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Abstract

This study investigated the combined effect of nanoscaled additives (carbon nanotubes and nanoscaled alumina) and
semi-conductive silicon on carbon-bonded alumina with a reduced primary carbon content of 20 wt%. It focused on
theinitial cold modulus of rupture and its evolution on exposure to thermal shock. The use of the single additive groups
or their combination yielded an increased initial strength compared to the reference without additives. It was shown
that the combination of the additives resulted in a material that exhibited no statistically significant decrease of the cold
modulus of rupture in up to five thermal shock cycles. To understand these effects, physical properties (total porosity,
open porosity, true density) were observed. The data showed that the microstructural reactions were complex. The
combination of all additives caused a decrease in the open porosity. The available data of the true density analysis
matched partly with the possible reactions. Especially the formation of SiC whiskers was considered to be important
during the coking process and the thermal shocks. Furthermore, it was proposed that a deposition of carbon because
of oxidation processes followed by reactions with the additives, especially the semi-conductive silicon, occurred, which
might have a self-healing effect on the refractory matrix.
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I. Introduction

In the steelmaking process, numerous functional compo-
nents such as submerged entry nozzles, monobloc stop-
pers and ladle shrouds are made of carbon-bonded alumi-
na (Al,O3-C) on account of its high performance in terms
of mechanical strength, thermal shock resistance and cor-
rosion resistance 1.

These excellent properties result from the components of
the Al,03-C-system, namely alumina, graphite and an or-
ganic binder as bonding medium and carbon source. Alu-
mina is well known for its high corrosion, erosion and
abrasion resistance in refractory applications. Graphite
exhibits very high refractoriness owing to its sublimation
pointatapproximately 4000 K 2and a very low wettability
on exposure to molten metals and slags 1,3, Furthermore,
it provides excellent thermal shock resistance because of its
low coefficient of thermal expansion (=10...50-10-7 K-1)
and its high thermal conductivity (=80 Wm-1K-1). The
combination of alumina and graphite leads to a compos-
ite refractory material with improved slagging resistance
and thermal shock performance. The thermal shock per-
formance is an essential property for functional compo-
nents like submerged entry nozzles because these have to
withstand the beginning of the casting process during con-
tinuous steel casting. In this case, the functional compo-
nents are preheated up to 1100 °C and an interval of ap-
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proximately 500K has to be bridged when the hot met-
al melt contacts the carbon-bonded alumina component.
The composite material based on Al,O3-C exhibits low-
er thermal expansion, alower Young’s modulus of elastici-
ty, higher thermal conductivity and higher elongation than
pure Al,O3 4.

The organic binder as the third component in carbon-
bonded refractoriesis commonly based on phenolicresins.
They are condensation products of phenol and formalde-
hyde . According to the catalytic environment, two types
of phenolic resins are distinguished, namely resol (alkaline
catalytically driven process) and novolac (acidic catalyti-
cally driven process). The polymerization process is based
on the reaction of hydroxymethyl groups (-CH,OH) in
the system. Resol binder systems contain these groups.
Novolac systems need additionally hexamethylenete-
tramine (Hexa) to provide hydroxymethyl groups. The
polymerization process (also curing or hardening process)
takes place at temperatures above 160 °C with the split-
ting off of water molecules (resol) or ammonia (novolac) 5.
The reaction results in a three-dimensional cross-linked
lattice (resite lattice), which is very hard, insoluble and not
meltable. At ambient temperature and standard pressure,
phenolic resins are solid substances. The pulverized solid
phenolic resin can either be directly used as binder or the
resin is introduced into the system as liquid resin after the
solid material has been dissolved in an organic solvent.
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During a coking process at elevated temperatures (ap-
prox. 700 °C or more), the resite lattice transforms into
essentially elementary carbon to form the bonding matrix
between alumina and primarily added carbon raw mate-
rials such as graphite. Theoretically a binder carbon yield
of about 75 wt% is possible, which describes the ratio of
the residual carbon weight to the initial binder weight>.
Typically, values of 40—55 wt% are achieved under prac-
tical conditions. The resulting carbon lattice is the so-
called glassy carbon lattice because it consists of belt-like
graphitic areas without regular crystalline order and many
vacancies. Owing to this structure, glassy carbon has a
lower density and isotropic properties in terms of electri-
cal and thermal conductivities in comparison to graphite.
However, it is highly susceptible to oxidation and attack
by oxidizing melts owing to its large inner surface 2:6:7.

The resulting composite material Al,O3-C contains ap-
proximately 30 wt% carbon and 70 wt% alumina. On the
one hand, the carbon content results from the primarily
added carbon raw materials (primary carbon), which con-
sists mainly of elementary carbon, such as graphite. On
the other hand, the carbon content results from the carbon
fractionin the organic binder system, which transforms to
carbon in carbonization processes during the coking pro-
cess (secondary carbon). Al,0;-Cisacommon heavy-du-
ty material used in the steelmaking process. However, it
has to contend with numerous challenges in steel produc-
tion technology today. Firstly, increasingly cost-effective
production with higher throughput is required, meaning
that a longer service life of the refractories is necessary.
To meet this requirement, research on innovative refrac-
tories with improved properties is important. Secondly,
the issue of environmental protection is increasingly rele-
vantinall industrial processes 8:9. Carbon-bonded refrac-
tories cause harmful emissions — mainly during the man-
ufacturing process and partly during their service life ow-
ing to the carbon-based components in the system. There-
fore, a reduction of the carbon content in the refractories
has to be sought to reduce these environmentally relevant
emissions. Thirdly, the sector of ultra-low carbon steels is
becoming increasingly important. These steel types tend
to incorporate carbon into their structure when in con-
tact with carbon-bonded refractories. This carbon pick-
up causes a downgrading of the steel properties. A further
advantage of lower carbon content in Al,O;-C systems
are the lower thermal losses owing to its lower thermal
conductivity as long as the thermal shock performance of
the material is sufficient. Al,O3-C- materials with higher
thermal insulation properties can lead to improved control
of the temperature profile in casting processes and secure
the high quality of steel thanks to improved flow control.
The optimization of the thermal conductivity is especial-
ly important from the economic and environmental point
of view. The loss of thermal energy causing a temperature
decrease of 1 K results in additional costs of approximate-
ly 0.05 € per tonne steel 10. So, these issues show that on-
going optimization of Al,O3-C is necessary because the
reduction of the carbon content strongly affects the prop-
erties of the refractory system.
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These challenges can be met by tailoring the microstruc-
ture of the bonding matrix. A first approach to influence
the microstructure to improve its oxidation resistance,
which corresponds to an increased service lifetime, is the
use of antioxidants 11-18, Typical antioxidants are metal-
lic powders (e.g. Al or Si with a particle size up to 150 um)
and carbides or boron-containing oxides (with a particle
size up to 100 pm). The antioxidative mechanism is based
on oxidative reactions forming CO(g) (from the carbon
matrix) and forming gaseous metal oxides (from the an-
tioxidants) 12. Both gaseous species react together, result-
ing in the reduction of CO(g) by the gaseous metal oxides
to form solid C again. This reduces the carbon loss in the
presence of oxygen. Such reactions can be accompanied by
the formation of oxidic sealing layers, which protect the
refractory from further oxidation processes, or by volume
expansions reducing porosity 16. Furthermore, the forma-
tion of whiskers or plate-like structures is possible, which
improves the mechanical properties of the materials 12.

