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ABSTRACT

Ablation modeling is addressed from the material point
of view. Multi-scale surface roughness of two ablated
carbon-based materials is first analyzed by SEM and
micro-tomography. Then, a 3D reaction-diffusion model
is set up and solved to explain the observed morphologies
at micrometer scale. To take into account the complex
crystalline structure of graphite, the model has been en-
riched by incorporation of an anisotropic heterogeneous
reactivity. The models are solved either analytically or
using a homemade simulation code. Results are in correct
agreement with observations. This approach contributes
to the understanding of the physico-chemical coupled
phenomena involved in ablation and of the material in-
trinsic behavior.
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1. INTRODUCTION

Spatial vehicles often encounter severe environments dur-
ing atmospheric crossing. Since the speed can reach
many km/s in dense atmosphere, the flow close to the
nosetip can be hypersonic. In this case a thin bow shock
surrounds an inviscid flow (eulerian flow), while a dy-
namic boundary layer develops in the vicinity of the wall
[1]. Typically, temperature of the flow may reach 7000 K
and it may lead to a maximal wall temperature of 4500 K
for pressures higher than 100 bar [2]. For such an en-
vironment, the design of thermal protection systems re-
lies on Carbon/Carbon (C/C) composites, which possess
the best compromise between thermal, thermo-chemical
and mechanical properties [3]. However, a high interfa-
cial mass transfer, strongly coupled with boundary layer
transfer phenomena, leads to surface recession. Indeed,
C/C composites are progressively destroyed by oxidation,
sublimation and, up to a certain extent, mechanical ero-
sion. These physico-chemical phenomena, collected the

term ablation, are globally endothermic. Hence they re-
duce the wall temperature and the heat flux that penetrates
the internal structure [2].

Ablation of C/C composites leads to a typical surface
roughness which induces an enhancement of heat and
mass transfer between the protection wall and the sur-
rounding environment via two major phenomena: (i) it
increases the chemically active surface of the wall; (ii)
it contributes to the laminar-to-turbulent transition in the
dynamic boundary layer. PANT program results shows
that the heat flux may be multiplied by a factor up to three
in turbulent regime [4]. The obvious consequence is a
considerable enhancement of global ablation velocity.

If general phenomenological tendencies are now well
explained and simulated in the bulk fluid phase [1, 5],
the understanding of the interaction between the mate-
rial and the flow close to the wall has to be improved.
In this work, the emphasis is set on surface roughness
analysis and modeling for two carbon-based materials:
a carbon/carbon composite (C/C) and a poly-crystalline
graphite. First, the link between the structure of tur-
bostratic carbons and the ablation behavior of carbon-
based material is discussed. Second, a morphological
analysis of multi-scale roughness features is briefly pre-
sented for these two materials. Then, a reaction-diffusion
model, set up to explain microscopic roughness lying on
C/C, and the arising results are summarized. To model
efficiently the surface evolution of the poly-crystalline
graphite, the crystalline structure is included in the model
through an orientation-dependant gasification rate.

2. LINKBETWEEN TURBOSTRATIC CARBONS
STRUCTURE AND THE ABLATION BEHAV-
IOR OF CARBON-BASED MATERIALS

The constituents of ablative carbon-based materials are
made of various kinds of turbostratic carbons [6], which
differ from graphite by a less organized and extended
crystalline structure [7] (see figure 1). At atomic scale,
this difference arises from a lack of pure sp? carbon



atoms, as compared to graphite; this fact might be ex-
plained by the presence of sp>-like defects [8]. sp°-
like defects tends to disorientate graphene planes inside
graphene layers, which can be slightly curved [8] or ex-
hibit an inter-plane average length up to ten percent larger
than graphite one [6]. The change of inter-plane aver-
age length (X-diffraction measurement of dgg2) reduces
the local density. dyg generally decreases with graphi-
tization degree [9]. The graphene planes extension and
the graphene stacks size increase with graphitization de-
gree [7, 9]. Consequently, the local density increase with
graphitization degree [6]. The way the graphene stacks
are connected together has also a strong effect on density,
as it can lead to a more or less optimized space occupa-
tion. Then, the size of the representative elementary vol-
ume for the global density evaluation is about ten times
the size of individual graphene stacks.

