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Abstract. The various transmission electron microscopy modes provide textural and structural information on carbon materi-
als at a wide range of scales (from less than 1 nm up to several µm). Among those, Selected Area Electron Diffraction, through
the analysis of the 002 ring, yields valuable data regarding the textural arrangement of the graphene stacks. In particular, the
Opening Angle (OA) of the 002 arcs (as defined by Bourrat et al. [1]) quantifies the degree of twist disorientation of the layers,
and thus is a measurement of the material anisotropy. Depending on the SA aperture size, regions of interest from typically
0.01 to 15 µm2 can be probed.
The aim of this work was to improve on existing methodologies and develop image analysis software tools suited for current
digital imaging, which is phasing out traditional photographic emulsions. For easier use, maintenance and portability, these
tools are based on the well-known Python programming language and reference scientific and imaging libraries (numpy, scipy,
matplotlib and PIL). Basically, the azimuthal intensity profile of the 002 diffraction ring is extracted and fitted with a model
based on Gaussian functions, while a fit of the average radial profile provides the offset constant. We show that this single
algorithm works for values of OA ranging from less than 25◦ up to 200◦.
We then tested our method on various pyrolytic carbon samples, including the dense, spherulitic deposits in TRISO nuclear fuel
particles for 4th generation HTR reactors.
This work was carried out under collaboration with CEA-Saclay/DMN/SEMI.

1 Introduction
The recent years have seen a renewed interest in the high temperature reactor (HTR) technology for nuclear power
plants [2]. In such a reactor, the fuel is composed of small (∼1 mm) spherical particles, with a fissile or fertile
uranium core and a multi-layer protective coating (Fig. 1).

Figure 1: Exemple of TRISO HTR fuel particle. The layers are, from the core out: porous pyrocarbon (buffer), inner
dense pyrocarbon (IPyC), SiC, outer dense pyrocarbon (OPyC).

This coating is deposited by fluidized bed chemical vapor deposition (CVD) and is composed of the following
layers (from core to surface): (i) a porous pycrocarbon layer (buffer); (ii) an inner dense pyrocarbon layer (“IPyC”);
(iii) a silicon carbide (SiC) layer; (iv) an outer dense pyrocarbon layer (“OPyC”) [3].

Each layer has a specific function. First, the buffer absords the gaseous fission products and allows for me-
chanical expansion of the core. Fission products confinement is mainly performed by the SiC layer, while the IPyC
layer protects the core from the corrosive chemicals used during SiC deposition and the OPyC layer protects the
SiC layer.

The dense pyrocarbon (PyC) layers also act as a mechanical reinforcement for the SiC layer: since neutron
irradiation induces structural alterations in the PyC, namely an increase in anisotropy and a (anisotropic) densifi-
cation, the PyC layers apply a compressive stress on the SiC, thus counteracting the outward pressure from fission
products.

However, if irradiation-induced PyC densification is too important, structural weaknesses may appear and
propagate to the SiC, as the PyC layers are mechanically coupled to the SiC layer, and cause confinement failures.
PyC densification is isotropy-dependent: the more anisotropic the material initially, the greater the compaction.
Hence, the dense PyC layers should be as isotropic as possible at the time of deposition.
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Isotropy measurements are thus of great import. Several techniques may be used in order to assess the degree
of (an)isotropy of these pyrocarbons, including electron diffraction [1, 3, 4].

In anisotropic carbon materials, the 002 diffraction ring is composed of two arcs, typically symmetrical (e.g.
Fig. 2a). The Opening Angle (OA) of these arcs (as defined by Bourrat et al. [1]) quantifies the degree of twist
disorientation of the graphene layers and is a measurement of the anisotropy in the material.

Selected Area Electron Diffraction (SAED), being able to select electron diffracted from specific regions of
interest, can thus yield valuable data regarding the textural arrangement of the graphene stacks at various scales.
Depending on the SA aperture size, areas as small as 0.01 µm2 can be probed.

The aim of this work was to improve on existing methodologies and develop image analysis software tools
suited for the current digital imaging systems (CCD cameras), which are now replacing traditional photographic
emulsions.

We present herein the algorithm we designed, then implemented using the Python scripting language and
associated scientific libraries, in order to analyze SAED patterns in pyrocarbon samples (specifically, the angular
profile of the 002 ring) and extract the OA value. We show that this one algorithm can be used for measuring a
wide range of OA values. We then apply our method to the study of the texture of the dense pyrocarbon layers in
several TRISO fuel particle samples.

2 Experimental Methods

Data analysis
In order to process as automatedly as possible the numerous diffraction patterns yielded by our study, we devel-
opped custom software tools.

First, we wished the software to be easy to maintain, modify and transfer to other users. We thus opted for the
well-known high-level programming language Python, associated with the interactive development environment
IPython [5, 6]. We also made use of the scientific libraries NumPy, SciPy and Matplotlib [7, 8, 9] as well as the
Python Imaging Library (Secret Labs AB, Sweden).

