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1. Scientific-technical and economical scope of work

1.1. Introduction
Typically, monolithic refractory materials ( i monol i t hi c s dre being mixedantd abl es 0
installed on site into aggregates for thermal treatment, e.g. steel ladles. After installation ( A | i n -

i ngo or ,fthe neohalithicirafrgctory materials are being dried and heated up, but often
not up to the later service temperature. For instance, in steel ladles, the heating-up before the
first tapping of liquid steel is usually stopped when a temperature of 1100 °C is attained, but
the liquid steel displays temperatures up to 1750 °C. In this example, the first tapping of liquid
steel into a relined ladle rises steeply the temperature of the monolithic refractory material from
1100 °C to 1750 °C at the hot face.

The general conception about monolithic refractory materials with cement bonding is that their
hydraulic bonding system is responsible for strength in the green state (installed, but not yet
exposed to high temperatures and thus not sintered), and that they are being dehydrated com-
pletely during the heating-up procedure. However, monolithic refractory installations generally
work in a temperature profile. It is therefore obvious that a monolithic refractory lining is heter-
ogeneous over the thickness of the lining, where only the first few centimetres near to the hot
face can develop a ceramic bonding through sintering, followed by a dehydrated and thus
mechanically weaken transition zone, and at the cold face even hydrate phases may still be
found. Accordingly, there is also a strength profile over the thickness of the lining.

During their use, these refractory linings undergo mechanical loading and subsequent wear,
which continuously removes parts of the hot face and brings material from the transition zone
to the hot face of the installation. The life of a monolithic refractory lining is thus highly dynamic,
and the development of mechanical strength in the refractory lining depends not only on tem-
perature, but also on time.

The objective of this CORNET project was to investigate, understand and optimise the sinter-
ing behaviour of monolithic refractory materials as a function of temperature and time, and
hence develop high performing monolithic refractories with enhanced properties in the transi-
tion zone/dehydrated zone and overall increased lifetime.

1.2. General description of the problem

Since refractory materials are consumables they have to be reinstalled periodically ( ir el.i ni ng 0)
Their lifetimes are between some hours and several years. Especially in industries where re-

lining periods are short (every 1 to 2 weeks), e.g. in the iron and steel industry or in non-ferrous

metallurgy, there is an increasing demand for refractory products that can be rapidly installed.

Downtimes due to the relining process can be significantly reduced by using monolithic refrac-

tories. After installation of the refractory linings, the drying, heating-up and use are generally

controlled completely by the users.
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In contrast to shaped products which are fired as part of the manufacturing process, refractory
castables, which are used to make monolithic linings, are not fired before being installed, and
accordingly are still in a green state (typically hydraulically bonded) before the first use. As a
consequence, only the part of the castable close to the hot face of the lining is able to develop
a ceramic bond after the first heating-up once a sufficient temperature is reached. With in-
creasing distance from the hot face, the temperature in a monolithic lining drops and becomes
too low to efficiently promote sintering, while still being high enough to dehydrate and thus
weaken the hydraulic bond of a monolithic refractory. Accordingly, linings made of refractory
castables are highly heterogeneous over their thickness, which strongly influences their
thermo-mechanical behaviour, far beyond the simple effect of temperature on a pre-existing
(ceramic) bond. Finally, development of mechanical strength in the monolithic materials de-
pends not only on temperature, but also on time. As a consequence, there is a constantly
evolving strength and toughness profile over the thickness of a monolithic lining. It is obvious
that this profile of properties impacts the long-term stability of refractory linings.

Producers of castables are driven by the user industries to guarantee a reliable, safe operation
and longer service life of their products, in conditions that become ever more severe as in-
creasingly demanding processes are being developed in the user industries. Castables with
improved thermo-mechanical behaviour are in high demand for any high temperature applica-
tion where energy efficiency, raw materials consumption and high performance of production
(time and quality) are key issues to keep high their competitiveness.

1.3. Innovation targets

The first innovation target was thus to develop solutions for monolithic linings with increased
strength, toughness and enhanced lifetime. Hereby, the design of matrix compositions that
generate strength and toughness in cooler zones of the refractory lining was the key issue.
Tailored smart particles distribution and innovative additive were regarded as new opportuni-
ties for refractory engineers to design products with improved sintering behaviour and able to
develop high strength and toughness in a thermal gradient.

The second innovation target was to understand the evolution of the properties of monolith-
ics over temperature and time in service. Modifying the castable matrix formulations without a
clear understanding and assessment of the evolution of their properties with increasing tem-
perature, but also exposure time to the elevated temperatures, is like playing tag in the dark.

Each optimisation step of the matrix for mul

di fficult when you canét see wahputroea drectuadsess-
ment of the relevant thermomechanical properties (module of elasticity, plasticity, strength and
specific fracture energy, as well as the thermal shock resistance) and microstructural proper-
ties (phase composition) in the temperature range of the thermal gradient that refractory linings
are exposed to. Additionally, FEM simulation used and complemented the results of the phys-
ical investigations to get a better insight into the evolution of the complete refractory lining.

Within the framework of the CORNET collaboration, each single innovation target was basi-
cally taken over on by either one or two of the research performers. For the sake of clarity, the
project work that was linked to a specific innovation target is referred to in this report to as

ation
going.
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Aisubprojecto. Hochschul e Koblenz, Germany, worke
1), while the work on the second innovation target was shared between Instytut Ceramiki i
Materiag-w Budowl anych, Pol and, (nschafi reuerfese c t 1)

e. V., Germany (subproject IlI).

1.4. Summary of the results

1.4.1. Subproject | T Development of matrix compositions with enhanced sintering
behaviour

The aim of the project was to investigate the thermal evolution of refractory monolithics. The
project consortium identified a systematic approach as necessary how this material family
changes its structural and technological properties as a function of time and temperature.
Therefore, not only the high temperature properties (thermal and mechanical stability as well
as corrosion resistance) as they prevail at the hot face are inherent to the system, but also how
the material properties evolve further back in the lining, where even dehydration does not com-
pletely happen.

In order to understand how sintering of refractory monolithics depends on time and tempera-
ture, the matrix composition was successfully designed in terms of distinct particle size distri-
butions that affect the sinter activity of the entire castables. With respect to the results of this
project, from now on it is possible to optimize the sintering behaviour by smart matrix design
and refractory producers are able to develop refractory solutions adjusted to the exact condi-
tions and requirements during their use.

Both cement-containing LC-castables (5 wt.-% cement) and cement-free formulations were
developed. Both were designed as vibration castable with a maximum grain size of 6 mm and
therefore are very typical for the industrial use. However, in the grain fraction smaller than 63
um the grain size distribution was systematically changed by replacing reactive alumina and
calcined alumina that had dse-particle sizes of 0.8, 1.8, 3.5 and 5.5 um. Additionally, in one set
of investigations MgCO3; was used as spinel forming precursor and was compared to magnesia
free castables.

In order to keep the results comparable, one mayor challenge of this project was to adjust all
castables in that way that all variations show the same rheology and workability with the same
water demand, because highly dispersed refractory castables are very sensitive to structural
changes caused by water in terms of strength sinterability induced by the bulk porosity.

It could be clearly figured out and quantified that a distinct design of the particle size distribution
of the matrix composition significantly influences the sintering behaviour of the castables,
whereas two contrasting properties became visible. Firstly, smaller matrix particles lead to
lower sintering temperatures. In particular this was prominent if magnesite was added. How-
ever, impurities of the raw material lead to an increase of the cold modulus of rupture (CMoR)
due to the formation of a liquid phase at high temperature that is a brittle glassy phase at room
temperature, but they also can enhance the degree of sintering, because sintering is no longer
only a solid-state reaction. Secondly, the adjustment of the particle size distribution with smaller
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particles leads to a better particle packing that already could lead to higher strength values and
additionally, in a denser packing solid-state diffusion is easier to accomplish.

As knowledge about the thermal evolution of castables at moderate temperatures (that ad-
dresses those parts of a lining that are not directly exposed to the process temperature) was
identified as an important objective of the project, long term investigations were carried out at
moderate temperatures between 700 and 1000 °C. This temperature range simulates the ther-
mal conditions in the colder parts of the lining and with dwell times of between 5 and 20 days,
thus making sure that the testing conditions were close to realistic lifetimes of many refractory
linings in the iron and steel industry. At said moderate thermal conditions, a coarser matrix
composition leads to higher strength increases compared to the increase when finer particle
size distributions were introduced. It can be concluded that matrix design that contains finer
particles shows on the one hand a higher reactivity and a better sinterability if the materials
are exposed to a short-term thermal treatment (as it is typical practice in refractory research),
but the influence of finer particles can be neglected if the dwell times are being increased. As
it could be expected, the thermal evolution of materials exposed to temperatures as low as
700 °C showed a kinetically hampered sintering behaviour where pure alumina cement casta-
bles solely show a slight increase in strength over 20 days. However, if MgCOs is added as
reactant for the spinel formation, the increase in strength became more significant, because
spinel is already being formed at 700 °C. This reaction is of particular importance, because
spinel formation could not be substantiated under standardized short-term testing conditions.
However, in this project it is shown that low temperature spinel formation increases the strength
of a lining under service conditions and contributes to improved spalling resistance that is gen-
erally being reported for this group of refractory castables.

In contrast to the cement bonded castables, an even higher positive influence on the strength
evolution could be figured out for sol-gel bonded castables when increasing the dwell time at
700 °C. It is believed that in this case, the formation of liquid silica-rich melts becomes more
pronounced with longer dwell times. Additionally, the very fine-grained gel structures enhance
the sintering activity due to their particle size, and the non-crystalline state of gels makes the
matrix more reactive.

The project also concluded that the particle size distribution of the matrix composition influ-
ences the strength evolution during setting and curing of the castables. Independently from the
bonding type (cement or sol-gel), with decreasing particle sizes the castables appeared to set
and cured much faster. For cement containing castables this behaviour could be explained
with the ability of smaller grains to act as crystal seeds that allows a crystallization of the hy-
drate phases at a lower energy level. For the sol-gel systems an alternative explanation may
be that a faster reaction or agglomeration of finer particles is promoted, because they have a
higher specific surface area.

The thermal evolution of castables was investigated by microscopy, whereat polished cross
sections were prepared after thermal treatments between 700 and 1500 °C. It could be distin-
guished between cement containing high-alumina castables heated up to 1250 °C and a spi-
nel-containing castable sintered at 1500 °C. The formation of spinel in combination with the
higher sintering temperature of 1500 °C leads to a homogenisation of the microstructure. The
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grain boundaries became more blurred, which indicates sintering. In further it could be con-
cluded that the temperature range between 700 °C and 1250 °C is important for the strength
evolution and the onset of sintering. Fine particles that were found to be homogeneously dis-
persed at 700 °C were seen to dissolve at 1000 °C, and a beginning grain coarsening became
visible even at those low temperatures due to a diffusive conducted shift of grain boundaries
(Ostwald ripening). The sintering process was enhanced at 1250 °C, which was indicated by
t he oc cur rshapaderacksfthatiare induced by thermal shrinkage. A further particle
coarsening indicating a proceeding sintering could be realized in castables that were thermally
treated at 1500 °C. Here the formation of tabular hibonite significantly changed the appearance
of the microstructure. Spinel containing castables also sintered at 1500 °C indicated that Mg
provided by the addition of MgCO3; was not quantitatively incorporated into spinel. Hibonit and
b-Al,Oz also incorporated Mg in significant concentrations. In principal the tolerance of said
phases to Mg is of common knowledge but remains still uncommented in the literature that
focuses on the development of spinel forming refractory castables. However, from the techno-
logical point of view this issue has to be reflected, because the spinel yield in the castables is
drastically affected.

A major result of this project is that matrix design significantly affects the materials performance
over the entire production cycle, beginning from casting to the first heating-up and to the long-
term performance during service lifetime. For a better understanding what is really happening
in the castables during service, long-term investigations, as they were performed in this project,
deliver detailed information about the reaction and sintering kinetics that explain the material
performance better than standardized tests and strongly supports a goal-oriented material de-
velopment. Especially the low temperature evolution over the lifetime of a refractory installation
delivers beneficial information how to create castables with an enhanced spalling resistance.
The results may also lead to the revision of standardized tests procedures that shall describe
the refractoriness like refractoriness under load (EN 1SO 1893), creep under compression (EN
993-9) and permanent change in dimension (EN 993-10).

1.4.2. Subproject Il 7 Development of mechanical and structural characterisation
methods applicable up to high temperature

Chemical reactions in the matrix of cement bonded high alumina castables show a diffusive
nature after the hydrate phases have decomposed. Ca?* ions diffuse through the layers of
decomposed former hydrate phases to subsequently form calcium aluminates. First calcium-
rich aluminates are formed at lower temperatures, followed by aluminates rich in alumina,
formed at higher temperatures in the following order: C12A7 (800 C i 950 C); CA (840 Cii
1300 C); CA; (formation begins at 1040 C, decrease starts at 1250 C); CAs (formation be-
gins at 1060 C). In the matrixes of cement bonded high alumina castables containing magne-
site, reactions followed the same pattern, and additionally due to diffusion of Mg?* ions stoichi-
ometric spinel is formed in the temperature range of 1040 C1i 1300 C as well as substoichi-
ometric spinel (Mg1«Al204x-g-Al,O3) at temperatures above 1300 C.

The thermal expansion coefficient of spinel decreases with temperature, which is caused by
diffusion of Mg?* ions into corundum grains. This process leads not only to an increase of the
spinel amount by formation of substoichiometric spinel, but also lowers its thermal expansion.
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The formation of substoichiometric spinel may help to compensate thermal expansion of co-
rundum and CAs in the surroundings matrix.

The activation energy of CA, CA,, and CAs formation in matrix also containing MgO is higher
than in matrix without this addition. It means that the phase transformations in matrix containing
MgO require more energy. The phase transformations accordingly were found to start at a
higher temperature.

