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Abstract

The mechanical properties of anisotropic carbons such as the pyrocarbon (pyC) matrices in C/C composites remain
poorly documented, especially at elevated temperatures where these materials find most of their applications. We provide
here a comprehensive molecular dynamics investigation of the high temperature — up to 4000 K — elastic behavior of six
nanoscale pyC models in the context of fast temperature increases, not allowing for major structural modifications such
as graphitization. We show that the structure of the most anisotropic and less disordered carbons, like the rough laminar
(RL) pyC, is mostly not affected by annealing at the nanocecond timescale, aside from healing unstable defects like two-
coordinated atoms at graphene edges. Conversely, highly disordered and less anisotropic carbons like the smooth laminar
(SL) pyC show some significant rearrangements at grain boundaries and the development of some limited microporosity.
The elastic constants of all highly anisotropic models moderately decrease with increasing temperature, somehow similarly
to what is observed for graphite. Elastic constants of the SL pyC show a stronger decrease at high temperature, due to the

decrease in density even though all models retain an important degree of stiffness up to 4000 K.

In the realms of aerospace and nuclear energy, low-
temperature pyrolytic carbons (pyCs), deposited through
chemical vapor deposition (CVD) or infiltration (CVI) tech-
niques on surfaces or within porous materials, play a pivotal
role [Il 2]. Combining low weight, exceptional mechanical
and thermal properties as well as high melting points and low
porosity, these materials are primarily used as constituents in
continuous-fiber reinforced composites, either as thick ma-
trices in carbon/cabon (C/C) composites [3, @], or as thin
interphases in ceramic matrix composites (CMCs)[5].

Applications of CMCs with pyC interphases are mostly
found as structural parts of devices in aeronautics and nu-
clear industries [5, 16, [7], involving mild to elevated temper-
atures. C/C composites also act as structural elements of
space rocket motors [8] and brakes in aeronautical and ter-
restrial transportation[9] [10]. The exceptionally high melting
point of carbon combined to a very low coefficient of thermal
expansion also allows C/C composites to be a material of
choice when extremely high temperatures and heat fluxes are
encountered. A particularly noticeable application of C/C
composites is as thermal protection systems [11], especially
within the development of hypersonic projectiles[12], [13].
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Critical to the design of C/C composites is the control of
their mechanical and thermal properties, and a well-informed
design should include knowledge of the elastic tensors, ther-
mal expansion coefficients and thermal conductivity of all
the constituents in the whole temperature range relevant to
the applications. To date, this knowledge clearly does not
exist for the pyC matrices. Focusing on the elastic behav-
ior, only two reports of the complete elastic tensors, un-
der the form of Young moduli and Poisson coefficients and
based on tensile/compression [14] and ultrasonic [I5] mea-
surements at room temperature, are available to our knowl-
edge. The longitudinal moduli (i.e. parallel to the main
direction of graphene alignment) measured on these pyC
monoliths, are lower by about an order of magnitude with
respect to those measured by Sauder et al. based on ten-
sile tests on microcomposites [16], indicating the difficulty
in obtaining reliable data for this type of materials. Further-
more, the work of Sauder et al. remains to our knowledge
the only report on pyC elastic properties at elevated tem-
peratures (up to ~ 2500 K), although only the longitudinal
modulus was measured. Furthermore, investigating carbon
structure and mechanical properties under high temperature
at short (nanosecond) timescales is crucial for ensuring the
reliability and performance of composite materials in spatial
and defense applications, where they are often subjected to
extreme thermal stresses involving fast processes. Under-
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standing these properties at such timescales helps in design-
ing materials that can withstand sudden thermal shocks and
maintain structural integrity in critical mission environments.

