 17.4 760 3.53 7.5 47.8♣ 320 4.07 7.5 175
Grafil 34-700 [74] Unsized Epoxy – 600 ± 90† – 7 –♣ – – – –
Toray M40B [75] Unsized Epoxy 28.1 ± 5.5 448 ± 124 3.77 ± 0.06 6.6 32.0 ± 6.1 395 ± 115 3.83 ± 0.05 6.6† 14‡

TohoTenax HTR40 [23] Unsized Epoxy 35.4 ± 3.91 810 ± 100 8.21 ± 0.68 7† 37.4 ± 4.00♣ 800 ± 130 8.48 ± 0.48 7† 6‡

Thornel T650 [66] Sized Epoxy > 101.6 < 383 10.59 7.3 86.6♣ 229 5.98 6.5 −15
Cytec T-300 [60] Sized Epoxy 36.9 ± 8.3 660 ± 120 6.8 ± 0.7 7 ± 0 70.0 ± 12.5 480 ± 80 3.3 ± 0.35 17.1 ± 0.4 90
UKN-M [68] Sized† Epoxy 28 ± 5 772 ± 45† 5.7 ± 1 7.5 ± 0.5 65 ± 9♣ 262 ± 15† 4.6 ± 0.8 7.5† 132
Toray T700SC-50C [59] Sized† Epoxy 15.94 ± 2.01 980 ± 123 4.400 7 91.52 ± 10.89 305 ± 34 5.732 7 474
Cytec T-300 [18] Sized Epoxy 53.2 ± 6.0 440 ± 50 6.6 ± 0.2 7 65.7 ± 9.9 310 ± 40 5.7 ± 0.6 7 24
Toray T700S [76] Sized Epoxy 20.1 ± 1.06 826 ± 39.0 4.80 ± 0.03 7 66.0 ± 4.16 277 ± 14.3 5.22 ± 0.05 7† 228
Hexcel AS4C-GP-12K-8

(this work)
Sized Epoxy 102.6 ± 7.7 345.6 ± 30.6 10.3 ± 0.3 7.0 100.6 ± 5.1 351.0 ± 19.7 10.1 ± 0.4 7.0 −2‡

Key: ‡ = mean values generated are within error, when error is presented. Unsized i.e. never sized as-received, Sized by manufacturer, Desized the as-received size is
removed. P(VEAc) = polyvinylethylacetate, PMMA=poly(methyl methacrylate), † = details not readily available or specified in text and are taken from graphs
using Graph Grabber (V1.5.5, Quintessa Ltd, UK), previous papers, or from a manufacturer data sheet. ♣ = additional coating on the carbon fiber MgSO4, SiO2, AlxOy

or pyrolytic carbon, polymeric functional coating poly(styrene-alt-[dipotassium maleate]), for example. CNT-g-CF values detailed in each instance are highest
reported with as-received sized base-lines sample presented where available, in preference over unsized/desized baselines.
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Table 3
Reported apparent interfacial shear strength (IFSS), embedded fiber length (le), maximum force (Fmax), fiber diameter (df ), CNT-grafted-carbon fiber (CNT-g-CF), tow
diameter (dtow), percentage difference of IFSS for baseline and CNT-g-CF (% dif.) for CNT-grafted-carbon fibers compared to controls for microdroplet-debonding,
single fiber pull-out, single fiber push out and fiber bundle pull-out test.

Carbon fiber (Baseline) Carbon nanotube-grafted-carbon fiber (CNT-g-CF)

Fiber substrate Matrix IFSS (MPa) le (µm) Fmax (mN) df (µm) IFSS (MPa) le (µm) Fmax (mN) df (µm) % dif.

Microdroplet-debonding test ¥
T300 [77] Unsized Epoxy 65 ± 3† 60–95† 85–135† 7.0 ± 0.1 135 ± 9†♣ 58–85† 125–268† 7.0 ± 0.1 108
T300 [78] Unsized Epoxy 65 ± 3† 60–95† 85–135† 7.0 ± 0.1 126 ± 9† 58–85† 117–250† 7.0 ± 0.1 94
T-300 [79] Sized Epoxy 121 – – – 166 – – – 37
Tianniao HT CF [80] Sized Epoxy 43 ± 3† – – 7–10 55 ± 6†♣ – – – 28
Argon Ltd. UKN-M-12k-1 [81,82] Sized PUR 12.0 ± 0.9 – 146 ± 18 7 29.3 ± 1.1♣ – 320 ± 25 7.1–12† 144

Single fiber pull-out test
Sigri C320.00A [50] Unsized Epoxy 75.2 ± 4.2 45–95† 62–162† ∼7.5 118.3 ± 1.9 18–42† 43–119† ∼7.5 57
Zoltek CF PET [83] Desized PET – 1000 500 8–10 – 1000 1000 – 88
Inter-Turbine Advanced Logistics

