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AFOSR Grant FA9550-18-1-0261

Section 2: Technical Report

PI: Alexandre Martin

1 Accomplishments

In the proposal of this project, the following four specific objectives had been outlined:

1. Objective 1: Identify and characterize the species and elementary atomic reactions of carbon
oxidation

2. Objective 2: Integrate them into a comprehensive, molecular-scale kinetic mechanism of
carbon materials

3. Objective 3: Develop models accounting for the development of surface roughness due to
oxidation

4. Objective 4: Integrate these results in a hypersonic aerothermodynamic CFD code to model
the interaction of the non-equilibrium gaseous boundary layer with the ablating carbonaceous
surface

Our proposed approach to achieve these objectives contains these three distinct tasks:

• Task A: Comprehensive atomistic mechanism of carbon oxidation (Objective 1 and 2)

• Task B: Mesoscale mechanism and roughness development models (Objective 3)

• Task C: Gas boundary layer — ablating carbon surface interaction (Objective 4)

In the following, the accomplishments within each of these three tasks are presented, and necessary
details are provided.

1.1 Task A

The goal of Task A is the construction of a comprehensive, atomic-scale mechanism for the oxidation
of carbon surfaces, based on first principles. We started out this task with a comprehensive literature
review on computational studies of carbon oxidation. In particular, we found early studies were
using molecular orbital theory [1–4] to calculate the intrinsic oxidation rates of different kinds of
carbon edge species occupied with oxygen adsorbates. More recently, the more accurate Density
Functional Theory (DFT) method has been utilized for that same purpose [5–17], albeit on various
levels of DFT theory.

The first direct outcome of this activity, which is related to the Objective 1, was the identification
of the oxygen surface species that are relevant to the oxidation reaction. These species are listed in
Figure 1. Furthermore, we were able to extract a set of elementary surface reactions on the carbon
surface. Those include the adsorption of atomic and molecular oxygen on the carbon surface, in
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Figure 1: Adsorbed oxygen surface species: molecular oxygen adsorbed to zigzag edge O2,zz (a),
zigzag semiquinone (b), ketone (c), molecular oxygen adsorbed to armchair edge O2,ac (d), armchair
semiquinone (e), epoxide (f).

the latter case followed by the dissociation of the molecular oxygen adsorbate, diffusion of oxygen
adsorbates across the surface, as well as desorption of oxygen itself and CO as a result of an
oxidation reaction. All these reactions are listed in Table 1.

Table 1: Kinetic reaction mechanism for carbon oxidation where rate k = A exp (−Ea/kBT )

# Reaction A
(
s−1

)
Ea (eV) Reference

ADS1 + O2

O

O

POAeff√
2πmO2kBT

0.000 [6, 11]

ADS2 + O2
O

O

POAeff√
2πmO2kBT

0.311 [5, 10]

ADS3 + O2

O

O
POAeff√
2πmO2kBT

1.700 [12]

ADS4 + O

O

POAeff√
2πmOkBT

0.0 [17]

ADS5 + O

O

POAeff√
2πmOkBT

0.0 [17]

ADS6 + O
O

POAeff√
2πmOkBT

0.0 [17]

ADS7 POAeff√
2πmOkBT

0.0 [17]

DIS1
O

O
O O

3.6× 1012 0.041 [6, 11]
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DIS2
O O

O

O

1.5× 1012 0.694 [5]

DIS3
O

O

O O

3.5× 1012 0.238 [10]

DIS4 1.2× 1012 1.513 [11]

DIFF1
O O

5.4× 1012 1.904 [6, 8]

DIFF2
O OO

O

O

O

3.0× 1011 0.943 [11]

DIFF3
O O

4.3× 1012 1.399 [8]

DIFF4
O O

3.4× 1013 1.275 [8]

DIFF5 O O 1.0× 1013 0.730 [12]

DIFF6
CO

O

4.3× 1012 1.399 [8]

DIFF7
C

C

O

O

5.4× 1012 1.904 [6, 8]

DIFF8

O

O

1.0× 1013 0.730 [12]

DIFF9
O

O

1.0× 1013 0.730 [12]

DIFF10

C

O

C

O

1.0× 1013 0.730 [12]