PyC matrices exhibit a wide variety of textures, depend-
ing on the gas phase precursor and deposition/infiltration
conditions [17, [18, [19]. Historically, pyC textures were
first classified according to polarized light optical microscopy
(PLOM)[20], characterizing their anisotropy at the scale
of the entire fiber coatings (i.e. wm scale). The high
anisotropy rough laminar (RL), low anisotropy smooth lam-
inar (SL), and isotropic (ISO) textures [21], 20], as well as
the dark laminar (DL) texture [22], intermediate between
ISO and SL, were identified. Later on, pyC matrices were
also extensively investigated using High-Resolution Trans-
mission Electron Microscopy (HRTEM) and Bourrat et al.
introduced the orientation angle (OA), derived from inten-
sity profiles along the 002 arcs in Selected Area Electron
Diffraction (SAED) patterns, as a sub-micrometer evalua-
tion of texture anisotropy [23]. Reznik and Hiittinger[24]
expanded on this, proposing a classification of pyC nanotex-
tures based on OA values: Isotropic (ISO) when OA ~ 180°;
pyCs with OA = 180°, low texture (LT) when 180° > OA
> 80°, medium texture (MT) when 80° > OA > 50° and
high texture (HT) when OA < 50°. According to this clas-
sification, the long-known rough laminar (RL) and smooth
laminar (SL) pyrocarbons belong to the HT and MT cate-
gories, respectively.

Aside from texture, describing the distribution of 002 di-
rections in the material, the nanostructure of pyCs is best
described by the analysis of X-ray or neutron diffraction pat-
terns. As prepared, the nanoscale order of these materials,
with turbostratic stacking of graphene layers (i.e. without
in-plane orientational order), is characterized by the unique
presence of 00/ (out-of-plane) 3D features and 2D hk asym-
metric (in-plane) bands. The out-of-plane L. and in-plane
L, coherence lengths extracted from the latter, characteriz-
ing the extent of “crystalline” domains in the materials, are
typically of 2 to 5 nm, in both directions, for as-prepared
pyCs [25] [26]. It is worth mentioning that these lengths can
significantly increase upon high-temperature annealing for
high-texture pyCs, which can even develop some 3D crys-
tallinity. Those pyCs therefore belongs to graphitizing car-
bons. Conversely, the structure improvement of medium and
low texture pyCs remains limited, without 3D crystallinity
whatever the annealing temperature, and these carbons are
defined as “non graphitizing”.

The work presented here is part of a long-standing re-
search effort aiming at producing a bottom-up multi-scale
structure/elasticity relationship for pyC matrices, starting
from the nanoscale [27, [26], 28, 29, 30} 3], 32| 33]. Es-
pecially, in a very recent work, Polewczyk et al. have pro-
posed a poly-granular atomistic reconstruction (PG-IGAR)
method, to produce a large database of models of textured
carbons, covering both MT and HT pyC domains and span-

ning wide and uncorrelated ranges of L, L. and OA values
32l A recent publication describes the detailed relationship,
derived from a machine learning analysis, between the dif-
ferent structural and textural parameters and the complete,
room temperature, elastic tensors [33]. Although signifi-
cantly different from experimental measurements, as larger-
scale textural effects are neglected, the obtained room tem-
perature elastic model can be inserted in a continuum me-
chanics mesoscale model of the texture. In the same spirit
we present here a detailed investigation of the evolution
of the elastic tensor of six atomistic models, identified as
models of actual pyC materials, at temperatures ranging
from 300 to 4000 K, and compare the elastic behavior of
the pyC models to the one reported recently for crystalline
graphite[34].

1. Models and methods

1.1. Atomistic models of pyCs

We consider here six atomistic models of the database
from Polewczyk et al. [32] that were previously identified
as best reproducing the structural/textural parameters of
six well-characterized isolated pyC samples [25, 26]. These
models include an RL pyC, an SL pyC, and a regenera-
tive laminar (Rel) pyC[35] — another HT pyC, more de-
fective than RL — as prepared and after heat treatments
at 1300, 1500 and 1700°C. All the models contain 206950
atoms enclosed in nearly cubic periodic cells of ~ 12.4 nm
side lengths. Their main structural /textural parameters are
summarized in table[[l One observes that all models show
few-nm large coherent domains with interlayer spacings typ-
ical of turbostratic carbons, namely about 0.01 nm larger
than in AB stacked layers (i.e 0.335 nm in Bernal graphite).
They are all rather dense, therefore showing no microporos-
ity, and, as expected, with OAs lower than 50°, all but the
SL model, belong to the HT pyC category, the latter being
in the MT category. We also observe that most param-
eters are extremely close to experimental data aside from
two exceptions: the Rel 1790 model has a significantly un-
derestimated L. value, as the experimental one is actually
larger than the whole simulation cell, and the SL model is
slightly too dense, indicating that the actual experimental
sample certainly contains some porosity.

