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Advanced Hierarchical Biomorphous Silicon Carbide

Monoliths
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Dedicated to Nahum Travitzky

Porous silicon carbide (SiC) has attracted considerable attention in the field
of cellular ceramics for a variety of applications such as catalyst supports, filters,
or in the biomedical field due to its excellent structural properties, mechanical
strength, and chemical stability. However, SiC has certain limitations due to high-
temperature profiles and costly manufacturing methods. Therefore, it is inves-
tigated that porous biomorphic silicon carbide monoliths using a powder blend of
paper-derived carbon fibers, phenolic resin, and silicon, resulting in compara-
tively low sintering temperatures (T= 1300 to 1550 °C) and good mechanical
strength. This near-net-shape process uses low-cost raw materials and enables
the production of silicon carbides with high open porosity (P=51.48% to
68.28%) and low shrinkage. The influence of different amounts of carbon sources
(Ctbers and C,esin) on the mechanical (4-point bending) and thermal properties
(laser flash method) is investigated. In addition, to improve the pressure gra-
dients, macrochannels with multiple layers of sacrificial polymer lattices are
incorporated, resulting in hierarchical structures with high permeability. Thus,
this advanced biomimetic approach offers great potential for structured cellular
ceramics with tailored properties for biomedical, catalyst support, or nuclear fuel

the biological template as the carbon and
structure, resulting in unique microstruc-
tural, mechanical, and thermal properties
in the resulting ceramic. The removal of
organic matter from the natural precursor
by pyrolysis in an inert atmosphere leaves a
carbon structure that retains the cellular
structure of the original biological material,
which can then be converted into the final
SiC ceramic that has been of interest in
recent decades."™**) Compared to conven-
tional processing routes for cellular SiC
ceramics such as the replica method?°-2%
or sacrificial templating,**~**! the biomor-
phous approach is a promising method
for producing low-cost cellular carbide
ceramics with a comparatively low sinter-
ing temperature.’””?*/ Previous research
has mostly been carried out with liquid
Si infiltration of carbon precursors!™!**’!
above the melting temperature of Si

cladding materials.

1. Introduction

Biomorphous silicon carbide (SiC) is an advanced porous
ceramic derived from natural materials such as wood, using
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(typically above 1450°C), resulting in

Si/SiC composites, as excess Si is required

for complete conversion to SiC."*! Residual

Si, in this case, limits the oxidation resis-
tance,?? fills the pores, and must be removed in an additional
processing step, e.g., by etching, making the process more
complex and expensive.?*3!]

To achieve macroporous structures, infiltration with SiO,-Sol
resulting in a SiO, layer with subsequent carbothermal reaction
to SiC,*163U or Si-containing vapor can be used instead of Si
melt as a reactant for pore infiltration.***? The use of gaseous
silicon therefore ensures a constant supply, so there is no need
for excess Si and no additional Si removal required,*" but the
template thickness may be limited.*® However, since there is
no dimensional change after infiltration, these processes are
close to near net shape,l'”**! but the biotemplate loses about
60% of its volume due to pyrolysis, so preforming prior to infil-
tration is an important consideration.

The resulting tunable properties of biomorphous SiC depend-
ing on the carbon precursor have led to a wide range of applica-
tions as filters, catalytic supports, or thermal insulators in recent
decades, e.g., in the aerospace due to its lightweight and struc-
tural strength, in energy storage due to its high surface area and
efficient transport properties, and biomedicine due to its biocom-
patibility and high corrosion resistance.*”?”** The hierarchical
structures achieved by replication of wood>* are particularly
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promising for tissue engineering scaffolds, as the combination
of macro- and microporosity offers great potential for tissue
ingrowth, vascular invasion, and nutrient delivery.”*>) However,
the highly anisotropic properties of wood and the dependence on
the volume fraction of SiC are major drawbacks.” Although
much work has been done on the infiltration of wood-derived
carbon preforms, little work has focused on the reduction of
anisotropy, additional steps for Si removal, and sintering temper-
atures. Therefore, in this work, we have investigated porous
biomorphic SiC ceramics derived from cellulose fibers by uniax-
ial pressing of a powder mixture containing two different carbon
sources and Si from the outset, without the need for additional
external infiltration processes. The fabrication is cost-effective
and utilizes comparatively low sintering temperatures of 1300
to 1550 °C. For additional hierarchical properties, various sacri-
ficial macrochannels have been added to reduce the pressure
drop and increase surface area.

