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CHARACTERIZATION OF FIBER-REINFORCED PARTICULATE FILTERS'

D. P. Stinton, L. Riester, and D. Dellinger

ABSTRACT

Fiber-reinforced particulate filters for high-temperature
application were fabricated by a recently developed chemical
vapor deposition process. Mechanical property testing of these
filters revealed that fibrous materials required coating with 2
to 5 um of silicon carbide to produce acceptable strengths and
thermal shock resistance. Thinner coatings were very weak and
resulted in unacceptable flexing of the filters. Thicker
coatings were very strong but resulted in brittle fracture of
the filters. Appropriately coated filters had both an acceptable
strength and the improved damage tolerance required of particu-
late filters. Thermal shock and repeated pressure cycling
representative of pressure pulse cleaning had no apparent effect
on the burst strength of filter specimens.

INTRODUCTION

Particulate filters that operate at temperatures up to 1300 K will be
required for cost-effective operation of advanced coal conversion systems.
Frocesses of particular interest include direct combustion of coal iun a
pressurized, fluidized-bed combustor (PFBC), and coal gasification. New
technologies that will require hot-gas cleanup devices include coal-fired
gas turbines and coal-fired diesel engines. In these systems, contaminants
such as sulfur, alkalies, NOy, and solid particulates must be removed from
the gas stream to protect metallic turbine or engine components from
corrosion and erosion. Commercially proven particulate removal techniques
are available; however, the requivement that the gas be cooled prior to

entering the filter results in reduced system efficiency.

*Research sponsored by the U.S. Department of Energy, Morgantown
Energy Technolegy Center, under contract DE-AC05-840R21400 with Martin
Marietta Emergy Systems, Inc.



To maintain high gas temperatures, three types of ceramic filters are
being developed for coal conversion systems: candle, crossflow, and
fabric. Candle filters are fabricated by bonding silicon carbide grains
with a clay binder to form a porous tube 8 cm in diameter, 1.5 m long, and
2 cm wall thickness. Various types of fibers are sometimes incorporated
into the binder to reduce the size of the pores on the filter surface.
Particulate-laden gases enter a filter assembly that contains many candles
and pass from the outside of the candles to the inside, with the particu-
lates trapped on the outer surface of the candles (Fig. 1). The filter is
cleaned by periodically reversing the flow of gas to remove the dustcake
and prevent the formation of a significant pressure drop across the
thickness of the filter. Candle filters are attached to a metallic

tubesheet such that cleaned gases are collected in a gas plenum and sent to

a turbine.
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Fig. 1. Candle filter
assembly illustrating simul-
taneous filtering and cleaning
of the candles.



Crossflow filters under development at Westinghouse, Coors Porcelain
Company, and elsewhere appear promising because they are compact and offer
much greater surface area than candle filters. Crossflow filters are
fabricated by sintering together multiple sheets of extruded cordierite or
a mixture of mullite, cordierite, and alumina (Fig. 2). Each layer is
corrugated and consists of rectangular grooves with porous sides and
bottom. The layers are offset at 90° so that dirty gas which enters the
shorter channels permeates the floor and roof of the channels, then enters
the long clean channels where the filtered gas exits the element. The
dustcake is deposited on the filter surfaces within the dirty channels and
must be periodically removed by a reverse pulse of cleaning gas that flows
down the clean channels through the porous barriers, lifting off the dust
deposit and expelling the dustcake from the unit. As with the candle

filters, the clean side channels are manifolded to a gas plenum where they

exit to the turbine.

ORNL-DWG 89-8946

Fig. 2. Schematic illustrating the
operation of a crossflow filter element.



Ceramic fibers formed into a mat or woven cloth are fabricated into
flexible bag filters. Fabric filters, particularly those fabricated from
mats, are very weak and must be supported by metallic webs or screens.

The fibrous materials most often used for particulate filtration include
aluminosilicates, silicon carbide, and zirconia. Bag filters are con-
figured like candle filters and cleaned by a periodic reverse pulse of
cleaning gas. Flexing of the bag filter assists in removing the dustcake
from the filter surface.