Snapshots of the models are presented in Figure [T] where
atoms are colored according to their local atomic environ-
ments. Following Farbos et al. [36] and Vukovic et al. [37],
atoms with one, two, three and four neighbors are noted as
C1, Co, C3 and G4, respectively; and the Cs (sp?) atoms are
subdivided into four categories, which are, by order of prior-
ity: C corresponding to atoms in three hexagons, Cf cor-
responding to atoms involved in at least one non-hexagonal
ring, Cg corresponding to atoms bonded to a C4 atom and
Cg corresponding to atoms bonded to a C,. Qualitatively
speaking, one observes that, in agreement with the data in



Table 1: Structural/textural parameters of the PG-IGAR pyC models at 300 K and 1 atm from Polewczyk et al. [32]. In parentheses, the
experimental data from Weisbecker et al. and Farbos et al. are given for comparison.

pyC Le (hm) L, (nhm) OA (deg.)  dooo (nm)  p (g/cm’)
SL 23(2.6) 3.3(33) 67(68) 0.342(0.345) 2.17(1.93)
RL 5.5(5.2) 4.6(4.6) 29(22)  0.346(0.345) 2.18(2.12)
Rel 2.9(2.9) 2.3(2.6) 36(40)  0.347(0.346) 2.13(2.11)
Relisoo | 3.9(3.8) 3.3(3.1)  37(43)  0.349(0.347) 2.15(2.16)
Relisoo | 6.1(6.3) 4.1(4.1)  32(30)  0.346(0.345) 2.18(2.18)
Relizoo | 7.6(13.3) 5.2(6.2)  27(27)  0.345(0.343) 2.19(2.18)

\ANET

Figure 1: 1 nm-thick cross-sections of (a) RL, (b) ReL, (c) Reli3po, (d) ReLisoo, (e) ReLi7oo and (f) SL models at room temperature. Colors
assigned to atoms correspond to different local atomic environments: C; (green), Ca (blue), C$ (gray), Cg (orange), CJ (yellow), Cg (purple)
and Cy4 (red). Horizontal and vertical cell lengths are all of about 12.4 nm.



table [T} the Relj700 and RL pyC models are those with the
largest coherent domains (formed by C§ atoms) and high-
est degrees of anisotropy, while the SL pyC model has the
smallest domains (with the ReL pyC model) and lowest tex-
tural anisotropy. Defects, and especially Cy, Cq4, C;* and Cg
atoms, are mostly located at domain boundaries. The lat-
ter form many types of defects including point defects, edge
dislocations, extended screw dislocations, etc. as reported
in many recent investigations [27, 26l [38, 39]. Graphene
layers are either interconnected to neighboring domains in
the c-axis direction via a disordered network of screw dislo-
cations — the so-called "car park access ramp” [27] — where
most C4 atoms reside, or in the a-axis direction by grain
boundaries made by networks of pentagon/heptagon pairs.
The snapshots also visually agree with the diffraction data
in showing that the Rel.17g0 pyC model is the most ordered
one with the largest coherent domains, both in-plane and
out-of-plane, and the largest anisotropy, while the SL pyC
has the smallest domains and anisotropy. Atomistic config-
urations of the six models relaxed at 300 K and 1 atm are
given in .xyz format in the supplementary material.

