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bstract

he corrosion behaviour of HfO2, HfSiO4, ZrSiO4, NiAl2O4 and, for comparison, a commercial Cr2O3-containing ceramic was investigated under
ressurized Pulverized Coal Combustion (PPCC) conditions at 1450 ◦C in the presence of liquid slag. Although Cr2O3-containing ceramics show
ufficient corrosion resistance, they have the main disadvantage of vaporisation of toxic Cr(VI)-species. Among the investigated chromium-free

eramics, HfO2 and HfSiO4 showed relatively good corrosion resistance in laboratory investigations. The stability of the latter one depends not
nly on the microstructure of the ceramic but also on the slag composition. Technically produced ceramic balls of HfO2 and ZrSiO4 performed
ery well in the liquid slag separator of a PPCC test facility.

2009 Elsevier Ltd. All rights reserved.
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. Intro duction

The limitation of fossil fuel resources and the necessity of
educing CO2 emissions require an increase in efficiency of
ower plants by using combined cycle power systems. Up to
ow, efficiencies in excess of 50% are only achievable by using
sh free fuels such as natural gas or oil in combined cycle power
lants. Coal, however, constitutes 80% of the world’s total fos-
il fuel resources. Today, coal is mainly utilised in steam power
tations. Even if supercritical steam parameters are used, these
oal-fired power plants only reach efficiencies below 50%, so
hat further development is essential, e.g. in coal-based com-
ined cycle processes for improved efficiency.

The Pressurized Pulverized Coal Combustion (PPCC) com-
ined cycle (Fig. 1) is a coal-fired combined cycle concept able
o achieve efficiencies about 4% below that of gas-fired com-
ined cycle systems.1,2 In it, coal is burned in a slag-tap furnace

t 1500–1700 ◦C and at 15–20 bar. The hot flue gas is directly
sed for driving a gas turbine having a gas inlet temperature of
1200 ◦C (ISO) and a real flue gas temperature of ≥1400 ◦C.

∗ Corresponding author. Tel.: +49 2461 616812; fax: +49 2461 613699.
E-mail address: mic.mueller@fz-juelich.de (M. Müller).
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he residual thermal energy of the gas stream leaving the gas
urbine is finally transferred to a steam cycle.

Gas cleaning related to fly ashes and alkali metals is a neces-
ary prerequisite for the direct use of combustion gas in advanced
as turbine systems. In the case of PPCC, the flue gas is routed
hrough a column of ceramic balls for slag separation and an
lkali removal unit at an average temperature of 1450 ◦C before
ntering the gas turbine and the steam cycle (Fig. 1). In the liquid
lag separator, the liquid ash droplets deposit on the ceramic balls
orming a thin film on the surface of the balls which flows down
he separator column. Thus, the ceramics are always exposed
o a flowing film of fresh slag with no solidified layer of slag
ormed to protect the ceramics from slag interaction or vaporisa-
ion of volatile species. The highly corrosive slag can react with
he ceramic balls causing corrosion and wear. Liquids from coal
ombustion contain high concentrations of SiO2, Al2O3, and
e2O3, as well as alkali and alkaline earth oxides, which pene-

rate the refractory structure and interact with it. The conditions
n the slag separator system demand the following properties of
he ceramics: high corrosion resistance in flue gas (CO2, H2O,
2, SO2) at T > 1400 ◦C; thermodynamic stability in the liquid
lag; very low solubility in the liquid slag; no formation of low-
elting eutectic mixtures with slag components; as well as low

orosity, high density, and high homogeneity.

mailto:mic.mueller@fz-juelich.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.03.019
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Table 1
Samples for corrosion tests.

Sample Sintering
temperature (◦C)

Density
(g/cm3)

Relative
density (%)

One-dimensional pressed samples
Cr2O3-ceramic 1500 3.50
NiAl2O4 1500 3.81 95
ZrSiO4 1600 4.15 88
HfSiO4 1600 4.74 68
HfSiO4 1700 5.86 84
HfO2 1600 8.69 90

Cold isostatically pressed samples provided by Eggerding Deutschland
NiAl2O4 1640 4.05 101a

ZrSiO4 1640 4.20 90
HfSiO4 1640 5.80 83a
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liquid slag separator of the 1 MWth test facility in Dorsten2 for
up to 500 h.
ig. 1. Schematic flow diagram of the Pressurized Pulverized Coal Combustion
PPCC) combined cycle process.

