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Within the scope of this work high–temperature oxidation of SSIC was investigated in
plasma wind tunnels at the Institute of Space Systems, University of Stuttgart. The tests
were performed in both arc heated nitrogen/oxygen plasma flows and inductively heated
oxygen plasma flows. In oxygen plasmas, passive–active transitions were determined for
temperatures between 1801◦C and 1869◦C and for oxygen partial pressures between 812
and 3132Pa. The tests were performed in supersonic and subsonic flows at velocities
ranging from 390 to 6000m/s. Passive–active transitions in nitrogen/oxygen started at
temperatures from 1417◦C up to 1839◦C and oxygen partial pressures between 4 and
160Pa. Active–passive transitions were determined for surface temperatures between
1831◦C and 2145◦C at oxygen partial pressures from 28 up to 2290Pa. The pressures
were estimated using mass spectrometer and Pitot probe measurements. The flow velocity
was between 1570 and 6500m/s. Analytical observations show, that reactions at the
interface SiC–C–SiO2 are responsible for the degradation of the silicon dioxide layer.to
the active oxidation occurs. The temperature jump during transition from passive to
active oxidation in oxygen plasmas is attributed to the reaction of gaseous silicon and
atomic oxygen, while the recombination of atomic nitrogen is mainly responsible for this
phenomenon in nitrogen/oxygen plasma flows.

Introduction

The high–temperature oxidation of silicon carbide
was extensively investigated with regard to the tran-
sition between passive and active oxidation in nondis-
sociated atmospheres.1 Only a few studies were con-
centrated on the influence of atomic oxygen on the
transition.2,3 The occurence of atomic oxygen shifts
the transition at constant temperature down to lower
oxygen partial pressures. The same applies for the flow
velocity.4,5 Turkdogan et al6 posited a theoretical ap-
proach for this behaviour regarding the vaporisation
of metals.

In particular, the knowledge when a transition oc-
curs in dissociated atmospheres at very high velocities
is important for aerospace applications. Here, SiC or
SiC containing materials are applied as antioxidation
coating to the parts of the reusable re–entry vehicles,
which experience the largest thermal and chemical
loads. for the thermally and chemically highest loaded
parts of a reusable re–entry vehicle. Hence, nose cap
and wing leading edges of such vehicles are built of
carbon fiber ceramics, e.g. C/C7,8 or C/C–SiC.9 Ex-
periments to simulate these loads are performed in
so-called plasma wind tunnels.10,11

At the Institute of Space Systems (IRS), University
of Stuttgart, the passive–active transition of SiC was
first intensively investigated by Hilfer12 using simu-
lated air flows of high enthalpy. These plasma wind
tunnel tests showed that the transition from pas-
sive oxidation to the active oxidation is accomplished
by a sudden temperature increase of several hundred
Kelvin. This and the ongoing mass loss of coating and
carbon fiber ceramic pose a risk during re–entry. Th-
tus they are unacceptable for the reusability of space
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vehicles.
Figure 1 shows exemplary passive–active transi-

tions, observed at the IRS in magnetoplasmadynam-
ically generated flows using the source RD5.15 The
experiments were performed using sintered silicon car-
bide (SSIC) or C/C–SiC, coated with SiC by chemical
vapor deposition. All data are located in the transition
area, which was deduced from volatility diagrams de-
veloped by Heuer & Lou.14 These diagrams are based
on thermodynamic equlibrium reactions without con-
sidering kinetics. Apart from Rosner & Allendorf’s
tests in atomic oxygen2 all available experimental data
are enclosed by the ”isomolare line” and the limit for
silicon saturated SiC (activity aSi=1).16

Theoretical explainations of the temperature jump
in nitrogen/oxygen plasmas were presented both by
Hilfer12 and by Hald.17 Both found out that atomic
nitrogen is playing a main role in the temperature in-
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Figure 1 Passive–active transition data in magne-
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fer,12 Laux et al,13 Heuer & Lou14
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crease. Beside the oxidation of silicon, Hilfer favoured
the explanation involving the recombination of two ni-
trogen atoms to molecular nitrogen. On the other
hand, Hald considered silicon as a catalyst passing
through two exothermic reactions including formation
of molecular nitrogen. Hilfer also proposed a theory
for the passive–active transition in plasma flows:

SiO2 + O � SiO + O2 ∆rh
◦=556 kJ/mol . (1)

In this paper the experimental studies of the tran-
sition between passive and active oxidation of SSIC
in oxygen and nitrogen/oxygen plasma flows are pre-
sented. The experiments were conducted at the
ground test facilities of the IRS. Instead of a magneto-
plasmadynamic plasma source, inductively heated and
thermal arc plasma generators were used to investigate
different dissociation degrees and flow velocities. Fur-
thermore, the passive–active transition is considered
analytically.

Experimental Setup
Plasma wind tunnels are facilities that partially

recreate re–entry conditions. They are mainly used to
qualify thermal protection materials. In general, they
consist of a vacuum tank, a pump system to create
the low ambient pressure, a plasma source to generate
the high enthalpy plasma flow, a suitable power sup-
ply system, and the measurement equipment and data
processing system (see Fig. 2).

The present study was performed in the arc heated
plasma wind tunnel PWK2(4) and the inductively
heated PWK3. The water cooled vacuum chamber of
PWK2(4) is 5m in length with a 2m diameter. The
chamber is equipped with a 4-axis positioning system
on which the various probes for plasma diagnostic or
specimen support systems can be mounted. The test
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Figure 2 Sketch of the plasma wind tunnels at
IRS

Figure 3 The Material–Pitot pressure–Probe

gas is heated up in the discharge chamber of the coax-
ial thermal plasma generator RB3 by an electric arc
and accelerated in a nozzle. Since contact between
the oxygen in the test gas and the cathode has to be
avoided, the air plasma has to be simulated. Nitrogen
is passed along the cathode into the plenum chamber
while oxygen is injected at the downstream end of the
anode towards the nozzle throat.10

PWK3 is about 2 m in length and 1.6 m in diameter.
It is equipped with a 2-axis movable table. Inductively
heated plasma generators basically consist of an induc-
tion coil surrounding a plasma container (tube) and
are connected to capacitors. In comparison with arc
plasma generators, inductively heated sources generate
flows with significantly lower impurity levels because
of the absence of electrodes. This is also the case
for chemically aggessive gases such as pure oxygen or
carbon dioxide. The alternating current in the coil
induces a mostly azimuthal electric field inside the
quartz tube where an electrical discharge is generated
in the test gas.18 Here, the inductive generator IPG3
was used.

In order to measure and observe the plasma as well
as to measure the surface temperatures of material
samples, optical access to the vacuum chambers is pro-
vided. Both tunnels are connected to a four stage
vacuum pump system, that allows pressures down to
10Pa.10

The experiments were performed using a double
probe (Fig. 3), which allows material tests as well
as Pitot pressure measurements in stagnation point
configuration. The probe has an outer diameter of
50mm, while the front diameter of the conic material
samples was 26.5 mm. The surface temperatures of
the materials were detected by an infrared pyrometer
or a linear pyrometer. With the help of a quadrupole
mass spectrometer the flow quality, in particular the
oxygen partial pressure in the thermal plasmas of the
RB3, could be determined.10

Results
The tests were performed with sintered silicon car-

bide manufactured by H.C. Starck Ceramics GmbH &
Co. KG. Because it contains free carbon, it can be
assumed that the SSIC is carbon saturated (aC=1).
The conic samples had a thickness of 4 mm. As the
emissivity of this SSIC was unknown, ε was set to 0.8
based on the experiences made at the IRS with this
material. Possible changes of the emissivity due to the
oxidation were neglected.

