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Abstract

The aggressive process environment in advanced coal-fired power generation systems causes microstructural changes in the
ceramic hot gas filters used to clean the fuel gas. Changes in microstructure and their effect on strength were studied for commercial
SiC-based clay bonded hot gas filters exposed to high temperature, water vapour and gaseous sodium compound. Exposures caused
significant crystallization of the binder phase and oxidation of SiC. Loss in strength also occurred. The microstructural changes and
their effect on strength are discussed. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Filters; Microstructure-final; SiC; SiO,; Strength

1. Introduction

Ceramic hot gas filters are used in advanced coal-fired
power generation systems to clean the fuel gas.!?
Aggressive process environments containing steam,
dust, gaseous sulphur and alkali® cause microstructural
changes in all common hot gas filter materials, including
oxide, non-oxide and mixed oxide ceramics.>* These
changes — crystallization, oxidation and softening of
glassy phases — affect filtration efficiency, long term
reliability, strength and creep properties of the
filters. 248

In hot gas filtration, the hot (300-900°C), pressurized
(10-25 bar) fuel gas from the combustion process is led
through ceramic filters.>? Cleaning of the fuel gas is
required to meet the environmental regulations and to
prevent corrosion and erosion of turbine blades and
other downstream components.'-* Hot gas filters need
to operate reliably for more than 10 000 h, maintaining
particulate removal efficiencies, high flow capacity and
low pressure drop.? They should also possess durability
and reliability against mechanical and thermal stresses.>

Silicon carbide (SiC) is a commonly used filter mate-
rial because of its high temperature strength and ther-
mal shock resistance. A major disadvantage is its

* Corresponding author.
E-mail address: pirjo.pastila@tut.fi (P. Pastila).

oxidation to silica in high temperature, water vapour
environments. Water vapour enhances oxidation of
SiC> ! and devitrification of SiO, scale.!>~!4 Oxidation
of dense SiC is well studied.!%-1213-15 Stydies are usually
made for pure and dense SiC samples and are typically
carried out at temperatures higher than 1000°C, since
oxidation at lower temperatures is negligible. In hot gas
filters SiC grains are bound together with a clay based
binder containing alkali and aluminosilicates. Oxidation
of silicon carbide in hot gas filters at operation envir-
onments below 900°C has been detected in micro-
structural studies of used filters.*¢

Oxidation and further crystallization of pressureless
sintered SiC to cristobalite at 1300°C in water vapour
has been concluded to have little effect on the flexural
strength of dense samples.!! For porous SiC materials,
the effect of oxidation and crystallization on strength
may be more significant, since pores enable oxidation
throughout the sample, not only on the outer surfaces.
SiC-based hot gas filters have been found to lose some
of their strength in the filtration process.*>3

We exposed several commercial SiC-based hot gas
filters at 870°C and atmospheric pressure to water
vapour and gaseous sodium containing environments.
The exposure environments were selected to simulate
real combustion environments. Exposures 1000 h long
caused changes in microstructure of the filter body. The
changes in strength of the filters were studied.
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2. Materials and methods

A study was made of five commercial grade SiC-based
hot gas filters: Schumacher Dia-Schumalith F 40 (A),
Dia-Schumalith 10-20 (B), Pall Vitropore 442T (C), Pall
326 (H), and Dia-Schumalith T F 20 (I). Filters typically
contained 200 pm SiC grains bonded with a clay based
silicate binder (Fig. 1). The overall porosity was roughly
40%. Four laboratory exposures at 870°C and atmo-
spheric pressure 1000 h long were made for tubular
samples 40 cm in length cut from the filters. The envir-
onments of the exposures described in Table 1 were
selected to simulate real combustion environments. In
exposure 1 the environment was uneven since the test
chamber was damaged during the exposure. In exposure
3 SO, gas reduced the sodium oxide concentration to
less than one hundredth of that in exposure 2. In expo-
sure 4 the filter surfaces were coated with coal ash. The
ash contained 0.7 wt.% sodium. Filters B and C were
tested in exposures 1 and 2; filter I in exposures 3 and 4;
filter H in exposures 2, 3 and 4; and filter A in all four
exposures.

