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Abstract 
As received AS4 carbon fibres were covered with a thin alumina layer by atomic layer 
deposition prior to the growth of radially aligned carbon nano tubes onto the fibre surface. 
The deposition of alumina was found to preserve the initial fibre tensile strength in the harsh 
conditions during carbon nanotube growth by chemical vapour deposition. The fibre tensile 
strength was measured by single fibre tensile test for fibres treated with different processing 
parameters. The interphase properties between carbon fibre, alumina layer and matrix 
material were characterized by carrying out single fibre fragmentation tests. The length of the 
ongrown carbon nano tubes can exceed 7 μm, i.e. the carbon fibre diameter. Experiments 
prove that the deposited alumina layer with a thickness of as little as 12.8 nm preserves the 
fibres initial tensile strength. 

 
 

1 Introduction 

Carbon fibre reinforced polymer (CFRP) composites have gained great importance as 
lightweight materials in many applications in the space, aerospace, automotive, renewable 
energies and the oil and gas industry. Their high strength- and stiffness-to-weight ratio makes 
them ideal for highly tailored engineering applications, and conventional metallic materials 
are outperformed. Such CFRPs are supremely effective when exploiting their tensile 
properties in the unidirectional fibre direction. Real engineering applications are, however, 
governed by complex stress states in intricate structural geometries. This has led to 
engineering methods, such as classical laminate theory. In order to better fulfil design 
requirements for such conditions, layers of unidirectional fibres are arranged at various 
angles, also referred to as lay-up. The failure of a state of the art CFRP laminate is often 
governed by compressive failure in fibre direction or transverse strength. The former is driven 
by the comparatively low matrix stiffness, resulting in buckling of single fibres at the 
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microscopic level, whereas the latter is driven by the matrix strength at the fibre to matrix 
interface, described in [1]. Therefore, there has always been a high interest to enhance the 
properties of the fibre to matrix interface. This interface is influenced by i) the number of 
reactive groups on the fibre surface, controlled by its manufacturing process, and by ii) the 
application of silane, epoxy or polyvinyl alcohol based coatings (or proprietary mixtures 
thereof), often referred to as “sizing”. Careful control of the manufacturing process and sizing 
has yielded acceptable transverse properties in the composite [2-4]. 

A novel and promising approach to address the challenge of the fibre-matrix disparity of 
properties is the development of multi scale composites (MSC), also referred to as 
hierarchical composites. MSCs contain reinforcing fibres at typically two length scales; the 
nano- and micro-scale. The reinforcing fibres on the nano scale are typically carbon 
nanotubes (CNT) with their extraordinary intrinsic mechanical properties [5], which 
complement the micron sized (∅7 µm) carbon fibres. 

One approach has been to disperse CNTs or nanoparticles as additives homogeneously in the 
matrix polymer. In these experiments, single wall or multiwall CNTs were used, but they 
have had limited success [6] and marginal commercial impact. The reinforcement of matrix 
systems with spherical silica particles, however, has proven beneficial as they have a 
synergistic effect in increasing the matrix modulus, which increases the compression strength 
in fibre direction and the matrix fracture toughness [7, 8]. 

Another approach with the potential to increase the fracture toughness is based on the growth 
or attachment of CNTs to standard carbon fibres [6]. Among the options to grow or attach 
CNTs onto carbon fibres (CF), electrophoretic deposition does not provide aligned and 
perpendicular CNT coverage on the substrate fibre [9, 10]. On the other hand, chemical 
functionalization of CNTs has been reported to be rather difficult, and is usually chemically 
intensive [11], and the density of the attached CNTs is low. The method with the highest 
potential seems to be the direct growth of CNTs on CF by a metal catalysed CVD route. 
However, thus far, most reported results seem to severely degrade the tensile strength of the 
used CF [12, 13]. Hence the focus of this study is to apply a metal oxide layer to preserve the 
fibre tensile strength during the processing steps of growing CNTs on the CF. 