Because of these requirements, many technical refractories
re not suitable for liquid slag separation. SiC and Si3N4, for
xample, are not suitable because these non-oxide ceramics form
iO2 in contact with the hot flue gas, which is dissolved by the
lag.3 In the field of technical ceramics only Cr2O3-containing
eramics show sufficient corrosion resistance in the PPCC test
acility.4,5 These refractories also showed a high corrosion resis-
ance against coal slags in reducing coal gasifier atmospheres.6,7

he main disadvantage in oxidising atmosphere in the PPCC
s the vaporisation of toxic Cr(VI)-species.8,9 Thermodynamic
alculations showed that especially the alkali oxides increase
he Cr vaporisation. About 1 kg Cr2O3 evaporates/1 MWh ther-
al power under PPCC conditions assuming equilibrium.8

ven though the exact amount of evaporated Cr2O3 was not
etermined in the PPCC test facility, the condensation of sig-
ificant amounts of Cr2O3 at cooler parts of the facility was
bserved. Therefore, other chromium-free ceramic materials
hat could perform satisfactory in the PPCC environment were
esearched.

. Experimental

The corrosion behaviour of hafnium oxide (HfO2), hafnon
HfSiO4), zircon (ZrSiO4), nickel aluminate (NiAl2O4) and,
or comparison, a commercial Cr2O3-containing ceramics (ICP-
ES analysis: 31.0% Cr2O3, 27.0% Al2O3, 22.1% ZrO2, 11.7%
iO2, 1.4% Fe2O3, 0.6% MgO, 0.2% TiO2) which was in use in

he PPCC test facility in Dorsten, Germany, were investigated
or slag interaction. Hafnon, zircon, and nickel aluminate were
repared by repeated milling and sintering of the pure oxides.
ellets (8 mm in diameter and 3 mm height) of the ceramic mate-
ials were prepared by one-dimensionally pressing with 20 kN
ollowed by sintering at 1500–1700 ◦C for 24 h. The samples
repared are listed in Table 1.

Laboratory tests of refractory/slag interactions were con-
ucted in platinum crucibles, in which 0.3 g ceramic powder
r ceramic pellets were completely covered with 2.1 g slag

rom the PPCC test facility (ICP-OES analysis: 36.2% SiO2,
7.0% Al2O3, 14.4% Fe2O3, 9.1% CaO, 2.5% MgO, 2.1%
a2O, 1.2% K2O) or a synthetic slag with 41% SiO2 and the

ame concentration of the other oxides as in the slag from
F
c

HfO2 1640 9.47 98

a Not single phase.

he PPCC test facility. Fig. 2 shows a schematic represen-
ation of the experimental set-up for the tests with ceramic
owders. The ceramics were exposed to the slag at 1450 ◦C
n pure oxygen at atmospheric pressure for 500 h in the case
f powder tests and for 50 h in case of tests with pellets.
ure oxygen was used because Fe2O3 is the stable oxide
nder typical operational conditions in PPCC at a total pres-
ure of 16 bar. The test temperature was much higher than
he melting point of the slag. After the testing of pellets was
nished, the crucibles were turned upside down and heated
p to 1450 ◦C again so that the molten slag could drip off
rom the pellets. After the annealing experiments, the slag
as investigated by chemical analysis (ICP-OES) to determine

he solubility of the oxides in the slag. The ceramic powders
ere investigated by X-ray diffraction (XRD). The pellets were

nvestigated by ceramography, XRD, optical microscopy, and
EM.

