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Abstract

This study investigates the thermal shock performance of carbon-free and low-carbon-containing refractories, with
and without nanoscale additives, based on alumina, mullite, and alumina doped with zirconia and titania (AZT). For
this purpose, the porosity and cold modulus of rupture of the refractories before and after a single thermal shock by
compressed air were determined. The mullite-matrix materials exhibited the highest porosities owing to restrained
densification during sintering, but exhibited the lowest strength losses of the carbon-free materials. In general, the
carbon-containing materials had very low strengths because the carbon content was only 4 wt%. The matrix strength
was therefore quite low. However, the additions of nanoadditives increased the strength of the carbon-containing
alumina. Meanwhile, in the carbon-containing mullite, the nanoadditives caused an enhanced reaction of the used
mullite raw material, while in the carbon-containing AZT, the nanoadditives resulted in enhanced decomposition of
the aluminum titanate phase — leading to reduced strengths after thermal shock. Nevertheless, all alumina-based
compositions as well as the carbon-free mullite-matrix materials seem very promising for application in steel ingot

casting.
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I. Introduction

Non-metallic inclusions act as stress raisers and signif-
icantly impair the mechanical properties of ingot-cast
steels. These inclusions often arise from chemical and me-
chanical interaction of the steel with refractories. Thus,
to reduce non-metallic inclusions and to meet the steel
quality requirements, high-alumina, mullite and zirco-
nia 1-3 as well as carbon-bonded refractories 4 have been
recently developed as alternatives to traditional fireclay
refractories for steel ingot casting applications 1,5.

Steels for special applications and steel grades that are
sensitive to the severe bending stresses occurring at high
temperatures during continuous casting are ingot-cast
discontinuously. In a previous study ©, the corrosion of
alumina refractories was investigated as a function of
the ingot-casting steel composition and its casting tem-
perature. The tested steels were 100CrMn6 with high Si
and C contents, X10MnCrN1818 with high Mn and Cr
contents, X5CrNiCuNb174 with a high Cr content as
well as 18CrNiMo7 -6 with a high casting temperature
of 1580 °C. The corrosion increased as a function of the
aluminum content of the steels and of the casting tem-
perature. Since the most severe attack was caused by the
steel 18CrNiMo7 -6, it was chosen for further corrosion
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experiments.

Ingot casting is usually performed in a bottom teeming
process by pouring the steel through refractory pipes (hol-
lowware) into the ingot mold. The whole refractory sys-
tem is not preheated. The disposable hollowware, such as
runner and spider bricks, is thus exposed to a single ther-
mal shock as well as to hot erosion and corrosion owing to
the steel flow. The exposure time is about 15 —45 minutes
until the steel solidifies 1, 4.

The refractory hollowware, such as runner bricks, is pro-
duced by means of extrusion or increasingly also by up-
right die pressing 2~4. More complex shapes such as spider
bricks are manufactured by means of extrusion with post-
processing or by casting processes.

During extrusion and upright die pressing, high friction
occurs between the tool walls and the refractory mass as
well as in the mass itself. To reduce the friction, consid-
erable amounts of plasticizing clay with high contents of
SiO, are used 3-4. The SiO,, however, later reacts with al-
loy elements of the steel such as manganese, chromium
or aluminum ! =37, Upright die pressing of runner bricks
with areduced clay content was consequently proposed in
a previous study 8. The upright die pressing was success-
ful owing to increased lubrication with the application of
an additive mix of a polysaccharide binder, a high-viscous
cellulose derivative plasticizer, a fatty acid lubricant and a
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wax dispersion pressing aid together with water as the dis-
persing medium.

Moreover, particle size distributions of alumina castables
for the later manufacturing of spider bricks were inves-
tigated by modifying the Andreasen particle size distri-
bution model 9, which is usually used to optimize refrac-
tory castable batches. The novel approach introduced by
Fruhstorfer and Aneziris 19 allowed separate adjustment
of the amount of fine and coarse particle fractions by ad-
justing the values of the minimum and maximum distri-
bution modulus n,;, and n,,,, respectively. A particle
size design independent of the refractory raw material was
found which simultaneously optimizes flowability, stabil-
ity, density and pore sizes. In a following study , refined
input parameters (n;, =0.27, 0, =0.8) of the new model
were used, which further improved flowability and mini-
mized maximum pore sizes.

