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Abstract

3D Carbon-fiber reinforced carbon composites (3D C/C) are widely used as ther-
mostructural protections in various applications. Among them, thermal protection
systems for atmospheric re-entry encounter one of the most aggressive environ-
ments, where 3D C;/C are exposed to strong ablation. Because flight tests are
extremely expensive, Inductively Coupled Plasma torch is a good compromise to
understand the behaviour of this material under ablative conditions. The Plasma-
tron of the von Karman Institute for Fluid Dynamics is used in this study, coupled
with a numerical rebuilding of the flow. Air and argon flows are used on flat and
hemispherical 3D C;/C samples leading to surface temperatures ranging from
1800 °C to 2500 °C. In-situ measurements are performed coupled with SEM mi-
crography and 3D pictures from digital optical microscopy in order to understand
the epi-macro-structural and the epi-micro-structural roughness of the composite.

The internal structure of the composite was revealed by the differences in ablation
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resistance between constituents. It is found that the flow field has a major con-
tribution to the composite macroscopic and mesoscopic roughness and recession

velocity.

Nomenclature
Acronymes

HB  Horizontal Bundle
HS  Hemispherical
MO  Matrix Octet

ST  Standard

VB  Vertical Bundle

Indices et exposants

d Dynamic
dl Diffusion-limited values
e Boundary layer edge

eff Effective value
exp  Experimental values
f Flight quantity

i,J Chemical species indices



) Static

t Test quantity

Variables

B Radial velocity gradient at the wall, s~
0 Boundary layer thickness, mm

€ Emissivity

0 Sample density, kg m™>

o Standard deviation
T Sample exposure time, s
v Molar volume of solid, m? mol™

X Mole fraction

C Gaseous species concentration, mol m~>
D Diffusivity, m? s~

D;;  Mutual diffusion coefficient, m? s~
h Total enthalpy, J
k Heterogeneous reaction rate, m s~!

M, Molar mass of the solid, kg mol ™!

nb Number of measurements points



p Pressure, Pa

pé Péclet number

gew  Cold wall stagnation point heat flux, W m~2
7 Sample recession rate, pm 7!
i Dimensionless recession rate
Ry Fiber radius, m

Shy  Fiber Sherwood number

T Temperature, K

u Flow axial velocity, m s~
v Flow radial velocity, m s~
y Radial coordinate, m

1. Introduction

Carbon-fiber reinforced carbon composites (CFRC, CFC, Carbon/Carbon or
C/C for short) are dedicated to high technology structural and thermal applica-
tions in aggressive environments [1]. They are used as thermostructural protec-
tions in various applications such as atmospheric re-entry [2, 3], rocket propul-
sion [4, 5], aircraft braking systems [6] and plasma facing elements of the Toka-
mak [7, 8]. In the first two applications, the Cy/C composites are progressively de-
stroyed by oxidation, nitridation, sublimation, and, up to a certain extent, thermo-
mechanical erosion. These phenomena are collected in the generic term of abla-

tion. They are usually globally endothermic, transforming the thermal energy into
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mass loss and surface recession, whilst the remaining solid material insulates the
vehicle substructure [9].

Selection and thickness definition of the Thermal Protection Material (TPM) are
key performance parameters in Thermal Protection System (TPS) design. Predic-
tion inaccuracies can be fatal for the re-entry vehicle. However, the complex
behavior of Cy/C composites is not fully understood, and currently not accu-
rately accounted for in the models. Ablation of Cy/C composites is known to
lead, among others, to a typical surface roughness [10, 11]. The surface rough-
ening, which is inseparable from material behavior and flow field, contributes to
the laminar-to-turbulent transition of the boundary layer [12, 13]. The PAssive
Nosetip Technology (PANT) program results have shown that the heat flux can
be multiplied by a factor of up to three in turbulent regime[14]. Therefore, the
understanding of the interaction between the material and its close environment
has to be improved for all of these applications.

Consequently, ground testing becomes a fundamental requirement for TPM qual-
ification, validation of material response code and TPS design. Plasma wind-
tunnels are among the most interesting facilities in this aim. In this work, we
report new data to improve the understanding of the behavior of dense C;/C com-
posites during atmospheric re-entry and to feed multi-scale models of ablation. In
order to reproduce the aero-thermodynamic environment of atmospheric entry in
the boundary layer, the subsonic 1.2 MW Inductively Coupled Plasma (ICP) torch
of the Plasmatron facility of the von Karman Institute (VKI) has been used. It al-
lows the use of a wide range of pressures and heat fluxes [15, 16]. An extensive
numerical rebuilding procedure offers a detailed characterization of the flow.

