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Abstract

Carbon/carbon (C/C) composites have been chosen for the conception of the thermal shield of the “Solar Probe” space
mission. To understand their behavior under solar aggressions (high temperature and ion irradiation) and know the possible
interactions with the shipped-in instruments, these materials are tested in a facility that allows to partially simulate the solar
environment and to carry out in situ measurements. The mass loss rate of the materials is recorded and the composition and
distribution of the ejected species are followed using an opened source mass spectrometer and a post-treatment XPS analysis
of the condensed species on a gold-plated copper target is also performed. Besides this, the sputtering processes of graphite at
high temperature and ion irradiation have been theoretically investigated in order to understand the main parameters that can
influence the erosion of the material and predict accurately the physico-chemical behavior of the C/C composites.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

A space mission ‘““Solar Probe” is currently in
progress for the exploration of the solar winds and
the solar corona at 4 solar radii from the Sun by in situ
measurements.

The spacecraft will be affected by the close range to
the Sun and needs thus to be shielded from the intense
solar flux, allowing to the various instruments working
at ambient temperature. To prevent interference with
scientific measurements, the mass loss rate from the
shield surface should not exceed 5.8 x 10™*gm 25!
for temperature above 2200 K.

“Corresponding author. Tel.: +33-468-307768;
fax: +33-468-302940.
E-mail address: balat@imp.enrs.fr (M. Balat-Pichelin).

Several materials satisfy this requirement but car-
bon—carbon composites seem to be the most interest-
ing due to their high melting point, their low density
and good strength-to-weight ratios [1,2]. These mate-
rials have good thermo-radiative properties with high
values and a stable ratio of solar absorptivity to total
hemispherical emissivity, so that the temperature of
the shield stays in adequate level due to its efficient
rejection of solar heat loads. Moreover, it can be easy
to modify their physical properties through the pro-
cessing techniques and their structures.

It is important to determine the composition and
distribution of the outgassing species and to measure
the mass loss rate of the material at high temperature
and under proton irradiation in order to determine the
“secondary atmosphere” emanating from the shield.
The high temperatures and the proton irradiation can
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alter the surface radiative properties and we need then
to understand accurately the physico-chemical sput-
tering processes of carbon—carbon under these various
conditions.

The energy of hydrogen ions hitting the shield at
perihelion (taking into account the speed of the probe)
is about 2 keV with a flux of 5 x 10'®jons m s,
The materials will be tested at high temperature,
between 1800 and 2400 K, which are the temperatures
of the shield along its surface at perihelion.

Only few experiments on carbon materials irra-
diated by H" ions have been done for temperature
above 1800 K and this study allows to understand the
physico-chemical erosion processes at this tempera-
ture level.

2. Fundamental processes on proton—carbon
interaction at high temperature and modeling

The interaction of energetic hydrogen ions with
graphite and carbon compounds and the induced
dominant mechanism of erosion have been hugely
studied for the use of these materials as plasma facing
wall in the fusion devices Tokamak [3-22]. These
interactions lead to several physico-chemical pro-
cesses that can result in a high sputtering yield and
to hydrocarbons and carbon atoms emission and give
to graphite a special behavior, compared to metals. In
fact, contrary to the metals for which the sputtering
yield does not depend on target temperature, the
graphite shows a steady increase of the yield above
1500 K.

When graphite is irradiated by hydrogen ions, at
high temperature, it may be sputtered due to three
processes:

e the physical sputtering, which implies collisional
processes and is characterized by C; emission
[3-8];

e the chemical sputtering, which is due to a chemical
affinity between the implanted particles and the
target material and come to molecules formation
[4,7-10];

o the thermal sublimation and the radiation enhanced
sublimation (RES): the thermal sublimation dom-
inates for temperature above 2000 K and consists
essentially of the emission of C,, C, and C; clusters.

The RES is peculiar to graphite and carbon materi-
als and is characterized by only mono-atomic car-
bon emission [7,8,12—15].

2.1. The physical sputtering

The physical sputtering occurs for all materials,
independently of the chemical nature of the projectile
and target atoms and of the temperature. It results from
a nuclear energy transfer of the projectile to the target
atoms, leading to atomic displacements, thus causing
lattice damages and sputtering. The surface atoms are
ejected if they have received a sufficient kinetic energy
to overcome the surface binding energy Ej of the solid.

The interaction of energetic particles, the collisional
and physical processes, especially the physical inter-
action of graphite with H' ions, have been well
developed in the last 30 years by numerous authors
[3-22].

The physical sputtering yield at normal incidence
can be described by the Bohdansky formula [7,22]
which gives a good agreement with experimental data

in the keV region
£\ 23 E12
1— (=2 -2 (1)
Ey Ey

where E, is the incident energy, Ey, the threshold
energy, i.e. the minimum energy to have a sputtering
yield, and Q a fitting parameter. S,(E) is the nuclear
stopping power, which can be approximated by the
relation based on the Thomas—Fermi potential.

