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Introduction

Atomistic mechanisms underlying plastic flow at
ultralow yield stress in ductile carbon aerogels+

Giorgio Conter,? Kailu Xiao, 2 ° Xiangian Wu, @ € William A. Goddard, lI*“ and

Alessandro Fortunelli € *9-¢

We investigated carbon aerogel samples with super low densities of 0.013 g cm™> (graphite is 2.5) and
conducted compression experiments showing a very low yield stress of 5-8 kPa. To understand the ato-
mistic mechanisms operating in these super low density aerogels, we present a computational study of
the mechanical response of very low-density amorphous carbonaceous materials. We start from our pre-
viously derived atomistic models (based on the DynReaxMas method) with a density of 0.16 g cm™ repre-
senting the core regions of carbon aerogels. We considered three different phases exhibiting either a
fiber-like clump morphology interconnected with string-like units or a more reticulated framework. We
subjected these phases to compression and shear deformations and analyzed the resulting plastic
response via an inherent-structure protocol. Strikingly, we find that these materials possess shear plastic
relaxation modes with extremely low values of yield stress, negligible with respect to the finite values pre-
dicted outside this "zero-stress” region. This is followed by a succession of two additional regimes with
increasing yield stress values. Our analysis of the atomistic relaxation mechanisms finds that these modes
have a collective and cooperative character, taking the form of nanoscopic shear bands within the
clumps. These findings rationalize our experimental observations of very low-stress plastic deformation
modes in carbon aerogels, providing the first steps for developing a predictive multi-scale modeling of
the mechanical properties of aerogel materials.

these materials is the very low values of yield stress in plastic flow,
which we find to be as low as 5-10 kPa for up to large (>60-70%)

There is a great deal of interest in carbonaceous films as supports
for heterogeneous and electro-catalysts as well as for capacitors
and other applications, ranging from hard coatings to bullet-
proof vests." Although normal graphite and glassy carbon have
a density near 2.5 g cm >, we and others have synthesized carbon-
aceous films with densities as low as 0.013 g cm™. For low-
density carbon aerogels, important properties are their mechani-
cal stability and response to tension and shear, for which they
exhibit unique features. These materials can have quite different
mechanical behavior depending on the preparation method, here
we focus on those that exhibit ductile characteristics. At the static
level, the most striking feature in the stress/strain diagram of
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strains.! Indeed, we purposedly prepared carbon aerogel samples
via hydrothermal treatment and conducted compression experi-
ments leading to the results shown in Fig. 1 (see the ESIT for
details of sample preparation, experimental procedures and
general information).

It is difficult to reconcile such strikingly low values of yield
stress with the typical values of the elastic moduli of graphitic
carbonaceous phases, which range from tens or hundreds MPa
up to several GPa for in-plane stretching of graphene.’
Examining the morphology of these carbon aerogels experi-
mentally with SEM imaging (see Fig. S1 in the ESIt), we find
that their structure is foam-like or mesoporous, with 1-3 pm
thick sheets of denser (core) material separated by 20-40 pm
voids (or vacuum regions). The overall mass density of
0.01-0.015 g cm™ thus arises from an average between the
denser sheets with a mass density around 0.15-0.22 g cm ™,
and the voids (we assumed an average of 2 pm for the thickness
of the sheets and an average of 30 pm for the void region
whence a factor of 15 in the mass density, which turns the
range 0.01-0.015 g cm™ for the experimental total mass density
into 0.15-0.22 g cm™ for the mass density within the sheets).
This value is based on the SEM image of the sample (see Fig. S1

Nanoscale, 2023,15,19709-19716 | 19709


http://rsc.li/nanoscale
http://orcid.org/0000-0001-5013-7951
http://orcid.org/0000-0001-5824-2203
http://orcid.org/0000-0001-5337-4450
https://doi.org/10.1039/d3nr04067d
https://doi.org/10.1039/d3nr04067d
https://doi.org/10.1039/d3nr04067d
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr04067d&domain=pdf&date_stamp=2023-12-11
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr04067d
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015048

