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Degradation of carbon-based

materials under ablative
conditions produced by a high
enthalpy plasma jet

Abstract: A stationary experiment was performed to study the degradation
of carbon-based materials by immersion in a plasma jet. In the experiment,
graphite and C/C composite were chosen as the target materials, and the
reactive plasma jet was generated by an air plasma torch. For macroscopic
study of the material degradation, the sample s mass losses were measured
as function of the exposure time under various temperatures on the sample
surface. A microscopic analysis was then carried out for the study of
microscopic aspects of the erosion of material surface. These experiments
showed that the mass loss per unit area is approximately proportional to
the exposure time and strongly depends on the temperature of the material
surface. The mass erosion rate of graphite was appreciably higher than
the C/C composite. The ablation rate in the carbon matrix region in C/C
composite was also noticeably higher than that in the fiber region. In
addition, the latter varied according to the orientation of fibers relatively
to the flow direction. These tests indicated an excellent ablation resistance
of the C/C composite, thus being a reliable material for rocket nozzles and
heat shielding elements of the protection systems of hypersonic apparatuses
from aerodynamic heating.

Keywords: Graphite, C/C Composite, Ablation, Plasma torch, Calorimetric
probe, Enthalpy probe.
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INTRODUCTION

To develop and qualify composite materials used as
ablative coatings for thermo-structural protection of rocket
engines, launch pad and atmospheric reentry vehicles is a
constant challenge in the aerospace field. There are several
types of materials used in these ablative thermal protection
systems, as each material presents certain advantages
and disadvantages in terms of its properties (specific
mass, mechanical strength, melting temperature, etc.)
and environmental conditions that they are subjected to
(heat flow, temperature, mechanical stress, etc.). Between
these materials, the graphite and carbon-fiber-reinforced
composite (usually referred to as C/C composite) are
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materials often chosen because of their heat resistance
and strength at elevated temperature (Patton et al.,
2002). These materials present better ablative resistance
and lower erosion rate than resin-based materials even
under extremely severe thermal conditions. The ablative
performance of C/C composite is significantly influenced
by both base materials characteristics and environmental
parameters during the ablation process.

For solid rocket nozzle applications, one of the key
requirements of the C/C composite is a low thermal
conductivity (40 W/m.K) to minimize both the thickness
of pyrolized carbon layer and the temperature rise at the
reverse side of the composite (Park and Kang, 2002). Also,
when a C/C composite is submitted to ablative conditions
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in air at high temperatures, it would be desirable that
the reinforcing fibers and matrix remained unchanged,
keeping their original structure, properties and shape
during all the ablation process (Cho and Yoon, 2001).

In order to test the ablative resistance of carbon based
materials, experiments of thermal degradation have been
conducted using different techniques such as accelerating
atomic oxygen (AO) and high flux plasma jet. As pointed
by Fujimoto, Shioya and Satoh (2003), although there are
several researches on degradation of monolithic carbon or
graphite due to the impact of AO, there is little information
on carbon-based materials such as C/C composite,
especially when plasma jet ablation apparatus is used.

This paper presents a study of a plasma jet characteristics
aimed at ablative resistance essays and, in conjunction
with scanning electron microscopy (SEM) analyses, micro
structural analysis of tested graphite and C/C composite.
The experiments with the material samples were carried
out in atmospheric environment, at a certain distance,
facing the nozzle of the direct-current (DC) arc system.
A linear calorimetric probe was used for the arc jet heat
flux measurements at various radial and axial positions
(Matsumo and Mieno, 2003). Abel’s inversion matrix
method was then used to obtain the radial profile of the
heat flux density at various longitudinal positions (Lochte-
Holtgreven, 1968). Having these profiles, we could specify
the region of the plasma jet where heat conditions (specify
magnitude and uniformity) are appropriate to simulate
thermal resistance of material samples under hypersonic
flight in atmosphere. Moreover, the ablation resistances of
graphite and C/C composite samples exposed to the high
enthalpy plasma were compared.

EXPERIMENTAL

Plasma torch setup

A linear non-transferred plasma torch with “hot” cathode
and stepped anode was used to generate a reactive plasma
jet (Fig. 1) to which the material sample, fixed in a sample
holder, was exposed. The plasma-forming gas was air at a
flow rate of 4.5 x 107 kg/s. The DC arc plasma torch was
designed for continuous operation at a power up to 50 kW.
In this work, the torch parameters were adjusted to the
arc current 135 A and arc voltage 300 V. Enthalpy of the
produced plasma jet decreases with the distance from the
torch nozzle attaining 3 MJ/kg at 80 mm distance, being
compared to 5 MJ/kg at 10 mm one. This enthalpy range
corresponds to conditions of a reentry flight under Mach
numbers 7 to 10 at the altitude of about 40 km (Barros,
2008), being in the field of practical interest.
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Figure 1: Schematic illustration of an apparatus for ablation

test using arc plasma torch.

