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bstract

study has been made of the dependences of the electrical resistivity and the Hall coefficient on the temperature in the range 1.8–1300 K and on
agnetic fields of up to 28 kOe for the biomorphic SiC/Si (MDF-SiC/Si) composite and biomorphic porous SiC (MDF-SiC) based upon artificial

ellulosic precursor (MDF – medium density fiberboards). It has been shown that electric transport in MDF-SiC is effected by carriers of n-type with
20 −3 2 −1 −1
high concentration of ∼10 cm and a low mobility of ∼0.4 cm V s . The specific features in the conductivity of MDF-SiC are explained

y quantum effects arising in disordered systems and requiring quantum corrections to conductivity. The TEM studies confirmed the presence of
isordering structural features (nanocrystalline regions) in MDF-SiC. The conductivity of MDF-SiC/Si composite originates primarily from Si
omponent in the temperature range 1.8–500 K and since ∼500 to 600 K the contribution of MDF-SiC matrix becomes dominant.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

The studies of electrical properties of silicon carbide (SiC)
eramics and SiC-based composites have tremendous scientific
ignificance and practical interest as well. Due to their high
erformance characteristics at high temperatures and good resis-
ance to corrosive environments the SiC materials are promising
o be used for heater elements, resistance thermometers and ther-

oelectric power generators in space, automotive and energy
ransformation industries.1

The main fabrication processes of SiC ceramics are car-
othermic reduction of SiO2,2 reactive compaction,3,4 and hot
intering.5,6 Recently, natural wood-derived biomorphic SiC
bio-SiC) ceramics have been a matter of interest.7–14 The pro-
essing technique of porous SiC ceramics from wood involves
he pyrolysis of natural wood precursors, followed by the infil-
ration of molten silicon to form silicon carbide (SiC), retaining

he initial wood porous structure.9–14 Some residual Si remains
n cellular pores forming thereby SiC/Si composite. The pure
orous material, bio-SiC, is produced from the SiC/Si composite

∗ Corresponding author. Tel.: +7 812 2927157.
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y etching silicon out of the channel pores.15 Both biomor-
hic SiC/Si composite and porous SiC ceramic (the composite
atrix) have highly anisotropic structure, replicating the cellu-

ar structure of natural wood (cellular channel pores elongated
long the tree growth direction). Some amount of unreacted car-
on is also present in biomorphic SiC/Si composite as well as
n porous bio-SiC.13

The bio-SiC has several advantages over conventional SiC.
t presents relatively light material with open porous structure,
hich possesses excellent mechanical properties in compression

nd flexure.16 The technology of its fabrication allows for rela-
ively easy production of complex shapes by using preliminary

achining of biomorphic carbon precursor.12 The processing
f bio-SiC is much cheaper because it occurs at temperatures
hat are much lower than those required for SiC sintering or hot-
ressing techniques. The latter requires temperatures exceeding
000 ◦C.4,5 The structure and resulting properties, mechanical
nes at least, of bio-SiC and bio-SiC/Si strongly depend on the
riginal wood precursor used.17

Investigation of the electrical transport properties of this new

lass of materials – biomorphic natural wood-derived SiC/Si
omposites and porous bio-SiC has been recently attracting
onsiderable attention. For example, the electric resistivity ρ

f biomorphic SiC/Si composites derived from sapele,18 white

dx.doi.org/10.1016/j.jeurceramsoc.2010.06.015
mailto:orlova.t@mail.ioffe.ru
dx.doi.org/10.1016/j.jeurceramsoc.2010.06.015
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stant R on temperature and magnetic field H were measured by
318 T.S. Orlova et al. / Journal of the Europ

ucalyptus19–21 and beech22 was measured in the temperature
ange 5–300 K. In Ref.23, the temperature range of measure-
ent of the dependence ρ(T) was extended to 950 K for the
iC/Si composites fabricated from white eucalyptus. These stud-

es revealed that the electrical resistivity of biomorphic SiC/Si is
nisotropic, i.e. there is a difference between the resistivity ρII
easured along the axial direction (parallel to the tree growth

irection) and the resistivity ρ⊥ measured along the transverse
irection. In the temperature range 4.2–300 K, both tempera-
ure dependences ρII(T) and ρ⊥(T) follow semimetallic pattern:
he electrical resistivity varies insignificantly at low tempera-
ures and increases starting from ∼100 K. ρII of the biomorphic
iC/Si composites at room temperature varies in the range 10−3

o 10−2 � cm. The conductivity of biomorphic SiC/Si com-
osites (derived from eucalyptus21 and beech22) was found to
riginate primarily from Si component and to be provided by
arries of p-type with concentration of the order of 1019 cm−3

nd high mobility (∼103 cm2 V−1 s−1 at 4.2 K).22 All kinds of
ood taken as initial precursors in the above considered works
elong to the wood with open porosity.24