One disadvantage of the pellet tests is the saturation of the
lag with refractory components,10 which is different compared
o the situation in the slag separator system. Therefore, commer-
ially produced ceramic balls (Table 1), provided by Eggerding
eutschland, were tested in the laboratory and exposed in the
ig. 2. Experimental set-up for the powder tests of different ceramics in liquid
oal slag.
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ig. 3. XRD patterns of Cr2O3-ceramic powder before and after 500 h of expo-
ure to coal slag at 1450 ◦C.

. Results and discussion

.1. Laboratory investigations of the commercial
r2O3-containing ceramic

For comparison, the corrosion behaviour of a commercial
r2O3-containing ceramic which shows high corrosion resis-

ance in the PPCC test facility was investigated. One reason for
orrosion resistance of Cr2O3 can be found in the phase diagram
f the Cr2O3–SiO2–Al2O3 system at 1700 ◦C.11 It shows only
olid phases and immiscibility of Cr2O3 and SiO2. There are
o low-melting eutectic mixtures with the other main compo-
ents of the slag, e.g. with iron oxide, solid sesquioxides are
ormed; and with magnesia, a stable spinel is formed. The pow-
er tests confirmed the stability of the (Cr,Al)2O3 corundum
hase (Fig. 3). In contact with slag, the fraction of Al2O3 in the
corundum” phase slightly decreased, which can be shown by
he shift in the lattice parameters. The chemical analysis of the
lag shows that most of the ZrO2 is dissolved in it. Up to 6%
rO2 but only 0.2% Cr2O3 was soluble in the PPCC slag. In case

f a ceramic body, the dissolution would take place much more
lowly because of the relatively small surface area, compared to
powder. Fig. 4 shows a one-dimensionally pressed specimen

fter 50 h exposure to original slag and its cross-section. The

ig. 4. Photo and SEM picture (BSE) of the cross-section of the Cr2O3-
ontaining ceramic after 50 h exposure to coal slag at 1450 ◦C.
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ig. 5. XRD patterns of NiAl2O4 before and after 500 h of exposure to coal slag
t 1450 ◦C.

ontour of the specimen was not damaged during testing, but
here was a zone up to 1 mm thick on the sample surface where
rO2 was completely dissolved out of the ceramic body by the
lag. Since this refractory is normally manufactured from the
olten state, and therefore, very dense with very few pores at

he surface, it indicated a very high corrosion resistance in the
PCC test facility, although it contains high amounts of soluble
omponents such as ZrO2 and Al2O3.

.2. Powder tests with chromium-free ceramics

The thermodynamic stability of Cr2O3 against slag com-
onents seems to be the main reason for the high corrosion
esistance of Cr2O3-containing ceramics. Moreover, the
icrostructure and porosity of the material are the important fac-

ors for corrosion resistance. Ceramics made of materials with
omparable low slag solubility similar to Cr2O3 should show
imilar corrosion resistance.

The phase diagrams of ZrO2 and HfO2 with SiO2 and Al2O3
how immiscibility with SiO2

12,13; with zircon and hafnon being
he stable phases over a wide temperature and composition
ange. Most of the eutectic mixtures with other slag compo-
ents have melting points above 1450 ◦C. NiAl2O4 is a stable
hase in the NiO–Al2O3–SiO2 system.14 The lowest eutectic
elting point in this system is above 1450 ◦C. For this reason,

t was tested in addition to the silicates.
Figs. 5 and 6 show the XRD patterns of NiAl2O4 and HfSiO4

efore and after 500 h of exposure to the PPCC slag. The XRD
atterns of zircon look very similar to those of hafnon. After this
ength of exposure time, the thermodynamic equilibrium should
e reached. Only NiAl2O4 spinel reminds as a stable phase.
fter exposure, the spinel shows only a small shift in the lattice
arameters. NiO has a solubility of about 2% in PPCC slag, as
he chemical analysis of the slag revealed. The stability of hafnon
n coal slags depends on the SiO2 content of the slag. Hafnon is
ot stable in the PPCC slag with about 36% SiO2, decomposing

ompletely into HfO2 and SiO2. In the synthetic slag contain-
ng 41% SiO2 hafnon is almost completely stable, with a small
mount decomposing. The oxides have solubilities of 6.2% in
he case of ZrO2 and 0.4% in case of HfO2. ZrO2 itself cannot be
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ig. 6. XRD patterns of HfSiO4 before and after 500 h exposure to coal slag at
450 ◦C.