Experiments in Oxygen Plasma Flows

The tests were performed in the inductively heated
plasma wind tunnel PWK3. Here, only oxygen was
heated up to a plasma. The tests were done at six dif-
ferent levels of the chamber pressure pch controlled by
the vacuum system. The oxygen mass flow was 2 g/s
(pch=40Pa) or 3 g/s (pch ≥250Pa). After setting the
test conditions, i.e. chamber pressure, mass flow and
anode voltage, the probe is moved into the symmetry
axis of the plasma flow (y-position=0 mm) at a ther-
mally uncritical distance (x-position). Then, the probe
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Figure 4 Oxygen plasma flow test data at
pch=500Pa

Table 1 Passive–active–transitions in oxygen
plasma flows

pch ϑPAT pO2+O v∞
Pa ◦C Pa m/s
40 1869±6 812±47 6052±1614
250 1851±8 902±51 2389±637
500 1847±7 1186±66 1830±488
1000 1853±6 1598±82 1309±349
2000 1801±6 2267±116 663±177
3000 1815±6 3132±167 387±103

is moved step by step closer to the generator exit. This
leads to higher surface temperatures. At a certain
x-position a sudden significant temperature increase
occures. In the test depicted in Fig. 4 the surface
temperature increased from 1847◦C to 2044◦C. Com-
parable temperature differences between passive and
active oxidation were determined for the other cham-
ber pressures (174 K to 249K). The respective Pitot
pressures equal to the oxygen partial pressures were
measured in seperate experiments. The determined
passive–active transitions are listed in Table 1.

All transitions occured in a very small temperature
range of about 70 K. This fact confirms transitions
determined in earlier experiments when SSIC of a
different manufacturer was used.19 Again a strong de-
pendence on the velocity could be determined. The
flow velocity v∞ of the undisturbed flow can be cal-
culated from the speed of sound a∞ and the Mach
number M∞:

v∞ = M∞ · a∞ . (2)

For the determination of M∞, different equations have
to be used for subsonic or supersonic flows. In case of
subsonic flows the following equation is used:

p0

p∞
=

(
1 +

κ − 1
2

· M∞2

) κ
κ−1

(3)

with κ as the isentropic exponent. In case of a su-
personic flow, a shock is formed in front of the probe.
Here, a significant increase of density, temperature and

Figure 5 SSIC–sample and cap after test in oxygen
plasma flow at pch=3000Pa

pressure appear and the velocity turns from supersonic
to subsonic behind the shock. The Mach number M∞
can be calculated iteratively from:

p0

p∞
=

(
κ + 1

2
· M∞2

) κ
κ−1

·
(

2 · κ
κ + 1

· M∞2 − κ − 1
κ + 1

) 1
1−κ

. (4)

In both flows the ratio of the pressure at the stagnation
point p0 to pressure in the flow p∞ is approximatly the
ratio of the measured Pitot pressure to the chamber
pressure:

p0

p∞
≈ pPitot

pch
. (5)

For κ=1.1, . . ., 1.6 the ratio is between 1.7 and 2
at M∞=1. For oxygen flows, a speed of sound of
1500m/s and κ=1.3 was used. These values were as-
sumed for a mean plasma temperature between 3500 K
and 4000 K.16 At these temperatures oxygen is almost
fully dissociated. As listed in Table 1, the flow veloc-
ity decreased from 6052 m/s at 40 Pa chamber pressure
down to 387m/s at 3000 Pa. This dramatic change is
due to the characteristic behaviour of the inductive
generator. Between 500 and 1000 Pa the flow drops
from supersonic to subsonic condition.

Here also, a slight difference in heat flux measure-
ments, which were performed on various surfaces, was
detected. These measurements led to the assumption
that the degree of dissociation of oxygen was a tad
lower at pch ≥ 1000 Pa.16

Figure 5 shows the typical appearance of a sample
after an active oxidation. The surface changed from
smooth to rough. Beside the SSIC sample, the cap was
also oxidised actively. A few of the samples were anal-
ysed by X-ray diffraction (XRD), scanning electron
microscopy (SEM) and energy dispersive X-ray anal-
ysis (EDX). A SEM micrograph of the sample tested
at 3000 Pa is seen in Fig. 6. The surface is partially
covered with a layer containing a lot of bubbles. Based
on the EDX analysis (Fig. 7) of this layer, on which
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Figure 6 SEM micrograph in the middle of the
sample actively oxidised in oxygen plasma flow at
pch=3000Pa

Si

O

C

Figure 7 EDX analysis of the bubble containing
layer in Fig. 6

mainly the elements silicon and oxygen were identi-
fied, the cover is silicon dioxide. Similar results were
found on the other samples. The samples are layered
with SiO2. A lot of closed and burst bubbles could be
observed. Using XRD diffraction, no crystalline struc-
ture could be detected. Therefore, it is assumed that
the layer consists of amorphous silicon dioxide.