Table 2: Room temperature isothermal elastic constants in GPa of the
six pyC models (data from Polewczyk et al. [33]). Ay is the universal
anisotropy index[40].

pyC Cii Cass Ci2 Cis Cas Ces Ay
SL 427 26.8 61.3 329 225 147 139
RL 687 11.6 86.3 14.1 33 191 101
RelL 564 13.0 67.8 20.0 6.9 160 49.6

Relise0 600 128 68.1 162 7.2 152 49.6
RelLisoo 586 12.6 93.3 169 4.7 159 64.5
Relizo0 703 9.3 79.7 109 1.1 165 263

The room temperature isothermal (i.e. quasi-static) elas-
tic constants of the six pyC models, computed by Polewczyk
et al. [33], are given in table 2| The universal anisotropy
index A, [40] defined as

GY KV

A —6 (1)

u= 5& + W
where G and K indicate estimates of the shear and bulk
moduli, respectively, according to the Voigt (V' superscript)
and Reuss (R superscript) models, quantifies the elastic
anisotropy of a material. The determination of KV, KF,
GY and GF from the elastic tensors is described in previous
work[34], 33]. This indicator allows for an easier compar-
ison of the models. As expected the medium texture SL
pyC model is the one with lowest mechanical anisotropy.
Regarding the ReL pyC models, one observes that elastic
anisotropy builds up with the heat treatment temperature
such that the RL pyC model falls in between the RelL pyC
models heat treated at 1500 and 1700°C, respectively, which
is compatible with the similar L, L. and OA values obtained
for these models (see table[l]). It is worth recalling that, as

demonstrated in Ref. [33] the elastic constants presented in
table [2| do not allow reproducing some experimental data.
For instance, the longitudinal (in-plane) Young's moduli de-
rived from the elastic tensors were shown to overestimate
the results of tensile tests on single pyC-coated fibers [16]
by factors of 2 to 6. As discussed in Ref. [33, the difference
most certainly arises from the size of the models (12.4 nm),
which cannot capture texture at the deposit scale.

1.2. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed
with the STAMP [41] (Simulations Temporelles Atomistiques
Massivement Parallélisées) code with interactions between C
atoms described by the LCBOPII potential [42] and periodic
boundary conditions in the three cartesian directions. MD
trajectories under both canonical (NVT) and isothermal-
isobaric (NPT) conditions were integrated using a velocity-
Verlet integrator [43] operating with a 0.25 fs timestep.
Temperature (both NVT and NPT) and pressure (NPT
only) were controlled by Nosé-Hoover-Andersen thermostat
and barostat operating with damping constants of 0.1 and
1.0 ps, respectively.

First, all the models were subjected to short heat treat-
ments at different temperatures, from 500 to 4000 K by
step of 500 K, in order to anneal the weakest defects prior to
mechanical testing. For this, new sets of velocities, drawn
from Maxwell-Boltzmann distributions at the suited tem-
peratures, were attributed to the configurations previously
equilibrated at 300 K and 1 ns long NPT MD simulations
were performed to equilibrate the pyC models at the differ-
ent temperatures. The hydrostatic pressure was set to 1
atm. Equilibrium properties were computed from the last
100 ps of MD. The final configurations of these simulations
then served as initial configurations for the NVT MD simula-
tions aimed at computing elastic constants. In addition, the
exact same procedure was used to bring these annealed con-
figurations back to 300 K, in order to quantify the change
in structure and properties induced by these short annealing
simulations.

1.3. Calculation of the elastic constants

Isothermal elastic tensors were computed in the exact
same way as in the recent publication by Polewczyk et al.
[33]. It is based on the calculation of stress-strain relation-
ships obtained from series of well-equilibrated MD simula-
tions at small uniaxial tensile and shear strains. As in Ref.
33| the considered strain ranges are 1 to 3 % for tensile
deformations and -1 to 1 % for shear deformations, with, in
both cases, a 0.1 % increment.