DIFF11 5.4× 1012 1.904 [6, 8]

DIFF12 3.4× 1013 1.275 [8]

DIFF13 5.4× 1012 1.904 [6, 8]

DIFF14 3.4× 1013 1.275 [8]

DIFF15 5.4× 1012 1.904 [6, 8]

DES1
O

O

- O2 1.3× 1014 1.420 [11]
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DES2
O

O

- O2 6.4× 1014 1.104 [5, 10]

DES3
O

O
- O2 1.0× 1013 1.130 [12]

OXzz1 - CO

O

1.2× 1016 3.622 [2, 8]

OXzz2 - CO

O

O

O

1.2× 1016 2.300 [2, 8]

OXzz3 - CO

O

O O

O O

1.2× 1016 2.300 [2, 8]

OXac1 - CO

O

C

1.0× 1013 2.743 [2]

OXac2 - CO

OO

C

O

1.0× 1013 1.704 [2]

OXac3 - CO

O

C

O

O

1.0× 1013 1.829 [2]

OXac4 - CO

OO

C

O

O

O

1.0× 1013 1.136 [2]

OXac5 - CO

O

CC

1.0× 1013 2.743 [2]

OXac6 - CO

O

CC
O

O

1.0× 1013 1.704 [2]

OXac7 - CO

O

CC
O

O

O

O

1.0× 1013 1.704 [2]

OXd1 - CO
C

O

1.0× 1013 2.170 [14]

OXd2 - CO

C

O

O

O

1.0× 1013 0.447 [14]

OXd3 - CO

C

O

C

O

C

O

1.0× 1013 1.227 [14]
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OXd4 - CO

C

O

O O

1.0× 1013 1.860 [14]

OXd5 - CO

C

O

O O

1.0× 1013 1.860 [14]

OXd6 - CO

O
C

1.0× 1013 1.704 [2]

OXd7 - CO

O
C

O
O

1.0× 1013 1.829 [2]

Notice that every elementary reaction comes with an associated elementary rate constant k. Those
rate constant are derived on the basis of Transition State Theory (TST). TST allows the derivation
of quantitative rate data such as activation energies EA for elementary reactions from first principles.
This is done by analyzing the atomic energies of reactant-, transition- and product-states on the
potential energy surface (PES) of the reacting carbon surface.

To put this into perspective, this newly developed mechanism (Objective 2) differs in a number of
ways from conventional oxidation mechanisms used in finite-rate chemistry solvers. First, it contains
only elementary surface reactions, and those have rate constants derived from first principles.
Hence, this new mechanism is universal in the sense that it is widely applicable to any reaction
conditions, and for any graphitic carbon material. Second, this new mechanism is sterically resolved
on the atomic level, which means that reactions are sensitive to the local atomic configuration. This
is the key property that is used within Task B to simulate the actual evolution of the carbon surface
on the atomic level. In contrast, conventional mechanism are to varying degrees phenomenological,
with parameters that are adjusted to specific experimental conditions. Furthermore, they only
include chemical reactions from a global perspective, often times relying on intermediate reaction
steps that do not correlate with the elementary reactions on the atomic level on the surface.

In summary, all the efforts undertaken within Task A culminated in the comprehensive kinetic
mechanism listed in Table 1, which accomplishes the Objectives 1 and 2 of this project.

1.2 Task B

Task B focuses on the study of the surface evolution of carbon surfaces during oxidation, and
therefore directly addressing Objective 3. As early as 1926 [18], it has been found experimentally
that on the mesoscopic level, characteristic pitys form on carbon surfaces during oxidation. Con-
ceptually, this has been long explained to be the result of preferential removal of carbon atoms
from so-called edge carbons on the surface. Those already are missing neighboring atoms in the
hexagonal graphene layer, for instance due to naturally existing vacancy defects in the carbon sur-
face structure. The relative lack of bonds causes the bonding energy of edge carbons to be lower,
which ultimately facilitates removal by oxidation reactions. However, quantitative data on pitting
through carbon oxidation has heretofore only been generated from experiments, and many of the
dynamic features of pitting have not yet been revealed.