A second approachis the use of nanoscaled materials such
as carbon nanotubes or nanoscaled oxides (e.g. alumina,
magnesium aluminate spinel). These are supposed to yield
a better connection between the coarse grains and the car-
bon matrix based on the formation of new bonding phases
like Al3CON as proposed by Roungos et al. 4:19. In that
study, the resulting improvement of the cold modulus of
rupture and the thermal shock performance permitted a
reduction in the primary carbon content from 30 wt% to
20 wt%.

Thirdly, the use of n-type semi-conductive additives
able to emit electrons at elevated temperatures is pro-
posed. It has been proposed that such additives increase
the binder carbon yield based on the transfer of electrons
during the coking process and during the following ther-
mal load 20-25,

In the present study, the combined effect of nanoscaled
additives (carbon nanotubes and nanoscaled Al,O3) and
of semi-conductive silicon (P-doped) in metallic-silicon-
containing carbon-bonded alumina was investigated. The
metallic silicon, working as an antioxidant, was partly
replaced with semi-conductive silicon. The aim was to
investigate if the combination of these additives yielded
a further improvement of the cold modulus of rupture
and the thermal shock performance of Al,O3-C 419,24, 25,
The study concentrated on Al,O3-C with additives and
20 wt% graphite as primary carbon, which corresponds to
an already reduced content of primary carbon in compari-
son with conventional material containing 30 wt% prima-
ry carbon.

II. Experimental

The alumina component of the samples in this study con-
sisted of two different alumina fractions. White fused alu-
mina (9946 wt% A1203, 0.45 wt% NaZO, d50 =76.40 um)
with a maximum grain size of 0.2 mm (Treibacher Indus-
trie AG, Althofen, Austria) was used as the fine fraction.
Tabular alumina (99.50 wt% Al,O3, max. 0.4 wt% Na,O,
d50=0.35 mm) with a maximum grain size of 0.60 mm (Al-
matis GmbH, Ludwigshafen, Germany) constituted the
coarse fraction. Graphite was introduced into the samples
in the form of two graphite sources. On the one hand,
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Table 1: Additives (nano-scaled particles and semi-conductive silicon).

Additives Producer Abbreviation Purity Average particle size Specific Specific ~ Doping
surface resistance
area
wt.-% m2/g  (Ohm cm)
Carbon Timesnano TN 295.00 Outer Inner Length ~ >40.00 - -
Nanotubes (China) Diameter  Diameter 10-20 um
(C) >50 nm 5-15nm
Alumina Sawyer  AS 95.00 10-250nm 9-40 - -
nanosheets (USA) -99.80
(a-AL)O3)
Silicon Silchem,  Si(special) - <64 um - 1.20-1.30 Phospho-
(Ger- rous
many)

natural graphite with a very fine grain size distribution
(99.50 W% < 40 um, dsy =8.50—11.00 um) and with a
carbon content of 90-96 wt% was used as raw materi-
al, and on the other hand, flaked, coarse-grade graphite
(95.00wt% >71 pm, dsy = 140 wm) with 8798 wt%
carbon content. Both graphite types were produced by
Graphit Kropfmithl AG, Hauzenberg, Germany. The
metallic silicon powder added as a high-purity antioxi-
dant (99.50 wt% <150 um, dsq =17.30 um) was supplied
by Elkem, Oslo, Norway. In addition to these raw materi-
als, different nanoscaled materials and a semi-conductive
silicon as listed in Table 1 were used. In all experiments,
a liquid (PF7280 FLO1) and a powder phenolic resin
(0235 DP), both from Momentive Specialty Chemicals,
Iserlohn, Germany, were added as binders. Furthermore,
hexamethylenetetramine (Momentive Specialty Chemi-
cals, Iserlohn, Germany) was used as a curing agent. In
Table 2, the investigated compositions with 20 wt% pri-
mary carbon are listed.

The same production method was used for all Al,O3-C
samples and is comparable to standard industrial practice
and close to the mixing range described by Kunz 26. First-
ly, the two alumina grains where mixed together for 1 min
in an Eirich compulsory mixer RV02 (Maschinenfabrik
Gustav Eirich GmbH & Co KG, Hardheim, Germany) at
room temperature. Afterwards, the liquid resin was added
and mixed with the alumina grains for 3 min. Right after
the liquid resin, the additives (nanoparticle and/or semi-
conductivesilicon) were added. This mixing order ensured
homogeneous distribution of the additives and prevented
leak-out of the nanoparticles. In a further step, the silicon
was added and mixed for 3 min followed by the two grades
of graphite, which were also mixed for 3 min. Finally, the
solid resin and the curing agent were added. After further
mixing for 5 min, the mixtures were uniaxially pressed to
bars (25 x 25 x150 mm3) at 100 MPa using a uniaxial press
(RUCKS Maschinenbau GmbH, Glauchau, Germany).