Following the application of strain, the simulation cell un-
derwent equilibration in the NVT ensemble for a duration of
100 ps to allow for stress relaxation via the reorganization
of atomic coordinates. The stress tensor was then obtained
by averaging stress components over the last 20 ps of the



trajectories. Then, elastic constants were determined by
performing linear fits of the stress vs. strain curves. As in
former work [34], C;; and Ci» were averaged from tensile
tests performed in the x and y directions, C33 was obtained
from tensile tests in the z direction, Cy3 was averaged from
tensile tests performed in the x, y and z directions (2 in-
dependent evaluations along the z axis), C44 was averaged
from shear tests in the xz and yz planes and Cgg was ex-
plicitly calculated from shear tests in the xy plane.

1.4. Nanostructure and nanotexture analysis

As in former studies [26], 36], 37, [32], single configuration
analysis was performed to determine i) the coordination of
individual atoms, using a 1.85 A cutoff distance, and i) the
list of shortest path rings (SPR)[44] present in the system.
This allows us to classify the atoms according to their local
environments as discussed above (Cz, Cg, Cg, etc.).

As in Ref. [32], the structural parameters L. and L, were
extracted from the structure factors S(Q) obtained from
the real-space pair distribution function G(r) averaged over
the MD trajectory at equilibrium:

S(Q) =1+ éfow G(r)sin (Qr)dr )

where r is the interatomic distance and r,,x was set to 6
nm (i.e. ~ half the simulation cell width). Structure factors
was converted from Q space to 26 space according to the
relation Q = 47r+n(9) where A\ = 1.542 A was taken as
the X-Ray Cu K, wavelength. As in former works [25], [26],
32|, the 002 peak was fitted with a pseudo-Voigt function
and the 26 domain corresponding to the 10 band and 004
peak was adjusted with the sum of a skewed Gaussian (10)
and a Pearson VII function (004). The dggo parameter was
obtained from the 002 peak position using Bragg's law. The
Scherrer-Warren relations — L, . = K, c\/(Bcos(0)) where
K, = 1.77, Ko = 1, B is the full width at half maximum
(FWHM) of the peak and 6 is the diffraction half-angle —
were used to determine L, and L. from the fitted 10 and
002 features, respectively.

HRTEM image simulation was performed on single con-
figurations using Dr Probe [45]. Standard microscope pa-
rameters were used [25, [26]: 300 kV voltage, 1.2 and 1.5
mm spherical and chromatic aberration, respectively, -58 nm
Scherzer defocus and 7 mm defocus. From the latter an
SAED pattern is obtained by fast Fourier transform (FFT),
from which an intensity profile is gathered along the 002
arcs. OA is determined as the FWHM of this profile using
a gaussian fit. The full procedure is described in Ref. [32]

2. Results

2.1. Effect of annealing on room temperature properties

Figure |2] shows the effect of the short thermal annealing
treatment on some important structural, textural and ther-
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Figure 2: Evolution of various structural, textural and thermodynamic
properties with temperature after 1 ns-long annealing simulations: (a)
Le, (b) doo2, (c) La, (d) p, (€) OA and (f) enthalpy H.

modynamic properties at room temperature. Overall we ob-
serve that the properties of the three less disordered models,
namely the RL, Rel 1700 and Rel 1500 pyC models (i.e. those
having the largest L, and L., and lowest OA and enthalpy),
are almost unaffected by the annealing scheme. The small
fluctuations observed for these models are certainly within
the error bars associated to the calculation of the properties,
even though such errors were not explicitly computed.

Conversely, the properties of the three most disordered
models — SL, ReL and ReL 399 — show some dependence on
the annealing temperature. A decrease in L. (Fig. [2(a)) is
clearly observed for these models around 4000 K and a sim-
ilar behavior is observed for L, (Fig. P{(c)), with data seem-
ing to pass through a maximum for annealing temperatures
around 2000-2500 K, before falling slightly below the 300 K
values at higher annealing temperatures. However, the evo-
lution of values also remains close to the error associated
to the extraction of L, and L. from the structure factors
given in Fig. S1. The interlayer spacing dyg> unambiguously
increases with annealing temperature above 2000-3000 K
for the Rel, Rel13g9 and SL pyC models (Fig. b)), while
density decreases (Fig. d). These parameter evolutions
are particularly significant for the SL pyC model for which
doo> and p reach values of 0.378 nm and 1.98 g/cm3, re-
spectively, after annealing at 4000 K.