Pure alumina has unsatisfactory thermal shock resistance
for application in steel ingot casting. Thus, fine-grained
alumina doped with 2.5 wt% zirconia and 2.5 wt% tita-
nia (AZT) was investigated because AZT has high po-
tential to resist thermal shock due to complex microc-
rack networks 11,12, However, in a previous study 13, it
was found that AZT may reach its full potential to resist
thermal shock only for particle sizes below 63 um and an
open porosity below 20 %. Furthermore, sintering tem-
peratures above 1300 °C were beneficial if the raw material
contained unconverted reactants of the aluminum titanate
formation.

Additionally, mullite and zirconia as well as carbon-
bonded refractories have also been recently investigated
besides alumina materials for application in steel ingot
casting 4. Carbon-containing refractories are highly re-
sistant to thermal shock 14 and corrosion caused by steel
and slag melts 15. Nevertheless, owing to a concern of car-
bon contamination of the steel melt and ecological con-
cerns, a reduction of the carbon content is of great inter-
est 16,17 Roungos et al. 17,18 reported that the thermome-
chanical properties can be kept on a high level or can even
be improved for a reduced carbon content if the carbon
matrix is reinforced with carbon nanotubes and alumina
nanosheets.

The presented literature survey points out that there is
a wide range of applied and tested materials. For that
reason, the latest previous study 19 compared compre-
hensively the corrosion of refractories for application in
steel ingot casting by an aggressive steel (1.6587, 18 CrN-
iMo7-6) ¢ in order to evaluate the best material in re-
spect of corrosion resistance. The tested refractories were
based on carbon-free or low-carbon-containing alumina,
mullite and zirconia- and titania-doped alumina (AZT)
with and without nanoscale additives. The most promis-
ing materials for application in steel ingot casting were
the carbon-containing refractories and the mullite-ma-
trix materials. The carbon-containing refractories were
only negligibly corroded and the carbon-free mullite-
matrix materials showed only very low corrosion due to
the formation of a high-viscous melt at the steel-refrac-
tory-interface.
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In this previous study, a comprehensive comparison of
potential refractory materials regarding the corrosion re-
quirement was conducted. Nevertheless, besides corro-
sion resistance, the refractories also need excellent erosion
and thermal shock resistance. However, to the best of the
authors’ knowledge a comparison of these materials re-
garding their resistance to a single thermal shock has not
yet been conducted.

Thus, the purpose of this study is to compare the ther-
mal shock resistance of carbon-free and low-carbon-con-
taining refractories with and without nanoscale additives
based on alumina, mullite, and AZT materials.

II. Experimental

To investigate the thermal shock resistance of refractories
for application in steel ingot casting, standard refractory
bars were die-pressed and their strengths measured before
and after a single thermal shock.

(1) Materials and compositions

The investigated refractories were based on the oxidic-
matrix materials alumina, fused mullite and fused alumina
doped with 2.5 wt% zirconia and 2.5 wt% titania (AZT).
The AZT had been previously treated for 12 hat 700 °C to
burn out the residual carbon from the fusion process and
was only used in the finest fraction according to Fruhstor-
fer et al. 13. The nanoscale additives were characterized in
a preceding study by Roungos et al. 18. Relevant details of
the raw materials are listed in Table 1.

For the following calculation of the batch distributions,
the particle size distributions and true densities of
the separate grain fractions were determined according
to the standards DIN EN725-5, DIN66165-2 and
DIN 66137 -2.

The compositions of the pressing masses were designed
in line with the modified Andreasen model introduced
by Fruhstorfer and Aneziris 10 for a minimum distri-
bution modulus of 0.2 and a maximum one of 0.8 to
increase the sintering mismatch of fine and coarse frac-
tions, which generally improves thermal shock resis-
tance 20. The particle size distributions were designed
primarily to have similar volume distributions and only
secondarily to follow the mathematically described curve
to improve the later comparison of the properties. In the
finest fractions below =5 pm, therefore, the actually at-
tained and theoretical particle size distributions differ to
some extent. Table1 lists the final compositions of the
carbon-free and -containing masses with and without
nanoscale additives.

The true densities of the complete batches in fired state as
listed in Table 1 were calculated from the true densities of
the raw materials. Besides the measured true densities of
the grain fractions, densities of 1.3 gem3 and 0.85 gem3,
respectively, were considered for the components of the
resin (solid bakelite and an organic solvent) 21.