Phase transformations in the matrix of sol-gel bonded high alumina castables proceed differ-
ently than in matrix of cement bonded high alumina castables. At a temperature range between
800 C and 900 C the share of b-alumina increases in the matrix of sol-gel bonded high alu-
mina castables. It is caused by the dissolution of MgO into alumina which represent the pre-
liminary step to spinel formation. The actual process of spinel formation starts at 1020 C and
runs to temperature 1100 C. Between 1100 C and 1380 C the concentration of spinel re-
mains constant, which can be explained by the exhaustion of the substrate i MgO. Above
1380 C the share of spinel increases in the matrix of sol-gel bonded high alumina castables
starts to decrease. An explanation could be that Mg?* ions diffuse into the silica amorphous
phase instead of diffusing into alumina grains. Additionally, substoichiometric spinel is formed.
The dissolution of MgO into the silica amorphous phase should lower its viscosity and influence
the thermo-mechanical properties at higher temperatures.

The investigation of the elastic properties as a function of temperature during the first heating

of the castables allowed to relate the evolutio
processes of secondary calcium aluminates formation in the matrix. Additionally, thermal ex-

pansion behaviour of the secondary calcium aluminates phases also explains the evolutions

observed in the damping with increasing temperature.

The values of tensor components of thermal expansion were determined for the secondary
calcium aluminates, spinel as well as corundum that form with increasing temperature. It has
been found that the formation of sub-stoichiometric spinel in the matrix could compensate
stresses caused by thermal expansion of corundum and hibonite. A similar effect was observed
during the formation of CA,.

The sol-gel bonded high alumina castables display a step change in the Young's modulus at
1110 C, which is accompanied by a sudden increase in damping in the material. This is a
repeatable and reversible phenomenon, which has not been described in the literature so far.
Besides, the refractoriness under load of the sol-gel bonded castable is about 260 °C lower
than that of alumina cement bonded castable, which could be a drawback for some practical
use.

It was also found that the specific matrix microstructure of the sol-gel bonded castable changed
the thermomechanical behaviour of the castable unexpectedly. In the temperature range from
500 to 700 °C, the material displayed a surprisingly large deformation capability. At higher
temperature, deformation levels more comparable to those obtained at low temperature were
anew assessed.

Finally, the impact of selecting active matrix components (active and reactive alumina as well
as spinel precursors) with tailored particles sizes in order to optimize the sintering process of
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refractory monolithic linings should not be underestimated. The possibility of affecting the mi-

crostructure, strength properties and thermomechanical behaviour of castables was investi-

gated. It was found that the particle size distribution (PSD) of active alumina plays an important

role. The most favourable properties were obtained with the choice of two-modal distribution

of the grain size of active oxides in the matrix: Dspof 0.8e m f or t he reacti ve al
of 3.5 em for t heof8#8d myvfeenattivdmiumirea anal Dsod5.5e m f or

the active alumina.

1.4.3. Subproject lll i Investigation and modelling of the thermomechanical loading
and sintering behaviour of monolithic refractories in practice-oriented condi-
tions

Since being installed from a loose mass at room temperature, refractory linings made of re-
fractory castables experience a wide range of microstructural changes during operation, which
in turn impact their thermomechanical behaviour and resistance to thermal stress induced
damage at high temperature.

The wedge splitting method has proven, once again, its capacity to characterize the thermo-
mechanical behaviour of refractory products at high temperature. Additionally, the impact of
the duration of exposure to high temperature on the thermomechanical behaviour of refractory
castables was investigated effectively.

The amount of energy needed to fracture a cement bonded high alumina castable was found
to undergo a drastic change between 1000 °C and 1200 °C. The shapes of the curves showing
the specific fracture energy as a function of temperature were found to be remarkably similar
to the curves obtained with the Charpy impact
knowledge, this is the first direct proof of brittle-ductile transition (BDT) in refractory materials.
Brittle fracture usually means that materials will experience catastrophic failure with little to no
plastic deformation. For refractory materials, a brittle behaviour is expected to lead to the spall-
ing of large chucks of the lining during service and hence to an uncontrolled fast wear rate. In
contrast, ductile fracture typically implies a substantial amount of plastic deformation and ac-
cordingly a rather controlled fracture process, which means a higher resistance to thermome-
chanical loading i.e. thermal stress induced damaging.

In the investigated cement bonded high alumina castables, the BDT could be shifted to higher
temperature by coarsening the matrix. Conversely, using finer grains in the matrix did not shift
the BDT to lower temperature, but increased the specific fracture energy at high temperature.
This may be a promising way to improve the toughness and ductility of refractory castables at
high temperature. Long exposition to high temperature appeared to shift the BDT to higher
temperatures, but also increased the toughness of the high alumina castable above the tran-
sition temperature. At the microscopic level, the toughening seemed to be linked with the
growth of interlocking hibonite plates.

The addition of magnesite, to make the matrix of a castable more reactive and to form spinel,
was found only to stretch the BDT over a larger range of temperatures, without fundamentally
affecting its starting temperature.
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Quite surprisingly, pre-firing the test pieces independently from the testing setup and cooling
them down to room temperature again prior to subsequent testing at the same pre-firing tem-
perature led to an extensive embrittlement of the materials at high temperature, compared to
results when testing directly after pre-firing without cooling down to room temperature in be-
tween. This behaviour was found regardless of whether the formulation was spinel free or
spinel forming. While this effect was very clear, the microstructure of test pieces pre-fired with
these two different regimes did not differ noticeably.

In comparison to the cement bonded formulations, sol-gel bonded castables developed signif-
icantly lower levels of mechanical strength. The gelation of the silica sol was not as effective
as the hydration of calcium aluminate to bond the castable, but potentially still strong enough
for practical application. A brittle-ductile transition was found to be initiated at quite low tem-
peratures (between 700 °C and 1000 °C), in all likelihood promoted by the high reactivity of
the system due to the presence of nanoscale silica particles and very fine magnesia particles.
However, the weakening of the system already at 1100 °C prevented the unfolding of poten-
tially high values of specific fracture energy, and accordingly also prevented the development
of ductility in the sol-gel bonded castable at high temperature.

In parallel, an application-oriented thermal shock testing was further developed to investigate
the thermal shock resistance of castables. Cylindrical 50x50 mm test pieces, preheated to a
low temperature, are being brought into sudden contact with a heat accumulator at a higher
temperatur e. The <cont act-shapecksarfade fathooetendfofathe ¢eét)
pieces. The enforced testing conditions have the decisive advantage to be quite consistent
with the most prominent operating conditions for refractory products. A strong thermal gradient
parallel to the longitudinal direction of the test pieces during the test leads to interesting uneven
changes in the microstructure of the castables being tested, as the first few centimetres near
to the hot face developed a ceramic bond, followed by a dehydrated zone, as in use.

As thermal stresses arose into the test piece and the strength of the material was exceeded,
fractures occurred and produced a (main) macrocrack parallel to the hot face (perpendicular
to the longitudinal direction of the test pieces). This also indicated that stresses in the longitu-
dinal direction are, in the first instance, the most critic for the test piece. After this initial fracture,
stresses in the longitudinal direction were at least partially released. As the thermal gradient
was increased (larger difference in temperature between the pre-heated test piece and the
heat accumulator during subsequent thermal shocks on the same test piece), thermal stresses
grew anew and the main macrocrack propagated and/or secondary macrocracks in the lateral
direction initiated and propagated. The final state was found to be a trade-off between the state
of stresses, corresponding to a given level of elastic energy stored in the test pieces and the
required energy to create new fracture surfaces.

The enhanced sintering capability of the high alumina castable formulations with a higher share
of reactive alumina (17 wt.-%. instead of 7 wt.-%) or sol-gel bonded proved to mitigate the
damaging of the material caused by thermal stresses. In the part of the test pieces where the
temperature was too low to induce effective sintering during the thermal shock testing, the
damaging pattern was found to be similar to the less reactive cement bonded castable formu-
lations (with only 7 wt.-%. reactive alumina).
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In order to predict the wear behaviour of complex refractory structures under operating condi-
tions, a new approach based on the concepts and theory of Hasselman was implemented in
an exemplary numerical model, simulating the first heating up of a steel ladle. While Hassel-
man considered the whole elastic strain energy Ge stored in a body and compared it to the
energy needed to split a body into two pieces, the ratio of the local elastic strain energy stored
at a given point of the structure to the specific fracture energy at the very same point of the
structure was considered for the new numerical model.

According to the simulation results (and as expected from the testing results), the potential for
damage increased primary at the hot face, and secondary in the colder part of the monolithic
wear lining during the simulated pre-heating of a steelmaking ladle. However, no massive dam-
aging in the wear lining of the steelmaking ladle should be expected before circa 45 hours of
pre-heating in case of fracture initiation. After circa 45 hours and up to circa 62 hours of pre-
heating, the potential for substantial damaging was found to rise significantly as more and
more elastic strain energy is being stored in the monolithic material. After 62 °hours of pre-
heating, the temperature at the hot face was high enough to induce the brittle to ductile transi-
tion (BDT) in the simulated monolithic lining. As the specific fracture energy extensively grows,
the resistance to damaging increases substantially at the hot face of the castable. Conse-
guently, the zone, which presents higher potential for damage moves away from the hot face,
migrating inside the bulk of the wear lining. This agrees with the practical observation that
larger cracks in the monolithic wear lining of steelmaking ladles, which are alleged to cause
spalling of the wear lining, tend to run parallel to the hot face at a distance approximately
corresponding to this zone of higher simulated potential to damaging.

When the numerical model was run with material data from the sol-gel bonded high alumina
castable, the comparatively early occurring brittle to ductile transition assessed in the sol-gel
bonded castable was found to increase the resistance to damaging towards the end of the
(simulated) pre-heating (between circa 50 and 58 hours). However, the weakening of this sol-
gel bonded castable above 1200 °C, and accordingly the strong decrease of the specific frac-
ture energy, was found to make the material potentially highly susceptible to damaging at the
very end of the pre-heating period and during tapping. Yet as the sol-gel bonded high alumina
castable performed very well during the practice-oriented technological investigations, an en-
hanced specific fracture energy at moderate temperature may have substantial benefit to im-
prove the overall resistance to damaging of the castable.

All'in all, the simulation pointed out that in order to increase the overall resistance to damaging
of the wear lining of steelmaking ladles made of high alumina castables, it would be beneficial
to lower the temperature at which the ductile to brittle transition takes place without impairing
the high temperature ductility, i.e. decreasing the specific fracture energy of the castables.

The stretching of the brittle-ductile transition over a large range of temperature observed in the
magnesite containing cement bonded castable was found to result in a slightly increased po-
tential for damage at the end of the (simulated) preheating of a steelmaking ladle lined with
this material, in comparison to the other investigated cement bonded formulations.
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Finally, Method of Monotonic Heating (MMH) measurements were performed to investigate
the sintering behaviour of the refractory castables. For the cement bonded castable formula-
tions, the main contribution to the densification sintering occurred between 1100 and 1200 °C,
as a substantial increase of the apparent thermal diffusivity was observed in this interval The
more reactive cement bonded castable formulations, i.e. enriched with reactive alumina or
containing magnesite, seemed to even experience an effective start of sintering below
1100 °C. However, this enhanced reactivity appeared to only just compensate the increase of
the porosity of these formulations, either caused by the higher water demand (reactive alumina
rich formulation) or caused by the decomposition of the magnesite. For the sol-gel bonded
castable, most of the densification promoted by sintering seemed to be even be achieved al-
ready below 1100 °C. To sum up, the MMH investigations pointed out that the densification
sintering can be shifted to lower temperature by adding reactive particles (reactive alumina or
magnesite) to the castable formulations or using a silica Sol-gel bonding system.

In a nutshell, the matrix design provides an effective means to enhance the material perfor-
mance in service. The combination of material characterisation over a large range of temper-
ature and different exposure time, with technological practice-oriented testing as well as nu-
merical simulation proved to be successful both in terms of understanding the behaviour of the
material under thermomechanical loading and improving the prediction of the resistance to
damage of industrial structure using refractory products. All results points towards the benefit
of shifting the brittle to ductile transition to low temperature, promoting early sintering densifi-
cation and maintaining high toughness at high temperature.
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2. Subproject | — Development of matrix compositions
with enhanced sintering behavior

2.1. Need #1: Monolithic refractories formulation with optimized sinter-
ing behaviour over the prevailing temperature profile in a refractory
lining
The producers of monolithics are being forced by
reliable and save service and longer service life of their products in conditions that become
more and more severe. These conditions reflect more thermal shocks and thermo-cycling (dy-
namic changes of temperature due to dynamic cycling of vessels etc., shorter tap-to-tap times
of metallurgical plants) and more mechanical attack (i.e. during cleaning of vessels or, in the
case of steelmaking, ladles).

It is well known and accepted that the matrix composition, especially the choice of micro-par-
ticles, influences the densification properties and in consequence the mechanical strength of
monolithics considerably, but a systematic investigation on the behaviour and effect of micro-
particles during increase of temperature or in a temperature gradient is not available. In par-
ticular, information on the time-dependence of sintering at low temperatures is missing. The
most challenging aspect is that there is a conflict of objectives: On the one side, accelerated
sintering even at low temperatures will improve the mechanical strength that in consequence
leads to a higher stability of monolithics. On the other hand, promoting sintering reactions at
low temperatures with the help of sintering aids etc. carries the risk of reducing the maximum
usable temperature due to formation of liquid phases

2.2, State of the art

Monolithic refractory materials are typically mixed and installed on site into aggregates for
thermal treatment, e.g. steel ladles. After installation, the monolithic refractory materials are
dried and heated up, but often not high as the temperature expected in service (typically for
steel ladles, heating-up before first tapping of liquid steel is finished when 1100 °C is attained,
but liquid steel is tapped into steel ladles at up to 1750 °C). In this example, the first tapping of
liquid steel into a relined ladle boosts the temperature of the monolithic refractory material from
1100 °C to 1750 °C at the hot face.