Flat and hemispherical samples were tested at pressures of 1.5 — 20 kPa, heat



fluxes of 734 — 2861 kW/m? and surface temperature of 1800 — 2500 °C. This
paper will first describe the experimental and characterization facilities; then, the
experimental results will be exposed. In the last section, consequences of the

results for a modeling strategy will be discussed.

2. Experimental techniques

2.1. Test material

The material was a 3D C;/C composite made from ex-PAN carbon fibers and
an ex-pitch carbon matrix [10]. Several thousands of fibers are linked together
by a pitch-based matrix in a straight, unidirectional yarn, named ’bundle”. Then,
fiber bundles are fit together into a 3D orthogonal pattern repeated by translation
of a cubic lattice. This leads to a network of parallelepipedic macropores, here-
after named “octets”. They are partially filled with a pitch-based carbon matrix.

Finally, the composite is graphitized.

Two different sample shapes, schematized in figure 1, were used in these tests.
The first ones were flat samples which were used for stagnation point character-
ization tests. They are 4 mm thick and have a radius of 25 mm. They will be
called Standard samples (ST) in the following. The second ones were hemispher-
ical samples (HS). They have a radius of 15 mm and a 34 mm length. They were
used for stagnation point and off-stagnation point tests.

Standard samples were held by a graphite cap and attached to a cooled sample
holder (Figure la)). Hemispherical samples were only attached to the sample

holder (Figure 1b)). A 0.1 mg precision balance was used for pre- and post-test
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Figure 1: Scheme of the assembly of a) flat and b) hemispherical samples for the VKI Plasmatron
experiments.

evaluation of mass loss of samples. All samples surfaces were polished to under

.5 um precision before the tests.

2.2. Plasma wind tunnel overview

The VKI Plasmatron has been used for all the experiments. It has the abil-
ity to reproduce the aero-thermodynamic environment of re-entry plasma flows,
creating a high-enthalpy, highly dissociated subsonic gas flow. The Plasmatron
is equipped with a 160 mm diameter ICP torch powered by a high frequency
(400 kHz), high power (1.2 MW), high voltage (2 kV) generator (with Comple-
mentary Metal-Oxide-Semiconductor (CMOS) technology). The gas is heated by



induction through a coil, creating a high purity plasma flow [15].

A schematic of the experimental setup for in-situ ablation measurement can be
found in figure 2. Surface temperature measurements were carried out using a
bichromatic Raytek Marathon MR1S-C pyrometer (0.75 — 1.1 um), with a tem-
perature range from 1300 K to 3300 K. A KT19 Heitronics Infrarot Messtechnik
GmbH radiometer was used for emissivity checking and temperature measure-
ment for sublimation tests. The emissivity of the material is € = 0.89. It was deter-
mined from in-situ measurements combining the radiometer (broad wavelength,
emissivity dependant) and the bichromatic pyrometer (surface temperature, emis-
sivity independant). The temperature in the case of argon flow was obtained from
the radiometer data. Surface recession was recorded in situ with a Vision Research
7.1 High-Speed Camera (HSC). Identification of ablation products can be carried

out using a low-resolution Ocean Optics HR4000 spectrometer.
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Figure 2: Plasmatron set-up for in-situ measurement for hemispherical samples



2.2.1. Plasma flow characterization by intrusive probes

The cold wall (~350 K) stagnation point heat flux ¢.,, was measured with a flat
water-cooled calorimeter made of copper. Additionally, a probe with the same
shape as the test sample was used for tests with HS samples. A calibrated rotame-
ter served to determine the water mass flow, and inlet/outlet temperatures were
measured by two type-E thermocouples. A Teflon® insulator was inserted be-
tween calorimeter and probe holder to achieve adiabatic conditions at the calorime-
ter wall. The uncertainty on the heat flux measurement was estimated to be about
+10% [16]. Determination of the dynamic pressure of the flow was achieved
by using a water-cooled Pitot probe, connected to a Validyne variable reluctance
pressure transducer. The output voltage was amplified by a voltage demodulator.
Both of them were calibrated prior to the tests by a Betz water manometer. The
test chamber is also equipped with an absolute pressure transducer to measure the
static pressure with an accuracy of + 2 Pa.
Before the injection of the sample, the generator power was adjusted to calibrate
the target wall heat flux. The cold wall heat flux was measured by the calorimeter
and the generator power was modified in order to adjust the plasma jet energy.
After withdrawing the sample, whenever possible, the calorimeter was injected
a second time to control the stability of the heat flux. Table 1 shows that the
heat flux variation has been in the calorimeter measurement error except for the
low flux test (Long Duration ST) where a 15% variation of the heat flux can be

noticed.
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Test Gew( MW m~2) before  ¢.,,( MW m~2) after  Age/qer

Reference ST 1.012 1.020 +0.79 %
Long Duration ST 0.734 0.687 -15%
Oxidation ST 1.914 1.747 -9.6%
Sublimation ST 1.766 1.630 -8.3%

