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Vorwort

Das vorliegende Dokument stellt den gemeinsamen Schlussbericht fir das IGF-Vorhaben
305 EN beziehungsweise fur das CORNET-Gesamtprojekt aller drei beteiligter Forschungsein-
richtungen dar.

Aus Deutschland wirkten die Forschungsgemeinschaft Feuerfest e. V. und die Hochschule Kob-
lenz an dem CORNET-Gesamtprojekt mit. An dem CORNET-Gesamtprojekt war aul3erdem das
Institut Interuniversitaire des Silicates, Sols et Matériaux (INISMa) in Belgien beteiligt, geférdert
durch Service Public de Wallonie (SPW).
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1. Scientific -technical and economical scope of
work

1.1 Motivation

Although economically relatively modest, the impact of the European refractory sector is strate-
gic. Refractories are required in many process and energy industries which form the foundation
of our industrialised civilisation. Refractory producers are continuously asked to develop refrac-
tory solutions that deliver longer lifetimes in demanding and dynamic usages, where severe
thermomechanical and thermochemical conditions and/or environments damage the refractory
linings. Historically, refractory linings were done by means of brick-work. Over the past few dec-
ades, monolithic linings gained in popularity, were increasingly used by refractory user indus-
tries, and were thus asked from refractory producers.

The bonding phases of monolithics (refractory castables) play a central role in their perfor-
mance. Especially their behaviour at high temperature is decisively responsible for the perfor-
mance of a refractory lining. The existing solutions all show problems: 1) The use of the well-
established calcium aluminate cement (CAC) as binder reduces the refractoriness in thermo-
chemically aggressive environments, as the calcium contained in the cement reacts with slags,
fly ashes or gases to form low melting point compounds and can lead to the early deterioration
of the linings. 2) Hydratable alumina (HA) binder leads to better performance at high tempera-
ture for refractory castables exposed to thermochemically aggressive environments. However,
the drying and first heating of HA bonded refractory castables has to be performed with greatest
care to avoid explosive spalling induced by the massive release of chemical bonded water and
the corresponding huge steam pressure. 3) CS (colloidal silica) bonded refractory castables as
currently available on the market perform better than CAC or HA bonded refractory castables
with regard to their drying behaviour and their inertness against fly ashes or process gases.
This is because a colloidal solution (= sol) is used to bond the refractory castables after gelling
(= formation of a gel) with a minimal amount of chemical bonded water that can easily be re-
moved during the drying and first heat up. However, their high temperature performance is lim-
ited due to the presence of free silica, leading to the formation of viscous/liquid phases at high
temperature and thereby decreasing their thermomechanical resistance.

The ultimate objective of the refractory sector is to provide refractories suitable for demanding
environments with an extended lifetime. The ability for refractory castables to manage this is
greatly conditioned by their bonding system, and especially the behaviour of the bonding phase
at high temperature (HT) resp. service temperature.

This CORNET project aimed to develop new bonding systems for refractory castables and im-
prove existing ones, as well as generate knowledge regarding their behaviour at service tem-
perature. The objective was to extend the lifetime and performance of refractory castables in
increasingly demanding operating environments.
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1.2 General description of the issue addressed

The overall problem addressed by this CORNET project was the requirement to enhance the
performance of colloidal bonded refractory castables for high temperature applications. Extend-
ed lifetime and enhanced high temperature performance of refractories are substantially driven
by an improvement of their high temperature structural stability, thermomechanical and thermo-
chemical behaviour. The refractory user industries greatly benefit from such development. Ex-
tended lifetime of refractory linings means longer production cycles between relining or repairing
the linings, less downtime and more efficient production and thus clear economic advantages.

While enabling a fast first heating and thus saving time and energy, linings made of commercial-
ly available colloidal silica bonded refractory castables suffer from low performance at high tem-
perature, primarily due to the formation of liquid phases derived from the amorphous free silica
in the bonding phase. Avoiding or at least controlling the formation of said liquid phases bears
substantial potential to enhance the high temperature performance and lifetime of linings made
of colloidal bonded refractory castables whilst keeping their rapid heating ability. SMEs in the
sector also identified that the information available on the relation between bonding system and
the high temperature behaviour of refractories is generally insufficient.

1.3 Research method

Based on the overall issue addressed, the first research commitment was to develop Innova-
tive colloidal silica bonded refractory castables with tailored bonding phase properties for en-
hanced high temperature performance. To enhance the high temperature performance of the
colloidal silica bonded castables, nucleating agents have been added to high alumina refractory
castables that are able to foster the formation of a crystalline phase instead of a liquid phase
during the first heat up of the refractory castables. High alumina refractory castables are con-
sidered in the proposed project as they are well-establish systems and their chemistry, almost
pure alumina, enable a stringent investigation of the behaviour of the bonding phase with no
cross-influences from impurities. Since the bonding phase is made of silica mullite formation
shall be promoted. However, the mullite formation is kinetically hampered and typically does not
occur straightforwardly during the first heat-up, which was the major challenge in the project

The second research commitment was to develop alternative (to silica) colloidal suspensions
suitable to bond refractory castables that promise enhanced high temperature performance.
The primary goal of this research commitment was to develop colloidal solutions on the basis of
alumina, mullite or spinel that comply with the requirements allowing the development of cement
free refractory castables. Said basic requirements were good workability (with a water demand
as low as possible), adjustable setting times, sufficient green strength and high strength evolu-
tion during the first heat-up.

The third research commitment was to establish new knowledge about the high temperature
thermomechanical and thermochemical performance of colloidal bonded refractory castables.
The research approach relied on an intense investigation in two main pillars: TSR (thermome-
chanical) and corrosion resistance (thermochemical). An extensive and innovative high temper-
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ature characterisation of colloidal bonded refractory castables was carried out throughout the
project, using complementary testing methods. An understanding of the influence of the nature
of the bonding phase and of sintering additives on the microstructural evolution (mullite for-
mation, formation of melt phases) and the resulting high temperature behaviour has to be de-
veloped in this project.

Within the framework of the CORNET collaboration, each single research commitment was ba-
sically taken over on by one the research performers. For the sake of clarity, the project work
that was linked to a specific research commitment is referredtoi n t hi's report
Hochschule Koblenz, Germany, worked on the first research commitment (subproject 1), while
Institut Interuniversitaire des Silicates, Sols et Matériaux, Belgium coped with the second i re-
search commitment (subproject 1) and a small part of the second research commitment (sub-
project Ill). Forschungsgemeinschaft Feuerfest e. V. (Germany) was responsible for the re-
search commitment (subproject III).

1.4 Summary of the results

1.4.1 Subproject I T Development of innovative colloidal silica bonded refractory
monolithics with tailored bonding phase properties for enhanced high tem-
perature performance.

Refractory castables bonded with colloidal suspensions can be very challenging in terms of de-
veloping a formulation able to achieve sufficient green strength.

Regarding the impact of adding additives to promote early sintering, it can be observed that
there is no significant difference on their CMoR after firing at elevated temperature. Additionally,
none of the investigated additives was able to significantly increase the rate of formation of mul-
lite, even preventing it, probably by promoting the formation of a melt instead.

However, the additives have a decisive impact on the rheological characteristics of the casta-
bles, in all likelihood through increase the ionic charge of the dispersion, causing the nanoparti-
cles of the binding agents to collapse faster and thus reducing the workability time.