Microstructural characterization of the filters was
done by X-ray fluorecence (XRF), flame atomic adsorp-
tion spectroscopy and solid-state infrared adsorption

(b)

Fig. 1. Typical cross sections of unexposed SiC-based clay bonded hot
gas filters. (a) Binder of filter C was almost totally amorphous. (b)
Binder of filter H was almost totally crystalline.

methods for chemical composition, X-ray diffraction
(XRD) for phase detection, and scanning electron
microscopy (SEM) for microstructural details. Rauta-
ruukki Research Center of Rautaruukki Steel made the
chemical analyses. The amount of binder was calculated
from chemical analyses assuming that carbon is present
only as SiC. All other elements were assumed to be in
oxide form in the binder. Both quantitative and quali-
tative XRD analyses were carried out. Quantitative
analysis using an internal standard method'® was made
for crushed and sieved (0.09 mm) samples. The sources
of error in the quantitative analysis are overlapping of
the peaks, small amounts of other phases than SiC in
the samples, and the fact that samples used to determine
the calibration curve of single phase may slightly differ
from phases in actual samples. XRF results were used
together with XRD results to estimate the composition
of the binder of the filters. SEM investigation was made
for HF-etched and non-etched cross-sections. Samples
were simply cut with a precision cutter then etched and
mounted to the sample holder. All SEM samples were
gold coated.

Strength testing was done at room temperature by the
internal hydraulic pressure (IHP) method.!” Ring-
shaped specimens cut from the filters were loaded
internally by hydraulic pressure. Nominal dimensions of
the specimens were 60 mm outer diameter, 10 mm wall
thickness and 20 mm width. The numbers of tested
specimens are given with the results. Strength was cal-
culated from the maximum pressure detected. Results
were analysed following the standard ENV 843-5.

3. Results
3.1. Microstructural characterization

The primary differences in the unexposed filters were
the amount of crystalline phases in the binder and the
composition of the binder. In filters A and B it con-
tained more than 70% amorphous phase. In filter C the
binder contained the largest amount of alkalis and was
almost totally amorphous, Fig. 1. The binder of filter I
was clearly crystalline in nature but contained some
amorphous phase. The binder of filter H was mainly
crystalline (Fig. 1), but areas of amorphous alkali sili-
cates were found in thick layers of the binder between
the SiC grains. According to XRD, the crystalline pha-
ses in the binders of unexposed filters were cristobalite,
mullite and alkaline aluminosilicates like albite. A layer
of cristobalite crystals on the surface of SiC was found
in unexposed filters A, B, H and I. The thickness of the
crystal layer was 1 um in filters A and B and 2-3 um in
H and L.

The exposures caused changes in the amount and
composition of the binder. The amounts of the binder
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Table 1

Exposure environments

Exposure Total gas flow (I/min) Air (I/min) CO, (I/min) SO, (ppm) H,O(g) (1/min) Na,O Other
Exp. 1 7 6 0.5 0 0.5 ~100*

Exp. 2 30 18-20 0.7-1 0 10 15-20°

Exp. 3 30 25-27 0.8-1.3 200 2-2.5 0.1°

Exp. 4 30 25-27 0.8-1.3 200 2-2.5 ~0° Ashd¢

4 Sodium carbonate dissolved to water was sprayed into chamber. Consumed sodium carbonate suggests 100 ppm Na,O concentration. The

failure of the test chamber caused uneven and localised exposure.

® Sodium oxide concentration calculated assuming thermal equilibrium. In exposure 2 was sodium as sodium hydroxide and in exposure 3 as
sodium sulphate. In exposures 2 and 3, sodium source was inside the test chamber near the incoming gas inlet.

¢ In exposure 4 there was no other sodium source than the ash on the filter surfaces.

4 Filters were coated with coal ash before being placed in the test chamber. Foster Wheeler Energia Oy delivered the ash.

according to chemical analyses of the filters are pre-
sented in Table 2. The amount of binder was calculated
from the chemical composition assuming that carbon is
present only as SiC. The increases in the amount of
binder that occurred especially clearly in filters A and I
in exposure 4, could only be explained by oxidation of
SiC grains. Because of the way the amount of binder
was calculated, the increase in the amount of binder
means decrease in the amount of SiC in the filter. The
main chemical components of the binder in all filters
were silica and alumina. Changes in the binder compo-
sitions due to exposures were in general small. Alkali
concentrations both increased and decreased in a vary-
ing way from filter to filter. The increase in the amount
of binder due to oxidation of SiC apparently decreased
alkali concentrations.

