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ABSTRACT

A new method for the generation of atomistic mod#lslense nanotextured carbons is
presented. This method is based on the statisditalysis of HRTEM images and their three-
dimensional extension through image synthesis uodestraint. The resulting 3D images then
serve as an external potential bringing the atansettle preferentially on the white areas during
a conventional simulated annealing simulation. Agagpion of this method to the case of two
laminar pyrocarbons, differing in their degree odder, highlights the promising nature of this
approach.

INTRODUCTION

Atomistic reconstruction methods are nowadays esféblished tools for linking
experimental characterization data to the atomatesstructure of matter [1]. Most of them are
based on the reproduction of orientation-averadatttsiral features like the pair distribution
functions (PDFs) so that these methods are usueally efficient for isotropic systems. However,
when dealing with materials displaying a neatlysatropic nanotexture, like most dense
graphene-based carbons, the success of such apgsaaties strongly on the initial guess of the
atomic structure [2]. In crude terms, this meares fdilure of these methods for that class of
materials. For instance, two PDF-based computemsgouctions of the same material [3] show
a drastically different nanotexture: one, quitetrigpic, is an amorphous carbon with a
dominating sp2 character [4] while the other oneistrongly anisotropic stack of faulted
graphene sheets [5].

Nowadays, the nanotexture of turbostratic carbdiks, for instance the pyrocarbon
matrices present in many industrial C/C composi@s is usually described from High
Resolution Transmission Electron Microscopy (HRTHMjice fringe images [7]. Although the
information provided by this technique is mainlyafjitative, recent developments in image
analysis methods allow a finer description of thaeatexture to be drawn [8-11].

We propose here a new atomistic reconstructiontegfyabased on the information
provided by such HRTEM images. The two steps o$ tmethod, i.e. (i) synthesis of 3D
“HRTEM-like” images from 2D experimental HRTEM imeag under an orthotropy assumption
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and (ii) molecular dynamics annealing simulatiorsing the synthetic 3D images as a
complementary energy term to the interatomic paa€rdare described in this what follows. This
new reconstruction strategy is then applied to tA®TEM images of a rough laminar
pyrocarbon. The first image is typical of an aspared material whereas the second one
concerns a heat treated, partially graphitized rizte

THEORY

I mage analysis/synthesis

To synthesize 3D HRTEM-like images, we use animaigpyramidal analysis/synthesis
scheme derived from a standard 2D approach [12.nidvel procedure breaks down into three
steps:

0] 2D analysis: decomposition of the HRTEM imaggmple into a set of multi-resolution
subbands using the steerable pyramid decompogit@jn statistical analysis of the subbands;
production of a pyramidal collection of first ordénean, variance, skewness, kurtosis) and
second order (autocorrelation coefficients) 2D istias. All the analysis is performed on
experimental HRTEM images after application of diahand directional band-pass filter to
remove low-frequency (background gradients) antiHfigquency (noise) artifacts. This filtering
also has the benefit of making the images circ(darperiodic), a suitable property for image
synthesis and atomistic reconstruction methods.

(i) 2D to 3D statistical inference: productionapyramidal collection of 3D target statistics.

(i) 3D HRTEM-like image synthesis: a 3D data Wtpdnitially random, is alternately
decomposed using a 3D pyramidal decomposition, fieodio meet the 3D target statistics,
reconstructed, re-decomposed, etc.

The main difficulty of this new approach is to aipt 3D target statistics from the analysis
of 2D experimental images. This is trivial for ficrder statistics (mean, variance, skewness and
kurtosis), the main difficulty is in determiningr¢gt 3D autocorrelation coefficientsp(x,y,2)
from the reference 2D autocorrelation coefficiemig(u,v). Such statistics describe the
dependence relationship between two pixels in &utex(respectively two voxels in a solid
texture). In the case of dense pre-graphitic casbtexture anisotropy comes from the property
of orthotropy. The latter can be stated as folloa#:2D views containing the direction of
orthotropy, the stacking direction of graphene #heleave the same statistical properties. For
instance the direction of orthotropy on the two HERT images of Fig 1 (Fig 1a and 1b) is the
vertical direction.

Let (O, x, 2) be the 2D Cartesian coordinate system of the ensagnple. The labelsand
z refer respectively to the horizontal and vertidiaéctions. Lety be the direction orthogonal o
andz so that the systen®( x, y, z) is orthonormal. 3D autocorrelation coefficients eelated to
2D coefficients through polar/spherical coordinates
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orthotropy
In other wordst3p(X,y,2), can thus be deduced framn(u,v) by interpolation.