The first goal in Task B was therefore to be able to simulate and analyze pitting from the atomic
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Figure 2: Geometry comparison of simulated etch pits: hexagonal shape with smooth zigzag carbon
edges at T = 850 K, P = 0.01 mbar (a); circular shape with rough carbon edges at T = 1500 K,
P = 100 mbar (b). A full videos of these simulations are provided as Supplementary Video SV2 (a)
and Supplementary Video SV3 (b).

level. This has been achieved by implementing the kinetic mechanism developed in Task A in a
Kinetic Monte Carlo (KMC) computational framework. In short, KMC is a probabilistic method
that simulates rare events, such as our elementary surface reactions, instead of atomic motion
itself [19]. This allows it to simulate fairly large systems (graphene sheets with up to 100 nanometers
in side length) too much longer times (up to seconds) than deterministic atomic methods such as
molecular dynamics could do. The KMC code used for this work is called Zacros [20, 21]. It is a
lattice based KMC code, which means that the surface graphene layer is directly represented as
a hexagonal lattice. The kinetic mechanism is then implemented, where each elementary surface
reaction corresponds to a local transformation of the states of select surface sites. The overall
carbon oxidation reaction is ultimately simulated as a chain of those elementary reactions.

To demonstrate the capabilities of this simulation framework, two snapshots of oxidized graphene
are shown in Figure 2. While a pit with atomically smooth edges, and overall hexagonal shape
is oxidized at lower temperatures and pressures, the pits become circular with a certain degree of
roughness along the edge at higher temperatures and pressure. This matches experimental behavior.
Ref. [22] have observed a transition from hexagonal to circular pits with increasing temperature,
and Ref. [23] have observed a transition from hexagonal to circular pits with increasing pressure.
Interestingly, the hexagonal pitting regime is of interest for manufacturing graphene nanodevices.
Atomically smooth edges in graphene are mostly required to ensure performance of such devices,
and oxidative etching has been proposed as one potential manufacturing technique that can produce
such edge configurations. Movies of these simulations can be found at:

• https://youtu.be/NVLgffbNgHo
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Figure 3: Pit growth rates as a function of temperature and pressure. The errorbars correspond to
the standard deviation between all simulated trajectories for each case. Experimental pit growth rates
are included with squared boxes. The reference keys are Thomsen2019 [23], Oberhuber2015 [24],
Dobrik2013 [25], Hahn2005 [26], Hahn1999 [27].

• https://youtu.be/FENBgP6lL4o

We have also studied the dynamics of the pitting process. In accordance with experiments, we have
found that the radius of a pit is growing at a constant rate in time at constant reaction conditions.
This pit growthrate is a function of both pressure and temperature, as can be seen in Figure 3. A
few interesting things can be noted here, as the behavior of the simulation curves relate to reaction
balances. First, the three pressures curves are collapsing together at low temperatures. In that
reaction regime, the overall oxidation reaction is rate limited by the elementary surface oxidation
reactions. In fact, looking at Figure 4, one can see that the oxygen coverage of edge carbons in that
regime is high. This is due to the fact that oxygen from the gas phase adsorbs faster to the carbon
surface than oxidation reactions can remove those oxygen adsorbates (and carbon atoms). At higher
temperatures, the rate of oxidation reactions increases faster relative to the adsorption reactions.
Hence, the pressure starts to play a role in the pit growthrate. And equally, the edge coverage starts
to drop significantly, until it reaches essentially zero coverages at very large temperatures. The rate
limiting factor in this regime is the adsorption of gaseous oxygen, which is directly proportional to
the pressure.

As has been shown, this novel KMC simulation framework allows for the first time to study the
evolution of oxidizing carbon surfaces, at relevant pressures, temperatures, time- and lengthscales
for hypersonic applications.