Unfortunately, each of these types of filters has serious limitations
which prevent their use in coal conversion systems.! Economically viable
filters must be sufficiently durable to function without failure for at
least one year of continuous operation; however, current filters can endure
only several hundred hours of operation. Candle filters fail because they
are susceptible to brittle fracture.! Mechanical stresses, particularly at
the flange near the tubesheet, and thermal stresses due to reverse pulsing
with cool cleaning gas often exceed the mechanical strength of the
material. In addition, the clay binder used to bond the SiC grains
together eventually forms a glass matrix that is easily damaged by thermal
shock. Brittle fracture of the candles causes the lower section to drop to
the bottom of the assembly. Catastrophic failure of the candles results in
a large fraction of the contaminated gas passing through the broken filter
and directly to the turbine. Significant quantities of particulates
passing through the turbine will cause severe damage in a very short time.
Ceramic crossflow filters are also very susceptible to thermal shock and
brittle failure.! Mechanical stresses near the flange and thermal stresses
within each layer often result in stresses sufficiently large to cause
delamination of the weakly bonded layers. As with candle filters,
catastrophic failure of crossflow filters results in severe damage to the
turbine. 1In addition, permeability of the floors and roofs of the channels
within crossflow filters may decrease after extended periods, resulting in
large pressure drops.

The porous nature of flexible fabric filters and the use of low-
modulus continuous fibers make them very resistant to thermal shock
damage. However, the strength of the fibers are easily degraded by rough

handling of the fabrics, excessive temperatures, or corrosion.? Filter



bag failures occur frequently if excessive clamping forces are used at the
tubesheet, or if the fabric is folded during installation or use.?

Fabrics are not of high purity and cannot be used at high temperatures or
where halides are present. The most frequently observed type of failure,
however, is referred to as pinholing.! Since fibers are free to move
within the felt or weave, pinholes can form that decrease the filtering
efficiency of the material.

An additional problem with all of these filters is their suscepti-
bility to corrosion by alkali metals and possibly steam. Since current
filters fail mechanically after only several hundred hours of exposure
testing, the significance of the corrosion problem is yet to be realized
by many researchers. Improved designs for candle and crossflow filters
will eliminate significant mechanical stresses at flanges and corners, and
the filters should survive for much longer periods of time. During long-
term testing of improved filter designs, corrosion of the filter materials
will become a much more significant issue. In recent work at NASA Lewis
Research Center, Cleveland, Ohio, and at ORNL, sodium and potassium were
shown to cause severe corrosion of SiC and SiyN, turbine engine components
at temperatures above 1200°C.%°% 1In addition, there is evidence of steam
corrosion of SiC refractories at temperatures below 1000°C.7 Therefore,
the SiC candle filters may be susceptible to sodium and steam corrosion
should they be modified sufficiently to survive thermal shock.
Unfortunately, alumina and cordierite (3A1,0;.2Mg0-55i0,) used in crossflow
filters are also susceptible to corrosion by sodium. Alumina undergoes a
destructive phase transformation that occurs in the presence of sodium.?®
The phase change results in a 15% volume expansion that spalls the surface
layer and decreases the strength of the material. 1In cordierite, magnesia
is gradually leached out of the material.®

The SiC and Si;N, materials evaluated in sodium corrosion tests at
NASA Lewis and ORNL contained 5 to 10% sintering aids that concentrated at
grain boundaries. Thus, corrosion of these materials may be due to attack
of the grain boundary phases. The SiC refractories corroded by steam
consisted of SiC grains bonded by a clay (or SiyN,) matrix, and corrosion
of this material may result because of degradation of the binder phase

rather than the SiC grains. It is therefore premature to believe that SiC



is unacceptable for this application because high-purity SiC without grain
boundary contamination may be sufficiently inert to survive.

A new approach to high-temperature particulate filtration utilizing
fiber-reinforced composite technology has been developed at ORNL which
overcomes the problems mentioned above and offers several advantages.!?
These fiber-reinforced particulate filters consist of a mat or felt of
continuous ceramic fibers overcoated with a ceramic matrix to provide the
necessary strength, damage tolerance, and corrosion resistance. Strength
is achieved because the ceramic coating bonds fibers together at crossover
points and rigidifies the material. Since fibers are locked together at
crossover points, they are no longer free to move and create pinholes that
result in the low filtering efficiencies seen in fabric filters. Damage
tolerance is used here to qualitatively describe the capacity of the
material to withstand local overstress without catastrophic failure.