The deposition of an alumina layer prior to CNT growth protects the CF from being oxidised 
and etched in the harsh conditions during the CVD process. Atomic layer deposition (ALD) is 
ideal to deposit metal oxides on complex three dimensional shapes and at the same time 
enables a good control of the layer thickness. In an alternating process, the metal containing 
precursor and the oxygen containing precursor, usually deionised water, are evaporated and 
pulsed into the reaction chamber. The sample surface is uniformly covered by each reactant, 
building up a uniform layer of metal oxide. 

As carbon fibres are linear elastic brittle materials, their strength distribution can be 
approximated by the two-parameter Weibull distribution [14]: 

𝑃(𝜎) = 1 − 𝑒𝑥𝑝 �
𝑙
𝑙0

�
𝜎
𝛽

�
𝛼

� (1) 

The Weibull shape parameter is denoted by 𝛼, and the scale parameter by 𝛽, 𝑙 stands for fibre 
specimen length and 𝑙0 for a chosen reference length. The focus of this work is not the 
dependence of the fibre specimen length on the tensile strength. Therefore all samples are 
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tested at the same length of 20 mm which is chosen as reference length 𝑙0. Thus, the average 
fibre strength 〈𝜎〉 is not length dependent, and can be described as: 

〈σ〉 = β⋅Γ �1 +
1
𝛼

� (2) 

How thick an effective protection layer must be, can be analysed by comparing the average 
fibre strength calculated by Eq. (2) for samples with varying alumina thicknesses, i.e. ALD 
cycles. 

The adhesion between CF, alumina layer and matrix material are characterised by single fibre 
fragmentation test (SFFT). For this method a single CF is embedded in the centre of a matrix 
material tensile test sample. After preparation, the sample is loaded with uniaxial tensile force 
(along the fibre direction) at a constant displacement rate, typically 0.5 μm/s. The applied 
strain is transferred to the embedded CF via shear stress through the interface surface. At a 
certain level, the transferred shear stress reaches the failure stress σf of the CF causing the first 
fibre break. The steadily increased strain drives the fragmentation process until the fragments 
become too short to reach σf within the fragments. At this point the fragmentation saturation 
is reached. The occurring fibre breaks can be made visible under cross polarised light due to 
strain induced birefringence patterns and the fragment length is measured under a cross 
polarized light optical microscope. 

The interfacial shear strength, τ, is calculated by the Kelly-Tyson model [15], using the fibre 
diameter d and the critical fragment length lc: 

 τ = 
𝜎𝑓 𝑑
2 𝑙𝑐

        , 𝑤𝑖𝑡ℎ 𝑙𝑐 =  
4
3

𝑙𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 (3) 

This model does not allow an accurate calculation of the interfacial shear strength, as 
identified by [16]. However this method permits a qualitative comparison between differently 
treated samples within this work, to characterise the adhesion of the alumina layer on the CF 
after ALD processing and eventual heat treatment at different temperatures. Understanding 
and improving the adhesion between the CF and applied alumina layer is a prerequisite to use 
the presented method for growing CNTs on CF and thereby produce hierarchical composites. 

2 Experimental 

The carbon fibre used in the experiments was an oxidative treated but unsized type of AS4 
produced by HexTow, USA. The manufacturer provided the following fibre characteristics: 
Tensile modulus 231 GPa, tensile strength 4,432 MPa, elongation at break 1.8 %, filament 
diameter 7.1 μm. 