The pressed samples were cured inadryer (Model TR 120
from Nabertherm GmbH, Lilienthal, Germany). They
were heated in steps (in 20 min up to 85 °C with a dwell
time of 90 min, in 30 min up to 120 °C with a dwell time
of 120 min, in 150 min up to 180 °C) up to 180 °C, and

held at that temperature for 90 min. Afterwards, all sam-
ples were coked for 5 h at a temperature of 1000 °C in re-
ducing atmosphere in an electric chamber furnace (Model
LH 15/14, Nabertherm GmbH, Lilienthal, Germany). To
provideareducing atmosphere, the samples were placed in
a retort filled with petrol coke during the coking process.
The coking temperature was chosen according to the in-
vestigations by Roungos et al.* and Stein et al. 2. The heat-
ing rate was 3 K/min.

Table 2: Compositions of the investigated samples.

Raw materials Compositions (wt%)

Reference R20- R20-Si R20-
R20 SITNAS TNAS

Fused alumina 29.10 29.10  29.10 29.10
Tabular alumina  38.90 38.90 3890 38.90
Fine graphite 10.00 10.00  10.00 10.00
Coarse graphite  10.00 10.00 10.00  10.00

Novolac liquid 2.00 2.00 2.00 2.00
Novolac powder 4.00 4.00 4.00  4.00
Metallic silicon ~ 6.00 5.50 5.50 6.00
Hexa. 0.60 0.60 0.60 0.60
Carbon nano- 0.30 0.30
tubes

Alumina 0.10 0.10
nanosheets

Si (special) 0.50 0.50

The microstructure was examined with the aid of an envi-
ronmental scanning electron microscope (ESEM, Philips
Type XL30). Additionally, the bulk density and the extent
of the open porosity of the coked samples were measured
according to DIN EN 993 — 1 with toluene as the intrusion
liquid. The true density was measured with He-pycnom-
etry (AccuPyc 1330, Micromeritics, Aachen, Germany)
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Table 3: Cold modulus of rupture (CMOR) and thermal shock behavior.

Composition CMOR CMOR 15 CMOR57g ATS o1 ATS (15
[MPa] [MPA] [MPa] [%] [%]

R20 10.31£0.15 6.951+0.36 6.651+0.45 -32,58 -4,41

R20-Si 13.20+1.13 9.66x1.53 8.01+0.38 -26,77 -17,14

R20-TNAS 12.56+1.40 11.92+1.41 9.38%+0.75 -5,07 -21,33

R20-SiTNAS 14.51+0.26 12.11+0.81 13.89+0.96 -16,54 14,64

according to DIN 66137 —2. Furthermore, the mechani-
cal properties of the samples were determined by mea-
suring their cold modulus of rupture (CMOR) accord-
ing to DIN EN 993 -6 (TTIRA Test 28100, TIRA GmbH,
Schalkau, Germany). The thermal shock resistance of the
investigated materials was determined. The samples were
quenched from 950 °C with compressed air in accordance
with DIN EN 993 —11. Afterwards, the retained CMOR
was measured after one and five thermal shock cycles for
all material types in line with Fruhstorfer et a/. 27. Finally,
the carbon content of the samples after coking was mea-
sured with an elementary analyser vario MICRO cube
(Elementar Analysensysteme GmbH, Hanau, Germany).
The residual carbon binder yield was calculated according
to Stein 22,

III. Results and Discussion

The cold modulus of rupture (CMOR) was investigat-
ed to observe phenomenologically the possible combined
effect of the nanoscaled additives (TN and AS) and semi-
conductive silicon. The CMOR was then related to the
physical properties open porosity, total porosity, true den-
sity and binder carbon yield to facilitate understanding of
the differences between the material systems and their ef-
fects on CMOR evolution. Additionally, SEM images of
the microstructure were taken into account.

(1) Evolution of the cold modulus of rupture

To investigate the combined effect of nanoscaled addi-
tives and semi-conductive silicon on carbon-bonded alu-
mina, this study concentrated in the first place on the evo-
lution of the cold modulus of rupture (CMOR) of the in-
vestigated samples. Fig. 1 and Table 3 show the test results
for the material after coking and for samples after one and
five thermal shock cycles (TS). They include the relative
strength change after the first thermal shock cycle com-
pared to the initial state (ATSy_,) and after the fifth ther-
mal shock cycle compared to the first one (ATS{_,5). Ta-
ble 5 presents an analysis of variance (ANOVA) to eval-
uate the effect of the factors ‘additive combination’ (AC)
and ‘number of thermal shock cycles’ (TS) on the CMOR.

An ANOVA 28 applies the t-test to more than two vari-
ables or factors and tests the means of the observations
corresponding to the investigated variables on their dif-
ference. The null hypothesis is that all means are equal.

For each observation, a probability is calculated, the so-
called p-value, which corresponds to the probability that
the mean in question will take a value as the observed val-
ue. The lower this probability is, the higher is the evidence
against the null hypothesis. Usually, the effect of a factor
is considered to be significant if its p-value is < 0.05.

16 -16.54%
14 5 \ /f 14.64%
-26.77% s
12 \ 7
\;32.58%
kiw.m

4.41% =
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CMOR1TS
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[

R20-SiTNAS
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Fig. 1: CMOR of the samples after coking (CMOR), after one ther-
mal shock (CMORI1TS) and after five thermal shocks (CMORS5TS).

R20 R20-Si

Table 4 shows that both investigated factors had a signif-
icant effect on the CMOR. Additionally, the interaction
between AC and TS had a significant influence, which in-
dicated that the factors did not independently control the
CMOR. Table 5 presents the means of the CMOR for the
differentlevels of the investigated factors to determine the
direction of their influence. Additionally, Tukey tests were
performed. Based on pairwise comparisons, they permit
identification of significant differences in the main effects
or the interactions of two groups of samples.