Nevertheless, when comparing to a castable formulation without binder, meaning no silica sol,
widely lower values of CMoR are observed, independently whether the model castables were
fired or not. This confirms that the silica sol, firstly indeed act as a binder, and secondly leads to
a densification of the structure because of liquid phase sintering after firing at high temperature.

Furthermore, the conducted investigations have highlighted the importance of the pH compati-
bility between the colloidal binder suspension and the castable formulation. As high alumina
castable castables displayed a slightly basic pH value once water is added, colloidal binder
suspensions (sols) that were stabilised at acidic pH value, namely the boehmite sols, lead to
rapid stiffening of the castable after mixing with the dry mix, probably because of the collapse of
the sol stability. In contrast, extended working time could be achieved with colloidal suspensions
stabilised at basic pH values, namely the commercial silica sol and the spinel sols.
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Regarding the performance of alternative (to silica) colloidal suspension binders, spinel sols
seem to be the most promising. They developed impressive strength values after firing at high
temperature, but their setting properties, especially strength after casting need to be strongly
improve. Increasing the solid content of the sols is probably the most obvious path, developing
an hybrid bonding system, namely primarily a spinel sol combine with either a silica sol or the
more conventional calcium aluminate cement and/or hydratable alumina, is definitely worth in-
vestigating.

1.4.2 Subproject Il i Development of alternative (to silica) colloidal binder sys-
tems suitable for refractory monolithics with enhanced high temperature
performance

The feasibility of producing colloidal suspensions with solid content similar to that of commercial
colloidal silica (CS) or colloidal alumina (CA) suspensions at a lab scale by milling a starting
powder was demonstrated. Pseudo-boehmite and spinel sols with 30 wt% solid content were
successfully produced, showing similar characteristics, such as particle size and rheological
behaviour, to commercial colloidal alumina suspensions with solid contents of 30 wt%, 40 wt%,
and 50 wit%.

The investigation of the gelling consolidation process over time revealed that it is preceded by
sol structure destabilization through the breaking of hydrogen bonds and subsequent restructu-
ration. This phenomenon can be detected through the sharp decrease in the storage modulus
(G" and an immediate increase, with the timing depending on the suspension stability.

The characterization of the time required for the gelling consolidation process revealed that this
process is influenced by several factors, including sol particle reactivity, solid content, and
chemical bonding formed during the gelation process. Faster gelling consolidation processes
lead to faster setting and demoulding time in refractory castables. Moreover, the study estab-
lished a clear correlation between viscosity and sol stability. Higher sol stability results in lower
viscosity, which enhances castable flowability. Therefore, when sols are used as binders in re-
fractory castables, comprehensive rheological characterization over time and a sol stability
study can offer valuable insights into castable flowability and setting properties. Understanding
these aspects can contribute to the development of refractory castables with improved perfor-
mance and faster processing times.

Finally, the high alumina-based refractory castables bonded with the developed colloidal sus-
pensions were characterized for their green mechanical properties and the E modulus evolution
over temperature. The results indicated improved green mechanical properties with higher solid
content in the starting colloidal sol for sol-gel bonded castables. Castables bonded with alterna-
tive sols exhibited enhanced elastic properties at high temperatures, especially those bonded
with the spinel sol, compared to silica-bonded castables.
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1.4.3 Subproject lll'i Investigation of the high temperature performance of refrac-
tories close to service conditions

The mechanical and fracture behaviour of the developed model high alumina colloidal bonded
refractory castables was assessed with wedge splitting measurements. The wedge splitting
method enable to monitor the stabile fracture process of test pieces and hence quantified their
ability to resist damaging. The resistance to thermal shock was investigated using a new testing
system that enable ascending (fast irradiation heating) thermal shocks repeatedly applied to
refractory test pieces previously heated to a defined temperature. Hence the temperature
changes triggered at the surface of a test piece were controlled and a tailored investigation of
model colloidal bonded refractory castables resistance to thermal shocks in a practice-oriented
way was being achieved. Finally, induction furnace tests were performed to investigate the re-
sistance to corrosion of the colloidal bonded refractory castables in conditions mimicking an
application in the steel making industry.

The investigated additives (boehmite, TiO, and MgF2) did no lead to an improvement of the high
temperature behaviour of the high alumina colloidal silica bonded model castables. The me-
chanical and fracture resistance of the colloidal silica bonded refractory castables with additives
were, at best, comparable to the reference without additives, or deteriorated, especially with
increased amount of additives. In line with these results, the resistance to thermal shocks re-
sistance of colloidal silica bonded refractory castables with additives was slightly worsen. Simi-
lar results were obtained for the resistance to corrosion, where silica bonded refractory casta-
bles with additives performed very closed to the reference without additives or slightly worse.

The substitution of colloidal silica by colloidal boehmite as bonding phase for the model refracto-
ry castables resulted in samples that displayed extremely weak bonding after casting and could
not be cut to obtain test pieces for the high temperature measurements. The investigation of
their behaviour at high temperature could accordingly not be performed.

Even though the use of colloidal spinel instead of colloidal silica resulted, again, in weak me-
chanical properties after casting, test pieces could be nonetheless manufactured and character-
ized. The said weak bonding in the green state was reflected by low values of mechanical
strength and specific fracture energy at moderate temperature. However, whereas above
1100 °C the reference colloidal silica bonded model refractory castable test pieces became too
weak to be tested, measurements on the colloidal spinel bonded model castable test pieces
could be performed up to 1500 °C. Their mechanical and fracture behaviour being even im-
proved at 1250 °C and still remaining better than below 1100 °C at a test temperature of
1500 °C. Concurrently and depending on the share of spinel in the colloidal suspension, the
resistance to thermal shocks of the colloidal spinel bonded model castables was quite similar
too their good performing the reference colloidal silica bonded model refractory castables
equivalent and could potentially be improved by promoting the formation of a very small amount
of liquid phase, which should not impact drastically the mechanical properties at high tempera-
ture while enable the relief of thermal stresses. Finally, a slight improvement of the corrosion
resistance of colloidal spinel bonded model castables compared to the reference colloidal silica
bonded model refractory castables could be assessed. All in all, the developed colloidal spinel
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bonded castables already displayed a decent high temperature behaviour, but most importantly
high alumina colloidal spinel bonded castables has considerable potential for application in ex-
treme environments (very high refractoriness, relative inertness to reducing atmosphere) and,
as a relatively new bonding system a large scope for improvement.
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2. Subproject | 0 Development of innovative colloi-
dal silica bonded refractory monolithics with tai-
lored bonding phase properties for enhanced high
temperature performance

2.1 Need #1: innovative colloidal silica bonded refractory mono-
lithics with tailored bonding phase properties for enhanced
high temperature performance

Refractory castables with colloidal binder systems are less prone to explosive spalling when
heated up for the first time (the binders release their water at about 100 °C) and therefore have
advantages compared to CAC bonded refractory castables (water is still present until 450 °C).
However, liquid phases are being observed at temperatures as low as 1100 °C. In conse-
quence, even high alumina castables with colloidal silica bonding systems show low strength at
high temperature.