2. Experimental Section

2.1. Biomorphous SiC Ceramic Fabrication

Porous SiC ceramics (50 x 50 x 10 mm?) were prepared by uni-
axial hot pressing of a powder mixture containing silicon powder
(Silgrain HQ MicroCut 0-10 pm Elkem AS, Oslo, Norway), novo-
lak resin (Bakelite PF 0222 SP 04, Momentive Specialty
Chemicals Inc., Columbus, OH, USA), and biomorphous carbon
fibers, obtained by pyrolysis (850 °C, N, atmosphere) of cellulose
paper (M2992, Hahnemiihle FineArt, Dassel, Germany), as
described in detail in the study by Fey et al.®! The amount
and type of carbon source were varied using stoichiometric
(Comp. A) and overstoichiometric (Comp. B) ratios between car-
bon from phenolic resin (after pyrolysis, 60 wt% carbon) and bio-
morphous fibers. Phenolic resin, used as a binder and second
carbon source, reacted with unconverted Si.

Hot pressing and curing (180 °C/30 min) was carried out at
19.6 MPa, samples were removed in the hot state. Pyrolysis
(850°C/3h) was performed in a nitrogen atmosphere with
defined heating rates for mass loss, and sintering was performed
at different temperatures of T; =1300°C, T, =1400°C, and
Ts = 1550 °C for 4 h holding time in vacuum (<3.6 102 Pa) with
heating rates of 300 Kh ™", since conversion to SiC was insuffi-
cient with only 1h of holding time at 1300°C. This can be
followed by an additional heat treatment (700 °C/2h) to burn
out residual carbon.

2.2. SiC Ceramic with Macrochannels Fabrication

The hierarchical ceramics with additional macrochannels were
obtained by introducing five layers of thomboid sacrificial poly-
mer lattices (0230 PP, 0273 PP, and 0643/42 TPE, Norddeutsche
Seekabelwerke GmbH, Nordenham, Germany) into the powder
mixture with hole size g, strut width w and strut thickness d, as
given in Table 1.

The pressed samples were cooled to room temperature under
pressure prior to removal to prevent volumetric springback of the
polymer lattices. In addition, subsequent manual grinding of the
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Table 1. Compositions of the powder mixtures with stoichiometric (A)
and overstoichiometric (B) amounts of carbon from Cgpers in relation
to Cresin~

Composition A Composition B

Silicon powder 59.4 wt% 58.6 wt%
Phenolic resin SP04 25.4 wt% 16.3 wt%
Biomorphous C-fibers 15.2wt% 25.1 wt%
Ratio Cppers/Cresin 1.0 2.56
Ratio Cioqal/Si 12 1.39

side surfaces of the square samples allowed for easier degassing
of the organic components.

2.3. Characterization

Young’s modulus was determined nondestructively by impulse
excitation using the Buzz-o-sonic method according to DIN EN
843-2 and ASTM-E1876.5%*”) The 4-point bending flexural
strength was measured on bending bars (45 x 3 x 4 mm®) using
an Instron 5565 universal testing machine (Instron Corp., High
Wycombe, UK) according to DIN EN 843-1 with a support span
of 20mm, a 5kN load cell and a crosshead speed of 1 mm
min".*¥ Thermal conductivity was measured on cylindrical
samples (12.7 mm diameter, 2.5 mm height) from room temper-
ature to 1000 °C using the laser flash method (LFA 457, Netzsch
Gerdtebau GmbH, Selb, Germany) and corresponding
Pyroceram standards. The microstructure of the fracture sam-
ples was analyzed by scanning electron microscopy (Quanta
200 FEG, FEI, Eindhoven, The Netherlands). The true density
was measured by helium pycnometry (Accupyc 1330,
Micromeritics, Aachen, Germany) and the apparent porosity
by the Archimedean principle according to DIN EN 623-2 in
distilled H,0.?? The 3D microstructure was characterized by
high-resolution micro-computed tomography (uCT) analysis
(RCT Skyscan 1172, Bruker Mikro CT, Kontich, Belgium) using
an 11 MP detector operating at 80kV and 100 pA, with an Al
0.5 mm filter. The samples were scanned with a rotation step
of 0.4° over 360° with a resolution between 2.4 and 6 pm voxel.
The image sinograms were then reconstructed using tomo-
graphic reconstruction software (NRecon Client and Server
1.6.8 with GPU support, Skyscan, Kontich, Belgium) to generate
two-dimensional cross-sectional images. Three-dimensional
visual images and pore network extraction were generated using
imaging software (Amira 6.0, Visage Imaging, Berlin, Germany).
XRD analysis (D500, Siemens AG, Munich, Germany) was
performed using Cu-Ka radiation (300 mA, 300 kV).