The software also had to be designed from the start with digital imaging in mind, as CCD detectors are phasing
out the traditional photographic emulsions. This entails significant benefits (greater sensitivity, greater dynamic
range. . . ), but also specific constraits. In particular, the much more intense transmitted beam (000) is usually
blanked with a beamstop, which produces an asymmetric obstruction in the image (Fig. 2a).

Finally, we aimed at using a unique algorithm for a wide range of possible OA values (from very oriented
materials to almost totally isotropic ones).

OA measurement method

We present here the procedure we designed, then implemented in Python. First, to allow a straitforward extraction
of radial or angular intensity profiles, the SAED image is converted to polar coordinates (r, θ). However, this polar
transform requires the determination of the diffraction pattern center, which is not, as a rule, the image center.

To this end, the image is binarized and average intensity profiles computed along the horizontal (X) and vertical
(Y ) directions, as in [10] (Fig 2b, c). The beamstop extinction causes asymmetric, non-circular profiles. The center
of these profiles yields the pattern center coordinates (xc, yc). It is then possible to perform the polar transform
(Fig. 3).

(a) (b) (c)

Figure 2: SAED image analysis (1): SAED image (a), binarized image (b), average intensity profiles of binarized
image (c). The X and Y intensity profiles (c) are used to locate the center of the diffraction pattern, in spite of the
beamstop extinction.
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Figure 3: SAED image analysis (2): polar transform (x, y) 7→ (r, θ). The polar image allows to conveniently extract
radial and angular intensity profiles.

The second step is to find the position and width of the 002 diffraction ring (r002 and δr, resp.). First, an
average radial intensity profile (i.e. integrated along θ) is computed, which gives an initial estimation of r002,
through a simple research of maximum on a pre-determined interval. An angular profile is then extrated at this
position and used to assess the [θ1, θ2] interval masked by the beamstop near r002 (Fig 4a) and its intensity value.

On the polar image, the blanked area is replaced by the average intensity value outside the beamstop, corrected
by an empirical factor (Fig 4b). This enables us to compute an extinction-corrected mean radial profile (Fig 5a).

The intensity maximum near the previous estimation provides the final r002 value. Besides, the radial profile is
fitted to a two-lorentzian model, one of which is fixed at r = 0 (for the transmitted beam background contribution).
We thus obtain a δr value, namely the half-FWHM of the 002-ring radial profile (Fig 5a).

It is now possible to compute I(θ), the final intensity profile for the 002 diffraction ring, averaged between
r002 − δr

2 and r002 + δr
2 in order to improve the signal-to-noise ratio (Fig 5b).

(a) (b)

Figure 4: SAED image analysis (3): rough angular profile (a) (in red, the beamstop area), beamstop-corrected polar
image (b). The analysis of the initial azimuthal intensity profile yields the sector of the 002 ring covered by the beamstop
(red data points in a). Intensity correction (b) then reduces beamstop-induced artifacts in radial profiles.

(a) (b)

Figure 5: SAED image analysis (4): average radial profile (a), 002-ring angular intensity profile (b). The background
offset of the 002 ring is extracted from the averaged radial profile, then used in the angular profile curve fitting.

Choice of the angular profile model

Direct fitting of the 002-ring angular profile by two gaussian peaks only works up to OA=65◦. Beyond that, the
overlap between the two arcs causes a systematic error on the OA measurement and another, indirect method must
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be used [11].
We tried to remedy this limitation by using an improved profile model, so that we may employ a single algo-

rithm, even for widely varying OA values.
The usual fit model is f(θ) = C + g1(θ)+ g2(θ), where C is an arbitraty offset constant and g1 and g2 are two

gaussian functions.
In order to take into account the periodicity of the angular profile, as θ is defined modulo 360◦, we added four

other gaussian peaks to the model (Equation 1).

f(θ) = K + g1a(θ) + g2a(θ) + g1b(θ) + g2b(θ) + g1c(θ) + g2c(θ) (1)

Here, K is the offset constant, g1b(θ) = g1a(θ − 360◦), g2b(θ) = g1a(θ + 360◦), g1c(θ) = g1a(θ + 360◦) and
g2c(θ) = g2a(θ − 360◦), that is to say we append on both sides of the [0, 360◦] interval the proper 360◦-translated
gaussian peaks (first and second neighbors). This way, the contribution of one arc to the other arc’s intensity profile
is correctly added, even for high OA values (i.e. > 65◦).

What’s more, instead of having a “free-floating” offset constant (K), we tried rather to give it more of a physical
meaning, especially considering that the OA value found with this fit model is quite sensitive toK for wider peaks.

We thus set this offset value to the mean intensity of the transmitted beam in the [r002− δr
2 , r002 + δr

2 ] interval,
i.e. the background intensity “under” the 002 diffraction ring (Fig. 5a), noted K0.

Sample preparation
Fuel particle samples were provided by CEA (Saclay, France) and ORNL (Oak Ridge, TN, USA) either as polished
half-spheres, the core having been removed, or envelope fragments. Hemispheres were favored during sample
preparation as they are easier to handle.