While some authors nonetheless reported good thermomechanical (i.e. high temperature) per-
formance (typically derived from RuL and HMOR measurements) of thermally pre-treated
castables, their behaviour during the particularly critical first heating and in intermediate state as
in thermal gradient typically observed in service is widely unknow. The formation of mullite dur-
ing the first heating seems to be the key to ensure good high temperature performance. As mul-
lite crystallise and grow, it consumes SiO: in presence of the alumina rich matrix of the casta-
bles. The portion of liquid phase that decreases the high temperature properties is expected to
be significantly reduce and the needles like mullite crystals strengthen the high alumina casta-
bles. However, the mullite formation is kinetically hampered and previous investigations showed
that mullite could not be identified by means of high temperature X-Ray diffraction (HT-XRD)
during the first heat up despite being reported in other studies on pre-fired samples by room
temperature (RT-XRD).

Accordingly, the first need (need #1) addressed in this CORNET project was to develop innova-
tive colloidal silica bonded refractory castables, based on commercially available colloidal sus-
pensions but with a smart matrix design and tailored bonding phase properties to enhance their
high temperature performance. This was achieved by introducing nucleating/sintering additives
helping the mullite crystallization. With this need fulfilled, a new generation of reliably high tem-
perature performing colloidal silica bonded refractory castables can be placed on the market by
EU refractory producers in short term.
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2.2 State of the art

Refractory producers are continuously asked to develop refractory solutions that deliver longer
lifetimes in demanding and dynamic usages, where severe thermomechanical and thermo-
chemical conditions and/or environments damage the refractory linings.

Essentially, refractory materials can be classified according to their chemical behaviour (acid,
basic and neutral) and to their manufacturing method (shaped, unshaped a. k. a. monolithic
refractories). Unshaped refractories, including its main representant the refractory castables,
are combinations of refractory aggregates (40-80%), modifiers (5-30%), bonding agents (2-
50%) and admixtures (<1%). [1] In many castables systems, calcium aluminate cements are still
the principal bonding agents. Nevertheless, when CaO is present in the refractory composition it
reduces refractory properties of materials consisting of Al,O3-SiO, and Al,Os-MgO systems.
Therefore, many other bonding agents are being currently studied and investigated such as
colloidal binders based on silica nanopatrticles.

2.2.1 Current limitations

Binders are a key component of the refractory monolithic technology. Without binder, no mono-
lithics can be produced regardless whether the product is prepared on site or shaped in the
workshops of refractory producers (Fig. I.1). Improving existing binders or developing new bind-
er solutions that perform better in service and show efficient placing (that is, during installation
and before the first heat up) properties is of high value for user industries that rely on refractory
products.

- Coarse aggreg - Dispersants - Cement
- Hydratable alumir

- Phosphate salt

- Fine particule - Accelerator/Retar

U

[}
o=
=
©
°
<

- Polymeric fibers

Dry binder*

—
©
b
]
2
©
=
3
T
o

Pre-mixed d

/ - Colloidal suspe
particulate sys

Liquid binder*

[
=
v
<
5]
=]
=
o
S
a

- Colloidal suspé

Liquid binder*
Shaping in
In workshop

P>

Fig. I.1: Typical production process for refractory monolithic also known as unshaped refractory products.

*typically either a dry binder or a liquid binder is used, but combination of both is possible

Furthermore, the bonding phases of refractory castables play a crucial role in their performance.
Especially their behaviour at high temperature is decisively responsible for the performance of a
refractory lining. The existing solutions all show problems: 1) The use of the well-established
calcium aluminate cement (CAC) as binder reduces the refractoriness in thermochemically ag-
gressive environments, as the calcium contained in the cement reacts with slags, fly ashes or
gases to form low melting point compounds and can lead to the early deterioration of the linings.
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2) Hydratable alumina (HA) binder leads to better performance at high temperature for casta-
bles exposed to thermochemically aggressive environments. However, the drying and first heat-
ing of HA bonded castables has to be performed with greatest care to avoid explosive spalling
induced by the massive release of chemical bonded water and the corresponding huge steam
pressure. 3) CS (colloidal silica) bonded castables as currently available on the market perform
better than CAC or HA bonded castables with regard to their drying behaviour and their inert-
ness against fly ashes or process gases [2,3]. This is because a colloidal solution (= sol) is used
to bond the castables after gelling (= formation of a gel) with a minimal amount of chemical
bonded water that can easily be removed during the drying and first heat up. However, their
high temperature performance is limited due to the presence of free silica, leading to the for-
mation of viscous/liquid phases at high temperature [2,4-6] and thereby decreasing their ther-
momechanical resistance.

2.2.2 Colloidal silica binder

Colloidal suspensions, or sols, refer to suspensions in which the dispersed particles do not set-
tle out under the effect of gravity in the short and medium term. Such particles are typically very
small with sizes ranging from 1 to 1000 nm (colloidal particles). Under specific conditions, the
sol agglomerates, forming a gel. This sol-gel transformation led to the formation of three-
dimensional polymeric network of colloidal particles able to hold the refractory aggregates to-
gether and ensure the refractory castable structural stability after casting. Additionally, the na-
nometric size of the colloidal particles promote an early sintering during service at high tempera-
ture and accordingly enable the formation of ceramic bonds at temperatures 100 to 200 °C be-
low those usually expected for refractory castables [4].

Studies have shown that the internal structure of silica nanoparticles in the silica sol is constitut-
ed by siloxane (-Si-O-Si) bonds and its surface by silanol (-SiOH) bonds and hydroxyl (-OH)
groups [7]. The gelation process occurs when two silica particles come into contact and form a
new Si-O-Si bond [4].

k "Y'Q0 "GDU "KQk "Y' QUKY(D

There is another process called flocculation during which the silica particles clump together due
to the addition of an external agent that works as a bridge.

One of the most studied additives is dead burnt MgO. It works as follows and as depicted in the
figure 1.2: magnesium favours the formation of Mg(OH). and the separation of a hydrogen ion
from the Si-OH groups, resulting in the formation of a negatively charged oxygen, favouring the
formation of Si-O-Si bonds between the particles. Another additive that can be used to coagu-
late the silica nanoparticles are water-soluble compounds or salts. In this method (illustrated in
the figure 1.3), a cation acts as a bridge between the silica nanoparticles, which generally have a
negative charge on their surface, generating an agglomeration of them, which is accelerated as
more cations are dissolved in the system [2].

Since the ionic strength of the medium in which the silica nanopatrticles are suspended plays an
important role in the coagulation or collapsing of the particles, as previously stated [7] the pH
value plays also an important part in the speed of coagulation of this type of system.
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Fig. 1.2: Consolidation mechanism of colloidal silica through the addition of MgO. (Adapted from refer-
ence 2)

Fig. 1.3: Consolidation mechanism of colloidal silica through the addition of a water-soluble salt. (Adapted
from reference 4)

2.3 Project goal

Given that refractories fulfil crucial roles in highly demanding industries, improving the binder
systems to obtain castables that can be safely dried/heated up and that perform well at high
temperature is of highest relevance for the refractory sector. This project aimed at extending the
knowledge regarding colloidal bonded castables, and more especially developing solution to
design colloidal bonded castables with tailored bonding behaviour at service temperature and
operating conditions. The tailored bonding behaviour shall be realised by controlling the behav-
iour of its bonding phase during the first heat up, especially reducing the amount of liquid phase
that forms at service temperature. Following ways to achieve this were investigated by the
Hochschule Koblenz:

C Promoting the crystallization of the silica amorphous share in CS bonded castables with
the help of nucleating additives (primary response to the need #1),

C Using colloidal solution based on alumina or spinel (instead of silica) to prevent the for-
mation of eutectic compounds with low melting point inducing viscous and/or liquid phases
at service temperature,

C Using silica / alumina (mullite) hybrid colloidal solutions as binders to reduce the amount
of viscous and/or liquid phases at high temperature.