sed because the phase transformation during heating up leads
o high inner stresses and fracture of the refractory. Stabilised
rO2 is unsuitable because the stabilising elements are highly
oluble in the slag, e.g. >9% Y2O3 as powder dissolved in the
PCC slag. In case of HfO2, the phase transformation occurs at
igher temperatures in comparison to ZrO2.15 Therefore, it was
onsidered in the following corrosion tests.

All oxide materials tested have higher solubilities in the slag
han Cr2O3. However, the main loss of Cr2O3 is caused by vapor-
sation. In Fig. 7 the maximum loss of ceramic material per MWh
hermal power of a PPCC plant calculated from the obtained sol-
bility data (assumption: coal with 30 GJ/t, 8% ash, 10% of the
sh into the liquid slag separator) is compared. If thermody-
amic equilibrium is reached, the loss of Cr2O3 by vaporisation
s higher than the consumption of ZrO2, NiO and HfO2 by disso-
ution. Even if the liquid slag film at the surface of the ceramic
pheres decreases the vaporisation of Cr2O3 by two orders of
agnitude, the theoretically determined loss is still similar to

hat of HfO2.

.3. Laboratory corrosion tests on ceramic pellets
One-dimensionally pressed ceramic pellets of hafnon, zircon,
afnium oxide, and NiAl2O4 were exposed to the PPCC slag
or 50 h. In addition, hafnon and hafnium oxide were exposed
o the synthetic slag. After the corrosion test, the NiAl2O3-

ig. 7. Thermodynamically calculated consumption of ceramics in the liquid
lag separator.
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ellet was completely covered and infiltrated by slag. It was
ot possible to distinguish between ceramic body and slag in
he cross-section. Fig. 8 shows the other specimens and their
ross-sections after the corrosion test. The edges of the zircon
pecimen are rounded. The contours of the hafnium oxide and
afnon specimens are not damaged. The main reason for this
hould be the higher solubility of ZrO2 in the slag. The surfaces
f all ceramics got rougher due to the slag attack, with zircon
howing the strongest increase in roughness. The cross-sections
onfirm that the surfaces of the hafnium oxide and hafnon spec-
mens are much better preserved than the surface of the zircon
pecimen. In contrast to the hafnium oxide and hafnon speci-
ens, there are pits in the surface of the zircon specimen which

ppear to have been pores before dissolution of the material. The
ircon specimen has a very porous penetration zone with a thick-
ess of 1.5 mm and more. In case of the two hafnon specimens,
he cross-sections show the samples sintered at 1700 ◦C having
finer and more homogeneous microstructure. They also have
higher density. The 1600 ◦C sample has a density of 4.7 g/cm3

68% relative density). The 1700 ◦C specimens have densities
f 5.9 g/cm3 (84% relative density). After exposure to the PPCC
lag, the hafnon specimen with rough microstructure has a pen-
tration zone of 1–1.5 mm, the sample with fine microstructure
as one of about 0.5 mm. A lower porous material fired at higher
emperature led to a more homogeneous microstructure with
ess penetration, and therefore higher corrosion resistance. XRD
easurements and SEM investigations (Fig. 9) in combination
ith EDX analysis show the silicates decomposing into oxides

n the slag penetration zone resulting in the formation of rela-
ively large HfO2 grains and dissolution of SiO2 into the slag.
n the inner zone the silicates are stable. However, there is also
ittle corrosion attack observable in the main body. The grains
re rounded. Slag elements, e.g. Fe, can be identified throughout
he ceramic material. However, this does not seem to have any
nfluence on the mechanical stability of the refractory material
t this time. The 1700 ◦C hafnon specimen, which was exposed
o the synthetic slag with a higher amount of SiO2, has a pene-
ration zone of 0.1 mm maximum, since hafnon is almost stable
n this slag. In contrast to the specimens exposed to PPCC slag,
he silicate in the penetration zone of the specimen exposed to
ynthetic slag was not completely decomposed into the oxides.
his confirms the great influence of slag composition, especially
iO2 activity, which was already found in the powder tests. How-
ver, this result also confirms that the stability of a refractory,
specially hafnon, depends on the coal quality. The hafnium
xide specimens do not show any remarkable corrosion attack
egardless of slag composition.

