Available online at www.sciencedirect.com

ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER

Journal of the European Ceramic Society 31 (2011) 1325-1332

Microstructural and mechanical evaluation of porous biomorphic silicon
carbide for high temperature filtering applications

M.A. Bautista?, J. Quispe Cancapa®, J. Martinez Fernandez®*, M.A. Rodriguez¢, M. Singh4

2 Dpto. de Fisica de la Materia Condensada-Instituto de Ciencia de Materiales, Universidad de Sevilla-CSIC, Sevilla 41080, Spain
b Biomorphic-EBT S.L., Sevilla, Spain
¢ 1. de Ceramica y Vidrio, CSIC, 28049 Cantoblanco, Madrid, Spain
4 Ohio Aerospace Institute, 22800 Cedar Point Road, Cleveland, OH 44142, USA

Available online 3 August 2010

Abstract

Biomorphic SiC (bioSiC) is a low cost SiC/Si composite obtained by melt infiltration of carbon preforms obtained from the pyrolysis of cellulose
precursors. The porosity and pore size distribution of bioSiC can be tailored for specific applications by adequate selection of the wood precursor.
Natural and artificial industrial woods were explored as possible bioSiC precursors. Silicon was removed by chemical etching. Relevant microstruc-
tural parameters such as pore size distribution, total porosity, and permeability were characterized. Since the filtration process involves large pressure
gradients along the material at high temperatures, mechanical properties of porous bioSiC from the different precursors were evaluated at room
temperature and 800 °C. The feasibility of porous bioSiC as a filtration material for high temperature gasification processes is discussed in terms of
these properties. MDF-bioSiC is shown to be a promising material for such applications because of its good mechanical properties, interconnected

porosity, pore sizes, and permeability.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Hot gas clean-up technology is a crucial element of advanced
clean coal and fuel cell technologies, which are prime candi-
dates for the electrical-power generation because of their high
efficiency and low emission characteristics.!™ An essential pro-
cess of these technologies is the expansion of hot pressurized gas
through a gas turbine. Although these technologies are the clean-
est and most efficient options for generating electricity from coal
and carbonaceous waste materials, they require varying degrees
of development and validation before being connected to power
distribution grids. One of the main problems is cleaning the
product gas to prevent excessive emission and/or damage to the
power conversion equipment.

High process temperatures, while beneficial for cycle effi-
ciency, impose severe limitations on the mechanical durability
and corrosion resistance of component on the gas cleaning unit.
This leads to the requirement of new filtration materials, which
are radically different from those that are currently available for
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use at low temperature and/or ambient pressures. The most effi-
cient way of separating particles at high temperature is to use
ceramic filters. High temperature filtration systems which show
promising properties include silicon carbide, silicon nitride,
ceramic composites, and ceramic fabrics.*18

Biomorphic silicon carbide (bioSiC) is a SiC-based advanced
ceramic material, fabricated through a cost effective and envi-
ronment friendly process, which uses cellulose as starting
precursor. BioSiC shows excellent thermo-mechanical perfor-
mance, chemical and structural stability, in a wide range of
temperatures.'2> By careful selection of starting precursors,
it is also possible to tailor the total porosity, pore size, intercon-
nectivity, thermal and electrical properties to a wide range of
values to satisfy device requirements. The aim of this study is to
explore the feasibility of porous bioSiC as a filtration material
in high temperature gasification processes.

2. Experimental procedures
2.1. Fabrication

BioSiC samples were fabricated using Sipo wood (Entan-
drophragma Utile) and medium density fiberboard as a starting
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precursor (sipo-bioSiC, and MDF-bioSiC, respectively), by uti-
lizing a process previously described elsewhere.!”~2> In brief,
samples of wood were pyrolyzed in a flowing Ar atmosphere
at 1000 °C (0.5 °C/min heating rate). Afterward, porous carbon
samples of different dimensions were cut to prepare samples for
mechanical testing and microstructural characterization. Car-
bon samples were also machined using a computer controlled
machining equipment to obtain disks for the permeability tests.
In the case of sipo-bioSiC, the disks were machined with the
former axial wood direction perpendicular to the disk plane.