The gasification rates (oxidation or sublimation) of the
graphene planes increase with plane perimeter to plane
surface ratio [10]. Indeed, the reactivity of the edges,
whose atoms conformations constitute active sites [11],
is three orders of magnitude higher than the reactivity
of the surface [12], which contains few defects and then
few active sites. (In this work, this effect of the defects
on reactivity is not modeled: it is the field of study of
ab initio calculus or, up to a point, molecular dynam-
ics simulations [13].) It arises the gasification properties
of turbostratic carbons are strengthened with the graphi-
tization rate [3], as graphitization tends to expand the
graphene planes. Consequently, the gasification rate of
turbostratic carbons generally decreases as local density
increases [14].

The local recession velocity of the surface depends on
the local reactivity. This effect leads to the establish-
ment of surface roughness on composite materials, which
are heterogeneous materials made of several kinds of tur-
bostratic carbons. This phenomenon can be balanced by
a mass transfer limitation in the fluid phase. This com-
petition between mass transfer and heterogeneous reac-
tion can explain a large part of the roughness features ob-
served on the material surface. In some cases, especially
when surface roughness size is of the order of magnitude
of the graphene plane, the crystalline structure has to be
included in the model through an anisotropic gasification
rate.

Graphene
plane

Graphene
stack

Figure 1. Sketch of the structure of turbostratic carbon

[7].

3. ANALYSIS OF SURFACE ROUGHNESS

3.1. C/C analysis

M,

Section, OM

Figure 2. SEM micrographs of 3D C/C surface after
plasma jet ablation

C/C composite samples, made from a 3D ex-PAN car-
bon fiber woven preform and a pitch-based carbon ma-
trix, have been submitted to arc-jet ground tests in stag-
nation point configuration. The material temperature was
high enough (3000 K) to enable both oxidation and subli-
mation. However, the efficient C/C architecture prevents
the sample from being notably eroded during ablation.
Surface roughness has mainly been observed by optical
microscope (OM), scanning electron microscopy (SEM)
and phase-contrast X-ray microtomography (CMT). Let
us briefly depict the micrographs of figure 2 which fea-
ture the multi-scale surface roughness [15]:

e A macroscopic (M) surface roughness takes place
on the lattice of the composite (micrograph M;). It
seems to result from the difference of reactivity be-
tween bundles and extra-bundle pitch-based matrix.
Notches appear between emerging bundles (micro-
graph M5). The section of emerging bundles (tan-
gent or perpendicular to surface) is slightly undu-
lating (micrograph M5). Indeed, if edges of ini-
tially square section of bundles are emerging, cre-
ating crenel-like features, they are smoothed out to
a wavy form by ablation. Mechanical erosion spo-
radically occurs through the detachment of an extra-
bundle matrix octet.

e A mesoscopic (m) surface roughness develops at
the end of emerging bundles, and looks like “nee-
dle clusters” (micrograph a,,) -resp. “needle lay-
ers” (micrograph c,,)- for bundles perpendicular -
resp. parallel- to material surface. In the litera-



ture, many micrographs show such roughness fea-
tures on carbon-based composites during ablation by
oxidation [16, 17] or both oxidation and sublimation
[18, 19, 20]. Due to an important recession of the
intrabundle matrix, fibers, which are less reactive,
are partially stripped, become thinner, and acquire a
needle shape. As shown on figure b,,, the surface
roughness of the extrabundle pitchbased matrix can
be neglected at this scale.

e A microscopic (i) surface roughness appears on the
fibers and on the extra-bundle matrix. Fiber tips are
faceted (micrograph a,, and c,). The extrabundle
pitch-based matrix shows denuded graphene layers
arranged in parallel (micrograph b,). It is relevant
to its pseudo-crystalline structure.

3.2. Graphite analysis

The studied poly-crystalline graphite, named EDM3, is
an isostatic graphite made by Poco Inc. To reduce the
residual porosity, the material is impregnated with pitch,
which is then carbonized and graphitized. The grain size
distribution approximatively obeys a gaussian law with a
mean value of 4 ym and a standard deviation of 1 pm.
The density value is 1.78 [21]. This material has been
submitted to plasma jet ablation [2, 21] and to an oxida-
tion test (this work). The surfaces roughnesses resulting
from the two processes are not distinguishable at micro-
scopic and mesoscopic scales. At macroscopic scale, ero-
sion can occur with plasma jet facilities. X-ray computed
microtomography has been carried out on EDM3 after the
oxidation test (dry air at atmospheric pressure at 625°C).
The tomography has been done at ESRF (European Ra-
diation Synchrotron Facilities) in Grenoble (France) on a
coherent X-ray source of 100 ym wave-length. The res-
olution is 0.3 um. This study reveals the complex multi-
scale three-dimensional structure of EDM3:

e A macroscopic porosity, visible on the left hand side
of the microtomograph (figure 3), is likely to arise
from macro-pores poorly filled by the pitch matrix.
The diameter of these pores is around 10 ym. Con-
sequently, they lead to a macroscopic surface rough-
ness when they are opened by ablation. The mark
of a macro-pore, which has been uncovered by ab-
lation, can be observed on the surface of the front
corner of the tomograph.

