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Abstract

The corrosion of various ceramic materials in
simulated supercritical water oxidation (SCWO)
environment was measured. Supercritical water with
0-44 mol kg™ oxygen and 0-05 mol kg™’ hydrochlo-
ric acid was used to simulate typical SCWO con-
ditions after the decomposition of the organic
material. The experimental temperature was 465°C
and the pressure 25 MPa. The experiments were
performed within a reactor with an inner surface
made of alumina. In this very corrosive fluid only
a few ALO; and ZrO.-based materials did not
corrode severely. Homogeneous surface attack and
grain boundary diffusion were observed. HIP-BN,
B,C, TiB, Y,0; and Y-TZP disintegrated. SiC-
and Si;N ~based materials showed a large weight
loss, up to above 90%. © 1996 Elsevier Science
Limited.

1 Introduction

The oxidation of organic hazardous wastes with
oxygen or air in supercritical water (600°C > T >
374°C, 35 MPa > p > 22 MPa) is a promising new
technology'? often called the SCWO process.
Under these conditions oxygen and most of the
organics become soluble in water. In this single
fluid phase organics are rapidly and quantitatively
oxidized to CO,, N, and H,0. Species like CI, S or
P are converted to the acids HCI, H,SO, and
H,PO,, respectively. In 1994 the first commercial
installation started operation with the destruction
of amines, glycols and long-chain alcohols in
Texas,> while several other units are under con-
struction.*> Further applications in the USA are
the destruction of rocket fuels and explosives,
warfare agents and organics in low radioactive
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liquid wastes.® In Germany and Japan, experimen-
tal work is focused on the destruction of industrial
aqueous toxic wastes.?’

The combination of high temperatures, high
fluid density, oxygen and corrosive inorganic
species leads to fast corrosion of almost all metallic
alloys used for aggressive chemical environments.
Engineers try to avoid corrosion by improved
reactor design like ‘transpiring walls’.® Another
approach is the construction of reactors where the
inner surface at the positions with the worst cor-
rosion’ is made of ceramic materials or coatings.'
However, almost no experimental results are
available on the corrosion of ceramic materials in
SCWO environments. Recently Hazlebeck et al!!
reported that, ‘all nickel alloys and ceramics were
rapidly corroded ... in nearly all of the environ-
ments’ without detailed numerical data. These
experiments were performed at a pressure of 27-6
MPa and temperatures of 350, 450 and 550°C.

Garcia and Mizia'? investigated the corrosion
behaviour of plasma-sprayed multilayered ceramic
rings with an Inconel 625 or titanium substrate.
The top coats were titania, zirconia partially stabi-
lized with 7% yttria or zirconia partially stabilized
with 24% magnesia. Experimental conditions were
1800-8000 ppm CI-, as HCl, CeCl;, ZnCl, and
PbCl,, pressures of 24 MPa and temperatures of
300-650°C. Under these conditions all the tested
coatings, except a titania multilayered ceramic sys-
tem sprayed onto a titanium ring, failed because
of blistering, cracking, peeling, erosion or delami-
nation.

2 Experimental Procedures

An apparatus with a highly resistant reactor has
been constructed for these experiments. The tube
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reactor used is made of ALO; (Degussit Al 23,
Friatec AG) and has a length of 700 mm and an
mner diameter of 5 mm. This tube is placed inside
a high-pressure-resistant tube made of Inconel 625
with an outer diameter of 14-3 mm and an inner
diameter of 8 mm. The middle part of the tube
(0-4 m) is electrically heated to a temperature of
about 465°C (measured inside the tube). Both
ends of the tube are cooled to room temperature
with water-cooled metal blocks. The heating and
the cooling systems are fixed on the Inconel 625
tube.

The experimental pressure, about 25 MPa, is
built up with high-pressure pumps (Bischoff). It
is measured with sensors (Burster) and regulated
with an electropneumatic pressure regulator (TES-
COM).

The periphery of the apparatus consists mainly
of Ti or PEEK 1/16" tubing. Fittings from Auto-
clave Engineers are used for connection between
the periphery of the apparatus and the reactor.

