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Abstract
Carbon-bonded alumina refractories (Al2O3-C) are essential for modern steelmaking practice. The typical carbon

content for functional materials is approximately 30 wt%. With regard to environmentally friendly refractory sys-
tems, this work has observed and described the interaction of functional silicon (n-type semiconductor) with an or-
ganic binder system. With this system, it was possible to lower the carbon content to 15 wt% without downgrading
the material properties. On the contrary, the properties were improved. As a result of the upgrading of the microstruc-
tural flexibility and the mechanical strength, the thermal shock performance could be enhanced. The mechanism is
based on electron transfer from the n-type semiconductor to the binder resite lattice. The result is a flexible, partially
graphitized carbon bonding matrix. This aspect had been studied previously in a CaO-MgO-C system and is of great
interest with regard to reduced emissions and environmentally friendly refractory materials.
Keywords: Alumina, graphite, electron transfer

I. Introduction
Carbon-bonded alumina refractories (Al2O3-C) are an

essential part of modern steelmaking practice. Refractories
of this group are widely used as functional components
in continuous steel casting operations. For these applica-
tions, a carbon content of approximately 30 wt% is widely
used.

Quintessential components are submerged entry noz-
zles, monobloc stoppers and ladle shrouds. To ensure oc-
cupational safety and effective productivity at the steel
plant, these heavy-duty materials need to fulfil a number
of essential and partially contrasting demands. The most
important demands are high corrosion and erosion resis-
tance, low wettability against steel and slag melts, high
thermal shock performance, as well as high mechanical
strength and oxidation resistance at elevated temperatures.
The ongoing optimization of these properties is a neces-
sary goal, especially in the context of environmental pro-
tection.

The two main components of the Al2O3-C system,
namely alumina and carbon, exhibit very high refrac-
toriness and excellent corrosion resistance. Alumina has
very low free energy of formation, like CaO and MgO
(Table 1). Al2O3 exhibits high mechanical strength as
well as high corrosion and abrasion resistance. Graphite
has very high refractoriness. Its sublimation point is
about 4000 K at 1 atm 1. Furthermore, graphite exhibits
strong anisotropic behaviour.This is reflected in its ther-
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mal expansion (≈ 10...50 ⋅ 10-7 K-1), thermal conductiv-
ity (≈ 80 W/mK), modulus of elasticity and mechanical
strength. The high thermal conductivity and the low ther-
mal expansion coefficient are responsible for its excellent
thermal shock resistance. Graphite offers very good cor-
rosion resistance against many inorganic as well as organic
acids and salt solutions. In addition, it should be noted that
graphite exhibits very low wettability by slags and molten
metals 2, 3. In combination with Al2O3, it improves the
slagging resistance and increases the elasticity of the com-
posite material. Furthermore, it decreases the cold mod-
ulus of rupture (CMOR) as well as the bulk density of
the composite. A big disadvantage of graphite is its high
susceptibility to oxidation 4, 5, 6, 7.

Table 1: Free enthalpies of formation of common refracto-
ry oxides at 1800 K and 101325 Pa8.

ΔG1800K in kj/mol

2Ca+O2 → 2CAO (1) -886,87
4
3

Al+O2 → 2
3

Al2O3
(2) -738,21

2Mg+O2 → 2MgO (3) -726,57

Si+O2 → SiO2 (4) -590,98
4
3

Cr+O2 → 2
3

Cr2O3
(5) -441,97
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The combination of alumina and graphite yields a mate-
rial with high performance with regard to thermal shock
resistance, corrosion resistance and mechanical strength.

The third essential component of this refractory materi-
al group is the organic binder. A common bonding medi-
um in carbon-bonded refractories are artificial phenolic
resins. The binder is responsible for the adherence of the
composite components. Phenolic resins are a common
binder for carbon-bonded refractories. Novolak is one of
two types of phenolic resins. Phenolic resins are conden-
sation products of phenol and formaldehyde in an alka-
line (resol) or acidic (novolak) catalytically driven process.
Resol contains methylol groups (CH2OH) while novolak
is characterized by an absence of these methylol groups.
These groups are necessary for the polymerization process
of the phenolic resins to phenol plastics. For novolak resin,
the addition of Hexamethylenetetramine (Hexa) is neces-
sary to provide methylol groups 9.