Seite 17 des Schlussberichts zu IGF-Vorhaben 305 EN
2.4 Materials and methods
2.4.1 Materials

2.4.1.1 Model refractory castable composition

Two different base high alumina spinel containing model refractory castable compositions were
used in this study, a fine variant (F) and a coarse variant (C), as well as an industrial reference
(IN). The fine variant (F) was bonded with commercial silica sol (Tab. 1.1). This refractory casta-
ble variant was used to investigated the impact of different additives on the refractory castable
behaviour as the highly reactive matrix was expected to magnify their effects. To evaluate the
effect of the different (alternative to silica) colloidal suspensions, the more practice-relevant
coarse variant (Tab. 1.2) was used.

Tab. I.1: Composition of refractory castable F in wt.%.

Castable F

Tabular alumina (T60/64)

3,0-6,0 mm 5
1,0-3,0 mm 10
0,5-1,0 mm 10
0,2-0,6 mm 5
0,0-0,5 mm 18
0,0-0,2 mm 20
0-0,045 mm 10
E-SY2000 (contain Spinel; multimodal d50: 1,4; 2,3 m?/g) 20
Silica Sol — Lithosol 1530 (30 % solid content) / solid in the sol 5/15
Dispersing agent (Castament FS20) 0,1
Water 2,5

Tab. 1.2: Composition of the model castable with rather important coarse component share (C) in wt.%.

Castable C

Tabular alumina (T60/64)

3,0-6,0 mm 23
1,0-3,0 mm 20
0,5-1,0 mm 10
0,0-0,5 mm 15
AR 78 10
E-SY2000 20
Silica Sol (30 % solid content) / solid in the sol 5/15
Dispersing agent (Castament FS20) 0,1
Water 15

Finaly, in order to improve the workability time when using the boehmite colloidal suspensions,
it was decided to developpe a spinel-free variant (CBS2) of the coarse refractory castable for-
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mulation (since Mg present may lead to a more basic value of pH producing the collapse of the
nanoparticles). In this composition the spinel containing aggregate E-SY2000 was accordingly
substituted 1:1 by tabular alumina with a particle size of 0-0,045 mm.

2.4.1.2 Sintering additives

In order to improve the service performance of the colloidal bonded refractory castables, espe-
cially through promoting the early sintering anct
the following sintering additives were selected and investigated:

- MgO Nedmag DIN70 and MgO Nano-powder 45nm: as mentioned in the section
2.2.2 Colloidal silica binder, the addition of Mg favours the formation of Si-O-Si bondings
between silica hanoparticles during the gelation process [2].

- Nano TiO2: Titanium oxide lowers the temperature range of mullite stability [9].

- Nano - Boehmite Particles: according to investigation performed by T. Deinet, the use of
a combination of boehmite is expected to increase the mullite formation kinetic [8].

- MgF2: according to investigation performed by T. Deinet, the addition of Magnesium im-
proved the mullitisation of the samples after sintering [8].

Initially, 0,1 wt.% of a sintering additive was added to the refractory castable composition (F).
2.4.1.3 Mixing conditions

The mixing procedure was conducted with an intensive mixer (R05, Maschinenfabrik Gustav
Eirich) and a stand mixer (KitchenAid 5KSM7990XESL 325 W) according to the following table.

Fig. 1.4: Intensive mixer R05, Maschinenfabrik Gustav Eirich.
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Tab. I.3: Mixing conditions.

E C CBS

Mixer Eirich Stand mixer Stand mixer
Dry mixing 1 min 1 min 1 min

Wet mixing 3 min 2 min 2-3 min

Two of the base compositions were mixed using an Eirich mixer with 1-minute dry mixing at the
lowest rpm possible to avoid agglomeration of the particles and to ensure homogeneity of the
mix. As will be explained in the following chapters, it was found that for the coarser version low-
er mixing energy results in better workability of the castable.

2.4.1.4 Preparation of samples

After mixing, the materials were casted in bar moulds with dimensions of 40 x 40 x 160 mm.
The samples were left to cure in open air conditions for 24 hours and then left to dry at 110 °C
for 24 hours. It was decided to do it this way, because for the investigated samples there was
no significant difference between leaving them to cure open air or in the climate chamber at
20 °C with a relative humidity of 95%.

After being left to cure, the cold modulus of rupture was measured to determine the green
strength and the modulus of rupture of the dried samples at 110 °C. Other samples were pro-
duced in order to be sintered at different temperatures. The fired samples were milled and their
mineralogical composition was investigated with X-ray diffraction technique.

242 Characterisationdés met hods

2.4.2.1 Characterization of commercial colloidal silica suspension (silica sol)

As one of the main challenges in developing colloidal silica bonded refractory castable is to
achieve sufficient green strength, the formation of Si-O-Si bonds was carefully investigated. In
this respect, the characterization of the commercial silica sol was conducted by using FT-IR
ATR in order to look for evidence of the formation of Si-O-Si bonds. ATR is the abbreviation of
Attenuated Total Reflectance (ATR) and the most common technique for Fourier transform in-
frared (FTIR) spectroscopy because of capability to measure diverse sample types [10].

Additionally, samples with a mix of the matrix component of the refractory castables and the
commercial silica sol was also prepared and subjected to the analysis. The study was left to run
for 24 hours, to observe its evolution and to determine if the matrix component have an influ-
ence on the siloxane bond formation process and if so, to record at what time it starts.

2.4.2.2 Slump flow

To the determine the consistency of the castables the slump flow method was used. The slump
flow value was determined using a metal conical mould for vibratable castables (DIN 1927-4)
with the following dimension:
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Fig. 1.5: Measurements of metallic mould used for slump test according to DIN 1927-4.

The mould was filled within an interval of 30 seconds after mixing, afterwards the mould was
lifted and the castable was vibrated for 60 seconds. At the end the spread diameter of the slump
was recorded. This procedure was also repeated at 15 and 30 minutes after mixing, to deter-
mine the workability time of the investigated castable. The aim was to develop refractory casta-
bles with at least 30 minutes of workability time. The latter was achieved by monitoring which
setting agents caused the castables to stiffen after 30 minutes. As mentioned before, stiffening
occurs due to the collapsing or gelling of the nanoparticles of the colloidal solution used as
binder.

2.4.2.3 Three-dimensional slump flow

Rheological properties of refractory castables are very important since they determine which
casting method (vibrations, self-flowing, pumping, gunning, etc) that can be apply to them [12].
The rheological properties are recorded using an image processing device with a scan camera
with a projection field size of 250 x 250 mm (Fig. 1.6). A three-dimensional image is generated
using fringe projection, the combination of a high-speed camera and structured light from eight
projectors.

