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Growth of carbon nanotubes (CNT) or carbon nano-fibres (CNF) on carbon fibrous substrates is a way to
increase the fracture toughness of fibre reinforced composites (FRC), with encouraging results reported in
the recent years. If these nano-engineered FRC (nFRC) are destined to leave laboratories and enter indus-
trial-scale production, a question of adapting the existing composite manufacturing methods will arise.
The paper studies compressibility of woven carbon fibre performs (two types of fabrics) with CNT/CNF
grown on the fibres using the CVD method. The results include pressure vs thickness and pressure vs fibre
volume fraction diagrams for one and four layers of the fabric. Morphology of the nFRC is studied with
SEM. It is shown that the pressure needed to achieve the target fibre volume fraction of the preform
increases drastically (for example, from 0.05 MPa to more than 0.5 MPa for a fibre volume fraction of
52%) when CNT/CNF are grown on it. No change in nesting of the fabric plies is noticed. The poor com-
pressibility can lower the achievable fibre volume fraction in composite for economical vacuum assisted
light-RTM techniques and increase the pressure requirements in autoclave processing.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Nano-tailoring of fibre reinforced composites (FRC) was at-
tempted soon after the discovery of carbon nanotubes (CNT).
Introducing CNT or carbon nano-fibres (CNF) as an additional hierar-
chical level of heterogeneity in FRC (nano–micro–meso–macro) is
intended to solve the intrinsic controversy of FRC (especially high-
end carbon-reinforced): high stiffness and low toughness. The latter
is caused by brittleness of the hard thermoset matrices and carbon
fibres, and by stress concentrations at the fibres-matrix interface.
When CNT/CNF are placed in the matrix or on the fibre surface, crack
initiation and propagation in the matrix or on the interface are
hindered thanks to several possible mechanisms. Some of these
mechanisms have the same nature as in CNT/polymer composites
(without fibres): cracks bridging by CNT/CNF, crack deflection,
blunting of the crack tip, etc. [1]. Other mechanisms, related to the
redistribution of stresses and changing of the stress concentration
factors, are specific for the hierarchical mixture of nano- and
micro-reinforcements [2].
ll rights reserved.
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Composites, which combine nano-reinforcements with conven-
tional micro-meso hierarchy of FRC, are called by some authors
‘‘hybrid’’ or ‘‘hierarchical’’. The former term may be misleading in
composites parlance, as ‘‘hybrid composite’’ normally means
‘‘composite combining different types of fibres’’ (i.e., glass/carbon
hybrid). The latter term does not really distinguish the composites
with nano-reinforcements, as any FRC has a hierarchy of the struc-
ture (micro (fibres)–meso (yarns or plies)–macro (part)) [3,4]. We
will use a term ‘‘nano-engineered fibre reinforced composites’’
(nFRC) to designate the class of materials under consideration.

There are several ways to create nFRC. CNT, for example, can be

– dispersed in the matrix;
– dispersed in the sizing of the fibres, hence concentrating on the

interface between the fibres and the matrix;
– introduced as a special ply in a laminate with CNT grown on a

substrate;
– grown on the fibrous reinforcement (unidirectional or textiles),

which creates a ‘‘forest’’ of CNT/CNF on the surface of the fibres
(also called below ‘‘CNT/CNF-grown-on fibres/fabrics’’).
For the literature on the subject and an overview of the production
methods of nFRC and their mechanical properties the reader is
referred to the recent comprehensive reviews [5,6] of these
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Fig. 1. Typical compression diagram of a fibrous preform. The dashed rectangle
indicates a practical range of the thickness and pressure for composite processing.
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methods. As shown in [5–8], the recent research has demonstrated
that it is possible to achieve a significant increase in toughness
after addition of CNT to fibre reinforced composite: such properties
as fracture toughness GIc, interlaminar shear strength in nFRC are
higher in comparison with FRC without nano-additions by a factor
which may be as high as 3.

The last method in the list above, namely growth of CNT/CNF on
the surface of the fibres, is the subject of the present paper.

This work originates from a simple observation in the lab. At
one stage in the research CNT were grown on unidirectional (UD)
carbon fibre plies from which prepregs were made and laminates
were produced in an autoclave. The pressure used (about 1 bar)
was enough for compaction of the laminate without CNT up to
fibre volume fraction of 60%. However, when the same pressure
was applied to the prepregs containing CNT-grown-on UD-plies,
the volume fraction of the laminate was only 36%. The plate thick-
ness increased almost twice. This indicated a drastic change of the
compressibility of the fibrous plies after grafting them with CNT.
This observation ‘‘triggered’’ the research effort described in this
paper, which examines compression properties of dry fabrics with
CNT/CNF grown on them.