A non-perpendicular angle of incidence enhances
the sputtering yield. Its angular dependence is well
described by the Yamamura formula [7,22]

Y(Eo) = OSa(Eo)

Y(0)=Y(0 = 0)(cos 0) ' exp[f(1 — cos 07" cos Oopt]
(2)

where 0 is the angle of incidence, fand 0, are used as
fitting parameters. The different parameters for proton
incident on carbon foils are given in [21,22]. Figs. 1
and 2 give the incident energy and angular dependen-
cies of the sputtering yield obtained by Egs. (1) and
(2).

Using our experimental conditions (H" with a flux
of 5% 10"jonsm2>s~!, an energy and angle of
incidence respectively equal to 2 keV and 45°), we
get for the physical sputtering of graphite due to H™
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Fig. 1. Dependence of the sputtering yield of graphite on incident energy for hydrogen ions at normal incidence, calculated with TRIDYN
(points and dotted line) and with the Bohdansky formula (continuous line).

impact a value of 1.8% which corresponds to a mono-
atomic carbon flux of 9.1 x 10'* atoms m—2s!.

We have also studied theoretically the physical
sputtering of graphite by H' ions using the TRIDYN
code that has been developed by Moller et al. [6]. This
program is a dynamic version of the TRIM code [23]
and takes into account the composition changes in real
time due to the deposition of the projectiles and the
collisional transport. It can thus simulate the fluence
dependent phenomena like sputtering and reflection,

and allows to obtain accurate results in good agree-
ment with experimental data.

Both these codes are based on the binary collision
approximation, assuming that the target is amorphous.
They are well described in [5,6]. The Kr—C potential is
taken as interaction potential, the local and non-local
inelastic energy losses are simulated respectively by
the Lindhard—Scharff [24] and Oen—-Robinson models
[3,5]. The input data related to graphite for physical
sputtering calculations with TRIDYN are given in [6].
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Fig. 2. Dependence of the sputtering yield of graphite on the angle of incidence for hydrogen ions (2 keV) calculated with TRIDYN (points

and dotted line) and with the Yamamura formula (continuous line).
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The aim of this study, in relation to the previously
empirical formula (1), is to understand theoretically
the damage induced by the incident ions in the bulk of
graphite. With this code, we can study the distribution
of hydrogen atoms within the depth, the distribution of
Frenkel pairs, the penetration length in the material.

The ionized species emitted by the material are
especially due to the backscattering of the incident
ions at the surface of the material. It is therefore
interesting to study theoretically the backscattering
of the incident ions and their penetration depth using
the TRIDYN code.

We have studied the energy and angular distribu-
tions of the backscattered ions and carbon atoms in our
conditions. The emission of the backscattered ions is
nearly isotropic from 2 to 1830 eV with a maximum at
around 2 eV. The hydrogen particles will be mainly
ejected with a 46° angle in good agreement with the
angle of incidence. The mean energy of the reflected
ions is around 400 eV, which corresponds to a mean
energy loss of 80%. The energetic and spatial dis-
tributions of the sputtered carbon atoms spread from 7
to 550 eV with a mean value equal to 36 eV and a
maximum around 9 eV, and from 0 to 80° for the polar
angle with a mean value of 25° and a maximum in
distribution at 2°. The maximum penetration depth of
the incident ions is equal to 50 nm, which means that
the ions have no effect on the microstructure damages
beyond 50 nm. The maximum depth for the formation
of Frenkel pairs is, in our conditions, equal to 75 nm.
Thus, the damages induced by ion irradiation are
located between the surface and 75 nm in depth,
and that above this value, only the high temperatures
will be responsible of damages and modifications of
the microstructure of the material.

In Figs. 1 and 2, the sputtering yield obtained with
the code TRIDYN presents a maximum around
200 eV (Fig. 1) in energy and 85° (Fig. 2) for the
angle of incidence. The sputtering yield obtained in
our experimental conditions is 1.5% in good agree-
ment with the result obtained using the Bohdansky
formula (1.8%).

2.2. The chemical sputtering
The chemical reactions between hydrogen ions and

graphite are complex and lead to the emission of
hydrocarbons [4,7,8,10,11,20,21]. We actually have

a good overview of the main chemical mechanisms for
temperature under 1000 K.

After a collision sequence, the ions penetrate at a
depth of about a few hundred nanometers and are
implanted in the graphite, diffuse in the bulk material
and get trapped. Finally, the hydrogen will react with
carbon atoms or recombine with implanted hydrogen
atoms at the end of their range. These reactions lead to
the emission of hydrocarbons (such as CHy, C,H,,
CH; radicals and heavier hydrocarbons) and H,
molecules.

The theoretical studies of Balooch and Olander [11]
led first to a reaction model for irradiation of carbon by
hydrogen atoms and can be applied for hydrogen ions
with a weak energy (since this reaction occurs near the
surface). This model can explain the formation of
methane, acetylene and H, (Fig. 3).

According to this model, and without taking into
account the molecular diffusion, the acetylene and H,
are the main reaction above 1000 K and the formation
yield can be written as

1
You, = (/)7]_[ (KgK()CIz—I) 3)
1 2
Yy, = —KiCy “
H

with ¢y the incident fluence of hydrogen ions and Cy,
the hydrogen topmost layer concentration.

Wittmann and Kiippers [20] and Roth [21] have
explained the chemical erosion and the hydrogenation
at the surface of carbon materials according to an
atomistic process: their models deal with a change of
the hybridization (from sp> to sp>) due to incident H
atoms. The methyl radical is the eroding agent.