Table 1: Cold wall heat flux, ¢, before and after the ablation test and relative variation of this
flux.
2.2.2. Computation of the plasma free-stream composition

Duplication of the hypersonic entry condition in a ground-test plasma facility
can be achieved under the Local Thermochemical Equilibrium (LTE) assumption
if the boundary layer edge total enthalpy #4,, total pressure p, and the radial veloc-

ity gradient at the wall S, are locally matched on the test sample [17]:

hl =h, pl=p. Bl=p. (1)

f and ¢ stand for "flight” and “’test” quantities, respectively. 5, = %Ie with x and v
which are the axial coordinate and the radial velocity.

The subsonic Plasmatron flowfield is numerically simulated using a Navier-Stokes
equation solver, characterizing the boundary layer geometry around the test sam-
ple under LTE and axisymmetric flow assumptions This assumption is made by
the VKI ICP code and, even if not totally correct for our studies, sufficient to
obtain good agreement. [18, 19, 20]).

The boundary layer is thermally defined by:
h <= O.95hinf (2)

where h;,s is the total enthalpy of the free flow. The code makes use of the
Mutation™™ library [21] to determine thermodynamic and transport properties of

an air mixture composed by eleven species : O,, N,, O,",N,", NO, NO", O, O,
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N, N and e™. The temperature of the sample surface is fixed and the input power
is chosen in order to match experimental heat flux on the sample.

The main output data of this simulation are the size of the boundary layer and the
physical values (velocity, temperature, species fractions, ...) at the boundary layer

outer edge.

2.3. High-speed camera application for in situ surface recession determination

It is not easy to measure surface recession of an ablating test sample. Because
meso- and micro-structural roughness is a main concern of this study, caliper rule
measurement is not advised. Indeed, making use of a caliper rule can destroy the
fragile meso-structures of the 3D C;/C roughness features. A Vision Research
Phantom 7.1 CMOS high-speed camera (HSC) with a short exposure time (2 us)
has been used for in situ recession analysis of the ablating test samples. The short
exposure time prevents CCD sensor saturation. The determination of the reces-
sion rate from HSC data was only available for hemispherical samples, because
the camera axis needs to lie perpendicular to the sample axis. Due to the camera
resolution, which is 126 um by pixel, only the overall recession rate was acces-
sible, by making the difference between the first and the last image taken by the
camera.

(deleted subsection)

2.4. Material characterization

Morphological characterization was performed by Scanning Electron Micro-
scopy (SEM), and by confocal and 3D optical microscopy. The SEM system used
in this study was an FEI Quanta 400 FEG environmental SEM. The accelerating
voltage was 5 kV and the working distance varied between 10 mm and 60 mm.

Confocal microscopy was made using a Sensofar S-NEOX confocal microscope.
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4 x 3mm? and 13 x 5mm?® pictures were taken with this microscope.

The second 3D optical microscope is a Keyence VHX-2000. Its large depth of
field allows a 3D reconstruction of the sample surface and therefore gives access
to composite roughness measurements. The focus of the microscope was set on
the sample holder, then it was shifted to the top of the sample and the microscope
software measured the distance between the two positions. This method was ap-
plied to all samples and to two non ablated samples for sake of reference. The
recession rate was obtained by calculating the height difference between ablated
and non ablated samples and dividing by the test time. Because this method de-
pends on the chosen point on the sample surface, nine measurements were taken
for each sample. The standard deviation was always less than 1% of the mean

value.

3. Results

The test conditions of material ablation are summarized in table 2. Two ge-
ometries were used : Standard samples for stagnation point experiments and hemi-
spherical samples for comparison between stagnation and off-stagnation points.
The target temperatures were 1800 °C and 2500 °C. A first experiment with a
heat flux of 1 MW m~2 was performed in order to match previous works [11].
The tests were carried out with air or pure argon, the latter experiments in order
to quantify the sublimation rate in ablation process. The static pressure was held
at 200 mbar for air tests and 15 mbar for argon tests. In these conditions, the sta-
bility of the jet was ensured. The gas mass flow was 16 g/s for test under air and
8 g/s for sublimation tests, and the test time was 180 s for all tests except one

where a 300 s test was performed to ensure stationary ablation. Linear recession
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rate are also included in table 2. Figure 3 shows a picture of the Oxidation HS

sample before and after plasma exposure.