However, ρ(T) dependences measured for bamboo wood-
erived SiC/Si composite exhibited a semiconducting pattern
ver a wide temperature range (25–1000 K)25 that is con-
rary to metallic ρ(T) behaviour of biomorphic SiC/Si from
apele,18 eucalyptus19–21 or beech.22 This difference seems to
e explained by the specificity of bamboo structure. As it was
oted in Ref.24 carbon preforms from bamboo contain a combi-
ation of channel pores and closed cells that impede the complete
nfiltration of Si. As a result interconnecting Si-filled channels
etwork probably is not formed. This can also lead to a large
mount of unreacted carbon which can form own conducting
ercolation paths.

The resistivity of porous bio-SiC (from eucalyptus21 and
eech22) at low temperatures (4.2–300 K) is several orders of
agnitude higher than the resistivity of the respective SiC/Si

omposites. The ρ(T) dependences of the bio-SiC demonstrate
emiconducting behaviour in the range 4.2–300 K. The elec-
rical transport in beech-derived bio-SiC is effected by n-type
arriers with a high concentration of ∼1019 cm−3 and a low
obility of ∼1 cm2 V−1 s−1.22 It has been concluded22 that the

lectrical transport in the natural beech-derived SiC occurs simi-
arly to the transport in strongly disordered semiconductors and
ould be described with theory of quantum corrections to the
onductivity.26

Nowadays precursors which could be alternative to the
atural wood are considered to be promising for processing bio-
iC and bio-SiC/Si materials. These are artificial compacted
berboards or, more specifically, medium density fiberboards
MDF). Processing technology of MDF-based biomorphic SiC
MDF-SiC) and respective SiC/Si (MDF-SiC/Si) composite
s similar to that used for natural wood precursors.27,28 The

DF-SiC and MDF-SiC/Si have some advantages compared
ith similar materials processed from natural wood precursor.
pon carbonization, the homogeneity and consistency of fiber-

oards result in the formation of a consistent, low-coast hard
arbon.29 Because of better homogeneity carbonized fiberboards
an be more easily machined into complicated shapes com-

t
e
p

eramic Society 31 (2011) 1317–1323

ared with carbonized woods.29 Since MDF boards are formed
nder controlled conditions, MDF-SiC can possess reproducible
omogenous structure unlike natural wood-derived SiC mate-
ials the structure of which depends on yearly rings, climate
actors, etc. Processing of MDF by pressing allows a choice of
ensity and porosity of the precursor that can modify functional
haracteristics of final MDF-SiC. There are only a few papers
evoted to mechanical properties of MDF-SiC and MDF-SiC/Si
omposites.27,28 Physical properties, specifically electrical ones,
f MDF-SiC have not been studied, at all.

The aim of the present work is to investigate electrical proper-
ies of porous bio-SiC ceramic and bio-SiC/Si composites both
btained from MDF precursors. Measurements have been made
f temperature dependences of the electrical resistivity, as well
s the Hall coefficient in a temperature range of 1.8–300 K and
agnetic fields of up to 28 kOe. The type and concentration of

arriers in MDF-SiC were determined from measurements of the
all coefficient. Electrical properties of MDF-SiC/Si and MDF-
iC are compared with those of similar biomorphic materials
abricated from natural wood (eucalyptus, beech, bamboo).

In addition, we also present some of our preliminary data on
esistivity-temperature behaviour of MDF-SiC and MDF-SiC/Si
aterials at elevated temperatures (from 300 to 1300 K).