Linear calorimetric probe technique

An effective utilization of thermal plasma sources requires
a thorough understanding of the heat transfer mechanism
from the jet flow to the materials under study. The mapping
of the heat flux density from plasma jet was carried out
by using a water-cooled calorimetric probe (Fig. 2),
constituted of a copper tube (outer diameter d = 3 mm,
inner diameter 2 mm) equipped with two thermocouples.
The probe was assumed to be fully catalytic. Since
the radiation loss from the cold surface of the probe is
negligible, the measurement corresponds to the total
convective and chemical heat flux reaching the surface.

El) — Thermocouple
Plasma torch
.f
u
Figure 2: (a) Linear calorimetric probe in front of the plasma

torch arrangement; (b) the approximation to the
radial distribution of the heat flux density used in the
calculations.

The water mass flow rate 7 was adjusted for each
experiment in order to obtain the maximal response
characteristic of the probe. In addition, the maximum
temperature of the outlet water was maintained below
60°C in order to avoid the warming of the probe surface.
The probe was installed perpendicularly to plasma jet
and could be moved in axial and radial directions. The
temperature increase of the cooling water was measured
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using chromel-alumel thermocouples (diameter 0.1 mm)
mounted at the inlet and outlet of the probe.

It was assumed that heat flux is symmetrical with
respect to the z-axis (plasma jet axis) and at any point is
a function of » and z, i.e. the radial and axial distances,
respectively, in cylindrical coordinates. Figure 2b show
the approximation to the radial distribution of the heat
flux density measured by the calorimetric probe used in
the computational model.

The transversal plan of jet section was divided in &
concentric circles (Fig. 2b). Within each region, limited by
circles, the heat flux per unit area is assumed to be constant
(qj = const). Hatched parts of the probe on the Figure
2b correspond to the regions with g,= const: a realistic
picture of the distribution is shown on the upper half of
the probe, while on the bottom half — the distribution
used in calculations is displayed. Thus, at position i,
the heftt flux per unit length that entered to the probe is
0 = 22 1,4, » Where

j=i

(P B - AR e

is the extent of the probe with ¢,= const. Hence, a column-
vector of heat flux density is determined as q,, a column-
vector of the heat flux per unit length that enters to the
probe as Q and the matrix of extents as L:

lll 112 l]k
0 I l
L= 22 2%
, (M
0 0 L,
We obtain a simple equation:
L-q=Q . 2)

total

The experimental values of the total heat flux ( @)
that enters to the probe at i-th position were calculated
as Q" =ci(T,, -T)) ,wherec, is the specific heat
of water, 71 is the mass flow rate of the cooling water,
(T, — T,) is the temperature increase of the water.
Thus, using the method of inverse matrix (Matsumo
and Mieno, 2003), we obtain the radial heat flux density

distribution.

In equation 2, it was assumed that the heat flux per unit

area is constant along the extent lij (Fig. 2). However,
in transversal section (i.e. along the circle of the probe
tube), the heat flux distribution is non-uniform. Such
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distribution is presented by (Auweter-Kurtz, M. et al,
2000), who gives a computed heat flux distribution around
the cylindrical surface exposed to gas at 6000 K moving
in transverse direction at velocity M = 0.53. The surface
temperature of cylinder of 400 K, used in calculation,
corresponds to our conditions of measurements. Figure 3
clearly displays a strong variation of ¢ around the cylinder
surface. The probe is most thermally loaded at stagnation
point, whereas at the opposite point (i.e., at 180° in the
Fig. 3) the heat flux density is four times less. In order
to obtain ¢ in stagnation point (that is more important),
we assumed a uniform heat flux density distribution with
g =q,, = const applied only for a part of circumference
of the calorimetric probe. Figure 3 shows that, for this
particular case, the arc of the probe circumference must
be limited by angle of ® = 100 degrees. For other flux
conditions, this angle is variable within the range of 80 to
110 degrees. Thus, we used ® = 90° in our calculations.

5000 7
g=q _=consi
\\ max
4000 - AN
AN
R
\\\

<L 3000 - N
= N
"g N

2000 - _
3‘“ q=f(®)
(o

1000

0 T T T T
0 40 80 120 160
O (deq)

Figure 3: Heat flux density distribution on the cylinder surface
g = f(0) and equivalent heat flux for g = ¢_ = const
Adapted from Auweter-Kurtz, M. et al, 2000.