Damage tolerance is high in these composite materials for several reasons.
First, the felts or fabrics are very porous and overcoating does not
significantly decrease the porosity. Pores act to blunt cracks, making the
material much more resistant to brittle failure.l!! A second, and more
significant, reason for the improved damage tolerance is the use of low
modulus continuous fibers. Since the fibers are much more elastic than the
ceramic overcoat, and because the coating-fiber bond can be controlled,
slippage of fibers in the coating can absorb energy to prevent the
propagation of cracks.l? That is, the material behaves much like a high-
temperature fiberglass composite; when the matrix fractures the fibers
remain intact to carry the load.

Another advantage of the fiber-reinforced filter approach is the
potential improvement in corrosion resistance of chemically vapor deposited
materials. Silicon carbide, which can be applied at temperatures that will
not damage Nicalon or Nextel fibers, was selected as the coating material.
The high purity of SiC offered by the chemical vapor deposition route may
be sufficiently resistant to sodium and steam corrosion at temperatures
below 1300 K. However, it is possible that sodium or steam can corrode
even the purest SiC, and alternate materials shall be selected with which

to overcoat fibrous materials for filter applications. Two materials,



Na,0-11A1,0; and mullite, which appear to have improved corrosion resist-
ance are currently being investigated.

An advantage of fiber-reinforced filters over ceramic bag filters is
their strength and rigidity. Bag filters have very little strength and
therefore must be supported by a metallic cage or screen. The metallic
components, of course, limit the operating temperature of the filter. The
ceramic overcoat of fiber-reinforced filters, however, provides sufficient
strength for the filter, eliminating the need for metallic supports.

A final advantage of the fiber-reinforced filter approach over
conventional candle filters is their light weight. Conventional candle
filters are quite heavy (11 kg or 25 1b), and therefore it is difficult to
find a metallic tubesheet material with sufficient strength at the elevated
temperature to support the weight of many (50 or more) filter elements.

The fiber-reinforced filter materials are very porous and less than 0.5 cm
thick; therefore, they are very light (<2 kg) and the selection of a
tubesheet material should be much easier.

The strength requirements of candle filters are actually guite modest
since filters must support only their own weight and the weight of the
dustcake, and withstand a pressure drop of about 20 KPa (3 psi) during both
the filtering and cleaning cycles. However, the requirements for thermal
shock resistance and resistance to cyclic fatigue are significantly more
stringent. Candle filters operate at about 1200 K and must be cleaned
approximately 2 to 20 times each hour throughout their 1life.l3 The
cleaning cycle consists of shutting off the flow of particulate-laden gases
to one bank of candles and backflushing with a very short blast (1 s) of
air from a pressurized reservoir (pressure drop across the filter is about
20 KPa). The thermal stresses created by backflushing with low-temperature
air are quite significant and result in multiple thermal shocks of 300 to
500 K each cycle. The repeated filtering and cleaning cycles result in
alternating compressive and tensile stresses that could cause cyclic
fatigue failure of the candles. The objective of the current work is to
characterize fiber-reinforced filters for burst strength and evaluate their

resistance to thermal shock and cyclic fatigue damage.



EXPERIMENTAL PROCEDURE

High-temperature particulate filters are fabricated at ORNL by a
chemical vapor deposition process.!® This process places a freestanding
fibrous material (Nicalon™ felt) within a constant temperature region
(1400 K) of a resistively heated deposition furnace and deposits SiC on and
around each of the fibers making up the felt. Initially, a dilute mixture
of propylene and argon is forced through the fibrous preform to deposit a
thin layer (0.2 um) of carbon. The thin layer of pyrolytic carbon serves
two functions: (1) to protect the fibers from chlorides produced during
silicon carbide deposition, and (2) to provide appropriate fiber-matrix
bonding for fiber pullout and toughening.'471® Deposition of a thin layer
(1 to 5 pm) of silicon carbide then occurs by a similar process using
methyltrichlorosilane (MTS or CH,;SiCl;) and hydrogen at 1400 K and about
5 KPa of pressure. The MTS decomposes at high temperatures in the presence
of hydrogen to deposit SiC and release HCl. MTS is preferred over other
reactants because it deposits stoichiometric SiC over a wide range of
operating conditions. The deposited SiC serves to bond the fibers
together, provides the necessary mechanical strength, and prevents fiber
movement or loss during pressure pulse cleaning. The process has been
developed to the extent that SiC is uniformly deposited across the diameter
and thickness of the felt.