The compressibility of a fibrous preform is defined as a depen-
dency of the preform thickness h on the pressure p applied to its
surface: h = f(p). It is an important property as it largely affects pre-
form processability and quality of a composite part. For composite
manufacturing processes with a constant hydrostatic pressure ap-
plied to the reinforcement (such as vacuum infusion, light RTM,
autoclave), the compressibility will largely define the fibre volume
fraction in the composite part. This is because the thickness di-
rectly defines the fibre volume fraction Vf by an equation Vf

(p) = (m/q)/h(p), where m is the areal density of the preform, q is
the physical density of the fibres. If the preform is not compressible
enough, the economical vacuum infusion process cannot be used to
produce parts with a sufficiently high fibre volume fraction. This is
because the pressure is limited by 1 bar (0.1 MPa), as a flexible vac-
uum upper bag/mould on rigid lower mould is used. In the RTM
process, with two rigid moulds on both sides of the preform, the
compressibility of the latter defines the force needed for closing
the mould. In RTM processes with one semi-deformable (rubber
or composite) mould the resistance of the preform to compression
defines the deformation of the rubber part of the mould and hence
the precision of the final part thickness.

The compressibility of fibrous assemblies in general (fabrics,
non-wovens, bulk fibres like wool) and of composite reinforce-
ments in particular is well understood. The reader is referred to
[9–13] and the bibliography in these papers for a deeper insight
in the mechanical phenomena, measurement methods and models
of the compression of composite preforms. The compressibility is
controlled by such parameters of the preform structure and fibre
properties as bending rigidity of the fibres, their waviness (crimp),
tightness of the yarn packing, defined by the yarn twist, inter-yarn
and inter-fibre porosity, presence of sizing. A typical pressure vs
thickness diagram is shown in Fig. 1. The figure shows three suc-
cessive cycles of compression of the same sample. For each cycle,
region I of the diagram (low pressure) is controlled by change of
the fibre crimp, and the low compression resistance is given by
low bending resistance of the fibres. Region II is intermediate. In
the high pressure region III the fibres come close together, the
number of contacts of between them increases dramatically, there
is no more freedom for the fibres to bend, and the resistance to
compression is more and more defined by high Hertzian contact
forces rather than by bending of the fibres. Fibres (glass, carbon,
aramid, etc.) themselves can be considered as not compressible
in the range of pressure used in composite manufacturing. Hence
there exists a limit for the compaction [11,14] – a horizontal
asymptote for the pressure-thickness diagram. If the compaction
load is released and then applied again in a second, third, etc. cycle,
then a certain part of the deformation is not recovered when the
load is released, and the thickness under given load decreases for
each successive cycle. Typically after the third cycle the differences
between the subsequent cycles become negligible. For typical com-
posite preforms the practically interesting region of the final state
of the preform on the compression diagram is shown in Fig. 1 by
the rectangle. It corresponds to a fibre volume fraction of 50–
60%. To reach this range, a typical preform has to be compacted
into regions II–III of the diagram, with pressure from the vacuum
range (0.8–1.0 bar) up to several bars.

As the regions II–III correspond to quite tight packing of the fi-
bres, it is no surprise that growth of CNT/CNF on the fibre surface
can affect the conditions of this packing. The questions, which we
address in this paper, are:

– Does coverage of fibres with CNT/CNF change significantly the
compaction resistance of a typical composite preform?

– Should the change of compaction behaviour of CNT/CNF-grown-
on preform be taken into account during manufacturing of nFRC?

For this exploratory study, common and widely used woven carbon
fibre reinforcements were selected as baseline materials. CNT/CNF
were grown on the fibres using a Chemical Vapour Deposition
(CVD) method with catalyst particles distributed on the fibres.
No attempt was made in this study to optimise growth parameters
and processing conditions, such as catalyst distribution on the
fibres, weight fraction of the CNT/CNF, etc. We also leave aside
extremely important problems of possible deterioration of proper-
ties of the carbon fibres due to the interaction with the catalyst.
Our aim is to determine, whether CNT/CNF-growth poses any
problem for composite manufacturing and to estimate the serious-
ness of the above problems, rather than to find optimised solutions
for the growth.

According to the authors’ knowledge, these questions, in spite
of the obvious practical importance, were never addressed before.
They stay in line with other aspects of processing of nFRC, which
are starting being addressed in the literature [15]. If CNT/CNF-
growth on fibrous preforms is destined to leave the laboratories
and enter composites production facilities, they have to be an-
swered and, if answered in the affirmative way (as it will be shown
in the paper), have to be followed by research programs for optimi-
sation of the current FRC-processing technologies for new nFRC.
2. Materials and the CNT/CNF growth process

Parameters of the fabrics, chosen as the baseline materials and a
substrate for growth of CNT/CNF, are shown in Table 1. Fig. 2
depicts the surface view of them. The fabrics were processed in



Table 1
Parameters of the carbon woven fabrics.