Carbon-bonded refractories are generally not wetted
by molten steel and slags and thus their corrosion
is inhibited. In this study the carbon contents were
reduced to the lowest level, which allows the formation
of a continuous carbon-bonded matrix which covers
the oxidic grains like a closed-cell foam. According
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to Gibson?2, closed-cell foams can be manufactured
with as low as 9vol% relative density. An addition
of about 4wt% carbon-containing raw materials can
result in up to 10vol% residual carbon after coking
according to Fruhstorfer et al 19. In this previous
study, a modified coal tar pitch was used which has a
minimum coking value of 80%. In the present study,
a resin with a slightly lower coking value was used.
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The amounts in the different batches were adjusted to
attain similar volume fractions of the resin after coking.
However, a pure carbon bond cannot be guaranteed
and thus the possibility of connected oxidic grains that
sinter during thermal treatment cannot be excluded. The
corresponding samples are therefore indicated as carbon-
containing and not as carbon-bonded materials.

Table 1: Compositions in wt% of the pressed bars (A — Alumina, M —Mullite, AZT - 2.5 wt% zirconia- and 2.5 wt% titania-

doped alumina, C — Carbon, n — Nanoadditives).

Function Raw material  Fraction

in mm

Pressing mass types

AZT- AZT- AZT-

A AC A-Cn A-M M M-C M-C-n M-A

A A-C A-Cn

Graining Tabular alumi-
na T 60/642

1-3 35 35 35
05—1 5 5 5
0-0.5 5 5 5
0-0.2 15 15 15

0-0.045 30 30 30
0-0.02 10 10 10

Sinter mullite

20 40 35 35 35
5 5 5 5

10 5 5 5

10

35

10 10 10 10 10 10 10 10

SymulOXM72b 1.5—-3 15 35 35 35
05—1.5 5 5 5
Fused mullite
Alodur WFMc¢ 0-0> > > > >
0-0.15 45 45 45 40
Slowly cooled
fused AZT 0-0.045 45 45 45
Binder Z;:OPI'“‘“ WE 2.5 258 3.04 2.77 245
Resin Bakelite PF
0235 DDf 1 1 1.21 1.21 0.98 0.98
Bakelite PF
6662 FL 015% 3 3 3.65 3.65 2.95 2.95
Hardener Hexamethyl 04 04 049  0.49 039  0.39
enetetramine
Nano- Multi-walled
additive  carbon 0.1 0.1 0.1
nanotubesg
Alumina 0.3 0.3 0.3
nanosheets
Calcula-  True densities 3.794 3477 3476 3.665 3.121 2.879 2.881 3.423 3.866 3.540 3.539
tions (fired) in gem-3
Nanoadditives 0.4106 0.3380 0.4184
in vol%
Suppliers:  *Almatis, PNabaltec, <Imerys Fused Minerals, 4C.A.R.R.D., ¢Zschimmer & Schwarz, { Momentive Specialty Chemicals, 8Timesnano,

hSawyer

* nonvolatile content of Bakelite PF 6662 FL 01 typically 77% according to manufacturer
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(2) Sample preparation and testing

The batches were prepared by means of ordered mix-
ing23 using a conventional mortar mixer (ToniMIX,
Toni Baustoffpriifsysteme GmbH, Germany). Firstly,
the coarse grains larger than 0.5 mm were dry-mixed for
1 min. Then the pressing aid for carbon-free and the resin
for the carbon-containing batches was added and mixed
for 5 min. Then the finer grain fractions and remaining
additives were added. The batch was then mixed again
for 3 min before the walls of the mixing container were
scraped and the mix was further stirred a last time for
7 min.

Six bars (150 x 25 x 25 mm?) of each composition were
pressed on a uniaxial press (ES 270, RUCKS Maschinen-
bau GmbH, Germany) at 80 MPa. To avoid cracks caused
by entrapped air, the pressure was released at one third and
two thirds of the maximum pressure.

The carbon-free samples were sintered with a heating
rate of 1 K/min to 600 °C and with 2 K/min to the sin-
tering temperature, which was held 1.5 h before the sam-
ples were cooled with 2K/min to 800 °C. The sinter-
ing temperature of the alumina- and mullite-matrix sam-
ples was 1600 °C. For the AZT-containing masses, two
sintering temperatures were used. Six samples were sin-
tered at 980 °C because preliminary experiments had de-
termined that the maximum of the refractoriness under
load (standard DIN EN 993 - 8) curve of samples contain-
ing 25 wt% AZT was only 1090.2 °C. These experiments
resembled the behavior of large samples during sintering.
However, in a previous study 13 the best thermomechani-
cal properties of fine-grained AZT were obtained after sin-
tering at 1650 °C, which was therefore used as the second
sintering temperature and for comparison.