Open Access Article. Published on 28 November 2023. Downloaded on 4/8/2026 7:12:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

50 |- Experiment

0%

20%

30%

B
o

60%

w
o

Stress (kPa)
3

s
o

0.0 0.2 0.4 0.6 0.8 1.0
Strain

Fig. 1 Schematic strain/stress diagram of a representative carbon
aerogel with a mass density of 0.013 g cm~>. Optical images corres-
ponding to different values of strain are reported in the insets.

of the ESI}). Despite their foamy morphology with extended
vacuum regions, these materials are mechanically very robust,
and have been profitably employed, e.g., in bullet-proof vests.?

a. b.

Fig. 2 Engineering shear (a) and compression (b) strains are defined as
the ratios of the red to the blue lines.
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To understand the atomistic origin underlying this unique be-
havior, we examine here the mechanical properties and stability
of low-density carbon using reactive molecular dynamics (RMD)
simulations based on force fields trained with Quantum
Mechanics (QM). Our studies build upon atomistic models of
low-density carbon developed using the DynReaxMas procedure
reported in a previous paper.® In particular, we choose three
DynReaxMax simulation protocols: MM1/MMS8 (M18 in the fol-
lowing), MM2/MM6 (M26), and MM3/MM4 (M34), all at a mass
density of 0.16 g cm . They differ because they were produced by
promoting different atomistic processes during their generation
(see below for a description of these phases and see ref. 6 for
simulation details). Consistent with our experiments, we find that
some of these low-density DynReaxMas models support plastic
modes with up to 5-10% shear deformation associated with extre-
mely low values of the yield stress. This is smaller by orders of
magnitude compared to the yield stresses of several MPa pre-
dicted at values of mass density of 0.5 g cm™> for carbonaceous
materials models derived via the same computational protocols.
To analyze in detail the atomistic mechanisms associated with
these unique modes at different length scales, we use an
inherent-structure analysis of the plastic relaxation to discover
that they are not correlated with thermal motions, do possess a
cooperative or collective character, and lead to formation of nano-
scopic shear bands within the fiber-like clumps.

Results and discussion

The phases generated by the M18 and M26 DynReaxMas mas-
sages consist of denser regions (1D-fiber-like clumps) intercon-
nected with filaments (or strings) as shown in Fig. 3a and b,
whereas the M34 phase possesses a more reticulated, 2D
network of bonds as shown in Fig. 3c.

The stress-strain plot for the M18 phase in compression
along the (y) direction and in shear along the (x, y) plane are

Fig. 3 Predicted atomistic structures for the phases generated by the DynReaxMas computational protocol® using the (a) M18, (b) M26, and (c)
M34 massages at a simulation temperature of 2000 K and a mass density of 0.16 g cm™. (a and b) Correspond to 1D-fiber-like clumps intercon-
nected with filaments or strings while (c) possesses a more reticulated, 2D network of bonds.
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reported in Fig. 4a and b, respectively. In Fig. 4 we directly
report the result of the inherent-structure analysis as described
in the Computational approach section, i.e.: after each defor-
mation we relax the configuration back to its equilibrium to
calculate its elastic modulus along the given deformation, and
we plot the corresponding parabolas (see the Computational
approach section for more details). Note that we compress
along a direction (x or y) orthogonal to the fiber-like clump
axis (z) and we shear along a plane (x, y) orthogonal to the
fiber-like clump axis (z). This is because we assume that the
clump possesses mechanical properties in the direction along
its axis similar to multi-wall carbon nanotubes, so that they
lack low-stress yield modes.

It is important to emphasize the qualitative difference
between the plastic response in shear (Fig. 4b) or compression
(Fig. 4a) in the stress-strain diagram of the M18 phase. In
compression, we find an initial narrow elastic region (up to 5%
strain), followed by two plastic flow régimes between 5% and
33% strain (highlighted in orange and blue in Fig. 4, with iso-
tangent plastic flow stresses of 135 MPa and 520 MPa, respect-
ively), finally leading to a hard-wall strain-hardening region for
strain >33%.