Fabric ID A B
Producer TenCate Porcher

industries
Weave 5H satin Plain
Warp/weft yarns 3K Torayca� T300J 3K HS
Ends/picks count

(yarns/cm)
6.4/6.4 5.0/5.0

Areal density (g/m2) 280 200
Fibre diameter (lm) 7 7
Presence of sizing No, de-sized at manufacturer prior

to delivery
Yes

Table 2
Parameters of the CVD processes.

Lab University of
Twente

Nanocyl

Fabric ID A B
Dimensions of the fabric

sample
26 � 31 cm 4 � 25 cm

Deposition of catalyst precursor
Catalyst precursor Nickel nitrate Iron + cobalt salts
Catalyst solvent Acetone Water + ethanol
Temperature of the

impregnation
25 �C RTa

Drying time 10 min 12 h
Drying temperature RT RT
Drying conditions Air Air

Heating up to the reaction temperature (inert)
Temperature 600 �C 750 �C
Time 90 min 45 min
Gas Nitrogen Nitrogen
Flow rate 2 l/h 2 l/h

Reduction of metal salts
Temperature 600 �C n/a
Time 60–90 min n/a
Gases N2:H2, ratio 70:30 n/a
Flow rate 0.666 l/h n/a

CNT/CNF growth
Temperature 600 �C 750 �C
Timeb AG: 37 min BG1: 10 min; BG2:

15 min
Gases N2:C2H4:H2

(50:40:10)
N2:C2H4:H2 (50:40:10)

Flow rate 2 l/h 4 l/min

a RT: room temperature.
b The times shown correspond to the samples AG, BG an BG2 (see Table 3); one

can vary the growth time according to the desired amount of the growth.
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two laboratories: University of Twente (fabric A) and company
Nanocyl (fabric B). The fabrics are different by the weave style,
but have not-that-different ends/pick count and areal density. Fi-
bres in fabric A have no sizing (de-sized at manufacturer’s), fibres
in fabric B are sized. Table 2 summarises parameters of the CVD
process used in the two labs.

The size of the substrate used for growth of CNT/CNF (shown in
Table 2) is limited by the dimensions of the reactors in the labs.

CNT/CNF were grown using the following steps:

1. Deposition of the catalyst precursor: the fabric is immersed in a
solvent containing the catalyst precursor and is dried after-
wards at room temperature in open air.

2. The sample is then heated up to the temperature used in the
growth process in an inert atmosphere

3. For fabric A the metal salts on the fabric are reduced into pure
catalytic metal particles (hydrogenation of nickel nitrate to ele-
mentary nickel); for fabric B this step is omitted, as in prepara-
tion of this test series Nanocyl has tried growth with and
without a reduction step and no differences were observed in
the quality or yield of the growth. During the steps 2 and 3
the sizing on the carbon fibres should be burned out.

4. CNT/CNF growth: the fabric is processed in the gas chamber
with N2:C2H4:H2 (proportion 50:40:10) for the time chosen
to achieve the desired yield of the growth.

Catalysts, gases used in the different steps, duration and tempera-
ture of the processing are shown in Table 2, for the two processes
adopted in the two labs.

Table 3 summarises parameters of the samples which were
tested in compression. At the University of Twente samples with
one CNT/CNF growth loading level has been produced, using fabric
A. This material is labelled AG. In Nanocyl two types of samples
were produced (using fabric B), with lower and higher growth
Fig. 2. Scanned surfaces o
loading. These samples are referred to as BG1 and BG2. Apart from
production of the grown-on samples, the fabrics were also tested
for compressibility after they were only subjected to catalyst depo-
sition and thermal treatment at the temperature of the growth
step, without N2:C2H4:H2 gas flow (these samples are referred to
as AC and BC). Table 3 shows dimensions and a number of fabric
samples for each group, the change of mass of the fabric during
the growth process.

The data in Table 3 show that addition of Ni catalyst (fabric A)
increases the sample mass by 0.5%. This corresponds well to the
fact that there is no sizing on the fibres to be burned away. The
negligible change of the fabric mass after catalyst deposition was
confirmed by TGA analysis. When Fe catalyst treatment is used
for fabric B (see Table 3) the sample mass has decreased by 7.7%
f the fabrics A and B.



Table 3
Fabric samples used for compression tests.