.4. Corrosion tests on technically produced ceramic balls

Technically produced ceramic balls of NiAl2O3, ZrSiO4,
fSiO4, and HfO2 were tested in the laboratory and exposed

o liquid coal slag in the liquid slag separator of the 1 MWth test

acility in Dorsten for up to 500 h. All ceramics showed higher
orrosion resistance in comparison to chromium-free and low-
hromium ceramics tested earlier in the test facility.5 Most of
arlier tested samples had been completely dissolved in the slag
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100 �m thick were detached from the surface. Results after 200 h
of exposure in the liquid slag separator indicated further sam-
ig. 8. Photos and SEM pictures (BSE, all taken at the same magnification) o
intered at 1600 ◦C, PPCC slag; (b) hafnon sintered at 1600 ◦C, PPCC slag; (c
lag; (e) hafnium oxide sintered at 1600 ◦C, PPCC slag.

uring one test run. HfO2 showed the highest corrosion resis-
ance in the present test runs. Fig. 10 provides a photo of the
alls before and after exposure.

The NiAl2O4 balls were delivered containing cracks visible
n the surface of the samples. The corrosion attack started at
hese cracks in the laboratory test. The cracks were filled with
lag and the edges were rounded. Sound surface areas exhibited
o macroscopic corrosion attack. Due to the replacement of iron
nto the spinel lattice, the balls became nearly black. However,
his interaction did not seem to influence the mechanical proper-
ies of the material, since no further cracking was observed. The
alls exposed in the liquid slag separator for 200 h showed severe
orrosion attack. Cracks became deep holes due to the dissolu-

ion of the NiAl2O4 into the slag. At sound surface areas on the
ample, the slag penetrated up to 2 mm into the ceramic, causing
welling and spalling. Due to this results and the relatively high
olubility of NiO in the slag, this material was determined to

ig. 9. SEM picture (BSE) of the cross-section of a hafnon specimen after 50 h
f exposure to coal slag at 1450 ◦C.

p
a

F
o
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s-sections of the samples after 50 h of exposure to slag at 1450 ◦C; (a) zircon
on sintered at 1700 ◦C, PPCC slag; (d) hafnon sintered at 1700 ◦C, synthetic

e not suitable as substitute for Cr2O3-ceramics in liquid slag
eparation.

The HfSiO4 balls had a relative density of 83%. As XRD
nvestigations reveal, the ceramic contains a noticeable (>5%)
mount of unreacted SiO2 and HfO2 beside HfSiO4. In addi-
ion, there were cracks and pits at the surface of the ceramic
here slag could easily penetrate into the ceramic. In compari-

on to the HfSiO4-pellets, the technically produced balls showed
oor corrosion resistance in the laboratory tests. The originally
hite ball was coloured brown due to the slag penetration. The
umber of cracks at the surface increased. Layers approximately
le destruction. The balls were completely penetrated by slag
nd were very porous, as the broken ceramic in Fig. 10 shows,

ig. 10. Photo of technically produced ceramic balls (a) before, (b) after 100 h
f exposure to coal slag at 1450 ◦C in laboratory tests and after (c) 200 h and (d)
00 h in the liquid slag separator of the test facility in Dorsten, Germany.



2 ean C

a
i
i
p

c
o
t
t
w
s
l
s
t
s

v
c
s
a
t
T
T
t
i
r
t
e
o
a
r
i
t
d
r
A
H
c
d

4

a
w
f
e
u

t
c
e

H
r
0
t

u
m
p
o
T
r

t
a
a
C
e
n
c

A

f
u

R

1

1

1

1

SSSR, 1969, 185, 840–842.
726 M. Müller et al. / Journal of the Europ

nd became swollen. Thus, the technically produced ceramic
s not suitable for use in the liquid slag separator. However, it
s possible that ceramic balls with homogeneity like the pellets
roduced in the laboratory would behave much better.