The stress-strain profile in shear is slightly more irregular,
with a re-adjustment of the initial structure observed within a
low shear strain of 2%. Most importantly, the analysis of the
inherent structures and their associated parabolas provides a
key difference between the two strain modes.

As shown in Fig. 4b, in shear we find for M18:

« an initial region, up to 4-5% strain (highlighted in red in
Fig. 4b), in which the parabolas shift in their equilibrium
shear-strain positions, while their minimum energy stays prac-
tically constant around a common value. These transitions,
which (to the best of our knowledge) are reported here for the
first time, correspond to plastic modes with a very small
(almost negligible) yield stress, that we will hereafter refer to as
“zero-stress” plastic modes.

This initial zero-stress region (which is absent in com-
pression) is followed by two plastic flow regions at finite values
of yield stress (as observed also in compression):

« the first region (between 5% and 8% strain highlighted in
light blue in Fig. 4a) has isotangent plastic flow stresses of 45
MPa and

- the second region between 8% and 16% strain, high-
lighted in dark blue in Fig. 4a, has isotangent plastic flow
stresses of 88 MPa and,

- finally, a hard-wall strain-hardening region for strain
>16%.

Note that all the isotangent plastic yield stresses in shear
(~0 in the “zero-stress” regions and 45-88 MPa in the follow-
ing finite stress régime) are significantly smaller than those in
compression (135-520 MPa).

This zero-stress plastic flow régime exhibiting negligible
values of the yield stress shear is not specific to the M18
phase. Fig. S3 of the ESI{ presents the isotangent construction
for shear simulations on the M26 phase, showing the same
qualitative behavior found for the M18 phase in Fig. 4b: for

This journal is © The Royal Society of Chemistry 2023
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M26 the zero-stress region applies up to ~4% strain, which is
followed by a plastic flow region with isotangent stress of 56
MPa. Fig. S4b of the ESIf reports the isotangent construction
for shear simulations on the M26 phase in the opposite direc-
tion (with a zero-stress region up to 4% and an isotangent at
34 MPa for larger strain). Fig. S4a of the ESIT reports the iso-
tangent construction for shear simulations on the M34 phase.
Here, we find an approximately similar behavior in that we
find a first plastic régime with a low value of the yield stress
(about 11 MPa), followed by an interval of strain with a higher
yield stress value (93 MPa), then leading to a final strain hard-
ening region. However, the more reticulated morphology of the
M34 phase makes that the first plastic yield has a finite (non-
negligible) isotangent value of 11 MPa up to 4% shear strain.
This corresponds to a yield stress larger by orders of magni-
tude than in the “zero-stress” régime of the M18 and M26
phases, and therefore to a qualitatively different mechanical
response. The M34 phase corresponds in our view® to
materials experimentally obtained at a higher temperature,
leading to a more reticulated, 2D network of bonds, and thus
larger graphene-like areas. The zero-stress region thus
depends on the size of the graphene flakes.

To investigate the dependence of this unique “zero-stress”
region upon the mass density of the carbonaceous material,
we applied the same protocol for shear calculations to the M18
DynReaxMax phase prepared at 2000 K with a density of 0.50 g
ecm>.° The results are summarized in Fig. 5. As for the 0.16 g
cm ™ phase, we observe a similar initial collapse of the struc-
ture yielding a phase at lower energy with an equilibrium
strain at the minimum shifted by a few percent. Then, we find
a first meaningful plastic régime. The isotangent construction
in this initial plastic relaxation of the M18 phase at 0.50 g
em™® differs significantly with respect to those of M18 and
M26 at 0.16 g cm . Indeed, it shows:

+ a non-negligible slope, giving rise to an initial non-zero
yield stress of ~4 MPa and

« a much narrower region of plasticity (of only about 1%
strain range).