The carbon-containing samples were cured before cok-
ing by gradually increasing the temperature to 180 °C with
afollowing dwell time of 90 min similar to the curing con-
ditions described by Mertke and Aneziris 24. Later on, the
cured samples were fired in retorts filled with coke to en-
sureareducing atmosphere. The samples were heated with
3 K/min to 1000 °C followed by a dwell time of 5 h as pre-
viously reported 18.

After firing, the bulk density of all specimens was de-
termined on six bars from the samples’ dimensions and
mass. Furthermore, the cold moduli of rupture (CMOR)
were measured on three samples according to the standard
DIN EN 993 -6 in a 3-point bending test (TIR Atest 2420,
TIRA GmbH, Germany). Then, the remaining three sam-
ples were quenched for a single time from 950 °C accord-
ing to the standard DIN EN 993 - 11 using compressed
air. Afterwards, their retained CMOR was measured and
compared to the one of the non-quenched samples. For
exemplary microstructure analysis, samples were pre-
pared for scanning electron microscopy (SEM) (ESEM
XL30FEG, FEI company, Netherlands) combined with
energy-dispersive X-ray spectrometry (EDX) (EDAX,
Ametek GmbH, Germany).

III. Results and Discussion

To compare the suitability of different refractory mate-
rials for application in steel ingot casting, their resistance
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to a single thermal shock was compared. For this pur-
pose, carbon-free and carbon-containing refractories with
and without nanoscale additives based on alumina, mul-
lite, and alumina doped with zirconia and titania (AZT)
were prepared.

Table 2 shows the means and standard deviations of the
determined bulk densities, porosities, cold moduli of rup-
ture before (CMORgrs) and after (CMOR15) thermal
shock (TS) as well as the strength losses with TS. The
porosities were determined from the measured bulk den-
sities and the calculated true densities stated in Table 1. The
mean percental strength losses with TS were calculated as
100 %-(CMOR y75-CMOR ;15)/CMOR gs.

To analyze the results of the experimental design, the
discussion was split into three parts: Firstly, the carbon-
free materials were compared. Then the comparison of
the carbon-free with the carbon-containing alumina, mul-
lite, and AZT materials followed and then the effect of the
nanoscale additives in carbon-containing alumina, mul-
lite, and AZT materials was evaluated.

(1) Carbon-free materials

The average porosities of the ceramic-bonded materials
are presented in Fig. 1(a). The porosity of the AZT-ma-
trix material decreased strongly with increasing sintering
temperature. In comparison to the alumina-matrix mate-
rials (=23 % porosity), the porosity of the AZT sintered
at 1650 °C (= 20 %) was comparatively low. The titania
component presumably affected densification and grain
growth as a result by grain boundary action, as conclud-
ed by McKee and Aleshin 25. The mullite-matrix materi-
als had the highest porosities of about 28 to 29 %. Mullite-
matrix materials have to be fired at temperatures > 1650 °C
during pressureless sintering to achieve densification 26
because the sintering of mullite has a high activation en-
ergy of about 700 kJ/mol 27. For comparison, the sinter-
ing activation energy of other oxide ceramics is commonly
around 500 kJ/mol 28. The mullite densification was thus
probably restrained in comparison to the alumina- and
AZT-matrix materials.

Fig.1(b) presents the CMOR of the thermal-shocked
carbon-free specimen. The initial strengths behaved con-
versely to the porosities, similar to that reported by Coble
and Kingery 29. Only the AZT-matrix material sintered at
lower temperature (AZT-A-980) had comparatively low
strengths due to its insufficient densification and bond-
ing between the coarser alumina particles. The loss in
strength of 45 to 60 % was highest for the pure alumina
and the AZT-matrix materials sintered at lower tempera-
ture (AZT-A-980), respectively. The AZT-matrix material
sintered at higher temperature (AZT-A-1650) had a low-
er strength loss than the pure alumina. Furthermore, this
obtained strength loss (= 46 %) was lower than the one re-
ported in a previous study 13 of 62 %. In the present study
the porosity was lower with about 20 % than in the pre-
ceding contribution (22 %). Thus, a further reduction of
the porosity may lead to a further improvement in ther-
mal shock performance. However, it should be mentioned
again that due to the less than perfect refractoriness under
load behavior only samples of limited dimensions can be
sintered at this high temperature.
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Table 2: Properties of the regarded materials (A — Alumina, M — Mullite, AZT - 2.5 wt% zirconia- and 2.5 wt% titania-

doped alumina)