. Experimental procedure

Porous biomorphic SiC ceramic and SiC/Si composite, both
erived from MDF boards, have been prepared. A commer-
ial medium density (0.6–0.8 g/cm3) MDF boards were chosen
s precursor. The processing technique of MDF-based SiC
hereinafter MDF-SiC) and SiC/Si (MDF-SiC/Si) composites
ncluded several stages. The processing technology is pre-
ented in details in Refs.27,28. Briefly, first a MDF piece of
0 mm × 30 mm × 30 mm was pyrolized at 1050 ◦C in flow-
ng argon. As a result, the biocarbon preform (MDF-C) was
btained.

Unlike the biocarbon obtained by pyrolysis of the natural
ood (eucalyptus, beech, sapele, pine), which has open chan-
el pores along the tree growth direction, the MDF-C has more
omogeneous structure.28 An example of the microstructure of
he MDF-C is shown in Fig. 1. Samples of MDF-C were cut
ith dimensions of 3 mm × 3 mm × 20 mm, the long dimension
eing perpendicular to the direction of the load application in
DF pressing.
Each sample of MDF-C perform was infiltrated with an

xcess of Si to the stoichiometric amount needed for all the
amount in the perform. The final SiC/Si composites were

ormed.
Pure biomorphic MDF-SiC samples derived from MDF

oards were obtained by etching silicon away with a mixture
f hydrofluoric and nitric acids.15

The dependences of electrical resistivity and of the Hall con-
he standard four-probe technique. In these measurements the
lectric current was passed along the long side of the sample, i.e.,
erpendicular to the pressing direction in the parent MDF board
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ig. 1. SEM micrographs of MDF-C taken perpendicular (a) and parallel (b) to
he direction of compacting the parent MDF boards.

rocessing. The concentration and mobility of charge carriers
ere determined by Hall method.
The microstructure of bio SiC (MDF) sample was character-

zed by scanning and transmission electron microscopy (SEM
nd TEM) using a Philips XL30 scanning electron microscope
nd a Philips CM-200 transmission electron microscope respec-
ively (Electron Microscopy Service, CITIUS, University of
eville, Spain). Samples for SEM and TEM observations were
abricated following conventional techniques.

. Results and discussion

.1. Low-temperature studies

Low-temperature (4.2–300 K) studies were made on the sam-
les obtained on the base of the initial MDF board with density
.8 g/cm3. The excess of Si taken for the filtration was deter-
ined by ratio PSi = 3.5 Pc where PSi and Pc are the weight

ractions of Si and MDF-C. Such ratio provides approximately
0 vol.% of remaining Si in the resulting SiC/Si composites after
he infiltration.

.1.1. MDF-derived carbon precursor
Since all biomorphic SiC/Si composites as well as pure
orous biomorphic SiC materials derived from natural wood
r from MDF contain some amount of residual carbon,11

rst we studied resistivity-temperature dependences ρ(T) of
DF-C preforms which were used for processing MDF-SiC/Si

s
r
d
m

ig. 2. Temperature dependences of resistivity of porous biocarbon derived from
DF board (1), white pine (curve 2 from Ref.31) and eucalyptus (curve 3 from
ef.30) woods without (a) and with (b) correction for the porosity.

omposites and porous MDF-SiC ceramics. In Fig. 2 the
esistivity-temperature ρ(T) dependences of MDF-C preforms
re compared with those of biocarbon preforms pyrolized from
atural wood (eucalyptus30 and pine31) at the same temperature
f carbonization ∼1000 ◦C. Fig. 2a corresponds to the porous
iomorphic carbon samples, whereas in Fig. 2b the ρ(T) depen-
ences are recalculated with correction for the porosity. To make
orrection for the porosity it is necessary to refer the resistance
o the working volume (cross-section) participating in charge
ransfer. In the case of the wood-derived biocarbon samples
eucalyptus30 and pine31) with channel porosity, the resistivity
long the tree growth direction with correction for the porosity
as found according to the expression.23

1 = ρ(1 − P). (1)

Here, ρ and ρ1 are the resistivities without and with the cor-
ection for the porosity of the sample, respectively, and P is the
orosity. For MDF-C samples, in a rough approximation, we
ould assume that in the cross-section of the sample also only
n area S1 = (1 − P)S transfers the current. Here S and S1 are
he cross-sections of the sample without and with correction for
he porosity, respectively. The obtained ρ1(T) dependence for