The curing process (polymerization of the macro-
molecules) takes place at temperatures above 160 °C. No-
volak is polymerized under the addition of Hexa at tem-
peratures above 120 °C in two steps up to 170 °C with am-
monia splitting off while methylene bridges are formed.
Split-off formaldehyde also leads to an additional link-
ing. The added Hexa is almost completely consumed at
the beginning of the reaction. In the polymerization pro-
cess (also called curing or hardening), a three-dimensional
cross-linked lattice is formed. This lattice is known as a
resite lattice. It is very hard, insoluble and unmeltable. An
increasing Hexa content leads to better cross-linking of
the resin and an increasing residual carbon content. Fur-
thermore, the mechanical strength increases and the open
porosity decreases 9.

Phenolic resins are solid at ambient temperature and
standard pressure. The solid resin in pulverized form is
used directly as binder. Furthermore, liquid resin is pro-
duced by dissolving the solid resin in an organic solvent.
The residual carbon content of liquid resins lies below that
of solid resins.

After polymerization the resite lattice transforms under
reducing or inert conditions in a coking process (pyroly-
sis) up to 1000 °C into essentially elementary carbon and
forms a carbon lattice, the so-called glassy carbon lattice.
In the coking process the resite lattice is dehydrated and
hydro carbons are split off, so volatile components diffuse
out of the body into the atmosphere. Several complex re-
actions like dehydrogenation, condensation and isomer-
ization take place at the same time. The glassy carbon lat-
tice dominates the bonding of carbon-bonded refractories
and is characteristic for the properties of carbon-bonded
refractories. The problem of the glassy carbon lattice is
the high susceptibility to oxidation owing to its large in-
ner surface 1, 10, 11.

Glassy carbon has belt-like graphitic areas. In these areas
the carbon atoms are sp2 hybridized and are found in lay-
ers. These layers are interloop-disordered and no regular
crystal order of the graphitic areas exists. They are stochas-
tically ordered and have many vacancies. Owing to its
structure, glassy carbon has a lower density than graphite
and has isotropic low thermal and electrical conductivities,

as well as high hardness. The material is exceedingly re-
sistant to abrasion and chemicals. It can only be attacked
by oxygen and oxidizing melts above 600 °C 1, 2, 12, 13, 14.
The glassy carbon lattice provides the bonding of carbon-
bonded refractory systems. This structure can be graphi-
tized with the aid of iron metals as well as nickel in a cat-
alytically driven process 15, 16. Furthermore, the structure
can be partially graphitized with the aid of electron donat-
ing species, like TiO2, ZrO2 and n-Si 17, 18, 19. Graphiti-
zation leads to a more flexible structure, which is able to
withstand high mechanical stresses owing to higher break-
ing elongation.

Both process steps, polymerization and pyrolysis, re-
lease various emissions. So the production and application
of carbon-bonded refractories is linked to environmental-
ly harmful emissions in the broadest sense. Based on the
Kyoto protocol and the German Federal Emission Con-
trol Act, it is a general aim to reduce emissions 20, 21. It
is necessary to keep in mind that carbon and specifically
graphite is a necessary component in this refractory group.
Reducing the graphite content also changes the properties.
So it is important to keep the main properties level with the
original values.

State of the art in combating the moderate oxidation re-
sistance of Al2O3-C refractories is the use of antioxidants.
A side-effect of their application is mechanical reinforce-
ment. Antioxidants are typically fine metallic powders like
silicon or aluminium up to a particle size of 150 lm. Car-
bides (SiC, B4C, Al4SiC4, Al8B4C7) and boron-contain-
ing oxides (fluxes) in the range up to a particle size of
100 lm are also used as antioxidants 22 – 29. The improve-
ment in the oxidation resistance is achieved with the fol-
lowing mechanisms: the antioxidant, for example metal-
lic silicon, reacts with gaseous CO in the surrounding at-
mosphere, forming gaseous SiO and reducing gaseous CO
to solid C, thus suppressing oxidation loss of carbon 23.
The formed gaseous SiO further reacts with gaseous CO
and deposits a thin protective layer of solid SiO2 on the
graphite surface, thus reducing the active sites 27. These
reactions are accompanied by a volume expansion, which
can seal the pores of the material 22, 23.