Fig. 1.6: Set up of the 3D camera for the measurement of diameter and height of the slump.
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2.4.2.4 Rotational ball rheometer

The ball measuring system consists of a sphere that is moved through a certain sample volume
[11]. A ball rheometer from Schleibinger Testing Systems was used to calculate the quotient
between torque and rotational speed of the fresh refractory castables. Different parameters
such as rotational speed, torque and angle can be specified over a desired time interval. Since
torque is defined as the force producing a rotational motion and rotational speed can be defined
as the rate of rotation due to that force, the flow behaviour of a refractory castable can be inves-
tigated with regards to these parameters.

—

Fig. 1.7: Ball measuring system.

2.4.2.,5 Cold modulus of rupture

To evaluate the mechanical resistance of the studied refractory castables, cold modulus of rup-
ture tests (CMoR) were conducted after demolding, drying and burning/sintering the test pieces
at 800 °C, 1000 °C, 1100 °C, 1200 °C, 1400 °C and 1600 °C using a three-point bending meas-
uring device from Franz Wohl & Partner Prifmaschinen GmbH. The set up of this machine can
be seen in the next diagram.

Further, the microstructural characteristics of a test piece presenting a higher value of CMoR
were investigated using field emission scanning electron microscopy (JEOL JSM-7200F).

l Load

. 140 mm .

“«~—

Fig. 1.8: Set up of the three-point bending machine.



Seite 22 des Schlussberichts zu IGF-Vorhaben 305 EN
2.5 Results and discussion

2.5.1 Characterization of commercial silica sol

The infrared spectroscopy examinations of the silica sol in the liquid state as delivered and in
the dried state, after evaporation of the water at a temperature of 110 °C, indicate that gelation
in the form of polydimethylsiloxane (PDMS) occurs. Four different absorption bands can be ob-
served in the infrared spectrum (Fig. 1.9).
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Fig. 1.9: IR analysis of (top) commercial silica sol as delivered in liquid state and (bottom) after drying for
24 hours at 110 °C.

The strongest band in the spectrum of the dried silica sol at 1075 £ 20 cm-1 points towards the
Si-O-Si networks and the band at 1108 + 20 cm-1 is typically assigned to the stretching vibration
of Tg to T14 cages (i.e. a loose and open structure) of the Si-O-Si (siloxane) bond [12].
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The infrared spectroscopy examinations of the matrix slurry show that although gel formation
begins, it progresses only very slowly and obviously takes place at a low intensity. Investiga-
tions of the temporal course suggest that gel formation starts quickly, but then does not pro-
gress in a linear manner. Some investigations of the experimental spectrum suggest that gela-
tion takes place as a methyltrimethoxysilane (MTMS) gel.
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Fig. 1.10: Infrared analysis of commercial silica sol with matrix components of the refractory castable.

The band intensity is highest directly at the beginning of the measurement (TO, lowest curve),
which indicates a lower transmission and thus a more intensive gel formation than at the other
measuring points over time. The matrix constituents (< 45um) of the sample refractory castable
C were mixed in isolation and examined by infrared spectroscopy over 24 hours using the ATR
method (Fig. 1.10), with the intent of asserting what actually occurs when hardening or gelation:
The highest peak intensity is measured directly at the beginning of the measurement at TO.
Within the first 60 minutes, the peak becomes weaker and weaker. After that, no more temporal
linearity can be detected. All curve minima, corresponding to an increased reflection due to gel
formation, are at a wavelength of approx. 1121 cm™. This could be a characteristic peak for the
gel of MTMS (methyltrimethoxysilane), although the data in the literature differ here (1102 cm*
is also given as a characteristic peak) [13]. The peak at 1120 + 20 cm? is assigned to the me-
thyltrimethoxysilane (MTMS) gel in the literature.

2.5.2 Development of innovative colloidal silica bonded refractory castables

To achieve a satisfactory castable formulation, different iterations were carried out taking into
account different parameters such as slump-flow value and mechanical strength in terms of
CMOR. A mixing energy analysis was also performed to determine the optimal mixing condi-
tions.

First, a composition with high alumina content and magnesium carbonate as an admixture was
developed (Tab. 1.2). From this same refractory castable formulation, two other variants were
designed: one with cement and one with a high molecular weight, anionic flocculating agent.
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Tab. I.4: Composition of refractory castable 1a and its variations.

Castable la la-k la-sec
Tabular alumina (T60/64) 5 5 5
3,0-6,0 mm 10 10 10
1,0-3,0 mm 10 10 10
0,5-1,0 mm 23 23 23
0,2-0,6 mm 20 20 20
0,0-0,5 mm 10 10 10
0,0-0,2 mm 10 10 10
0-0,045 mm 10 10 10
CTC20 5 5 5
RG4000 10 10 10
Lithosol 1540 (40% Solids) / solid in the sol 5/2 5/2 5/2
Kerafloc A 4067 - 0,25 -
Magnesium carbonate 0,1 - -
Secar71 - - 0,5
Dispersing agent (Castament FS20) 0,1 0,1 0,1
Water 2,25 2,25 2,25
The results of slump flow and CMoR are shown in the next table.
Tab. 1.5: Slump flow and CMoR of the samples in the green state.
la-k la-sec
Slump flow (%) 115 95
CMoR after 24 h (lab storage-covered) in MPa too soft too soft
CMOoR after 24 h (lab storage-uncovered) in MPa 0,3 0,5
CMOoR after 24 h (drying chamber 110 °C) in MPa 1.3 1,2

The first version of this composition was discarded, as it had a slump flow value well below the
initial requirements of the project. The next two, although one of them showed a relatively high-
er slump flow value, none of the samples that were cured covered by plastic were strong
enough to be subjected to the CMoR test. The samples that were left uncovered showed a rela-
tively low CMoR value of no more than 1 MPa. This could indicate that the strength achieved is

only due to the drying process and not really due to the formation of siloxane bonds.

Accordingly, two other types of compositions were developed and investigated: a fine (F) and a
coarse variant (C), as introduced in the chapter 2.4.1.1 Model refractory castable composition.

Tab. 1.6: Slump flow value evolution of refractory castable F.

Time after mixing in min.

Slump flow / %

0
15
30

140
120
120
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Tab. I.7: CMoR of refractory castable F in the green state.

Storage condition CMOoR after 24 h in MPa
Room temperature too soft

Rroom temperature - uncovered 0,1

In drying chamber at 110 °C 1

In the case of the sample that was left to cure covered by a plastic film, it did not present suffi-
cient strength to be measured.

The coarser castable composition C, was used to evaluate the influence of different types of
binder (silica sol, spinel sol and boehmite sol) on workability, rheological properties and CMoR.
The slump flow results of the composition with silica sol commercial are shown below.

Tab. 1.8: Slump flow value evolution of refractory castable C.

Time after mixing in min. Slump flow / %
0 130
15 120

30 105

The sample covered with a plastic film could also not be evaluated and the CMoR values of the
uncovered sample and after drying at 110 °C showed similar values to composition F.

2.5.2.1 Mixing energy analysis

In order to determine the type of mixer to be used to carry out the research for this project, two
types of mixers were investigated: a high intensity mixer and a relatively low energy mixer.
Temperature data were recorded before and after mixing, and the mixing energy was also rec-
orded. The stiffening of the different compositions was analysed by means of ultrasonic velocity
measurement.

Tab. 1.9: Mixing energy analysis and CMoR for the refractory castable composition C.