The common opinion about monolithic cement-bonded refractory monolithics is that their hy-
draulic binding system is responsible for the strength in a green state and that they are dehy-
drated completely during the heating-up procedure. However, refractory installations generally
work in a temperature profile. It is therefore obvious that a monolithic refractory lining is heter-
ogeneous over the thickness of the lining, where only the first few centimetres can develop a
ceramic bond, followed by a dehydrated and thus mechanically weak transition zone. At the
cold face, even hydrate phases may still be found. Accordingly, there is a strength profile over
the thickness of the lining.
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During their use, refractory linings undergo mechanical loading and subsequent wear, which
removes parts of the hot face and excavates material from the transition zone to the hot face
of the installation. The life of a monolithic refractory lining is thus highly dynamic and the de-
velopment of mechanical strength in the material depends not only on temperature, but also
on time. It is therefore the objective of this research to understand and optimize the sintering
behaviour of monolithic refractory materials with focus on the particle fines in the matrix com-
positions as a function of temperature and time, to generate strong refractory linings in a highly
dynamic environment.

2.2.1. Spinel containing castables

Refractory linings are necessary for many industrial processes, e.g. production of iron and
steel, glass, cement, ceramics, energy generation, etc., and are exposed to severe working
conditions. Thermal cycling and the corrosive attack by basic slags is a harsh environment for
steel ladle refractories. Spinel containing castables linings are used in secondary steelmaking
vessels due to their outstanding chemical and thermo-mechanical properties [1,2]. The addi-
tion of spinel in high alumina refractory castables can be carried out in two different ways: as
pre-formed raw material or by the in-situ matrix reaction of Al,O3; and MgO at temperatures
above 1100 °C [3].

An important aspect is the grain size distribution of spinel. Spinel must be added predominantly
to the fine fraction of the castable formulation to attain the best penetration resistance based
on industrial experience over the past 20 years. A spinel containing matrix improves the cor-
rosion behaviour of a castable independently, whether the spinel has been added to the matrix,
or it developed in-situ due to the reaction of alumina with added fine magnesia delivering pre-
cursors. Two important aspects for improved corrosion resistance are the total amount of spi-
nel and its distribution with respect to particle size [4].

When forming spinel by an in-situ matrix reaction, the attained spinel is finer and better dis-
persed in the matrix, which leads to a higher corrosion rate [3,5]. The formation of spinel is
followed by a volumetric expansion, resulting in better thermo-mechanical performance, which
is a consequence of the compressive thermal stresses generated and the activation of {111}-
slip planes of the crystal structure. On the other hand, a not well-designed spinel expansion
could lead to micro-cracking and lower slag penetration resistance [6]. The in-situ spinel for-
mation expansive behaviour is commonly attributed to the density differences between the
reactants and the product (MgO 3.58 g/cms3, Al203 3.98g/cm?® and MgAI204 3.60 g/cm3). It
leads to a volumetric expansion close to 8 % and a linear one of 2.6 % for a stoichiometric
alumina-magnesia mixture [7,8].

The formulation of spinel forming alumina-magnesia castables requires different approaches.
The use of magnesia as one of the reactants for the spinel formation in castables often causes
difficulties like poor flow due to different surface charge or quick setting due to magnesia hy-
dration. Furthermore, the volume expansion caused by the hydration may lead to cracking
during the drying step, which is critical when producing pre-cast shapes. The volume expan-
sion of in-situ formed spinel needs to be controlled. Too high expansion leads to mechanical
stresses and thus spalling of the lining [9]. Using a raw magnesite (MgCOs) instead of dead-
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burned magnesia for an in-situ spinel formation displays several advantages. At first the use
of microsilica to prevent a volume expansion and macro-cracks due to a brucite formation is
not necessary and the spinel formed is very fine and homogeneously dispersed in the micro-
structure. Finally, magnesite as a spinel precursor proved to enhance the thermal shock be-
haviour of the material, especially improving its capability to tolerate damage at high tempera-
tures without the formation of a liquid phase [10, 11]. The problem of a destructive expansion
due to an in-situ spinel formation can be prevented by an intelligent combination of particle
fines in the matrix. It is assumed, that a low particle size and thus a high specific surface area
and a high reactivity of the alumina particles lead to a higher shrinkage during sintering, which
compensates the linear expansion due to the spinel formation [11]. Similar results were re-
ported by Braulio et al. [12].

By adding pre-formed spinel particles, the inherent chemical benefits related to this phase can
be attained at temperatures below 1100 °C and the hydrated problems are inhibited as no free
MgO is added to the composition [13]. These compositions also present good volumetric sta-
bility as no in-situ spinel formation takes place, which makes them a suitable option in some
applications where only small expansion is acceptable [14]. The main drawback of this option
is the higher cost of pre-formed sintered or fused spinel. Conversely, the use of spinel precur-
sor in spinel forming castables opens new opportunities to develop castable formulation with
tailored sintering behaviour.

2.2.2. Sol-gel bonded castables

While cement still presents decisive advantages as a bonding phase, it implies a rather slow

controlled pre-heating. As the last hydrate phases decompose at temperatures up to 500 °C,

the water released at these temperatures lead rapidly to the development of high steam pres-

sure inside the monolithic lining that are able to cause explosion spalling. To overcome this

issue, alternative bonding systems have been introduced into the market. One of them is based

on the sol-geltechnology . The principle behind this bonding
Asol 6 which surrounds and bonds together the re
ultimately goes through sintering to form ceramic bonding. These materials have advantages

like enabling higher drying rate and corrosion resistance but only develop very low strength in

the green state. The final strength is only attained through sintering which may be accelerated

using micro-particles and a smart matrix design.

Different sol-gel-binding systems are nowadays available, but usually require a catalyst, such
as MgO to trigger, or at least speed up, the gelification process. Besides its other previously
discussed advantages, magnesite is potentially also an alternative to MgO as catalyst for the
gelification process.

2.3. Experimental setup

Considering the aspects described above, the objective of this work is to investigate the influ-
ence of a smart matrix design on the sintering behaviour of model castables by a deliberately
manipulation of the particle fines. The influence of the particle size and the amount of reactive
and calcined alumina in the matrix of cement bonded high-alumina castables (spinel free and
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spinel forming) as well as sol-gel bonded castables at different temperatures and times is con-
sidered.

2.3.1. Choice of matrix components

In a first step four mono-modal distributed alumina-fines with different dse-particle sizes (reac-
tive and calcined alumina) were chosen. The elected alumina-fines were implemented into
castables, systematically exchanged against each other and replace a part of the matrix. The
particle size distribution (PSD) of the matrix compositions becomes steadily coarser.

Matrix compounds: A Tabul ar-45gumumi na O

ACalcined alumina
AReactive alumina

A binding phase

2.3.2. Implementation into castable formulations

For the experiments, vibration castables with a maximum grain size of 6 mm were used. The
basis for each composition is a high alumina castable with a defined grain size distribution
containing 5 wt.-% of binding phase. Two types of cement bonded castables, a high-alumina
(mixtures M0O) and an in-situ spinel forming one (mixtures M4) was developed. As a spinel
forming additive a raw magnesite (MgCO3) wi t h a p 45uin was lused [$1]. Adeli-
tionally, a sol-gel bonded castable was developed.

The material was dry mixed for 1 minute and further 4 minutes after water addition. A pin agi-
tator in equal flow with a rotation speed of 450 rpm was used for mixes < 5 kg. For mixes O5 kg
a star agitator in reverse flow with a rotation speed of 450 rpm was used. Format D prisms
according to ISO 1927 (160 x 40 x 40 mm, Fig. 4) were cast thereafter under vibration with a
peak distortion auf 0.5 mm and a maximum vibration period of 2 min. Other sample geometries
were produced and delivered to the project partners FGF and ICiMB (Fig. 8 and 9).

The setting and curing were carried out under constant ambient conditions in a climatic cabinet
for 48 h (20 °C; 95 %rh). Thereafter the samples were dried at 110 °C for 24 h followed by
sintering at different temperatures. Col d
ulus in sintered state were measured. The testing temperatures were 110 °C, 250 °C, 450 °C,
700 °C, 1000 °C and 1500 °C. In Tab. 1.1 the different temperatures and times can be seen.
Additionally, long-time experiments at 700 °C and 1000 °C with a dwell-time of 5, 10 and
20 days were performed.

Mo d u |

u
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Tab. 1.1: Different temperatures, heating-rates and times for heat-treatment.

110 °C 24 h drying cabinet
250 °C 2 K/min / dwell =5 h
450 °C 2 K/min / dwell =5 h
700 °C 3 K/min / dwell =5 h
1000 °C 3 K/min/dwell=5h
1500 °C 3 K/min/dwell=5h

2.4. Raw materials and recipes

2.41. Raw materials and additives

The used raw materials can be seen in Table 1.2 to 4. The different alumina qualities are from
Almatis GmbH, Ludwigshafen, Germany.

The magnesite is from Magnesia GmbH, Lineburg, Germany. Cement Secar 712 from Ker-
neos GmbH, Oberhausen, Germany was used as bonding phase. As dispersants for the casta-
bles FS60 from BASF SE, Ludwigshafen, Germany were used.

In case of the sol-gel-bonded castables Dolapix F44 and Giessfix PT88 as well as Litho-
sol 1530 as a binder from Zschimmer&Schwarz GmbH, Lahnstein, Germany were used.

Tab. 1.2: Raw materials classified after specific surface area, particle size, particle distribution and

chemical anal ysi s, producer ds specifications
CT3000SG CTC20 CT800FG CT19FG
Properties/ method typ. typ. typ. typ.
Particle size distribution monomodal monomodal monomodal
Specific surface area/ BET m2/g 7.50 2.10 0.90 0.60
Particle size / dso-Cilas pm 0.80 1.80 3.5 5.5
Particle size pm

Chemical analysis

Al203 % 99.85 99.70

MgO % 0.07

Na20 % 0.08 0.12

Fe203 % 0.02 0.03 0.02 0.02
SiO2 % 0.03 0.03 0.02 0.02
CaO % 0.02 0.02

B203 %

P20s %

Mn3Oa %
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Tab. 1.3: Raw materials classified after particle size and chemical analysis, producers specifications.

T60 0-0.045 T60 0-0.5 T60 0.5-1.0
Properties / method typ. max. typ. max. typ. max.
Particle size distribution
Specific surface area/ BET m2/g
Particle size / dso-Cilas mm
Particle size mm 0.045 0.5 1.00
Chemical analysis
Al203 % 99.10 99.50 99.50
MgO %
Na20 % 0.60 0.40 0.40
Fe203 % 0.30 0.02 0.02
SiO2 % 0.12 0.09 0.09
CaO %
B203 %
P20s %
Mn3O4 %
Tab. 1.4: Raw materials classified by particle size and chemical analysis; alumina and cement: Pro-
ducers specifications; magnesite: Chemical analysis made at FGF.

T60 1.0-3.0 T60 3.0-6.0 Magnesite Secar 712
Properties / method typ. max. typ. max. typ. max. min. max.
Particle size distribution
Specific surface area/ BET m2/g
Particle size / dso-Cilas mm 10.00 | 20.00
Particle size mm 3.00 6.00 0.045
Chemical analysis
Al203 % | 99.50 99.50 0.11 68.70 | 70.50
MgO % 90.45 0.50
NazO % 0.40 0.40 | 007 0.50
Fe20s % 0.02 0.02 | 023 0.10 | 0.30
SiO2 % 0.09 0.09 | 683 0.20 | 0.60
CaO % 2.29 28.50 | 30.50
B20s3 %
P20s % 0.03
Mn3zOq4 % 0.08
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2.4.2. Compositions of the cement bonded mixtures

2.4.2.1. Preliminary experiments and adjustment of the reference castable

In preliminary experiments the cement containing high-alumina and magnesite containing
in-situ spinel forming reference castables were adjusted. The reference castables should con-
tain 10 wt.-% of the calcined alumina CTC20, which can be exchanged by coarser sorts of
calcined alumina in further experiments and 7 wt.-% of the reactive alumina CT3000SG. The
tested mixtures can be seen in Tab. I.5. At first the percentages in between the coarse grain
fractions were shifted a bit more to the finer particles, because too many coarse grains blocked
each other and the arising gaps could not be filled with the next finer grains (REF_1, Fig. I.1).
More of the fraction 1.0-3.0 mm was used instead of 3.0-6.0 mm what resulted in a better
packaging of the coarse grain fraction and gaps could be filled more effectively (REF_2,
Fig. 1.2). After that, the PSD was shifted more to the fine grains and again coarse grains of the
fraction 3.0-6.0 mm was replaced, this time by the matrix fraction 0-0.045 mm to fill the last
gaps and gain a better flow (REF _3, Fig. 1.3). After adjusting the reference mixture with regard
to the percentages of coarse grain to fine grain fractions the water demand was optimized to
4.6 wt.-% in case of the high-alumina castables and 5.0 wt.-% in case of the magnesite con-
taining in-situ spinel forming castables, what resulted in mixtures with a good flow and worka-
bility and samples with homogeneous surfaces after casting (Fig. 1.4).

Tab. I.5:  Composition of preliminary experiments to adjust the cement containing high-alumina and
in-situ spinel forming reference castables.

Castable REF MO 1 REF M4 1 REF MO 2 REF M4 2 REF MO 3 REF M4 3

Tab. alumina

3.0-6.0 mm 25 25 23 23 21 21
1.0-3.0 mm 18 18 20 20 20 20
0.5-1.0 mm 13 13 13 13 13 13
0-0.5 mm 18 18 18 18 18 18
0-0.045 mm 4 0 4 0 6 2
CTC20 10 10 10 10 10 10
CT3000SG 7 7 7 7 7 7
CA cement 5 5 5 5 5 5
Magnesite 0 4 0 4 0 4
Sum 100 100 100 100 100 100
PCE 0.15 0.15 0.15 0.15 0.15 0.15

Water 4.2 4.5 4.2 4.5 4.2 4.5
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Fig. 1.1:  Cast format D prisms of mixture REF_MO_1 (t.) and REF_M4_1 (b.).

Fig. 1.2:  Cast format D prisms of mixture REF_MO_2 (t.) and REF_M4 2 (b.).
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Fig. 1.3:  Cast format D prisms of mixture REF_MO_3 (t.) and REF_M4_3 (b.).