In the case of energetic hydrogen ions (instead of
hydrogen atoms), the process is slightly different since
the energetic ion impact comes to lattice damages,
dangling bonds or interstitial formations reacting more
easily with hydrogen atoms. Moreover, a kinetic
emission of hydrocarbons due to collisional processes
is added to the thermal emission. Roth’s model [10]
takes into account both thermal and kinetic emissions
in order to calculate the chemical sputtering yield. In
this model, as for the model of Balooch and Olander
[11], at temperatures above 700 K, the H-atoms
implanted in carbon materials recombine as H, mole-
cules.
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Methane branch
T <1000 K
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Acetylene Branch
T >1000 K

Fig. 3. Chemical reactions of graphite with atomic hydrogen (from [11]).

For the moment, the emission of hydrocarbons
heavier than acetylene is not clearly understood and
a calculation of their theoretical flux using the pre-
viously described model would be more or less inac-
curate. The fluxes of acetylene and H, have been
calculated using the Balooch model. The sputtering
yield corresponding to the emission of methane has
been calculated in our conditions using the Roth’s
model, assuming that the methyl radical is hydroge-
nated during the thermal diffusion in the material.

One gets the temperature dependence of the
methane, acetylene and H, fluxes (Fig. 4). So, we
can see that, in our conditions, acetylene and H, are
the main emitted species and the acetylene flux is
respectively equal to 8.9 x 10'* molecules m s~ at
1800 K and 5.8 x 10'5 molecules m % s~" at 2400 K.
Thus, this flux is expected to be of the same order as
the flux of mono-atomic carbon due to physical sput-
tering (9.1 x 10" atomsm~2s~!). No methane is

expected.
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Fig. 4. Calculated H,, methane and acetylene fluxes emitted by graphite irradiated by hydrogen ions (2keV, 5 x 10'®*m~2s™") versus
temperature using Roth and Garcia-Rosales [10] and Balooch and Olander [11] models.
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2.3. Sublimation of graphite

In our temperature range and in the high vacuum of
the chamber, graphite will loose mass by sublimation.
We can thus assume that the effects of recondensation
on the surface are unimportant and that the equili-
brium vapor pressure for each carbon species is equal
to their partial pressure. The rate of vaporization for
each carbon species i is given by the Langmuir—
Knudsen equation. The total rate of vaporization thus
writes

n M 1/2
i(T) = _0iPi(T) <2nR’T> 5)
i=1

where 7#; is the mass loss rate (g m > s~ ') of species i,
o; the vaporization coefficient, P; the equilibrium
vapor pressure, M; the molecular weight, T the tem-
perature, and R the universal gas constant.

Using the thermodynamic data given in JANAF
tables [25] for the equilibrium vapor pressure of
the various carbon species and the commonly used
vaporization coefficients (o) = 0.24,0, = 0.50, 03 =
0.023, 04 = 0.25,05 = 0.0019), Eq. (5) allows us to
calculate the mass loss rates for each the carbon
species C; through Cs and the total mass loss rate
as a function of temperature. The results are plotted

1E-02

in Fig. 5. In the temperature range from 1800 to
2400 K, the most important species are C;, C, and
C;. The mass loss rates and so the carbon species flux
increase drastically with temperature, by a factor of 10
for each 100 K step. This steep increase thus requires
to control very accurately the temperature of the
material.

The total mass loss due to sublimation obtained by
adding the mass loss of each species i leads for a mean
temperature value of the thermal shield of 2100 K to
2.8 x 107gm=2s7!, that is under the required spe-
cification of the Jet Propulsion Laboratory (JPL,
NASA) of 5.8 x 1074 gm2s 1.

2.4. The RES

For temperatures above 1500 K, the erosion of
graphite is dominated by sublimation and by an ero-
sion process peculiar to graphite called RES [12-15].
This last effect has only been observed for graphite
and is characterized by a steady increase of the
sputtering yield with temperature. The RES is not a
chemical process since it occurs for hydrogen as well
as for inert ions like He or Ar. The sputtering yield due
to the RES does not depend on the chemical nature of
the incident ions and can exceed by a factor of 10 the
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Fig. 5. Calculated mass loss rate (gm™ “s ') of the different carbon species C; to Cs due to graphite sublimation versus temperature.
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physical sputtering yield. The temperature depen-
dence of this sputtering yield Ygrgs is exponential

E
Yres = Yo exp ( ,;ETS) (6)

where Egrgs is the activation energy which varies
between 0.75 and 0.85 eV, for hydrogen as well as for
argon, kg the Boltzmann constant, and Y, an experi-
mental factor. Ergg remains stable for fluxes located
between 10'7 and 10"’ ions m?s~' and increases
slightly with stronger flux (10*? ions m~%s~'). With
high incident energy, Ergs decreases to reach values
of about 0.55eV. The average value which was
chosen, by supposing, like for the physical sputtering
that Ergs does not depend on temperature is 0.78 eV
[14].