The orientation angle OA (Fig. e)) of the Rel 599 pyC



model slightly increases from ~ 30° at 300 K to ~ 40° at
4000 K, indicating a slight decrease in texture anisotropy
for this model. Conversely, OA decreases by more than
10° for the SL pyC model, indicating an increase in tex-
ture anisotropy. No significant change in OA is observed
for the four other pyC models. These observations correlate
fairly well with the evolution of the HRTEM images after
annealing at 4000 K, presented in Fig. S2 and Fig. S3.
Finally, we see in Fig. f) that these observed evolutions
in the structure and texture parameters of the SL, Rel and
Rel 1300 models induce a decrease in the models’ atomic en-
thalpy, and hence a stabilization of the latter, the enthalpies
of the three most ordered models being almost unchanged
by annealing.
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Figure 3: Evolution of the proportions of different atom types with
heat treatment temperature. (a): Cg, (b): Cg, (c): C7, (d): Cg, (e):
Cs and (f) : Ca.

Fig. [3| presents the evolution of the distributions of the
different atomic environments with annealing temperature
and helps identifying the key changes in local structure due
to annealing. The most affected types of atomic environ-
ments are the C, atoms and hence the Cg (C3 bound to
C5), as well as the C4 and hence the C;’ (C3 bound to Cy).
The C, (Fig. f)) and C§ (Fig. d)) atoms, present up
to 2% for the SL pyC model before annealing, almost disap-
pear after annealing at ~ 2000 K. Their proportions increase
slightly after annealing to higher temperatures, yet remain-
ing well below 0.5 %, and at considerably lower values than
prior to annealing. The proportions of C4 (Fig. e)) and

C3 (Fig. c)) atoms also show a non monotonic evolu-
tion with annealing temperature, this time passing through
a maximum at about 2000 K. Again, the most affected
models are the most disordered ones — SL, then RelL and
then Reli3gp by order of importance — which were already
counting the largest amounts of these atom types prior to
annealing. The proportions of atoms in graphene-like en-
vironments (C$) show very slight decreases with annealing
temperature (Fig. a)) while the proportions of Cg atoms,
typical of defects of graphenic grain boundaries, show very
slight increases (Fig. [3(b)) for the most ordered models
(RL, Rel1500 and Rel1700). This trend is stronger for the
most disordered models which is consistent with the slight
reductions in L, observed in Fig. c). Finally, it is inter-
esting to note that the average number of rings per atom
(Fig. S4) remains relatively constant and close to the value
for crystalline graphene and graphite (0.5) for the three less
disordered models, with values in the 0.48-0.50 range. This
number is lower and evolves more with annealing tempera-
ture for the three other models. Especially for the SL pyC,
the average number of rings per atom, initially of ~ 0.415,
decreases to ~ 0.395 after annealing at 2000 K, and in-
creases back to ~ 0.44 after annealing at 4000 K.

Figure 4: Snapshots of one nm-thick cross-sections of (a) SL before
heat treatment and (b) SL treated at 4000 K. Colors assigned to atoms
correspond to : C; (green), Co (blue), C§ (gray), Cg (orange), CJ
(yellow), Cg (purple) and C4 (red). Horizontal and vertical cell lengths
have dimensions of 6.0 x 1.0 x 4.0 nm. Panels (a) and (b) do not
necessarily correspond to the same location in the models.