A comparison of the heat flux obtained by such method
was calculated by commonly used relationship based
on Fay and Riddell’s equation, (Equation 3), where
the enthalpy enters as parameter (Polezhaev and
Shishkov, 1970).

Enthalpy probe technique

The measurements of the plasma flux enthalpy
distribution were carried out by the enthalpy probe,
described by Dresvin (1972). The procedure was similar
to the heat flux probe method presented above, however
supplied with the small orifice (~1 mm) directed towards
the plasma jet. Gas from the jet was sampled through
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this orifice by suction and cooled inside the probe. The
enthalpy (h)) was then obtained by measuring the mass
flow rate of sampling gas G, and the cooling water G_
and the difference between the heat load on the probe
cooling circuit under sampling and calibration (i.e. with
G,..= 0) conditions:

G AT - AT
P Gl P 3)

G 0

air

where ATs and ATc are the temperature rise if the
cooling water is under sampling and calibration flow
cond%t%ons; h, enthalpy of the plasma gas at normal
conditions.

Closing and opening of the sample channel was alternated
in approximately 15 seconds. The measurement of the
total pressure on the probe tip allows calculating the
plasma velocity “v” as follows.

e /M 4)
Po

where (p — p,) is the measured dynamic pressure and p,
is the local plasma density computed at the local plasma
temperature.

The sample of target material was inserted in the
graphite holder so that only the transverse area could be
exposed to plasma jet. The surface temperature of the
target material was controlled by varying the distance
from the torch nozzle to the front surface of material
sample and was measured by an optical pyrometer
(model IR-AH 3SU-Chino). This distance was varied
within the range of 0.06 to 0.14 m, in which the samples’
surface temperature (1697 — 1995) K attains a steady-
state condition. The erosion rate was calculated as mass
loss by area in unit time. For this calculation, the sample
dimension and the mass were measured before and after
the test. The time of high-temperature exposure of the
material sample varied within the range of 40 to 180 s.
The average values were taken from the results obtained
by repeating the test with four samples under the same
operational conditions.

As the target material, a high-density (1.83 x 10° kg/m?)
synthetic graphite and C/C composite (GROUP-SNPE,
France) with density 1.75 x 10° kg/m> were used and compared
in this work. The specimens were cut into cylindrical geometry,
with outer diameter of 0.016 m and thickness of approximately
0.012 m. Thus, the area of the surface exposed to reactive
plasma was kept at 2.04 x 10° m*
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RESULTS AND DISCUSSIONS

Figure 4 shows the radial distribution of the heat flux
density g(r) obtained at distances of 5, 30 and 50 mm
from the nozzle of the plasma torch. It is observed
that, at small distances from the nozzle, there is a
plateau-like profile with approximately constant heat
flux density. This plateau (or core of flow) may be
observed visually up to 30 mm distance, where the
heat flux on the axis g(» = 0) reduces drastically and
the distribution profile becomes narrower, as it can be
seen at z = 50 mm. The radial distribution of plasma
jet velocity at small distances from the torch nozzle
also appears practically unchanged at small distances
from the nozzle, as shown in Figure 5.

5
—m—z=5mm
. I '.'-’.\.. o2 =30 mm
41 o 5% w4 z=50mm
NE 3 ./' ?o' AAAAA \‘oq '\.
= N A
; 2 O,o v A, bb
= 21 ; !
o: o _AAA AM o
A Y
s Pn "
el \ Ry
0 Sl Ag‘ééé . . éeé%A A
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Figure 4: Radial distribution of the heat flux density ¢ measured
by calorimetric probe technique.

M- Z2=5mm

200{ 0o

r, mm

Figure 5: Radial distribution of the plasma jet velocity v
measured by enthalpy probe technique.
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The typical surface temperature behavior at Z = 80 mm
as a function of the exposure time is shown in Figure
6. The mass losses per unit area are depicted in Figure
7. The curves show that losses vary approximately
proportionally to the exposure time. We observe that,
for the same exposure time, the specific mass loss
for the graphite is considerably higher than for the
C/C composite. In this experiment, the steady-state
temperature of the material surface was about 1950
K for C/C composite and about 2000 K for graphite,
within the range of the experimental data error (Fig.
6). At low heat flux densities, the temperature profiles
for both graphite and C/C target are similar: a fast
increase during initial stage of heating with subsequent
saturation at certain temperature, which depends on the
heat flux density.