Once inferred from 2D, the target statistics havde imposed on a 3D random block
through an ad hoc multi-resolution framework. TiiEmework must be based on a pyramidal
decomposition adapted to the anisotropic natutheBD textures addressed. Each 3D subband
must relate to one specific 2D subband so thatnip@sition of the autocorrelation coefficients
of the 2D subband on the 3D subband makes sense.

Let Bsp(w) be any of the frequency filters used in the 3Dapyidal decomposition to extract a
specific subband. Letw denote a 3D frequencywjfwy.w,) its expression in Cartesian
coordinates and(,,ws,w,) its expression in spherical coordinates. We hasteseen above that
the 3D autocorrelation coefficients do not depend.d~or the same reason, the 3D expressions
of the frequency filters used for the 3D multiscdéeomposition must not dependo4) i.e.:

By (@) = By (G, iy ) = BR(6,, 6, 05) = B (0, 0,65) = B (@, 455) = By (4, €Oy, 0, SN, ) - (2)

In other words, the 3D frequency filters can bewbedl from the 2D frequency filters by
interpolation.

This analysis/synthesis method is applied in wbHdbws to the filtered experimental
images of two rough laminar pyrocarbons : “as pregpdAP)” (Fig 1a) and “heat-treated (HT)”
(Fig 1b). Figs la (and 1c) and 1b (and 1d) spamgrage) on respectively 16 and 17 fringes.
The steerable pyramid decomposition is performedh w8 levels and 4 orientations.
Autocorrelation coefficients are taken on 7x7 nbgtnoods.

Atomistic reconstruction

Starting from the 3D synthetic images, cubic satioh boxes of compatible sizes
(number of fringes multiplied by the suited intgda spacingdyy,) are created and randomly
filled by carbon atoms to generate a system astited density. No heteroatoms are considered
in this work. Typical pyrocarbon values dfo, and of the density, respectively 3.5 A and 2.1
g/cm3, are adopted. This corresponds to 18507 ah€ei®atoms for respectively the AP and HT
pyrocarbon images of Figs 1a and 1b.

After a short Hard-Sphere Metropolis Monte Carimdation (to ensure that no C-C
distance is below 1.3 A), random initial velocitesrresponding to a high temperature (8000 K)
are assigned to the system and a realistic interatpotential, the second generatiREBO
potential [14] is switched on. THREBOenergy is defined as

VREBO:ZZ f,(r, )[\/R (r;) —B VA (r; )] (3).

whereN is the number of atoms; is the distance between atoyandj, fi(r) is a switching
function that goes smoothly from unity for= 1.7 A to zero forr = 2 A, Vg(r) andV,(r) are
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respectively the repulsive and attractive potestiahdb; is an empirical bond order term,
depending on both the environments of atorasdj, and which properly takes into account the
different bonding possibilities of carbon. This @uatial, which forces the system to adopt a
proper carbon bonding, is complemented by an eakegnergy termVugrrem to impose the
nanotexture of the 3D image to the system. We cheseVyrremto be a simple linear function
of the greyscale level:

VI =S ) (4.

i=1

where ki, is a proportionality factor ant{r;) is the greyscale level (ranging frointo 1 for
respectively white and black voxels) correspondmthe positiornr; of atomi.

A simulated annealing procedure is then launch&dgumolecular dynamics together
with the stochastic thermostatting method of Anderd5]. During this simulation the system is
“slowly” cooled from its initial temperature down O K by adjusting the target temperature of
the thermostat at each timestep. Such a procedurgcsnthe dynamics of a carbon system
cooled from the liquid state in the presence oésernal field (the 3D image potential) bringing
the system to a given nanotexture. Tuning the ivelamportance of the two terms of the
potential by changing the value kaf, allows to get a good balance between finding loergy
structures and obtaining the suited nanotexture.

Preliminary simulations performed on smaller inag&3 fringes height, not presented
here) showed that a value lof = 2 eV, approximately one fourth of thep2 carbon energy, is
very appropriate. For the cooling rate, these satmhs revealed that a non uniform cooling (fast
cooling at high and low temperatures and slow cgpht intermediate temperatures) was the
optimal solution. In this work we adopted the fallag cooling sequence: 125 K/ps (T > 7000
K), 25 K/ps (7000 K= T > 6000 K), 5 K/ps (6000 Kk T > 5000 K), 1 K/ps (5000 K T > 4000
K), 5 K/ps (4000 K= T > 3000 K), 25 K/ps (3000 K T > 2000 K) and 125 K/ps (2000 XT).
This temperature ramp, with the slower cooling r@té/ps) around the carbon melting point
gives lower final energies and higher?sfractions than for instance the much more
computationally expensive uniform cooling at 2 K/ps

After completion of the annealing, and in ordeat@id any bias that the image potential
could introduce, this term is switched off and REBO potential is replaced by th®IREBO
potential of Stuart [16]. This potential is a machftion of theREBOpotential, incorporating in
an adaptive manner the van der Waals interactimturong between non-bonded atoms
(interactions between different graphitic sheefg)that point the system is relaxed for some
picoseconds at a constant temperature of 300 Kidetdculation of properties.