e A mesoscopic surface roughness is shown on SEM
micrographs of figure 3. It arises from the difference
of reactivity between the grains according to their
orientation to surface. The more parallel (resp. per-
pendicular) to surface the graphene planes are, the
more resistant (resp. weak) the grains are. This sur-
face roughness size is of the order of the grain size.
Moreover, the pitch-based matrix seems to have a
higher oxidation rate, as it is not observed on the
micrographs.

e At microscopic scale, a lamellar surface roughness
appears on the grains (bottom micrograph of figure
3). It has to be correlated to the lamellar structure of
the grains.

Figure 3. X-ray microtomograph (left) and SEM micro-
graphs (right) of EDM3 graphite surface after ablation

3.3. Synthesis

From the above presented descriptions and classifica-
tions, it appears that ablation-related geometrical features
of the rough surface mainly follow the material struc-
ture. Accordingly, it will be called structural roughness
to make a difference with a purely physical roughness
which has already been observed on homogeneous mate-
rials and modeled [2]. This physical roughness consists
in scalloped morphologies and is not correlated to mater-
ial structure [22]. The cause seems to be a dynamical ef-
fect based on the concurrence between bulk transfer and
heterogeneous transfer, be it of mass or heat. In addi-
tion to such a competition, possible physical phenomena
leading to structural roughness appear to be reactivity dif-
ferences between phases. As a result, models including
structure and physics have to be taken in consideration.
Moreover, to model accurately poly-cristalline graphite
behavior, the material anisotropy has to be taken into ac-
count.

4. MODELING OF MESO-SCALE SURFACE
ROUGHNESS

4.1. Heterogeneous isotropic materials : C/C com-
posites bundles

The evolution described in section 3.1 of the pointed
fibers has been sketched in 2D by Han[19]. We recently
succeeded in modeling it in transient regime and to
solve it using a simulation code [15]. The model has
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Figure 4. Scheme of the elementary pattern and of the pro-
posed model

been solved analytically in steady state [23]. Let us
summarize the hypothesis and the results of these works,
as they constitute the physical basis of the model of the
following part.

As specified in the previous section, the C/C compos-
ite bundles are heterogeneous. They are made of fibers
and matrix, which assumed homogeneous and isotropic.
They are ablated following either a first order oxida-
tion process or sublimation under Knudsen-Langmuir hy-
potheses. These two cases are mathematically equivalent
considering either reactant diffusion to the wall or vapor-
ized carbon diffusion from the wall [2]. The gasification
rate of the fibers (k) is lower than for the matrix (,,).

The proposed model is sketched on figure 4. On this
scheme the stationary rough surface is represented; how-
ever at initial time, the fluid/solid interface is flat. This
profile has therefore to be obtained using a moving
fluid/solid interface modeling.

Let us write mass conservation of the reactant (of molar
concentration C) in the fluid phase:

oC
S TV (=DVC) =0 (1)

Boundary conditions relative to the model domain are:

e On boundary layer top: C' = Cp;

e At the fluid/solid interface the oxidation molar rate
r writes:

r=(=DVC)-n = —k;C )

where n is the normal to the surface, and k; (m/s)
the reaction kinetic constant of matrix (j = m) or
fibers (j = f);

e Periodicity on the lateral boundaries (the bundle sec-
tion is supposed infinite in transverse directions).

The interface position (S(z,y, z,t)) is given by the si-
multaneous resolution of equations (1-2) and of [2]:

0S

- -VS =0 3

5 TV 3)
where v. = wvgrn is the surface local normal velocity ,

with v, the solid molar volume.

The resolution of this model in steady state for an axi-
symmetric fiber gives the geometry of the fiber after ab-
lation as a function of two dimensionless numbers (fig-
ure 5): (i) the Sherwood number (Sh = Rysks/D),
which is relevant of reaction versus diffusion competi-
tion, (ii) the reactivity contrast between matrix and fibers
(A= klg’;—;j;”) [23]. The model has been validated using
independent feeding and validation data [24, 23]. The
comparison of the micrographs of figure 2 to the results
of the model (figure 5) shows that the Sherwood number
is low for the plasma jet test, as fibers are conical. This
means that ablation is limited by reaction.