Surface temperature, K
=
£

B Graphite
1700 - ., () C/C composite
4 4

1600 o J i

T T T T T T

20 40 60 80 100 120 140

Exposure time, s
Figure 6: Surface temperature as a function of exposure time

for graphite and C/C composite (Z = 80 mm). The
error bars was obtained by statistical method.
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Figure 7:  Specific mass loss as a function of exposure time for

graphite and C/C composite. The vertical line stands
for the beginning of the surface temperature saturation.
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Figure 8 shows the distribution of the heat flux density ¢
measured by the linear probe at the distance 80 mm from
the nozzle and smoothed by fitting. The maximum value
of heat flux density is of 2.82 x 10° W/m? at the axis and
of 1.9 x 10° W/m? at the border of target. The mean value,
4, 18 2.37 x 10° W/m?*. This mean value of heat flux is
obtained with transverse streamline of the linear probe of
3 mm diameter, thus its applicability has to be validated
to represent the effective axial flow on a target material
(material sample) of 16 mm diameter.
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Figure 8: Heat flux density ¢ distribution as a function of jet
radius at distance of 80 mm from the nozzle (hatched
shape of 16 mm diameter corresponds to target
dimension). Method used: calorimetric probe.

The measured enthalpy and the velocity of gas at the axis
of plasma jet as a function of distance from the nozzle are
shown in Figures 9a and 9b. At a distance of 80 mm, the
measured enthalpy is 2.75 MJ/kg and the velocity is 100
m/s. Applying the well known simplified version of the
Fay-Riddell relationship (Auweter-Kurtz, M. et a/, 2000)
for the heat flux density incident on the target of 16 mm
diameter, we obtain:

P+
10132 .
————=—=44%10"*2.75*10° w =2.368 MW/m’
3.33*8%*10 °

)

Where h is the enthalpy; R =0.33R is the effective
radius of the front face of target of radius R, according
to (Mezines and Masek, 1979); P, is the atmospheric
pressure; p is the plasma density; v is the plasma velocity.

This result validated the applicability of the heat flux
averaging.

Experimental data with respect to specific mass loss

rate for C/C composite and graphite as function of
surface temperature are shown in Figures 10a and
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Figure 10: Specific mass loss rates of carbon based materials:
(a) C/C composite; (b) graphite.

10b, respectively. The specific mass loss rate increases
approximately linearly with the surface temperature
for the C/C composite (Fig. 10a), while similarity to
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an exponential growth for the graphite (Fig. 10b) is
observed. The linear erosion rates were also somewhat
different for these materials. Linear erosion rate for C/C
composite was in the range from 13 um/s to 25 wm/s and
for graphite from 15 wm/s to 28 um/s. This can also be
attributed to the difference in the conformation structure
between them.

The temperature dependence of the mass loss of
carbon material, used as target for the experiments,
can be explained by the supposition that carbon atoms
at high temperature and in contact with atomic oxygen
are more likely detaching the surface by forming CO
gas. Kinetics of such reaction is well defined (Hald,
2003). The exponential behavior of the curve of
specific mass losses showed for graphite in Figure 10b
can be explained as a consequence of an increasing
of the whole particulate filler (petroleum coke) loss
rate, which is enhanced by loosening bonds produced
by erosion of binder carbon formed by graphitized
pitches (Marsh, Forrest and Pacheco, 1981). These
assumptions will be clearly understood by SEM
analysis of the C/C composite and graphite surfaces
exposed to reactive plasma.

The SEM micrographs (Fig. 11) show the eroded cross
section and surface of graphite. They reveal a texture
similar to those obtained by chromic acid attack, a
special surface preparation, used for SEM analysis of
carbon materials (Marsh, Forrest and Pacheco, 1981).
This means that the ionized atoms of plasma act in a
similar way of the ionic components of the chromic
acid solution, removing preferentially the edge carbons
of anisotropic portion from the bulky graphite surface.
The remaining structures are, almost all, well oriented
graphite flake-like portions, well exemplified in the
micrograph of Figure 11b. The morphology of this
plasma ion-attacked surface shows that the sets of
mosaic structure carbon skeleton are the basis of this
synthetic graphite fillers structure (Marsh, Forrest and
Pacheco, 1981).

@ )

Figure 11: SEM of graphite at surface temperature of 1994 K;
(a) Eroded cross section and (b) Eroded surface.