The major phases identified by XRD were SiC, cris-
tobalite, mullite and albite. The exposures caused
increase in the amount of cristobalite as shown in
Table 2. Formation of cristobalite in exposures was
most clearly seen in filter A, but it occurred in all filters.
Fig. 2 presents diffractograms of samples from filter A
in unexposed and exposed conditions. Both low tem-
perature o- and high temperature B-cristobalite were
found at room temperature from exposed filters. Ca 2"
or Al 3"-ions in the cristobalite can prevent the o-f
transformation.'® From unexposed filters we found only
a-cristobalite. Also Oakey et al.® found B-cristobalite in
filters similar to filter A, operated in a pressurized flu-
dized bed combustor at Grimethorpe, UK. Aside from
increasing the intensity of cristobalite, crystallization of
the binder was shown as the appearance of albite and
possibly other alkaline aluminosilicates in the diffracto-
grams. Their precise identification was impossible since
these silicates have complex crystal structures and give
rise to many peaks that are overlapping or close to each
other. Distorted structures causing shift of the peaks are
also possible.

The effect of the exposures was most clearly shown by
SEM investigation. Typical microstructures of the
unexposed filters are shown in Figs. 3-5. During the
exposures, the outer surfaces of the binder were crystal-

Table 2
Amount of binder and relative cristobalite content of the crystalline
binder phases in filters®

Filter Unexposed Exposure Exposure Exposure Exposure
1 2 3 4

Filter A

Binder wt.%?*  17.7 - 16.3 - 25.5

Cristobalite %° 100% 680% 492% 459% 608%

Filter B

Binder wt.% 14.7 24.8 19.3 * *

Cristobalite % 100% 185% 182% * *

Filter C

Binder wt.% 17.2 20.1 17.3 * *

Cristobalite % 100% 768% 450% * *

Filter H

Binder wt.% 27.5 *e 26.6 28.1 29.1

Cristobalite % 100% * 83% 105% 107%

Filter I

Binder wt.% 19.8 * * 21.9 28.6

Cristobalite % 100% * * 156% 180%

4 The amount of binder is calculated from the chemical composi-
tion assuming that carbon is present only as SiC. Values are given in
wt.%.

® The amount of cristobalite by the quantitative XRD analysis was
taken to be 100% in unexposed filter.

¢ *Filter was not in the exposure.

4 No data available.

lized and the layer of cristobalite on SiC surfaces was
increased in thickness. There was no consistent differ-
ence in the effects of exposures on microstructures. All
exposures of filter A caused crystallization of outer sur-
faces of the binder (Fig. 3), similar crystallization
occurred in filters B and C. The cristobalite layer on the
SiC grains of filters A and B grew in thickness (Fig. 3).
There was no cristobalite layer on the SiC grains of filter
C when unexposed or after exposure 2. Only after
exposure | small crystals, less than 1 pm in size were
found between SiC and the binder. Despite the sig-
nificant crystallization in the exposures, the binder in
filters A, B and C remained mainly amorphous. In pla-
ces where there was less binder between the SiC grains,
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Fig. 2. Diffractograms of samples from filter A as unexposed (reference) and after different exposures.

areas of throughout crystallized binder were sometimes
found. Though the binder in filters H and I contained
only a few amorphous areas, exposures caused crystal-
lization in these filters too. In filter H crystallization of
amorphous areas on the outer surface of the binder led
to cracking in the binder (Fig. 4). In filter I, the cristo-
balite layer on the SiC surface grew in size. The outer
surfaces of the binder became totally crystallized
(Fig. 5). An amorphous layer, less than 100 nm thick,
was formed between cristobalite and SiC in filter I
exposure 3 (Fig. 6). This layer was more resistant
against HF etching than the amorphous phase of the
binder above the cristobalite grains. This difference in
resistance to HF suggests that the layer was pure SiO».
Since the total amount of binder phase increased by 2
wt.% in exposure 3 (Table 2), the amorphous layer must
be due to oxidation of SiC.