The RES process consists of the emission of mono-
atomic carbon with thermal energies and an isotropic
angular distribution. This process can be explained
using a collisional model: when incident ions collide
the carbon atoms, part of their energy is transferred to
the atoms of the network which are dislodged out of
their lattice site towards an interstitial position. The
interstitial atoms have a large mobility throughout the
basal plane and diffuse towards the surface. They can
also recombine with vacant sites or agglomerate to
form clusters. The interstitial atoms that reached the
surface are slightly related to this surface by a Van der
Waals force and escape thermically very easily from
the material.

The model proposed by Roth and Méller [13] and
next by Philipps et al. [14] describes quantitatively the
radiation enhanced erosion of graphite under ion
bombardment at elevated temperatures in good agree-
ment with experimental results. This model takes into
account the creation of interstitial carbon atoms in the
graphite due to nuclear collisions, the diffusion pro-
cesses responsible for the migration of the interstitial
atoms at the surface and of the recombination and
annihilation of interstitial atoms and vacancies.

Supposing a homogeneous defect production within
the diffusional range of interstitial atoms and vacan-
cies and taking a zero concentration at the surface for
both defects, the RES yield in steady state may be
written as [13,14]

oo _ 2 (DD 174 o
RES_\/g KIVQ¢X8

where ¢ is the flux of incident ions, X, the depth in
which one Frenkel pair per incident ion is produced,
D;, D, and K, respectively the diffusion coefficients
and recombination rates for interstitial atoms and
vacancies, and Q the atomic volume. The number
of interstitial atoms produced per ion, the defect
production distribution and the average penetration
depth of ions can be calculated with a collisional
process model like TRIM [5,23]. According to Eq.
(7) and using the TRIM code to obtain the distribution
of produced defects, we can draw the temperature
dependence of this sputtering process. The different
factors used in Eq. (7) are obtained by fitting the experi-
mental results [14]. The TRIM results give us a produc-
tionrate of Frenkel pairs equal to 2.1 perincidention. We
can therefore draw the carbon flux emitted due to the
RES process by carbon under H irradiation with 2 keV
energy and an incident flux of 5 x 10" ionsm=2s~",
assuming that the angle of incidence has a weak effect
on the sputtering yield (Fig. 6). From this calculation,
the sputtering yield due to RES is expected to be equal
to 4.7 x 10" atomsm~2s~! at 1800 K and to 1.9 x
10'% atoms m~2s~! at 2400 K and it is around 5 to 20
times greater than the physical sputtering yield in our
experimental conditions.

2.5. Summary of the sputtering processes of
graphite at high temperature

From these calculations, we can draw the sputtering
of graphite irradiated by H' ions with 2 keV energy
and an incidence angle equal to 45° according to
temperature and know what are the main sputtering
processes and erosion level (Fig. 7). Tables 1 and 2
summarize the dominant processes in the different
temperature ranges. Between 1800 and 2400 K, two
processes dominate the sputtering: the RES overcomes
the thermal sublimation below 2000 K. Above this
temperature, the steep increase of the sputtering yield
is especially due to the thermal sublimation of graphite.
The released particles are thus mainly mono-atomic
carbon up to 2000 K, whereas the thermally sublimed
species exceed the radiation induced C; atoms above
this temperature. The energy distribution is thus quite
different from one temperature range to the other.

These theoretical results will then be compared to
our experimental ones for a better understanding of the
main sputtering processes of the C/C composites.
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Fig. 6. Temperature dependence of the RES sputtering yield (mono-atomic carbon flux) calculated with the model in our conditions (H",
2keV, 5 x 10" ions m™2 57", 45°).

3. The experimental device MEDIASE carbon composites by measuring their thermo-radia-

tive properties, their mass loss rate and analyze qua-

A test facility called MEDIASE (for Moyen d’Essai litatively and quantitatively the neutral and ionized
et de DIagnostic en Ambiance Solaire Extréme) has ejected vapor species.

been designed and instrumented in order to simulate This test facility (Fig. 8) is placed at the focus of

the solar environment and characterize the carbon— the 1000 kW solar furnace in Odeillo, France. The

Flux (molecules.m?2.s1)
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Fig. 7. Evolution of the calculated flux (molecules m >

irradiation (H™, 2 keV, 5 x 10" ionsm™2s™!, 45°).

s™') of the different emitted carbon species in the temperature range, under ion
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Table 1
Theoretical total mono-atomic carbon flux (atoms m? s~ ') accord-
ing to the temperature and the different sputtering processes

1800 K 2100 K 2400 K
Physical sputtering 9.1x 10"  9.1x10"  9.1x10"
Chemical sputtering 1.8 x 105 52 x 10 1.2 x 10'°
RES 47x10%  1.1x10' 1.9 x 10"
Thermal sublimation 1.3 x 10" 1.4 x 107 2.9 x 10"

Table 2
Theoretical main sputtering processes of graphite under H'
irradiation depending on the temperature range

Temperature range (K) Main sputtering process

0-500 and 900-1300
500-900

1100-2000

2000 and more

Physical sputtering
Chemical sputtering
RES

Thermal sublimation

advantage of such a heating mode is that very high
temperatures can be reached in a few seconds. The
materials are heated up to 2500 K by concentrated
solar radiation under high vacuum. The set-up is
composed of a chamber with a capacity of around
6 x 107> m? equipped with turbomolecular and roots
pumps which permits to reach a pressure of about
1077 hPa. During the tests, the residual pressure rises
up to 5 x 107> hPa. An hemispherical silica—glass

235

window, 35 cm in diameter, is placed in front of this
chamber and allows to irradiate in high vacuum the
front face of the sample with the concentrated solar
radiation. The sample, 40 mm in diameter and 2—
3 mm thick, is maintained by a water-cooled holder
with three metallic needles to minimize the heat losses
to the holder. The front face of the chamber receiving
the concentrated solar flux is also water-cooled.