1.3 Task C

Objective 4 of this project, addressed through this task, is to close the loop on the multi-scale
approach an integrate the results of Task B in a hypersonic aerothermodynamic CFD code to
model the interaction of the non-equilibrium gaseous boundary layer with the ablating carbonaceous
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Figure 4: Oxygen coverage of the basal plane (a) and edge sites (b) as functions of temperature
and pressure. The errorbars correspond to the standard deviation between all simulated trajectories
for each case.

surface. This was achieved in two steps: first, the hypersonic aerothermodynamic CFD code KATS
was updated to take into account non-uniform surface recession, using a novel method, and second,
the surface boundary condition was updated to allow finite-rate chemistry rate

1.3.1 Universal Solver with immersed boundary method

Modeling the interactions between porous flow and pure flow at atmospheric entry conditions is a
challenging task. New models and high fidelity numerical tools are required to better understand
porous material and aerothermal flow interactions for ablation problems. To tackle this problem, a
unified solver that treats both domains at the same time is developed based on Volume Averaged
Navier-Stokes equations. The solver adopts a universal system of equations that covers plain and
porous flows with reactions. [28, 29] The developed framework is the key foundation of the macro-
scale simulation of carbon oxidation.

To resolve the arbitrary interface of the fluid-solid interaction, a new method is developed. With
this method, the fluxes through the computational faces are controlled using a so-called “hinge”
matrix. The method is simple to implement and is comparable in accuracy to other immersed
boundary methods, such as the Cartesian grid method. The hinge method is verified by solving a
low-speed flow in an irregular domain. Figure 5(a) shows a 2D flow domain of 0.1 m × 0.5 m, with
two half circle voids at (0.2, 0) m and (0.3, 0.1) m. The flow is set to be pure nitrogen. An inflow
velocity of 0.1 m/s is set at the front surface (x = 0 m) and a pressure outlet is set at the back wall
(x = 0.5 m). The rest of the boundary conditions are walls. Figure 5(b) shows the exact boundary
conditions by using hinge value to mimic the voids inside the domain. The two half-circle voids
are now represented by the hinge parameter with a value of zero. The calculation is running to the
steady-state solution when the total tolerance of 1× 10−8 is reached.

Figure 6(a) displays the contours of velocity magnitude over the entire domain. It can be seen that
because of the voids, the flow accelerates when it travels through the middle channel, it reaches
its maximum speed. Figure 6(c) show the directional components of the velocity field. Data
are extracted at the centerline (y = 0.05 m) for both methods to better compare the accuracy.
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(a) Computational base grid (b) Hinge value

Figure 5: Velocity contours and directional components

Figure 6(b) shows the comparison of velocity magnitude. It can be seen that solutions from the
newly proposed method have an excellent agreement with the traditional CFD solution. Figure 6(d)
compares the results for directional velocity component.

(a) Velocity magnitude (b) Comparsion of velocity magnitude

(c) y-Velocity magnitude (d) Comparsion of y−velocity

Figure 6: Velocity contours and directional components

Pitting Modeling - Material Response To model the damage of oxidation on carbon fiber,
a pitting model is developed based on the Hinge method. A demonstration case is shown as in
Fig. 7a, where a constant heat flux is imposed at the inner wall of the hole with a re-radiative
condition. Figure 7b shows the evolution of temperature within the first 0.3 second. At t = 0.05
s, the temperature starts to increase at the inner wall. As the temperature hits the oxidation
threshold, the inner wall starts to oxidize. The resultant residue shapes of the material become
very irregular since the pits can grow large to connect with others and form a larger pit. Figure 7c
presents an application of such model to a cylindrical fiber geometry. The fiber starts to heat up
rapidly because of its low conductivity and high external heat flux. At t = 0.004 s, the surface
begins to oxidize at various locations. At t = 0.007 s, surface pitting has penetrated the entire
fiber and then cause this fiber to fail. At the final step when t = 0.008 s, a very large portion of
the solid has been oxidized away and the residues are highly irregular. It can be observed that the
oxidation is very sensitive to the surface roughness parameter.
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(a) Mesh & BC (b) Evolution of temperature on the carbon plate

(c) Evolution of temperature and surface pitting on a single fiber

Figure 7: Carbon fiber surface pitting model.