Lab University of
Twente

Nanocyl

Fabric ID A B
Fabric samples catalyst treated

only – sample ID
AC BC

Number of samples 1 5
Relative mass, % (the mass of

virgin fabric = 100%)
100.5 92.3 ± 0.3

Fabric samples with CNT/CNF
growth – sample ID

AG BG1 BG2

Number of samples 1 5 5
Relative mass, % (the mass of

virgin fabric = 100%)
106.5 105.9 ± 1.4 110.6 ± 0.3

Note: ‘‘±’’ means standard deviation.
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against the mass of the virgin fabric. This can be partially explained
by burning away the sizing.

Fig. 3 shows catalyst particles on fibres after the treatment. The
size of the particles varies from 20 to 150 nm (fabric A) and from 5
to 10 nm (fabric B). After CNT/CNF growth, the mass of the samples
increases by 6.5% (sample AG), 5.9% (BG1) and 10.6% (BG2) in rela-
tion to the mass of the virgin fabric. However, if the change of mass
after catalyst treatment is taken into account, then the mass of the
growth in relation to the mass of the fibres without sizing is 6.0%
(AG), 14% (BG1) and 18% (BG2). The grown CNT/CNF were in-
spected under SEM and TEM. A piece of fabric with the width of
about 1 cm was cut out, and a yarn was carefully taken from this
strip and placed under SEM. Because of this handling, one cannot
exclude certain loss of the grown CNT/CNF from the surface of
the fibres. For TEM observations the grown CNT/CNF were mechan-
ically removed from the fibres and inspected under TEM.
Fig. 3. SEM images of carbon fibres after c

Fig. 4. SEM images of carbon fibres with CNF growth, samples AG: (A) di
Figs. 4 and 5 show SEM and TEM images of samples AG. One
observes quite even distribution of the growth over surface of the
fibres (Fig. 4A) and absence of amorphous carbon phase. The catalyst
particles can be seen on the ends of CNF. Higher magnification SEM
images (Fig. 4B and C) and TEM (Fig. 5) show that the growth consists
of CNF, probably with cup-type morphology, of different diameters:
thin ones, with diameter in the range 20–50 nm, and very thick CNF
with diameter about 200 nm. The CNF are organised in a dendrite-
like structure covering the carbon fibres.

Figs. 6 and 7 show SEM and TEM images of samples BG1/2. On
the samples BG1 one notices not-so-even coverage of the carbon fi-
bres surface and strong diameter distribution of the CNT/CNF
(Fig. 6A). The BG1 samples exhibit a considerable non-homogeneity
in the growth yield: the standard deviation of the mass of the
grown-on samples is 1.4%, with the average growth loading of
5.9% in comparison with the virgin fabric (Table 2), and the range
of the mass increase from 4.3% to 7.6%. Fig. 6B shows SEM images
of samples BG2. There is a good reproducibility of growth yield
for these samples: the standard deviation is 0.3%, with the average
mass increase of 10.6% (Table 2) and the range of the mass increase
from 10.3% to 11.0%. There is a rather good homogeneity of cover-
age of the fibres. Two populations of CNT/CNF are present (Fig. 7).
On the surface of the fibres CNT with diameter about 20 nm are ob-
served. The tubular structure of the CNT is clearly seen in TEM
images of Fig. 7. In the inter-space between the carbon fibres cup-
type CNF are seen with diameter 50–100 nm.
3. Measurement method

Compression tests were done on a displacement-controlled
testing machine Instron 4467 with a load cell of 1 kN. The test
atalyst treatment, samples AC and BC.

stribution of the CNF over the fibre surface; (B, C) two types of CNF.



Fig. 5. TEM images of CNF growth, samples AG: (A) a thick CNF; (B) thinner CNF with dendrite organisation.

Fig. 6. SEM image of carbon fibres with CNT/CNF growth, samples BG1 (A) and BG2 (B).
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speed was 1 mm/min. Fig. 8 illustrates the measurement tech-
nique. A self-aligning compression rig with a ball-pivot bottom
platform (Fig. 8A) was used. When the first test is done without
the sample, the platform aligns itself with the upper plate, fixed
in the moving crosshead of the machine. After that, three tests
are done without a specimen, to establish a calibration curve
(Fig. 8B), which allows calculating the compressed sample thick-
ness h under the load F, accounting to the compliance of the rig:
h(F) = X(F) � X0(F), where X(F) and X0(F) are the displacement, cor-
responding to force F in the tests with the sample and without it.
The standard deviation of the calibration curve X0(F) is in the range
of 0.0015–0.0017 mm for the whole range of the applied force
(maximum 900 N). This is about 1.5–1.7% in relation to the total
displacement of the compression platform under this force in the
calibration test (0.10 mm).