Experiments in Nitrogen/Oxygen Flows

The basic approach of the tests in the thermal arc
flows was to detect passive–active transitions in simu-
lated air for the first time. After a few experiments
it was established that the oxygen partial pressure
was too high and the enthalpy was too low to achieve
transitions. Therefore a different procedure was per-
formed. First, the samples are heated up in nitrogen.
This means that only nitrogen is injected into the
plasma generator.

Figure 8 shows a test at pch=500Pa. As in oxygen
flows at a certain x-position, a significant temperature
increase occurs. Afterwards the oxygen mass flow is
increased in small steps until a sudden temperature
drop to the starting point is reached. This decrease
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Figure 8 Test in nitrogen/oxygen plasma flow at
pch=500Pa

Table 2 Passive–active–transitions in nitro-

gen/oxygen plasma flows; ¶identical test as in Ta-
ble 3 at same pch, �based on mass spectrometer
measurements, �estimation

pch ϑPAT pO2+O pPitot v∞
Pa ◦C Pa Pa m/s
50¶ 1560±16 4� 1028±53 6483±1729
50 1790±19 18� 973±51 6303±1681
50 1568±20 10� 745±45 5493±1465
50 1641±18 30� 1600±80 8124±2166
400 1839±20 160� 6134±355 5575±1487
500¶ 1446±25 7� 2976±191 3375±900
500¶ 1442±15 7� 2976±191 3375±900
1000¶ 1417±14 48� 4381±261 2842±758
2000 1470±29 22� 7372±432 2570±685
2000¶ 1520±25 22� 6285±356 2334±622
3000¶ 1583±16 13� 7095±394 1939±517
4000¶ 1571±20 22� 8105±468 1732±462
5000¶ 1544±15 22� 8780±506 1537±410

is connected to an active–passive transition never be-
fore detected in plasma wind tunnels at the IRS. In
the case of the shown test, even the passive–active
transition could be rebuilt. Again, without any oxy-
gen flow through the generator a temperature increase
took place. This led to the question where the oxygen,
that is chemically necessary for active oxidation, is
coming from. Finally, the vacuum system was found to
be responsible for the oxygen in the plasma flow. This
was already observed by Fasoulas, who investigated
magnetoplasmadynamic generated flows at IRS with
a solid electrolyte sensor.20 When the pump system
has to work at pressure levels higher than minimum
(pch>50Pa), a set of valves is opened for the inlet of
additional air. Now air or oxygen can diffuse in the
direction of the mass flow. Inside the chamber the
oxygen is mixed partially with the plasma flow.

The unknown oxygen pressures pO2+O were partially
determined by the described mass spectrometry. The
missing ones were assumed.16 As for the inductive ex-
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Table 3 Active–passive–transitions in nitro-
gen/oxygen plasma flows; �based on mass spec-
trometer measurements, �estimation

pch ϑAPT pO2+O pPitot v∞
Pa ◦C Pa Pa m/s
50 1912±19 28� 1110±57 6743±1798
500 1850±19 48� 2295±202 3387±903
1000 1831±39 167� 4383±236 2843±758
2000 1900±19 920� 6144±333 2230±595
3000 2000±20 1712� 7331±468 1923±513
4000 2145±21 1730� 8686±549 1767±472
5000 1976±39 2290� 9626±545 1612±430

Figure 9 SEM micrograph of the sample, actively
oxidised in nitrogen/oxygen at pch=2000Pa