Batch Factors of exp. design Measurements

Material Carbon Nano-  Bulk densi- Porosity in CMORgrgin  CMOR 7gin Strength

basis  content add. ty ingem=3  vol% MPa MPa loss in %
A A free no 291+£0.01 23.25+0.37 10.01+£1.41 4.82+0.44 51.8
A-C containing  no 2.88+0.02 17.14+0.55 2.38+£0.57 2.32+0.09 2.5
A-C-n yes 2.88+£0.02 17.07£0.56 3.81+1.29 3.06£0.93 19.7
A-M A-M free no 2.83+0.03 22.69+£0.73 8.35+1.75 7.63+1.00 8.6
M M free no 2.23£0.01 28.65%+0.37 4.49+0.55 2.77£0.26 38.3
M-C containing no 2.28+0.01 20.66+£0.27 2.18+0.21 1.88£0.19 13.8
M-C-n yes 2.28+£0.01 20.88+0.45 1.46+0.58 0.86£0.30 41.1
M-A M-A free no 246+0.01 27.99+0.41 4.01£0.19 3.28+0.50 18.2
AZT-A-9802  AZT-A free no 290+0.02 25.09+£0.50 0.54+0.03 0.22+0.04 59.3
AZT-A-1650b 3.09£0.02 19.87£048 11.15+1.35 6.05+£0.76 45.7
AZT-A-C containing no 290+0.02 18.01%£0.58 2.06+0.45 1.43+£0.45 30.6
AZT-A-C-n yes 2.88+0.03 18.52+0.80 2.26+0.40 0.93£0.38 58.8

a Sintering temperature 980 ° C

b Sintering temperature 1650 °C

a) Mean porosities
30

28 —
26
24

22

Means of total porosity [%]

20

18
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=

Material basis
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Fig. 1: Properties of the carbon-free materials (labels according to
batch names in Table 2).

The carbon-free mullite-containing samples had the low-
est strength losses with values below 40 %. The materi-
al with the highest residual strength after thermal shock
of =8 MPa and the lowest strength loss of =9 % were the
alumina-mullite specimen with alumina matrix. These su-
perior properties of alumina-mullite and mullite-alumi-
na materials can be most probably attributed to a micro-
crack network, which results from the thermal expansion
mismatch of these two phases during sintering 30. Thus,
they had lower initial strengths than the corresponding
pure materials, but higher retained strengths after thermal
shock. Furthermore, the development of the microcrack
network was enhanced by the applied particle size distri-
bution of the raw materials as described in the Experimen-
tal section.

(2) Carbon-free and carbon-containing alumina, mul-
lite, and AZT materials

The porosities are shown in Fig. 2(a). It can be seen that,
generally, the carbon-containing materials had a lower
porosity than the carbon-free materials. A possible reason
could be that during coking fewer components burn out
than during sintering. A further reason might be that the
lubrication during compaction was improved for the car-
bon-containing samples due to the higher amount of resin
in the carbon-containing samples compared to the press-
ing aid content in the carbon-free samples. An improved
lubrication leads to an increased densification 8.

Nevertheless, the AZT-A-C specimen had higher
porosities than the A-C specimen. The aluminum titanate
presumably decomposed under reducing conditions 31,
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which leads to an increasing porosity 13. The compar-
atively high porosity of the carbon-containing mullite
could either be explained by a restrained densification
(see prior subsection) if it is assumed that the carbon con-
tent was so low that still partial sintering occurred. On
the other hand, in the particle fractions with sizes below
0.5 mm only fused mullite was used, cf. Table 1, but it was
found by EDX analysis that the fused 2:1 mullite partially
transformed into 3:2 mullite as will be shown in detail in
the following subsection. The reaction of 2:1 to 3:2 mul-
lite is accompanied by an increase in density from about
3.14gecm™3 to 3.19 gem3 28, leading to shrinkage of the
mullite grains and thus to an increased porosity of the
complete refractory sample.