Industrial-scale candle filters are fabricated from SiC in the shape
of tubes ~8 cm in diameter and 1.5 m long. For demonstration purposes,
model fiber-reinforced tubular filters (6 cm in diameter, 15 cm long, and
0.3 cm thick) have been fabricated at ORNL using the process shown
schematically in Fig. 3. A tubular preform consisting of Nicalon felt is
placed in an isothermal hot zone of a furnace. Reactant gases are injected
into the center of the tube and forced through the walls where deposition
occurs, and effluents exit through the top of the furnace.

Mechanical property characterization was initiated by attempts
to measure the burst strength of the fiber-reinforced material.

Characterization techniques that inflate a rubber bladder to stress a

*$iC fibers fabricated by Nippon Carbon Co., Tokyo, Japan.
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Fig. 3. Schematic showing the
process for fabricating tubular fiber-
reinforced filters.

tubular filter were unacceptable because the slight flexing normally
exhibited by fiber-reinforced materials would be detected as failure
(change in volume of the fluid-filled bladder). Furthermore, detection of
failure by displacement of the filter surface would be impossible because
of the large surface area of the tubular filter. Therefore, to enable use
of displacement techniques, small flat filter disks were fabricated for
testing which were about 5 cm in diameter and 0.3 cm thick. The burst
strength of the filter disk was defined as the pressure required to cause
excessive displacement at the center of the filter disk. Excessive
displacement occurred when the slope of the pressure-displacement curve was
equal to the slope of an unsupported rubber bladder. The burst strength is
a relative measure of the filter's strength to be used only to compare the
strength of filter disks fabricated using different processing conditions.

It is not clear how the burst strength compares to the pressure drop

experienced by actual filters.
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The equipment used to fabricate the disk-shaped filters is shown in
Fig. 4. Two filter disks were fabricated simultaneously with coating
gases forced through a graphite inlet tube into the center of a short
graphite cylinder oviented perpendicular to the inlet tube. A filter
specimen is mounted at each end of the cylinder and held in place by a
retaining ring. The gases flow into the cylindrical specimen holder and
are forced through the disk-shaped filter specimens, where deposition of
SiC occurs.

A series of ~60 filter specimens was fabricated for burst-strength
testing. The experimental conditions utilized to fabricate the filters
were identified in a designed series of experiments investigating deposi-

tion temperature, MTS concentration, and total flow rate. Previously, the
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SiC coatings deposited on Nicalon were very coarse grained and nodular.
Results from the designed experiments indicated that reduced MTS concentra-
tions and lower deposition temperatures produced the smoothest coatings.
Conditions of 1400 K, 5 KPa total pressure, 5% MIS concentration, and a
total flow rate of 525 cm®/min (the best conditions identified to this
point) were selected for this work; however, the coatings were still very
nodular.

The mechanical strength of uniformly coated disk-shaped filter
specimens was measured using equipment designed and fabricated at ORNL
(Fig. 5). A neoprene diaphragm within the test fixture was placed against
the filter and loaded with pressurized air. Careful control of the flow of
pressurized air was achieved using a mass flow meter set at 100 em®/min,
which insured that the loading rate was uniform throughout the test and

from one test to another. Displacement of the neoprene diaphragm was
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restrained by the filter material until damage to the silicon carbide
coating occurred. After the coatings begin to crack, the load is carried
by the fibers and the filter flexes upward at the center. Displacement
continues until the rate of displacement is equal to that of the neoprene
disk alone, which indicates complete failure. Displacement is measured by
a linear variable differential transformer (LVDT) placed against the top
surface of the filter specimen which is connected to the Y axis of an X-Y
recorder. Pressure monitoring was accomplished with a pressure transducer
connected to a digital indicator and to the X axis of an X-Y recorder. For
each strength test, pressure was plotted versus filter deflection.