On the back face of the sample, temperature, mass
loss and optical measurements can be performed due
to a water-cooled measuring chamber keeping free the
instruments from parasitic radiation of the surround-
ings. Finally, several tubes have been implemented
around the chamber to insert the ion and UV sources,
and the measuring instruments.

The samples are irradiated by H" ions with an
ion source (Fisons EXO05). The current density
(0.8 A cm ) chosen for our experimental conditions
corresponds to an ion flux of 5 x 10'®ions m ?s~'
with an energy of 2 keV. This ion gun is commonly
used as an etching source in Auger, XPS or in SIMS
analyses. In our test facility, it is located at 40 cm
distance from the sample and irradiates it with a 45°
angle of incidence. The beam on the targetis 15 mm in
diameter. The fluence and the size of the beam at the
target are determined with a Faraday plate collector
which can be placed between the ion gun and the target
to adjust the gun parameters.

MEDIASE

"Moyen d'Essai et de Dlagnostic en Ambiance Solaire Extréme"

\

2

®

L

N
LY

Fig. 8. MEDIASE experimental set-up: (1) hemispherical quartz window, (2) water-cooled holder, (3) sample, (4) optical fiber, (5) quartz
microbalance, (6) bi-chromatic optical pyrometer, (7) mass spectrometer, (8) and (9) ion source, (10) UV source.
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The test facility allows to perform several measure-
ments when the sample is heated and irradiated.
Temperature is measured with an original optical-fiber
bi-chromatic pyrometer, especially designed in our
laboratory for in situ measurements in severe condi-
tions.

A quartz microbalance (Leybold-Inficon IC/5)
allows to record the mass loss rate of the samples.
This instrument is based on the sensitivity of the
resonance frequency of a monitored quartz crystal
to added mass and it is easy to return from the deposit
thickness to the mass increase. The resolution is
5% 107* to 107> nm for the thickness giving a mass
resolution of 2 x 10> gm 2 in the chamber. This
crystal is however very sensitive to thermal gradient
which limits our measurements to those of an average
mass loss. After heating sequences of about 300-900 s
(according to the mass loss), there must be a cooling
period to recover the thermal equilibrium and deter-
mine the total mass loss by difference between the
initial and the final values.

A quadrupole mass spectrometer (Hiden HAL4
EPIC300N) allows to analyze the neutral and ionized
ejected species. The probe contains an internal source
to ionize the neutral species and a high precision
quadrupole mass filter with a mass range of
300 amu and a high sensitivity of 0.01 amu. It offers
the possibility to study the neutral species by analyz-
ing both the positive ions (due to electron impact) and
the negative ions (due to electron attachment). The
instrument can also analyze the negative and positive
ions coming from the material by switching off the
electron impact ionizer. This probe has a seven decade
continuous dynamic range. The advantage of this mass
spectrometer is that we can vary the emission current
of the electron impact analyzer in order to know the
contribution of the different species fitting with a
given ratio mass per charge.

4. Experimental results

The samples which have been tested are a poly-
crystalline graphite (5890 grade from ““Carbone-Lor-
raine’’) and several industrial C/C composites (called
A, B, F and G) which differ from their weave, their
fiber architecture (texture) or their processing routes
(Table 3).

Table 3
Characteristics of the different C/C composite materials used in this
study

A B F G
Fiber Ex-PAN HR Ex-PAN HR
Texture 2D 25D 25D 25D
Weave Twill weave Plain weave
Liquid consolidation Yes Yes No No
Final thermal treatment  Yes Yes No Yes

To understand the influence of the different aggres-
sions on the erosion and degradation of the material
and on the composition and distribution of the ejected
species, we have used two types of experimental
conditions: the samples can be (i) only heated, (ii)
heated and irradiated by H" ions. We used three
temperature levels (1800, 2100 and 2400 K) in order
to simulate a Sun approach. The H* flux is around
5% 10" jons m~%s~! with an energy of 2 keV.

4.1. The transient regime

The behavior of these C/C composites at high
temperatures follows two regimes: the transient and
the steady one. The transient regime corresponds to
outgassing and purification processes at the beginning
of the test. During this phase, the mass loss rate of
graphite exhibits a temporal decrease that can be
explained by a purification of the material linked to
heating and outgassing in vacuum. Fig. 9 presents an
example of the mass loss rate versus heating time for
the composite B at the three temperature levels.

The C/C composites are processed with carbonac-
eous compounds like PolyAcriloNitrile polymers
(PAN) that contain impurities such as oxygen, sulfur,
nitrogen and halogens. Working in high vacuum,
which is not the case for the processing routes, furthers
the impurity release. This outgassing is due to the
opening of the porous structure in the material, and to
the corresponding release of the absorbed gases.