3.2. Strength

The median strength, unbiased estimate of Weibull
modulus with 0.9 confidence interval and the number of
samples tested are given in Table 3. Strength of the fil-
ters decreased due to the exposures, as expected. The
reduction in strength, both absolutely and relatively,
was least for filter I. For the other filters the decrease
was roughly 30%. Before exposure filter B had the best
median strength and Weibull modulus. Strength data
for filter B after exposures 1 and 2 are not available, but
the same kind of strength reduction can be assumed as
for filters A, C and H. Decreases in Weibull modulus
with exposure occurred for all filters except filter A
(Table 3). Despite the small number of samples, the 0.9
confidence intervals of the unbiased Weibull modulus
do not overlap significantly. This indicates an increase

(b)

Fig. 3. Binder between SiC grains in filter A. HF-etched diamond saw
cut cross sections. (a) Amorphous aluminosilicate binder between two
SiC grains in the unexposed filter. Note the crystals on the SiC grains
pointed with arrows. (b) Exposure 3 caused crystallization on the
outer surfaces of the binder and the crystals on SiC grew in size.
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Fig. 4. Binder in filter H. HF-etched diamond saw cut cross sections.
(a) A glassy area in the binder of unexposed filter. (b) A microcrack
found after exposure 2 from the originally glassy binder area.

in the critical flaw size distribution due to micro-
structural changes in exposures. That is, the filters
became more unreliable. The increase of Weibull modulus
for filter A indicates the formation of a fairly uniform
flaw population that specifies the strength of filter A.

4. Discussion

The main effects of the exposures on filters were oxi-
dation of SiC, crystallization of the binder and decrease
in strength. All these changes have been described for
filters used from several hundreds to thousands of hours
in coal combustion environments.*%%

Water vapour is a more severe oxidizer than oxygen
for SiC. Furthermore, it has been shown that, in the
presence of water vapour, sodium enhances the oxida-
tion of SiC.'%!” Water vapour is capable of diffusing
through an alkaline silicate binder?® and the presence of
alkaline silicates next to SiC provides necessary impu-
rities. Considering the long exposure time (1000 h) in

Fig. 5. Binder between SiC grains in filter I. HF- etched diamond saw
cut cross-sections. (a) As unexposed, (b) after exposure 3. Outer sur-
face of the binder crystallized in the exposure.

Spot Magn  Det \
[} 16000x SE

Fig. 6. An amorphous layer between SiC and cristobalite crystals
found from filter I after exposure 3. HF-etched diamond saw cut
cross-section.
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water vapour and sodium containing environment, oXi-
dation of SiC may reasonably occur. Devitrification
encourages further oxidation of SiC.!!

Results of Opila'® and Maeda et al.!! show increasing
oxidation of dense and pure SiC with increasing water
vapour content. However, according to our results,
exposure 2 with the highest vapour content, caused only
negligible increase in the amount of binder in filters A,
C and H. We did not find a correlation between the
content of water vapour or sodium oxide in the expo-
sure environments and the amount or alkali concentra-
tion of the binder. This suggests that water vapour is a
necessary but not sufficient factor for the oxidation of
SiC-based hot gas filters at 870°C. The amount of cris-
tobalite (Table 2) increased in all exposed filters except
in filter H in exposure 2. All filters except filter C had an
initial cristobalite layer on SiC grains which grew in
thickness in the exposures. We believe this growth to be
mainly a result of SiC oxidation to SiO, and successive
crystallization. Oakey et al.® stated that this growth of
cristobalite occurred by devitrification from the binder.
In this case there should have been an amorphous layer
between the cristobalite and SiC due to oxidation of
SiC. This was detected only for filter I in exposure 3.
Devitrification of SiO, from binder to cristobalite also
occurred in the silica rich areas, especially on the pore
sides. Water vapour and low concentrations of sodium
facilitate crystallization of SiO, to cristobalite.!>!4
According to Opila,'” it is impurities rather than water

vapour that enhance the nucleation rate of cristobalite.
In the present study both factors were operative.