Filter specimens were also characterized for thermal shock resis-
tance. Filter disks were heated to 1100 K in an apparatus utilizing a

propane torch and a simple blower (Fig. 6). After annealing the filter
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Fig. 6. Equipment used for thermal shock
testing of filters.
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specimens for 2 min, the propane torch was extinguished and the filter
specimens were air-blast cooled using 500 K air. The heating-cooling
cycle was repeated 20 or more times, and the filters were examined for
cracks using a scanning electron microscope. A companion filter specimen
fabricated in the same experimental run was then used in strength tests.
Characterization was completed by evaluating filter specimens after
cyclic loading. Using the mechanical burst-strength testing apparatus,
filter specimens were loaded to specific pressures insufficient to cause
matrix eracking. After 1 min the pressure was relieved and the cycle
repeated. Filter specimens were cycled 100 times and then strength tested
using the burst technique. The effect of cyclic loading was also evaluated
by strength-testing specimens loaded in a stepwise fashion until failure.
For example, filters were loaded to a pressure of 13.7 KPa (2 psi) for a
total of 20 cycles. The pressure was then increased to a loading of
17.2 KPa (2.5 psi) for an additional 20 cycles, and the process was
continued at 2.4 KPa (0.5 psi) increments until failure of the filter

occurred.
RESULTS AND DISCUSSION

During the first few months of this program, SiC coatings were
deposited directly onto Nicalon fibers. These coatings were smooth and
consisted of very fine grains. However, testing of these filters at Acurex
Corporation* revealed that the strength of the Nicalon fibers decreased
significantly during deposition of the SiC coating. Degradation of the
Nicalon resulted in filters that were somewhat brittle, failing around the
outer edge.'” Therefore, the Nicalon fibers were subsequently precoated
with pyrolytic carbon (Py(C) to protect the fibers from the damaging SiC
deposition conditions and produce an appropriate fiber-matrix bond.
Various thicknesses of pyrocarbon were evaluated and 0.2 um was determined
to work well.!* Thicknesses of at least 0.1 um were required to protect
the Nicalon from degradation during SiC processing, and thicknesses

greater than 0.5 pm noticeably reduced the strength of the composite.

"Mountain View, California.
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Smooth, fine-grained coatings are desired for the filter application
for several reasons (Fig. 7). One of the primary functions of the ceramic
overcoating is to protect the fibers from corrosive attack. Corrosion
would occur by species diffusing through the coating and attacking the
underlying fibers. Diffusion would occur through either the grains

themselves or along the grain boundaries. Grain boundary diffusion is much

ORNL-PHOTO 3561-88
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Fig. 7. The desired microstructure for a
coated filter. Coatings would be quite smooth
because the grain size would be extremely small.
Fine grains would result in better strengths.



15

more rapid because of the lack of an ordered structure at the grain
boundary. Therefore, for a given thickness, a fine-grained coating would
present a much more tortuous path for diffusion than a coarse-grained
coating. The second major function of the coating is to provide strength
to the filter body. During ceramic processing of any type, fine-grained
structures normally exhibit higher strengths than coarse-grained
structures.!® Therefore, fine-grained coatings are also desired for this
application since the strength must be supplied by a very thin layer of
coating.

In the chemical vapor deposition process, fine-grained coatings are
achieved by assuring an ample supply of nucleation sites on the substrate
surface and on the surface of the coating as it is being deposited.l®
Therefore, grain growth is prevented because nucleation sites are present
to renucleate new grains. Unfortunately, this process seems to be
disrupted by the PyC coating. Poor nucleation on the surface of the PyC
surface results in very coarse, nodular coatings [Fig. 8(a,b)]. Two
modifications were made to the deposition process to alter the PyC surface
and enhance nucleation of SiC. Neither alternative was particularly
successful in modifying the morphology of the coating; however, for future
reference the modifications are described. The first attempt was to avoid
a sharp PyC-SiC interface by gradually changing the composition of the
interlayer from carbon to carbon plus SiC to pure SiC [Fig. 8(c,d)].
Coatings produced in this fashion were improved; however, they were still
quite nodular and theoretically more susceptible to oxidation because of
the increased amount of carbon. A second potential solution to enhance
nucleation of SiC was the deposition of metallic silicon from silane onto
the pyrocarbon. Pyrolytic carbon was, of course, still required to protect
the Nicalon fibers and provide the appropriate fiber-coating bond. The
deposited silicon will react with the carbon interlayer to form a reaction
layer of 5iC where nucleation should be much less of a problem.
Unfortunately, coatings produced in this fashion were still very coarse
grained and nodular, and therefore the technique was not pursued further.