CF [84]
Sized† Epoxy 27.4 ± 2† – 28–51† 5–8 46.8 ± 1.1† – 15–61† – 71

Hexcel AS4C-GP-12 K-8 (this work) Sized Epoxy 79.7 ± 2.5 47.7–107.2 65–186 6.9 73.3 ± 1.6 30.8–88.8 47–165 7.0 −8

Single fiber push-out test
Sigri C320.00A [50] Unsized Epoxy 49.5 ± 1.4 15–40 – ∼7.5 50.6 ± 2.8 15–40 – ∼7.5 2‡

T300 CF [85] Sized Δ 71 ± 16♣ 250 475† ∼7 >116♣ 250 >640† ∼10 63
T300 CF [40] Sized Δ 45 ± 17.3♣ 270–300 235† 7.5 > 98♣ 270–300 >630† 25–30 118
Toray T700SC CF [86] Sized Epoxy 56.4 ± 5.3† 15–40 – 7 36.3 ± 8.3† 15–40 – ∼8 −37.5

Fibre substrate Matrix IFSS (MPa) le (mm) Fmax (N) dtow (mm) IFSS (MPa) le (mm) Fmax (N) dtow (mm) % dif.

Fiber bundle pull-out test (3k tow)
Grafil Pyrofil TR30S [37] Sized Epoxy 28.7 ± 2.87 200–2500† 6–139† – 31.8 ± 5.01♣ 400–3500† 5–69† – 11‡

Key: ‡ = mean values generated are within error, when error is presented. Unsized i.e. never sized as-received, Sized by manufacturer, Desized the as-received size is
removed. Carbon fiber (CF) used in-lieu when product details are omitted. PUR=polyurethane, PET=polyethylene terephthalate, Δ samples for single fiber push-
out using T300 CF [40,85] are pyrolyzed after initial polymer infusion (phenolic resin, and polycarbosilane/xylene, respectively) then further densified with
polycarbosilane. ¥ micro droplets of matrix on a fiber. † = details not readily available or specified in text and are taken from graphs using Graph Grabber (V1.5.5,
Quintessa Ltd, UK), previous papers, or from a manufacturer data sheet. ♣ = additional coating on the carbon fiber MgSO4, SiO2, AlxOy or pyrolytic carbon, polymeric
functional coating poly(styrene-alt-[dipotassium maleate]), for example. CNT-g-CF values detailed in each instance are highest reported with as-received sized base-
lines sample presented where available, in preference over unsized/desized baselines.

Fig. 7. Literature values of apparent interfacial shear strength determined from single fiber fragmentation tests (SFFT), microdroplet debond (MD-SFPO), single fiber
pull-out (SFPO), single fiber push-out (SF-PushOut) and fiber bundle pull-out (FBPO) tests from Tables 2 and 3, including our values from this work (literature values
have error bars omitted). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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carbon fibers are used as reinforcement, when compared to control fi-
bers, but the extent of the improvement varies dramatically, up to
474%, with an average of 84%. The most commonly studied matrices
are epoxies, most likely due to ease of sample preparation, and practical
relevance. When thermoplastic matrices are used, relative increases in
interfacial shear strength between 26% and 375% have been reported,
but the control fiber/matrix interfacial shear strengths are typically low
(<∼15MPa). The largest average improvements are observed by the
single fiber fragmentation method, since the load is progressively
transferred between the matrix and the fiber (up to fiber failure or local
debonding); in other test methods, a single debonding event causes
interfacial failure of the whole.

3.4. Surface area of (CNT-grafted-)carbon fibers

The specific surface areas for all samples were below 1m2 g−1

(Table 1), but these low values are expected for as-received and bi-
catalyst precursor coated fibers. All samples showed a Type II adsorp-
tion isotherms (in SI S12) characteristic for a non-porous structure in
accordance with the IUPAC classification [87]. The length of CNTs
grown in the continuous CVD set-up were significantly shorter than
those grafted onto carbon fibers in batch CVD reported in the literature
[43], and yet still showed ∼90% increased specific surface over the as-
received sized fibers. By simple geometric arguments, assuming the
CNTs to have a surface area of 260m2 g−1, the increase indicates that
the CNT (300 V) loading is around 0.1 wt% relative to the carbon fiber.
This value is consistent with the thin, porous layer of CNTs grafted to
the fiber surface.