The present work is part of the Priority Program 1418
funded by the German Research Foundation (GRF) with
the aim of reducing the carbon content of alumina car-
bon refractories without downgrading their properties.
The results presented here are the second part in a wider
field of observations following a new and innovative path.
In the first step of the project it was possible to lower
the carbon content from 30 to 20 wt% by adding nano-
scaled additives to achieve better thermal shock perfor-
mance 30, 31. Mainly multi-walled carbon-nanotubes and
alumina nano-sheets were used to provoke a beneficial
formation of nano-scaled structures that worked as con-
necting elements between the carbon lattice and oxide
grains.The newly found Al3CON phase was predomi-
nantly responsible for the mechanical reinforcement of
the Al2O3-C refractory. Besides the improved mechani-
cal properties, the thermomechanical properties were im-
proved in the sample containing 20 wt% carbon compared
to the reference sample with 30 wt% carbon. Difficulties
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in homogeneously distributing the nano-scale powders in
the refractory matrix as well as the high production cost of
these powders were found to be problems 30, 31.

In this second part of this work, another way was cho-
sen to lower the carbon content. The starting carbon con-
tent was 20 wt%. The aim was to decrease the carbon con-
tent from 20 to 15 wt% without downgrading the prop-
erties. This work observed a completely new and innova-
tive way of binding matrix manipulation. Another work
of the Institute of Ceramics, Glass and Construction Ma-
terials showed a possibility to use materials with the abil-
ity to emit electrons under reducing conditions (n-type
semiconductors) like TiO2, ZrO2 as well as P-doped Si (n-
Si). This work analysed the influence of these additives on
a high basic CaO-MgO-C system. It was found that the
transfer of electrons led to an improvement of the novolak
resin polymerization and pyrolyzation process. The final
result was a partially graphitized glassy carbon lattice and
an increased binder carbon yield. Phosphorous-doped sil-
icon was found to be very effective 17. The doping of Si
with P leads to free electrons that are available for charge
transfer as schematically shown in Fig. 1.

From the literature it is known that carbon is adsorbed
onto the silicon surface and a charge transfer takes place
between the adsorbed carbon on the silicon surface and the
silicon. Carbon tends to be adsorbed between two silicon
surface atoms to saturate its free bonds by means of charge
transfer. The Si-C bond length is quite close to the bulk
bond length in SiC (1.99 Å). Both carbon and silicon are
group IV elements and form alloys and intermixes like
SiC 32, 33, 34. Thus a charge transfer between the carbon
types present in Al2O3-C refractories and silicon is likely
to be possible. If a charge transfer occurs, an influence on
the properties (carbon) is likely to be determinable.

Metallic Si is a common antioxidant in Al2O3-C refracto-
ries as described above. So it was used in the present work
too. Based on the effects described above, the mechanisms
and the fact that common silicon is a typical component of
the observed system, the strategy was to substitute a small
amount of common Si with P-doped n-Si. The use of n-Si
was chosen as the only additive to the system to manipu-
late the binder resin.

A lowering of the carbon content from 30 wt% to
15 wt% means savings of 50 %. This massive lowering
means a reduction of CO2 in case of complete oxida-
tion of this graphite. Per one tonne of produced bricks,
this means 150 kg less graphite compared to conventional
bricks. This reduction equals 549.6 kg CO2 (279.92 m³ in
the normal state) according to the calculations shown in
Table 2.

II. Materials and Methods
As raw materials for the preparation of the investigat-

ed Al2O3-C compositions (Table 3), a commercially avail-
able fine grade of white fused alumina with a maximum
grain size of 200 lm, a coarse grade of tabular alumina with
a maximum grain size of 600 lm, a fine grade of natural
graphite AF (d90 = 30 lm), coarse natural flake Graphite
NFL (d90 = 450 lm) and fine metallic silicon powder of
high purity (d90 = 50 lm) were used. The observed additive
was a phosphorus-doped silicon (d90 = 50 lm), which is a

donator type (n-type) semi-conductor. The phosphorus-
doped silicon had a specific resistance of 1.2 – 1.3 Ohm cm.

Fig. 1 : Model of atomic structure of the used silicon types 34.

Table 2: Calculation of CO2 formation during carbon
oxidation.

C + O2 → CO2 (6)

M C CO2

n 12.01 g/mol 44.008 g/mol

m 1 g 3.664 g

150 kg (per 1 ton
of produced
bricks)

549.6 kg

V (DIN 1343)

V=
n · R · T

p

n=
m
M

=
549600gmol

44.008g

=12488.64mol
R = 8.314472 J/K mol
p = 101325 Pa
T = 273.15 K

V = 279.92 m3
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The binder system consisted of a combination of Phenol
Novolac resin in liquid (PF 7280 FL 01) and powder form
(0235 DP) (Momentive Specialty Chemicals, Germany)
with Hexamethylenetetramine (Hexa) as curing agent.