To avoid an extra compressor for oxygen or air,
hydrogen peroxide is used as oxidant. The hydro-
gen peroxide is decomposed to water and oxygen
— due to the high temperature — in the first part
of the tube, far ahead of the position of the speci-
mens. The aqueous solution used for the corrosion
experiments contained 3% H,0, and 0-05 mol kg
HCIl (corresponding to 0-44 mol kg' O, and
about 1800 ppm CI"). Under the typical experi-
mental conditions (7" = 465°C and P = 25 MPa)
the density of the solution is 0-1 kg 1.3

In this screening test, the corrosion resistance
of several commercial ceramic materials together
with some ceramic composites developed by the
Advanced Ceramics Group (ACG) of TUHH was
qualitatively characterized by microscopy, weight
loss and thickness of the corroded layer. These
materials were cut to form small (e.g. 10 X 3 X 3
mm?®) specimens. The surface of the specimens
before exposure was smooth but not polished. The
corrosion experiments lasted 80-220 h.

To shorten the time required for these screening
tests, each run was usually performed with five
samples simultaneously. Most of the experiments
were interrupted and started again due to numer-
ous technical problems; some of these problems
related to disintegration of the specimens.

For optical observations, a microscope with 350
fold magnification (Leica) and a CCD camera
(JVC) with a digitizing system screen machine
from Fast Electronics were used. For the surface
analysis of corroded specimens, X-ray fluorescence
elementary analysis (XRF; Siemens SRS 303) and
a scanning electron microscope (SEM; Camscan
FE 44) together with an energy-dispersive X-ray
(EDX) system (Noran) were used.

3 Results

A compilation of all corrosion results is given in
Table 1 together with the composition of the sam-
ples. Details of the materials are given in the
respective references. The commercial materials
are designated with the company codes.

3.1 AL O; base materials
The monolithic Al,O, samples S1, S2 and S3 were
exposed for 144, 220 and 140 h respectively, and
no weight change was detected after the experi-
ment. Merely, the original light beige colour of S2
was changed to a lighter tone after the exposure.
This could not be assigned to any measurable
specific change of the ceramic. However, the cor-
rosion resistance of Al,O; under these experimen-
tal conditions is better than the corrosion data
reported elsewhere (up to 52 mg cm™ in 168 h)
which were obtained in more concentrated HCl
solutions at temperatures lower than 245°C and at
ambient pressure.?' "2

Among the mixed alumina and zirconia ceram-
ics, S4 showed excellent corrosion resistance under
the experimental conditions. For sample S5, the
exposure in the corrosive fluid caused a thick cor-
roded layer (up to 1350 um). Large cracks became
visible (Fig. 1) and the corrosion was accelerated
in regions near the cracks because the corrosive
fluid could penetrate into the bulk of the material.

Specimens S6 and S7 altered their surface
colour from light grey to white after exposure.
The layer with changed colour extended up to
230-260 wm and 310 pm, respectively. EDX mea-
surements revealed no major changes in the chem-
ical composition in this layer. A scanning electron
micrograph of the cross-section (S7, see Fig. 2)
shows the intact body of the ceramic and pores
(diameter < 1 um) in the attacked outer layer.
Therefore, the mechanical properties of ZrO,-
toughened alumina are expected to be reduced.
The addition of non-oxide hard particles (20 vol%
TiC/TiN, S8), on the other hand, also reduced the
corrosion resistance. The specimen lost weight, its
surface became rough and several holes with a
diameter of 10-100 um were observed. However,
the corroded layer was very thin, indicating homo-
geneous surface attack rather than grain boundary
corrosion.

3.2 Mullite matrix composites

Two different mullite matrix composites (reaction
formed) were tested: (1) fabricated via oxidation
of Al and subsequent reaction of alumina and zir-
con (S9 and S10) and (2) based on the oxidation
of Al and SiC and subsequent mullitization (S11-
S13), the latter containing a certain amount of SiC
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Fig. 1. Crack in the corroded layer of S5 (90% Al,O; and
10% ZrO,).

voonu

Fig. 2. Cross-section of 87 (Y,0;-stabilized ZrO,-toughened
Al Q;) with the corroded, porous outer layer.