The outgassing process is characterized by the
emission of impurities detected by mass spectrometry.
The position of the peaks, their relative intensity and
the variation of the ionization current allow to know
the nature of neutral emitted species. The C/C com-
posites emit three kind of impurities, which are miner-
als (Ca), nitrogenous species (N,, NH3;, HCN) and



T. Paulmier et al./Applied Surface Science 180 (2001) 227-245 237
2‘0E_O3 T T I I T T I
—— 1800 K - & -2100K —® -2400 K = = =Max JPL
1.8E-03
1.6E-03
<=~ 1.4E-03
& >— - —9
5 1.2E-03
£ 1.0E-03
£ 8.0E-04
2
g6.0E-04 .......... e e e e sl = s s s s = s = s =& == =4 L
:— - —
4.0E-04 --<-4
2.0E-04 T— === f—'—‘—'—T
0.0E+00 I i

0 300 600 900

1200 1500 1800 2100 2400
t(s)

Fig. 9. Experimental average mass loss rate during the heating period of the composite B at the three temperature levels (dotted line: maximal

value given by the JPL).

hydrocarbons (—CH3, CH4, C2H2, C2H4, C2H6, C3H3,
C;Hg, C3Hg). For example, for the composite G, we
can see some differences between the experimental
two mass spectra for each regime (Fig. 10, after a
heating time of 120 s and Fig. 11, after a heating time

5000000

of 1200 s): the hydrocarbons and impurities peaks
decrease with time, but there remains a continuum
emission at the same level than the mono-atomic carbon
peak due to sublimation. The outgassing is thus much
longer than expected and last until around 1200 s.
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Fig. 10. Experimental mass spectrum for the composite G after 120 s heating at 2100 K without ion irradiation.
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Fig. 11. Experimental mass spectrum for the composite G after 1200 s heating at 2100 K without ion irradiation.

We have also made a comparison between two
composites (Fig. 12): contrary to the composite F,
the composite G has been heat-treated after the pro-
cessing. This treatment allows for a graphitization of
the matrix and for the cleaning of the material. The
initial mass loss rate for the composite F is higher than
for the heat-treated composite G whereas the final
mass loss rates are identical. The dominant process
during the first 300 s is thus outgassing.

The fiber weave (2 D or 2.5 D) (Fig. 13) and the
infiltration processes also act on the properties of the
emitted species and on the mass loss rate (which are
related to the graphitization).

The impurities are detectable by X-ray photoelec-
tron spectroscopy (XPS) analysis of the condensed
solid species deposited on a water-cooled gold-plated
copper targetlocated at a short distance from the sample.
For all materials, Ca2p,and N 1sphotoelectron lines are
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Fig. 12. Experimental average mass loss rate at 2400 K for composites F and G versus heating time (dotted line: maximal value given by JPL).
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Fig. 13. Experimental average mass loss rate at 2400 K for composites A and B versus heating time (dotted line: maximal value given by JPL).

detected. A precise study of the position of these lines
reveals that N is bonded to C as C—N. Moreover, the C
1s peak is also studied. The deconvolution of the C 1s
peak in three peaks leads to

e the first peak corresponds to a simple bond C-O;

e the second peak is characteristic of a simple bond
C-N;

o and the third one corresponds to a simple bond C—C.

By the C 1s width and the amplitude of the peak
corresponding to C—N, it is possible to assert that the
C-N proportion is important. Then, the C—N bond can
be produced by three ways

e N is initially linked to C in the material (pores);

e C and N react in the gaseous phase during vapor-
ization, but this last reaction is very unlikely
accounting for the great mean free path of the
particles;

o N reacts with the ejected carbon species.

The mass spectra have shown the importance of the
peak of amu 26 and 27 corresponding to a C—N bond.
Thus, the most probable hypothesis is that N is
initially bonded to C in the pores of the material
and that the high temperature leading to the opening
of pores gives an important emission of C—N bonds.

Moreover, these impurities are released at different
temperatures that depend on the material: e.g., for the
polycrystalline graphite, Ca is released between 1800
and 2100 K and N between 2100 and 2400 K.

4.2. The steady regime

The mass loss rate decreases, in a way that is
dependent of both time and material composition,
and tends towards a limit that corresponds to the sub-
limation of the carbon material. This limit is experi-
mentally lower than the detection limit at 1800 and
2100 K for the composite samples. On the contrary, in
the case of polycrystalline graphite at 2400 K, the
mass loss limit can be detected and is equal to 6.8 x
10~ gm~2s7!: this result is in good agreement with
the theoretical estimate of 5.7 x 10~* gm~2 s~ which
indicates that the main mass loss during the steady
state is due to carbon sublimation and that the majority
of the impurities have been released from the material.