Carbon samples were infiltrated with liquid Si (Silgrain HQ-
99.7% purity; Elkem Silicon, Oslo, Norway) at 1550°C in
vacuum. Samples were made in batches, each carbon precur-
sor was covered with Si and a Si/C weight ratio of 3.2 was used.
This ratio is higher than stoichiometrically needed for conver-
sion. However, it was chosen to ensure the complete conversion
of C into SiC since there is silicon loss at high temperatures
due to high vapor pressure of silicon. The solid silicon, present
on the sample surfaces after the infiltration step, was removed
by mechanical grinding. No bulk volume increase was observed
during the infiltration process.

The final product was a Si/SiC composite in which the SiC
retain the microstructure of the cellulose based precursor. In
order to eliminate silicon, wet chemical etching was performed
on bioSiC using a HF/HNO3 mixture at a molar ratio of 1.66 in
water.”* The chemical reactions during the etching process are
as follows:

3Si + 4HNO3 — 3Si02 +4NO + 2H,0

SiO; +4HF — SiF4+ 2H;0

A porous silicon carbide scaffold was obtained after chemical
etching. Etching times up to 72 h were used in order to study the
rate of silicon removal, as well as the evolution of porosity and
permeability.

2.2. Microstructural characterization

Microstructure observations were carried out using a Philips
XL30 scanning electron microscope with secondary and back
scattering electron detectors (CITIUS, University of Seville,
Spain). Samples were prepared using conventional metallo-
graphic techniques.

Ashes obtained from a conventional ceramic filter of a
biomass gasification process were also analyzed in order to eval-
uate the particle size to be filtered. This date will be helpful in
designing the high temperature filters fabricated from bioSiC.
The particle size was studied by image analysis of scanning elec-
tron microscopy micrographs and using a particle size analyzer
(Mastersizer S, Malvern, UK).

2.3. Porosity and permeability measurements

Mercury porosimetry (PORO SIZER 9300, Micromeritics,
USA) was used for the determination of the pore size and total
porosity of the silicon carbide scaffolds obtained after chemical
etching.

The cross flow experiments were performed using a home-
made apparatus described elsewhere.”® The permeability was
measured on disks of 25 mm in diameter and 2 mm thickness
made from sipo-bioSiC and MDF-bioSiC, etched up to 72 h.

The structural study of the filter was performed using the
permeability method developed by Uhlhorn et al.>” and later by
Conesa et al.,2® which can be summarized as follow.

The gas flow equation through a porous material is given by

NRT _ ko BoP,
VAP L Lnpv

ey

where N is the gas flow per unit area; R, gas constant; 7, tem-
perature; AP, pressure difference; v = «/SRT/7M the mean
molecular velocity; M, the gas molecular weight; ko = (2¢/37)r),
the term corresponding to Knudsen diffusion; ¢, the porosity; T,
tortuosity; r,, pore radius; L, sample thickness; Bo = (¢/ 81’)]’12,,
the term corresponding to viscous flow; Py, is the mean pressure
and 7, gas viscosity.

The permeability (F) of a gas through a membrane is defined
as the gas flow per unit area and per unit of the pressure difference

N

F=—
AP

@)

Substituting Eq. (2) in Eq. (1) is obtained a first degree equa-
tionF' =a+ bP,,where a is a constant corresponding to Knudsen
diffusion; b, constant representing viscous flow and P,,, mean
pressure. Knudsen diffusion is the transport mechanism when
the pore diameters are smaller than the mean free paths of the
molecules and it becomes important in membranes with small
pore diameters.”®?? In this case the permeability will not be
function of the mean pressure. The transport by viscous flow
(Poiseuille flow) arises when the pore diameter is bigger than
the mean free paths of the molecules> yielding a pressure depen-
dence on the permeability.

In order to study the permeability and mechanical robust-
ness of larger samples, to be further used in a prototype device
inserted in a biomass gasification plant, a homemade device was
designed and fabricated. In this device, disks of 78 mm in diame-
ter and 2.5 mm thickness made from the selected precursors and
etched for optimum times, were inserted in sealed steel clamps
in which gas pressure and gas flow input are controlled, and
gas pressure and gas flow output are also measured. Gas flow
versus pressure difference was measured and permeability was
determined.