The tests were done on one and four layers of the fabric, which
allows estimating the nesting effect [13]. In the case of four-layer
specimens the plies were oriented in the same way (coinciding
warp directions). Three successive cycles of compression were per-
formed to measure the compressibility in the relaxed and the ‘‘set’’
state of the preform [12,16]. The diameter of the round upper plate
and the compression platform is 70 mm, which is more than the
width of the fabric B strips (samples BC, BG1, BG2). This does not
apply to fabric A samples. However, for the both fabrics the
specimens with approximate dimensions 40 � 40 mm were cut
out and put in the compression device.



Fig. 7. TEM images of CNF growth, samples BG: (A) CNF; (B, C) CNT.
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The dimensions of the fabric specimens are measured with a
considerable error because of difficulties of straight cutting of a
non-stable fabric. When a four-ply specimen is prepared, the sizes
of the plies in the stack are somewhat different. The minimum ply
dimensions in the stack of four plies were taken for the processing
in this case. To assess the acceptability of the measurements on the
small specimens in comparison with the larger sample, the dia-
grams p(h), obtained from measurements on 40 � 40 mm speci-
mens of the virgin fabric A, were compared with the pressure vs
thickness diagrams, measured in the centre of square samples of
the same fabric with dimensions 150 � 150 mm. The difference
of the thickness of the fabric at the same pressure was about
0.005 mm, whilst the standard deviation of the thickness in both
test types was in the range 0.005–0.01 mm, with at least three
tests for every type of the sample. Therefore the measurements
on the 40 � 40 mm specimens were accepted as valid and all the
data quoted below are obtained on these specimens using the test
and the data processing procedure depicted in this section.

The load limit of 0.9 kN (safety of the load cell) gives a maxi-
mum pressure on the specimen of about 0.5 MPa. Compression
behaviour of CNT/CNF-grown-on reinforcements for higher loads
will be a subject of future work.

4. Compression diagrams

For each of the fabric samples (A, AC, AG; B, BC, BG1, BG2 with one
and four plies – 14 variants in total) compression tests were done on
three specimens (42 tests in total) with three consecutive cycles of
compression in each test. Figs. 9 and 10 give an overview of all the
compression measurements. All the data in these figures and else-
where in the paper are presented in terms of thickness of one ply,
which is directly measured for the case of one-ply specimen, or is
the total thickness of a four-plies specimen divided by four. One
out of three tests was selected for presentation in Figs. 9 and 10 –
namely, the test, for which the thickness of one ply at pressure
0.1 MPa is the closest to the average thickness in the three tests.

4.1. Different compression cycles

Analysis of the graphs presented in Figs. 9 and 10 shows that the
compression behaviour of all the tested fabric variants, including the
grown-on samples, follows the pattern typical for textile preforms as
schematically shown in Fig. 1: the fabric is ‘‘set’’ after the second cy-
cle, and the difference in thickness of the fabric at a given pressure
between the third and the second cycle is much less than between
the second and the first cycle. This behaviour is typically observed
in studies of compressibility of textile preforms [9,10,12,13]. Follow-
ing the practice in these studies the second compressive cycle is
taken as characteristic for the fabric compression resistance.

4.2. Variability and repeatability of compression diagrams

The measurements have shown a remarkable repeatability of
the compression behaviour of all the variants of samples. The
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Fig. 9. Compression diagrams – fabric A. Representative samples, three successive compression cycles (designated by numbers in the graph legends). See Table 3 for
abbreviations of the sample types.

B - 1 ply

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.1 0.2 0.3 0.4 0.5
pressure, MPa

th
ic

kn
es

s 
pe

r p
ly

, m
m

1
2
3

BC - 1 ply

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.1 0.2 0.3 0.4 0.5
pressure, MPa

th
ic

kn
es

s 
pe

r p
ly

, m
m 1

2
3

BG1/2 - 1 ply

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.1 0.2 0.3 0.4 0.5
pressure, MPa

th
ic

kn
es

s 
pe

r p
ly

, m
m BG1 - 1

2
3
BG2 - 1
2
3

B - 4 plies

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.1 0.2 0.3 0.4 0.5
pressure, MPa

th
ic

kn
es

s 
pe

r p
ly

, m
m

1
2
3

BC - 4 plies

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.1 0.2 0.3 0.4 0.5
pressure, MPa

th
ic

kn
es

s 
pe

r p
ly

, m
m

1
2
3

BG1/2 - 4 plies

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.1 0.2 0.3 0.4 0.5
pressure, MPa

th
ic

kn
es

s 
pe

r p
ly

, m
m BG1 - 1

2
3
BG2 - 1
2
3

Fig. 10. Compression diagrams – fabric B. Representative samples, three successive compression cycles (designated by numbers in the graph legends). See Table 3 for
abbreviations of the sample types.
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low variability of the specimen thickness under a given pressure is
illustrated in Table 4, which gives the thickness of one ply of fabric
samples under pressure 0.1 MPa (1 bar) for all the tested samples.
This characteristic will be shortly called in the rest of the paper
‘‘1 bar ply thickness’’. The coefficient of variation (CV) of 1 bar
ply thickness for all the samples is below 5%, and for majority of
the samples is about 3% or less.