Fig. I.4:  Cast format D prisms (160 x 40 x 40 mm) after adjusting the reference mixture with regard
to the percentages of coarse grain to fine grain fractions and optimization of the water de-
mand.
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2.4.2.2. Cement-bonded castables

In Tab. I.6 the used mono-modal alumina-fines with different dso-particle sizes can be seen.
The particle sizes have a range from 0.8 pm in case of CT3000SG to 5.5 um in case of
CT19FG. In Tab. I.7 and 1.8 the cement containing (5 wt.-%) compositions are shown. The
alumina-fines are percentaged exchanged against each other and coarsen the matrix contin-
uously (Fig. 1.5 to 9). In mixtures MO (Tab. 1.7) the water content was set to 4.6 wt.-%. When
using the highest amount of fine powders in mixture IV_MO the water addition was increased
up to 4.8 wt.-% because of the high specific surface area of CT3000SG. In case of the mag-
nesite containing compositions (mixtures M4, Tab. 1.8) the water demand was 5.0 wt.-%. Par-
allel to mixtures MO in M4_1V 5.2 wt.-% water was added. The water demand was adjusted to
obtain comparable workability of the different model castables and a slump-flow under vibra-
tion between 160 and 200 mm. In all castables the same amount of dispersant (0.15 wt.-%
PCE) was used.

Tab. 1.6:  Alumina fines with different dso-particle sizes used for sintering experiments.

Calc. / Reac. alumina dso-particle size in pm
CT3000SG 0.8 mono-modal
CTC20 1.8 mono-modal
CT800FG 35 mono-modal
CT19FG 55 mono-modal
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Fig. I.5:  PSD of the matrix compositions I-IV with different alumina fines.
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Fig. 1.8:  PSD of the matrix composition | with CT19FG, CT300SG and T60 0-45 pm.
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Fig. 1.9:  PSD of the matrix composition | with CT300SG and T60 0-45 um.
Tab. 1.7: Composition of cement containing high-alumina castables.

Castable |_MO 11_MO 1_MO IV_MO
Tab. alumina wt.-% wt.-% wt.-% wt.-%
3.0-6.0 mm 21 21 21 21
1.0-3.0 mm 20 20 20 20
0.5-1.0 mm 13 13 13 13
0-0.5 mm 18 18 18 18
0-0.045 mm 6 6 6 6

Calc. alumina 10 (CTC20) 10 (CT800FG) 10 (CT19FG) 0
Reac. alumina 7 (CT3000SG) 7 (CT3000SG) 7 (CT3000SG) 17 (CT3000SG)
CA cement 5 5 5 5
Magnesite 0 0 0 0
Sum 100 100 100 100
PCE 0.15 0.15 0.15 0.15
Water 4.6 4.6 4.6 4.8
Tab. 1.8:  Composition of cement containing spinel-forming castables.

Castable I_M4 I1_M4 l_M4 IV_M4
Tab. alumina wit.-% wt.-% wt.-% wt.-%
3.0-6.0 mm 21 21 21 21
1.0-3.0 mm 20 20 20 20
0.5-1.0 mm 13 13 13 13
0-0.5 mm 18 18 18 18
0-0.045 mm 2 2 2 2
Calc. alumina 10 (CTC20) 10 (CT800FG) 10 (CT19FG) 0
Reac. alumina 7 (CT3000SG) 7 (CT3000SG) 7 (CT3000SG) 17 (CT3000SG)
CA cement 5 5 5 5
Magnesite 4 4 4 4
Sum 100 100 100 100
PCE 0.15 0.15 0.15 0.15
Water 5.0 5.0 5.0 5.2
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2.4.3. Compositions of the sol-gel bonded mixtures

2.4.3.1. Preliminary experiments

In preliminary experiments different magnesia sources and combinations of dispersants were
tested. Mixtures |11 VI can be seen in Tab. 1.9. A dead burned magnesia (Nedmag DIN70) and
a raw magnesite to 3.5 wt.-% were used. The water amount was adjusted to get a comparable
flow and workability. Format D prisms were cast and the CMoR was tested directly after curing
(20 °C, 95 %rh, 48 h), after drying (110 °C, 24 h) and after heating up to 450 °C (2 K/min) with
a dwell-time of 5 h. Considering the combination of a small water demand (Tab. 1.9), a satisfy-
ing result of the slump-flow (Fig. 1.10) and a high CMoR at different temperatures (Fig. 1.11)
the choice was taken for mixture V. On this basis four different sol-gel bonded model castables
with different particle sizes in the matrix (Tab. 1.6, Fig. 1.5) were developed.

Tab. 1.9: Composition of preliminary experiments to sol-gel bonded castables.

Castable I I 1] v Vv \Y
Tab. alumina wt.-% wt.-% wt.-% wt.-% wt.-% wt.-%
0-6.0 mm 78 78 78 78 78 79.5
CTC20 10 10 10 10 10 10
CT3000SG 7 7 7 7 7 7
Lithosol 1530 5 5 5 5 5 0
Nedmag 3.5 0 0 35 0 35
Magnesite 0 35 35 0 3.5 0
Sum 103.5 103.5 103.5 103.5 103.5 100
Dolapix FF44 0.2 0.1 0.1 0.2 0.05 0.2
Giessfix PT88 0.2 0.1 0.1 0.2 0.05 0.2

Water 2.0 1.6 1.4 1.9 1.4 5.0
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Fig. 1.10:  Slump-flow of preliminary experiments to sol-gel bonded castables.
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Fig. 1.11: CMoR at different temperatures (directly after the climatic cabinet (20 °C, 95 %rh, 48 h), after
the drying chamber (110 °C, 24 h) and after heating up to 450 °C with a dwell-time of 5 h) of
preliminary experiments to sol-gel bonded castables.

2.4.3.2. Sol-gel bonded castables

In Tab. I. 10, the cement free compositions (binding-phase: 5 wt.-% of Lithosol 1530) are
shown. In parallel to the cement containing mixtures the matrix is coarsened concurrently. The
water content was set to 1.3 wt.-%, 1.4 wt-% in mixtures I-Ill_SG and 2.2 wt-% when using the
highest amount of fine powders in mixture IV_SG. The water demand was adjusted to obtain
comparable workability of the different model castables as well. In all castables the same
amounts of dispersants (0.05 wt.-% Dolapix FF44 and 0.05 wt-% Giessfix PT88) were used.
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Tab. 1.10: Composition of sol-gel bonded castables.
Castable | SG Il_SG Il_SG IV_SG
Tab. alumina wt.-% wt.-% wt.-% wt.-%
3.0-6.0 mm 21 21 21 21
1.0-3.0 mm 20 20 20 20
0.5-1.0 mm 13 13 13 13
0-0.5 mm 18 18 18 18
0-0.045 mm 6 6 6 6
Calc. alumina 10 (CTC20) 10 (CT800FG) 10 (CT19FG) 0
Reac. alumina 7 (CT3000SG) 7 (CT3000SG) 7 (CT3000SG) 17 (CT3000SG)
Lithosol 1530 5 5 5 5
Magnesite 3.5 3.5 3.5 3.5
Sum 103.5 103.5 103.5 103.5
Dolapix FF44 0.05 0.05 0.05 0.05
Giessfix PT88 0.05 0.05 0.05 0.05
Water 1.3 1.4 1.4 2.2

2.5. Analytical methods

2.5.1.

Slump-flow

The slump-flow under vibration was measured as described in DIN EN 1SO 1927-4.

2.5.2.

Cold Modulus of Rupture

The Cold Modulus of Rupture (CMoR) was measured on dried and fired test pieces. It was
performed according to DIN EN ISO 1927-6.

2.5.3.

Open porosity

The open porosity (OP) was measured by water intrusion on dried and fired test pieces. It was
performed according to DIN EN ISO 1927-6.

2.5.4.
The

Youngos

youngos

mo d u |

mo d u |

us

us wa s

me a s test medes @30 °G /6 h) mwexd

used for testing. The testing device and software is from IMCE NV, 3600 Genk, Belgium.

D pri
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2.5.5. Ultrasonic velocity

The measurement of the ultrasonic velocity was measured is a standard method to investigate
the curing behaviour of refractory castables. An ultrasonic signal is transmitted through the test
piece and the intersection-time is detected. The used testing-equipment is from UltraTest
GmbH Dr. Steinkamp & Biissenschiitt.

2.5.6. Microscopy

Microscopic pictures were made to investigate the microstructures. Cross sections and pol-
ished sections were considered. A digital microscope (KEYENCE DEUTSCHLAND GmbH,
63263 Neu-Isenburg, Germany), a light microscope (Axioplan, Carl Zeiss AG, 73447 Ober-
kochen, Germany) and a SEM, JEOL JSM 7200F (JEOL (Germany) GmbH, 85356 Freising,
Germany) were used. Light microscopic images of cross sections and SEM pictures of cross
sections and of polished sections were made at Hochschule Koblenz.

2.6. Results and discussion

2.6.1. Cement containing castables

2.6.1.1. Slump-flow

The developed castables differing in their PSD regarding the alumina fines show little differ-
ences in their slump-flow under vibration (Fig. 1.12). Mixture IV with and without magnesite has
the lowest flow, what can be explained by the addition of a very high amount of 17 wt.-% of
alumina-fines with a dse-patrticle size of 0.8 um (Tab. 1.7 and 1.8). Although more water is added
to the magnesite containing mixtures, these castables show less flow than the high-alumina
mixtures which indicates a Mg-hydration. Poor flow or quick setting properties caused by mag-
nesia hydration were also investigated by Braulio et al. [9] in further investigations.
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Fig. 1.12:  Slump-flow of cement containing high-alumina and spinel forming castables with exchanged
alumina fines in the matrix.

2.6.1.2. Homogeneity and test piece formats

To investigate the homogeneity of cast format D test pieces of the different mixtures prisms
after measuring the CMoR and OP were cut. In Fig. 13 it can be seen that all test pieces show
a homogeneous structure. Independent of the reactive or calcined alumina used, the content
of magnesite and the water demand. Mixtures IV_MO and IV_M4 contain a higher number of
pores what can be explained by the higher amount of water needed (Tab. 7 and 8).

Other test piece geometries were produced and delivered to the project partners FGF and
ICIMB. Cubes (75 x 75 x 100 mm) for wedge-splitting-tests were given to FGF, Hohr-Gren-
zhausen (Fig. 14, I.) and zylinders (50 x 100 mm) were produced for MMH and thermal-shock
tests for FGF, Hohr-Grenzhausen and for RuL for ICiMB, Gliwice (Fig. 14, r.). Format B prisms
(54 x 64 x 230 mm) for measuring the Young's modulus (Fig.15,1.) and plates
(25 x 90 x 160 mm) for measurements of the high temperature XRD (Fig. 15, r.) were delivered
to ICiMB, Gliwice.

Fig. 1.13: Cut sections of format D test pieces of the different mixtures I-IV_MO (I.) and I-IV_M4 (r.)
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Fig. 1.14: Cubes (75 x 75 x 100 mm) for wedge-splitting-tests for FGF, Hohr-Grenzhausen (I.) and
cylinders (50 x 100 mm) for MMH investigations and thermal-shock tests for FGF, Hohr-
Grenzhausen and for RuL for ICIMB, Gliwice (r.).

Fig. 1.15: Format B prisms (54 x 64 x 230 mm) for measuring the dynamic Young’s modulus (l.) and
plates (25 x 90 x 160 mm) for measurements of high temperature XRD modulus (r.) for
ICiIMB, Gliwice.

2.6.1.3. Strengths evolution and porosity

In Fig. | 16, the CMoR and OP of the different high-alumina mixtures (Tab. | 7) are shown. As
it can be seen there is a decrease in strength and increase of OP while heating up to 1000 °C.
No sintering takes place in the high-alumina mixtures. Only the strengths of mixture 1l_MO is
increased a little bit and the OP decreases. It can be assumed that there is only a dry-out up
to this temperature and a volume reduction due to the dehydration of cement phases that also
causes a higher pore value. To minimize the influence of the slightly different open porosity in
between of mixtures I-IV the quotient of CMoR and raw density is formed. Fig. .17 shows that
test series MO have differences in the strength evolution. Mixtures I-1ll have the same starting
point. Mixture Il and Il have the highest CMoR over all. II_MO is the only composition where a
slight increase of CMoR after heat treatment over 700 °C can be recognized. It can be as-
sumed that these mixtures have a better and more compact PSD than mixture |_MO. This could
be approved with regard towards the different values of the slump-flow in Fig. 1.12. Especially
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II_MO is not as fluent as |_MO although both mixtures have the same water content. The lower
flow indicates a more compact system, what could lead to a higher strength. Mixture IV_MO
starts at a lower level than I-1ll. That can be easily explained by the higher water demand and
thus a higher open porosity. Over all the tendency of the strengths decrease is comparable to
mixtures I-111.
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Fig. 1.16: CMoR and OP of cement containing high-alumina castables with exchanged alumina fines
in the matrix at different temperatures, heating-rates and times for heat-treatment (Tab. 1.1).
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Fig. 1.17: Proportion of CMoR and raw density of cement containing high-alumina castables with ex-
changed alumina fines in the matrix at different temperatures, heating-rates and times for
heat-treatment (Tab. 1).
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The evolution of strength and OP of the magnesite containing mixtures M4 (Tab. 1.8) is shown
in Fig 1.18. The CMoR decreases and the OP increases after thermal treatment up to 700 °C.
But in contrast to mixtures MO an increase of strength can be obtained between 700 °C and
1000 °C. This can be explained by the in-situ spinel formation that shows a first recognizable
yield in this temperature range. This can be seen in Fig. .19 as well. Here the quotient of
CMoR and raw density is formed to refer to the influence of the slightly different open porosity
in between of mixtures I-1V. The formation of new mineral phases promotes better sintering
which influences the strength in a positive way. The used material is a raw magnesite
(Tab. 1.4). In all probability, there is an overlap of the in-situ spinel formation and an effect of a
better sintering because of partial eutectic reactions due to the impurities of the magnesite. As
described in the test series MO the mixture IV_M4 starts at a lower level. Reason for that is the
higher water demand that leads to higher porosity und thus a lower strength. But in the tem-
perature range between 700 °C and 1000 °C the CMoR increases and ends up with the highest
strength of the test series M4. This proves the better sintering of finer alumina particle in com-
bination with magnesite to spinel and leads to a higher strength.