3. Results and Discussion

3.1. Influence of Carbon Source and Sintering Temperature on
Mechanical and Thermal Properties

The mechanical properties of porous SiC ceramics are strongly
dependent on their porosity and microstructure,**~*? which in
turn are influenced by the manufacturing process,?”**! and have
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been investigated in numerous reviews.””*>** In our case, to
produce porous SiC, the sintering temperature, as well as the
amount and type of carbon source were varied to achieve a wide
range of properties. To determine the mechanical behavior of the
two different compositions A and B, 4-point bending tests,
Figure 1a, and impulse excitation, Figure 1b, were studied as
a function of sintering temperature.

Contrary to expectations of increasing mechanical properties
of ceramics with increasing sintering temperature due to further
densification and thus reduction of porosity,*>*~*! in our case
flexural strength and also Young’s modulus decreased despite
increasing density, Figure 1a and b, with increasing sintering
temperature due to increasing porosity values, Figure 1c, which
showed a wide range from 48.9+1.8% up to 65.7 +0.4%,
depending on composition and sintering temperature. As a con-
sequence, the flexural strength o decreases from 44.7 4 8.6 MPa
(1300°C) to 12.9 + 0.6 MPa (1550 °C) for Comp. A with a stoi-
chiometric ratio of Chpers/Cresin, and for Comp. B with overstoi-
chiometric ratio of Cgpers/Cresin, from 31.6 & 3.7 MPa (1300 °C)
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to 8.02 £ 0.2 MPa (1550 °C), respectively, Figure 1a. Also, with
increasing porosity the Weibull modulus m, which is related
to the defect size distribution,*” expectedly increased from
6.5 to 22.9 MPa depending on the composition and sintering
temperature due to a more uniform defect distribution.
Similar to the flexural strength, Young’s modulus (E), Figure 1b,
decreases with sintering temperature from 38.2+2.4GPa
(1300°C) to 16.3+1.3 GPa (1550°C) for Comp. A and from
25.0+ 1.6 GPa (1300 °C) to 18.5 £ 0.1 GPa (1550 °C) for Comp.
B, respectively. In addition, slightly higher Young’s modulus
values were obtained by sintering at 1400°C, as this tem-
perature is close to the melting temperature of pure silicon
(T = 1410 °C).”) In our case, the Si-powder used has impurities
of 0.04 wt% Fe and 0.12wt% Al These alloying elements are
known to reduce the melting temperature of silicon. It can be
assumed that the effective melting temperature of the Si used
is approx. Ty, = 1400 °C. XRD measurements based on samples
sintered at 1300 and 1500 °C confirmed the formation of SiC and
the absence of free Si phases.
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Figure 1. a) Mean flexural strength o, b) Young’s modulus, and c) porosity with increasing sintering temperature of porous silicon carbide sintered for
4h of Comp. A (Cpbers/Cresin=1) and Comp. B (Cppers/Cresin = 2.56); d) Raman spectroscopy of pyrolyzed carbon fibers and phenolic resin.
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Consequently, in our case the reaction of silicon with carbon
to form silicon carbide results in pores in the microstructure,
which affects the mechanical properties, because silicon is
already present in the powder mixture from the outset and does
not need to be added from an external source. This is the case
with melt Si infiltration of wood and cellulose-derived carbona-
ceous templates, which is commonly used to produce biomor-
phous SiC,[M>91017181834 4nd results in a 58% increase in
volume compared to carbon from the external source by using
one mole of amorphous carbon that reacts to one mole of
SiC.P% Therefore, the volume expansion is absorbed by the
porous structure, resulting in unchanged external dimensions
for liquid Si infiltration,!””! but pores in this work. In addition,
at elevated sintering temperature, further conversion to SiC can
occur, increasing the density up to 3.08 gcm™> (Comp. A) and
3.12gcm ™ (Comp. B), respectively, Table 2, toward theoretical
values of 3.211 g cm >, for the same volume and mass, resulting
in porosity.