Since fine-grained coatings are desirable for this application, other
potential causes of the coarse, nodular coatings are currently being

investigated. These causes include metallic contamination from the gas
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supply system or furnace components (graphite) that results in whisker
formation. Other causes are a minor inleakage of air or homogeneous
nucleation in the gas phase resulting in the deposition of SiC agglomer-
ates. The current coatings, even though less than optimum for the filter
application, were evaluated so that the characterization techniques would
be fully developed when acceptable coatings are obtained.

Initially, filter specimens with varying coating thicknesses were
evaluated for mechanical strength. Lightly coated filters (<1 um) produced
the results shown in Fig. 9. Displacement at the center of the filter was
observed immediately when the pressure against the neoprene disk was
increased. Displacement-pressure curves for these filters are identical to
curves obtained when the necprene disk was tested without a filter
specimen. The thin layer of deposited silicon carbide was insufficient to
bond one fiber to another. Therefore, as the pressure increased the
filter immediately flexed. Filters coated in this fashion might bhe
protected from corrosion; however, they likely have inadequalte strengths
and would probably suffer from low filter efficiency because of pinholing
that results from fiber movement. Thicker coatings are probably required

to insure adeguate protection from corrosion.
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Heavily coated filters (>20 um) behaved very differently as depicted
in Fig. 10. As the pressure increased against the neoprene disk, no
displacement occurred until very high loads, As the pressure approaches
90 KPa (13 psi), the very thick coatings joining the fibers begin to
rupture. The force on the individual fibers at that point is so great
that the fibers also rupture. Unfortunately, a large number of fibers
rupture in a very short period of time, resulting in very rapid displace-
ment and catastrophic failure of the filters. The slope of the
displacement-pressure curve decreases at about 96.6 KPa (14 psi) because
the load is carried entirely by the neoprene disk. Heavily coated filters
would be very rigid, be protected from corrosion, and have high filtering
efficiency; however, they would fail in a brittle fashion if damaged

during installation or use.
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heavily coated filter.

A pressure-displacement curve for a filter specimen with a coating
thickness of about 5 pm is shown in Fig. 11. This curve can be divided
into two distinct regions before failure. Region 1 shows no displacement

as the pressure increased in the manner of heavily coated filters. As the
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Fig. 11. Strength test results for
appropriately coated filter.

pressure approaches 41.4 KPa (6 psi), the coating joining the fibers begins
to rupture., Fortunately, the strength of the fibers is sufficient to
carry the load; however, the filter begins to flex (region 2). As the load
is increased in region 2, more and more fibers separate and the filter
shows more and more displacement. Complete failure is evident at about
69.0 KPa (10 psi) where the slope increases to that for a neoprene disk
without a filter present. Fractured coatings are evident in the scanning
electron micrograph of a failed filter specimen (Fig. 12). Note that the
S$iC coating fractured, but the Nicalon fiber remained intact. As the load
increases, the tensile strength of the fibers is exceeded and fibers begin
to break. The filter then fails as indicated by a rapid increase in
displacement. Intermediate coating thicknesses (2 to 5 um) not only
protect the filters from corrosion and securely interconnect the fibers,
but also show considerable damage tolerance. That is, the fibers slip
within the ceramic overcoat, resulting in flexing of the filters. If the
fibers were unable to slip within the coating, cracks in the coating would

propagate through the fibers, resulting in brittle failure.
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Fig. 12. Scanning electron micrograph
showing a failed filter with cracked
coatings but intact fibers.

The remainder of the filters to be evaluated for mechanical properties
in this study were fabricated with very similar SiC deposition conditions
described previously. About half the SiC coatings were deposited directly
onto the pyrocarbon interlayer and the other half were deposited onto a
graded interlayer as described previously. There did not appear to be any
correlation between the type interlayer used and the resulting coating
morphology. Despite the fact that the deposition conditions were similar
for these runs, the microstructure varied considerably from one run to
another. The variation in microstructure clearly indicates that the

process is not yet reproducible. Apparently, the coating morphology is
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influenced by contaminants present in the graphite, uncontrolled inleakage
of air or oxygen, homogeneous nucleation, or some other unknown variable.
Unfortunately, these variables do not remain constant, but fluctuate
sufficiently to cause significant variation in the morphology from one
coating to the next.