The hemispheres were first thinned to ∼15 µm cross-sections by polishing on diamond-coated disks. The
resulting ring was then glued to a single-hole TEM grid and ion-milled with argon to <100 nm thickness using a
GATAN Precision Ion Polishing System™ (PIPS).

Two to three particle coatings were prepared for TEM observation for each fuel production investigated.

Data acquisition
Diffraction pattern images were collected on a Philips CM20 TEM, operated at 120 kV accelerating voltage and
equipped with a 2048×2048 CCD camera. Four selected area aperture sizes were available: 0.3, 0.9, 1.5 and 4.4
µm (projected aperture diameter in sample plane).

In order to have significant statistics [11], ten to twelve SAED pattern series (i.e. one pattern per SA aperture
size) per dense pyrocarbon layer were collected for each sample.

3 Results and Discussion

Data analysis method validation
Figure 6 shows three examples of angular profile fits for increasing OA values. When the 002 arcs are narrow
(Fig. 6a), the standard and improved models yield matching results. In particular, the offset values found (hori-
zontal dotted lines) are indistinguishable. However, with wider arcs (Fig. 6b), the difference between K0 and an
arbitrary constant (red and magenta, resp.) is quite large, and the OA value significantly greater for the 6-gaussian
model. The differential between the two fit models is even larger in a quasi-isotropic sample (Fig. 6c).

We checked the validity of our approach on numerous experimental diffractograms. We found that our algo-
rithm is able to measure, with good reliability, OA values from ≈ 25◦ up to &200◦. By contrast, the simple direct
method tends to “saturate” around 100–120◦ and is thus not suited for large OA measurements, as it underestimates
such values [11, 12].

Application to TRISO fuel characterization
OA values from three sample series are shown on Figure 7. A and B are American and French (resp.) reference
fuels. In particular, they exhibit high optical isotropy values. C is a French test PyC deposition experiment.

First, we note an increase of the OA value with widening SA apertures. This is consistent with previous
works [3, 11] and with what is known of the texture of fluidized bed-deposited pyrocarbons. Such materials have
a spherulitic texture, that is to say an agglomeration of spherules, composed of a thick envelope of concentric
graphene layers around one or several small isotropic cores (roughly similar to carbon blacks). The measured
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(a)

(b) (c)

Figure 6: OA measurement examples with the 2-gaussian standard model (magenta) and 6-gaussian improved model
(red). Values found are: (a) OA2g=60◦, OA6g=61◦; (b) OA2g=94◦, OA6g=130◦; (c) OA2g=100◦, OA6g=211◦.

isotropy value then depends on the size of the projected SA aperture1, with respect to the spherule dimensions: the
wider the region of interest, the greater the observed isotropy, as more and more roughly isotropic spherules are
sampled.

In A and B, there is very little difference in measured isotropy between the OPyC and IPyC (Fig. 7), while
in other samples (not shown here), IPyC is significantly more anisotropic than OPyC, as the former tends to be
annealed during SiC deposition (∼1400°C) [11]. The dense pyrocarbon in A and B is thus relatively insensitive to
heat treatment, an valuable property for fuel particles.

In addition, the average OA values are &180◦for wide SA apertures: OPyC and IPyC are thus quasi-isotropic,
which satisfies the operating requirements.

Pyrocarbon C, on the other hand, is markedly more anisotropic than in A and B (OA∼155◦at SA=4.4 µm)
and may not perform suitably under irradiation. Larger standard deviations in the measured values also suggest a
greater heterogeneity.

4 Conclusions
This work, as its dark field counterpart [13], was aimed at developing new or improved methodologies for the
quantitative characterization of pyrolytic carbon microtexture using transmission electron microscopy.

We have shown that a single algorithm is able to extract the Opening Angle of the 002 arcs from SAED pat-
terns on the whole OA variation range (∼25–200◦). We were thus able to perform reliable isotropy measurements
on various fluidized bed CVD-deposited, spherulitic pyrocarbon samples from HTR nuclear fuel particles, consis-
tently with previous studies.

These tools are to be subsequently validated on laminar pyrocarbon samples and complemented by 002-lattice
fringe image analysis in a multi-scale strategy, prior to application to a wider variety of carbon materials.

Acknowledgements
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1as well as the aperture position for smaller aperture sizes, since either a spherule core(s), or its envelope, or both, are sampled.
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Figure 7: OA measurement results for three sample series: American reference fuel (A), French reference fuel (B) and
French test particles (C) [marker: mean value, bars: ±1σ].
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I, 2004.
[13] P.I. Raynal, M. Monthioux, and O. Dugne. Multi-scale quantitative analysis of carbon texture and structure:

II. Dark-field electron imaging analysis. In Carbon’09, The Annual World Conference on Carbon, Biarritz,
France, June 14–19 2009. Abtract #595.

Topic 11 P.I. Raynal 594