The CMoR at 1500 °C of the test series MO and M4 is displayed in Fig. 1.20. Mean-values
between 39.4 and 49.5 MPa are achieved. The values over all incl. error bars are more or less
similar in the different mixtures and test series what indicates that a steady state is achieved
at 1500 °C during a dwell-time of 5 h.
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Fig. 1.18: CMoR and OP of cement containing spinel forming castables with exchanged alumina fines
in the matrix at different temperatures, heating-rates and times for heat-treatment (Tab. 1.1).
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Fig. 1.19: Proportion of CMoR and raw density of cement containing spinel forming castables with ex-
changed alumina fines in the matrix at different temperatures, heating-rates and times for
heat-treatment (Tab. I.1).

60

50

4
3
2
10
0

0 00 00 00
ﬁﬁ A% &@ ﬁ 5 A5
W W N N W

-

o

CMoR in MPa
(o]

(@]

Fig. 1.20: CMoR of cement containing high-alumina and spinel forming castables with exchanged alu-
mina fines in the matrix at 1500 °C and dwell-time of 5 h.
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2.6.1.4. Long-term investigations

In addition to the heat-treatment at different temperatures, heating-rates and times that are
shown in Tab. I.1, long-term investigations at 700 °C and 1000 °C with a dwell-time of 5, 10
and 20 days were performed. The results can be seen in Fig. 1.21 to 28. Absolute values of
CMoR and OP as well as the proportion of CMoR and raw density are considered.

It can be seen that an increase of the time of the heat-treatment at 700 °C (Fig. 1.21 to 24) has
no notable influence on the strength evolution in case of the high-alumina and spinel forming
castables series MO and M4. Mixture II_MO and Il_MO have the highest strength increase.
These results regarding the relative strength towards each other are fitting to those described
in Fig. 1.17.

When increasing the temperature to 1000 °C a slight increase of the strength evolution can be
recognized. In the high-alumina mixtures especially II_MO and Ill_MO increase their CMoR
over a time of 20 days. Maybe because of the described better PSD. In the spinel-forming
castables the finer mixtures |_M4 and IV_M4 gain strength at a longer temperature treatment.
This could be explained by the fine particles in the matrix that have a higher reactivity to spinel,
which starts at this temperature, due to their higher surface area.
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Fig. 1.21: CMoR and OP of cement containing high-alumina castables with exchanged alumina fines
in the matrix. Long-term experiments at 700 °C with dwell-times of 5, 10 and 20 days.
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Fig. 1.22:  Proportion of CMoR and raw density of cement containing high-alumina castables with ex-
changed alumina fines in the matrix. Long-term experiments at 700 °C with dwell-times of 5,
10 and 20 days.
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Fig. 1.23: CMoR and OP of cement containing spinel forming castables with exchanged alumina fines
in the matrix. Long-term experiments at 700 °C with dwell-times of 5, 10 and 20 days.
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Fig. 1.24: Proportion of CMoR and raw density of cement containing spinel forming castables with ex-
changed alumina fines in the matrix. Long-term experiments at 700 °C with dwell-times of 5,
10 and 20 days.
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Fig. 1.25: CMoR and OP of cement containing high-alumina castables with exchanged alumina fines
in the matrix. Long-term experiments at 1000 °C with dwell-times of 5, 10 and 20 days.
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Fig. 1.26: Proportion of CMoR and raw density of cement containing high-alumina castables with ex-
changed alumina fines in the matrix. Long-term experiments at 1000 °C with dwell-times of
5, 10 and 20 days.
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Fig. 1.27: CMoR and OP of cement containing spinel forming castables with exchanged alumina fines
in the matrix. Long-term experiments at 1000 °C with dwell-times of 5, 10 and 20 days.
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Fig. 1.28: Proportion of CMoR and raw density of cement containing spinel forming castables with ex-
changed alumina fines in the matrix. Long-term experiments at 1000 °C with dwell-times of
5, 10 and 20 days.
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dependence of the grain size can be obtained. The coarser the mixture (Tab. 1.6, Tab. 1.7,
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ness of bigger grains towards an agglomerate of finer grains. In both systems M0 and M4 there

is an increase intherage IVA | A 1l A lll. Over all the stiffness of the test series MO is higher

than M4 due to less water addition and thus a higher raw-density (Tab. 7, Tab. 8).
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2.6.1.6. Ultrasonic velocity

Measurement of the ultrasonic velocity was used to investigate the curing behaviour of the
castables. In Fig. 1.31 the hardening of the cement containing high-alumina castables with ex-
changed alumina fines in the matrix at 20 °C and 95 %rh can be seen. Notable is the formation
of clusters of curves of mixtures |_MO, 1I_MO and Ill_MO. Mixture IV_MO cures much faster and
the maximum value is reached much earlier. This can be explained by the high amount of fine
powder (17 wt.-% of CT3000SG with a dso of 0.8 um, Tab. 7) which forms hydrate phases
faster than coarser powders. In Fig. 1.32 the curing behaviour of the spinel-forming castables
with exchanged alumina fines in the matrix at 20 °C and 95 %rh can be seen. Parallel to mix-
tures MO the curing of I_M4, 1I_M4 and Ill_M4 is more or less identical. IV_M4 differs from the
others and cures much faster because of the high amount of fine powders (Tab. 8). In contrast
to the mixtures MO the mixtures M4 form a little plateau in the first part of the graph. This could
be explained by the stiffening of the castable due to magnesia hydration.
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Fig. 1.31: Measurement of the ultrasonic velocity to consider the curing behaviour of cement containing
high-alumina castables with exchanged alumina fines in the matrix at 20 °C and 95 %rh.
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Fig. 1.32: Measurement of the ultrasonic velocity to consider the curing behaviour of cement containing
spinel-forming castables with exchanged alumina fines in the matrix at 20 °C and 95 %rh.



Scientific report TherEvoMon 44

2.6.1.7. Microscopy

Light-microscopic investigations were performed on polished cross sections of the castables
I_MO (sintered at 1000 °C and 1250 °C, Fig. .33 and 1.34) and castable |_M4 (sintered at
1500 °C, Fig. 1.35). A clear difference can be seen between Fig. 1.33 / Fig. 1.34 and Fig. 1.35.
The addition of spinel in combination with the higher sintering temperature of 1500 °C leads to
a homogenisation of the microstructure. The grain boundaries become more unsharp what
indicates sintering.

To have a closer look at the microstructure between the temperature between 1100 °C and
1250 °C SEM investigations were made. FGF, Hohr-Grenzhausen, Germany concluded from
the experiments in their part of the research project that this temperature range was especially
interesting as it corresponded to the brittle-ductile transition of this material. Additionally, a
spinel containing sample sintered at 1500 °C was investigated. In Fig. 1.36 the microstructure
of the castable |_MO after heat treatment at 1100 °C can be seen. In comparison to the behav-
iour after being exposed to a higher temperature of 1250 °C (Fig. 1.37), the ¢ a s t arhidrae
structures look quite similar. It can be assumed that the grain boundaries at the higher tem-
perature treatment become a bit more indiscrete, what could be related to a higher sintering.
Fig. 1.38 shows the microstructure of the castable |_M4 sintered at 1500 °C. A coarsening of
the grains and a clear hibonite containing microstructure can be seen, what is typical for ce-
ment containing castables at this temperature.

Fig. 1.33:  Light-microscopic investigation (digital microscope, KEYENCE, Germany) of polished cross
sections of a wedge-splitting test piece (performed at FGF) of mixture |_MO0 at 1100 °C and
a maghnification of 20x (I.) and 200x (r.).
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e
Fig. 1.34: Light-microscopic investigation (digital microscope, KEYENCE, Germany) of polished cross

sections of wedge-splitting a test piece (performed at FGF) of mixture |_MO0 at 1250 °C and
a magnification of 20x (I.) and 200x (r.).

Fig. 1.35:  Light-microscopic investigation (digital microscope, KEYENCE, Germany) of polished cross
sections of a wedge-splitting test piece (performed at FGF) of mixture |_M4 at 1500 °C and
a maghnification of 20x (I.) and 200x (r.).

Fig. 1.36: Recorded FE-SEM image (JEOL, Germany) of polished cross sections of a wedge-splitting
test pieces (performed at FGF) of mixture I_MO at 1100 °C and a magnification of 50x (l.),
5,000x (m.) and 20,000x (r.).
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Fig. 1.37: Recorded FE-SEM image (JEOL, Germany) of polished cross sections of a wedge-split-
ting test piece (performed at FGF) of mixture I_MO at 1250 °C and a magnification of 50x
(I.), 5,000x (m.) and 20,000x (r.). In comparison to fig. 36 the fine grains show already a
first crystal growth.

Fig. 1.38: Recorded FE-SEM image (JEOL, Germany) of polished cross sections of a wedge-split-
ting test piece (performed at FGF) of mixture |_M4 at 1500 °C and a magnification of 50x
(1.), 5,000x (m.) and 20,000x (r.). At 1500 °C hibonite (indicated here as elongated, tabular
shapes) is predominant in the matrix.

Additionally, an element mapping was performed (Fig. .39 to 43) on the castable |_M4 sintered
at 1500 °C. Besides Al and O from the Al,Osz over the whole polished cross section, Ca is
predominantly found in the acicular hibonite (CAs) structures. Mg is found over the whole pol-
ished cross section, what indicates a very homogeneous distribution of the Mg-ions from the
magnesite as spinel as well as Si as an impurity (Tab. 4). Na can be found as well as an
impurity of the raw material and b-Al,O3. To underline these results EDX analysis at 5 different
positions on the polished cross section were performed (Fig. 1.43). Point 041 (Fig. 1.44) and
point 042 (Fig. 1.45) are detected as hibonite. It should be mentioned, that Mg is found as well,
what shows that in addition spinel, hibonite integrates Mg in its structure. b-Al,O3z containing
Na is found in point 043 (Fig. 1.46) and point 045 (Fig. 1.48). Pure MA-spinel was found in point
044 (Fig. 1.47).
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Fig. 1.39: FE-SEM investigation (JEOL, Germany) of polished cross sections of a wedge-splitting test
piece (performed at FGF) of mixture I_M4 at 1500 °C and a magnification of 2,000x for ele-
ment mapping. Tabular shaped hibonite again is dominating the matrix and also cuts through
alumina grains. This indicates a diffusive migration of Ca into the alumina grains.

Fig. 1.40: EDX element mapping (JEOL, Germany) of polished cross sections of a wedge-splitting test
piece (performed at FGF) of mixture I_M4 at 1500 °C and a magnification of 2,000x, Al (l.),
O (r.).
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Fig. 1.41: EDX element mapping (JEOL, Germany) of polished cross sections of a wedge-splitting test
piece (performed at FGF) of mixture |_M4 at 1500 °C and a magnification of 2,000x, Ca (l.),
Mg (r.). On the left picture is is getting obvious that hibonite also consumes Mg that also fits

into the crystal lattice.
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Fig. 1.42: EDX element mapping (JEOL, Germany) of polished cross sections of a wedge-splitting test
piece (performed at FGF) of mixture |_M4 at 1500 °C and a magnification of 2,000x, Si (l.),
Na (r.). The Na-distribution shows elongated areas that fit to the tabular shaped b-Al,O3. This
phase also integrates Mg into the crystal lattice and leads to a higher thermal stability.
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Fig. 1.43: EDX measurement position (JEOL, Germany) of polished cross sections of a wedge-splitting
test piece (performed at FGF, Hohr-Grenzhausen, Germany) of mixture I_M4 at 1500 °C and

a maghnification of 2,000x.

041

Counts

—— SiKa
—— CaKb

* — (CaKa

| | | |
2.40 3.20 4.00 4.80 5.60

0.00 0.80 1.60
keV

Fig. 1.44: EDX spectrum at point 041 (JEOL, Germany) of polished cross sections of wedge-splitting
test pieces (performed at FGF) of mixture |_M4 at 1500 °C and a magnification of 2,000x.
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Fig. 1.45: EDX spectrum at point 042 (hibonite) (JEOL, Germany) of polished cross sections of wedge-
splitting test pieces (performed at FGF) of mixture |_M4 at 1500 °C and a magnification of
2,000x point 042. Mg is incoperated in the crystal structure.
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Fig. 1.46: EDX spectrum at point 043 (b-Al,O3) (JEOL, Germany) of polished cross sections of wedge-

splitting test pieces (performed at FGF) of mixture |_M4 at 1500 °C and a magnification of
2,000x point 043. The phases show a significant Mg-intake.
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Fig. 1.47: EDX spectrum at point 044 (spinel) (JEOL, Germany) of polished cross sections of wedge-
splitting test pieces (performed at FGF, Hohr-Grenzhausen, Germany) of mixture |_M4 at
1500 °C and a magnification of 2,000x point 044.
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Fig. 1.48: EDX spectrum at point 045 (b-Al,O3) (JEOL, Germany) of polished cross sections of wedge-

splitting test pieces (performed at FGF) of mixture I_M4 at 1500 °C and a magnification of
2,000x point 045.
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FE-SEM investigations on polished sections of mixture I_MO at samples sintered at different
temperatures (RT, 450 °C, 700 °C, 100 °C, 1250 °C and 1500 °C) were performed to examine
the microstructure. In Fig. .49 to Fig. 1.54 pictures with a magnification of 5,000 and 20,000
are shown. The temperature range between 700 °C and 1250 °C is quite important for the
strength evolution and beginning sintering of mixture |I_MO0. Considering Fig. 1.53 (I.) and
Fig. 1.53 (r.) it can be seen that the fine homogeneously dispersed particles at 700 °C dissolved
at 1000 °C and it comes to a beginning grain coarsening and thus to the formation of grain
boundaries. A further sintering takes place at 1250 °C (Fig. 1.54 (I.)) what is indicated by the
occurrence of shrinking cracks. A former particle consolidation as indication for a proceeding
sintering takes place at 1500 °C and hibonite structures are formed (Fig. 1.51 (r.), Fig. 1.54 (r.)).

Fig. 1.49: FE-SEM images (JEOL, Germany) of polished sections of a wedge-splitting test piece (per-
formed at FGF) of mixture I_MO at RT (l.) and 450 °C (r.), magnification 5,000x.