Moreover, the M18 0.50 g em™ structure stress/strain
response exhibits more of an elastic-type behavior than any of
the phases at 0.16 g cm™ for two reasons:

« at least four isotangent constructions are needed to reach
10% deformation, each one enveloping a very small number of
parabolas, suggesting that for the 0.50 g cm™® phase the
plastic flow is also due to the discrete sampling of
deformations.

« The relaxation paths at step (iii) of the computational pro-
tocol (see the Computational approach section below) are
longer and converges to lower deformations. For instance, by
comparing Fig. 4b and 5, we notice that the minimum of the
parabolas at 30% deformation converges to a shear strain of
11.9% and 9.8% respectively, implying that the denser phase
is more elastic.

We therefore argue that our finding of a zero-stress region
followed by two shear regions of increasing stress and
modulus, and terminated by a very stiff region is general: (a)

Nanoscale, 2023,15,19709-19716 | 19711
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Fig. 5 Shear simulations of the M18 phase at 0.5 g cm™> density. The para-
bolas of plastic yield extracted from the analysis are described in the text.

for lower density carbonaceous phases, (b) with a structure
similar to M18 and M26, whose morphologies mimic the
phases obtained at lower postprocessing temperature.

This makes it important to identify the atomistic mecha-
nisms underlying these modes exhibiting very low yield stres-
ses. To this aim, we calculated the atomic displacement vector
fields obtained as the difference of the atomic coordinates
between the inherent structure at the beginning of the plastic
flow region and the inherent structure at the end of this
region. To do this we mapped the Cartesian coordinates into a
common reference unit cell via an affine transformation, as
detailed in the Computational approach section.

This displacement field can be visualized in various ways to
emphasize the regions that undergo the largest displacements.
Fig. 6 shows a plot of the scalar field induced by the modulus
of the displacement vector field obtained by comparing the
inherent structures at the beginning and at the end of the
zero-stress flow in shear for the M18 phase (Fig. 4b). The field
is visualized as a yellow-black-cyan color scale (yellow for the
least displacing atoms, cyan for the most displacing atoms).
First, we note that most atoms exhibit a displacement smaller
than 0.5 A (atoms displacing more than 0.5 A, representing
only 0.3% of the total, have been neglected in the plot to main-

19712 | Nanoscale, 2023,15,19709-19716
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Fig. 6 Nanoscopic shear bands in the M18 phase subject to shear
deformation visualized via the modulus of the displacement vector field.
Color bar ranges from yellow to cyan upon increasing displacement.

tain clarity). Second, importantly, we can derive from Fig. 6
that the plastic shear mode at zero-stress has a collective char-
acter, involving atoms distributed all over the system. This col-
lective character holds regardless of the local density, making
it convenient to discuss separately the high-density regions
(the fiber-like clumps) that resemble multi-wall carbon nano-
tubes from the low-density regions that consist mainly of
single graphitic sheets or carbon chains. In the high-density
clump, two shear bands (in cyan) are apparent, separated by a
distance of ~25 A with non-mobile regions (yellow) in
between. The lower density regions are instead characterized
by compression and expansions in the carbon atom chains
that are typically wavy, with alternating yellow and cyan parts.
By visualizing the displacement field as a vector in a 3D plot,

This journal is © The Royal Society of Chemistry 2023
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a.