The mechanical strengths were measured on a large number of filters
that had coating thicknesses that produced acceptable damage tolerance as
described above (Table 1). The coating thicknesses were calculated from
the initial filter weight (equivalent length of fiber) and the weight gain
due to the coating. The coating thickness calculated from weight gain
varied from 1.53 to 3.45 pm and agreed within a factor of 2 for the
thickness observed by scanning electron microscopy. The burst strengths,
defined as the pressure at which deflection becomes characteristic of the
neoprene diaphragm only, varied from 23.4 to 82.8 KPa (3.4 to 12.0 psi)
due to the thickness and quality of the coatings. The average strength of
these 20 filters was 52.4 + 12.9 KPa (7.60 + 1.87 psi).

The burst strengths of the flat filter disks are probably somewhat
lower than tubular filters because displacement at the center of the disk
results in tensile stresses. For normal cylindrical filters, particulate-
laden gases would flow from the outer surface toward the center of the
tube, putting the filter in compression. Filters should only experience
tensile stresses, where they are most susceptible to failure, during the
very short periods of pressure pulse cleaning. Furthermore, industrial
filters will most likely be folded or corrugated into a four- or five-
pointed star to increase the surface area (Fig. 13). Corrugated filters
fabricated at ORNL appeared to be stronger and more rigid during handling
than cylindrical filters or flat filter disks.

Mechanical strengths were measured for filters that had been thermally
cycled (500 to 1100 K) 20 times and 100 times (Table 1). After thermal
cycling the filters were examined by scanning electron microscopy for
evidence of thermal shock damage. No broken or cracked coatings could be
found on the thermally cycled filters. Therefore, the thermal cycling
appeared to have no apparent effect on the filter specimens. This was
verified by measuring the mechanical strength of thermally cycled filters.

The average strength of 12 thermally cycled filters was 47.4 + 12.9 KPa
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Table 1. Mechanical strengths of filter disks

Coating As-coated Strength?
Run thickness failure after thermal Microstructural
number from weight strength cycling observations

gain (pm) [KPa (psi)] [KPa (psi)]

75 2.32 48.3 (7.0) Continuous agglomeratesb
58.6 (8.5) Continuous agglomerates
69 2.98 37.9 (5.5) Loosely packed agglomerates®
45.5 (6.6) Loosely packed agglomerates
41 2.82 55.2 (8.0) Continuous agglomerates
52.4 (7.6) Continuous agglomerates
52 3.00 73.1 (10.6) Loosely packed agglomerates
46.9 (6.8) Loosely packed agglomerates
61 2.67 82.8 (12.0) 58.6 (8.5) Loosely packed agglomerates
45 3.20 66.2 (9.6) 37.9 (5.5) Loosely packed agglomerates
49 2.18 45,5 (6.6) 44 .8 (6.5) Loosely packed agglomerates/
whiskers
57 2.51 52.4 (7.6) 41.4 (6.0) 1-um coat + dispersed
agglomerates
65 3.45 64.1 (9.3) 55.2 (8.0) Fine-grained coating
46 2.73 50.3 (7.3) 41.4 (6.0) Continuous agglomerates
51 1.85 58.6 (8.5) 75.9 (11.0) 0.3-uym coating + whiskers
44 2.21 57.2 (8.3) 53.1 (7.7) Loosely packed agglomerates
40 2.03 43.4 (6.3) 55.2 (8.0) Loosely packed agglomerates
56 2.14 50.3 (7.3) 441 d(6.4) Continuous agglomerates
76 1.53 23.4 (3.4) 22.1 d(3.2) Loosely packed agglomerates/
whiskers
32 2.05 35.9 (5.2) 40.90 d(5.8) 0.3 um coating + whiskers

4Each filter was thermally cycled 20 times unless noted.

bContinuous agglomerates — coating appears as if it were formed by fusing

together 1 to 2 um spherical agglomerates Into a continuous coating, as shown in
Fig. 8(d).

€Loosely packed agglomerates - coating appears as if it were formed by 1 to
2 pm agglomerates but the agglomerates never fused into a continuous coating.
Gaps between the agglomerates seem to penetrate a considerable distance into the
coating, as shown in Fig. 8(b).

dThermally cycled 100 times.