Furthermore, the conversion of the biomorphous carbon
fibers into SiC leads to the formation of a SiC layer on the outer
fiber side, which shows an increasing layer thickness from 0.58
to 0.9 pm with sintering temperature for all samples sintered at
1300 and 1400°C. In contrast, samples sintered at 1500 °C
showed no visible layer thickness, supporting the assumption
of further conversion with increasing temperature. In addition,
this silicon carbide layer acts as a diffusion barrier for silicon,
which favors the conversion of amorphous carbon from phenolic
resin, Figure 2a and b, to silicon carbide instead of biomorphous
carbon from cellulose fibers. Most of the work in the literature is
on biomorphous Si/SiC composites, as the excess silicon that is
required for full SiC conversion by melt Si infiltration is often not
removed?®'*>12 and the properties are highly dependent on
the carbon precursor chosen, the direction (radial, tangential,
or axial)>'*'®¥ of the measurement, and the SiC content relative
to the residual Si.l%*! For comparison, flexural strength values in
the literature therefore range from 30 to 400 MPa,1¢-17/242952:54]
while Young’s modulus values range from 10 to
360 GPa.l'"1*175255 However, Qian et al. infiltrated various
carbon preforms with phenolic resin/SiO, sol mixture at
1600°C/4h, and matched our work with op=42.2MPa at

Table 2. Physical properties of the biomorphous SiC ceramics.
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48.3% porosity, but slightly exceeded at higher porosities. Chi
et al.?¥ obtained SiC ceramics of op=16.8 MPa at 61.4%
porosity at temperatures of 1300 °C, following the trend of our
work, but they included 5wt% Al,O;. Vogli et al. obtained
op = 16.4 MPa at 76.1 % porosity,** but used temperatures of
1600 °C/4 h. Most of the methods found in the literature use tem-
peratures (above the melting temperature of Si) of about 1500 to
1600 °C for Si vapor infiltration or Si melt infiltration, whereas in
our work relatively low temperatures of 1300 to 1550 °C could be
realized, since the silicon is already present from the beginning
and does not have to be added from an external source and offers
short reaction paths. As a result, the mechanical properties show
very good results, even close to the melting temperature of Si.
Consequently, the linear shrinkage of the infiltration template
caused by pyrolysis of 20% to 40%, depending on the precursor
selection and direction in the wood,"*”>*! could also be avoided
by using already pyrolyzed fibers before uniaxial pressing. In
addition, the excess Si has to be etched in an additional step
for the other manufacturing methods, while in our case the
amount of residual Si is comparatively low. Nevertheless,
there are works like Filardo et al®! who etch the residual
Si, or Gonzélez et al.'% who use carbon fiber cloth to absorb
the excess Si, but this represents an additional step in the
manufacturing process chain.

In addition, the influence of carbon source and type on
mechanical properties was determined, as Comp. A exhibits a
stoichiometric ratio of amorphous carbon from phenolic resin
and C-fibers, whereas the main carbon source of Comp. B is
the biomorphous carbon, which ultimately influences the con-
version and thus the microstructural and mechanical properties.
In comparison, Comp. A resulted in higher mechanical proper-
ties independent of sintering temperature due to slightly lower
porosity values up to 1400 °C, Table 2. Consequently, while main-
taining the same density, the higher porosity values of Comp. B
are due to fiber interlocking during uniaxial pressing with
overstoichiometric C-fiber content and less filling of gaps due
to liquid resin, resulting in higher initial porosity before sinter-
ing and lower mechanical properties. Nevertheless, it is interest-
ing to note that at a sintering temperature of 1550 °C, Comp. A
still has slightly higher mechanical properties than B, although

Sintering True density  Porosity [%] Flexural Weibull Young's Porosity True density Thermal
temperature [gFem strength [MPa]  modulus [MPa] ~ modulus [GPa]  after RCB® [%] after RCB? [g*cm ] expansion coefficient
M0 ¢k

Composition A

1300, 4h 2.89 48.98 £1.82 44.7 £8.6 6.5 382+24 51.48 +0.64 3.02+0.01 4.63

1400, 4 h 297 51.314+0.53 425164 5.3 43.6 £4.6 54.50+0.32 3.06 +0.03 4.69

1550, 4h 3.08 65.69 + 0.44 129+ 0.6 13.8 16.3+1.3 68.28 +0.49 3.17+0.02 4.73
Composition B

1300, 4h 2.89 56.54 +0.91 31.6+3.7 7.2 25.0+1.6 59.82+0.36 3.04+0.03 4.82

1400, 4 h 2.92 57.25+0.53 29.7£5.7 5.4 248+0.7 62.55+0.59 3.06 +0.02 4.52

1550, 4h 3.12 58.01+0.59 8.02+£0.2 229 18.54+0.1 63.45+0.21 3.114+0.02 4.66

ARCB = residual carbon burnout.
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Figure 2. a) Silicon carbide (Comp. B) sintered at 1300 °C/4 h, and b) 1550 °C/4 h; c) before and d) after residual carbon burnout (700 °C/2 h) of samples

sintered at 1300 °C, 4 h (Comp. B), resulting in hollow SiC fibers.

the porosity in B is now even higher in B due to the slower reac-
tion kinetics of the amorphous carbon and the associated later
increase in porosity.