The raw materials and additives were mixed at room tem-
perature in an Eirich compulsory mixer (Maschinenfab-
rik Gustav Eirich, Germany) according to Table 4, fol-
lowing standard commercial practice. In the first step the
Al2O3 grains were premixed and then mixed together
with the liquid binder component. Afterwards, n-Si pow-
der was added in a single step. In the last step the fines
were introduced into the mix and the complete batch was
mixed for 5 minutes. After mixing, bar-shaped samples
(25 x 25 x 150 mm³) were uniaxially pressed at 100 MPa.
The pressed samples were cured in a drying chamber at
200 °C for 2 h. Afterwards the samples were coked at
1000 °C for 5 h in a retort filled with petrol coke. AC20
is the reference sample with a graphite content of 20 wt%
based on the work of Roungos et al. 30, 31 as the start-
ing point for this work as explained before. AC15 is the
new reference sample with the target graphite content of
15 wt%.

Table 3: Used raw materials.

raw
material

purity supplier

white
fused
alumina

> 99.7 wt% Al2O3
(max 0.16 wt% Na2O)

Treibacher Schleif-
mittel, Austria

tabular
alumina

> 99.5 wt% Al2O3
(max 0.40 wt% Na2O)

Almatis, Germany

Graphite
AF

> 96 – 97 wt% C Graphit Kropfmühl,
Germany

Graphite
NFL

> 94 – 96 wt% C Graphit Kropfmühl,
Germany

metallic
Silicon
Silgrain

> 99.7 wt% Si Elkem, Norway

n-Si > 99.9 wt% Si Silchem, Germany

The physical and mechanical properties were determined
according to EN 933 – 1 open porosity (OP) and bulk
density (BD) with water, EN 993 – 6 cold modulus of rup-
ture (CMOR) and in adaption of DIN ENV 843 – 2 static
Young’s modulus (E). The thermal shock resistance was
measured in respect of ENV 993 – 11 with compressed
air. The residual CMOR was determined after one (1 TS)
and after five (5 TS) thermal shock cycles. The registered
strength loss owing to thermal shock gives a first indi-
cation of the expected thermomechanical performance
of the refractories during their application. The residual
carbon content was determined with an elementary anal-
yser vario MICRO cube (Elementar Analysensysteme
Hanau GmbH, Germany). The phase composition and
the microstructure were investigated with the aid of scan-

ning electron microscope (SEM), energy-dispersive x-ray
(EDX) and x-ray diffraction (XRD), respectively.

Table 4: Used compositions.

wt% AC20 AC20 - Si1 AC15 AC15 - Si1

white
fused alumina

29.1 31.2

tabular alumina 38.9 41.8

Graphite AF 10 7.5

Graphite NFL 10 7.5

liquid resin 2

powder resin 4

Hexa 0.6

n-Si (Phosphor
doped)

- 0.5 - 0.5

met. Si 6.0 5.5 6.0 5.5

III. Results and Discussion

(1) Influence of semi-conductive silicon on the physical,
mechanical and thermomechanical properties

The addition of 0.5 wt% n-Si led to improved mechani-
cal and physical properties. CMOR was increased by 14 %
owing to the n-Si addition in the case of 20 and 15 wt%
carbon content as can be seen in Fig. 2. Furthermore, OP
decreased and BD increased. The increase of BD and the
decrease of OP is related to the evolution of binder carbon
yield, which will be discussed later. A very interesting re-
sult is the also increased breaking elongation owing to n-
Si addition, which is shown in Fig. 3. In the case of both
carbon contents, the breaking elongation increased by ap-
proximately 8.5 % owing to n-Si addition. The increased
breaking elongation is considered to be an indication for
a more flexible matrix owing to n-Si addition. All values
including the standard deviation are listed in Table 5. A re-
markable result is the fact that the CMOR of the sample
with 15 wt% graphite containing n-Si is 24 % higher than
the CMOR of the reference sample with 20 wt% graphite.
This is considered to be an indication that in the system
with 15 wt% graphite, the influence of n-Si is stronger.