2.4. Mechanical characterization

Bending tests were carried out at room temperature and
800°C, at a constant strain rate of 0.5 mm/min using a
screw-driven universal testing machine (Microtest EM1/50/FR,
Madrid, Spain). The load was applied using alumina rods, which
were protected from direct contact with the bending fixture by
sintered SiC pads. The sections in contact with the SiC pads
were ground flat parallel. 5 mm x 6 mm x 60 mm bioSiC sam-
ples were fabricated, etched at different times and tested up to
failure.
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Fig. 1. Back scattering SEM micrographs of: (A) pyrolized sipo wood in the axial plane, (B) pyrolized sipo wood in the longitudinal plane, and (C) pyrolized MDF.
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Fig. 2. Back scattering SEM micrographs of: (A) sipo-bioSiC in the axial plane, (B) sipo-bioSiC in the longitudinal plane, and (C) MDF-bioSiC.
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Fig. 3. Back scattering SEM micrographs of: (A) porous sipo-bioSiC in the axial plane, (B) porous sipo-bioSiC in the longitudinal plane, and (C) porous MDF-bioSiC.

All materials have been etched for 1 h.

3. Results and discussion

The microstructure of the carbon performs obtained by the
pyrolysis of the wood based precursors is shown in Fig. 1.
The channel structure typical of hard woods is clearly iden-
tified on the carbon obtained from sipo wood (Fig. 1A and
B). The carbon obtained from MDF also maintains the fiber-
board microstructure consisting in a compact of cellulose
fibers.

The microstructure of the Si/SiC composites is shown in the
back scattering SEM micrographs of Fig. 2. Itis also evident how
the SiC phase (darker) mimics the precursor microstructure. The
lighter phase is silicon and fills up the pores of the SiC structure.
The microstructure also shows very little presence of unreacted
carbon, that has high contrast (dark).

The chemical etching described above progressively elimi-
nates silicon. In the micrographs of Fig. 3, details of the SiC
porous scaffolds obtained after 1h etching are shown. The
anisotropic advance of etching front, and weight loss as a func-
tion of the chemical etching on bioSiC, has been characterized
in detail in a previous publication.3! In the case of porous sipo-
bioSiC, the microstructure resembles that of the sipo wood, a
combination of large channels optimized for fluids transport
and small channels that give structural strength at low den-
sity. Porous MDF-bioSiC microstructure is more uniform and
isotropic, corresponding with the microstructure of the wood
fibers that compose the MDF precursor.

In Fig. 4 the pore size distributions for sipo-bioSiC etched 1,
24, and 48 h are presented. The pore size distribution is bimodal,

with small pores with sizes ranging roughly from 0.2 to 10 with
pm, and very large pores/channels with sizes ranging between
50 and 250 pm. Table 1 presents the porosity, peak pore size and
pore size range for each material studied. For etching times up to
7h, the large channels of the SiC network are still filled up with
silicon and the largest pores have sizes of approximately 100 pm.
For longer etching times the volume of large pores increases
dramatically, with sizes up to 250 pm. Despite the scatter on the
data, due to the non-uniformity of the microstructure, it can be
concluded that the large pores will be controlling the gas flow
and filtering capabilities of this material.

Fig. 5 shows the pore size distributions for MDF-bioSiC
etched 3, 24, and 72 h. Table 2 presents the porosity, peak pore
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Fig. 4. Pore size distribution of sipo-bioSiC after 1, 24, and 48 h of etching.
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Microstructural parameters and permeability range of sipo-bioSiC for different etching times.

Etching time (h) Porosity (%) Pore size range (pm)

Permeability range (pressure
range 1.7-4.0 x 10° dina/cm?)

Main peak pore (pum)

1 32 0.2-5, 10200 ~3, 100 1.0-3.5 x 10~* cm?3/s dina

4 37 0.2-10, 10-200 ~4, 100 0.9-1.7 x 10~* cm?/s dina

7 30 0.2-10, 20-200 ~4,110 1.0-1.6 x 10~* cm?3/s dina
24 50 0.2-10, 50-250 ~4,250 3.8-6.0 x 10~% cm?/s dina
48 75 0.2-20, 50-250 ~5,250 3.8-5.4 x 10~* cm?/s dina
Table 2

Microstructural parameters and permeability range of MDF-SiC for different etching times.