DF-C with allowance for porosity is shown in Fig. 2b (curve
). All the ρ(T) dependences demonstrate similar character of

emiconducting pattern. The values of ρ1 in the temperature
ange 5–300 K for MDF-C are very close to those for the pine-
erived biocarbon. It is known that commercial MDF boards are
ainly produced from pine fiber precursors.32,33
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Fig. 3. (a) Temperature dependence of the electrical resistivity of MDF-SiC/Si
composite (with 30 vol.% of Si). (b) Comparison of temperature dependences
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Fig. 4. (a) Temperature dependences of the electrical resistivity of MDF-SiC
samples which were obtained on the base of the same MDF board, but their
MDF-precursors were cut from its different parts. (b) Temperature dependences
of the electrical resistivity of bio-SiC samples derived from eucalyptus (1),
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f the electrical resistivity of MDF-SiC/Si composite (curve 1) with 30 vol.% of
i and of the bio-SiC derived from eucalyptus (curve 2 from Ref.21) and from
eech (curve 3 from Ref.22).

.1.2. MDF-derived SiC/Si composite and porous
DF-SiC
Fig. 3a displays typical temperature dependence of elec-

rical resistivity ρ of MDF-SiC/Si composite. The value of ρ

rows with increasing temperature from about 50 to 300 K. Such
ehaviour is a signature of metallic conduction. However for
ower temperatures MDF-SiC/Si composite shows weak semi-
onducting behaviour. Similar behaviour was also observed for
iomorphic SiC/Si composite processed on the base of natu-
al wood of different type. For comparison, ρ(T) dependences
f biomorphic SiC/Si composites derived from natural wood
eucalyptus21 and beech22) are presented in Fig. 3b. For SiC/Si
omposites derived from the same type of wood, the value
f resistivity at room temperature, ρ300, varies from 0.002 to
.02 � cm.18–21 It is dependent on the volume fraction of Si
nd residual porosity in the composite.21 As a whole, the ρ(T)
ependences and the resistivity at room temperature for MDF-
iC/Si composites are very similar to those of biomorphic SiC/Si
erived from the wood with open porosity, like eucalyptus,21

eech,22 sapele,18 but very different from those of biomorphic
iC/Si derived from Indian bamboo.25 The ρ(T) dependence

f bamboo-derived SiC/Si composites was of a semiconduct-
ng type in the wide temperature range 25–1073 K.25 As it was
oted in the Introduction, bamboo-wood is characterized by the
resence of closed cells that impede the complete infiltration of

o
(
e
c

eech (2) and MDF board (3), which are plotted with correction for the samples
orosity.

i and most probably prevent the formation of interconnecting
i-filled channel network. Thus, the ρ(T) dependence of MDF-
iC/Si is similar to that of the SiC/Si composites derived from

he wood with open porosity. As demonstrated below, the elec-
rical resistivity of the MDF-SiC/Si composite is more than 2
rders of magnitude lower than that of the MDF-SiC obtained
fter extraction of residual silicon. Hence similar to the case of
iomorphic natural wood-derived-SiC/Si composites,21,22 the
esistivity of MDF-SiC/Si composite is determined mainly by
ilicon.

Typical dependences of ρ(T) for MDF-SiC are shown in
ig. 4a. To compare ρ(T) dependences of MDF-SiC and of
io-SiC derived from natural wood, it is necessary to correct
or their porosity. We assume that similar to the case of natu-
al wood precursors,21,22 the porosity of the final MDF-SiC is
bout the same as that of the MDF-C precursor. We estimated
1(T) dependence of MDF-SiC in the same way as it was done
or the MDF-C samples. The obtained ρ1(T) dependence for the

DF-SiC is shown in Fig. 4b (curve 3). The ρ1(T) dependence
f MDF-SiC is similar to that for the wood-derived bio-SiC

eucalyptus21 and beech22) (Fig. 4b). At room temperature, the
lectrical resistivity ρ300 of different MDF-SiC samples fabri-
ated from MDF (0.8 g/cm3 density) was found to be in the
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Table 1
Comparison of average values of porosity P, resistivity at room temperature ρ300 with and without correction for the porosity, ratio ρ5 K/ρ300 K of resistivity values
at 5 and 300 K, type and concentration N of charge carriers in the bulk for porous biomorphic SiC, processed on the base of different precurcors.