DISCUSSION

I mage analysis/synthesis.

2009 MRS Fall Meeting Symposium NN proceediNgsember 30 - December 3, 2009, Boston,
MRS Symp. Pro¢2010) vol.1231, pp. 50-59



The two filtered experimental HRTEM images on whibe statistical analysis has been
performed are presented in Fig 1 together withtwe corresponding synthesized 3D HRTEM-
like images.

Figure 1. Filtered experimental HRTEM images of an “as predaAP)” (a) and a “heat-treated (HT)”
(b) rough laminar pyrocarbon. Subfigures (c) andsfbw the 3CHRTEMlike images synthesized from
target statistics collected from subfigures (a) @despectively.

As can be seen in Fig 1, the synthetic 3D imadeSigs 1¢c and 1d exhibit anisotropy
properties similar to those observed in the HRTEdWhgles of Figs 1a and 1b. Particularly,
straight and distorted fringe lengths and disoagohs observed on Fig 1c (respectively 1d),
though not evaluated quantitatively, seem to bedegsimilar to the ones observed on the
HRTEM sample of Fig 1a (respectively 1b). More ®Bely, the fringes observed for the AP
sample (Figs. 1a and 1c) appear to be much lesa@dedl and more curved than those of the HT
sample (Figs 1b and 1d).

The atomistic configurations obtained for the twaterials at the end of the above
described reconstruction procedure are shown inZig

2009 MRS Fall Meeting Symposium NN proceediNgsember 30 - December 3, 2009, Boston,
MRS Symp. Pro¢2010) vol.1231, pp. 50-59



Figure 2: Reconstructed atomistic models of “as prepared '(A®)and “heat treated (HT)” (b) rough
laminar pyrocarbons. Blue sticks: bonds betweeharaatoms in pure &ings; Orange sticks: other C-C
bonds.

As can be seen on this figure, the two atomisticdl@s show a well pronounced laminar
nanotexture, typical of pyrocarbons. Carbon bondmghese two models is almost entirely of
sp’ nature for both models (97 and 99% for respectivd? and HT pyCs), the remaining carbon
atoms being mainly $gwith some traces of sp) hybridized. In order &itér characterize the
materials, we performed an analysis of ring siaistlimited to three-coordinated atoms,
according to the “shortest path ring” (SPR) aldoritof Franzblau [17]. We found that, on
average, one carbon atom belongs to respective8/éhd 2.81 SPR for respectively the AP and
HT pyCs (in graphite each atom belongs to three 8®Romparison). Moreover, a similar
repartition of rings is found in the two materiailéth respectively 88.6 and 88.9 % of six-
member rings (), 5.5 and 5.4 % of 5-member ringss{@nd 5.7 and 5.5 % of 7-member rings
(Cy) for respectively the AP and HT models. In botlsesaa low fraction (0.2 %) of eight-
member rings (g has also been observed. Although these fractidnson-hexagonal rings
(around 11 %) are relatively high, we expect tloatdring the annealing rate will increase the
fraction of hexagonal rings, at least in the casthe HT material as heat treatment is supposed
to anneal some structural defects.

To further unravel the nanostructural featurethefreconstructed models, we performed
a search for “pure £rings , namely those £xings whose atoms belong only tg 1&hgs. In Fig
2, pure G rings are shown with blue sticks while other Cdhds are shown in orange.
Although no quantitative results are provided iis fhaper, visual comparison of Figs 2a and 2b
shows that the HT model presents a much higheredegfr order than the AP one. Indeed, pure
Cs domains appear to be more extended in HT thanTAR.leads to quite straight carbon sheets
in the HT model as compared to the undulated omsgreged in the AP model. Even if the
fractions of non hexagonal rings are similar in the materials, we can see on Fig 2 that such
rings are rather involved in inter-sheets connestion the AP model (Fig 2a) while they are
mainly present as intra-sheet disorder in the HHeh@Fig 2b). The important fraction of non
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hexagonal rings in rather flat sheets (Fig 2b)xpl@&ned by the segregation of such rings in
some disordered but flat domains with neighboringa@d G rings like in the well-known
Stone-Wales defects.