0.01

Figure 5. Fiber morphology at steady state as a function
of Sh (with A = 5).

4.2. Anisotropic materials : EDM3 and C/C com-
posite inter-bundle matrix

As introduced in section 2, the turbostratic carbons pos-
sess a complex multi-scale structure. EDM3 has been
first tackled in this work due to its repetitive structure and
to the direct equivalence between graphene stacks and
grains (see subsection 4.2.3). The C/C composite inter-
bundle matrix shows an anisotropic structure leading to
a microscopic surface roughness (figure 2) which is of
interest; unfortunately, its structure is quite complex and
irregular. Nevertheless, the results of this section could
be applied to the matrix modeling.

First the graphene plane is analyzed, then, two successive
changes of scales are done.

4.2.1. Interpretation of the graphene plane reactivity

The starting point of the modeling is the graphene plane.
For the materials of the study, the graphene plane cur-



vature is negligible since either the turbostratic carbons
possess few defects (poly-crystalline graphite case) or the
extension of the graphene planes is small (C/C case) [6].
Graphene edge reactivity is known to be about three order
of magnitude larger than in the perpendicular direction
(see section 2). A sticking probability is then assigned
to the perpendicular direction, noted P, , and one to the
edge, noted P (figure 6). This property can be modeled
by an orthotropic sticking probability. Using the nota-
tions of the figure 6 it writes:

P 0 0
p={ 0 B 0
B 0O 0 P,

(i.J.k)

The interface of a graphene stack is made of a series
of surfaces alternately parallel (S| with a sticking event
probability P) and perpendicular (S, with a sticking
probability P, ) to the graphene plane (figure 6). Let us
assume that the average sticking probability, noted P, is
the arithmetic average of P and P, with respect to their
real surfaces to effective surface ratio. Let 6 be the angle
between the normal n to the material effective surface
and k, the local orientation of graphene planes (figure 6).
The sticking probability, which can be regarded as a pro-
jection of P on the effective surface, is then a function of
0:

- Py|sinf| + P, |cos@
P |Isind] + Py | |

. “)
|sin @] 4 | cos 6]
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Figure 6. Sketches and notations for the interpretation of
graphene plane reactivity

4.2.2. First change of scale: graphene plane to
graphene stack

The change of scale is numerical. Indeed, one has to
model the complex behavior of a reactive crystalline ma-
terial. As introduced in section 2 and represented on fig-
ure 7, the graphene stack is considered as a perfect lamel-
lar crystallite, constituted of flat graphene planes. Un-
der these hypotheses, the graphene stack retains the or-
thotropic property of graphene planes. Consequently, the
direction k fully describes the stack orientation. The sur-
face reactivity is a function of graphene stack orientation
compared to the interface orientation. Let be « the angle
between k and n. Note that for rough surfaces « is differ-
ent from 0, as 6 is affected by a local orientation, while a
arises from a global interface orientation.

k ¢ AT« Flid

Oriented
- graphene
stack

Figure 7. Sketches and notations for graphene stack mod-
eling

To solve this problem in 3-D and in non-stationary
regime, an efficient numerical simulation code, named
AMA, has been developed on a Monte-Carlo random-
walk principle. AMA, which is a C ANSI implementa-
tion, contains five main parts. (i) A 3-D image containing
several phases (fluid/solids) is described by discrete cubic
voxels method. (ii) The moving fluid/solid interface is
determined by a simplified marching cube approach [25].
(iii) Mass transfer by diffusion is simulated by a Brown-
ian motion simulation technique [26], which is a contin-
uum (grid-free) and rapidly converging method to simu-
late diffusion in a continuous fluid. (iv) Heterogeneous
anisotropic first-order reaction on the wall is simulated
by a sticking probability (P;) adapted to the Brownian
motion simulation technique [15]. AMA has been vali-
dated by comparison to a 1D analytical model in transient
regime [15] and to the axi-symmetrical model presented
above in steady state [23].
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Figure 8. Effective sticking probability of a stack as a
function of its relative orientation to the surface