Fig. 11 shows plots of fibre volume fraction in the sample vs
applied pressure for the second compression cycle of all the spec-
imens (three of each kind) of virgin, catalyst treated and grown-on
samples, allowing to assess the variability of the data for all the
range of pressure in the test. The fibre volume fraction is calculated
as Vf ¼ m � N=ðtðN; pÞ � qÞ, where t(N, p) is the thickness of N plies
under pressure p, m is the areal density of the fabric, given in Table
1, and q = 1.78 g/cm3 is density of carbon. It can be seen that the
variability of the sample thickness over the whole pressure range
follows the same trend as 1 bar ply thickness given in Table 4 as
discussed above.

The measured variability of the sample thickness under given
pressure corresponds to the behaviour typically observed for tex-
tile preforms [9,10,12,13]. This gives credibility to the measure-
ment technique used here and allows proceeding to the analysis
of changes in the compression behaviour caused by CNT/CNF
growth.



Table 4
Thickness of one ply of fabric samples under pressure of 0.1 MPa, the second compression cycle.

Number
of plies
(N)

Sample Variability, 3 tests Nesting De-sizing and catalyst
effecta

Effect of growth*

Average
thickness
t(N, 0.1 MPa)/
N (mm)

Standard
deviation
(mm)

Coefficient
of
variation
(%)

Thickness difference
tð4;0:1 MPaÞ=4� tð1;0:1 MPaÞ
(mm)

Nesting
coefficient
knestðN;0:1 MPaÞ
(%)

Thickness
change
(mm)

Relative
thickness
change (%)

Thickness
change
(mm)

Relative
thickness
change (%)

1 A 0.291 0.003 1.0 0 0
AC 0.252 0.001 0.4 �0.040 �13.6
AG 0.399 0.019 4.7 0.107 36.9

4 A 0.276 0.005 1.7 �0.015 �5.2 0 0
AC 0.244 0.001 0.6 �0.007 �2.9 �0.032 �11.5
AG 0.381 0.005 1.3 �0.018 �4.5 0.105 37.9

1 B 0.258 0.001 0.2
BC 0.267 0.001 0.5 0.009 3.4
BG1 0.314 0.003 0.8 0.056 21.7
BG2 0.343 0.017 4.9 0.084 32.7

4 B 0.216 0.007 3.3 �0.042 �16.2
BC 0.238 0.007 2.8 �0.029 �10.7 0.022 10.1
BG1 0.284 0.006 2.0 �0.030 �9.6 0.068 31.3
BG2 0.297 0.010 3.3 �0.046 �13.4 0.080 37.1

a In comparison with the virgin samples of the same fabric (A or B samples) and the same number of plies.
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Fig. 11. Fibre volume fraction in the tested samples vs applied pressure.
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4.3. Nesting

Nesting of plies of a multi-layer textile preform is an important
phenomenon, affecting the thickness of the preform and hence the
fibre volume fraction in the composite [13]. The fabric has a certain
surface relief and the layers of the fabric are positioned one in rela-
tion to another in a random manner. When the layers are com-
pressed together, the ‘‘hills’’ and ‘‘valleys’’ of two adjacent layers
‘‘nest’’ one into another. The total thickness t(N) of N layers
becomes less than the N � t(1), where t(1) is the thickness of one
separate layer. The reader is referred to [13,17,18] for a detailed
analysis of the geometrical aspects of the nesting effect in woven,
braided and non-crimp fabric laminates. Nesting naturally affects
the compression behaviour of textile preforms, resulting in de-
crease of the average thickness of one ply of multi-layered preform
for a given pressure in comparison with the thickness of one ply of
the same preform at the same pressure [12,13,16,19–25]. The same
effect can be expressed as an increase of the fibre volume fraction
of laminate, compacted under a given pressure, with increasing
number of layers of the laminate. Nesting of the layers in a
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laminate affects such properties of the composite as permeability
[26], compression strength [27], damage initiation and progression
[28–30].