Fig. 7 Visualization of the displacement vector field for the zero-stress shear plastic transformations of the M18 phase for three cases. (a) Torsion
movement inside a graphitic sheet for the M18 structure undergoing shear transformation; (b) translational motion of the denser region for the zero
stress M18 shear transformation; (c) U-closing. Both walls move in the same direction, but the highlighted one moves more than twice as far as the

other, causing a net distance decrease of —0.2 A.

rather than the modulus, it is possible to understand by a
closer inspection how the collective mode translates and is rea-
lized in terms of local modes. A few of these local modes are
illustrated in Fig. 7. Fig. 7a illustrates the bending of the gra-
phitic sheets, which is the dominant effect observed in the
low-density regions. In fact, this motion reduces the apparent
length of the sheet itself (thereby alleviating stress) in one
direction by occupying more space in the orthogonal direction.
The mostly empty regions are suited to easily accommodate
this expansion. Fig. 7b and c represent instead modes that
take place inside the clump. Fig. 7b shows the collective char-
acter of the motion of a stack of sheets inside the densest
region. Fig. 7c shows what we call a U-closing motion of
U-shaped graphitic sheets. We observe that U-sheets respond
to stress by exhibiting a relative movement of one side of the U
towards the other. We note here that U-closing can relieve
stress without causing any expansion in other directions,
which would be energy demanding in a higher density region.
Combinations of these motions can take place at the same
time causing sliding of sheets with respect to each other.
Finally, it is important to emphasize that the atomic move-
ments within the nanoscopic shear bands within the 1D-fibers
associated with the zero-stress plastic mode do not correlate
with local properties of the individual carbon atoms, as con-
sistent with the collective character of the plastic mode. To
demonstrate this, we performed MD simulations at 300 K for a
period of 50 ps and extracted the atomic thermal ellipsoids
(Debye-Waller factors) from the final 40 ps of the MD run. We
then plotted the carbon atoms in the structure by coloring
them according to the modulus of their Debye-Waller factor
and of their displacement vector field, trying to match the
atoms that displaced the largest displacements in the plastic
mode (red) with those possessing the strongest thermal
motions (blue). Fig. 8a illustrates the results of this compari-
son: we see clearly that matching is limited to the strings,
which is a very limited portion of the clumps. Thus, we con-
clude that there is basically no correlation between plastic and
thermal motions. The reason of this mismatch is simple:
thermal motions are larger in the outside regions (external

This journal is © The Royal Society of Chemistry 2023

walls) of the clumps and are uniform in these regions, so that
they do not exhibit a stripe (band) distribution, whereas the
plastic flow in the inner regions of the fibers are localized in a
nanoscopic shear band, as illustrated in Fig. 8b using a
different view of the system.

Computational approach

Energy and forces were evaluated using the ReaxFF-C-2013
reactive force field, which we denote as C.ff.”** This force field
was developed to achieve an accurate description of condensed
carbon phases and trained against a variety of solid-state
systems including diamond, graphene, and amorphous
carbon. ReaxFF is in good agreement with quantum mech-
anics (PBE+D3 flavor of Density Functional Theory (DFT)) and
with experimental data for the heat of formation of graphene
(=175.0 keal mol™", —174.8 kcal mol™* and —178.4 kcal mol ™,
respectively) and bulk diamond (-174.27 kcal mol ™,
-172.93 kcal mol™" and -175.7 kecal mol™", respectively).
However, comparative studies show that the stability of carbon
sp bonds is somewhat overestimated by the ReaxFF C.ff, which
may affect the linear chain structures."* Machine-learning
force fields for carbon systems have been recently proposed,®
but our strategy here is to test the configurations derived in
our previous study, whose atomistic and morphological details
have been validated against TEM and spectroscopic experi-
ments (see also Fig. S6 of the ESIT).°

All simulations were carried out with the C code version of
ReaxFF package available in the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) code employing 3D-
periodic boundary conditions.® We performed either
Molecular Dynamics (MD) simulations at 298 K or local energy
minimizations. In the local minimizations we always opti-
mized atomic Cartesian coordinates. The lattice parameters of
the unit cell were sometimes frozen and sometimes fully opti-
mized. In other cases, we constrained one cell axis for com-
pression studies or a cell angle parameter for shear simu-
lations. As the minimization of cell parameters and coordi-