Table 4: p-values of the analysis of variance for the cold
modulus of rupture (CMOR) (significant effects on alevel
<0.05 marked in italic and on a level <0.001 bold).

Factor2 p-value
AC 6.1-10-11
TS 2.9-108
ACTS 0.0015

a2 AC - Additive Combination, TS — Number of thermal shock cycles,
AC:TS - Interactions
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Table 5: Table of means of the significant factors for the cold modulus of rupture (CMOR).
Significant factor? CMOR [MPa]
AC R20 R20-Si R20-TNAS  R20-SiTNAS
7.97 10.29 11.29 13.50
TS 0 1 5
12.65 10.16 9.48
AC!TS AC: R20 R20-S1 R20-TNAS R20-SiTNAS
TS: 0 10.31 13.20 12.56 14.51
1 6.95 9.66 11.92 12.11
5 6.65 8.00 9.38 13.89

4 AC - Additive Combination, TS — Number of thermal shock cycles, AC:TS - Interactions

The factor ‘additive combination’ (AC) increased
the CMOR according to the sequence no additive
(R20) — semi-conductive Si (R20-Si) — nanoscaled
TN&AS (R20-TNAS) — complete additive combina-
tion (R20-SiTNAS). The pairwise comparisons in the
Tukey test are summarized in Table 6. It shows that there
was a significant difference in the behavior of all groups
except the pair R20-TNAS — R20-Si. This means that
the use of one additive (semi-conductive Si — R20-Si — or
nanoscaled additives TN&AS —R20-TNAS) increased the
CMOR significantly in comparison to the R20 samples,
which contained no additive. This confirmed the results
of Roungos et al.* and Stein et al.24, who performed first
investigations with the same single additive varieties in the
system Al,O3-C. The combined application of semi-con-
ductive Si and TN&AS in the sample group R20-SiTNAS
resulted in a significant further increase of the CMOR
level compared to the reference R20 and the other groups
using the single additives (semi-conductive Si — R20-Si —
or nanoscaled additives TN&AS — R20-TNAS).

Table 6: Tukey-test for the pairwise comparison of the
cold modulus of rupture (CMOR) (x - values significantly
different, — values not significantly different).

R20-Si R20-TNAS R20-SiTNAS

R20 X X X
R20-SiTNAS x X
R20-TNAS -

The factor ‘number of thermal shock cycles’ (TS) de-
creased the CMOR with increasing thermal shock num-
ber. The pairwise comparison between the sample groups
of the same thermal shock numbers showed that the
CMOR changes ATS,_,; and ATS;_,5 were significant.

The analysis of the interaction AC:TS using the pairwise
comparison of the Tukey test revealed some additional fea-
tures in the evolution of the CMOR. It showed that in the
coked state the initial CMOR g5 improved in the samples
R20-Siand R20-SiTNAS in comparison with the reference
R20. The CMOR g5 of these two sample groups R20-Si
and R20-SiTNAS did not differ significantly. In contrast

to this observation, the addition of TN&AS (R20-TNAS)
did not yield a significant increase of the CMOR g1 in the
coked state in comparison to the reference R20.

Under thermal shock load, the sample groups behaved
very differently, too. For the samples R20 and R20-Sj,
the first CMOR change ATS_,; was significant. By con-
trast, ATS;_ 5 was not significant, thus no further sig-
nificant CMOR decrease occurred. The CMOR changes
ATSq_,; and ATS_,5 of the samples R20-TNAS were not
significant in either case although the analysis of the over-
all CMOR change ATSq_,5 indicated that a significant
strength loss occurred. For the samples R20-SiTNAS,
both CMOR changes due to thermal shock were not
significant, and neither was the overall CMOR change
ATSq_,s5. Especially this observation was remarkable, be-
cause the repeated thermal shock did not significantly
affect the CMOR of the material R20-SiTNAS.

(2) General evaluation of the physical properties and the
binder carbon yield

Table 7 summarizes the observed data for the physical
properties total porosity, open porosity and true density.
Additionally, the binder carbon yield was determined for
the coked samples. To evaluate these properties with re-
gard to the factors ‘additive combination’ (AC) and ‘num-
ber of thermal shock cycles’ (TS), ANOVAs were per-
formed (Table8). Furthermore, correlation coefficients
between the properties of Table 7 were determined to in-
vestigate if significant linear relationships existed between
these properties.

The ANOVAs in Table 8 showed that the physical prop-
erties were all significantly influenced by the factors AC
and TS. Regarding the interaction AC:TS, it was sig-
nificant for the true density and the total porosity. The
ANOVA of the binder carbon yield, which was only de-
termined for the coked samples, indicated that the factor
AC had no significant influence on this property.

The calculation of correlation coefficients between the
investigated properties yielded a value of -0.847 for the
open porosity OP and the CMOR. It was significant on
alevel of 0.01, hence the correlation coefficient exhibited a
high significance. This indicated a strongly linear relation-
ship between the open porosity and the CMOR 28.
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Table 7: Observed data for total porosity (P), open porosity (OP), true density (TD) and binder carbon yield (BCY).

Property R20 R20-S1 R20-TNAS R20-SiTNAS
OPqrs [%] 20.08+1.06 19.06£1.00 19.00+0.83 17.89£0.34
Pors [%] 22.86£1.01 22.60£0.71 23.36+1.32 21.82+0.43
TDgrs [g/cm?] 3.244+0.00 3.26+£0.00 3.28+0.00 3.27 +£0.00
OP 15 [%] 20.62+0.93 20.29+£0.19 20.21+1.27 18.57 +£0.22
Pirs[%] 24.014+0.35 24.54+1.03 23.85%1.26 22.0040.22
TD s [g/cm?] 3.27+0.00 3.28+0.00 3.28£0.00 3.26£0.00
OPs51g[%] 20.6440.69 20.24+0.41 19.27 +£0.25 18.78 £0.11
Psrs[%] 23.46+0.59 22.16+0.43 22.80+0.52 23.13£0.55
TDsys [g/cm?] 3.25+0.00 3.2240.00 3.28+0.00 3.29 +0.00
BCY [%] 60.06 £12.70 68.83 +6.71 52.26 £36.71 74.59£42.71

Table 8: p-values of the analysis of variance for the total
porosity (P), open porosity (OP), true density (TD) and
binder carbon yield (BCY) (significant effects on a level
<0.05 marked in italic and on a level £0.001 bold).