Oxidation of SiC to silica causes volume expansion of
the material up to 100%. Further crystallization of silica
to cristobalite may cause tensile stresses or cracks in the
cristobalite layer since cristobalite is of lower volume
than amorphous silica. Displacive a-f3 phase transfor-
mation of cristobalite at 200-270°C causes 3% change
in volume. Thermal expansion coefficients are sig-
nificantly different for SiC, cristobalite and amorphous
silica.!? Differences in the thermal expansion coefficients
may cause tensile stresses and cracking of the oxide
scale.'? This has been observed for silica samples in
corrosion tests in oxidizing atmospheres with aqueous
Na,S0;.'* All exposed filters decreased in strength. In
the exposed filters, crystallization of SiO, induced
microcracks that became stress concentrators, especially
on the side of pores. Volume changes and thermal
expansion mismatches upon cooling after exposure may
have caused local stresses. Local stresses combined with
microcracks caused severe stress concentrations, which
was macroscopically seen as decrease in the strength of
exposed filters. Since the strength testing was made at
room temperature the primary source of cracking is
most probably the cristobalite o->f transform. It is
likely that the strength decrease is less if the filters which
are continuously used at operation temperature. How-
ever, interruptions in service cause cooling through
cristobalite phase transition temperature.

Table 3

Median strength, unbiased Weibull modulus, 0.9 confidence interval for Weibull modulus estimate and number of samples tested

Filter Unexposed Exposure 1 Exposure 2 Exposure 3 Exposure 4
Filter A

Median strength MPa 19.8 13.7 13.5 13.8 16.7
Weibull modulus 15 [11-22]¢ 52 [27-108] 22 [13-40] 26 [15-51] 27 [19-41]
No of specimens 18 5 7 6 13

Filter B

Median strength MPa 34.5 ~b - 2 *
Weibull modulus 29 [22-40] - - * *

No of specimens 20

Filter C

Median strength MPa 19.7 - 13.7 * *
Weibull modulus 33 [24-46] - 13 [7-28] * *

No of specimens 18 5

Filter H

Median strength MPa 27.6 * 17.3 20 19.9
Weibull modulus 27 [19-40] * 21 [11-46] 15 [8-29] 15 [8-33]
No of specimens 13 5 6 5

Filter I

Median strength MPa 15.5 * * 14.6 15.8
Weibull modulus 33 [23-47] * * 12 [6-26] 7 [4-17]
No of specimens 15 5 5

@ * Filter was not in the exposure.
® _No data available.
¢ [...] 0.9 confidence interval of biased Weibull modulus estimate.
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Fig. 7. Amount of SiC in crushed and sieved XRD sample and measured strength of filters. Unexposed samples are used as reference. All values are

normalised with appropriate reference value.

We found a correlation between strength of the filters
here tested and amount of SiC in the crushed and sieved
XRD sample (Fig. 7). The higher the strength the more
SiC was in the sample. The binder or the bond between
binder and SiC grain was weaker in exposed than in
unexposed filters with one exception of filter I in expo-
sure 3. In filter I in exposure 3 there was more SiC in the
exposed than unexposed XRD sample but the strength
was lower in the exposed than unexposed samples.
Oakey et al.® report a change in the fracture mode of
filters similar to filter A used at Grimethorpe. In the as-
received filters, the fracture path was mainly through
the SiC grains. In the filters used at the Grimethorpe
combustor, the fracture path was mainly through the
binder. This change was suggested to occur because the
crystallization caused microcracking at the interface of
SiC and binder. The weakening of the bond between
SiC grain and binder reported by Oakey et al.® could
explain the increase in the Weibull modulus for filter A
when exposed. However, in the other exposed filters
Weibull modulus decreased, which suggests the micro-
cracking of the binder on the pore sides to be important.

5. Conclusions

Exposures of commercial SiC-based clay bonded hot
gas filters to water vapour and gaseous sodium at 870°C
and atmospheric pressure cause oxidation of SiC grains
and crystallization in the binder. These microstructural
changes decrease the strength of filter markedly. In real
operation conditions, mechanical and thermal stresses
combined with microstructural changes may cause con-
tinuous degradation of strength and finally failure of the
filter. To predict, how long is the safe service time of

filters, more detailed oxidation studies and a fracture
mechanical approach are needed.
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