Sample Geometry Gas p, (kPa) p; (Pa) g, MWm2) T, K) 7 (s) 7 (ums™h)
Reference ST Standard Air 20 16.9 1.020 2303 180 4.43
Oxidation ST Standard Air 20 65.0 2.345 2806 180 6.16

Long Duration ST Standard Air 20 11.3 0.687 2073 300 3.87
Sublimation ST Standard Ar 1.5 421 1.136 2394 145 0.08
Oxidation HS Hemispherical ~Air 20 36 2.861 2779 180 10.24
Sublimation HS ~ Hemispherical ~ Ar 1.5 372 1.630 2426 180 <0.6

Table 2: Plasmatron test conditions : test case name, sample geometry, test gas, static pressure py,
dynamic pressure py, cold wall heat flux ¢.,, mean surface temperature 75, sample exposure time
7, and recession rate 7

Figure 3: Micrographs of the Oxidation HS sample before (a) and after (b) ablation on the Plas-
matron

From the numerical rebuilding of the plasma free-stream composition, we ob-
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tained the boundary layer size, the flow axial velocity u,, the temperature 7, and
the partial pressure of air components at the outer edge of the boundary layer on
the stagnation line as listed in table 3 for all tests under air flow and one test un-
der argon flow. For the other one (Sublimation ST), numerical convergence could
not be attained. An example of the simulated flow field for the Oxidation HS

experiment can be found on figure 4.

Sample 6(mm) u,(ms") T,(K) Partial pressures p,; ( Pa)
[0) o* 0, N N* N, NO
Reference ST 10 93.2 7258 4402 6.09 6.85-107% 14518 23.66 1014 7.96
Oxidation ST 10 156 10158 3779 1746 4.24-1073 13848 1007 7.23 0.24
Long Duration ST 7.3 61.8 6497 4814 2.094 0.24 10966 2946 3980 25.3
Sublimation ST 9 46.1 10666 - - - - - - -
Oxidation HS 6.5 168 9646 4009 82.27 8.34-107° 14888 455 2536 0.59

Table 3: Numerical boundary layer edge characterization for air and argon plasma : boundary
layer size ¢, axial velocity u,, temperature 7, and partial pressures p, of the air species.

Temperature (K)
.711610-
— 8798.
5982.
0.20-]
3166.
oo ol B o lo o [

0.00 i— ; Sample & holder

9 @ 0 @ O

Induction coils

T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
(m)

Figure 4: Temperature field of an axisymetrical equilibrium computation of the flow inside the
Plasmatron ICP torch and test chamber including a hemispherical test sample for test Oxidation
HS. The sample surface thermal boundary condition is a cold wall boundary condition.



All values in ym.s™!

Sample HSC 3D microscopy Weighing Retained # Uncertainty
Reference ST - 4.66 4.2 4.43 0.3
Oxidation ST - 6.21 6.1 6.16 0.06

Long Duration ST - 3.94 3.8 3.87 0.07
Sublimation ST - 0.08 ~0.13 0.08 -

Oxidation HS 54 9.61 15.7 9.61 4.2
Sublimation HS < 0.6 - 0.2 < 0.6 -

Table 4: Recession rate of samples according to HSC data, 3D digital microscopy data and mass
loss data

3.1. Recession of the samples

Recession data are presented in table 4. Because the recession of the samples
was weak, three methods were used to calculate it. The first was HSC record-
ing and has severe limitations: (i) data is available only for HS samples, and (ii)
only the overall rate (i.e. between the first and last frame of the movie) can be
measured. This induces another limitation of the method which is the assumed
hypothesis that the transient phase of the ablation test has been negligible com-
pared to the stationary one. Owing to the long duration of the tests (at least 180 s)
and the high surface temperatures reached during the experiments, this hypothesis
is not too strong. However, a slight under-estimation of the actual ablation rate
is expected. Moreover, the recession rate of the sample Sublimation HS was too
slow to be measured by this method: we could only determine an upper bound
for it. The second method based on the digital 3D microscope, proved much
more efficient; however it failed to provide a value for the hemispherical sample

under argon, because of its very low recession rate. The third method, based on
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mass loss measurements, has important potential drawbacks. First, the mass of the
samples can significantly change with sample manipulation and ambient humidity
variations. Nevertheless, it can be used for comparison when one of the first two
methods cannot be used. With our dense sample (p ~ 2g.cm™>), the mass gain
with ambient moisture is negligible, so the weighing agrees with 3D microscopy
for ST samples (see table 4). On the other hand, for HS samples, a hypothesis
of uniform ablation across the whole surface was made to calculate the recession
rate from mass loss data. Unfortunately, this hypothesis is not verified, inducing a
discrepancy with respect to HSC data.

Finally, in table 4, a retained value is provided for the linear recession rate i, which
is the Keyence measurement data because they are available for all the test sam-
ples and more accurate than others measurements. From this table, it is obvious
that at temperatures lower than 2500 K, sublimation plays only a minor role on
the ablation of 3D C;/C composites. When it is measurable, the ablation rate in
argon flow is nearly an hundred times lower than in air flow.