The evolution of the mechanical properties due to ther-
mal shock cycles shows that in case of a base graphite con-
tent of 20 wt% no significant improvement of degradation
can be observed. The loss of mechanical strength is with
and without n-Si (AC20, AC20-Si1) about 16 % after five
thermal shock cycles. For the AC20-Si1 sample the loss is
slightly lower than for the AC20 samples. In case of the
reference sample with 15 wt% graphite (AC15), the loss
of mechanical strength after five thermal shock cycles was
much higher with 26 %. This behaviour is expected owing
to the reduced graphite content. When n-Si is present in the
matrix (AC15-Si1), the evolution of mechanical strength
loss showed a completely different behaviour. After one
thermal shock cycle the value reached is almost the lowest
value. This equals almost the value after five thermal shock
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cycles. This is a strong indication of an effective crack net-
work that is going to be formed during the thermal shock
cycles.

Fig. 2 : Mechanical Properties Evolution of tested samples (results
after coking – 0 TS, after 1 thermal shock cycle – 1 TS and after 5
thermal shock cycles – 5 TS).

Fig. 3 : Breaking elongation of tested samples (results after coking –
0 TS, after 1 thermal shock cycle – 1 TS and after 5 thermal shock
cycles – 5 TS)

Cracks are naturally formed during the thermal shock
cycles owing to high thermal stresses during the cooling
phase caused by the high cooling rate. Cooling leads to
tensile stresses on the surface of the sample and if these

stresses are above the maximum mechanical strength of
the sample cracks will be initiated. The thermal shock
coefficient R1 (Eq. 1) gives a good theoretical basis for
the understanding. The most important properties of the
samples are the breaking elongation e (e = r/E) and the
thermal expansion coefficient a. A large breaking elonga-
tion is the expression of a flexible matrix. The larger the
breaking elongation and the lower the thermal expansion
coefficient, the better the thermal shock resistance 36.

R1 = σc(i-v) / E α (7)

Sample AC15-Si1 has the largest breaking elongation
and shows also the best thermal shock performance. This
sample with the lower graphite content of 15 wt% and n-
Si shows a better thermal shock performance and better
physical and mechanical properties than the reference
sample with 20 wt% graphite (AC20).

(2) Influence of semi-conductive silicon on the phase
composition and microstructure

A typical XRD scan of the sample investigated after
coking at 1000 °C is shown in Fig. 4. The shown x-ray
diffractogram of the AC20 sample is representative for
the other samples owing to the same determined phases.
The spectrum was cut off at 30 000 impulses for better
visibility. Table 6 lists the used files and sources for the
XRD evaluation. The two main components of the sys-
tem, Al2O3 and graphite, were readily detected as main
phases as expected. As secondary phase only b-Al2O3
was identified. The reaction of Al2O3 and its impurity
Na2O took place in all samples. No Si-based compounds
were identified. Only unreacted Si was detected. This is
a typical behaviour at a coking temperature of 1000 °C.
This was the first indication that the properties evolution
of the observed samples was not connected to possible
reinforcing reactions of Si with the binding matrix, like
the formation of SiC. Hence, no significant additional re-
actions took place in the sample owing to the use of semi-
conductive Si.

Table 5: Physical, mechanical and thermomechanical properties of observed samples (results after coking – 0 TS, after
1 thermal shock cycle – 1 TS and after 5 thermal shock cycles – 5 TS)

BD OP CMOR E breaking elongation

0 TS 1 TS 5 TS 0 TS 1 TS 5 TS 0 TS 1 TS 5 TS

[g/cm2] [%] [Mpa] [Mpa] [Mpa] [Gpa] [Gpa] [Gpa] [‰] [‰] [‰]

R20 2.56
± 0.02

17.25
± 0.63

9.78
± 0.56

9.42
± 0.55

8.18
± 0.73

2.515
± 0.137

2.137
± 0.199

1.733
± 0.188

3.89 4.41 4.72

R20-Si1 2.59
± 0.01

16.21
± 0.10

11.07
± 0.30

10.65
±0.99

9.32
± 0.69

2.624
± 0.087

2.497
± 0.178

2.027
± 0.163

4.22 4.27 4.60

R15 2.60
± 0.00

18.68
± 0.25

10.53
± 0.31

9.43
± 0.89

7.78
± 0.76

2.434
± 0.211

1.928
± 0.202

1.565
± 0.111

4.32 4.89 4.97

R15-Si1 2.64
± 0.01

17.11
± 0.29

12.11
± 2.05

10.46
± 1.13

10.27
± 1.45

2.585
± 0.169

2.148
± 0.215

1.891
± 0.183

4.69 4.87 5.43
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Fig. 4 : XRD pattern of AC20 sample with the relative intensity
patterns of the identified phases.