Factor?  p-value

TD P opr BCY
AC <2-10-16  0.0233 3.6:10°5  0.796
TS 3.2-10°13 0.0188 0.0112

AC:TS <2-10-16  0.0301 0.7815

4 AC - Additive Combination, TS — Number of thermal shock cycles,
AC:TS - Interactions

Furthermore, a moderate correlation was determined for
the properties open porosity and total porosity. The corre-
lation coefficient was + 0.660. However, it was statistically
significant only on a level of 0.1.

The strong correlation between CMOR and open poros-
ity and the poor correlation between open porosity and to-
tal porosity might be caused by the effect of the additives
on the materials. The factor ‘additive combination’ (AC)
seemed to influence the open porosity more strongly than
the total porosity as is reflected by the much lower p-value
of the ANOVA for the open porosity (3.6:10-2) than for
the total porosity (0.0233) (Table 8).

The elevated number of significant influences indicated
that complex relationships between reactions due to the
additives and the behavior due to thermal shock load had
to occur in the material. The correlation coefficients be-
tween the observed properties provided compelling evi-
dence that a strong linear relationship between the open
porosity and the CMOR existed.

(3) Samples in the coked state

In this section, the properties of the samples after cok-
ing are discussed to enable an understanding of the differ-
ences between the materials with regard to the initial cold
modulus of rupture CMOR grs. The determined correla-
tion coefficients in Section IIT (2) showed that the open
porosity played an important role in the CMOR evolu-
tion of all samples in this series. This corresponds to the

commonly known relation between poresinamaterial and
its strength. The pores act as failures and their increasing
number decreases the strength. The ANOVA vyielded a
highly significant effect of the factor ‘additive combina-
tion” on the open porosity with regard to all samples. A
Tukey test was performed to identify possible significant
differences between the four sample groups after coking.
This analysis indicated that only the open porosity of R20-
SiTNAS was significantly different (significantly lower)
compared to thereference R20. Therefore, the open poros-
ity of the samples in the coked state was only of limited
value for understanding the differences in the CMORgrg
of the samples. The total porosity showed no significant
differences between the samples in the coked state, either.

The true density exhibited a significant dependence on
the additive combination, too, according to the ANOVA
in Section I11(2). The mean values of the true density in Ta-
ble 7 are additionally presented in Fig. 2. It illustrates that
the true density in the coked state increased in the par-
tial series R20 — R20-Si — R20-TNAS. The true densi-
ties of this partial series are all significantly different. An
increase of the true density accompanies the formation
of phases with a higher true density or increasing quan-
tities of such phases. Table 9 summarizes possible reac-
tions in carbon-bonded alumina caused by thermal load
and the presence of oxygen according to the explanations
in the introductory section (Section I). It shows firstly that
an increasing true density would be related to the forma-
tion of SiC whiskers due to the higher true density of SiC
(3.21 grem312) compared to Si(2.33 g-em3 29) or C (amor-
phous C: 1.6 g-cm=312; graphite: 2.22 g-cm~329). Owing to
the presence of metallic Si in all samples R20, R20-Si and
R20-TNAS and the addition of semi-conductive Si in the
samples R20-Si, the formation of SiC whiskers is possible.

The formation of SiC results from the reaction of gaseous
species in the material system. Si reacts to SiO(g) owing to
the presence of oxygen 30. Furthermore, CO and CO, is
provided as a result of oxidation processes of carbon com-
ponents in the material. The reaction of gaseous SiO and
CO results in the growth of whiskers. Wu ez al. 31 pro-
posed that the presence of graphite in the batch favors es-
pecially the formation of whiskers because graphite has
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active sites on its surface at elevated temperatures which
provide the starting point for the growth of whiskers. Fan
et al. 32 investigated the formation of whiskers in carbon-
bonded alumina also using phenolic resin as binder and
graphite as primary carbon. They attributed the forma-
tion of their observed whiskers to the reaction mechanism
described above. Because of the similarity of the material
system in the present study, this mechanism was strong-
ly considered as relevant for the possible formation of SiC
whiskers.
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Fig.2 : Mean values of the true density of the samples after coking
(0TS), the first thermal shock cycle (1TS) and the fifth thermal shock
cycle (5TS).

The microstructure of the investigated samples in the
coked state was presented as SEM images in a previous
study 25 by Mertke et al. and is summarized as follows: For
R20, only single, rarely distributed whiskers were identi-
tied. The samples R20-Si showed accumulations of short
whiskers. This was in contrast to the previous study by
Stein et al.2* who investigated the same sample composi-
tion. However, a higher hardening temperature (200 °C in
comparison to 180 °C in this study) and a different heat-
ing process during coking were used. As this was the on-
ly difference in the material processing, it was considered
to have an influence on the microstructure. The samples
R20-TNAS exhibited rug-like areas with an intensive for-
mation of whiskers, which were longer than for R20-Si.
These observations corresponded partly to previous re-
sults 4. Roungos et al. 4 presented the formation of Al-O-
rich platelets in samples with TN&AS as nanoscaled addi-
tives. The formation of these platelets was attributed to the
addition of nanoscaled raw materials. It was assumed that
these platelets had an increasing effect on the CMOR, sim-
ilar to whiskers in the microstructure. The differences in
the microstructures between the study of Roungos ez al. 4
and this study were attributed to differences in the mix-
ing procedure of the samples, which might have an influ-
ence on the reactions responsible for the whisker forma-
tion. In the previous study by Mertke et al. 25, which con-
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centrated partly on the same sample series as the present
study, the whiskers were examined by means of electron
backscattering diffraction. These analyses confirmed that
the whiskers consisted of 3-SiC phases. This corresponded
well to the evolution of the true density in the samples R20,
R20-Siand R20-TNAS, shown in Fig. 2. According to the
literature 12,32, the interlocking of the whiskers with each
other, with the binding matrix and the granular material
was considered to have an increasing effect on the CMOR,
which explained the increased CMOR g5 of the samples
R20-Si and R20-TNAS in comparison with the reference
R20.