Macro-scale Modeling – Conjugate Heat Transfer Boundary Condition The concept of
conjugate heat transfer refers to the fact that in most cases, the heat transfer happens in both
the fluid and solid at the same time when there is a temperature difference at the interface. In
most cases, heat conduction will dominate the heat transfer in solids and the combination of
conduction and convection will dominate the fluid. Figure 8a shows the computational grid, which
is a structured mesh with 128×512 cells. For the fluid domain, at x = 0 m is the inlet, where a
fixed velocity is set to be [1, 0, 0] m/s and a temperature is 400 K. For solid, three adiabatic walls
are set, where no heat exchange is allowed. Figure 8 shows the evolution of temperature at different
time steps for both fluid and solid domains. When t = 25 s, a clear thermal boundary layer has
already formed from the interface, where the fluid is cooled due to the cold wall. The temperature
of the solid gradually increases, and at the left (x = 0 m), the temperature rises most since that
region contacts the ‘hot’ fluid first. When t = 100 s, shown in Fig. 8c, the temperature field in
the solid becomes more uniform. The thermal boundary layer in the fluid domain becomes thinner
since the rising temperature of the interface. The results clearly show that the Hinge method has
successfully captured the transient response of the conjugate heat transfer between the fluid and
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solid.

(a) Computational grid and boundary conditions for conju-
gate heat transfer case.

(b) t = 25 s (c) t = 100 s

(d) Temperature history at the interface
(y = 0.05 m)

(e) Temperature history at the end wall
(x = 0.4 m)

Figure 8: The evolution of temperature distribution for both the fluid and solid.

Macro-Scale Recession - Unsteady laminar flow In this case, the Hinge method has been
applied to simulate the solid sublimation in a fluid. Figure 9a shows the details of the case setup.
Figure 9 displays the evolution of temperature and velocity magnitude for this case. At t = 1 s,
the high-temperature fluid has already caused the solid to sublimate, shown in Fig. 9b. It can
be seen that the rectangle solid has lost its left corner region, forming a smooth curve, indicated
by the black solid line. As a result, the hot fluid has been cooled down near the solid, where a
thermal boundary layer is formed. Figure 9c shows the velocity magnitude with the streamlines
at this time step. Because the channel becomes narrower over the solid, the velocity increases as
expected. At t = 4 s, the sublimation has caused the solid to lose the original shape and forms a
smooth elliptic outline, shown in Fig. 9d. As a result, the channel becomes wider than the previous
time step, and the flow field changes accordingly. At t = 7 s, the solid material keeps losing its
mass due to the sublimation, and only a very small fraction of the original shape remains in the
channel, shown in Fig. 9f. The results demonstrate the capability of the developed Hinge method
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for handling changing and deforming fluid-solid interface by using the dynamic hinge vector.

(a) Computational grid, domain setup and boundary condi-
tions for solid sublimation case.

(b) Temperature at t = 1 s (c) Velocity magnitude at t = 1 s (d) Temperature at t = 4 s

(e) Velocity magnitude at t = 4 s (f) Temperature at t = 7 s (g) Velocity magnitude at t = 7 s

Figure 9: The evolution results of Temperature and velocity magnitude distribution for solid
sublimation case.

Macro-Scale Recession - Hypersonic flow Modeling ablating surfaces in the hypersonic
regime has been – and still remain – a challenge. It is a two-way coupling process: the fluid
causes the solid interface to deform and react, while the changing surface causes the flow field near
the interface to behave very differently. It is critical to model the changing shape of the fluid-solid
interface, the material response of the solid, the changing boundary layer flow near the interface; all
of these form a strongly coupled solution. This case serves as an initial study of the fluid-ablation
interaction modeling of a hypersonic case and shows the capability of the proposed Hinge method.

Figure 10(a) shows the hinge value distribution and computational grid for the nose of the IRV2
vehicle, in a 0.3×0.3 m2 area. A Cartesian grid of 256×256 is used with a refinement near the front
part. The simulation starts with an inlet speed of 2,000 m/s at x = 0 m and reaches a steady-state
solution at approximately 40% of the entire simulation. In this preliminary stage, the fluid is set
to be non-reacting pure nitrogen with constant properties. Figure 10(b) presents the velocity and
temperature contours. It can be seen that a detached bow shock is formed and captured by the
calculation, with a stagnation point at the very front nose. Temperature shows a similar pattern,
with the highest value of approximately 2,500 K at the stagnation point. The aerodynamic heating
on the solid surface is also captured - it can be observed that at the interface, the temperature
reaches around 2,000 K. Figure 10(c) displays the pressure and density distribution of the steady-
state solution. It can be observed that very pressure and density follow the pattern of the velocity
field, with a maximum value at the stagnation point. It should be noted that at this preliminary
stage, the solid part, which is represented by a hinge value of 0, is assumed to be void. That is the
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reason the temperature does not transfer into the material as well as the density is the same as the
initial condition.