For ST samples ablated under air flow, the ablation rate increases with tempera-
ture. It is more difficult to compare with sample Oxidation HS because its ablation
rate has been determined with less precision, but it seems to increase with the heat

flux.

3.2. Surface morphology characterization

Figure 5 presents micrographs of the samples tested . Samples ablated un-
der air (Figures 5(a), 5(b), 5(f) and 5(d)) show deep ridges between fiber bundles
and matrix. They arise from recession of the thin interface between octets and
fiber bundles and are a commonly reported pattern in oxidation of Cy/C compos-

ites [9]. On the contrary, the less disturbed surface obtained under argon (Fig-
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ures 5(c) and 5(f)) as compared to the oxidative cases confirmed that sublimation
was very low under argon flow.
Figure 6 presents micrographs of fibers located in bundles perpendicular to the
surface of the sample for three locations in Oxidation HS sample and for Oxida-
tion ST sample. A scheme of the locations is presented on Figure 6(a). All the
conditions give similar morphologies.  Fibers and intra-bundle matrix acquire
a needle shape due to recession of a thin, less organized, more reactive carbon
layer [22, 23, 24, 25, 26]. More precisely, as shown on figure 6(b), the fibers in-
ternal organization appears with a core, which is more resistant to ablation than
an intermediate zone, and a thin skin; the fibers tip is nearly flat. On the other
hand, on figure 6(c), 6(d) and 6(e), the internal structure of fibers is less percep-
tible, whereas a needle shape is more strongly marked. Moreover, if the center
and middle fibers are very similar, the matrix has been less ablated on the edge of
the sample. This is consistent with a smaller ablation rate caused by the smaller
temperature at the edge of the hemispherical sample.

Under argon flow the intra-bundle matrix surface lies above the fibers instead
of below (see Figure 7). This “reverted” behaviour agrees with previous stud-
ies [27, 9]. The differences between flat and hemispherical samples will be dis-

cussed in 4.2.

Matrix and horizontal fibers ablation patterns are presented in figure 8. All are
SEM micrographs of samples after an ablation test under air flow. Samples ablated
under argon present the same structures, though less visible due to very weak
recession. The highly graphitized matrix presents carbon sheets mostly oriented

perpendicularly to the surface sample. Moreover, ablation uncovered pores inside
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(d) Long Duration ST (e) Oxidation HS () Sublimation HS

Figure 5: SEM micrographs of Cy/C composites ablated at the VKI Plasmatron.

the matrix. Even if the 3D C;/C contains a very low pore volume fraction, these
pores can play a role in ablation at mesoscopic scale by increasing the ablation
rate of the matrix. Fibers in horizontal bundles are completely denuded, because
the matrix has been removed in more depth, and have a blade-like shape with
scallops.

Ridges around the fibers bundles and the octets come from the important recession
of the less organized carbon interface. Nonetheless, these cracks do not perfectly
follow the composite pattern. Some fibers can be separated from the bundle or,

conversely, matrix can remain stuck on bundles because of pre-existing cracks or
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defects (see figure 5).
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Figure 6: SEM pictures of fiber bundles perpgpdicular to the surface for ST and HS samples
ablated under air. A scheme of the observations locations on HS samples is presented in a).



(a) HS sample ablated under air (b) HS sample ablated under argon

Figure 7: SEM pictures of fiber bundles perpendicular to the flow for HS samples at the stagnation
point ablated under air and argon flow.
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Figure 8: SEM pictures of horizontal fibers bundle and matrix octets for standard samples ablated
under air flow.
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3.3. Quantitative morphological data

By confocal microscopy, quantitative depth profiles were obtained. For exam-
ple, Figure 9 shows a 2D depth map of the surface of the Reference ST sample.
The graph corresponds to the vertically-averaged depth profile along the horizon-
tal abscissa in the area highlighted by the dotted rectangle. Other profiles are given
as supplementary material. From them, it is concluded that the surface of the hori-
zontal bundles are lying some 8 pm above the vertical ones, themselves lying less
than 10 um above the octets, this last value being only approximate because of
pores in the octets. These results are surprising because the vertical fiber bundles
have been described as the most resistive phase [9]. Actually, measurements in
vertical bundles are poorly accurate too, because only fiber tips can be seen by the
microscope. Nevertheless, the effective recession rates seem very close to each

other for all components except the thin interphase.

In figure 10, the profile of a horizontal fiber bundle across the composite sur-
face is presented. It is clearly seen that these bundles have a wavy shape, which
is probably due to composite manufacturing [6]: during the high-pressure pitch
impregnation steps, the horizontal and vertical bundles are pressed against each
other, therefore the section variations. Except this wavy pattern, the average sur-
face height is constant throughout the sample. It can be concluded that the reces-
sion rate of the whole sample surface is constant. So, ST samples are good models
for stagnation point recession. On the other hand, HS may give information about

off-stagnation point recession rates.