3.5. Raman spectroscopy analysis of (CNT-grafted-)carbon fibers

As-received sized/unsized and bi-catalyst precursor coated carbon
fibers all had Raman spectra characteristic for PAN-based carbon fibers,
exhibiting both D- and G-modes (IG/ID ratios tabulated in Table 1,
combined and normalized spectra available in SI S13). For CNT-g-
CF synthesized in the presence of an applied potential difference
(300 V), the emergence of the 2D-mode (also known as G′ band) at
∼2700 cm−1 in addition to a more prominent D- and G-mode shar-
pening [88] indicates that reasonably crystalline CNTs were grafted
onto carbon fibers. There was a negligible difference in the Raman
spectra for CNT-g-CF in the absence of an applied potential difference
(0 V) over the as-received fibers, no mode sharpening was observed,
indicating no significant CNT contribution.

3.6. Thermal stability of (CNT-grafted-)carbon fibers

TGA (data in SI S14) showed that the synthesized CNT-g-CFs
(300 V) are stable through the range of temperatures used for composite
manufacture. The weight loss at 400 °C for as-received sized and bi-
catalyst precursor deposited carbon fiber samples was predominately
due to the loss of sizing (applied by the manufacturer) and accounted
for approximately 0.4 wt% for both fibers. The sizing remaining after
deposition of the catalyst precursor explains the slight improvement in
interfacial shear strength for bi-catalyst precursor coated over unsized
as-received carbon fibers (Section 3.3). Whilst there was a small de-
crease in the onset degradation temperature (99 wt% of original mass in
air, Table 1), ca. 490 °C, the CNT-g-CF (300 V) were stable well above
the conditions required to process and cure typical epoxy matrices
(typically 150–180 °C) and are even suitable for high temperature
thermoplastics, such as polyetheretherketone (PEEK, 380–400 °C).**

3.7. Onset potential difference for enhanced carbon nanotube synthesis

Although the application of a potential difference of 300 V is suffi-
cient to improve the synthesis of CNTs on carbon fibers, the continuous
CVD set-up provides a convenient route to experimental investigation
and optimization. As example, the minimum onset potential was es-
tablished, by varying the applied voltage (0–200 V, in 50 V incremental
steps) whilst using otherwise constant continuous CVD synthesis con-
ditions for CNT-g-CF (Experimental Section 2), including catalyst pre-
cursor loaded substrate, gas flows, temperature, and dwell durations. A
one-meter long section (of a continuous tow) was passed through the
reactor for each set potential difference. SEM analysis (SI S15) showed
that enhanced CNT growth was only observed at an applied potential
difference exceeding 150 V, with increased CNT growth observed on
further increasing the potential difference. The specific enhancement
mechanism is unclear but is likely to include modifications of the cat-
alyst mobility or changes to the catalyst (electro)wetting characteristics
[89–91], Coulombic effects altering the catalytic activity/particle size
and dissolution behavior, or a combination thereof. Further increases in
the potential difference between electrodes are limited by the electrical
breakdown threshold of nitrogen (arcing), which is also dependent on
the specific electrode materials, geometries and displacement. These
CNTs synthesis conditions are incompatible with generating or sus-
taining a plasma [43], the electrodes maintained a fixed potential dif-
ference, and no characteristic plasma glow was observed.

4. Conclusions

A continuous open–ended chemical vapor deposition (CVD) reactor
has been developed for producing carbon nanotube–-
grafted–carbon fiber (CNT-g-CF) in a spool to spool fashion. The ap-
plication of a potential difference to the fibers in-situ, was critical to
enable the growth of a homogenous, thin layer of nanotubes. This truly
scalable manufacturing process, shown on the tow scale, crucially
preserves the fiber mechanical, and fiber-matrix interfacial properties;
both are critical factors for the successful use of CNT-g-CF for composite
applications. The methodology could, in principle, be incorporated into
traditional carbon fiber production. The carbon nanotubes grafted to
carbon fibers had an average diameter ∼10 nm and lengths ∼125 nm,
which are suitable for use in composites without reducing fiber volume
fraction. The major benefit of the potential difference enhanced con-
tinuous CVD CNT–g-CF production is that it may be carried out without
laborious pre–treatment(s) to the carbon fiber surface, an important
step forward towards commercialization and improved properties. The
potential benefits of such hierarchical reinforcement in composites are
indicated by single fiber micromechanical tests; the fiber/matrix ad-
hesion in epoxy was similar for CNT-g-CF synthesized with an applied
potential difference (300 V) to those of commercially-sized carbon fi-
bers, potentially approaching the shear strength of the matrix. The
hierarchical reinforcements will be particularly relevant to systems
where traditional modifications to fiber surfaces are underdeveloped,
for instance in thermoplastic composite systems requiring high pro-
cessing temperatures or high temperature use thermosets systems
(polyimide, for example). They are also relevant to composites re-
quiring enhanced electrical or thermal conductivity, for example for
structural health monitoring, electromagnetic shielding, or improved
fire performance.
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