Subsequently, the residual carbon remaining in the structure
was then removed in a burnout step in an oxidizing atmosphere
at 700 °C, resulting in a mass loss from 2.81 £ 0.08 wt% to
2.54+0.25wt% for Comp A and from 6.53 £0.37 wt% to
7.55+£0.34wt% for Comp. B, resulting in increased density
and porosity, Table 2. The higher carbon burnout of Comp. B
results from the generally higher amount of carbon, Table 2,
compared to Comp. A, which thus remains in the structure.

Porosity and residual carbon content—depending on the sin-
tering temperature—also influence the thermal properties,
which is very important to determine as SiC has many potential
high-temperature applications. The thermal conductivity Aegr of
Comp. A due to increased mechanical properties was calculated
via thermal diffusivity and specific heat capacity ¢, using the laser
flash method, Figure 3. At room temperature, samples sintered
at 1400 °C had the highest A.¢ of 9.04 Wm 1K} compared to
2.53Wm ' K™ (Ts = 1300 °C) and 0.89 Wm ™' K™ (Ts = 1550 °C).
With increasing temperature up to 900 °C, A remains relatively
constant at Ts = 1300 °C, while with increasing sintering tempera-
ture der at 900 °C decreases to 5.7 Wm™ 'K ' (Ts = 1400 °C) and
0.6 Wm ™' K™! (Ts = 1550 °C), respectively, which is in agreement

Adv. Eng. Mater. 2024, 2302227 2302227 (5 of 8)

with the literature that thermal properties decrease with increasing
measurement temperature.”®*”) The comparatively low values of
the SiC monoliths sintered at 1550°C can be attributed to the
increasing porosity, as the low thermal conductivity of the air in
the pores (Aefair = 0.032 Wm ! K_”SS]) reduces the overall thermal
value.*****”) The decrease in solid content associated with porosity
leads to a decrease in the mean free path for photon transport due to
phonon scattering at the pores.”” The higher values of the samples
sintered at 1400 °C compared to 1300 °C despite increased porosity,
result from a lower residual biomorphic Cgpers content, Table 1, due
to the longer reaction times, as residual carbon interferes with
phonon conductivity. Compared to the literature on wood-derived
biomorphous SiC ceramics with comparable porosity, the thermal
properties in this work are slightly lower. For example, Pappacena
et al. obtained thermal conductivity values of about 9.9 to
41.65 Wm™ ' K~ ! with porosities of 45% to 68% at room tempera-
ture.’’! Although the values in this case are lower, the same
dependence on microstructure and porosity can be seen.

The specific heat capacity c,, Figure 3, which is similar for dif-
ferent porosities and microstructures,®”! and the coefficient of
thermal expansion (@ =4.7 £0.1 10°° K_l), Table 2, which in
our case was independent of sintering temperature and stoichi-
ometry, Table 2, is comparable to those reported in the literature
(@=4.0 t0 6.210 K 1).%€7)

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

NCED
ENGINEERING
RIALS

www.advancedsciencenews.com

14
= T=1300°C

L 12] ® Te=1400°C F 14—
e A Tg=1550°C _ =
2 o]l © average ¢ 2
4?? o ©® ) (} - 1,2 Uo_
= ° P4 >
O 8- ° Y ‘C
S Q ©
S L] o
c r e o L 10 ©
8 6 ? ° 2
- )\ [ ] [}
@ o 3]
o <

4 g
2 | -8 5
"g a " ® ®E = § g g m = 8

24 %)
H e

14 4 A A 4o A 4o Ao a [O0p
0 T T T T
0 200 400 600 800 1000

Temperature [°C]

Figure 3. Effective heat conductivity and average specific heat capacity of
silicon carbide of composition A from room temperature to 900 °C.

Table 3. Dimensions (manufacturer’s data) of the rhomboid polymer
lattices (polyethylene PP, thermoplastic elastomer TPE) used to create
a channel network.