In the literature, the actual gasification rates of parallel
and perpendicular direction are never quantitatively re-
ported. In the scope of reproducing larger scale behavior
and to progress in turbostratic carbon modeling before
carrying out difficult experiments, the parallel to perpen-
dicular ratio has been fixed to 1000. Then, the Damkohler
number has been taken very low. Indeed, this assumption
seems to be correct in the field of the considered appli-
cations (see subsection 4.1). The effective sticking prob-
ability, P,, is reported as a function of graphene stack
orientation to surface «, on figure 8, where the sticking
probabilities have been normalized. The filled triangles



are the simulation points. The curve is a representation of
an approximation of the numerical result; this approxima-
tion (P, = a + ba®8, where a and b are two constants)
is used in the following to compute the next change of
scale. Note that the lower sticking probability, P,—0), is
no longer P, . This fact is due to the ability of the ran-
dom walk code to simulate random events. In particular,
the pitting of a graphene plane followed by a pit exten-
sion in the perpendicular direction is taken into account
in effective reactivity evaluation. This phenomenon, ex-
perimentally observed [27] and already simulated in 2D
[28], is simulated in 3D in this work (figure 9). Thus,
the effective sticking event in perpendicular direction is
increased by this phenomenon.

M. .
|

t+dt

Figure 9. Pitting on a graphene stack for « = 0 : pit
growth. Surface top view.

4.2.3. Second change of scale: graphene stack to
material

In the case of EDM3 poly-crystalline graphite, the
graphene stack can be assimilated to the grain. Two poly-
crystalline graphites have been randomly processed fol-
lowing the EDM3 gaussian law of grain repartition (see
subsection 3.2). The first one is an ideal graphite : the
grains are well connected ( see figure 10). In a more re-
alistic way, the second one includes a pitch-based matrix
joining the grains (see figure 11). The matrix is a homo-
geneous material. Its reactivity value is taken equal to the
arithmetic average of P,. Each grain orientation is cho-
sen by a random process according to a normal law for
the angle; on the figure, the gray scale values span from
black (o« = 0°) to white (¢ = 90°). These materials
are globally isotropic. The sticking probability law P,
is used to simulate the graphite ablation. A steady state
regime, with a stabilized surface roughness height, is ob-
tained after the ablation of approximatively ten grain lev-
els. The surface roughness is linked to material structure.
It is of the order of magnitude of the grain size for the
chosen reactivity ratio between perpendicular and paral-
lel directions. Two qualitative results tends to validate the
model. First, the surface roughness simulation is in cor-
rect agreement with observations. The agreement may
be improved with a more realistic modeling of the ma-
terial. Second, the sensitivity of the model to grain size
(or graphene plane extension) is in agreement with the
experimental results of the literature (see section 2).

Figure 10. Simulation of the surface evolution of an ideal

poly-crystalline graphite during ablation

Figure 11. Simulation of the surface evolution of a poly-
crystalline graphite with grain joint during ablation

5. CONCLUSION AND OUTLOOKS

In this work, the origin and development of surface
roughness on a 3D-C/C composite and on a poly-
crystalline graphite during ablation are tackled. First, the
link between turbostratic carbons structure and the abla-
tion behavior of carbon-based materials is analyzed : it



underlies the overall ablation phenomena. Second, us-
ing as a reference arc-jet test and oxidation test samples,
multi-scale roughness is observed, classified and briefly
analyzed for these two materials. Then the focus is set
on the well-known “needle clusters” roughness features
which develop on emerging bundles of C/C composites.
A simple heterogeneous reaction/diffusion model is pre-
sented and the results of an analytical solution in steady
state are summarized. The model, which has been ex-
perimentally validated, opens a complete understanding
of the material behavior at this scale. However, at lower
scales the anisotropic structure has a strong effect on sur-
face roughness and material behavior. To progress in this
study, the poly-crystalline graphite is used as a model ma-
terial.

To model the ablation behavior of the poly-crystalline
graphite, which is a particular turbostratic carbon, an
anisotropic reactivity is included in the model. It takes
into account its turbostratic structure. The starting point
of the model is the graphene plane. An interpretation of
graphene reactivity as a function of its parallel and per-
pendicular reactivities is proposed. Then, two succes-
sive changes of scales following the material structure are
processed (graphene plane = graphene stack (or grain)
= material). Those changes of scales are done using
an homemade simulation code, which handles efficiently
anisotropic reactivities. At each scale, the sensitivity of
the model to the study parameters are consistent with lit-
erature data. At the last scale, simulation results can be
compared to SEM and CMT observations: a correct qual-
itative agreement is obtained. The model could be im-
proved by a better description of the material. Despite a
lack of nano-scale feeding data for a quantitative valida-
tion, results are promising, since the proposed model can
qualitatively explain roughness development on graphite.

To progress in the turbostratic carbon modeling, experi-
mental studies have to be carry out to determine graphene
plane reactivities.

At macroscopic scale, the model of C/C ablation should
include heat transfer and advection close to the wall, as
well as the anisotropic reactivity of C fibers.
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