2-Dimensional flow CMoR / MPa
Mixer
TO flow T15 flow T30 flow After After drying at
/ mm / mm / mm demoulding 110°C
KA (low mixing energy) 322 295 267 0,19 0,85

Eirich (high mixing energy) 287 145 100 0,11 0,73

It can be observed that the composition mixed using the paddle mixer has higher slump flow
values after being vibrated for 2 minutes. The green strength remains relatively unchanged, only
a slight increase can be observed for the paddle mixer mixed sample. The same applies for the
CMOoR value after drying at 110 °C.
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Tab. 1.10: Mixing energy analysis and temperature during the mixing process for the refractory castable
composition C.

Mixer Sol Mixing Temp. Before  Temp. After delta-T  Mixing energy /

device mixing / °C mixing / °C /°C kW
KA (low mixing energy) Silica Pn";‘i‘)"g'f 18,4 20,9 2,5 0,340
Eirich (high mixing energy)  Silica Eirich 20,7 28,8 8,1 0,620

The ultrasound results show that the composition corresponding to the high intensity mixer
starts to harden almost immediately after the end of the mixing process. In contrast, the compo-
sition corresponding to the paddle mixer starts to harden after about four hours. It is assumed
that the high level of mixing energy destabilises the binder causing a rapid stiffening of the re-
fractory castable. For this reason, it was decided to use the paddle mixer as the standard
equipment for preparing the refractory castable samples.

In the diagram of the ultrasound velocity (Fig. 1.11), it can be seen that from 16 hours onwards,
the velocity starts to decrease and then remains stable. This can be explained by the fact that
for the gelation or siloxane bond formation process to occur, a certain ionic strength must be
present. It may be possible that after a day, due to drying, there is no longer enough water for
such an ionic strength to exist and therefore would lead to the observed decrease in velocity.
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Fig. 1.11: Diagram of ultrasonic velocity vs time of the composition C mixed with two different mixing de-
vices for the refractory castable composition C.
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Fig. 1.12: Slump flow diameter evolution over time at different moments after mixing for the refractory
castable composition C.

The refractory castable batch mixed with the intensive mixer presents a workability time of less
than 30 minutes, after which the mixture stopped flowing (Fig. 1.12). The refractory castable
batch mixed with the paddle mixer shows better workability with a workability time value of at
least 30 minutes.

2.5.2.2 Ball rheometer

Figure 1.12 shows the diagram of the quotient of the parameters of torque and rotational speed
plotted against the rotational speed to gain insight of the rheological behaviour of the materials
processed under the previous explained mixing conditions.
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Fig. 1.13: Quotient of torque and rotational speed vs rotational speed for the refractory castable composi-
tion C.
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Fig. 1.14: Diagram of torque vs rotational speed including only 5 values of the measurement data set.

In line with the precedent results, the refractory castable batch mixed with the intensive mixer
presents a much higher viscosity when compared to the low energy mixer.

Six different values of torque corresponding to the rotational speeds of 0 to 5 rotations per mi-
nute were selected to observe the behaviour of the materials in terms of torque.

Since torque is directly related to shear stress and rotational speed to shear rate, the previous
graph (Fig. 1.14) can be considered (concerning the tendencies of the curves) somewhat ana-
logue to a shear rate vs shear stress diagram. Taking this into account, it can be stated that the
refractory castable batch mixed with the paddle mixer tends to behave as a Bingham fluid,
whereas the other mixture as a shear thinning material.
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Basically, the results show that, for the investigated silica sol binder, a lower mixing energy
leads to better flow behaviour. The investigations also show that the mixing unit respectively the
mixing energy has an influence on the setting speed: the higher the mixing energy, the faster
the material hardens, which can also be related to the significantly higher temperature at the
end of the mixing process. A first hint on higher strengths with lower mixing energy can also be
seen, which should be investigated more deeply. Based on these findings, it was decided to use
the paddle mixer with the lower mixing energy as the new standard.

2.5.2.1 Pore water
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Fig. 1.15: CMoR as a function of pore water.

For this study, test pieces were made based on the coarse formulation C, one with silica sol
alone and one with the addition of 0,1% dead burned magnesia. The test pieces were left to
cure at 25 °C with a relative humidity of 60 %. The amount of residual water was measured at 5,
24, 48 and 72 hours as well as the CMoR. The results are shown in the graph above. It can be
seen that the magnesia containing composition show slightly higher CMoR values, this could be
due to the formation of siloxane bonds. These investigation shows a slight increase in green
strength of the samples containing 0,1% of MgO. This may indicate that MgO is promoting the
setting mechanism of silica nanopatrticles, as stated in the literature [3], by favoring the genera-
tion of Mg(OH)., generating a higher green strength.

2.5.3 Effect of sintering agents.

The rheological properties of the compaositions are expected be significantly affected by the ad-
dition of a compound as they provide ionic strength to the material. As stated previously, the
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fine refractory castable composition was used for the investigation of influence of the following
sintering additives, listed in the section 2.4.1.2 Sintering additives on the refractory castable
properties.

The slump flow value, the CMoR of the material in the green state and after drying, as well as
the CMoR after firing at different temperatures were determined.

For a better practical comparison, an industrial reference refractory castable using colloidal sili-
ca as a binding agent (IN) was also subjected to the same tests. Finally, a composition without
binder nor additives (FN) was produced.

Tab. 1.11: Slump flow values of the composition F with different additives, the industrial refractory casta-
ble IN and the binder-free composition FN.

Slump flow value (%)

Time after mixing Composition (Additives)

nmin. FMG FB FT FM F IN FN
(Mggn’\\l'?g)mag (Nano-boehmite) ~ (nano TiOz)  (MgFz)  (Noadditive)  (Ind. Ref)  (No binder)

0 155 150 130 160 140 85 165

15 140 140 130 160 120 25 150

30 130 130 110 160 120 0 135

The samples that were left to cure covered in a plastic film, did not show sufficient re-strength to
be tested by the three-point machine. In the case of those left to cure in the open air, all meas-
ured values, with the exception of the sample without binding agent, were 0,1 MPa. As far as
the values after drying are concerned, the values are around 1 MPa.

Tab. 1.12: CMoR values of the composition F with different additives.

CMOR after 24 h in MPa

Storage condition Composition (Additives)

FMG FB FT FM F IN FN
(MgO Nedmag  (Nano- 10 1i0,)  (MgFz)  (No additive)  (ind. Ref.) (No binder)

DIN70) boehmite)
Room temperature - covered too soft too soft too soft too soft too soft 0,2 too soft
Room temperature - uncovered 0,1 0,1 0,1 0,1 0,1 0,1 too soft
In drying chamber at 110 °C 0,8 0,8 0,8 0,9 1 0,8 0,1

This means that the major effect of the different formulations is actually reflected in the con-
sistency of the refractory castable. In all cases, with the exception of the industrial reference, a
workability time of at least 30 minutes was obtained. The compositions with calcined magnesia
and boehmite nanoparticles show very similar values. It is noteworthy that the composition with
magnesium fluoride remained constant during the first 30 minutes after mixing. This could be
caused by the fact that upon dissociation in water, the fluoride ion has a very high electronega-
tivity, at the same time, the silica nanoparticles of the colloidal binding agent are negatively
charged; this seems to indicate that the fluoride ions have a repellent effect on the silica nano-
particles making the dispersion somehow more stable.
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Fig. 1.16: CMoR after different sintering temperatures.