Fig. 1.50: FE-SEM images (JEOL, Germany) of polished sections of a wedge-splitting test piece (per-
formed at FGF) of mixture |_MO0 at 700 °C (l.) and 1000 °C (r.), magnification 5,000x.
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Fig. 1.51: FE-SEM images (JEOL, Germany) of polished sections of a wedge-splitting test piece (per-
formed at FGF) of mixture |_MO0 at 1250 °C (I.) and 1500 °C (r.), magnification 5,000x.
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Fig. 1.52: FE-SEM images (JEOL, Germany) of polished sections of a wedge-splitting test piece (per-
formed at FGF) of mixture |_MO0 at RT (l.) and 450 °C (r.) and a magnification of 20,000x.
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Fig. 1:53: FE-SEM images (JEOL, Germany) of polished sections of a wedge-splitting test pieces (per-
formed at FGF) of mixture |_MO0 at 700 °C (l.) and 1000 °C (r.), magnification 20,000x.
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Fig. 1.54: FE-SEM images (JEOL, Germany) of polished sections of a wedge-splitting test piece (per-
formed at FGF) of mixture |_MO0 at 1250 °C (l.) and 1500 °C (r.), magnification 20,000x.

2.6.2. Sol-gel bonded castables

2.6.2.1. Slump-flow

The sol-gel bonded castables despite differing in their PSD regarding the alumina fines, show
little differences in their slump-flow under vibration (Fig. 1.55). Mixture IV_SG has the lowest
flow, what can be explained by the addition of a very high amount of 17 wt.-% of alumina-fines
with a dso-particle size of 0.8 um (Tab. 1.6 and 1.10). All castables mixture |_SG to IV_SG show
a good workability and can be casted homogeneously.
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Fig. 1.55: Slump-flow of sol-gel bonded castables with exchanged alumina fines in the matrix.
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2.6.2.2. Strength evolution and porosity

In Fig. 1.56 the CMoR and OP of the different high-alumina mixtures (Tab. 1.10) is shown. In
contrast to the cement bonded castables (Fig. 1.17, Fig. 1.19) it can be seen that there is a
steady increase of strength with rising temperature treatment and a very harsh increase over
700 °C. The OP increases while heating up to 1000 °C and decreases over 1000 °C what
indicates that a sintering takes place over this temperature. To minimize the influence of the
different open porosity in between of mixtures I-IV the quotient of CMoR and raw density is
formed. Fig. 1.56 as well as Fig. 1.57 shows that the strength increased steadily up to 700 °C.
Over 700 °C a strengths evolution, maybe positively affected by the formation of liquid silica
phases due to the heat treatment causes a rapid strengths evolution. Mixtures |_SG to lll_SG
are very similar to each other. Mixture IV_SG starts at a lower lever but rises parallel to the
other mixtures and ends up at relatively high strengths as well. The lower starting point can be
explained by the higher water demand (Tab. 1.10) and thus a higher open porosity.

The CMoR at 1500 °C of all test series is displayed in Fig. 1.58. Over all it can be seen that the
CMoR of the sol-gel bonded mixtures is lower than those of the cement bonded. When con-
sidering the sol-gel bonded mixtures mean-values between 29.3 and 41.0 MPa are reached.
The values of mixtures |_SG to lll_SG are over all incl. error bars more or less quite similar to
each other what indicates that a steady state of sintering is reached at 1500 °C and a dwell-
time of 5 h. Mixture IV_SG has a lower CMoR than the other mixtures what can be explained
by a higher water demand because of a higher amount of fine powder in the matrix (Tab. 1.10)
as well.
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Fig. 1.56: CMoR and OP of sol-gel bonded castables with exchanged alumina fines in the matrix at
different temperatures, heating-rates and times for heat-treatment (Tab. 1.1).
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Fig. 1.57: Proportion of CMoR and raw density of sol-gel bonded castables with exchanged alumina
fines in the matrix at different temperatures, heating-rates and times for heat-treatment
(Tab. 1.1).
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Fig. 1.58: CMoR of sol-gel bonded castables with exchanged alumina fines in the matrix at 1500 °C
and dwell-time of 5 h.
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2.6.2.3. Long-term investigations

Additionally, to the heat-treatment at different temperatures, heating-rates and times that are
shown in Tab. I.1, long-term investigations at 700 °C and 1000 °C with a dwell-time of 5, 10
and 20 days were performed. The results can be seen in Fig. 1.59 to 62. Absolute values of
CMoR and OP as well as the proportion of CMoR and raw density are considered.

In contrast to the cement bonded castables it can be seen that an increase of the time of the
heat-treatment at 700 °C (Fig. 1.59 and Fig. 1.60) has a positive influence on the strength evo-
lution of all sol-gel bonded castables, maybe affected by a further formation of liquid silica
phases due to the longer heat treatment. As can be seen in Fig. .56 and Fig. 1.57, mixtures
|_SG to lll_SG are very similar to each other. Mixture IV_SG starts at a lower level but rises
parallel to the other mixtures as well, what indicates a higher reactivity of finer particles in the
matrix. The lower level can be explained by the higher water demand (Tab. 1.10) and thus a
higher open porosity.

When increasing the temperature to 1000 °C (Fig. I.61, Fig. 1.62) the values for the CMoR be-
come very diffuse. No significant upgrowth is apparent especially with respect to the deviation
of the values.

22 22
20 20
-a-1
18 .' 18
- - A<
© L] L & B g-0 "
a
2 14 14 =X
= £
T 1 2 &
=
(W)
10 S 2 10
P
o o * 37 T~ ;
= &
6 6
- “T
4 4
Csé A0 708 oc98 (408 908 8 o108 (208 098 100 908
109 20 P 00C 108 a0 A% 6109709 ¢ 700 10957108 g 100
\:,Ca 561 561 \\’36 0 S(.,‘T s 5(31 WS e WS :_,61 SG‘T W ::G NS 561 K <6 a1

Fig. 1.59: CMoR and OP of sol-gel bonded castables with exchanged alumina fines in the matrix. Long-
term experiments at 700 °C with dwell-times of 5, 10 and 20 days.
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Fig. 1.60: Proportion of CMoR and raw density of sol-gel bonded castables with exchanged alumina
fines in the matrix. Long-term experiments at 700 °C with dwell-times of 5, 10 and 20 days.
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Fig. 1.61: CMoR and OP of sol-gel bonded castables with exchanged alumina fines in the matrix. Long-
term experiments at 1000 °C with dwell-times of 5, 10 and 20 days.
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Fig. 1.62: Proportion of CMoR and raw density of sol-gel bonded castables with exchanged alumina
fines in the matrix. Long-term experiments at 1000 °C with dwell-times of 5, 10 and 20 days.

2.6.2.4. Ultrasonic velocity

To investigate the curing behaviour of the castables the ultrasonic velocity was measured. In
Fig. 1.63 the hardening of the sol-gel bonded castables with exchanged alumina fines in the
matrix at 20 °C and 95 %rh can be seen. Notable is the array of curves of all mixtures |_SG to
IV_SG. In contrast to the cement bonded castables no clusters of curves are formed and the
absolute values show a larger variety. It can be said that the finer the matrix becomes the
faster is the process of the curing. Maybe this could be explained because finer particles react
due to their higher specific surface area faster with the binding and additive system. Here the
influence of the particle size seems to be more important than the formation of the binding-
phase as is was the case by the formation of hydrate-phases in the cement bonded castables.



Scientific report TherEvoMon 60

5.000
4.500
4.000
3.500

3.000 I_5G
Il_SG
IIl_SG

2.000 IV_SG

2.500

Ultrasonic velocity in m/s

1.500
1.000
500

0 0,5 1 1,5 2

Timeind

Fig. 1.63: Measurement of the ultrasonic velocity to consider the curing behaviour of sol-gel bonded
castables with exchanged alumina fines in the matrix at 20 °C and 95 %rh.

2.7. Conclusions

For the envisaged research work, vibration castables with a maximum grain size of 6 mm were
used. The basis for each composition is a high alumina castable with a defined grain size
distribution. Two types of cement bonded (5 wt.-%) castables, a high-alumina (mixtures MO)
and an in-situ spinel forming one (mixtures M4) as well as sol-gel bonded castable (mixtures
SG) were developed. As a spinel forming additive a raw magnesite (MgCOs) with a particle
s i z 45 u® was used. Four model castables for every type were investigated. They differ in
their particle size distribution (PSD) by using four different mono-modal distributed alumina
fines in the matrice. The powders with dse-particle sizes of 0.8, 1.8, 3.5 and 5.5 um were sys-
tematically exchanged against each other. The water demand was mostly stable with a little
adjustment for a comparable rheology and workability.

The sintering behaviour of the refractory castables significantly depends on the materials used.
Especially the particle fines influence the evolution of strength at different temperatures. The
matrix is greatly responsible for the strength evolution of castables. There are two mechanisms
contrasting each other. At first there is a better sintering of fine alumina particles in opposition
to coarser ones. In particular the formation of spinel in combination with magnesite and possi-
bly partial eutectic reactions due to impurities lead to an increase of the cold modulus of rupture
(CMoR) what indicates a higher sintering. But for an enhanced sintering not only a small grain
size of the alumina fines should be considered. A smart designed PSD is very important as
well and influences the sintering behaviour. A better particle package as it is in case of some
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developed coarser mixtures in combination with the same amount of water and dispersant can
lead to a higher strength.

The stiffness of the cast castables is proportional to the grain size of the matrix particles. The
coarser the grains, the higher is the Youngbds m
because of a higher stiffness of bigger grains towards an agglomerate of finer grains. The

stiffness of the test series MO is higher than M4 due to less water addition and thus a higher

raw-density.

The influence of the dwell-time at moderate temperatures of 700 and 1000 °C was investigated
to assess the influence of time on the phase formation, microstructure and thus strength evo-
lution. The test pieces were tempered for 5, 10 and 20 days. Especially a slightly coarser mix-
ture has the highest strengths increase, possibly due to the more perfect PSD. Considering
mixtures MO and M4 an increase of the time of the heat-treatment at 700 °C has no notable
influence on the strength evolution. When long-term experiments at 1000 °C were performed,
a slight increase of the strength of the cement bonded castables can be recognized. In the
spinel-forming castables the mixtures with the finer particles gain strength. Finer particles in
the matrix have a higher reactivity and thus ability to form spinel due to their higher specific
surface area. In contrast to the cement bonded castables a positive influence on the strength
evolution of the sol-gel bonded castables can be recognized when increasing the time of the
heat-treatment at 700 °C. It can be guessed that further liquid silica phases are formed due to
the longer heat treatment. Because of the higher water demand and consequently a higher
open porosity mixture the sol-gel bonded castable with the finer particles starts at a lower level
than the coarser mixtures but rises parallel to them over the time what proves the higher reac-
tivity of finer particles in the matrix.

Ultrasonic velocity measurements were performed to get useful information about the curing
behaviour and formation of hydrate phases depending on the particle size of the alumina fines
in case of the cement bonded castables and the formation of strengthening structures with
regard to different particle sizes in the matrix of sol-gel bonded castables. The mixture with the
finest matrix cures much faster. This can be explained by the high amount of fine powder
(17 wt-% of CT3000SG with a dso of 0.8Om) whi ch promotes a faster I
mation than coarser powders. The spinel forming castable with the finer particles cures much
faster than the other developed spinel forming castables. In contrast to the spinel free high-
alumina castables, the spinel forming castables cure a bit faster and experience some kind of
little plateau in the first part of their curing curve, which can be explained by the stiffening of
the castable due to magnesia hydration. In contrast to the cement bonded castables no clus-
ters of curves are formed in the sol-gel bonded castable. The finer the matrix becomes, the
faster is the process of the curing. An explanation may be that a faster reaction or agglomera-
tion of finer particles is promoted by their higher specific surface area with this kind of binding
and additive system. The influence of the particle size seems to be more important than the
formation of the binding-phase as is was the case by the formation of hydrate-phases in the
cement bonded castables.

Light-microscopic investigations were performed on polished cross sections. A difference can
be seen between cement containing high-alumina castables heated up to 1250 °C and a spi-
nel-containing castable sintered at 1500 °C. The formation of spinel in combination with the
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higher sintering temperature of 1500 °C leads to a homogenisation of the microstructure. The
grain boundaries become more unsharp that indicates sintering. FE-SEM investigations on
polished sections on the cement bonded reference castable sintered at different temperatures
were performed to examine the microstructure. It is concluded that the temperature range be-
tween 700 °C and 1250 °C is quite important for the strength evolution and beginning sintering.
Fine homogeneously dispersed particles at 700 °C dissolve at 1000 °C and it comes to a be-
ginning grain coarsening and thus to the formation of grain boundaries. A further sintering
takes place at 1250 °C what is indicated by the occurrence of shrinking cracks. A last particle
consolidation as indication for a proceeding sintering takes place at 1500 °C and hibonite struc-
tures are formed. For further investigations of the spinel containing reference castable sintered
at 1500 °C an element mapping on polished cross sections was performed. Besides Al and O
from the Al.O3 over the whole sample, Ca is predominantly found in the acicular hibonite (CAs)
structures. Mg is found over the whole sample, what indicates a very homogeneous distribution
of the Mg-ions from the magnesite as spinel as well as Si as an impurity. Na can be found as
well as an impurity of the raw material and b-Al,O3. EDX analysis at 5 different positions on
the sample were made. Hibonite, b-Al,O3 as well as Pure MA-spinel was found. It should be
mentioned, that Mg is found in hibonite and b-Al.O3 as well, which shows that in addition spinel,
hibonite and b-Al,Os integrates Mg in their structure.
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3. Subproject Il - Development of mechanical and struc-
tural characterisation methods applicable up to high
temperature

3.1. Need #2: Testing methods that allow mechanical and structural
characterisation from room temperature to service temperatures
and prolonged exposition to these temperatures

Even at the hot face, monolithics remain highly reactive systems because of their high specific
surface. The thermo-mechanical properties of refractory monolithics change with temperature
and time. Present investigations of the thermo-mechanical properties only consider a thermally
pre-treated steady state of the material. This assumption does not reflect the real situation.