4.2.1. Influence of the microstructure of the
composite

The relative abundance of evaporated carbon spe-
cies strongly depends on the composite microstructure
and also differ from the theory (Table 4). Fig. 13

Table 4
Theoretical and experimental mass loss rates (gm ™ >s~ ") for the
composites A and B versus temperature

T (K) Theoretical Experimental Experimental
composite A composite B
1800 2.6 x 107° 5.5 %107 4.0 x 1073
2100 28x 1076 13x 107 25 %107
2400 5.7 x 1074 2.4 %1074 4.6 x 1074
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Table 5
Theoretical and experimental ratio C,/C; for the composite B
versus temperature

Composite B C,/C, (%) C5/Cy (%)
Theoretical

1800 K 4 5

2100 K 11 9

2400 K 24 15
Experimental

1800 K 11 80

2100 K 17 39

2400 K 7 2

presents the mass loss versus time for the composites
A and B which only differ by their texture, respec-
tively 2 D and 2.5 D. In the steady state, we can notice
a different behavior between these two composites.
For the composite B, Table 5 shows that there is an
experimental preferential emission of C, and Cj,
contrary to the theory which assumes a preferential
emission of C;.

Fig. 14 represents the mass loss versus the initial
specific area of the composite (virgin material). The
mass loss increases linearly with the specific surface
area.

5.0E-04

From these two measurements, we can conclude
that the morphology has a great influence on thermal
sublimation of the C/C composites.

We can explain these differences by assuming that
the grooves due to fibers and pores at the surface
enhance the effective area. The experimental vapor-
ization rate could be the same than the theoretical one
whereas the total mass loss is much greater, due to the
rugosity. The deposit thickness measured on the quartz
microbalance is therefore higher than for a supposed
plane surface.

4.2.2. Influence of the temperature

The mass loss rate increases with temperature as
shown in Table 4 and Fig. 9 and differently than that
expected by theory. Experimental values are hundred
times greater than theoretical ones at 1800 and
2100 K. At 2400 K, the values are in the same range.
Concerning the mass spectra, all the peaks increase,
due to the outgassing and purification processes. The
increase of the peaks corresponding to carbon species
is less steep than theoretically expected. This exhibits
a similar behavior that for the total mass loss rate.

The surface defects appear to be the dominant
process of the composite vaporization. The gradual
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Fig. 14. Relation between the experimental mass loss rate of all the composites and their specific area at 2100 and 2400 K (dotted

lines = trend lines).



T. Paulmier et al./Applied Surface Science 180 (2001) 227-245 241

2000000

1800000 -

1600000 -

1400000 -

1200000 -

1000000 -

arbitrary unit

800000

600000 1

400000 -

200000 -

0-

Heating time : 1500 s

Pressure in MEDIASE
4x107 hPa

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

m/e

Fig. 15. Experimental mass spectrum for the composite B at 2100 K without proton irradiation.

opening of closed pores will also further this effect,
which will cause serious problems for the using of C/C
composites as thermal-protection system if an out-
gassing at around 2400 K is not performed during the
processing route of the material.

4.2.3. Influence of ion irradiation

In our experimental conditions, the ion irradiation is
responsible of two sputtering processes: physical and
chemical erosions.

By comparing Figs. 15 and 16 of the experimental
mass spectra for the composite B obtained after 1500 s
at 2100 K respectively without (Fig. 15) and with
proton irradiation (Fig. 16), an emission of carbon
atoms due to ion irradiation is detected. The intensity
ratio of the peak of amu 12 with and without irradia-
tion, at 1800 and 2100 K are reported in Table 6 for the
composites B and G. These intensities were obtained

Table 6
Intensity ratio of peak of amu 12 with and without ion irradiation
for the composites B and G

Composite B Composite G
1800 K 4.0 4.8
2100 K 1.1 2.0

for an ionization energy of 30 eV in order to minimize
the contribution of hydrocarbons on this peak of amu
12. This ratio decreases when the temperature
increases, i.e. the contribution of the physical sputter-
ing with regards to the thermal sublimation is less
important when the temperature increases as theore-
tically predicted.

Fig. 17 shows the ratio of carbon fluxes with ion
irradiation. The lines are theoretical ratios taking into
account RES or not. The points are experimental
values obtained for the composites B and G: we
can notice that the experimental values fit well with
the theory without RES, which means that RES has a
small influence on the total sputtering yield. This can
be explained by the fact that the thermal emission of
interstitial atoms produced by collisional processes is
negligible comparing to atomic carbon flux due to
physical sputtering.

The chemical sputtering due to ion irradiation is
characterized by the emission of CHs, acetylene and
propene. These species are characterized by the
increase of three groups with amu respectively equal
to (15), (24, 25, 26) and (39, 40, 41, 42) (Figs. 15 and
16).

The peak of amu 15 is increased by a factor 3 with
ion irradiation.
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Fig. 16. Experimental mass spectrum for the composite B at 2100 K irradiated by protons (H', 2 keV, 5 x 10'%ionsm=2 ", 45°).

For the group of amu 24-26, their relative propor-
tions according to the mass 26 are respectively, at
2100 K for the composite B, 8, 26 and 100 and for the
composite G, 7, 23 and 100. The theoretical propor-
tions for these masses for acetylene are equal to 6, 20
and 100. Thus, the increase of these peaks is
characteristic of an emission of acetylene under ion
irradiation.