Table 9: Possible reactions in the carbon matrix of Si-con-
taining carbon-bonded refractories at elevated tempera-
turesand/or under presence of oxygen, partly according to
Yamaguchill (P - porosity, TD — true density, OP — open
porosity).

Reaction/Mechanism AV Effect on
[%] P TD OP

1 Oxidation of Si
la  Si(s) + Oy (g) — S10,(s) +115 L 0 1
b Si(s) + 2CO(g) — SiO,(s) +

2C(s)
C(s) = Cgraphitized +205 \’ 2
C(s) = Camorphous +240 | 2 l
2 Oxidation of SiC
2a 2SiC(s) + 30,(g)— +108 L L
2510,(s)+2CO(g)
2b  SiC(s) + 2CO(g) — SiO5(s)
+3C(s)
Cls)= Cgraphitized +238 | \! 2
C(s) = Camorphous +288 | d l
3 Crystallization of glassy Max. T T 7T
carbon -28

4 SiC-formation

Si+C—SiC

C(s) = Cyraphitized 28 T T 1

C(s) = Camorphous 36 T 7
5  Oxidation of C

C(s) + O(g) — CO(g) -t00 T T 7T

The differences in the whisker formation were attribut-
ed to theused additives. The nanoscaled additives TN&AS
had a very high specific surface (Table 1). This is probably
accompanied by a higher reactivity during the coking pro-
cess and shifted the whisker formation to lower tempera-
tures compared to the reference R20. In the case of R20-
Si it was assumed that the semi-conductive silicon — con-
taining additional free electrons due to the doping — influ-
enced the coking reactions, which resulted in the differ-
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ences in the microstructure in comparison with the refer-
ence R20 24,

In contrast to the evolution of the true density in the par-
tial series R20 — R20-Si — R20-TNAS, the samples R20-
SiTNAS exhibited a decrease in the true density (Fig.2)
although the CMOR 75 increased. This was partly ex-
plained by the lower open porosity compared to the ref-
erence (see above). However, the SEM images in the pre-
vious study 2> indicated that these samples were marked
by intensive whisker formation, too. The analysis of the
true density demonstrated that it was lower for the sam-
ples R20-SiTNAS than for the other samples in the series.
The Tukey test yielded that this decrease in the true den-
sity was significant. An increased binder yield during the
coking process would be a possible mechanism to explaina
lower true density in the material (Table 9) because the low
density of carbon (amorphous C: 1.6 g-em312; graphite:
2.22 g-cm329) in comparison to the alumina grains would
decrease the overall density of the material. Stein et al. 22
following Yamaguchi 12 proposed such an effect in car-
bon-bonded refractories using semi-conductive species.
When they are added to a phenolic-resin-containing sys-
tem, they should yield stabilized carbon structures during
the coking process because of their additional free elec-
trons owing to doping or semi-conductive properties at
elevated temperatures. This effect could have occurred in
the present study, too. The significant decrease in the open
porosity of the samples R20-SiTNAS would support this
proposed effect because a higher binder carbon yield is
linked to a lower open porosity (Table 9).

However, the analysis of the carbon binder yield in this
study did not yield significant results as described in Sec-
tion III (2). No significant effects of the nanoscaled or se-
mi-conductive additives on the binder carbon yield were
observed. The experimental data showed a very high vari-
ance (Table 7). This might indicate insufficient accuracy
or precision of the determination of the carbon content
in the samples. These analyses were performed at 950 °C.
According to literature data, first decompositions of SiC
could take place at this temperature, which would also in-
fluence the results of the binder carbon yield analysis 33.

In summary, two points should be highlighted in this
section to explain the differences in the cold modulus
of rupture after coking. Changes in the open porosity
only had a relevant effect on the CMOR for the sam-
ples R20-SiTNAS. Regarding the microstructure, the in-
creasing whisker formation due to the single additives
TN&AS or semi-conductive silicon and their interlock-
ing were considered very relevant for the mechanical be-
havior 12,32, In the samples R20-SiTNAS the effect of an
increased binder carbon yield was proposed according to
Stein et al. 24 to explain the improved CMOR, although a
measurement of the effect had not been possible by that
tume.

(4) Evolution of the samples under thermal shock load
The ANOVAs in Table 8 show that the thermal-shock-

related effects on the total porosity were significant (main
effect of TS and interaction AC:TS). The data of the to-
tal porosity and its analysis with the Tukey test indicat-
ed that the total porosity did not change within the sam-
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ple groups R20, R20-TNAS and R20-SiTNAS. Only the
change of the total porosity in the group R20-Si between
the first and the fifth thermal shock cycle was significant.
This significant difference, which only occurred to a lim-
ited extent, is reflected in the relatively high p-values close
to 0.05 for the main effect of TS and the interaction AC:TS
on the total porosity. Furthermore, no strong correlations
between the total porosity and the CMOR or other physi-
cal properties were determined. Therefore, the evolution
of the total porosity was not suitable to understand the
CMOR evolution.

In analogy to the total porosity, the number of thermal
shock cycles had a significant effect on the open porosity
onalevel of 0.05. The data showed for all samples that the
application of thermal shock increased the open porosity
compared to the initial state. The Tukey test yielded that
for all samples only the first thermal shock cycle caused
a significant increase in the open porosity. An increase in
the open porosity in combination with the total porosi-
ty remaining constant as described above can be explained
by the formation of cracks in the material caused by ther-
mal stress during thermal shock 34. The evolution of the
open porosity within the sample groups was comparable
because the interaction AC:TS was not significant. Both
main effects influenced the open porosity independently
according to the available data. It might be possible that the
number of investigated samples was insufficient to mea-
sure significant differences in the evolution of the open
porosity of the samples within each group. This will be in-
vestigated in further studies. Therefore, the strong correla-
tion between the open porosity and the CMOR, described
in Section ITI (2), was mainly caused by the global CMOR
level within the sample groups and not by a possible evolu-
tion of the open porosity of the samples within each group.
Thisisreflected by the large difference in the order of mag-
nitude of the p-values for the main effects TS and AC. The
influence of the factor ‘additive combination’ was highly
significantas illustrated by the p-value of 3.6 - 10->, where-
as the p-value of the factor ‘number of thermal shock cy-
cles’ was only 1.12 - 10-2 (Table 8). Hence, for the available
data neither the open porosity nor the total porosity alone
indicated a sufficient property evolution to understand the
CMOR changes of the investigated samples due to thermal
shock.