The results of the CMoR measurements are reported in the figure 1.16. In order to make a better
comparison, the formulation without silica sol (FN) and the silica sol bonded commercial casta-
ble (IN) were subjected to the test as well. With the drying and sintering temperatures 110 °C
and 800 °C respectively, no significant difference between the modulus of rupture values of the
compositions with different additives can be noted. After burning the samples at 1000 °C, the
MgF, containing castable shows a higher strength value. It has been previously found that MgF-
promotes early (liquid phase) sintering and grain growth in certain types of ceramics, which in
all likelihood explained the observed behaviour at this temperature [15]. At the sintering temper-
ature of 1200 °C a peak corresponding to the composition with 0,1% boehmite can be ob-
served. Similar behaviour has been already reported in the literature [16]. After firing at a tem-
perature of 1600 °C, the highest modulus of rupture value corresponds to the composition with
TiO, which can be explained by the fact that TiO, promotes an effective liquid phase sintering
at high temperature, leading to a higher degree of ceramic bonding of the test piece [17].
Though, it should be noted that besides promoting a high degree of ceramic bonding, the re-
maining liquid phases solidify during cooling and contribute to an increase of the CMoR.

The X-Ray diffraction investigations were conducted on the samples that were fired at 1200 °C
and at 1100 °C. In any of the samples, mullite could not be found. The only components that
could be clearly identified were aluminium oxide and traces of spinel, the latter probably coming
from the E-SY 2000 material (Tables 1.13 and 1.14).
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Tab. 1.13: Semiquantitative XRD analysis of model castable F with different additives after firing at

1100 °C.
Share in %

Phase

FT FB FM
Aluminium oxide FT FB FM
Gibbsite 94 93 95
Mullite 1
Spinel 5 6 5

Tab. I.14: Semiquantitative XRD analysis of model castable F with different additives after firing at

1200 °C.
Share in %
Phase
FT FB FM
Aluminium oxide 93 93 92
Spinel 7 7 8

To complete the investigation the composition containing Titania was evaluated with FE-SEM
(Fig. 1.15). Besides the presence of beta alumina, no evidence of spinel could be found with this
technique.

< 2 X [ BN
—-— 10pm vace=15.0kV PC=10 X1,800 | EEE— 10pm Vacc=15.0kV BC=10
Detector=BED-C LED=3 WWC Detector=BED-C LED=3 WWC

Fig. 1.17: FE-SEM images of a sample of the composition with TiO; after sintering at 1200 °C for 1 h.

To evaluate the influence of these additives on the coarse composition C, it was decided to use
only the matrix components and to increase the percentage of additives. Samples were made
with the measurements shown below. The samples were then fired at 1200 °C and 1400 °C and
analysed by XRD. The semi-quantitative values of the phase ratios are shown in the table 1.16.

It can be observed that only mullite was found in the composition without any additive after the
sample was fired at 1400 °C. This strongly indicates that the additives are not able to promote
the mullite formation under these conditions, even somehow preventing it. The samples with
magnesium fluoride showed magnesium silicate at both temperatures, probably crystallising out
of the melt during cooling. Besides the absence of crystal phases containing silica in other com-
position, indicates that the silica introduced by the silica sol mainly remain as an amorphous
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phase (glass) after the firing in the other composition. At high temperature, these liquid phases
promote the densification of the materials but are also expected to weaken the materials.

Tab. 1.15: Matrix investigation of mullite forming.

Component Wt. %
45 micron spinel 29
E-SY 2000 57
Silica sol 30% 14
Castament FS20 0,3
Additive 4,2
Silica from sol 4,2

Tab. 1.16: Semiquantitative XRD analysis of matrix samples burned at 1200 and 1400 °C (share in wt.%).

1200 °C, 10 h 1400 °C, 1h
Phase
No additive TiO2 MgF2 No additive TiO2 MgF2
Mullite 16
Mg-silicate 23 28 27 16
Alumina 43 56 29 23 32 26
Spinel 57 36 48 33 37 58
Anatase 5 4
Rutile
1200°C, 10 h
60
50 mF
FT
40 =FM
= 30
20
10
0
Mullite Mg-silicate Alumina Spinel Anatase Rutile

Fig. 1.18: Semiquantitative XRD analysis of matrix samples burned at 1200 °C for 10 h.
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Fig. 1.19: Semiquantitative XRD analysis of matrix samples burned at 1400 °C for 1 h.

2.5.4 Investigation of alternative (to silica) colloidal suspensions as binding
agents.

Different colloidal suspensions were developed by project partners INISMA in Belgium. The
characteristics of these dispersions are as follows:

Tab. 1.17: Properties of different bonding colloidal suspensions.

Sol reference Max. pzanr;L(;Ie size pH stabilisation SOli((\ijg/:)tem Zeta potential
Commercial silica sol. 15 10 30

Boehmite sol* 45 3 20 or 30 +29,3
Spinel sol* 500 9 20 or 30 -40

For this part of the project, the base composition C was used. As for previously developped re-
fractory castable formulations of the project, the workability of the composition with the new
binding agents was first analysed. To improve the workability time shown by the composition
containing boehmite sol, it was decided to produce a composition without spinel (as the Mg pre-
sent can lead to a more basic pH value leading to the collapse of the nanoparticles). In this new
composition (CBS2) all matrix components were replaced by tabular alumina with a particle size
of 0-0.045 mm. The slump flow values after 0, 15 and 30 minutes after mixing are as follows:

Tab. 1.18: Slump flow values of castable C with different bonding agents.

Sol (Silicc; Sol (Sc;)?nF:a/fsool . CSP/20 (Boeﬁne;ie Sol IN
30%) 30%6) (Spinel Sol 20%) 20%)

0 130 145 228 115 85

15 120 140 228 0 25

30 105 120 228 0 0
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The compositions with silica sol and spinel sol showed a workability of at least 30 minutes. The
composition with boehmite, on the other hand, only showed a workability of less than 15
minutes. Still, samples could be poured in order to carry out the following CMoR tests.

The commercial silica sol and the spinel sol with 30% solids, produce similar values due to the
similar pH (10 and 9 respectively) and equal solid content. The spinel sol with 20% solids, pro-
duce no change in the slump flow value as time increased, which may indicate longer periods of
time for the samples to be ready to demould.

2.5.4.1 Rheological properties

The results of the slump flow measurement at different times after mixing of the samples are
shown below. In the case of the coarse composition C, a reduction in diameter of approximately
60 millimetres is observed after 30 minutes of mixing.

C
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150

Diameter in mm

100

50 ——0 min 15 min

——30 min

0 10 20 30 40 50 60
Time in seconds

Fig. 1.20: Evolution of slump flow diameter at different times after mixing of refractory castable bonded
with silica sol.



Seite 36 des Schlussberichts zu IGF-Vorhaben 305 EN

C
6
5
——0 min 15 min

4 ——30 min
w
€
e
= 3
=
‘O
fe]
o 2
=
o
o =\

1

oy ~
0
0 10 20 30 40 50 60

Time in seconds

Fig. 1.21: Flow velocity of during 3D slump flow measurements for the refractory castable bonded with
silica sol.