Lattice type Hole size @ [mm?]  Strut width w [um]  Layer thickness d [mm]

0230 PP 2x2 380+ 10 1.1
0273 PP 2.5x%x25 730+10 1.2
0632/42 TPE 3x3 520+10 1.4

3.2. Influence of Hierarchical Porosity by Incorporation of
Macrochannel

Due to its advanced mechanical and thermal properties, as well
as its chemical stability under normal biological conditions!®"!

0230 PP
0273 PP ,
0632/42 TPE -

2,0
1,54

1.0 i ,_f‘:‘
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compared to other ceramic materials, porous SiC is well
suited for potential applications as a catalyst support or in the
biomechanical field for dental or orthopedic applications.®! In
particular, hierarchical structures are of interest, as they mimic
the natural structure of bone and generate a high surface
area with low-pressure drop, whereas in artificial scaffolds mac-
ropores >200 pm allow ingrowth of blood vessels and tissue for-
mation, while micropores <20 pm allow sufficient cell adhesion
as well as diffusion of smaller molecules such as nutrients and
dissolved gases for cell nutrition.[®”"*®! While wood-based bio-
morphous SiC replicates the highly interconnected hierarchical
microstructure of the wood,®! in our case, additional macro-
porosity was added by sacrificial polymer lattices during uniaxial
pressing. Consequently, the aim of hierarchical porosity in
our case is to increase the surface area required to achieve high
material permeability, as permeability increases with porosity
and pore size due to the reduction in flow resistance.”

The permeability k can be described by the pressure gradient
Ap using Darcy to describe a laminar flow q with a dynamic
viscosity 5 through a material of cross-sectional area A along
the length L1*%

_gxLxpy
T ApxA @

The p-CT analysis (Comp. A, 1300°C/4h due to better
mechanical properties) determined a mean cell size of
13.1 £ 2.0 pm for the micropores obtained by SiC conversion,
due to resin burnout and fiber interlocking and a mean strut size
of 13.5 & 1.3 pm, which is optimal for biomedical purposes.[®>~¢!
For the hierarchical porosity, different sacrificial polymer net-
works with strut widths ranging from 380 to 730 pm, Table 3,
were selected to achieve a wide tuneable range of properties.
The macrochannels were placed perpendicular to the direction
of uniaxial compression, which is the direction of the fluid flow
for permeability measurements, Figure 4.

As the fluid velocity increases, the pressure gradient increases,
as expected. Furthermore, the pressure gradient decreases as a
function of sacrificial mesh diameter and mesh size, and thus

0230 PP

0273 PP

0632/42 TPE

Figure 4. Pressure gradient of silicon carbide with 5 layers of the polymer lattices 0230 PP, 0273 PP, and 0632 TPE.
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macrochannel size, in agreement with the literature,'®”! with
0230 PP showing the best results.

4, Conclusion

In this work, a hierarchical biomorphous SiC monolith was
developed using a powder blend of paper-derived carbon fibers,
phenolic resin, and silicon at comparable low temperatures
between 1300 and 1550 °C for 4 h holding time. The mechanical
properties provided high flexural strength even close to the melt-
ing temperature of Si ranging from 8.02 + 0.2 to 44.7 + 8.6 MPa
and good Young’s modulus ranging from 16.3+1.3 to
38.2 £ 2.4 GPa. The mechanical properties were highly tunable
by varying the type and amount of carbon source, using phenolic
resin as the secondary carbon source, and sintering tempera-
tures. The decreasing mechanical properties with increasing sin-
tering temperature and increasing carbon content of C-fibers are
due to a wide range of open porosity ranging from 51.48 + 0.64%
to 68.28 £ 0.49%, as well as fiber interlocking with increasing
fiber content compared to phenolic resin. Additional heat treat-
ment at 700 °C for 2 h burned out residual carbon, heat conduc-
tivity showed high dependence on the sintering temperature.
Integration of sacrificial polymer lattices achieved tunable macro-
porosity with hierarchical structure, resulting in the reduction of
pressure gradient by increasing macrochannel size. The biomor-
phous approach used in this work utilizes low-cost materials,
without the need for an additional external Si source, since Si
is already present in the powder mixture from the beginning,
and overcomes the problem of high anisotropy obtained by
wood-derived carbon precursors. The tailored properties,
achieved by varying the carbon source and sintering temperature,
as well as by the addition of macroporosity, offer great potential
for catalyst support or biomedical applications.
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