Nanoscale, 2023,15,19709-19716 | 19713
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Fig. 8 Simultaneous visualization of the modulus of the thermal ellipsoids and of the displacement vector field for the zero-stress plastic trans-
formation in the M18 phase. Atoms that displaced the most in this plastic mode are colored in red, while those possessing the strongest thermal
motions are colored in blue. (a) There is a reasonable match between thermally mobile and plastic atoms in the low-density region, whereas there is
very little overlap in the clump region (in the center, along the z axis). (b) A different view of (a) with the axis of the clump orthogonal to the plane to
better visualize the observation that the interior of the clump does not move in thermal motions (there is no blue component), whereas it undergoes

plastic displacement in shear (red).

nates in the LAMMPS code is an ill-defined problem, we
repeatedly cycled between fixed cell relaxations (which, in
turn, are well-defined problems) and full/partial (cell and coor-
dinates) relaxations until convergence. This allowed us to rede-
fine the objective function at each iteration ensuring the mini-
mizer does not get stuck in metastable configurations.’ Most
often 40 cycles were sufficient for structures that did not
undergo excessive deformation (<10%), while more com-
pressed or sheared boxes required extra cycles (up to 60).
Additionally, to further reduce the chance of the relaxation
getting stuck in a shallow local minimum, we performed
random perturbations of the atomic coordinates (|Ar| <
0.01 A) prior to each minimization, except for the last five
cycles whose coordinates close to convergence.
Engineering shear is defined as the ratio of the offset of the
two parallel faces which undergo reciprocal displacement to
the cell length between them, while compression is defined as
one minus the ratio of the current cell side to its original
value, as illustrated in Fig. 2.

Our starting atomistic configurations were taken from low-
density DynReaxMas simulations at 2000 K at a density of
0.16 g cm™>, while a medium density configuration at 0.50 g
em ™~ was included for comparison.® The DynReaxMas compu-
tational approach generates atomistic structures of amorphous
carbonaceous materials in excellent agreement with experimental
data on porosity and with TEM imaging, as illustrated in Fig. S6
of the ESIf where we compare some simulated TEM images from
DynReaxMas phases to two very different experimental phases
from ref. 16,17. We underline that the simulated DynReaxMas
TEM images were generated without any reference to experi-
mental structures and the comparison was performed only a pos-

were

19714 | Nanoscale, 2023, 15,19709-19716

teriori with high quality, high resolution TEM experimental
images from recent literature. Our simulation cells contain 25 056
carbon atoms with an initial size of 145 x 145 x 145 A%, As dis-
cussed in ref. 6, choosing various ReaxFF parameters to be sub-
jected to the massaging procedure in the DynReaxMas approach
produces diverse phases, that correspond to different experi-
mental synthesis conditions. In the current paper, we focus on
three phases, generated by the M18, M26, and M34 DynReaxMas
massages (see Fig. 1 of ref. 6 for the definition of the massaging
parameters and the atomistic depiction of these initial phases).
Before applying stress simulations to the structures, we first
further minimized the coordinates and the cell parameters,
leading to very small deviations from the published ones (<0.1%
in a, b, ¢ parameters, <0.05° in «, 3, y parameters).

We then investigated the mechanical response in the
plastic régime of the selected DynReaxMas phases using the
“inherent plastic structures” protocol proposed previously to
simulate and analyze the plastic deformation of amorphous
materials.'® In this approach, the plastic transition is inter-
preted within a Potential Energy Landscape (PES) theoretical
framework as the crossing between ideal (or “inherent”) struc-
tures. This protocol consists of the following steps:

(i) we initially subject the DynReaxMas atomistic models to
a sequence of fixed-cell shear or compressive deformations of
increasing strain;

(ii) step (i) generates a set of deformed configurations that
are then subjected to configurational and energy analyses, as
follows:

(iii) we take the configurations resulting from fixed-cell
deformations and fully relax them in both atomic Cartesian
coordinates and lattice parameters of the unit cell;