Figure 10 SEM micrograph of the sample, actively
oxidised in nitrogen/oxygen at pch=2000Pa

periments with oxygen plasma, the flow velocities were
calculated using equations 2 to 4. For these calcula-
tions, a speed of sound of 1500m/s and an isentropic
exponent of 1.1 or 1.2 were used. These properties
were based on a mean temperature of nitrogen plasma
between 5000 and 6000 K. This temperature range was
estimated from heat flux measurements followed by en-
thalpy calculations according to Pope’s theory.21 All

flows are supersonic while the velocity decreases with
increasing chamber pressure.16

Figures 9 and 10 show SEM micrographs of the
sample tested at pch=2000Pa. Both covered and un-
covered areas can be seen (Fig. 9). It is assumed that
the active oxidation does not remove the SiO2 layer
from the surface due to active oxidation. Again, the
surface contains a lot of closed and burst bubbles (Fig.
10).

Discussion
Passive–Active Transition in Plasma Flows

As already mentioned, Hilfer12 assumed, that the
silicon dioxide layer is removed because of its reaction
with atomic oxygen (Eq. 1). In fact, the SEM micro-
graphs disagree with that. There are areas with SiO2

on the surface of actively oxidised samples (see Fig.
6). Hence it can be concluded, that non–uniform layer
degradation occures. The areas of silicon dioxide were
formed during the passive oxidation before the transi-
tion started. In the experiments the active oxidation
runs at temperatures above the melting point of sili-
con dioxide (1723◦C) where it is liquid or viscous but
stable.

Furthermore, a lot of bubbles are located in the re-
maining silicon dioxide layers (Fig. 9). The bubble
formation is connected to the formation of SiO and
CO. If you take a look at the cross section in Fig.
11, the location of the bubble formation starting point
can be identified. Bubbles are formed at the inter-
face between SiC and SiO2. Free carbon could also be
involved as we assume that the tested SiC is carbon
sturated.

The transition from passive to active oxidation in
plasma flows can be imagined as follows. It starts with
bubble formation at the interface. If the pressure in-
side the bubbles is greater than the outer pressure, the
bubbles burst. This leads to spallation of parts of the
layer. It is possible that some silicon dioxide reacts ac-
cording to Hilfer’s proposition (Eq. 1), but the main
reaction zone for the transition is at the interface SiC–
C–SiO2. As the transition data were detected in wide

SiO layer2

Figure 11 SEM cross section of actively oxidised
sample nitrogen/in oxygen at pch=5000Pa
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range of temperature and oxygen partial pressure, it is
not possible to explain the transition with one single
reaction. A set of reactions must be responsible for
the transition as suggested in the model of Heuer &
Lou.

Temperature Jump

After the burst of the bubbles, the known significant
temperature increase occurs. An energy balance is es-
tablishedTo determine the responsible reactions. To
simplify the analysis, the nonequilibrium of the plasma
is neglected. It is assumed that the change of the con-
vective heat flux as well as of the conductive heat flux
can be neglected.16 Including these considerations, a
balance between radiation heat and reaction enthalpy
can be established:

Qrd = ∆rH
PAT . (6)

The radiation heat is calculated by:

Qrd =
r∑

q=2

εσA
(
TPAT4 − Tq

4
)

(tq − tq−1) . (7)

This is the step-wise summation of the heat, which
is radiated in the time tq–tq−1 until tq=tr is reached
(see Fig. 12). The reaction enthalpy is calculated in a
similar way:

∆rH
PAT =

p∑
o=1

[
r∑

q=2

ṅo∆rhq (tq − tq−1)

]
(8)

with the molare reaction enthalpy ∆rh:

∆rhq =
n∑

i=1

νi


∆bh

◦
i +

Tq∫
T◦

cp,idT


 . (9)

The enthalpy of a single reaction is calculated by the
standard enthalpy of formation ∆bh

◦ and the specific
heat capacity cp. The average mole flow ṅo of a re-
action p is estimated by the mass loss during active
oxidation ∆mAO, the time of active oxidation tAO and
a choosen factor, which weighted the respective reac-
tion.