Sample Porosity ρ300 K (� cm)
without
correction for
the porosity

ρ300 K (� cm) with
correction for the
porosity

ρ5 K/ρ300 K Type of
charge
carriers

Concentration N of
carriers (cm−3)

Mobility μ of
charge carriers
(cm2 V−1 s−1)

Source

Eucalyptus
wood-derived SiC

43% 1.3 0.75 2 – – – 21

Beech wood-derived 47% 0.4 0.2 1.8 n-type ∼1019 0.8 22
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SiC. The miscrostructure of MDF-SiC is very similar to that of
the natural wood-derived SiC.12,14,22
SiC
DF-SiC 50% 0.3 0.12–0.15 1.7

ange 0.12–0.2 � cm that is consistent with the ρ300 values for
he wood-derived bio-SiC (Table 1).

The carrier concentration N can be derived from Hall coef-
cient (R) measurements in a magnetic field. Fig. 5 plots the
ependence of the Hall voltage UR on magnetic field H measured
t 77 K for MDF-SiC. Generally the value of the Hall coefficient
is derived from the low-field parts where R ∼ UR/H ≈ const.22

hen the concentration of carriers can be found as N = 1/eR (e is
he electron charge) and their mobility asμ = R/ρ. The estimation
f carrier concentration from the linear part of the UR(H) depen-
ence yields N ≈ 1.6 1020 cm−3 that is approaching to ‘metallic’
oncentration. The obtained N-value in MDF-SiC is higher by
bout one order of magnitude than the carrier concentration in
he beech wood-derived SiC (Table 1). The thermopower mea-
urements showed electron conduction (n-type) in MDF-SiC.
stimation of integrated mobility μ = R/ρ at 4.2 K yields very

ow value μ ≈ 0.4 cm2 V−1 s−1 which is comparable with the
obility in beech wood-derived SiC (Table 1).
High carrier concentration (approaching metallic concen-

ration) in combination with electrical resistivity growth with
ecreasing temperature cannot be explained by classical scat-
ering mechanism. Similar electrical transport characteristics

31
ere found also for the pine wood-derived biocarbon and
he beech wood-derived bio-SiC22 and were explained by
uantum effects which arise when charge transport occurs in
isordered systems. The structural inhomogeneities can restrict

ig. 5. Dependence of the Hall voltage UR at 77 K on the magnetic field H for
DF-SiC. Dashed line corresponds the linear dependence UR(H).

F
o

n-type 1.6 × 1020 0.4 The present
paper

ramatically the free path of electrons leading thereby to the
ecessity to take into account the quantum corrections to the
onductivity, such as interference of electron with itself (the
orrection of weak localization) or mutual electron interference
the correction of electron-electron interaction).26 Structural
nhomogeneities were identified as nano-crystallites in nano-
morphous biocarbon30,31 and as ‘colonies’ of nano-sized SiC
rains in the beech wood-derived SiC.22 The conductivities of
ano-amorphous biocarbon31 and the beech wood-derived SiC22

ere well described with regard to the quantum corrections to
onductivity. Since the final fine microstructure of biomorphic
iC depends on pore size of wood-derived cabon precursors,14

e performed electron microscopy studies of microstructure
pecificities for MDF-SiC.

Fig. 6 presents an electron microscopy image of the typical
icrostructure of the MDF-SiC samples, which demonstrates

he presence of micro- and nanocrystalline SiC and resid-
al amorphous carbon. Estimation of the grain size L yields
≈ 10–70 nm for nano-SiC and L ≈ 1–10 �m for the micro-
ig. 6. Electron microscope image of the MDF-SiC demonstrating the presence
f micro- and nanocrystalline SiC and residual amorphous carbon.
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Fig. 7. (a) Temperature dependences of the electrical resistivity for MDF-SiC/Si
composite derived from MDF boards with the density in the 0.6–0.8 g/cm3 limits
and Si content in the 20–50 vol.% range. (b) Temperature dependences of the
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lectrical resistivity of two MDF-SiC samples which were obtained on the base
f the same MDF board (the density 0.8 g/cm3), but their MDF-precursors were
ut from its different regions.