This journal is © The Royal Society of Chemistry 2023
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(iv) step (iii) typically finds that structures resulting from
increasing values of fixed-cell strain relax to correspondingly
increasing values of equilibrium lattice parameters. These
fully relaxed structures provide atomistic configurations repre-
sentative of increasing values of strain;

(v) next, we calculate the elastic PES of each inherent struc-
ture by calculating the elastic modulus along the strain path
and plot the corresponding parabolas as a function of the
strain;

(vi) we take the isotangent envelope of the parabolas to
graphically define the plastic yield stress in appropriate inter-
vals of strain, as described below, depicted in Fig. S5 of the
ESIf and applied in Fig. 4, Fig. 5, and Fig. S3, S4 of the ESIf;

(vii) finally, to single out, map, and visualize the atomistic
mechanisms corresponding to plastic modes, we use a variant
of the approach employed in ref. 10 to compare two inherent
structures possessing different values of the unit-cell lattice
parameters, based on visualizing the displacement field as
described below.

For step (vi), the idea behind the isotangent envelope con-
struction is that deformations with values of strain intermedi-
ate between sampled ones are realized by the system develop-
ing microstructures, ie., fine mixtures of phases in equili-
brium and satisfying compatibility conditions at interfaces."*
The plastic yield stress can then be obtained via an isotangent
construction, as illustrated in Fig. S5 of the ESI} and discussed
in detail in ref. 10.

In step (vii), to compare the atomic configurations of two
inherent structures possessing different values of the unit-cell
lattice parameters, we transform the Cartesian coordinates of
one inherent structure into that appropriate to the lattice para-
meters of the other inherent structure through an affine trans-
formation, and then we define, visualize, and analyze the
vector field corresponding to the atomic displacement vectors
between the atoms in the initial and final structure.

Note that at step (v), we did not implement in the present
case a full “sweeping” protocol of performing fixed-cell energy
minimizations moving back and forth along the strain path to
define its stability range, and we limited ourselves to single
geometry relaxations.'® Finally, Fig. S7 of the ESI{ tests and
shows the reproducibility of our measurements.

Conclusions

Stimulated by our experiments on very low-density aerogels, we
investigated computationally the mechanical response of ato-
mistic models of very low-density amorphous carbonaceous
materials recently derived from our DynReaxMas approach.®
We focused on DynReaxMas graphitic phases with a mass
density of 0.16 g ecm™>, which correspond to the density esti-
mated for the core regions of carbon aerogels (Fig. S1 and S6
in ESIY), and we considered three phases derived via different
DynReaxMas massages (M18, M26, and M34) at a temperature
of 2000 K. These phases exhibit two types of morphology,
either:

This journal is © The Royal Society of Chemistry 2023
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« made of denser regions (fiber-like clumps) alternating
with string-like connectors (M18 and M26), or

+ made of more reticulated frameworks (M34).

We subjected these 3 phases to compression and shear
deformations and analyzed the resulting mechanical response
in the plastic régime in terms of the “inherent plastic struc-
tures” protocol in which the plastic transition is interpreted
within a Potential Energy Landscape (PES) theoretical frame-
work as the crossing between ideal (or “inherent”) structures.'®

The most important outcome of the present study is that
low-density amorphous carbonaceous materials exhibit plastic
relaxation modes in shear with an extremely low value of yield
stress, negligible with respect to the finite values in shear
outside this “zero-stress” region or in compression. Analysis of
the atomistic relaxation mechanisms shows that these modes
involve both the clumps and the strings with a collective and
cooperative character that does not correlate with thermal
motions. In the clumps, this collective mode assumes the
form of nanoscale shear bands, which translate into local
movements such as translations, twisting, or U-closing of gra-
phitic sheets. Our simulations rationalize our and other experi-
mental observations of extremely low-stress plastic defor-
mation modes in carbon aerogels.® This provides the basis for
multi-scale modeling of these materials, to eventually derive a
constitutive model describing their mechanical response and
plasticity.*
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