Nesting can be characterised by the nesting coefficient, defined
as

knestðN; pÞ ¼
tðN;pÞ=N � tð1;pÞ

tð1; pÞ :

Table 4 shows the difference of the 1 bar ply thickness between 4-
ply and 1-ply laminates and the nesting coefficients knestð4;0:1 MPaÞ
for all the measured samples. The values of the nesting coefficients
knestð4;pÞ for the full pressure range from p = 0.02 to p = 0.5 MPa do
not differ from the values knestð4; 0:1 MPaÞ by more than 1%.

Two conclusions can be drawn from analysis of the values given
in Table 4. First, fabric A (5-harness satin) exhibits much lower
nesting than fabric B (plain weave), for virgin and grown-on fab-
rics, as well as for the fabrics in the intermediate stages of the
growth processing: the nesting coefficients for the fabric A are in
the range from 2.9% to 5.2%, for the fabric B in the range from
0.6% to 16.2%. This difference is explained by the lower roughness
of the surface of the satin fabric (A) in comparison with the plain
weave (B). The qualitative difference and the actual values of the
nesting coefficients are in agreement with the published theoreti-
cal analysis and experimental observations for plain weave and sa-
tin woven fabrics [13,19,20]. Second, there is no significant change
of the nesting coefficients as a result of the growth. This underlines
the fact that CNT/CNF growth is a micro-level, inter-fibre, intra-
yarn process, whilst the nesting is a meso-level, inter-yarn and
inter-ply effect. We have reported elsewhere [31,32] that the
permeability of fabric A has not changed after the growth (in
laminates with the same fibre volume fraction), which is in
accordance with the small change in nesting shown here.
4.4. Change of compressibility due to adding the catalyst

Addition of the catalyst, which precedes the growth of CNT/CNF,
changes the compressibility of the fabric to a certain extent. This
change is different for the two studied fabrics and used processes.

Fabric A becomes softer after adding the catalyst and tempera-
ture treatment. The softness is felt by touch; the individual carbon
fibres in yarns become loose. This change leads to better compress-
ibility of the samples AC: the 1 bar ply thickness is decreased by
13.6%/11.5% after adding the catalyst (Table 4, 1 ply/4 plies); the
same change of thickness is seen over all the range of pressures
(Fig. 11).

The easier compressibility of fabric A after catalyst treatment
may be linked to the phenomena studied in [33–37], namely to
deterioration of the properties of the fibres due to a partial ‘disso-
lution’ of the carbon of the cloth within the activated metallic
phase, or to a change in the morphology of carbon fibres at atomic
level that comes from the reconstruction of the graphitic structure
during heat treatment, even if there is no catalytic gasification of
the fibres as the mass loss after treatment is negligible. The inves-
tigation of this problem needs further research and is out of scope
of the present work. To discuss what is exactly at the origin of this
phenomenon is not the point of this publication and should require
more detailed experiments. Moreover, the higher compressibility
of the catalyst-treated samples highlights the loss of compressibil-
ity after the subsequent CNF growth.

Contrary to fabric A, fabric B becomes more rigid after addition
of the catalyst, and its compressibility becomes worse: the 1 bar
ply thickness of samples BC is increased by 3.4%/10.1% (Table 4,
1 ply/4 plies). The same change of thickness is seen over the whole
range of pressures (Fig. 11).
The relatively small decrease of compressibility, seen in fabric B,
can be in principle caused by a certain ‘‘gluing’’ together of the car-
bon fibres by residuals of the catalyst precursor. However, no evi-
dence of this was seen in SEM observations. This should be a
subject of future research. In any case, the stiffening effect of the
catalyst for fabric B is much less than the effect of CNT/CNF growth,
discussed in the next section.
4.5. Change of compressibility due to CNT/CNF growth

After the preliminary considerations in the previous sections
the main effect on the preform compressibility, namely the one
of the CNT/CNF growth, can be discussed. The compressibility is
significantly deteriorated after the growth. Table 4 shows the
change of 1 bar ply thickness for the sample AG: 36.9%/37.9%
(1ply/4 plies) – in comparison with the virgin fabric A. When the
sample AG is compared with the sample AC (which became more
compressible after thermal treatment and addition of the catalyst),
the change of the 1 bar ply thickness becomes 58.3%/56.1%. The
same change for the fabric BG1 is: 21.7%/31.3% (BG1 vs B) and
17.6%/19.3% (BG1 vs BC); for the fabric BG2: 32.7%/37.1% (BG2 vs
B) and 28.4%/24.7% (BG2 vs BC). In view of the low scatter of the
thickness values (below 5%) these changes are statistically signifi-
cant; the analysis of variations shows a confidence level of the dif-
ference of 0.99 or more.