(a) Hinge value and computational
grid

(b) Velocity and temperature (c) Pressure and density

Figure 10: Hypersonic modeling - IRV2 vehicle

To illustrate how the changing interface impacts the flow field, the damage is manually generated
at the surface, in the forms of spherical holes – or pits. Figure 11(a) displays the flow field as the
holes become large enough to be visible, with the black solid line outlining the original location
of the solid interface. The same pattern can be seen at the final step, shown in Fig. 11(c), where
the pits grow much larger. Unlike the velocity, at the edge of the larger pit, it can be seen that
higher temperature occurs due to the surface holes. The newly damaged surfaces, which are set to
be adiabatic walls, create space that traps the air, leading to a new stagnation point so that the
temperature becomes higher than a normal surface. In the final version of this paper, the ablating
surface module will be added to this case, and that will also affect the external boundary layer.

1.3.2 Surface Oxidation of Carbon/Carbon Composites

As a first step towards implementing the chemistry model obtained in Task B, a reference model
– the so-called MURI model – was implemented into KATS. [30] The MURI model was build
exclusively using molecular beam experimental results. The model is simple to implement, and
is able to provide species production and surface recession based on physical process rather than
assumed relationship between mass and heat transfer, such as is the case when using legacy film
coefficients models. Using this model, baseline analysis of the influence of site densities on the
ablation rate were performed.
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(a) Three pitting initiated (b) Three pitting initiated

(c) Pitting grow and becomes larger (d) Pitting grow and becomes larger

Figure 11: Fluid-ablation interactions, where holes are generated at the surfaces to affect the flow

The total number of reaction sites B in surface oxidation model is considered an important pa-
rameter. A surface site concentration of B = 1× 10−5 mol/m2 is typically assumed. This value is
based on the number of carbon atoms per surface area of graphite lattice [31]. However, it may be
affected by the manufacturing processes of the surface ablator.

One of the finding of this study is that the ablation process is independent of the the number of
sites if the reactions rates can reach steady-state. However, when implemented in a CFD code,
these reactions are limited by the time-step used, and might not immediately reach that state. In
such case, variation in species mass fluxes between different total surface site density values are
found. This results provide the expected range of validity, and can lead to the construction of an
oxidation model independent of the total surface site density.

The following results are obtained by performing a CFD simulation of a 8 degree sphere cone with
1500 K isothermal wall at 40 km altitude with the freestream condition shown in Table 2.
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Table 2: Free-stream conditions for 40 km case

T∞, K Tv∞, K ρ∞, kg/m3 V∞, m/s

250.349 250.349 3.5424× 10−4 7000.0

Figure 12a shows the mass flux of the surface reacting species along the surface of the vehicle.
When assuming that surface chemistry reaches steady state values during each CFD time-step, it
can observed that total site density has no effect on the predicted mass fluxes. This can also be
observed by directly using the steady state value of [(s)] into the rate equations. For a site density
of B = 1× 10−3 mol/m2, the mass flux profiles using the unsteady approach starts to diverge from
the steady state mass flux profiles after a total simulation time of 1.14 × 10−3 s. This results is
shown on Fig. 12b.

(a) Steady state (b) Unsteady B = 1×10−3 mol/m2 mass
flux

Figure 12: Mass flux of surface reacting species as a function of total site density B

Using that time as a reference point, it is possible to evaluate the unsteady effects of the site density.
On Fig. 13, it can be seen that a value of B = 1× 10−5 mol/m2 can be thought as the lower limit,
where the steady-state equation can be used.

Figure 13: Mass flux of surface reacting species as a function of total site density B
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2 Impacts

2.1 On the principal discipline(s) of the project

• Using the Kinetic Monte Carlo (kMC) method, we have simulated carbon oxidation with
full atomic resolution at mesoscopic lengthscales (102 − −103 nanometers) and macroscopic
timescales (up to seconds), based purely on elementary reaction rates derived from first prin-
ciples. This allowed us to study in heretofore unattained detail the phenomenon of pitting,
which is the structural evolution of the carbon surface as an intrinsic result of its oxidation
process on the atomic level.