particles that remained unreacted during synthesis.
The zircon-based materials exhibit a low-to-mod-
erate corrosion resistance, although the corroded
layer of one batch (S10) partially peeled off during
exposure. The SiC-based mullite materials showed
lower corrosion resistance (S11 and S13), only the
sample densified by post hot-isostatic press(HIP)ing
exhibiting moderate damage resistance (S12).
These three samples changed colour from grey to
white, and the Si EDX signal in the corroded
layer was considerably lower than that in the
untreated sample indicating that SiC particles are
removed preferentially during the corrosion test.
Presumably the SiC particles are first oxidized and
then dissolved in the supercritical steam according
to the reaction 2Si0, + 3H,0—Si,0(OH)4>%*
leading to enhanced porosity and the formation of
an alumina layer (approximately 7 wm) on top
of the corroded surface of the mullite composites
(Fig. 3).

Fig. 3. Cross-section of S12 (HIP reaction-bonded mullite—
SiC) with the top layer of Al,O, and a thicker porous layer.

3.3 ZrO, base materials

Y-TZP materials (S14-S16) tended to disintegrate
after some hours of exposure, presumably due to
t—>m phase transformation.””? The PSZ materials,
on the other hand, were more stable against disin-
tegration. For these specimens (S17-S20) the weight
loss was negligible. The surface of sample S20
showed many cracks (up to 250 um deep) on the
surface caused by lattice transformation from
tetragonal to monoclinic.

The amount of m-ZrO, on the surface of cor-
roded S20 was 37%. The HIP-Mg, Y-PSZ originally
consisted of 7% monoclinic ZrO,, 30% tetragonal
ZrO, and 63% cubic ZrO,*. This means that all
tetragonal ZrO, on the surface was transformed to
monoclinic ZrO, during the exposure (Fig. 4).

3.4 Si;N, base materials

All the tested Si;N, materials corroded severely
under the experimental conditions mentioned
above. Sample S21 originally had an open poros-
ity of 20% due to the production process, which
resulted in considerable dissolution during expo-
sure due to the large surface area. Therefore, the
HIPed sample S22 showed an enhanced corrosion
resistance compared with S21. The Si;N,~TiC/TiN
composite (S25) was covered with a white, brittle
layer (300 um thick). The weight loss was high,
even before removing the brittle layer. Sialon S26
also developed a white, brittle, 400 wm thick layer
during treatment, which consisted mainly of Al,O;.
Silicon was selectively dissolved from this layer
according to the XRF measurement. The addition
of 20% SiC to Si;N, (S23 and S24) did not enhance
the corrosion resistance. The corrosion on these
composites proceeded like that of the monolithic
Si;N, samples (S21 and S22) via surface attack,
leading to a rather thin corrosion layer.

*X-ray diffraction measurement performed by F. Meschke,
TUHH.
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Fig. 4. Cross-section of S20 with cracks, due to the phase

transformation from tetragonal ZrO, to monoclinic (atomic

force microscopy test measurement by Surface Imaging
Systems GmbH).

3.5 SiC base materials

Although silicon carbide is more resistant than sil-
icon nitride under the given experimental condi-
tions, sample S27 showed a white, brittle layer
and a high weight loss. No surface layer was
formed on S28 but the weight loss was similar to
that of S27.

3.6 Various ceramic materials

The other ceramic materials tested (S29-S33) were
not stable under the experimental conditions and
most of them disintegrated. AIN (S29) was cov-
ered with a white, 300 um thick layer and showed
a weight gain due to the oxidation of AIN, form-
ing Al,O,;.

4 Conclusion

Most of the ceramic materials tested except mono-
lithic alumina and PSZ showed a low corrosion
resistance against HCI- and O,-containing super-
critical aqueous solution under the experimental
conditions (T = 465°C, P = 25MPa, density = 0-1
kg I'). The corrosion proceeds predominantly
either by homogeneous surface attack or by grain
boundary diffusion, resulting in severe weight
losses or disintegration after 1-5-140 h exposure.
On the other hand, this screening test identified
alumina and PSZ as candidate materials for bulk
liners or protective coatings in the SCWO technol-
ogy. Further experiments will be carried out in the
near future to analyse the corrosion resistance

of these materials in various acidic solutions at
supercritical conditions.
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