Table 4 Specific mass loss of SSIC during active
oxidation, test duration, temperature difference,
heat radiation

Plasma pch ∆mAO tAO ∆TPAT Qrd

Pa g s K kJ
N2/O2 500 0.13229 566 393 −106.7
N2/O2 1000 0.42030 346 468 −101.8
N2/O2 2000 2.15018 269 455 −99.5
N2/O2 3000 1.90729 214 516 −91.4
N2/O2 5000 1.19534 178 469 −60.2
O2 40 1.49254 82 174 −12.3
O2 500 2.06244 93 197 −14.8
O2 1000 2.25166 88 249 −18.5
O2 2000 2.52273 118 234 −15.2
O2 3000 2.37704 120 191 −15.0

In the following, reactions, which already were con-
sidered by Hilfer12 and Hald,17 are introduced. The
first one is the decomposition of silicon carbide:

SiC � Si + C ∆rh
◦=522 kJ/mol . (10)

It is assumed that the decomposition starts just after
the SiO2 layer is removed from the surface. After-
wards, silicon and carbon can react with atomic or
molecular oxygen:

Si + O � SiO ∆rh
◦=−800 kJ/mol , (11)

Si + 1/2O2 � SiO ∆rh
◦=−550 kJ/mol , (12)

C + O � CO ∆rh
◦=−360 kJ/mol , (13)

C + 1/2O � CO ∆rh
◦=−111 kJ/mol . (14)

The reactions 11, 12 and 14 were also included in the
analyses by Hilfer and Hald.

If there is atomic nitrogen in the flow, the following
reactions may happen:

Si + N � SiN ∆rh
◦=−550 kJ/mol , (15)

Si + 1/2N2 � SiN ∆rh
◦=−78 kJ/mol , (16)

C + N � CN ∆rh
◦=−38 kJ/mol , (17)

C + 1/2N2 � CN ∆rh
◦=435 kJ/mol , (18)

SiN + N � N2 + Si ∆rh
◦=−395 kJ/mol . (19)

Reactions 15 and 19 represent the conception of Hald17

(see Introduction). Furthermore, recombination reac-
tions, as done by Hilfer,12 are considered:

2O � O2 ∆rh
◦=−498 kJ/mol , (20)

2N � N2 ∆rh
◦=−946 kJ/mol . (21)

Beside a temperature increase, the active oxidation is
often accompanied by a green emittance in front of
the probe and around the sample support system, the
SSIC cap. Boubert and Vervisch allocated C2 for that
appearance. They expressed the following reaction:22

CO + C � C2 + O ∆rh
◦=1197 kJ/mol . (22)
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Table 5 Examples of the energy balance according to Eq. 8

Substance Reaction o ṅo ∆rH Substance Reaction o ṅo ∆rH
mmol/s kJ mmol/s kJ

Oxygen, pch=2000Pa Qrd=−15.2 kJ
Case 1 Case 2
SiC Eq. 10 0.537 32.6 SiC Eq. 10 0.537 32.6
Si Eq. 11 0.537 −51.3 Si Eq. 11 0.537 −51.3
C Eq. 13 0.242 −10.8 C Eq. 13 0.269 −12.0
C Eq. 23 0.295 14.3 C Eq. 22 0.219 15.5∑ −15.2

∑ −15.2
Nitrogen/Oxygen, pch=3000 Pa Qrd=−91.4 kJ
Case 3 Case 4
SiC Eq. 10 0.222 24.6 SiC Eq. 10 0.222 24.6
Si Eq. 11 0.222 −38.8 Si Eq. 15 0.222 −26.5
C Eq. 13 0.222 −18.1 C Eq. 13 0.222 −18.1

SiN Eq. 19 0.222 −18.6∑ −32.3
∑ −38.6

This reaction follows the formation of CO according
the Eqs. 13 and 14. Another possible formation could
be the direct reaction of two carbon atoms:

2C � C2 ∆rh
◦=838 kJ/mol . (23)

