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Abstract

The failure of carbon fibre reinforced polymers (CFRP) is typically governed by compressive failure
in the fibre direction or insufficient transverse strength and occurs at a fibre-matrix interface. A novel
approach of enhancement of the interface is the development of hierarchical composites based
on growth of carbon nanotubes (CNT) on the carbon fibre (CF). The challenge is that during the chem-
ical vapour deposition (CVD) growth of CNTs, surface defects are induced in the CF by diffusion
and an etching effect of the Fe catalyst, which alters the tensile properties of the CF. Our approach
utilises an Al,05; diffusion barrier layer on the CF surface obtained by atomic layer (ALD).
In our present work we deliver the observation of the CF with and without a protective alumina film
grafted with CNTs utilising ptychographic X-ray computed tomography (PXCT), which provides
50 nm - resolved 3D electron density maps of the CFs. We present and discuss a data analysis meth-
odology for iron nanoparticle detection in the electron density maps.

1. Introduction

Carbon fibre reinforced polymer (CFRP) composites exhibit excellent tensile properties in the fibre
direction, easily overcoming traditional metal solutions in terms of strength- and stiffness-to-mass
ratio. Nevertheless, the failure of a CFRP is typically governed by compressive failure in the fibre
direction or by insufficient transverse strength. Therefore, there is a high interest to enhance the prop-
erties of the fibre-matrix interface. A novel approach is the development of multiscale composites
based on growth of nanoscale carbon nanotubes (CNT) at the surface of a microscale carbon fibre
(CF) prior to impregnation with polymer [1]. In the direct chemical vapor deposition (CVD) growth
conditions of CNTs iron nanoparticles are typically used as a growth catalyst. The major challenge
of growth of CNTs on CFs is that the iron tends to induce surface defects of the fibre during growth.
These defects strongly diminish the tensile strength of a CF, as tensile failure often originates at a sur-
face defect [2]. If the multiscale composites are to supersede classical CFRP, the tensile properties
must be retained, which has been recently approached in ways such as by the choice of an alternative
catalyst system [3], [4], alternative CVD reaction mechanisms for CNT growth [4] or utilising a pro-
tective layer on the CF surface [5]. The latter was the subject of our study.

The diffusion of iron particles into CF at CVD processing temperatures is not well understood yet.
In our present work we deliver the direct observation of the CF with and without a protective ultrathin
alumina film utilising ptychographic X-ray computed tomography (PXCT) [6-8] with a high-
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resolution instrument [7]. In the measurement one obtains a 3D electron density map of entire CF
cross sections at a resolution of about 50 nm.

2. Experimental

The CF used in the experiments was an unsized type of AS4 produced by Hexcel, USA, that has un-
dergone an oxidative treatment. The CFs have further been coated with thin protective alumina films
using atomic layer deposition (ALD). Iron catalyst particles have been deposited on such prepared CFs
as well as on neat CFs as a control sample with an electron beam physical vapor deposition (EBPVD)
method. Afterwards, the CNTs were grown using a CVD technique based on thermal decomposition
of hydrocarbon.

2.1. ALD of Al,O;

Atomic layer deposition is a thin film fabrication technique that allows for extremely uniform coating
of samples of virtually any geometric complexity while guaranteeing atomic-precision control in layer
thickness. This feature of the method makes it ideal for coating of a CF with a barrier layer. The mate-
rial for the film is chosen to be alumina as it is a popular support for efficient CNT growth [9]. Prior
to ALD coating, the samples have undergone ultraviolet / ozone treatment for 10 minutes. The process
has been carried out using an ALD system Savannah 100 (Cambridge NanoTech, UK). The precursors
for alumina ALD were trimethyl aluminum (TMA) and deionised water. The growth has been carried
out at temperature of 225°C. In our previous study the growth rate of the Al,O; film has been calibrat-
ed by means of ellipsometry of a silicon wafer placed alongside the CF during the ALD process [5].
In the present study we are investigating oxide film thickness of 11 nm believed to be a sufficient iron
diffusion barrier according to our previous study [5].

2.2. EBPVD of the iron catalyst

The Fe catalyst thin film has been delivered onto the surface of fibres using EBPVD. The method re-
lies on physical vaporisation of metal from a target by an accelerated electron beam in vacuum. The
vaporized metal gets deposited on the surface of a sample in the reactor. The reactor chamber was held
at room temperature and the inside pressure was 1.2 X 10~° mbar during processing. The deposition
rate measured by a quartz balance was set to 0.5 As~! by adjusting the electron acceleration voltage
prior to opening the shutter. The deposition was stopped at 50 nm film thickness by closing the shut-
ter. To partially overcome the shadowing effect of the technique, the fibres were coated from two op-
posite sides in separate processes.