The same deterioration of compressibility after the growth hap-
pens over the whole range of pressures in the compression tests.
Fig. 11, which expresses the compressibility in terms of the sample
fibre volume fraction, shows that the grown-on samples are com-
pressed poorly over the studied range of pressure and the change
of compressibility is close to the characteristics discussed above
for 1 bar ply thickness. Analysis of the data of Table 4 and Fig. 11
leads to several interesting observations.

– A given number of layers of fabric B provides a lower fibre vol-
ume fraction for a given pressure than the same number of lay-
ers of fabric A, and this relation holds also for grown-on fabrics.

– The change of compressibility of fabric A after CNT/CNF growth
is higher than that of the fabric B (samples AG and BG1 are com-
pared, which have close increase of the sample mass after
growth). This allows concluding that the CNT/CNF growth on
fabric A is more resistant to compression than the one on fabric
B. It may be related to the different nature of the growth.
Growth in samples AG consists of CNF with diameter 10–
50 nm and thick CNF with diameter of about 200 nm. Growth
in samples BG1/BG2 consists of CNT with diameter 10 nm and
CNF with diameter 50–100 nm. This means that the CNT/CNF
growth in samples BG1/BG2 in average have bending rigidity
lower than in samples AG, hence the compressibility of the for-
mer is better. This explanation is in accordance with theories of
resistance of random assemblies of CNT in [38,39].

– Growth yield (compare the curves for samples BG1, with yield
of 6% and BG2, with yield of 11%) has more pronounced effect
for 1 ply samples, where the change of the fibre volume fraction
is approximately proportional to the change of the sample mass.
In 4 plies samples increase of the growth yield does not bring a
pronounced increase of the change of fibre volume fraction.

– The changes of compressibility due to the CNT/CNF growth
bring dramatic changes in processability of the fabrics. Consider
4 plies samples of fabric B. The fibre volume fraction of samples
B at pressure 0.1 MPa (vacuum infusion) is 52%. For the grown-
on samples BG1 and BG2 the fibre volume fraction under the
same pressure is 38%...40%. Even at pressure 0.5 MPa (auto-
clave/RTM range) the fibre volume fraction of the grown-on
samples does not exceed 42%.
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5. Discussion

The observed poor compressibility of CNT/CNF-grown-on pre-
forms can have important consequences for the choice of the man-
ufacturing process of nFRC and the processing window of this
process. The need of high pressures can be prohibitive for the use
of economical vacuum assisted processes. Once the problem is
clearly demonstrated, optimisation of the CNT/CNF growth from
the point of view of composite manufacturing can be addressed.

Explanation of the high compression resistance of CNT/CNF-
grown-on preforms should start from the observation made when
the nesting effect was discussed: the unchanged nesting behaviour
of the grown-on preforms suggests that the increased resistance is a
micro-level effect and is related to the compressibility of the CNT/
CNF ‘‘forest’’. The latter can be seen as an assembly of randomly dis-
tributed slender elastic ‘‘fibres’’. The theory of compressibility of
such an assembly is well developed for non-woven textiles, and
can be applied to the ‘‘forest’’. The present authors [39] and others
[38] have done the preliminary theory development on these lines,
and have shown that a CNT ‘‘forest’’ can indeed develop very high
compression resistance due to very high number of contacts in
the assembly. This direction of research will be continued in future
work. An important component of the future research should be
more detailed experimental studies of compressibility of yarns with
CNT/CNF growth on one hand (to eliminate meso-scale effects like
nesting present when a fabric is compressed) and, on the other
hand, of CNT/CNF forests on the sub-micron level.

The same observation of the unchanged nesting effects suggests
that the compressibility of a reinforcement will also decrease as a
result of CNT/CNT growth in the case of other preform architec-
tures, for example, textile or UD laminates with different orienta-
tion of the plies, or made by individual filament/tape laying
process (as winding). This will be made more clear in the future
work on compressibility of, on one hand, yarns, and on another
hand, other types of textile preforms with CNT/CNF growth.

6. Conclusions

The compressibility of carbon woven reinforcements is seriously
affected by the growth of CNT/CNF on the surface of the fibres. The
fibre volume fraction, achievable by compaction under pressure of
0.1 MPa (1 bar), is decreased from 65% for the baseline fabric A to
41% for CNT/CNF-grown-on fabric AG, and from 52% for the baseline
fabric B to 40% for CNT/CNF-grown-on fabric BG1 (data for compac-
tion of four plies, second compaction cycle, growth yield 6 wt%).
The change of compaction behaviour of a CNT/CNF-grown-on pre-
form should be taken into account during manufacturing of nano-
engineered FRC. New research is needed to optimise the current
FRC-processing technologies for new nano-engineered composites.
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