a) Mean porosities

30
2 28
P
@ 26 —
o
8 24 -
S
S 22
°
@ 20
3
= 18
16 —
< O S O o O o O
< s 34 ©<
< D
= N < N
N < EQ:
= <

Material basis and carbon content

b) Mean cold moduli of rupture (CMOR)

47 m Sintered
12 -| O Thermal shocked

10

Means of CMOR [MPa]
[ee]

o N O

S O
S <
< -
SN
N <
<C

AZT-A-1650
AZT-A-C

Material basis and carbon content

Fig. 2: Properties of the carbon-free and carbon-containing alumi-
na, mullite, and AZT materials (labels according to batch names in

Table 2)

Fig.2(b) presents the CMOR before and after thermal
shock depending on the raw material and the carbon con-
tent. Generally, the carbon-containing samples had lower
strengths than their ceramic-bonded equivalents. The car-
bon-freesamples densified by sintering whereas the carbon
in the carbon-containing ones polymerized and formed an
at least partial carbon matrix. The carbon matrix separates
the oxidic grains from each other and, thus, no sintering
occurs between the oxidic grains. The carbon matrix also
shrinks less during thermal treatment and, therefore, more
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grainsdisplace 32 thanin ceramic-bonded systems wherein
the matrix the fine particles sinter. Therefore, the strengths
of the carbon-containing specimen were lower than the
ones of their carbon-free equivalents.

Furthermore, since the carbon addition was very low, the
ligament widths of the closed-cell foam-like matrix struc-
ture were probably very thin and weak, which causes alow
strength. The low carbon content together with the low
strength of the carbon matrix might also explain the very
low scattering of the means of CMOR of the carbon-con-
taining samples (2.06 to 2.32 MPa) before thermal shock.
In contrast, the strengths of the ceramic-bonded materials
depended strongly on the material type owing to different
porosity levels and sintering densifications. Thus, it can be
concluded that the carbon matrix in the carbon-contain-
ing batches dominated a possibly partial carbon-free ma-
trix insofar as the final properties are concerned.

In addition, as can be seen from Fig. 2(b), the relative loss
in strength after thermal shock of the carbon-containing
samples was always lower compared to the strength loss
of the carbon-free materials. Carbon has a high thermal
conductivity. The carbon matrix together with embedded
grains forms a complex crack network. On one hand, this
crack network leads to a high thermal shock resistance but
on the other hand to low overall strengths. Comparing the
carbon-containing samples, the A-C samples had the low-
est strength loss, whereas the M-C and AZT-A-C sam-
ples had higher strength losses. As described for the analy-
sis of the porosities, the aluminum titanate decomposition
and mullite phase transformation during coking might in-
crease the defect density to a level that could damage the
microstructure, causing reduced thermal shock resistance.
Furthermore, the processes respectively reactions might
continue during thermal shocking.

The strengths of the carbon-free systems after thermal
shock were generally higher. Nonetheless, the AZT-A
samples sintered at lower temperature (AZT-A-980) had
a lower strength after thermal shock due to insufficient
densification. The lower strength of the carbon-contain-
ing materials after thermal shock can be also explained by
their low carbon content and low strength of the carbon
matrix.

(3) Carbon-containing alumina, mullite, and AZT ma-
terials with and without nanoadditives

Fig 3(a) presents the porosities of the carbon-containing
materials with and without the addition of nanoadditives.
It seems that the porosities of the mullite- and AZT-con-
taining samples, in which a decomposition or phase trans-
formation presumably occurred, were higher. However,
the effect cannot be validated due to the low differences in
the porosity values compared to the standard deviations,
cf. Table 2.

The initial strength of the carbon-containing alumina in-
creased with the nanoadditive addition, as also recently re-
ported 18. However, adding the nanoadditives to the AZT
material had nearly no effect, whereas in the mullite sam-
ples, it resulted in decreasing initial strengths. Further-
more, for all compositions the strength loss was higher
with the addition of nanoadditives. In the A-C-n sample
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the initial strength increased, which is commonly accom-
panied by a higher strength loss after thermal shock 33. In
the mullite- and AZT-containing specimen it seems that
the occurring reactions were enhanced by the nanoaddi-
tives — leading to comparatively low initial strength val-
ues and high strength losses.

a) Mean porosities
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Fig. 3: Properties of the carbon-containing alumina, mullite, and
AZT materials with and without nanoadditives (labels according to
batch names in Table 2).