First, the test in pure oxygen at a chamber pres-
sure of 2000Pa is considered. Here, a radiation heat
of −15.2 kJ was emitted (Table 4). While the total
mass loss of 2.52273 g is connected to the loss of sili-
con carbide, an average mole flow of 0.527 mmol/s is
calculated. According to reaction 10, SiC is decom-
posed into Si and C by an enthalpy consumption of
32.6 kJ (Table 5). Next, it is assumed that all silicon
(ṅSi=0.537mmol/s) reacts with atomic oxygen to form
SiO, while releasing an reaction enthalpy of 51.3 kJ.
In the case of carbon, the formation of C2 is consid-
ered. All tests were accompanied by a signifiquant
green emittance. Two cases (case 1 and 2) are calcu-
lated because two ways of formation are possible. In
case 1, a part of carbon reacts according to Eq. 23.
The rest oxidises with atomic oxygen while the values
of both average mole flows are chosen to fulfill the en-
ergy balance (Eq. 6). Beside the CO formation, in
case 2 carbon reacts according to Eq. 22. The recom-
bination of O–atoms, which disposes a high reaction
enthalpy, has not to be considered in the balance be-
cause the formation of SiO provides sufficient enthalpy
to explain the temperature increase in oxygen plasma
flows.

In contrast to that, in nitrogen/oxygen the mass
losses during active oxidation are lower but the radia-
tion heat is signifiquantly higher than in oxygen (see
Table 4). The temperature jump in N2/O2 was be-
tween 393 K and 516 K, while in oxygen a maximum
temperature increase of 249K was measured. For ex-
ample, a radiation heat of −91.4 kJ was emitted during
the active oxidation at 3000 Pa. Again, it is assumed
that all SiC is decomposed with an average mole flow
of 0.222mmol/s. If both silicon and carbon is oxidised
with atomic oxygen, the total enthalpy of the three re-
actions results in −32.3 kJ, which is about the third of
the radiation heat. Case 4 considers the role of atomic

nitrogen. While carbon is oxidised to CO, silicon re-
acts with atomic nitrogen to SiN. Hereafter, silicon
nitride reacts with N and the catalyst silicon is re-
leased. According to Hald silicon passes through these
two reactions until the energy balance is fulfilled. Ex-
ample 4 in Table 5 only included one pass, whereas an
enthalpy of −38.6 kJ is released totally. Silicon must
pass the reactions at least two times to equalize the
balance. Because of the high flow velocities in front of
the probe, this process is questionable.

The recombination of nitrogen (Eq. 21) is more
suitable to explain the temperature increase in nitro-
gen/oxygen plasmas. It is a direct reaction with a
high reaction enthalpy independent whether the re-
combination follows the Eley–Rideal or the Langmuir–
Hinshelwood mechanism. Figure 13 shows the recom-
bination efficiencies of oxygen and nitrogen on SiO2

and SiC. Both the nitrogen recombination and the oxy-
gen recombination on silicon dioxide is orders of mag-
nitude lower compared to those on SiC. That means,
if the SiO2 layer is removed from the surface, even
partially, more nitrogen atoms can recombine, which
leads to a higher release of reaction enthalpy ∆rH.

0.5 1.0 1.5 2.0
10

3
/Temperature / 1/K

10
-4

10
-3

10
-2

10
-1

10
0

R
ec

om
bi

na
tio

n 
ef

fi
ci

en
cy

SiO
2
, O recombination

SiC, O recombination
SiO

2
, N recombination

SiC, N recombination

50010002000
Temperature / K

Figure 13 Recombination efficiencies, Refs.:
SiO2,

23 SiC24

1687



 1

 10

 100

 1000

 10000

 100000

 0.4  0.45  0.5  0.55  0.6  0.65  0.7  0.75  0.8

O
xy

ge
n 

pa
rt

ia
l p

re
ss

ur
e 

/ P
a

1000/Temperature / 1/K

"Heuer_isomolare.dat"
"Heuer_asi_1.dat"
"Heuer_ac_1.dat"

"X-38.dat"
"Expert.dat"

"RB3.dat"
"IPG3.dat"

Figure 14 Transition data in comparison with X–
38 trajectory25 and EXPERT trajectory, pressure
vs. temperature
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Figure 15 Transition data in comparison with X–
38 trajectory25 and EXPERT trajectory, pressure
vs. velocity

The amount of nitrogen, which recombines to fulfill
the energy balance, is not considered. However, the
present analysis confirms Hilfer’s explanation of the
temperature increase in nitrogen/oxygen.