• The kMC model serves as the starting point for the development of pitting models used in
macroscopic CFD calculations, thereby linking the true atomic scale surface chemistry to
macroscopic phenomena in hypersonic aerothermodynamics.

• We are now able of model multilayer graphene and graphite, with arbitrary defect distribu-
tions. This allows us to calculate not only in-plane pitting rates in the surface layer, but also
in-depth pitting rates across multiple layers.

• We have develop and implement a novel method (hinge method) for immersed boundaries
that uses fluxes manipulation and avoid mesh movements and conformal meshes. The method
can be used at the micro-scale or the macro-scale, and is validated for hypersonic flows.

2.2 On other disciplines

The result of Task B, in regards to the pit geometry being either circular (with rough edges) or
hexagonal (with atomically smooth edges), is of interest to manufacturing of graphene nanodevices.
For instance, graphene has been utilized experimentally in laboratory environments in the form
of nanoporous graphene membranes for water desalination [32] and DNA sequencing [33, 34], as
well as in the form of graphene nanoribbons (GNR) with open bandgaps that can be utilized as
transistors [35, 36]. The function of such devices depends critically on the material structure at
the atomic level. For example, the electric conductivity of GNR is controlled by the structure of
graphene edges, where roughness or irregularity reduces the conductivity and therefore diminishes
the desired function [37]. A promising technique that allows control over the edge structure at
the atomic level is etching of graphene through oxidation in a gaseous environment at elevated
temperatures [38], just like we have studied it. As we have shown, the resulting graphene edge
structure can be both atomically smooth or rough based on temperature and pressure, which
culminates in either hexagonal or circular etch figures [22, 23]. In the end, our work provides a
firm theoretical basis for understanding and modeling oxidative etching, and we hope that this will
support it as a manufacturing technique on the way to practical employment in research labs and
industrial settings.

2.3 Human resources, teaching and educational experience

• Multiple undergraduate students were in involved in the project. Two of these ended up being
co-authors on conference papers. One of these students is now pursuing a PhD at UIUC.

• The PhD student in charge of Task B, participated and won (in the College of Engineering)
the Three Minute Thesis competition. A video of the talk can be found at the following link:
https://www.youtube.com/watch?v=JpAFnhVF-3o
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3 Changes

3.1 Changes in approach

3.2 Lit Review

In Task A, the approach was changed. A thorough literature survey revealed that the mechanisms
necessary to put together the model had been previously published. Thus, these were used. DFT
calculations were run for alternate mechanisms, but those ended up not being of importance to the
model. These results were nevertheless published, they did not contribute directly to the project.

3.2.1 Carbon Nitridation

Task A was also extended to include Nitrogen reactions. Following the same approach as for carbon
oxidation, we have compiled a kinetic mechanism for the nitrogen-carbon gas-surface reaction. As
can be seen in Table 3, it contains the same types of elementary surface reactions as the oxidation
mechanism. However, it is much less detailed, in particular in respect to CN formation reactions
at different types of edge carbons, because studies on the energetics of carbon nitridation are rare.
Nevertheless, we observe the same characteristic surface evolution, namely pitting of the carbon
surface as a result of preferential removal of edge carbon atoms. Preliminary results on the pitting
rates for nitridation are shown in Figure 14. Notice that the simulated pressures are high for atomic
nitrogen, in contrast to the presented carbon oxidation data, where the pressures are given for air
in chemical equilibrium, such that the atomic oxygen concentrations are many orders of magnitude
lower.

Table 3: Kinetic mechanism for nitrogen-carbon gas-surface reaction.