Fig.4 shows an SEM image of an M-C-n sample after
thermal shock. EDX measurements were conducted on
the inside and on the surface of the two tagged grains to
investigate the occurring reactions. Grain A had an in-
ner composition of 3:2 mullite (60 mol% Al,O3,39 mol%
SiO; and 1 mol% K20O) whereas on the surface it cor-
responded to 2:1 mullite (67 mol% Al,O3 and 33 mol%
SiO,). However, the EDX measurements on the inside
and surface of grain B corresponded to an alumino-sili-
cate (15 mol% Al,O3, 74 mol% SiO,, 6 mol% Na,O and
5mol% K,O). The composition of Grain B, therefore,
was in line with a eutectic composition of about 12 mol%
Al,0O3 and 78 mol% SiO, of the metastable Al,03-Si0,
phase diagram reported by Risbud and Pask 34. Conse-
quently, especially the alumina nanosheets may have ini-
tiated further and enhanced reactions in the samples that
contained the fused mullite raw material.
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5 : 2l s 3
Fig.4: SEM image of the carbon and nanoadditives containing
mullite after thermal shock.

(4) Estimated requirements for application in steel ingot
casting

Refractories for steel ingot casting are exposed to a severe
single thermal shock which is followed by a combined at-
tack of erosive fluid flow and physicochemical corrosion.

According to Schulle 35 the erosion resistance of refrac-
tories is sufficient for cold crushing strengths >10 MPa
and open porosities below 25 %. Thus, taking a closed
porosity of about 5 % into consideration, the total poros-
ity should be below 30 %, which was the case for all re-
garded samples. Anyway, taking the typical relation of 5:1
of cold crushing strength to cold modulus of rupture 3>
into consideration, the determined strength after thermal
shock should be at least 2 MPa. However, it should be
mentioned that this presumption is only a rough estima-
tion because the ratio of the cold crushing strength to the
cold modulus of rupture usually strongly depends on the
microstructure.

15 7 —— Estimated erosion resistance border
Sintered/Coked
Thermal shocked

|
O

Means of CMOR [MPa]

A
AZT-A-980
AZT-A-1650
VA
T-

Material basis, carbon content & nanoadditives

Fig. 5: Comparison of cold moduli of rupture (CMOR) before and
after thermal shock for all regarded batches (labels according to
batch names in Table 2).

In Fig.5 it can be seen that the AZT- and carbon-con-
taining mullite samples might have insufficient strengths.
The AZT samples sintered at 1650 °C exhibited adequate
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strength but due to a low refractoriness under load larger
components cannot be produced from this material.

Regarding the corrosion, it was shown in a previous
study 19 that the carbon-containing refractories and the
mullite-matrix materials exhibited only slight corrosion.
The most promising materials, considering both the cor-
rosion and thermal shock resistance together, are there-
fore the carbon-containing alumina-based samples and the
mullite-matrix materials.

IV. Conclusions

In this study the thermal shock performance of refracto-
ries for steel ingot casting was investigated. Carbon-free
and low-carbon-containing refractory materials with and
without nanoadditives based on alumina, mullite, and alu-
mina doped with zirconia and titania (AZT) were consid-
ered. The following conclusions can be drawn:

— A further reduction of the porosity below 20 % might
lead to a further improved thermal shock performance
of AZT materials sintered at 1650 °C.

— About4 wt% carbon addition resulted in a carbon ma-
trix with low strength. The strength was improved to
an adequate level by nanoscale additives for carbon-
containing alumina.

— Fused2:1 mullite and the aluminum titanate in the AZT
material seem to decompose in reducing atmosphere.
The decomposition reactions were enhanced by the
nanoscale additives.

— The carbon-containing alumina-based samples and the
carbon-free mullite-based samples seem promising for
applications in steel ingot casting with regard to corro-
sion and thermal shock resistance in conjunction.

Furthermore, in addition to the corrosion behavior stud-
ied in a previous article 19, a further study will also inves-
tigate the cast steel composition and distribution of inclu-
sions after the corrosion tests using a special Aspex-SEM.

Consequently, forafinal evaluation of refractories for steel

ingot casting, the results from all three studies will have to

be taken into consideration.
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