The equivalent of Fig. [I] for the models annealed at 4000
K and cooled down to room temperature is provided in Fig.
S5. Although some differences can be observed on the local



structure, the overall nanotexture of the five HT models is
almost unaffected by the 4000 K annealing simulation. How-
ever, comparing the snapshots in Fig. f) and Fig. S5(f),
one observes significant modifications of the nanostructure
of the SL model after annealing at 4000K. In addition to the
increase in anisotropy measured by the decrease in OA, we
observe a significant smoothing of the structure. Indeed, the
sharp boundaries between misoriented/tilted grains observed
at 300 K (Fig. [Ij(a)) are replaced by much smoother curved
graphene layers like the double folded layers visible in the
middle-left area of Fig. [I[(b), reminiscent of the grafold [46]
or collapsed nanotube [47] structures. This folded structure,
minimizing edge energy, acts like a high angle edge disloca-
tion, creating a visible micropore in its vicinity (on its right),
which agrees well with the decrease in density. Also worth
mentioning is the formation of a more traditional prismatic
edge dislocation [48] in the middle-right side where two lay-
ers merge into a unique one.

Overall, while long timescale high temperature treatments
are generally expected to increase the coherence lengths, de-
crease the interlayer distance and increase the anisotropy of
graphitizable carbons, we observe here that at the nanosec-
ond timescale, such treatments only result in the anneal-
ing of weakest local defects, without significant evolution in
structure and texture.
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Figure 5: Evolution of the room temperature elastic constants with
annealing temperature: (a) Ci1, (b) Ces, (c) Ci2, (d) Ciz, (e) Cs3
and (f) Caa.

Figure |5 presents the evolution of the room temperature
elastic constants due to annealing. As expected from the

previous discussions, the elastic constants of the most or-
dered pyC models do not significantly change with annealing
temperature, even though some constants seems to show a
slight bell-shape evolution with maximum values for anneal-
ing temperatures around 2000 K. This is evident for the SL
pyC model for which all constants increase up to ~ 2000
K, then decrease significantly when increasing further the
annealing temperature. The evolution of the elastic con-
stants actually correlates very well with the changes in den-
sity observed in Fig. d), which, we assume, is the most
significant factor for the evolution of the room temperature
elastic tensors.

2.2. High temperature properties
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Figure 6: (a) Longitudinal and (b) transverse dimensional change with
increasing temperature of the pyC models and graphite. Parameters
a and c correspond respectively to the simulation cell lengths in the
longitudinal and transverse directions, respectively. ap and ¢y are ref-
erence values taken at 300 K.

The evolution of longitudinal (a-axis) and transverse (c-
axis) cell dimensions with temperature is shown in Fig-
ure |§| the equivalent properties computed for crystalline
graphite[34] are given for comparison. As discussed in Ref.
34, we recall here that MD calculations of thermal expansion
is only semi-quantitative below the Debye temperature (~
2000 K[49]) where zero-point energy effects have a domi-
nant effect on these properties, especially in the longitudi-
nal direction [50l 5I]. Nevertheless, comparing the results
obtained for the pyC models to those obtained earlier for
graphite, we observe that, as expected, thermal expansion
is more pronounced in the longitudinal direction than in the



transverse direction, and that the pyC models tends towards
the values for graphite with increasing structural and textu-
ral quality (i.e. increasing coherence lengths and decreasing
OA). One can notice that, despite rather small coherence
lengths (~ 5 nm), the most ordered and anisotropic pyC
models (RL, Rel 1500 and ReL1700) show very similar thermal
expansion to the almost linear curves obtained for graphite.
The three other models are a bit further away, especially
for the transverse data at low temperatures for the SL pyC
model. This is expected for the latter material which is far
less anisotropic than the others. However the thermal ex-
pansion of this model significantly increases with increasing
temperature above 2500 K, which is concomitant to the sig-
nificant decrease in the OA parameter experienced by this
model at these temperatures.

atomic environment statistics presented in Fig. [3]
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Figure 7: Evolution with temperature of (a) density and (b) enthalpy.