In comparison to the open and total porosity, the
ANOVA for the true densities yielded highly signifi-
cant effects for the TS-related factors. To discuss possible
evolutions of this property, Table 9 summarizes reactions
occurring in carbon-bonded refractories with Si-species as
antioxidants (partly after Yamaguchi 12). In this study, the
thermal shock test was performed with compressed air,
which meant that oxygen came into contact with the car-
bon-bonded material. Owing to the high open porosity,
it was very likely that oxygen entered the samples. There-
fore, reactions involving oxygen were taken into account.
Reactions 1b and 2b correspond to the renewed reaction
of CO(g), which formed due to oxidation processes, with
other species to form solid carbon deposits. This effect is
proposed by Yamaguchi 12. Table 9 presents the expected
effects of these reactions on the true density of the mate-
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rial under the assumption that no further coking effects
and, related to this, no further shrinkage of the samples
occur. As the thermal shock was performed at 950 °C, it
was below the initial coking temperature. Therefore, the
assumption was probably fulfilled.

Inaddition to the ANOVA of the true density, the results
of the Tukey tests were analyzed. All true densities were
significantly different, which corresponded to the low p-
values in the ANOVA. Furthermore, the results permit-
ted a division of the four sample groups into two types of
true density evolution. For the samples R20 and R20-Si
the true density increased during the first thermal shock,
which was followed by a decrease during the subsequent
thermal shocks. According to Table9, an increase in the
true density is caused by the oxidation of C (Reaction 5). A
crystallization of glassy carbon would be another possible
reaction (Reaction 3). This could be caused by the thermal
driving force of the preheating during the thermal shock
tests. For the R20-Si-samples the crystallization of glassy
carbon to more ordered structures might be enhanced by
semi-conductive Si as proposed by Stein et al. 24.SiC for-
mation (Reaction 4) could be possible, too, as both sample
types contain Si (R20 — metallic Si, R20-Si — metallic and
semi-conductive Si). According to Yamaguchi 12, SiC for-
mation can be expected above 600 °C. Especially the for-
mation of SiC whiskers would explain thelow CMOR loss
during the following thermal shock cycles because inter-
locking whiskers increase the cold modulus of rupture 12.

~ 5um

Fig. 3: SEM analysis of RZO,(a) after the first thermal shock cycle,
(b) after the fifth thermal shock cycle.

Figs.3a and 4a present the microstructure of R20 and
R20-Si after the first thermal shock. In both cases no
SiC whiskers were observed. Therefore, it was conclud-
ed that the SiC formation was not the dominant process
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for the increase in the true density. The oxidation of car-
bon (Reaction 5) or the crystallization of glassy carbon
(Reaction 3) were considered to be the dominant process-
es to explain the measured increase in the true density
of R20 and R20-Si.

Fig. 4: SEM analysis of R20-Sj, (a) after the first thermal shock cycle,
(b) after the fifth thermal shock cycle.

Fig. 2 illustrates that both R20 and R20-Si exhibited a de-
crease in the true density with increasing number of ther-
mal shocks. Figs. 3b and 4b show the microstructure of
R20 and R20-Si after the fifth thermal shock. The micro-
graph of R20-Si exhibited considerable whisker forma-
tion. This effect probably caused the lower CMOR loss
ATS|_,5in comparison with the CMOR loss after the first
thermal shock (Fig. 1). Furthermore, the observation of
these whiskers after the fifth thermal shock cycle indicat-
ed that during the alternate heating and quenching of the
thermal shock cycles, microstructural changes due to the
formation of new phases seem possible. Although the ob-
served whiskers matched very well with the CMOR evo-
lution, they did not correspond to the true density de-
crease measured after the fifth thermal shock because the
formation of SiC is linked to an increase in the true densi-
ty (Reaction 4). Therefore, other processes had to be taken
into account.

The decrease in the true density of R20-Si with increas-
ing number of thermal shock cycles might be related to
oxidation processes because of the oxygen contact during
these testing cycles. Oxidation processes of Siand SiC (Re-
actions 1 and 2) cause a decrease in the true density and
were likely to occur simultaneously with the SiC forma-
tion (Reaction 4) owing to the presence of oxygen. It was
considered that these processes overcompensated the in-
crease in the true density by the formation of SiC whiskers
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(Reaction 4) or the possible oxidation of carbon (Reac-
tion 5).

For R20, the microstructure remained unchanged in
comparison to the coked state and the situation after the
first thermal shock (Fig.3b). SiC whiskers were not ob-
served. Therefore, the oxidation of Si (Reaction 1) was
considered to be the dominant reaction for the observed
decrease in the true density and to overcompensate a pos-
sible oxidation of C (Reaction 5).

The formation of SiO; as consequence of the possible ox-
idation reactions according to Reactions 1 (for R20 and
R20-Si) and 2 (for R20-Si) was related to a volume expan-
sion that reduced the porosity of the material. The effect
would also correspond well to the CMOR evolution of
these samples. The CMOR change ATS_,5 was notsignif-
icant, which might be caused by the reduced porosity due
to the SiO, deposition with increasing number of thermal
shock cycles.

The samples R20-TNAS und R20-SiTNAS showed an
inverse behavior. This meant that reactions resulting in
phases of lower true density dominated the evolution dur-
ing the first thermal shock. The decrease in the true densi-
ty after the first thermal shock would be related to the for-
mation of less dense phases. A renewed oxidation of SiC
mightoccur (Reaction 2), which would be linked to the de-
position of carbon structures in the case of a reaction path
according to Reaction 2b.