2.3. CVD growth of carbon nanotubes on carbon fibre

The CNTs were grown on the samples in a custom atmospheric pressure CVD reactor. The processing
parameters were kept constant in a quartz tube oven of 136 mm diameter. The process time was 15
minutes at a temperature of 750°C. The mixture of gases introduced into the reaction chamber was
11min~! H, with 11min~! ethylene. In this processing step the sputtered iron film is reduced
by hydrogen and forms metallic nanoparticles, so the CNT growth can be initiated and continued.
The typical catalyst particle diameters are within the range of 20 to 40 nm. The density of particles
was estimated as 625 particles per um?, as measured by scanning electron microscopy, see Fig. 1.

2.4. Ptychographic X-ray computed tomography for single fibre imaging

The fibre imaging has been conducted at the coherent small angle X-ray scattering (cSAXS) beamline
at the Swiss Light Source at the Paul Scherrer Institute, Villigen, Switzerland, using an instrument
with high-accuracy positioning between the sample and the illumination while allowing a rotational
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degree of freedom for tomography [7]. We used 7.00 keV photons focused by a Fresnel zone plate
(FZP) of 150 pm diameter and 60 nm outermost zone with made of Au [10], with a focal length
of 50.82 mm at this energy. The flux provided by the FZP was about 6.4 x 108 photons/s. The sam-
ple was placed 1 mm downstream the focus, such that the size of the illumination onto the sample
was about 3 pm. Ptychographic scans were performed in a plane perpendicular to the incoming beam
at different positions following the pattern of a Fermat spiral [11] with a field of view of 18 X 10 pm?
(horizontal X vertical) and with an average distance between points of 0.8 um. At each scanning posi-

tion, coherent diffraction patterns with an acquisition time of 0.1 s were recorded with a Pilatus 2M

detector with 172 pm pixel size [12] placed 7.355 m downstream the sample. We estimate an incident
flux density of 1.2 X 108 photons pm~2 for each ptychographic scan. Ptychographic scans were re-
peated at 375 different angular positions of the specimen with respect to the incoming X-ray beam,
covering a total angular range from 0 to 180 degrees with equal angular steps. In order to record data
at inactive areas of the detector due to the gaps between detector modules, the position of the detector
was changed in the two directions perpendicular to the beam at consecutive angular steps. The total
dose deposited on the specimen during a tomographic scan was estimated as described in Ref. [13]
to be about 5.1 x 107 Gy, taking into account the mass density of 1.66 g cm™3 measured in the CF.
Ptychographic reconstructions were performed using the difference map algorithm [14] followed
by a maximum likelihood optimization as a refinement step [15]. Each pair of scans recorded at differ-
ent positions of the detector were combined in the same reconstruction [16], allowing two different
images to be reconstructed for different angles while sharing the same illumination, as introduced
in Ref. [7]. For ptychographic reconstructions an area of 600 X 600 pixels of the detector was used,
obtaining images with a pixel size of 12.62 nm. The reconstructed images are a measurement
of the complex-valued transmissivity of the sample at different incidence angles. The phase images
were further processed to correct zero- and first-order terms, which are intrinsic degrees of freedom
in ptychographic reconstructions, and registered before tomographic reconstruction as described
in Ref. [17]. The resolution of the final 3D images was estimated to be about 50 nm. For determining
the resolution we compared the Fourier ring correlation of two subtomograms, each of them computed
with half of the angular projections, with the half-bit threshold, as described in Ref. [18]. In this work
we focus on two measurements of CFs with and without a protective alumina film grafted with CNTs
and on the development of a methodology for data analysis for the investigation of iron nanoparticles
embedded in CFs in the CVD growth process.
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Figure 1. SEM image of iron nanoparticles and grown CNTs on the surface of a CF.
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3. Results and discussion

3.1. Set of examined samples

Using the methods described in 2.1-2.3, two groups of samples have been prepared: control samples
of CF without the protective alumina film and CF with an ultrathin 11 nm alumina. All the samples

were coated with an Fe catalyst film of nominal thickness 50 nm and CNTs were grown on each one
using CVD.

3.2. Assessment of the electron density of the materials present in the samples

PXCT provides 3D maps of the electron density distribution within each CF. The electron density

of a material can be calculated as
ANe QNA
e =3y = ) N (M
L

where g, is the electron density, o is the mass density of the material, N, is the Avogadro number, u
is the molar mass of a stoichiometric unit of the material, i is the index of an element present in the
material, N; is the number of atoms of the i-th element in a stoichiometric unit of the material and Z;
is the atomic number of the element. In our case there are three materials to consider: the bulk of car-
bon fibre, a-iron of nanoparticles being the phase of iron at room temperature and alumina of the film.
In our analysis we do not consider the CNTs. The parameters are summarized in Table 1.