In a first step, a 1.5 m long single carbon fibre filament was extracted from the roving. The 
attachment of 3.7 g weight at one fibre end pre-strained the carbon fibre to approximately 
0.2 %. Two parallel quartz rods with a diameter of 6 mm separated by 70 mm were used to 
hold the fibre. By carefully rolling the fibre around the sample holder, it is assured both that 
the fibre pre-strain was maintained during all following processes and the single fibre has 
neither contact with neighbouring fibres nor other surfaces of process equipment at all times. 
Both fibre ends were secured with high temperature compatible adhesive tape or ceramic 
adhesive if processing temperatures exceeded 250 °C. 
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After cleaning the prepared sample in an ultra violet (UV) /Ozone cleaner for 10 minutes, 
alumina was deposited in an ALD machine (Savannah 100, Cambridge NanoTech, UK) at 
different cycle numbers. The aluminium precursor used was trimethylaluminium (TMA). The 
oxygen source was deionised water. The ALD chamber temperature was set to 225 °C. The 
resulting alumina layer thickness was determined by ellipsometry measurements of a co-
processed silicon wafer with 410 nm SiO2 layer and was found to be 12.8 nm after 100 ALD 
cycles. 

The catalyst solution was prepared from 1.875 mMol iron nitrate solution sonicated for 
10 minutes. Samples were dipped four times during 10 minutes and let dry 10 minutes in an 
oven at 50 °C between each dipping. 

Finally, the CNTs were grown on the samples with CVD processing parameters kept constant 
in a 136 mm diameter quartz tube oven during 10 minutes at 750 °C with 1 l/min H2 and 
0.8 l/min ethylene flows respectively. Thermally treated samples, used for the investigation of 
the alumina adhesion, were produced in the same oven at the same temperature and duration, 
under Argon atmosphere without being dip-coated with iron nitrate. Verification of CNT 
growth was confirmed by subsequent scanning electron microscopy (SEM). 

The single carbon fibres with grown CNTs or thermally treated carbon fibres were bonded to 
paper (160 g/m2) frames for tensile testing according ASTM C1557-03 [17] at a gauge length 
of 20 mm with cyanoacrylate adhesive. Protected by the paper frame, the samples were 
mounted in a small tensile testing machine (Linkam TST 350, UK). The jaws were closed by 
10 μm prior to removal of the sides of the paper frame. The tensile test was performed with a 
testing speed of 15 μm/s. The load was recorded by the Linkam built in 20 N load cell with 
micro-Newton resolution. Time until fibre fracture was measured and samples with more than 
30 seconds testing time were discarded (according [17]). For all samples the tensile strength 
𝜎𝑡𝑠was determined by measuring the maximum force 𝐹𝑚𝑎𝑥 before break and calculated by 
𝜎𝑡𝑠 = 𝐹𝑚𝑎𝑥/𝐴, with 𝐴 denoting the cross section area of the fibre. 

Single fibre fragmentation test (SFFT) samples were produced by embedding a single treated 
CF in a resin sample with a gauge length of 12 mm and square section of 2 mm2. The treated 
CF was pre-strained by attaching 3.75 g on each side of the fibre, enabling alignment of the 
fibre in the mould. Furthermore pre-straining the CF increases the strain to failure difference 
between the matrix material and the embedded CF, which was required for reaching the 
fragmentation saturation during testing in non-plasticised matrix materials. For the 
experiments commercially available epoxy resin Araldite LY 564 with hardener 
Aradur 22962 (Huntsman, USA) were used. After curing at 130 °C during two hours, the 
samples were de-moulded from the silicone mould; the excess resin was grinded away and the 
surface is polished down to polishing paper of grade P 4000 (FEPA). The samples were tested 
with a constant tensile displacement rate of 0.5 μm/s in a small tensile testing machine 
(Linkam TST 350) with a 200 N load cell mounted. The fragments were observed under cross 
polarised light with a Leica optical microscope. The fragmentation process was recorded on 
video for further analysis and fragment length measurement. 
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3 Results and discussion 

3.1 Fibre tensile strength preservation 

The effect of the gauge length on the fibre tensile strength was neglected within this work, 
allowing direct comparison of the influence of the different growth conditions on the fibre 
strength. The Weibull parameters were estimated by the maximum likelihood method for each 
sample set. The average fibre strength of the sample sets were calculated by Eq. (2) and are 
compared in Figure 1. The average fibre strength standard deviation was estimated by 𝑠𝜎/√𝑛, 
with 𝑠𝜎 denoting the standard deviation from the fibre strengths and 𝑛 is the number of 
samples tested within each sample set. 