Figure 11 shows relative height profiles (the heights are relative to the lowest
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Figure 9: 3D profile and relative heights (relative to the highest point) measurements of Reference

ST sample obtained by confocal microscopy.

point), measured from 3D profilometric data, of the center (stagnation point) (a),

middle (b) and edge (c) of an HS sample ablated under air flow. For edge and

stagnation point regions, the same results as for ST samples are found, with ver-

tical bundles approximatively 10 um below the horizontal ones. For the “middle”

region, the results are more difficult to interpret because the bundles have off-axis

directions. But, as it is visible on Figure 11 c), all components have height dif-

ferences are around 5 pm. Due to precision limitations, the interphase ablation

depth cannot be measured on these pictures.
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Figure 10: Height (relative to the highest point) of a horizontal bundle of fibers in Oxidation ST
sample obtained by confocal microscopy

Figure 12 shows the relative heights of the interphase at the stagnation point
for HS samples ablated under air and argon flows. In both cases, the interphases
are deeply ablated with a depth of 113 um for the oxidized sample and 48 um
for the sublimated one. The width of the ablated interphases is almost the same
for both conditions (85 wm for the oxidized sample and 72 pm for the sublimated
one). It should be noted that interphase ablated depth and width values are very
scattered for the sublimated sample and that the measured values are probably
upper bounds, due to the very low ablation rate and instrumental limitations.

All measurements of the final relative heights and interphase depth and width

are summarized in table 5.
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Figure 11: 3D measurements of relative heights (height relative to the lowest point of the studied
zone) for Oxidation HS sample at three representative locations, obtained by digital microscopy.
Locations are presented in Figure 6(a).

Case HB|VB (um) VB|MO (um) Interface width (um) Interphase depth (um)
Mean o nb Mean o nb Mean o nb Mean o nb
Reference ST <5 - - 144 59 14 932 271 7 171 7.8 7

Oxidation ST 112 18 8 93 59 14 7716 159 11 306 7.1 11
Sublimation ST 202 14 16 -21 18 3 83 183 6 233 29 6
Oxidation HS 67 135 5 -19.1 75 3 1053 152 3 115.1 15.6 3
Sublimation HS 8.3 35 2 59 - 1 852 125 2 369 112 2

Table 5: Mean relative height and interface depth and width for five samples tested at VKI Plasma-
tron. Standard deviation and number of measures used for the average are also given. A positive
value implies that the first component is higher than the second one and a negative value means
the second component is higher than the first one. HB stands for Horizontal bundle, VB is Vertical

Bundle and MO is Matrix Octet. o is the standard deviation and 'nb’ the number of measurement
points.
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Figure 12: Relative heights around interphases for Oxidation ST and Sublimation ST samples,
obtained by digital microscopy.
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4. Discussion
4.1. Epi-macro-structural roughness

At macroscopic scale, the vertical and horizontal fibers bundles and the ma-
trix octets are the main components of the 3D C;/C composite. Additionally, a
thin interface (approximatively 20 pm) separates these components. The relative
height of these components after ablation is governed on the one hand by the com-
petition between surface reaction and gas species transfer, which depends on the
fluid and on the material, and on the other hand on the reactivity ratios, which are

only material characteristics and are defined as [28, 10, 9] :

kii
u o kw

tj

3)

ks
where k; is the reaction rate and v; the molar volume of the i phase. Indeed, if
the components have distinct surface reactivities, as far as gasification processes
have an influence, height differences will appear. They will be maximal if diffu-
sion above the surface is instantaneous. On the other hand, if diffusion above the
surface become the only limiting process, then the reactivity differences do not
play any role and the surface will not acquire roughness.

From the depth profiles, it is found that some reactivity gradients exist even
inside a given macroscopic constituent. The fiber bundles look slightly more
ablation-resistant on their periphery, i.e. close to the interphases, than in their
center. The same occurs more markedly for the matrix octets, which contain a
central pore. Figure 13 illustrates the consequence of such a reactivity gradient on
the surface profile alteration, in the case of bundles. In addition, horizontal bun-

dles have a wavy profile resulting from their processing history, as seen in figure

10.
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(a) Vertical bundles (b) Horizontal bundles

Figure 13: Schemes of bundles containing a softer central zone, before and after ablation

It becomes therefore much more difficult to define an average height for each con-
stituting phase, especially for octets. Nonetheless, despite this appreciable uncer-
tainty, we have identified (see Table 5) that horizontal bundles are more resistant
than the vertical bundles, themselves slightly more resistant than the matrix octets
(as far as average values can be determined for these more disorganized compo-

nents).