Reaction Energy Barrier Ea(eV)
N Adsorption 0.0
N Desorption 1.1
N2 Recombinative Desorption 0.37
N2 Eley-Rideal Desorption 0.0
N Diffusion 0.88
CN Formation 2.75

3.2.2 3D/Multilayer Pitting

For Task B, we have started to extend our simulation framework to multilayer graphene/graphite
materials. The working assumption for now is that there are no chemical interactions between
layers, so the only interlayer effect is the blocking off of lower layers from the impinging gas by the
surface layer(s). This is partially due to the lack of data on the energetics of potential chemical
interactions, but also due to the fact that the experimental results on this matter are inconclusive
at best. We have performed simulations of multilayer pits, with initial monovacancies at the
same location in each layer. Figure 15 shows simulation snapshots of two of those simulations.
Snapshot a) corresponds to a reaction at high pressure and temperature, whereas b) corresponds
to low pressure and temperature. We can measure and compare the pitting rates in-plane (as done
before for single layer pitting) and in-depth (across layers). Figure 16 shows the ratio between
those, as a function of reaction conditions. It becomes clear that at low pressure and temperature,
the in-plane rate is several orders of magnitude faster than the in depth rate, which favors the
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Figure 14: Pit growth rates as a function of temperature and pressure for carbon nitridation.

growth of shallow pits (layer by layer oxidation). In contrast, higher pressure and temperature
cause a relative increase in the in-depth pitting rate, which favors the growth of deeper pits. We
are working on extending those preliminary results to multilayer carbon materials with arbitrary
defect distributions. For instance, we attached two supplemental videos SV3 and SV4, the former
showing multilayer pitting with monovacancies in the same location as discussed here, the latter
showing a random distribution of monovacancies in each layer. Movies of these simulations can
be found at:

• https://youtu.be/J_aM12LZnh4

• https://youtu.be/om2zdyB3-Rc

3.3 Delay

• Co-PI (formerly PI) left in the middle of the project, and did not contributed since. The
student in charge of Task A (Simon Schmidt) was, fortunately, far enough trained to be able
to continue the project, graduate, and keep working on it as a postdoc. This has caused
minor delays in the approach, but significant delays with regards to publications.

• The senior student that was tasked with helping implement the last few features in the code
in Task C went back to his home country in January 2020, and was only able to renew his
visa in September 2021. He was able to contribute to the project, but since he did not have
great working conditions, he was not as efficient. The student that was in charge of Task B
became sick with COVID for about 1 month, and was not able to work during that time.
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Figure 15: Geometry comparison of simulated etch pits: (a) deep pit with in-depth pitting rate of
similar magnitude to in-plane pitting rate; (b) shallow pit with in-depth pitting rate much smaller
than in-plane pitting rate.
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Figure 16: Comparison of in-plane and in-depth pitting rates as a function of temperature and
pressure.
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4 Technical Updates

Figure 17: Simulation of multilayer graphite, with arbitrary defect distributions, which allows the
derivation of in-depth pitting rates across multiple atomic layers.

Figure 18: Modeling of pits forming on a carbon fibers using pit formation rates extrapolated from
first principles.
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ABSTRACT:
Hypersonic aircrafts must be protected from the extremely high temperatures of the gas
impinging their surface. This is achieve by using Thermal Protection Systems (TPS), which
typically consist of a thin coating layer made of a very resistant material that stands well these
high temperatures. One of the most versatile materials used for this purpose is carbon, in some
of its many possible forms, such as graphite, glassy or amorphous. However, in the presence
of high temperature oxygen, as is the case during flight, the carbon layer of the TPS degrades
and the solid carbon become gaseous CO and CO2. As a result, the protective layer may
eventually disappear, leaving the vehicle without protection. Thus, a good understanding of its
behavior under these conditions is very important to improve the safety of hypersonic flights.
The guiding idea of this project is to study carbon oxidation in these extreme conditions, from
a fundamental point of view. This will be achieved by examining the details of the atomic-
scale processes that ultimately govern the loss of carbon from the TPS. After hitting the
surface, oxygen atoms remain wandering across the TPS surface until they connect to weakly
attached carbon atoms . Oxygen and carbon then combine and eventually leave the surface as
CO or CO2. These processes are very difficult to study experimentally because of the scales of
a few Angstroms. Instead, we will use Quantum Mechanics calculations to study all these
processes. This will help to develop models of carbon oxidation, which will then be used in
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large scale Computational Fluid Dynamics codes to simulate the gas flow around hypersonic
aircrafts. We are specifically interested in the accurate prediction of the TPS loss of carbon,
with the ultimate goal of contributing to improve safety.
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