To further investigate these possible reactions, SEM anal-
yses were performed for R20-TNAS and R20-SiTNAS af-
ter the first and fifth thermal shock.

Fig.5: SEM analysis of R20-TNAS, (a) after the first thermal shock
cycle, (b) after the fifth thermal shock cycle.

Fig. 5a illustrates the microstructure of R20-TNAS after
the first thermal shock cycle. The short rug-like whisker
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areas which formed during the coking process developed
into shorter whiskers and the number of whiskers seemed
to have decreased. This corresponded to the observed true
density decrease after the first thermal shock cycle (Fig. 2).
In Fig. 5b the structural state after the fifth thermal shock
can be seen. Although their number seemed to have re-
mained constant, the whiskers’ length and diameter had
increased. This would explain the renewed increase in the
true density after the fifth thermal shock (Fig. 2).

Fig. 6: SEM analysis of R20-SiTNAS after the first thermal shock.

Figs.6 and 7 show the microstructural evolution of
R20-SiTNAS. Fig.6 shows an increase in the amount
of whiskers in the material after the first thermal shock.
Especially remarkable was the increasing length of the
grown whiskers. The whiskers were especially noticed in
the voids of the samples. The SEM images after the fifth
thermal shock showed a further increase of the number
of whiskers (Fig.7) although the whiskers were shorter
than after the first thermal shock. They resembled the
rug-like areas, as in R20-TNAS after coking. The contin-
uous increase in the whisker number during the thermal
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shock tests did not correspond to the observed true den-
sity decrease after the first thermal shock. This will be
investigated in further studies.

Whisker

Fig.7: SEM analysis of R20-SiTNAS after the fifth thermal shock.

The stronger whisker formation of R20-TNAS and R20-
SiTNAS in comparison with the samples R20 and R20-Si
was probably caused by the presence of the nanoscaled ad-
ditives TN&AS. Owing to their high specific surface area
(Table 1), they provided an additional reactivity, which in-
tensified whisker formation. The earlier formation of the
whiskers and their reactions in comparison with R20-Si
might have dominated the microstructural evolution dur-
ing the first thermal shock cycle.

It was remarkable that the samples of R20-TNAS af-
ter coking and R20-SiTNAS after the fifth thermal shock
exhibited predominantly the rug-like whisker areas. Si-
multaneously, these samples showed comparatively high
CMOR values within their sample group (Fig. 1). In the
data of Fan et al. 32, it can also be observed that samples
with rug-like whisker formations exhibited the highest
CMOR values in their study. A possible explanation could
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be the improved interlocking and bonding between aggre-
gates and the surrounding matrix. For example, a closure
of developing gaps during coking caused by differences in
the absolute thermal expansions of the carbon matrix and
the aggregates 3> seems possible.

Additionally, for R20-SiTNAS, it was observed that
a renewed formation of glassy carbon layers occurred
(Fig. 7¢), which were interlocked with the fiber system of
the whiskers. If whisker formation was the dominating
process compared to the formation of glassy carbon, the
true density would increase. This would also match with
the observed data for R20-SiTNAS presented in Fig.2
where an increase in the true density of the samples R20-
SiTNAS after the fifth thermal shock is shown. There-
fore, it was proposed that these reactions could provide a
self-healing capacity of the material because the renewed
formation of glassy carbon would seal failures in the ma-
terial formed due to thermal shock. It was assumed that
the carbon necessary for the formation of these structures
originated from the release of CO resulting from oxi-
dation processes during the thermal shocks. The testing
procedure comprised the alternate heating of the samples
in reducing atmosphere and quenching in compressed air.
Because of the open porosity, both the inner and outer
surface were in contact with oxygen. It was therefore con-
sidered likely that oxygen was presentin the samples at the
beginning of each heating cycle to participate at possible
reactions. It was assumed that the semi-conductive silicon
in the batches influenced these reactions because of its
ability to provide additional electrons 24. This effect of the
formation of such carbon structures is shown schematical-
ly in Fig. 8. Yamaguchi 12 also proposed the formation of
carbon deposits, e.g. because CO(g) as product of oxida-
tion reactions reacts further with other species resulting in
solid carbon deposits (Reaction 1b and 2b in Table 9). This
reaction would also be accompanied by the deposition of
SiO,, which reduces the porosity of the material, which
corresponded to the CMOR evolution of the samples.

0Ts 1Ts 5TsS

Formation of new
glassy carbon

Glassy carbonand Formation of new !

whisker whiskers

Fig. 8: Schematic model of microstructural evolution during the
thermal shock cycles of R20-SITNAS.

IV. Conclusions

Thisstudy investigated the combined effect of nanoscaled
additives (carbon nanotubes and nanoscaled alumina) and
semi-conductive silicon on carbon-bonded alumina with
the reduced content of primary carbon of 20 wt%. It fo-
cused especially on the initial cold modulus of rupture and
its evolution after thermal shock.
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The use of the single additive groups or their combina-
tion yielded an increased initial strength compared to the
reference without additives. It was shown that the combi-
nation of the additives resulted in a material that exhibited
no statistically significant decrease in the cold modulus of
rupture after thermal shock. To enable understanding of
these effects, physical properties of the investigated mate-
rials such as total porosity, open porosity and true densi-
ty were determined. The data indicated very complex re-
actions in the microstructure. Several reactions occurred
simultaneously. The combination of all additives caused a
decrease in the open porosity. The available data of the true
density analysis corresponded partly to the possible reac-
tions. Especially the formation of SiC whiskers was con-
sidered to be important in the initial coking process and
during the thermal shock cycles. Furthermore, it was pro-
posed that during the thermal shock cycles, a deposition of
carbon due to oxidation processes followed by reactions
with the additives, especially the semi-conductive silicon,
occurred. This relocated carbon might have a self-healing
effect on the refractory matrix.

Future studies will concentrate on observations of the
microstructure after the coking process and its evolution
with thermal shock. Additionally, a further reduction of
the primary carbon content below 20 wt% will be investi-
gated.
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