Thus, electrical charge transport through the nanocrystalline
egions can result in the contribution of quantum effects to resis-
ivity that requires taking into account quantum corrections to
onductivity26 and explains non-classical (non-metallic) ρ(T)
ependences for MDF-SiC with nearly ‘metallic’ carrier con-
entration. The resistance of MDF-SiC can be also mediated
y charge transport through residual amorphous carbon layers
hich were shown32,33 to contain graphite-like nanocrystallites.

.2. Elevated-temperature studies

The studies of electrical properties at elevated temperatures
rom 300 to 1300 K were carried out on the samples obtained on
he base of the initial MDF boards with different densities from
.6 to 0.8 g/cm3. The content of Si the MDF-SiC/Si samples
aries in the limits 30–50 vol.%.

We measured the temperature dependences of resistivity for
he MDF-SiC/Si composites and appropriate porous MDF-SiC
amples in the temperature range 300–1300 K. Typical ρ(T)
ependences of MDF-SiC/Si composites and porous MDF-SiC

re shown in Fig. 7a and b, respectively. The values of room tem-
erature resistivity vary in a wide range from 0.08 to 0.2 �cm
or the MDF-SiC samples and from 0.003 to 0.015 �cm for
he MDF-SiC/Si samples. Such rather high variation in the ρ300

T
t
c
p

eramic Society 31 (2011) 1317–1323

alues for different samples of the same material is caused by
ifference in density (porosity) of the initial MDF precursors
nd in the amount of unreacted residual carbon and the Si con-
ent (for the MDF-SiC/Si composites). Despite this difference
ll the ρ(T) dependences of MDF-SiC samples follow semicon-
ucting patterns in the whole temperature range 300–1300 K
s well as at low temperatures (5–300 K). However, the ρ(T)
ependences of the composite changes metallic pattern for the
emiconducting pattern beginning at T = 500–600 K as the tem-
erature increases. Such change in the conductivity type of the
DF-SiC/Si composite with increasing T most likely occurs

ecause the contributions of both components (MDF-SiC and
i) become comparable near 500 K and then MDF-SiC matrix
an determine the character of conductivity of the composite.
hus, conductivity of MDF-SiC/Si composite is determined
ainly by Si component at low temperatures, whereas MDF-
iC matrix is more responsible for the composite conductivity
t high temperatures (>500 K).

. Conclusions

The present investigation has shown that temperature depen-
ence of resistivity for MDF-SiC/Si composite has signature
f metallic character just as for biomorphic SiC/Si compos-
tes derived from natural wood with open porosity (eucalyptus,
eech, sapele). The conductivity of SiC/Si in the temperature
ange 5–500 K originates primarily from silicon residing in cel-
ular pores of the MDF-SiC matrix. Such pores filled by Si seem
o form interconnecting network. Because of its dependence on
esidual porosity and the Si content, the resistivity of MDF-
iC/Si composite at room temperature varies in a range from
.003 to 0.02 � cm.

Similar to natural wood-derived bio-SiC materials, the ρ(T)
ependence of porous biomorphic MDF-SiC has semiconduct-
ng character, i.e. the electrical resistivity grows with decreasing
emperature in the whole temperature range 5–1300 K. The

ain charge transfer parameters in MDF-SiC have been deter-
ined by Hall method: the carriers are n-type with concentration
1020 cm−3 and very low mobility ∼0.4 cm2 V−1 s−1.
In MDF-SiC, the contradiction between the high bulk carrier

oncentration approaching the metallic one and semiconduct-
ng type of the ρ(T) dependence is explained by quantum effects
hich arise in disordered conducting systems and contribute

o the resistivity. Our TEM studies did reveal the presence
f disordering elements in the structure of MDF-SiC, specifi-
ally nanocrystalline SiC regions, charge transfer through which
an result in the necessity of accounting quantum corrections
o the conductivity. The transport in MDF-SiC occurs sim-
larly to that in the bio-SiC derived from eucalyptus21 and
eech.22

At T > 500 K, the character of the ρ(T) dependence of MDF-
iC/Si composite changes from metallic to semiconducting type.

his seems to occur because at high temperatures the contribu-

ion of MDF-SiC matrix to the conductivity of MDF-SiC/Si
omposite becomes substantial and even more decisive com-
ared with the contribution of Si component.
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