Going back to the very beginning of this work, sleow again in Fig. 3 the HRTEM
images of the AP (Fig. 3a) and HT (Fig. 3d) pyCgetber with those simulated from the AP
(Figs 3b and 3c) and HT (Figs 3e and 3f) atomisticdels using the NCEMSS HRTEM
simulation software of Kilaas [18].

Figure 3: Filtered experimental HRTEM images of an “as predaAP)” (a) and a “heat treated (HT)”
(b) rough laminar pyrocarbon. Simulated HRTEM inmgsbtained from the reconstructed atomistic
models of the AP (c) and HT (d) pyCs.

Apart from differences in contrast, the similarityterms of fringes undulations and junctions,
between initial images (Figs a and b) and theiresponding simulated images (Figs ¢ and d) is
obvious and confirm that the atomistic models contaost of the nanotextural information
present in the HRTEM images. Note that a high-fezgquy signal, corresponding to the presence
of atoms, is observed in the simulated images (Bilgsand 3d) and was removed from the
experimental images (Figs 3a and 3b) due to filteri

As a last check up of our atomistic models, wet o Fig. 4 the reduced Pair
Distribution Functions (PDF) computed for the ARIafiT models. The reduced PDF®(r) is
defined as :
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G(r)=4no,r[9(r)-1] (5).

where r is the interatomic distance, is the number density angl(r) is the atomic pair
distribution function defining the normalized pralday of finding two atoms distant biy:

N

g(r) = ! <ZZ5(r—fn )> (6)-
PN \TT7

Even though it is theoretically possible to meadime PDF of pyrocarbons, the difficulty to

obtain these materials (usually deposited on fibrperforms) in bulk quantity, required to

perform X-ray or Neutron scattering experimentsbably explains why this function has never

been published for such materials. Neverthelessatae show, for comparison purposes, the

experimentalG(r) of a nanoporous disordered carbon [3] and the coeaG(r) of an ideal
hexagonal graphite lattice on Fig. 4.
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Figure 4. Room temperature Reduced Pair Distribution Funatioreconstructed atomistic models of “as
prepared (AP)” (full circles) and “heat treated (H{straight line) pyrocarbons. Also displayed #ne
experimental PDF of a nanoporous carbon [3] (dathecand empty squares) and the computed PDF of
ideal hexagonal graphite (dotted line).
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We easily observe that the two pyC models have stlidentical PDFs. This is not surprising as
the PDF is an orientation-averaged measure of larcidr, and the two models have very similar
structures in the investigated length range. Whempared to the nanoporous carbon and to
graphite we see that the models possess the tygircature of dense carbons, with all intra- and
inter-layer peaks presents. However, when compareidstance to the nanoporous carbon PDF
measurements of Petkov et al. [3], we see that gmaks in the pyrocarbon PDFs are wider and
less pronounced (see for instance the third neigh&ak at 2.9 A or the peak at 6.6 A). This can
be due to the relatively high fraction (around 11 &fonon-hexagonal rings in our models while
Petkov's PDF has been modeled with atomistic coméition comprising zero [4] to 5% [5] of
such rings.

CONCLUSIONS

In this paper we have proposed a new method, basétRTEM data, for the atomistic
reconstruction of nanotextured carbons. This methas been applied to two nanotextures
typical of rough laminar pyrocarbons. The first aroeresponds to an as prepared material and
the second one to a heat treated pyrocarbon. Ewsmage guided method has led to relatively
satisfactory models. Indeed, the nanotextures eftéio models, as well as the differences
between them, are fairly compatible with what wewrfrom the experimental samples (namely,
the initial HRTEM images). Moreover, on the cherhigaint of view, the atomistic models are
typical of sg carbons and present well defined aromatic domaired| stacked along the
orthotropy axis. However, at that point, the numbenon-hexagonal rings (11 %) is slightly
larger that what we would expect (a few percents)siuch dense pre-graphitic carbons. The
latter point is confirmed by the observation of #@F, showing larger peaks than for instance
the nanoporous carbon studied by Petkov et alN8Yertheless, we have reasons to believe that
this “chemical quality” can be neatly improved loyvkring the rate of the simulated annealing
process or by including in this process, togethigh the 3D image, a penalty term based on an
experimental PDF, if available. Such an approachibdeen used by Jain et al. [19] in the simpler
case of low density porous carbons. Furthermoreodaction of H atoms in the simulated
structures will also help in this direction.
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