Figure[7] shows the evolution of density p and enthalpy H
of the pyC models and graphite with temperature. Pretty
similar comments to those made for the c-axis expansion
can be made for the density (Fig. [7(a)). An almost linear
decrease of p with temperature is indeed observed for the
most ordered and anisotropic pyC models, very close, albeit
with slightly lower values, to the linear trend obtained for
graphite. Density also decreases with temperature for the
three other models, yet in a much less linear fashion, es-
pecially for the SL pyC model. Enthalpy increases linearly
with T for all models with graphite and the SL pyC showing
the lowest and largest values, respectively (Fig. b)) This
means that structural changes in terms of bond properties
are not very significant, in agreement with the changes in

Figure 8: Evolution with temperature of the elastic constants of the
six pyC models and graphite: (a) Ci1, (b) Ces, (c) Ci2, (d) Ciz, (€)
C33 and (f) C44.

The evolution of the elastic constants with temperature
is presented in Figure [8l Numerical values of all the con-
stants are given in table S1-S7. Overall we observe that
the elastic constants of the pyC models evolve with tem-
perature in a very similar way and magnitude to those of
graphite. The hierarchy of models in terms of C;; values is
overall respected, regardless of temperature. Furthermore,
the somehow anomalous increase of Cy3 with temperature
observed for graphite is not observed for the pyC models.
Unsurprisingly, the SL pyC model is the one with the lowest
purely longitudinal elastic constants (Cy1, C12 and Cgg, and
the largest constants involving the transverse direction (Css,
Ci3 and Cyq). We also observe a significant decrease in the
SL pyC's elastic constants, especially the transverse ones,
when temperature exceeds 2500 K, which can be explained
by the significant decrease in density and increase in dggp
observed for this model above this temperature.

Fig. [@]shows the evolution with temperature of the univer-
sal anisotropy index A, for the six pyC models and graphite.
While the values for graphite strongly decreases with T, by
about an order of magnitude from 300 to 4000 K, A, for the
pyC models remain fairly constant for most models and tem-
peratures. The only significant change for A, is observed for
the SL pyC model above 3000 K, which is consistent with
the significant decrease in OA observed for this model at
those temperatures (see Fig. [2[(e)). Also, it is interesting
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Figure 9: Universal anisotropy index as a function of temperature for
the six pyC models. Data for graphite are taken from reference [34].

to note that at 4000 K the most ordered model, the Rel 1709
pyC model, has a similar anisotropy index to graphite.

3. Conclusion

In this work we have presented the first molecular dynam-
ics investigation of the elastic behavior of pyC matrices sub-
jected to a rapid increase in temperature. Six pyC models
of various textures, including five HT pyCs, the as-prepared
RL and ReL pyCs as well as ReL pyCs heat treated at 1300,
1500 and 1700°C, and one MT pyC, the as-prepared SL pyC.
We started by investigating the effect of 1 ns long anneal-
ing at the various temperatures on the structure/texture of
the pyC models and observed a very limited effect, even at
the highest temperature (4000 K), on the most anisotropic
and less disordered models, namely the RL pyC and the Rel
pyC heat treated at 1500 and 1700°C. Conversely, the SL
pyC (MT) was shown to undergo significant rearrangements
at domain boundaries, leading to the formation of graphene
loops and to the apparition of small micropores. Regard-
ing the bonding structure, annealing mostly results into the
disappearance of unsaturated (C,) atoms.

With increasing temperature, all the elastic constants of
the HT pyC models decrease smoothly, and to a limited
extent — typically less than 50%. The decrease in the elastic
constant of the SL pyC (MT) is more abrupt above 2000
K, which can be related to the strong decrease in density
observed at these temperatures. Overall, all the pyCs retain
high stiffness, even at the largest T investigated (4000 K),
for such rapid solicitations (1 ns).

Interestingly, while the mechanical anisotropy — computed
via the universal anisotropy index A, — of graphite has been
shown to decrease significantly with increasing T, A, re-
mains fairly constant for the HT pyCs, whatever the tem-
perature, and even increases with 7 (for T 3000 K) for the

SL pyC due to an increase in the texture anisotropy of this
model at these temperatures. Eventually, at 4000 K, the A,
index of the most ordered pyC model is relatively close to
the one of graphite.
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