Samples were prepared within a 
range between 0 and 200 ALD 
cycles, as described above. For 
comparison, the fibre tensile 
strength was measured also for 
i) samples directly after 100 
ALD cycles, i.e. without any 
further treatment and ii) with a 
thermal treatment at 750 °C, i.e. 
the CVD growth temperature 
under inert gas (Argon) after 
alumina deposition of 100 ALD 
cycles. 

The as received unsized fibre 
had an average tensile strength 
of 4,180 MPa and is shown as 
black dashed reference line 
with the standard deviation in 
grey in Figure 1. 

The average fibre strength of 
samples treated with 0 and 25 

ALD cycles, that were in contrast to the preparation routine (described in Chapter 2) not pre-
strained, was heavily degraded (see the blue data points). Samples with the same ALD cycle 
number and pre-straining of 0.2 % however preserved half of their initial average fibre 
strength. The heavy degradation of tensile strength for untensioned CF thermally treated 
above 550 °C has recently been referred to as mechanochemical reorganisation of the CF 
structure by [18]. Increased alumina thickness preserves the fibre tensile strength more. The 
optimal alumina layer thickness for fibre strength preservation, within the range studied, is 
found to be 12.8 nm (i.e. 100 ALD cycles). Increasing the alumina layer further did not prove 
to be beneficial (see data point at 200 ALD cycles in Figure 1). 

The ALD process itself did not change the fibre tensile strength (see dark green data point). If 
heated to 750 °C under inert atmosphere, the sample with 100 ALD cycles had the same 
tensile strength as samples treated with reactive gas, proving the alumina layer of 12.8 nm 
protects the CF from any etching and oxidation processes during CVD growth of CNTs on its 
surface. 

 

Figure 1: Tensile strength preservation of different alumina layer 
thickness after CVD processing. Losses in tensile strength  due to CF 
etching below the red dashed line and losses due to mechanochemical 
reorganisation below the blue dashed line. 
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3.2 Alumina layer adhesion 

The adhesion between the CF, 
the alumina layer and the 
surrounding matrix material 
was characterised by the 
interfacial shear strength (ISS), 
measured by SFFT. As received 
CF exhibited an ISS of 34 MPa, 
according the Kelly-Tyson 
model (see Eq. (3)). After ALD 
processing the ISS was 
preserved, proving that the 
adhesion between the matrix 
resin, the deposited alumina 
layer and the CF was as good as 
between matrix resin and as 
received fibres. However, 
thermal treatment at increased 
temperatures under inert gas 
decreased the ISS. By SEM 
imaging, the debonding was 
found to occur between the CF 

and the alumina layer. This phenomena was attributed to i) the opposite coefficient of thermal 
expansion between CF and alumina layer in fibre direction, and ii) the phase transitions 
occurring in the alumina layer at higher temperatures [19].  

 

4 Conclusion 

An alumina layer has been deposited on CF before CNT growth by the CVD process. It has 
been demonstrated that this alumina layer can effectively inhibit degradation of the tensile 
strength of the CF.  

The adhesion of the alumina layer on the CF at elevated temperatures is challenging, but 
could be circumnavigated by depositing alumina at higher temperatures and using CVD 
processing routes at lower temperatures, thus reducing the temperature difference between the 
ALD and the CVD processes. 

A layer thickness of 12.8 nm (i.e. 100 ALD cycles) was found to be optimal, within the range 
studied, to provide good protection during CVD processing, and the fibre strength was 
degraded by 8-13% only. Thicker layers did not provide better protection within the context 
of this study. 

 

 

 

Figure 2: Alumina layer adhesion after thermal treatment at different 
temperatures characterised by measuring the interfacial shear strength 
according Kelly-Tyson. 
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