Table 1. Properties of the materials considered in our analysis. The stoichiometry of carbon fibre
is taken fractional as the CF is predominantly a mixture of C and N. Electron density calculated ac-
cording to (Eq. 1).

Material Density Stoichiometry Molar mass Atomic numbers Electron density
Alumina 3.0 gcm™3[19] Al,O0, 101.96 gmol™! ;5Al 40 0.89 A3
CF 1.79 g cm™3[20] Cg94Ng s [20] 12.13gmol™! (C,,N 0.54 A3
a-Iron  7.84gcm™3 Fe 55.85gmol~' ,Fe 221473

The electron density values in the table show that the iron nanoparticles, having more than four times
larger electron density than the CF, should appear as voxel groups of elevated electron density.
On the other hand, thin alumina film has not more than twice the electron density of the CF
and it is also thinner than the expected resolution of the PXCT, therefore it might be not clearly visible
in the electron density map. Considering the fact that the 11 nm film of alumina is expected to prevent
the iron infusion, it is explicitly observed in the maps that the high-density voxels are always
on the surface of a CF and never underneath it, see Figure 2 b. The control samples without protection
exhibit presence of iron below the surface, see Figure 2 a. Here we show only two slices, but this ob-

servation extends to all slices over the 10 um field of view of the measurements.

3.3. The automated fitting of CF position in the electron density maps

The 3D electron density maps of each sample can be understood as stacks of 2D slices perpendicular
to the fibre. To analyse the data spatially, we fit the CF surface to a cylinder with an automatic reliable
algorithm. This is performed in the following way:
= The cylinder has an elliptical cross section for the sake of generality.
= For each slice the largest ellipse which fits inside the CF is sought. The size parameter
of the ellipse is defined as the sum of squares of its axes a and b. The criterion for the ellipse
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to be inside CF is that all the voxels of the ellipse edge must represent electron density
not lower than 0.4 A=3. The value was chosen arbitrarily as smaller than the electron density
of the CF giving the best fitting results and it can be adjusted to the needs of a specific case.
As a result, for each slice we have a set of parameters: position of the center or the ellipse 7,
its axes a and b and a rotation angle of the ellipse around its center 9.

= The lengths of axes and the ellipse rotation angle are taken as mean values of a, b, and 9
from all 2D slices, whereas the center position is calibrated using a linear fit of 7, as a function
of the z coordinate of each slice.

If the CF axis significantly deviated from the perpendicular to the map axis z, it would be necessary
to take into account this fact in the analysis. However, in the analysis it appeared that the angle never
deviated from 90° by more than 1°, which is why it was convenient to assume that the slices
are perpendicular to the fibre axis, which introduced a relative systematic error of x,y coordinates
within each slice of (1/cos1°) — 1 ~ 2 x 10™*. The spatial error might be assessed taking the ex-
pected radius of the CF 3.5 um and multiplying it by 2 X 10™%, giving 0.7 nm, which is much smaller
than the spatial resolution of about 50 nm, therefore it can be neglected and the assumption
that the fibre axis is perpendicular to the planes of slices is justified.

electron
density

/ A3

Figure 2. Representative slices of CFs electron density maps; a. An unprotected CF exhibits presence
of iron nanoparticles below the CF surface; b. A CF with an 11 nm alumina film shows no iron nano-
particles below surface.

4. Electron density distributions

To reveal the presence of iron within the carbon fibre without the Al, 05 protection film, it is necessary
to analyse the electron density distributions. Two histograms of the electron density values were pre-
pared in two regions of the CF: in a region where iron nanoparticles are observed close to the CF sur-
face — within a 30 nm thick surface below the CF surface that crosses multiple iron nanoparticles,
and in the other region where they are absent - 30 nm thick surface that does not cross any iron nano-
particle, see Figure 3. Each histogram accounted around 2 mln voxels.

In the histogram of the iron-rich region we cannot explicitly resolve any high electron density peak
that could have been attributed to the presence of iron nanoparticles. It might be due to the fact that the
size of the nanoparticles is below the resolution of the method. However, in the histogram one can
observe a long shoulder reaching large electron densities due to partial volume effects. Such an effect
was not observed for the protected CF and for the unprotected CF in regions where nanoparticles were
not observed, therefore we reason that it is a good indicator of abundance of iron nanoparticles.
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A Gaussian fit to the curve for negligible iron content gives the mean electron density of CF
xo = (50.16 + 0.16 ) x 1072 A=3 which is slightly lower than the expected value 0.54 A=3
from Table 1 and would correspond to a mass density of 1.66 gcm™3. The standard deviation
of the Gaussian curve is rms = (25.82 + 0.36) X 1073A73, corresponding to the rms of the meas-
urement noise. Moreover, in the graph it can be seen that when iron is absent, the electron density
should almost never go higher than 0.62 A=3. Therefore this value can be taken as a threshold T
for detection of iron in the given voxel, both for 11 nm Al,O5-protected and unprotected carbon fibre.
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Figure 3. Histograms of the electron density values within two different regions of the CF without
alumina barrier layer: region where Fe nanoparticles are present (blue squares) and one where they are
absent (green diamonds) with a Gaussian curve fit (red line).