The height differences are around only 20 um for all components except for
interphases which lie some 100 pm below the other components. Interfaces thick-
nesses are also quite large after ablation, with average values from 77 um to
105 pm and their standard deviation is important due to the wide variety of in-
terfaces coming from ablation of a less organized carbon between fibers bundles

and matrix and pre-existing crack. Because thick grooves are better observed
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Figure 14: Schemes of the opening of composite interfaces during high temperature oxidation

by the microscope, these values may be overestimated. Nevertheless, interfaces
width measurements have to be considered with caution because SEM and 3D
images are taken at room temperature when ablation occurs at more than 2000 K
and thermal expansion of fibers bundles may play a non-negligible role during
ablation (Figure 14). When ablation of interface occurs, bundles can expand in
the formed grooves.

Interface depth measurement for ST samples are not accurate because of limi-
tations coming from the confocal microscope. Values less than 30 um are at or be-
low the optical limit of the microscope for our samples whereas values measured
by digital microscopy are more trustworthy. Interface depth is around 100 pum

which is 1/4 of the octet size.

HS samples allow comparisons between stagnation and off-stagnation points.

Unfortunately, at the “middle” of samples, the pattern is too complicated and mea-
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surements are too difficult to achieve. On the other hand, a few measurements
could be done at the edge of samples, with values of the relative height of the hor-
izontal bundles with respect to the vertical ones very close to the stagnation point
for the Oxidation HS sample; however, the interphase ablation depth is smaller on
the edge, denoting a lower ablation rate in this region. Conversely, sublimation
rates, as inferred from the ablated interphase widths and depths, have been found

equal on the edge and center of the HS samples.

4.2. Epi-micro-structural roughness

At micro scale, fibers in vertical bundles can have different shapes according to
ablative conditions. As presented on figure 6, for an identical surface temperature,
the fiber shape at the stagnation point is different for flat or hemispherical samples.
On HS samples, the fibers acquire a needle shape (see section 3.2) but on the ST
sample, the surface is smoother, with a three-zone pattern. Because the fiber
diameter is under 10 um the influence of gas flow between fibers is negligible
at this scale and the fiber ablation is only driven by the oxygen diffusion/surface
reaction ratio and the ablated tip shapes are determined by intra-fiber reactivity
differences. So, we can infer that the fibers have an internal structure containing
three zones: (i) a resistive core at the center, (ii) a slightly less resistive thin skin
at the outer and (iii) an intermediate, neatly less resistive zone.

For sublimated sample, as evidenced in previous tests [9], the reactivity is re-

versed between fibers and intra-bundle matrix.
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4.3. Diffusion/reaction competition analysis

During air flow ablation tests, it has been already shown that nitridation plays
only a minor role in carbon removal [29, 30]. We also have checked that subli-
mation plays a minimal role in the chosen conditions. Because O is the dominant
component in the plasma flow, it is the only species that need be taken into account
for ablation of the composite. So, the major reaction is C(s) + O(g) — CO(g).
To explain the material behaviour under air, the main criterion is the balance be-
tween heterogeneous reaction and gas-phase diffusion of the oxidizing species
through the boundary layer. The effective species diffusion coefficient fo T of a

multi-component mixture for species i are approximated by the following expres-

sion [31], which is also known as Blanc’s law :

1=y,

eff Xi

Dt = XL @)
J#1 Dy

where y; is the mole fraction of species i and D; ; is the mutual diffusion coeffi-
cient between species i and j. This coeflicient is computed from reference [32].

The recession rate of the sample is calculated by the following equation :
F=-vJ-n 5)

where v, stands for the solid molar volume, J is the impinging flux of oxidizer
and n the surface normal. The actual influence of the flow velocity is given by
the Péclet number Pé = 6u,/Dy,. In a first approximation, assuming a diffusion-
limited regime with negligible convection ( Pé < 1 ), the recession rate can be
calculated by :

v;Do,Co,

Far = s (6)

where Dy, the diffusion coefficient of atomic oxygen calculated with values at

the edge of the boundary layer, ¢ is the boundary layer thickness and Cy, is
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the concentration of oxygen at the same location. If convection were negligible,
the experimental values 7,,, should be lower than or equal to #;;. A comparison
with measured recession rates are presented in table 6. The dimensionless ratio
F= Fexp/Ta has been calculated and is lying between 1 and 3, showing that con-
vection cannot be neglected for the determination of the effective reaction rate,
since it enhances the kinetics with respect to a diffusion-reaction only system.
The values of Péclet numbers are given in table 6 and lie between 11 and 17 for
all experiments. Figure 15 is a plot of the dimensionless rate against the Péclet
number, showing a marked tendency to increase for the ST samples series. For
the hemispherical sample, the value is higher for a lower Péclet number, which is
due to the distinct flow structure in the latter case. This strongly supports the idea
that convection has a direct influence on the concentration field of the oxidizing
species and consequently on the ablation rate.