Table 6: Used XRD raw files.

Phase PDF-Number

Al2O3 01-081-1667

Si 00-027-1402

b-Al2O3 01-079-2288

Graphite 01-075-2078

The data from the XRD evaluation was confirmed with
SEM micrographs. As can be seen in Fig. 5 to Fig. 8, no
newly formed phases were identified in the matrix of the
samples. All micrographs showed the typical highly joint-
ed structure consisting of Al2O3 grains, graphite flakes,
and Si spheres. No whisker structures were identified, as
was not to be expected otherwise in respect of the coking
temperature of 1000 °C 30, 31.

Both reference samples, with 20 and 15 wt% graphite,
have a binder carbon yield of approximately 35 wt%. In
both cases the addition of n-Si leads to increased binder
carbon yield. As can be seen in Fig. 9, the influence of n-Si
addition on the binder carbon yield is more effective in the
Al2O3-C system with the lower graphite content. In case
of a graphite content of 20 wt%, the binder carbon yield
has been increased from 35 to approximately 45 wt%. In
the system with 15 wt% graphite the binder carbon yield
has been increased from 35 to approximately 60 wt%. The
smaller influence of n-Si on the system with the higher
graphite content is related to the formation of CO gas
during the coking procedure, which limits the activating
influence of n-Si. The binder carbon yield was calculated
according to Eq. 2 from the determined carbon content of
the samples. All values including the standard deviation
are listed in Table 7. The increase of binder carbon yield
leads to fewer defects in the matrix and thus a lower OP
and a higher BD.

Binder Carbon Yield(%)

= 100% ·
C.Y.(Total)- C.Y.(Graphite AF)- C.Y.(Graphite NFL)

Initial Binder Content

(8)

C.Y. = Carbon Yield

C.Y.(Graphite AF) = 0.96 ⋅ xGraphite AF

C.Y.(Graphite NFL) = 0.96 ⋅ xGraphite NFL

Initital Binder Content = 6 wt%

Fig. 5 : Fracture surface of Al2O3-C sample with 15 wt% C (3000x).

Fig. 6 : Fracture surface of Al2O3-C sample with 15 wt% C and
0.5 wt% n-Si (3000x).

Fig. 7 : Fracture surface of Al2O3-C sample with 20 wt% C (3000x).
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Fig. 8 : Fracture surface of Al2O3-C sample with 20 wt% C and
0.5 wt% n-Si (3000x).

Fig. 9 : Binder carbon yield of the observed samples.

Table 7: Carbon content and binder carbon yield of the
investigated samples.

Carbon
Content

Binder Carbon Yield

[wt%] [wt%]

R20 21.35
± 0.11

35.8
± 1.8

R20-Si1 21.92
± 0.11

45.3
± 1.9

R15 16.51
± 0.08

35.2
± 1.4

R15-Si1 17.98
± 0.06

59.7
± 1.1

(a) Mechanism of n-Si influence
The positive influence of n-Si on the properties evolution

of Al2O3-C refractories was shown impressively in Sec-
tions 3.1 and 3.2. But phase analysis showed no reactions
between added Si or n-Si with the surrounding carbon ma-
trix or with Al2O3. Thus the positive influence is consid-
ered to be related to a charge transfer between n-Si and the
binder matrix. This effect had been shown before with the
addition of n-Si into a CaO-MgO-C refractory system 17.
The added n-Si was of the same specifications as the n-Si
used in the present work. An electron transfer occurred,

which led to a stabilized resite lattice and further initiated
graphitization.

The structure of novolak is a planar hexagon with car-
bon atoms on the edges. Hydrogen atoms are bonded with
these carbon atoms. Furthermore, an OH-group and a
CH2 group are bonded with the planar hexagon (Fig. 10) 9.
Dehydration of this structure while the bonds are saturat-
ed leads to a simplified graphite crystal seed.