Extrapolation to Flight

Figure 14 compares the detected passive–active
transitions with the trajectories of X—3825 and EX-
PERT in a normally used Arrhenius-plot. Both trajec-
tories enter the range of transition predicted by Heuer
& Lou. Looking at the IPG3 data, the diagram pre-
dicts that the datapair with highest oxygen partial
pressure is the simulation of an EXPERT re–entry con-
dition. But here the influence of the velocity is not
visible. Plotting oxygen partial pressure vs. velocity
we obtain the diagram shown in Fig. 15. Now the
IPG3 transitions determined in pure oxygen plasmas
seem to better fit to the X-38 trajectory. To visualise
both temperature and velocity, a 3d-plot was set-up
(Fig. 16). Using such diagrams the extrapolation of
test data concerning passive-active oxdiation is more
meaningful than 2d-Arrhenius-plots of oxygen partial
pressure and temperature. Nevertheless, the evalua-
tion of the test in comparison to flight is still hard due
to missing real re–entry data with transition.
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Figure 16 Transition data in comparison with X–
38 trajectory25 and EXPERT trajectory, pressure
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Conclusions
Within this study, samples of sintered silicon car-

bide were passively and actively oxidised in nitro-
gen/oxygen as well as in oxygen plasma flows. Six
passive–active transitions could be detected in oxy-
gen (ϑPAT=1801–1869◦C, pO2=812–3132Pa) and thir-
teen in nitrogen/oxygen (ϑPAT=1417–1839◦C, pO2=4–
160Pa). Furthermore, seven active–passive tranis-
tions were determined (ϑPAT=1831–2145◦C, pO2=28–
2290Pa). Selected samples were investigated using
X-ray diffractometry, scanning electrons microscopy
and energy dispersive X-ray analysis. Amorphous sil-
icon dioxide was found on both the actively oxidised
and exclusively passively oxidised samples. The partial
appearance of silicon dioxide on the surface of actively
oxidised samples lead to the conclusion that the the-
ory of Hilfer, which describes the decomposition of the
SiO2 layer due to a reaction with atomic oxygen, is not
the reason for decomposition. In fact, reactions at the
interface SiC–C–SiO2 with formation of CO and SiO
are responsible for this effect.

With inclusion of the temperature changes, which
occured and the mass losses that resulted during the
transition, an analysis was performed to explain the re-
actions responsible for the temperature jump. For oxy-
gen flows, the reaction of gaseous silicon with atomic
oxygen was found to be the reason. The analysis of
the transition in oxygen included the formation of C2,
which seems to be responsible for the appearance of
a green emittance during active oxidation. The tem-
perature jumps in nitrogen/oxygen flows, which were
greater than those in pure oxygen, result mainly from
the recombination of atomic nitrogen.

The influence of the flow velocity on the transition
could be shown in the experiments. A 3d-plot was
presented, which shows the oxygen partial both vs.
temperature and velocity. This illustration is more
useful for the extrapolation of test data to flight than
a 2d-Arrhenius-plot.
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Nomenclature

a speed of sound m/s
M Mach number −
m weight g
ṅ mole flow mmol/s
p pressure Pa
Qrd radiation heat kJ
T temperature K
t time s
v flow velocity m/s
y mole fraction −
∆rH reaction enthalpy kJ
ε emissivity −
ϑ temperature ◦C
κ isentropic exponent −

Superscripts

AO active oxidation
APT active–passive transition
PAT passive–active transition

Subscripts

0 stagnation point
ch chamber
Pitot total
∞ free stream
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