In addition, no mechanical erosion has been detected, since no flares were seen

in the recorded movies.

Sample 6 (mm) Doy, (m?.s7h Co, (mol.m™3) ¥ (um.s™") pé 2
iexp id[
Reference ST 10 0.058 0.073 4.43 2.573 16 1.72
Long Duration ST 7.3 0.042 0.092 3.87 3250 11 1.19
Oxidation ST 10 0.094 0.045 6.16 2.565 17 2.40
Oxidation HS 6.5 0.093 0.052 9.61 4511 12 2.27

Table 6: Boundary layer edge conditions : oxygen diffusion coefficient (D, ), oxygen concentra-
tion (Cp,) and boundary layer edge thickness (9), including diffusion-limited (see eq. (6) (d]) and
experimental (exp) recession rate and Pé number.
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Figure 15: Recession rate scaled by the maximal rate 7 obtained under the hypothesis of diffusional
limitation as a function of Pé¢ for all oxidation test cases.

Another point to mention is the following: the Oxidation ST sample has a much
flatter steady-state morphology, as opposed to the Oxidation HS sample : this
matches the fact that the species bulk transfer limitations are much larger in the
former case, as illustrated in former works [10]. Indeed, this comes from the
fact that the reaction rate is neatly faster for Oxidation HS: for this test, the total
duration was enough for the sample to reach its steady state morphology, whereas
it was not the case for the other one.

Though very encouraging, these results are preliminary.. This calls out for the
development and exploitation of a more accurate model to retrieve the ablation

properties of the 3D Cy/C composite.
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5. Concluding remarks and perspective

Ablation experiments on flat and hemispherical samples of 3D C;/C compos-
ites under air and argon plasmas have been carried out at the VKI Plasmatron
facility. The surface temperatures were in range 2073 — 2806 K at test chamber
pressure 1.5 kPa and 20 kPa. The plasma free stream condition, including tem-
perature and mole fraction, was reconstructed by reactive fluid dynamics compu-
tations. The recession rate was measured by three different methods : one in-situ
and two post-test methods. It was found very low for sublimated samples — often
under the resolution limit of the methods. SEM micrographs of all cases were
taken and patterns commonly observed at macro- and micro-scale were found.
Confocal microscopy and 3D digital microscopy were used to provide a three-
dimensional view of the ablated samples surfaces.

There was a very small height difference between fibers bundles and matrix octet;
horizontal fibers bundles resist slightly better than vertical bundles. Interphases,
coming from a less organized carbon and containing pre-existing cracks, were
measured whenever possible and their depth was approximatively 1/4 of a matrix
octet height or bundle edge size. An inhomogeneous reactivity of fibers bundles
was pointed out by these macroscopic results: a slight reactivity gradient coming
from the edge to the center of bundles and octets was found.

At micro scale, ST samples under air flow reveal the internal structure of the car-
bon fiber which is separated in three distinct zones : a resistive core, a weaker
intermediate zone, and a thin resistive skin. This pattern was not seen on HS sam-
ples where only a simple needle tip shape stays visible. The reactivity contrast
between fibers and intra-bundle matrix was not the same in oxidation or sublima-

tion: the fibers are more resistant to oxidation but the matrix is more resistant to
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sublimation.

Thanks to the numerically reconstructed concentration fields, the respective role
of diffusion, convection and heterogeneous reaction has been clarified. At the
macroscale, convection is never negligible and increases the recession rate with
respect to what pure diffusion would give. The diffusion/reaction ratio has been
evaluated, showing in all cases a neat limitation of the overall recession kinetics
by mass transfer, which was expected from the high values of the surface temper-
atures. At the microscale, it has been found that the reaction/diffusion ratio has
an important impact on the steady surface morphology, as anticipated in previous
analytical studies [10, 33].

These results encourage to perform detailed simulation of the surface evolution
under the simultaneous action of diffusion, convection and heterogeneous reac-
tion — this is currently under way, thanks to evolutions of the AMA simulation
software [34]. This numerical model will also have to take into account reactivity
contrast (or gradients) inside bundles, as well as anisotropic reactivity. Finally,
another forthcoming research direction is to better investigate experimentally the
effect of pure sublimation, going to higher temperatures and flow rates in order to

obtain larger ablation rates, and comparing the results with ablation under air.
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AppendixA. Supplementary Material
AppendixA.1. Additional surface profiles of sample Reference ST
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Figure A.16: 3D profile and relative heights measurements of sample Reference ST using confocal
microscopy
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Figure A.17: 3D profile and relative heights measurements of sample Reference ST using confocal
microscopy

45