During the pyrolysis process, novolak molecules are de-
hydrated. The electrons transferred from n-Si saturate the
bonds and lead to graphitized zones in the dehydrating re-
site lattice during the pyrolysis process as shown in Fig. 11.
A short range order of graphitized areas is formed as ex-
plained above. These additional graphitic areas work as
seeds for on-going graphitization as a result of the oc-
curring electron charge. These partially graphitized zones
in the glassy carbon lattice transform the stiff and brit-
tle structure into a more flexible structure on account of
the special properties of graphite. In parallel direction to
the layers, graphite is bonded by a weak van der Waals
force. So it is possible to disarrange the layers against each
other easily 2. Thus graphitization of the bonding matrix
leads to a stronger flexibility, which can be seen in the in-
creasing breaking elongation of the samples containing n-
Si. The improved mechanical properties are related to im-
proved polymerization of the resite lattice, as observed
previously 17.Graphitized zones deliver additional areas
with graphite-like properties, which leads to the improved
properties of the compound material. Furthermore, n-Si
leads to higher binder carbon yield. Owing to the stabi-
lized resite lattice structure, the loss of carbon is lower than
in the unstabilized lattice. So we can talk about two relat-
ed mechanisms that improve the properties of the bind-
ing carbon matrix and further the properties of the carbon-
bonded composite material.

Fig. 10 : Simplified structure of a novolak molecule9.

Fig. 11 : Scheme of electron transfer effect on graphitization of
novolak.
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Fig. 12 : Schematic draft of the n-Si influence on the phenol-novolak partial graphitization in Al2O3-C refractories (T0 – situation before
firing; T1 – above 300 °C – 400 °C novolak is transformed into resite lattice, which is dehydrated with increasing temperatures, from n-Si
electrons are delivered to the dehydrated resite, these electrons stabilize the bonding between carbon atoms in the residual planar hexagon
from initial novolak molecule and support graphitization ; T2 – above 500 °C – 600 °C n-Si surrounded by glassy carbon and graphitized
glassy carbon)

IV. Conclusions
In this work it was possible to reduce the graphite content

of Al2O3-C refractories from 20 to 15 wt% while improv-
ing their properties. The addition of n-Si to the Al2O3-
C system led to improved physical, mechanical as well
as thermomechanical properties thanks to the stabilizing
mechanism of the glassy carbon lattice.

Phosphorus-doped Si (n-type semiconductor) showed
the ability to activate and assist glassy carbon graphitiza-
tion by emitting electrons to the glassy carbon structure
and thus stabilizing the turbostratic graphitic structure to
graphite under reducing conditions. These conditions are
predominant inside carbon-bonded refractories. During
carbonization of the binder resin, the resite molecules are
dehydrated and form the turbostratic graphitic structure.
Donated electrons stabilize the bonding in the disordered
structure and force the graphite formation, which leads
to a reinforced binder matrix. This mechanism reinforced
the carbon-binding matrix, leading to improved mechani-
cal and physical properties. It is a new and innovative way
to manipulate the binding glassy carbon lattice. Further-
more, the interaction between the electron-emitting addi-
tive and the binder resin increases the carbon yield (from
35 to 60 wt% binder carbon yield in the case of AC15-Si1)
of the binder resin. These interactions reduce emissions
and lead to economic utilization of assigned resources.

Fig. 12 shows a schematic draft of the model of the n-Si
influence on the phenol-novolak partial graphitization in
Al2O3-C refractories.

The modified partially graphitized glassy carbon lattice
made it possible to reduce the graphite content. Conse-
quently, emissions can be reduced as well as emissions
from the binder during pyrolysis process. In this con-
text it is very important that the physical, mechanical and
thermomechanical properties are not downgraded. On the
contrary, the properties are improved. This is an impor-
tant step towards environmentally friendly refractories. In
view of the low amount of n-Si used, that is 0.5 wt%, it
seems an economical approach to improve the properties
of Al2O3-C refractories in application.

Accordingly, it was possible to reduce the graphite con-
tent from 20 to 15 wt% by using an electron-emitting ad-
ditive (n-type semi-conductor) in the binder system. Fur-
thermore, the aim of improving the physical, mechan-
ical and thermomechanical properties was achieved. By
increasing the breaking elongation and the mechanical
strength, the thermal shock performance was improved.

This work as the second part in a larger context reached
the target carbon content of 15 wt%. The first part of
this work reached a carbon content reduction from 30 to
20 wt%. So it was possible to achieve a carbon content re-
duction of at least 50 %, which means theoretical savings
of 549.6 kg CO2 (279.92 m³ at normal state) per tonne of
produced Al2O3-C refractories.
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