Etching time (h) Porosity (%) Pore size range (pum) Peak pore size (um) Permeability range (pressure
range 1.8-4.0 x 10° dina/cm?)
3 43 0.2-30 ~20 2.7-3.9 x 107 cm?/s dina
9 48 0.2-30 ~20 2.0-3.5 x 107 cm®/s dina
24 48 0.2-30 ~20 2.7-3.6 x 107 cm?/s dina
48 49 0.2-30 ~20 3.0-5.0 x 1073 cm?/s dina
72 57 0.2-5, 5-18, 110-250 ~3, 15,250 1.5-2.5 x 10~% cm?/s dina

size, and pore size range for each material studied. The pore size
distribution on the range of 0.2-30 pm for etching times up to
48 h, is considerable smaller that the pores of sipo-bioSiC. Only
after 72 h of etching, large pores with sizes up to 250 pum are
created. MDF-bioSiC presents a finer and uniform microstruc-
ture than sipo-bioSiC, up to very large etching times, which
indicates that is a more feasible material for high temperature
filtering applications.

The N> permeability as a function of mean pressure measured
in sipo-bioSiC 25 mm x 2 mm disks is plotted in Fig. 6. The per-
meability ranges roughly between 1 and 6 x 10~% cm?/s dina,
values that are higher than those of typical filtering membranes
(approximately 0.2—2 x 107 cm’/s dina),'® being the pressures
used in this work (1.7-4.0 x 10° dina/cm?) lower than the ones
used in Ref. 16 (420 x 107 dina/cm?). The permeability ranges
are presented in Table 1 for each etching time. For 1h etched
samples the increase of mean pressure results on an increase on
permeability, and the pressure drop on the disk ranges from
1 to 5x 10* dina/cm? for gas pressures ranging from 1.7 to
3.8 x 10° dina/cm?. For this etching time the large channels are
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Fig. 5. Pore size distribution of MDF-bioSiC after 3, 24, and 72 h of etching.

not fully open (silicon is not completely removed), but transport
may be occurring by viscous flow (Knudsen diffusion is out of
the question because the pore size is larger than the mean free
paths of the molecules for all the materials studied in this work),
what would explains the dependence of permeability with mean
pressure. For 24 and 48 h of etching, the pressure drop is very
small for the range of pressures used, and the permeability larger
than for samples etched for 1 h, what is probably associated to the
large pores and their alignment. The permeability for these two
etching times has an anomalous decrease with mean pressure
that is under study.

The N, permeability as a function of mean pressure in
MDF-bioSiC 25 mm x 2 mm disks is plotted in Fig. 7. The per-
meability ranges roughly between 1 and 5 x 107> cm>/s dina,
values that are in the range of those of typical filtering
membranes.!® The permeability ranges are also presented in
Table 2 for each etching time. The permeability increases with
mean pressure, probably because the effect of viscous flow is
important. The smaller pore size and the tortuosity of the flow
path in MDF-bioSiC results in a larger pressure drop that ranges
from 1 to 4 x 10° dina/cm? for mean pressures ranging from 1.8
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Fig. 6. Permeability as a function of mean pressure of sipo-bioSiC with different
etching times.
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Fig. 8. Permeability versus mean pressure of MDF-bioSiC large disks with
different etching times. The linear fit for the data of the unetched samples is
inserted.

to 4.0 x 10° dina/cm?. Due to this microstructure, the perme-
ability in MDF-bioSiC is one order of magnitude smaller that
in sipo-bioSiC, despite the fact that the total porosity is very
similar.

Larger samples (78 mm x 2.5 mm disks) of MDF-bioSiC
were studied. Fig. 8 shows the plot of the permeability ver-
sus mean pressure for a range of etching times. The range of
permeability (0.7-2.6 x 1075 cm?3/s dina) corroborate the val-
ues obtained in the study of smaller disks. The pressure drop is
higher (ranges from 2 to 8 x 107 dina/cm? for mean pressures
ranging from 0.8 to 4.6 x 10° dina/cm?) due to the larger thick-
ness. It is interesting also to note that samples that have not
been etched have a significant permeability. A slight increase
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Fig. 10. Bending strength at room temperature versus etching time (0, 0.5 and
25 h) of sipo and MDF-bioSiC. Test configuration is inserted.

of permeability with mean pressure can be detected in some
cases, like in the unetched MDF-bioSiC (fit line inserted on
plot), but for longer etching times (larger pores) there was not
clear dependence. All disks were robust and did not undergo
mechanical failure during the permeability measurements. In
summary, these measurements give us the range of permeabil-
ity and pressure drops expected from these materials and some
insights on their dependence with mean pressure.