00

For the group of amu 39-42, their relative propor-
tions according to the mass 41 are respectively, at
2100 K for the composite B, 78, 36, 100 and 61 and for
the composite G, 79, 43, 100 and 75. The theoretical
proportions for these masses for propene are equal to
77,29, 100 and 66. Thus, the intensities of these peaks
are characteristic of an emission of propene under ion
irradiation. We have to notice that the maximum

O composite B

4 composite &

\ with RES
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intensity ratio of monoatomic carbon _
- N

1 1
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1800 1900 2000

2100 2200 2300 2400
T(K)

Fig. 17. Intensity ratio of mono-atomic carbon emission due to physical sputtering, thermal sublimation with and without RES (respectively,
dotted and continuous lines) versus temperature with the experimental points obtained for the composites B and G.
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intensity for the peak of propene is not at amu 42, but
at amu 41 corresponding to the ionized species C;Hs*.

Moreover, the fluxes of these species depend on the
composite: e.g., the composite G, in the same experi-
mental conditions emits 30% in acetylene and 46% in
propene more than the composite B. The analyses of
the ionization curves for the peaks of amu 12 and 26
and the calculation of the fluxes for an ionization
energy of 30 eV show that the fluxes of acetylene
and propene are 30 times greater than the flux of
mono-atomic carbon. It seems that there is no relation-
ship between the specific area and these fluences,
because the composite G emits more hydrocarbons
than B in spite of its lower specific area.

The emission of propene has not been theoretically
explained but this emission must come from the
reaction between H, and carbon atoms.

We have also observed that the ion irradiation does
not lead to a significant formation of methane (peak of
amu 16) but of CH; (peak of amu 15), and also that no
molecular hydrogen (peak of amu 2) is emitted con-
trary to the theory. However, the disappearance of the
H, emission is in good agreement with literature [26].

As a conclusion, the three main sputtering processes
in our experimental temperature range are the out-
gassing, the thermal sublimation and the chemical
sputtering.

4.2.4. The ejected ionized species

The mass spectrometer allows to analyze the
ionized ejected species. The only positively charged
particles emitted by the carbon material correspond to
H" ions (amu 1). These ions come from the back-
scattering of the incident protons at the surface of the
sample.

The ion irradiation of the composites gives rise to
the emission of H™ ions for all composites and to the
emission of C™ and C,~ for the composite F which has
not been heat-treated during its elaboration. This could
be due to a charge transfer between the incident ions
and the carbon target and to a change of the electronic
configuration of graphite.

5. Conclusion

Several conclusions can be drawn from these
experimental results concerning the influence of the

C/C composite structure on the behavior at high
temperatures under ion irradiation.

First of all, the composite microstructure has an
important influence on the mass loss rate. The fiber
weave of the material acts on the matrix structure
(degree of graphitization, defects concentration) and
on the surface morphology. An important rugosity
enlarges significantly the effective area of the treated
surface leading to a steep increase of the total mass
loss rate of the sample. Moreover, the opening of the
pores enhances the initial rugosity and furthers the
mass loss. Comparing the theoretical and experimen-
tal mass spectra and the C,/C; ratio, we have noticed
that the pulling-out of the carbon species strongly
depends on surface morphology and that the materials
are submitted to an outgassing which overcomes the
sublimation rate during the first 300 s of the tests. This
outgassing is mainly due to the release of some
impurities (N,, Ca and hydrocarbons) of the material
at their temperature of vaporization.

During the steady regime, for temperatures above
2400 K, the thermal sublimation overcomes the other
sputtering processes (chemical, physical and RES). At
1800 and 2100 K, the thermal sublimation is charac-
terized by the emission of mono-atomic carbon. But,
between 2100 and 2400 K, the experimental fluxes of
C, and C; species increase with temperature and at
2400 K, they are more important than the flux of
mono-atomic carbon.

The chemical sputtering is, however, responsible
of an important emission of acetylene and propene.
At 2100 K, the fluxes of acetylene and propene are
higher than the carbon fluxes due to thermal sublima-
tion.

The RES and the physical sputtering have only a
weak influence on the total sputtering yield contrary to
what was expected by modeling, but could damage the
surface and disturb the material structure.

So, the three main sputtering processes in our
experimental temperature range are the outgassing,
the thermal sublimation and the chemical sputtering.

Finally, the majority of ionized ejected species
are H' ions mainly due to the backscattering of
ions at the material surface and H™ due to a charge
transfer.

The perspective under consideration, to study more
accurately the sputtering processes will be to perform
a calibration using known gas quantities in order to
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calculate the real fluxes obtained by mass spectro-
metry to reach the sputtering yield of the carbon
materials, as already proposed by Dobrozemsky
[27,28].

Another important study remains to be done on
the post-treatment characterization of the C/C com-
posites. Several techniques will be used to study
the induced damages and the evolution of the micro-
structure and surface morphology. Raman spectro-
scopy will allow us to study the microstructure and
the defect-induced features at the surface of the
composites, and for X-ray diffraction the same para-
meters in the bulk. Raman spectroscopy will also
probe the evolution of the chemical bonding (sp*
to sp’). A SEM characterization will show us the
possible fracture induced at the surface and a
STM observation the evolution of morphology in
the atomic scale. This last study is very important
since the rugosity has a great influence on the thermo-
radiative properties and thus on the temperature of
the material.
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