The HfO2 balls had a relative density of 98%, showing no
racks or pits at the surface. After exposure to coal slag in lab-
ratory tests, no corrosion attack was observed. The surface of
he ceramic was slightly brown coloured by the slag. However,
he slag almost completely dripped off the ceramic. This poor
etting behaviour prevents plugging of the slag separator. The

ame result was found after 200 h of exposure to coal slag in the
iquid slag separator of the test facility. Even after 500 h of expo-
ure to coal slag in the test facility, very little corrosion attack in
erms of increased roughness of the surface was observed. The
lag penetrated about 0.1 mm into the ceramic.

The ZrSiO4 balls had a relative density of 90%. They were
ery homogeneous, with no visible defects at the surface. In
ontrast to the HfO2 balls the surface of the ZrSiO4 balls was
lightly rougher. After the laboratory test, very little corrosion
ttack was observed. The surface was slightly brown coloured by
he slag, which penetrated 100 �m maximum into the ceramic.
he wetting behaviour was similar to that of the HfO2 balls.
hus, the technically produced ceramic behaves much better

han the one-dimensionally pressed pellet. The exposure tests
n the liquid slag separator confirmed the relatively high cor-
osion resistance of the zircon balls. After 200 h of exposure,
he roughness of the surface slightly increased. After 500 h of
xposure, the ZrSiO4 balls were smaller due to the dissolution
f material into the slag, causing them to decrease in size from
bout 2 cm in diameter to about 1.8 cm. This large decrease is a
esult of the relatively high slag solubility of ZrO2 in compar-
son to the low solubility of HfO2, which was not dissolved to
he extent of ZrO2. The penetration zone, in which the ZrSiO4
ecomposes into oxides, had a thickness of up to 1 mm. It is
emarkable that the wettability of the material has not changed.
lthough the consumption of ZrSiO4 balls is higher than that of
fO2 or Cr2O3 balls, it has to be considered, that zircon is much

heaper than the other materials and, in contrast to Cr2O3, is not
etrimental to the environment.

. Conclusions

The corrosion behaviour of HfO2, HfSiO4, ZrSiO4, NiAl2O4
nd, for comparison, a commercial Cr2O3-containing ceramic
as investigated in the presence of molten slag from a PPCC test

acility in pure oxygen at 1450 ◦C. In addition, the ceramics were
xposed in the liquid slag separator of the PPCC test facility for
p to 500 h.

Cr2O3-containing ceramics show sufficient corrosion resis-
ance because the (Cr,Al)2O3 corundum phase is stable in
ontact with slag components, because there are no low-melting
utectics and the solubility of Cr2O3 in the slag is very low.

Among the investigated chromium-free ceramics, HfO2 and

fSiO4 showed relatively good corrosion resistance in the labo-

atory investigations. The solubility of HfO2 in the slag is about
.4%. Therefore, the consumption of Hf-ceramics by dissolu-
ion should be less than that of Cr2O3-ceramics by vaporisation

1

1

eramic Society 29 (2009) 2721–2726

nder equilibrium conditions. The stability of HfSiO4 depends
ainly on the microstructure of the ceramic and on the slag com-

osition, with less corrosion occurring with higher SiO2 content
f the slag. HfO2 is stable regardless of the slag composition.
he main disadvantage of Hf-materials is the high price of the

aw material.
During exposure tests in the liquid slag separator of a PPCC

est facility, the technically produced ceramic balls of HfO2
nd ZrSiO4 performed very well. Both ceramics showed small
mounts of corrosion after 500 h of exposure. In contrast to
r2O3-ceramics, which still behave better, the new ceramics are
nvironmentally friendly. Thus, these materials may be an alter-
ative for use in a slag separator. However, the overall annual
osts will decide upon the favourable material.
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