Ashes obtained from gasification process filters were stud-
ied to determine their particle size distribution, and to evaluate
the feasibility of building bioSiC filters that can retain these
particles. It is especially important to determine the size of the
smallest particles, which will determine the critical pore size on
the filters. The SEM micrograph of Fig. 9A shows the morphol-
ogy of the smallest particles. Their average diameter is on the
range of 1 wm (1.3 = 0.7 wm). The results obtained with a parti-
cle size analyzer give the grain size distribution of Fig. 9B. The
smallest particle sizes are approximately one micron, in good
agreement with the SEM observations.

The mechanical strength of sipo-bioSiC and MDF-bioSiC as
a function of etching time (0, 0.5, and 24 h) was determined by
bending tests at room temperature and 800 °C (Figs. 10 and 11,
respectively). There are previous studies of the compressive
strength of these materials for a wide range of etching time
and temperatures.3! In this work, we complete these previous
results with data obtained in the most unfavorable conditions:
high temperature, silicon etched away, and load application by
bending.

(8)

10 100
Particle Diameter (pm)

1000

Fig. 9. (A) Scanning electron microscopy micrograph, and (B) particle size distribution of ashes generated during gasification process.
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Fig. 11. Bending strength at 800 °C versus etching time (0, 0.5 and 25 h) of sipo
and MDF-bioSiC. Test configuration is inserted in Fig. 10.

MDF-bioSiC is stronger than sipo-bioSiC at room tempera-
ture (133 £ 16 MPa and 99 4 5 MPa, respectively) and 800 °C
(109 = 12 MPa and 72 &£ 19 MPa, respectively), and undergoes
smaller strength degradation after 0.5 h of etching. In addition
sipo-bioSiC presents an important anisotropy that is detrimental
for the mechanical properties and filter design. After 24 h of etch-
ing, the strength of both materials degraded to approximately the
same value. Porous MDF-bioSiC obtained with 0.5 h of etching
could have a microstructure suitable for filtering applications
and be robust enough, with a bending strength of 93 & 15 MPa
at room temperature and 59 £ 13 MPa at 800 °C.

4. Conclusions

The feasibility of porous bioSiC for application as high tem-
perature filters was evaluated. Porous silicon carbide based
materials were successfully fabricated from medium density
fiberboard (MDF) and natural sipo wood. The porosity of sipo-
bioSiC materials ranged from 32% to 75% with characteristic
bimodal distribution of pore sizes, and a large volume fraction
of pores with sizes over 100 um. The porosity MDF-bioSiC
materials ranged from 43% to 57% with characteristic pore size
around 10-20 pm.

The permeability of porous MDF-bioSiC was in the
range of 1-5x 1079 cm’/sdina for a pressure range of
2-4 x 10° dina/cm?. For a similar pressure range the permeabil-
ity of sipo-bioSiC was in the range of 1-6 x 10~* cm?/s dina.
The considerably larger permeability of porous SiC fabricated
from sipo wood is related with the existence of interconnected
larger size channels/pores with preferred orientation, more than
with the total porosity value. Permeability increases with mean
pressure for the MDF-bioSiC materials and for the smaller pore
size sipo-bioSiC, probably because the transport is occurring
by viscous flow. The smaller pore size and the tortuosity of
the flow path in MDF-bioSiC results in a larger pressure drops.
Tests on larger samples demonstrate the structural stability of
MDF-bioSiC to be used on filtering applications and corrobo-
rate the range of permeability and pressure drops. Bending tests
show that MDF-bioSiC has a better mechanical behavior than
sipo-bioSiC at room temperature and 800 °C.

The study of the microstructure, mechanical properties and
permeability of MDF-bioSiC with short etching times indicates

that this material is the best candidate for filtering applications,
because it presents interconnected uniforms porosity, pores sizes
and permeability in an adequate range, and structural strength.
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