It can be argued that a thin alumina film might be erroneously detected as iron. To simulate the detect-
ed electron density in the case that an alumina film is present, we can consider the physical appearance
of the film as a combination of step functions

0(x) = 0a1,0,h(x + 8) + (ocr — 0a1,0,)R(X), (2)
where x is the spatial coordinate corresponding to the depth into the CF, § is the thickness of the
Al, 05 film, g(x) is the actual electron density at a given coordinate, ocp is the carbon fibre electron
density, @a1,0, is the electron density of the alumina, h(x) is the unit step function. We assume
that the resolution effect exhibits a Gaussian behavior. In such a case, two features are resolvable
when the distance between them is larger than two standard deviations of a Gaussian kernel. There-
fore, as an estimate of the standard deviation of the kernel we take half of the resolution value,
o = 25 nm. We can estimate the measured electron density as a convolution of g(x) with a Gaussian.

xX+6 X
1 +erf( ) 1 +erf<—>
V20 V20 (3)
(0 * G)(x) = oa1,0, -5 + (ocr — QA1203)f'
where G (x) is a Gaussian distribution with mean value 0 and standard deviation o
X2
G(x) = e 202, (4)

2o
The functions (Eq. 2,3) are shown in Figure 4a. The Gaussian noise with the rms = 0.025 A~3 was
added to the function (Eq. 3). In the graph it can be noticed that despite the sharp jump in the electron
density in the alumina region, the voxels of alumina are very unlikely to be erroneously detected
as iron given the threshold of T = 0.62 A~3. Additionally it can be considered how large iron nanopar-
ticles will be detected using the defined threshold. For this purpose we have performed numerical cal-
culations simulating the detected peak value with respect to the size of an iron nanoparticle embedded
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in a matrix of carbon fibre body. Initially, we defined a 3D electron density map of a spherical iron
particle of a given diameter embedded in a body of a CF. The map has been convolved with a three-
dimensional Gaussian distribution with the same o as before. From such an electron density map
its peak value has been extracted. Assuming that the electron density noise exhibits a Gaussian behav-
iour, the probability of detection of the nanoparticle can be estimated as

_ 1 Qmax(d) —T

where p is the detection probability, d is a nanoparticle diameter, o, is the peak value of a given
simulated electron density map for a given d, T is the iron detection threshold. The curve resulting
from the presented considerations is illustrated in Figure 4b. From the curve we can reason that almost
all nanoparticles of diameter greater than 38 nm will be detected using the defined threshold. Nano-
particles of diameter 33 nm already cross the 50% detection probability.

ideal electron demsity profile
simulated blur o = 25 nm,

rms noise = 0.025 A~*
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Figure 4. a. Simulated electron density profile of CF coated with 11 nm Al, 05 film — explicit sharp-
edge curve (Eq. 2) and simulated blurred detection curve with noise assuming spatial resolution
of 50 nm and noise of 0.025 A~ rms (Eq. (3)). The T = 0.62 A~3 threshold is shown;

b. The detection probability of iron nanoparticle surrounded by the bulk of a carbon fibre.

5. Summary and conclusion

In this work we present the direct observation of carbon fibres with and without a protective ultrathin
alumina film grafted with CNTs using ptychographic X-ray computed tomography. We have devel-
oped a number of analytical tools to analyse the 3D density maps of CFs in order to detect the pres-
ence of Fe nanoparticles that are not spatially resolved in the tomograms. First of all, we have used
histograms of the electron density at different regions inside fibre to determine the detection threshold
of iron nanoparticles. We have proven semi-analytically that using this threshold an ultrathin alumina
film is unlikely to be erroneously detected as an iron nanoparticle. We have also estimated numerically
that with the defined threshold the detection probability of nanoparticles of 33 nm diameter is approx-
imately 50% whereas for nanoparticles of diameter greater than 38 nm it is almost 100%. The results
obtained are very significant for the further understanding and control of the iron infiltration phenom-
enon into a CF during CVD growth of CNTs for hierarchical composites.
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