(6.88 + 1.86 psi), similar to that for as-coated filters. In addition,
there was no observable difference between filters thermally cycled 20
times and those thermally cycled 100 times. Cyclic leading at room
temperature of filter specimens coated with about 5 um of SiC produced the
results shown in Fig. 1l4(a). No displacement was observed when the
pressure was increased to 41.4 KPa (6 psi) (or to any pressure that does

not cause cracking of the silicon carbide coating) and held for 1 min.
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Fig. 13. Schematic
drawing of a corrugated
candle filter.

After rapidly reducing the load to zero, the pressure was again gradually
increased to 41.4 KPa (6 psi). The trace of the second cycle was identical
to the trace of the first cycle. The filter was loaded 100 times and the
trace of the 100th cycle was identical to the trace of the first cycle.
Obviously, the repeated loading at room temperature had no effect on the
strength of the filters. Manual operation of the equipment limited the
number of cycles that could be easily performed to about 100. Because of
the neoprene diaphragm, the test cannot be performed at the normal
operating temperature of 1073 K.

In further tests, cyclic loading was increased to a pressure above
that which causes cracking. This pressure could be identified because the

cracking of the coatings could easily be heard by the operator. The
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Fig. 14. Effect of pressure cycling on
disk-shaped filter specimens,

technique used to measure displacement was not sufficiently precise to
detect the cracking of coatings. During the first cycle, the pressure was
increased to 41.4 KPa (6 psi) with no displacement. However, as the
pressure was increased to 48.3 KPa (7 psi), cracking of the coatings could
be heard and the filter flexed slightly. As the pressure was relieved, the
displacement dropped rapidly to zero. Repeated cycling of the filter to
48.3 KPa (7 psi) resulted in no audible cracking or further displacement.

Figure 14(b) shows a typical trace of the displacement-pressure curves
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which remained unchanged for cycles 2 through 100. The loading curve for
the first cycle is described above and coincides with the unloading curve
for cycles 2 through 100 in Fig. 14(b).

Higher loading [55.2 KPa (8 psi)] resulted in greater displacements
that were no longer recoverable. Each cycle to 55.2 KPa (8 psi) resulted
in a constant amount of permanent displacement [Fig. 1l4(c)]. As the
pressure was increased to 69.0 KPa (10 psi), the amount of displacement
that was experienced on each cycle increased until the filter showed
complete failure (a rate of displacement equal to that of the unrestrained

neoprene disk).
CONCLUSIONS

Testing of fiber-reinforced hot-gas filters revealed that SiC coating
thicknesses must be controlled to obtain acceptable mechanical behavior.
Thin coatings failed to bond the fibers together, resulting in weak filters
that: flexed uncontrollably under pressure. These filters might be
protected from corrosion but would probably suffer pinhole failure
(unacceptable filter efficiency) because of fiber movement and may have
inadequate strengths to support the weight of the filtercake. Thick
coatings bond fibers together but fail in a brittle manner. Fracture in
heavily coated filters results in cracks propagating uncontrollably through
both the coatings and the fibers yielding brittle failure. Coatings in the
range of 2 to 5 pum are required for appropriate behavior. For properly
coated filters, the felt is made rigid and shows no displacement under
pressures normally occurring in candle filter systems. Moderate over-
loading results in cracking of the coating and slight flexing of the
filters, but the filter remains functional and intact.

Thermal cycling between 500 and 1100 K had no apparent effect on the
mechanical behavior of the fiber-reinforced filters. Since the thermal
cycling was not severe enough to cause cracking of the coatings, it was not
surprising to see mechanical strengths equal to those of as-coated filters.
Repeated cycling of the filters to pressures below that which caused

cracking of the coatings had no effect on the mechanical behavior. Filters



27

cycled to pressures that caused limited damage to the coatings also showed
no permanent displacement.

The currently produced fiber-reinforced filter material appears
promising for particulate removal in fossil energy systems because of its
excellent filtering efficiency and good mechanical properties. The
results indicate fiber-reinforced filters could continue to be used even
after minor damage has occurred. For example, a local overstress in the
form of an unusually severe thermal shock, an unusually high pressure drop
experienced during cleaning or during use, or mishandling during installa-
tion damages the filter by fracturing the ceramic overcoat. Because the
stress was insufficient to fracture the ceramic fibers, the filter can
operate in a normal fashion. That is, as the load is increased to the
normal operating pressure, the filter flexes slightly but controllably.
When the load is reversed during the next cleaning or filtering cycle the

filter returns to its original shape (the displacement disappears).
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