The key to understand the mechanical and in consequence thermo mechanical evolution of
refractories is to identify critical parameters that yield to a better and systematically under-
standing of the temperature and time dependent material evolution. To achieve established in
the work goals the measurement of the modulus of elasticity in a function of temperature and
time using RFDA (resonance frequency and damping analysis) method, three point bending
test and creep under cyclic loads with changing force was applied. To support interpretation of
obtained results of thermo-mechanical properties the high temperature phase transformation
and its kinetics as well as thermal expansion of particular crystalline phases were investigated.

3.2. State of the art

The design of the matrix composition with alumina-based micro-particles for refractory mono-
lithic materials is already state of the art and well documented in the literature [1-2]. From the
historic viewpoint these micro-particles allowed a significant reduction of the water demand
during installation that dropped from almost 14 to less than 4 wt.-percent over the last 40 years.
In consequence the monolithic material gained an increasing mechanical green strength and
less pores. Over the entire literature the densification of the material and the rheological prop-
erties are in focus. However, there is only rare and incomplete documentation how the micro-
particle design influences the sintering behaviour. In contrast to shaped ceramic products that
undergo a defined sintering process prior to their use, monolithic refractory materials are in-
stalled on site and therefore are in a green state before the first heat-up. To overcome the said
problems, it is necessary to understand the thermomechanical evolution of refractory castables
over the full range of lining thickness that is subjected to a temperature gradient. Mostly the
producers of alumina-based micro-particles did plenty of investigations [3-4]. These investiga-
tions set focus on the workability (densification, rheology, green strength). However, there are
only rare data that consider the sinter activity and almost no data that constrain the matrix
strength evolution over time at distinct moderate temperatures that prevail below the hot face
of the furnace in the temperature profile. Without this information it is almost impossible to
provide reliable information about the thermomechanical properties that are important to opti-
mize the spalling resistance. In dependence of the thermal gradient the properties change from
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a rigid ceramic structure to a brittle weaker solely partial sintered zone. At the cold face even
a green state might be preserved in the early stage of the furnace cycle. From this reason the
aim of this work was to investigate the chemical reactions running in the matrix of cement
bonded high alumina castables, reactive alumina and optionally magnesite additive. The
course of chemical reaction in the castable matrixes should contribute to explain changes of
thermo-mechanical properties during sintering of alumina and alumina spinel castables.

It is well known that the properties of refractory monolithics change systematically with tem-
perature and time. This assumption is barely assumable for real life installation at the refrac-
tories user plant. At present refractory user forcefully claim realistic assessments for the ther-
momechanical behaviour of refractory materials where the spalling resistance is identified as
the most severe and lifetime reducing parameter. Refractory producers have identified this as
a most challenging aspect. The key to understand the mechanical and in consequence ther-
momechanical evolution of refractories is to identify critical parameters that yield to a better
understanding of the temperature and time dependent material evolution. To achieve this goal,
the measurement of the modulus of elasticity in a function of temperature and time using RFDA
(resonance frequency and damping analysis) methods, three point bending test and creep
under cyclic loads with changing force was applied.

Resonance frequency and damping analysis (RFDA) is a measurement technique that gives
information about temperature dependency of elastic constant and damping or time depend-
ency in isothermal condition. Literature gives examples of using this method for refractory ma-
terials testing [5-7]. Interpretation of the course of measured dependencies usually is challeng-
ing and requires further information about the tested material like phase composition or micro-
structure and other properties to avoid misinterpretation. In theory, the elastic modulus is ex-
pected to decrease during heating and to increase during cooling [8]. Unexpected behaviour
like inverse dependencies or abrupt changes of the elastic modulus is often interpreted as
crack opening and crack closing. In practice, not only crack initiation, propagation and healing
can be the reason for this behaviour but also chemical reactions and phase transformation as
well will strongly influence the crack behaviour and therefor the results of RFDA, phase transi-
tions and accompanying changes in thermal expansion of individual phases are important and
described in chapter 3.4. Elastic properties measured on heterogeneous and porous materials
like refractories give very often surprising or unanticipated results (different than theoretically
predicted). Repeated measurements of elastic modulus and damping (internal friction) in sub-
sequent heating i cooling cycles are good indicators of properties changes. Luz presents good
examples on this [7]. A still open question is the temperature range of elasticity of the material
(at in which temperature turns the material to a viscoelastic state) and how far thermo-me-
chanical stresses cause plastic deformation. The shortcoming of the RFDA is that this method
itself gives no information about maximum temperature to which the test should be carried out.
The fundamental question is to which temperature a meaningful interpretation of the measured
frequencies based on each E modulus can be calculated as elastic constant (from Hook's law
linear range of stress to strain dependency). RFDA always utilises experiments with excitation
force of mechanical vibration never exceeding yield stresses. Each ceramic material has its
own elasticity range in particular temperature but the critical yield stress often is unknown be-
cause this parameter is never tested. It requires special construction of testing machines that
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allows on cyclic loading in controlled way. Developed especially for this project, a methodology
for testing the elastic behaviour of refractories using creep testing machines was implemented.
The test allowed relatively high and variable cyclic mechanical load on the test specimens. The
major disadvantage of this method is that the system still operate with constant steps between
values of loading force imposed by constant mass of weights. This test seems very important
because it is generally believed that monolithic refractories remain elastic even at elevated
temperatures. Interesting is also scale of strain reduction after unloading of the material and
tendency of strain changes with subsequent loading cycles with constant force. The elastic
behaviour of the material developed by the Hochschle Koblenz was tested by cyclic loading
with delays for stress relaxation at particular temperatures from 300 C to high temperatures
using creep testing machine.

Young modulus was determined also in static experiments e.g. on HMOR machine (hot mod-
ulus of rupture, three point bending test). Disadvantages are the high consumption of test
pieces due to the destructive testing method and the time to obtain temperature dependence
of the parameters. The advantage of this measurement technique is obtaining lower values of
elastic modulus compared to dynamic ones which more closely reflect behaviour of the refrac-
tory material in service condition [8]. Used in engineering calculation, it gives more realistic
thermal stresses values than using elastic modulus dynamically determined.

3.3. Materials and methods

3.3.1. Materials

For this work different type of alumina raw-materials (Almatis GmbH, Germany) a raw magne-
site (MgCOs; Magnesia GmbH, Germany) and a CA-cement (Kerneos GmbH, Germany) were
chosen for the investigations.

In a first step four mono-modal distributed alumina-fines with different D50-patrticle sizes were
chosen (Tab. II.). The selected alumina-fines were implemented in castable formulation, sys-
tematically exchanged against each other and replace a part of the matrix. The PSD of the
matrix compositions becomes steadily coarser.

For the investigations, vibration castables with a maximum grain size of 6 mm were used. The
basis for each composition is a high alumina castable with a defined grain size distribution
containing 5 wt.-% of cement. Two types of castables, a high-alumina (mixtures MO) and an
in-situ spinel forming one (mixtures M4) were developed (Tab. I.2). As a spinel forming addi-
tive a raw magnesite (MgCOs) wi t h a p4bnrhwas Used [9s1D].2rnecas@of mixtures
MO the water content was set to 4.6 wt.-%. When using the highest amount of fine powders in
mixture IV_MO the water addition was increased up to 4.8 wt.-% because of the high specific
surface area of CT3000SG. In case of the magnesite containing compositions (mixtures M4)
the water demand was 5.0 wt.-%. Analogously as in mixtures MO in M4_IV 5.2 wt.-% water
was added. The water demand was adjusted to obtain comparable workability of the different
model castables and a slump-flow under vibration between 160 and 200 mm. In all castables
the same amount of dispersant (0.15 wt.-% PCE) was used. The castables were mixed in an
intensive mixer (type RO2E, Eirich, Germany). The material was dry mixed for 1 minute and
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further 4 minutes after water addition. A star agitator in reverse flow with a rotation speed of
450 rpm was used. Format D prisms according to ISO 1927 (160 x 40 x 40 mm) were casted
thereafter under vibration with a peak distortion auf 0.5 mm.

A series of cement free, sol-gel bonded castables based on composition presented in table 11.3
were also produced by the HS Koblenz.

The setting and curing were carried out under constant ambient conditions in a climatic cabinet
for 48 h (20 °C; 95 % rh). Thereafter the samples were dried at 110 °C for 24 h followed by
thermal treatment at 450 °C for 5 h before delivery to ICiIMB.

For the purpose of increasing detection and concentration of phases in the matrixes for X-ray
diffraction experiments, additional samples with matrix only composition (without coarse
grains) were prepared for the castable | MO and I_M4 and delivered to ICiMB. Due to the
changed raw material composition this samples have enriched CaO chemical composition
(Tab. 11.4).

Tab. 11.1: Used alumina fines with different D50-particle sizes for sintering experiments.

Calc. / Reac. alumina D50-particle size

CT3000SG 0.8 um mono-modal
CTC20 1.8 ym mono-modal
CT800FG 3.5um mono-modal
CT19FG 55 um mono-modal

Tab. 11.2: Composition of cement containing high-alumina and spinel-forming castables.

Castable I_MO I_MO I1_MO IV_MO |_M4 I_M4 n_m4 IV_M4
Tab. alumina wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-%
6.0-3.0 mm 21 21 21 21 21 21 21 21
1.0-3.0 mm 20 20 20 20 20 20 20 20
0.5-1.0 mm 13 13 13 13 13 13 13 13
0-0.5 mm 18 18 18 18 18 18 18 18

0-0.045 mm 6 6 6 6 2 2 2 2
Calc. alumina 10 10 10 0 10 10 10

(CTC20) (CT800OFG) (CT19FG) (CTC20) (CT8O0OFG) (CT19FG)

Reac. 7 7 7 17 7 7 7 17
alumina (CT3000SG) (CT3000SG) (CT3000SG) (CT3000SG){(CT3000SG) (CT3000SG) (CT3000SG) (CT3000SG)
CA cement 5 5 5 5 5 5 5 5
Magnesite 0 0 0 0 4 4 4 4
Sum 100 100 100 100 100 100 100 100
PCE 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Water 4.6 4.6 4.6 4.8 5.0 5.0 5.0 5.2
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Tab. 11.3: Composition of high-alumina and spinel-forming castables with sol-gel matrix.

Castable I_SG II_SG I_SG
Tab. alumina wt.-% wt.-% wt.-%
6.0-3.0 mm 21 21 21
1.0-3.0 mm 20 20 20
0.5-1.0 mm 13 13 13
0-0.5 mm 18 18 18
0-0.045 mm 6 6 6
Calc. alumina 10 (CTC20) 10 (CT80OFG) 10 (CT19FG)
Reac. alumina 7 (CT3000SG) 7 (CT3000SG) 7 (CT3000SG)
Lithosol 5 5 5
Magnesite 35 3.5 3.5
Sum 103.5 103.5 103.5
Dolapix FF44 0.05 0.05 0.05
Giesfix PT88 0.05 0.05 0.05
Water 13 1.4 1.4

Tab. 11.4: Chemical composition of samples of matrixes |_MO0 and |_M4.

I_MO matrix |_M4 matrix
wt. %
loss on ignition 0,44 0,27
SiO2 0,19 0,73
AlzOs 93,86 85,96
Fe203 0,09 0,09
TiO2 <0,01 <0,01
MnO <0,01 <0,01
CaO 5,32 5,88 PN-EN I1SO
MgO 0,07 6,98 12677:2011
Na20 0,02 <0,01
K20 <0,01 <0,01
P20s 0,01 0,01
Cr20s3 0,01 0,02
ZrO2 <0,01 <0,01
HfO2 <0,01 <0,01

3.3.2. Testing methods

3.3.2.1. High temperature X-ray diffraction

For X-ray diffraction analysis the delivered samples were prepared by grounding below 5 mm.
To identify the chemical reactions in the matrixes of corundum and corundum-spinel castables,
the high-temperature diffraction method was applied. A high-temperature chamber - Anton-
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Paar HT2000, <coupled with a PANalytical X6Pert N
tion tube were used. The investigations were performed at temperatures ranging from 25 C
to 1550 C. The temperature interval between two measurement points was chosen according
to the formation of particular calcium aluminates and spinel. Measurements were carried out
at an interval of 100 °C in the temperature range of 500 C171 800 C, and atan interval of 50 °C
at temperatures exceeding 1400 C. At temperatures close to that of CA, CA,, MA and CAs
phase formation, i.e. 800 Cto 900 C, 1000 Cto 1100 C and 1300 C to 1400 C, respec-
tively, the measurement intervals were setto 20 C. The heating rate between each measure-
ment point was 10 C per minute. Before taking measurements at a given temperature, the
test piece was thermostated during 2 minutes and, then, the X-ray patterns were collected at
an angular range of 5 to 70 2Q. Afterwards, for each collected diffraction pattern, phase iden-
tification and quantification were carried out using the Rietveld method. The phase composition
of the tested samples was determined by means of ICDD PDF 4+ database and
HighScorePlus, whereas the quantitative analysis was conducted using Sirogant software.

Kinetics investigation of secondary calcium aluminates and spinel formation were performed
on additional test pieces without coarse corundum grains. Based on the results of high tem-
perature phase transformations the temperatures for particular calcium aluminates and spinel
were chose:

- CA61 1340, 1400 and 1500 C

- CA2i 1040, 1120 and 1200 C

- CAT 840,900 and 950 C

- MAT 1080, 1200, 1320, 1340, 1400 and 1500 C

From the obtained experimental data the degree of conversion, ag was calculated. Based on
definition that degree of conversion, ag, is equal to ratio of reaction progress, Xg to maximum
reaction progress, Xmax.

— (I1.1)

The amount of CaO determined from chemical analysis as limiting substrate was used
(Tab. 11.4) for calculation of maximum reaction progress (Xmax.) Of calcium aluminates formation.
The XRD results of quantitative determination of calcium aluminates were adopted for reaction
progress (Xg).

In case of substoichiometric spinel, the determined amount of MgO from chemical analysis as
limiting substrate was used for calculations. One problem for the calculations of maximal reac-
tion progress, Xmax, Was that the obtained spinel was substoichiometric and its amount in test
pieces exceeded the maximum amount of stoichiometric one. To solve this problem the data
from the phase equilibrium diagram MgO-Al,Os [11] were used for the determination of equi-
librium chemical formula at particular temperature. Knowing equilibrium spinel formulae the
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maximal reaction progress was calculated (Xmax). The XRD results of quantitative determina-
tion of spinel were adopted for reaction progress (Xg).