Journal of Aerospace Technology and Management



Degradation of carbon-based materials under ablative conditions produced by a high enthalpy plasma jet

The action of plasma on the edge carbons of graphitized
materials can also be observed on C/C composites. The
SEM micrographs in Figures 12 and 13 show the eroded
surface of the C/C sample and also, for comparison, the
non-eroded surface of the same sample. The comparative
analysis indicates that the strong damaging effect was
produced on the sample surface by reactive air plasma.
The surfaces are now strongly roughened forming
troughs and almost free carbon fibers bundles, whereas
the non-eroded specimen shows a smooth surface. These
micrographs also show that the matrix region of C/C
composite presents earlier erosion in relation to the fiber
region, resulting in the exposure of loosely bonded fibers
at the surface. More detailed analysis of the surface of this
plasma attacked surface (Fig. 13) shows that, as observed
in the surface of graphite specimen, ionic attack of C/C
composite produces a preferred withdrawal of edge carbon
of graphitized matrix, revealing an anisotropic lamellar
structure of carbon as the last remaining part of the binder
of fiber. For both types of samples, the more rapid reaction
promoted over the anisotropic carbon reveals the texture
of a carbon skeleton formed by lamellar structure carbon.

Figure 12: SEM of C/C composite: (a) Non-eroded surface of
fibers bundles region (transversal view); (b) eroded
surface of fibers bundle region (transversal view)
at 2009 K; (c) Non-eroded surface of fibers bundle
region (longitudinal view), and (d) eroded surface of
fibers bundle region (longitudinal view) at 2009 K.

Another important fact observed by SEM analysis is the
anisotropic corrosion effects produced on carbon fibers
as function of plasma jet direction related to fiber axis.
If the incident plasma beam is directed parallel to the

Journal of Aerospace Technology and Management

Figure 13: (a) SEM of C/C composite: General view of eroded
surface of fibers bundle region at 2009 K. (b) SEM
of C/C composite: eroded surface of fibers bundle
region at 2009 K (interface region).

fibers bundle axis, as illustrated by Figure 12b, due to the
conditions that all carbon positioned at top of fibers present
almost the same characteristics, namely edge carbon of
basal plane, the erosion rate of them is almost the same,
while the binder carbon is transformed in gas. This is the
reason to form relatively homogeneous and planar surface
profile fibers, or even slightly depressing at the core fibers
of each bundle. Moreover, if the plasma jet is directed to
shine the fibers longitudinal surface, as shown in Figure
12d, the corrosion occurs always from the fiber localized
at surface toward one localized at the middle of the bundle.
It is also observed that the corrosion occurs from outermost
to inner shell of fiber, probably starting at some structure
defects where the higher concentrations of edge carbon
are present, and this mechanism leads to the formation of
very well sharpen arrow-type fibers or even the formation
of fiber island bonded to the bundle by shadowed non-
corroded binders. These results show that the fibers directed
in parallel to the axis of oncoming flow of oxidative plasma
and perpendicularly to the material surface are more
corrosion-resistant than fibers positioned along the surface,
mainly due to the more homogeneous effects of corrosion
along the direction perpendicular to the surface .

It is important to notice that the SEM analyses were
performed over the samples which already presented
almost half of its original thickness (in direction against the
plasma jet direction). This means that the microscopically
analyzed surface is not one produced only by fresh plasma
contact. It has to be pointed out that the high temperature
thermal effect over the bulk of sample is also an important
factor on the total erosion produced on the samples.

CONCLUSIONS

This paper presented a stationary experiment performed
to study the degradation of carbon-based materials by its
immersion in reactive air plasma jet generated by a DC
plasma torch with gas enthalpies comparable to those
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encountered during motion in earth’s atmosphere at Mach
numbers from 7 to 10. For a distance of 80 mm between
the specimen surface and the torch tip, the steady-state
temperature of the C/C composite target surface was
of 1994 K and the heat flux was about 2.4 MW/m?. The
degradation of the material, as consequence of oxidative
corrosion processes, was studied and useful information
was obtained for global mass loss as well as for microscopic
damages. The experiments show that the mass loss per unit
area is approximately proportional to the exposure time and
depends strongly on the temperature of the material surface.
The mass erosion rate for graphite is appreciably higher
than for C/C composite, probably due to their granular
structure, which allows, at certain test time, losses of big
amount of particles of filler as a consequence of weakening
of bonds by erosion of graphitized binders. This effect
leads to exponential dependence of mass loss of graphite
as a function of test temperature in comparison to the linear
growth of erosion for C/C composite. It was possible to
show that the matrix region of C/C composite is eroded at
rate noticeably higher than the fiber region, and also that
this erosion of matrix is preferentially performed over edge
atoms of anisotropic carbon structure, as a consequence
of ionic attack of the carbon surface. The plasma torch
testing indicated that the tested C/C composite has ablation
resistance that allows its consideration as perspective
candidate for the heat shielding and rocket nozzle design.
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