3.3.2.2. Resonance Frequency Damping Analysis (RFDA)

The non-destructive technique IET (Impulse Excitation Technique) was used to investigated
the elastic properties of produced test pieces. Dynamic method of E modulus determination by
means of resonance method according to ASTM E1876-15, ISO 12680-1, EN 843-2 at different
temperature range dependent on refractoriness of the samples series was applied. Equipment
based on the IET method, such as RFDA (Resonant Frequency Damping Analyser), induces
vibrations in a test piece through light mechanical impulse and, next, analyses the spectrum
of vibrations. The method allows to direct determining the frequency f as well as damping
parameters of vibration, namely loss rate parameter, k and internal friction Q1. Internal friction
(damping) represents the energy absorption and dispersion by the material. Mentioned earlier
standards define different resonant frequencies which can be excited dependent on the posi-
tion of the support wires and the microphone. The two maost important resonant frequencies
are the flexural which is controlled by the Youn
which is controlled by the shear modulus for isotropic materials. For predefined shapes like
rectangular bars, discs, rods and grinding wheels, a dedicated software calculates the test
piece's elastic properties using the test piece dimensions, weight and resonant frequency
(ASTM E1876-15).

The young's modulus is calculated based on equation presented in the figure Il.1 and internal
friction based on equation presented in the figure Fig. 11.2.

E E = 0.9465 (mTffz) ('t‘—j) T

with E the Young's modulus
[ the flexular frequency
m the mass
L the length
w the width
t the thickness
T the correction factor

Fig. 1.1 The principles of Young modulus determination by means of RFDA.
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energy dissipated as heat per unit volume over one cycle 1 | (Xl)
= —In
energy stored per unit volume i

Internal friction = Q! =

Fig. 1.2 The principles of internal friction (damping) determination by means of RFDA.

To determine the Young's modulus, the equipment measures the flexural vibration frequency
(see Fig. 11.1) and calculates the Young's modulus using the mass and dimensions of the test
piece according to the different standards (ASTM E1876-15, ISO 12680-1, EN 843-2).

Material damping or internal friction is characterized by the decay of the vibration amplitude of
the sample in free vibration as the logarithmic decrement (Fig. 1.2). The damping behaviour
originates from inelastic processes occurring in a strained solid i.e. thermo-elastic damping,
magnetic damping, viscous damping, defect damping etc. For example, different materials de-
fects (dislocations, vacancies, etc.) and running phase transformation or chemical reactions
can contribute to an increase in the internal friction.

In this project the relationship between the modulus of elasticity and temperature in the cycling
process of heating and cooling has been determined within a temperature range dependent
on tested material refractoriness under load. The test pieces of series MO and M4 were tested
up to 1500 C in two kinds of experiments. Firstly, four cycles of heating and cooling up to
1500 C was applied, and then a first heating up to 1500 C were performed followed by heat-
ing up to 1200 C. The sol-gel bonded test pieces from series SG were tested in four cycle
experiments. First experiments were carried on up to 700 C, second up to 1000 C and third
up to 1200 C. The dimensions of beams were 25 x 70 x 140 mm, the heating and cooling rate
was 3 C/min, and finally the test pieces were soaked at maximal temperature for 30 min or 4
hours depending on experiment. Using such relatively long dwell time aimed on achieving of
equilibrium state in the material at elevated temperature. Each experiments was repeated two
times.

3.3.2.3. Young modulus and Work of Fracture by means of static method (three point bending
test)

Work of fracture measurements were performed using the method of three-point bending of a
25 x 25 x 150 mm on the beam with a notch having a depth of 7 mm and a width of 0.5 mm,
loading rate of 20 em/min, measuring system deformation correction (equipment-Netzsch
HMORA422). Total deformation of the measuring system and the test piece is measured by
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means of an extensometer. The thermal expansion of the measuring system was corrected by
experimental determination of the latter. The work of fracture Gg has been calculated from the
following formula:

d
G, :¥ (11.2)

Where:
- Fis the force in Newtons,
- X, the deformation in metres and

- Alis the specimen cross-sectional area in square metres.

In order to avoid the influence of compressive stresses in the upper part of the test piece, the
area under the curve was measured until a value of deformation corresponding to 15 % maxi-
mal force. Theresul t s of refractoriesd WOF (wor k abf
lished since the early 1960s [12-18]. There are many varieties of WOF determination methods.
An example of the force versus deformation dependence is shown in the figure 11.3.

The E modulus by static method at 450, 700, 1000 and 1250 C has been determined from

Load F(x)-Displacement (x) diagrams, where Fis aforce,andix® i s def or mat i

obtained when determining the work of fracture. On the left branch of the F(X) curve, a straight
line segment, which linearity was verified by calculating the square of r coefficient correlation,
was determined. The calculations took only into account segments for which r? was higher or
equal to 0.95. The E modulus was determined with the following equation:

| °DF
= m (11.3)
Where:

- lis the distance between supports in metres,

- b the specimen width in metres,

- hthe specimen height in metres,

- F the force in Newtons and

- X the deflection in metres.

fract
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Fig. 11.3: lllustration of the WOF determination method & Load F(x)-Displacement (gx) diagram [16].

3.3.2.4. Creep under cyclic loading and increasing force versus temperature

Measurement of creep under variable load conditions was performed in a NETZSCH 421 ap-
paratus with electric furnace. The test pieces were prepared in the shape of a cylinder with
dimensions corresponding to the standard: EN 993-9 (50 x 50 mm with axial hole with a diam-
eter of 12 to 13 mm). The test pieces were heated to a measurement temperature of 450, 700,
1000, 1250 °C at a rate of 5 °C/min. At the measurement temperature, the test piece was
subjected to cyclic mechanical loads. The loading device enabled, at all stages of the test, the
load was applied vertically along the axis of the stamp. In the present work, measurements
were made using load of 0.10, 0.15 and 0.2 MPa. Four measuring cycles were carried out for
each loading force. After each load, the test piece was subjected to a 5 min. relaxation time.
Schematically the course of the experiment is illustrated in the figure 11.4. In section O results
in a form of dl/lo dependencies versus cycle number at particular temperature are presented.
Each point in the graphs represents the maximum or minimum value of the step dependence
of the figure 11.4.

The aim of the creep under variable load conditions investigation was to check at what load
and at what temperature the tested material ceases to behave elastically.



Scientific report TherEvoMon 74

dL/lo *187-2 Segment: 2 Temp/;g8
: DARATTA T Pros
i 708
-5 696
F1| < F2 <|F3
" 692
s 2@ 250 T 3g e 400 25600
me/min

Fig. 11.4: Experimental determining the creep at variable loads under isothermal condition.

3.4. Results and discussion

3.41. High temperature phase transformations in castables with cement matrix.

The evolution of the mineralogical composition in the four matrix compositions of alumina
castables are presented in the figure 11.4. The course of chemical reactions indicates their dif-
fusive character across the reaction product, resulting from the diffusion of Ca?* ion into Al,Os
grains, what was previously observed by other researches [19-21] (Fig. Il.6). The binder
phases is rich in CaO and leads to phase composition changes versus temperatures, trans-
forming from a calcium-rich system into a system rich in alumina. Since the samples were
thermally treated after casting and annealed at 450 C for 5h, there should be no the following
hydrates: C3AH10, C2AHs, AHs, C3AHs which decompose at temperatures below 360 C [22-
23]. Several authors report that at 360 C, the process of CsAHg (hydrogarnet) decomposition
begins, which leads to the formation of a metastable structural relict with CsAH1s composition
[24-26]. At 450 C only C3AH15 and a poorly crystallised phase, or even the amorphous one
(hydrates or/and alumina) can be present in the matrix (Fig. I1.7). The course of chemical re-
actions are similar in each matrix compositions and allow to determine the temperatures of
formations of particular phases. The amount of b-alumina started to decrease at ca 880 C and
disappeared completely at 1320 C. A very small amount (ca 0.5 wt. %) of C12A; (mayenite)
was observed in a narrow range of temperatures between 800 C and 950 C. Secondary CA
(krotite) forms at ca 840 C and is present until a temperature of 1300 C has been reached,
with the highest amount at 1020 C. Secondary CA; (grossite) forms at ca 1040 C and is
present until the maximum temperature of the experiment has been reached, i.e. 1550 C. The
highest amount is observed at 1250 C, after then it is observed to decrease. CAs (hibonite)
began to form at 1060 C. At the end of the measurement, the samples contained only a-Al,O3
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(corundum), CAs (hibonite) and residual CA; (grossite), what means that the system did not
reach a full thermodynamic equilibrium state (Fig 11.8). The temperatures of formation of the
calcium aluminates in the tested sampl esbd
of pure stoichiometric calcium aluminates: C12A7, CA, CA2 and CAs reported in literature [27].
Similar lower temperatures of CsA (1050 C), C12A7 (800 C) CA (850 C), CA2 (900 C) and CAs
(1200 C) formation were reported by Tas [28]. However, the method of its synthesis (SPCS)
and the starting substrates (calcium and aluminium nitrates) were quite different. In this work,
CsA was not detected in the tested samples, probably due to its low amount and the overlap-
ping of the strongest diffraction line of C3A 440 with diffraction line 107 of b-Al.Osz and C12A7
420 about 33.2 2Q.
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Fig. Il.5:  Evolution of the mineralogical composition in the matrix of | MO, 1l MO, Ill MO and IV MO
castables. Concentration of corundum is over the scale.
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Fig. 11.6:  Schematic representation of Ca2* ion diffusion through the reaction products towards the
alumina grains as the major diffusion process.
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Fig. 1.7:  Distribution of phases in the matrix of MO series castable after currying at 450 C for 4 h
(castable 1_M0).
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Fig. I1.8: Microstructure of the MO series sample after firing at 1500 C for 2 h (I_MO0).

In M4 series samples, where magnesite was added, the course of reactions was almost the
same as in the MO samples without magnesite, except for the formation of MA (spinel)
(Fig. 11.9). Spinel formation started at 1040 C and lasted until the end of the measurement.
This process should continue until the substrate i MgO is exhausted. In a temperature range
of ca 1300 C - 1340 C, the reaction of spinel formation changes its rate, which can be ob-
served in the concentration versus temperatures dependency of spinel (deflection points in
Fig. 11.10). These phenomena can be connected with the diffusion of equalizing concentrations
of MgO in Al,Os grains. First, stoichiometric or near-stoichiometric spinel is formed between
1040 °C and 1300 °C, until the substrate is exhausted and, next, the process of MgO diffusion
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into alumina grains over 1300 C formed substoichiometric spinel with insufficient amount of
MgO. Such spinel has a structure of g-Al,O3; (Mg1-xAl204, defected spinel structure). An aver-
age of six SEM/EDS measurements of the chemical analysis of spinel grains observed in the
matrix of the catable I_M4 with an addition of magnesite after firing at 1500 C for 4 h revealed
the substoichiometric composition of the spinel Mgo.74Al.03 74 (Fig. 11.10). This resultis in agree-
ment with quantitative measurements. From 4 wt. % of MgCOs only 6.8 % of stoichiometric
MgAl204 can be formed or 8.5 % of substoichiometric spinel (Mgo.74Al203.74) (Fig. 11.9 - |_M4).
This explains the big amount of spinel formed compared to the theoretical expected amount of
stoichiometric Spinel to be formed from 4 wt. % addition of MgCO3 (magnesite). This observa-
tion is also in line with lattice parameter, ao, observed changes of the formed spinel versus
temperature (Fig. 11.11). Lattice parameter, ao slightly increased at lower temperature (up to
1100 C) and then decreased despite the increasing temperature. This phenomenon is oppo-
site to the effect of thermal expansion and can be explained by diffusion of ions of Mg?* into
alumina grains (Fig. 11.12). Formation of substoichiometric spinel is possible due to limited con-
centration of MgO substrate. The cation sub-lattice of spinel crystals is depleted by bigger ions
(Mg?*) located mostly in tetrahedral sites (smaller share is located in octahedral sites), which
causes contraction of crystal lattice. Cation i anion distances in tetrahedron is 1.95 A for Mg -
O, while in Al Ois 1.77 A. In octahedron this distances are respectively 2.1 A for Mg i O and
1.92 Afor Ali O. Unoccupied sites by Mg?* leads to vacancies formation and lattice contraction
(Fig. 11.13). This phenomenon exceeds thermal expansion. The location of Mg?* and AP* in
spinel structure is presented in the figure 11.13.
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Fig. 11.9:  Evolution of the mineralogical composition in the matrix of | M4, 1l M4, Ill M4 and IV M4
castables. Concentration of corundum is over the scale.
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Fig. 11.10: Example of SEM/EDS spectra of the spinel grains formed in the sample |_MO.
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Fig. 11.11: Evolution of the lattice parameter ao of spinel with temperature (M4 series).

MgO Al,O4

Fig. I1.12: Diffusion of Mg?* cations into corundum grains.
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Fig. 11.13: Location of Mg2* and AI** in spinel structure.
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Similar to the castable without magnesite addition, the tested castable with magnesite were
not completely equilibrated after firing, and contained residual CA; (Fig. 11.14 (c)). The fig-
ure 1.14 (a, b) presents distribution of phases (a) and elements (b) in microstructure of M4
series before firing. In microstructure there is an uniform distribution of magnesite (and Mg)
which is the substrate to spinel formation. The distribution of spinel and hibonite after firing at
1500 °C is displayed in the figure 11.14 (d).

(a) (b)

c) d)

Fig. I1.14: Microstructure of the M4 sample series (chose examples): distribution of phases in dry at
450 C castable |_M4 (a), elements distribution in Ill_M4 (b) and phases distribution | M4
after firing at 1500 C for 2h (c, d).

3.4.2. Kinetics of CAs, MA and secondary CA, CA; formation in cement matrix.

For the kinetics measurements mentioned in the section 3.3.2.1, additional samples without
coarse corundum grains were used. An example of kinetic curves, ag = f(t) is presented in the






















































































































































































































































































































