The flow velocity results show that right after mixing, at the beginning of the slump flow test, the
flow velocity decreases drastically within the first 10 seconds of the test. In contrast, after 15
and 30 minutes, the flow velocity remains relatively constant. In all three cases, after 20 sec-
onds the flow velocity remains constant.

In the case of the composition bonded with the colloidal spinel sol suspension displaying a con-
centration of 20 % solids, there was no significant difference at 15 and 30 minutes after mixing
compared to the measurements made just after mixing. In the graph of the flow velocity over
time also no significant difference can be observed. This means that the composition remains
relatively stable, which could indicate that the compositions do not exhibit good setting proper-
ties.

The same applies for the new composition with boehmite sol with a concentration of 20 % sol-
ids. In this case, the consistency of this composition only flowed when vibrated. For this reason,
it was not possible to carry out measurements with the ball rheometer.
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Fig. 1.22: Evolution of slump flow diameter at different times after mixing of refractory castable bonded
with spinel sol.
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Fig. 1.23: Flow velocity during 3D slump flow measurements for refractory castable bonded with spinel sol.
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Fig. 1.24: Evolution of slump flow diameter at different times after mixing of refractory castable bonded
with boehmite sol.
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Fig. 1.25: Flow velocity during 3D slump flow measurements for refractory castable bonded with boehmite
sol.

The ball rheometer results suggest that the viscosity of the two compositions did not change
with increasing rheometer rotation speed. This could indicate that they behave similarly to Bing-
ham fluids. It can be seen that the composition with spinel sol has a much lower viscosity com-
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pared to the composition with silica sol. This could sustain the assumption that it does not ex-
hibit good demould properties.
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Fig. 1.26: Diagram of the quotient of torque and rotational speed plotted against rotational speed.
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Fig. 1.27: Diagram of torque plotted against rotational speed.
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2.5.4.2 Setting and mechanical properties

The ultrasound velocity graph shows that after 48 hours the compositions with boehmite sol and
20% spinel sol do not show good hardening properties compared to the reference coarse for-
mulation C bonded with colloidal silica (Fig. 1.28). The model castable formulation bonded with
the boehmite sol CSP/20 exhibit a slow increase of the ultrasonic velocity between 20 and 48 h
after casting, while the spinel bonded formulation CBS2 displays only a minimal increase of the
ultrasonic velocity in the same period.

2500

2000
w
- 1500
i wmee CSP/20 low mixing energy
% 1000 CBS2 low mixing energy
> == |ow mixing energy

500
| ’—/ ’
0 —

0 4 8 12 16 20 24 28 32 36 40 44 48
Time in hours

Fig. 1.28: Evolution of ultrasound velocity against time for three different types of binder.

Figure 1.29 compares the cold modulus of rupture of the model refractory castables bonded with
alternative colloidal suspensions with the industrial castable and the reference coarse formula-
tion. For firing temperatures below 1600 °C the reference castable bonded with silica sol C pre-
sent the highest CMoR values, even than the industrial reference. The composition containing
spinel sol with 20% solids show very low values for firing temperatures of 1100 and 1200 °C,
similar to the composition containing pseudo-boehmite sol (20% solids), but displayed an im-
pressive increase of its CMoR above 1400 °C, even achieved the highest value, well above the
other formulation, after firing at 1600 °C. An increase of the solid content in the sols should help
to improve the strength of the refractory castable after casting and firing in the medium tempera-
ture range.

Tab. 1.19: CMoR of castable C with different bonding agents.

Composition C CSP/20 CBS/20 N
(Sol) (Silica Sol 306 (Spinel Sol 20%) (Boehmite Sol 20%)

1100 °Glh 6,5 0,7 0,8 6,4
1200 °Glh 7,2 1,2 0,4 6,8
1400 °Glh 8,3 6,2 1,6 6

1600 °Glh 7,1 10,2 2,1 5,4
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Fig. 1.29: Evolution of the CMoR atfter firing at different temperatures.

2.6 Conclusions

Refractory castables bonded with colloidal suspensions can be very challenging in terms of de-
veloping a formulation able to achieve sufficient green strength.

Regarding the impact of adding additives to promote early sintering, it can be observed that
there is no significant difference on their CMoR after firing at elevated temperature. Additionally,
none of the investigated additives was able to significantly increase the rate of formation of mul-
lite, even preventing it, probably by promoting the formation of a melt instead.

However, the additives have a decisive impact on the rheological characteristics of the casta-
bles, in all likelihood through increase the ionic charge of the dispersion, causing the nanoparti-
cles of the binding agents to collapse faster and thus reducing the workability time.

Nevertheless, when comparing to a castable formulation without binder, meaning no silica sol,
widely lower values of CMoR are observed, independently whether the model castables were
fired or not. This confirms that the silica sol, firstly indeed act as a binder, and secondly leads to
a densification of the structure because of liquid phase sintering after firing at high temperature.

Furthermore, the conducted investigations have highlighted the importance of the pH compati-
bility between the colloidal binder suspension and the castable formulation. As high alumina
castable castables displayed a slightly basic pH value once water is added, colloidal binder
suspensions (sols) that were stabilised at acidic pH value, namely the boehmite sols, lead to
rapid stiffening of the castable after mixing with the dry mix, probably because of the collapse of
the sol stability. In contrast, extended working time could be achieved with colloidal suspensions
stabilised at basic pH values, namely the commercial silica sol and the spinel sols.
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Regarding the performance of alternative (to silica) colloidal suspension binders, spinel sols
seem to be the most promising. They developed impressive strength values after firing at high
temperature, but their setting properties, especially strength after casting need to be strongly
improve. Increasing the solid content of the sols is probably the most obvious path, developing
an hybrid bonding system, namely primarily a spinel sol combine with either a silica sol or the
more conventional calcium aluminate cement and/or hydratable alumina, is definitely worth in-
vestigating.
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3. Subproject |l 6 Development of alternative (to sil-
ica) colloidal binder systems suitable for refrac-
tory monolithics with enhanced high temperature
performance

3.1 Need # 2: Alternative  (to silica) colloidal suspensions suitable
to bond refractory monolithics that promise enhanced high
temperature performance

The use of colloidal suspensions based on alumina, silica/alumina (mullite) or magne-
sia/alumina (spinel) as an alternative to colloidal silica is not completely new, but no commercial
applications in the refractory sector are marketed, Until now the few commercially available
alumina colloidal suspension (non-tailored for refractory applications) and other alternative sus-
pensions produced at laboratory scale (for refractory applications) provide poor processing abili-
ties and very limited green strength after setting, Beyond that, even more so than for colloidal
silica bonded refractory monolithics, little to no information is available about the behaviour at
high temperature of refractory monolithics bonded with alternative colloidal systems,

Accordingly, the second need (need #2) that was addressed in this CORNET project was to
develop colloidal based bonding systems (suspensions plus relevant additives) that deliver suf-
ficient strength in green state and improved high temperature performance, With this need ful-
filled, refractory producers can develop a new generation of colloidal bonded refractory mono-
lithics with potentially outstanding high temperature performance and thus gain technological
leadership in the medium term.

3.2 State of the art

Refractory materials can be classified based on their chemical composition and the shaping
method into shaped and unshaped products. Among unshaped materials, refractory castables
represent the main part. Within this category of products, the binder system plays a key role at
various stages of the process, including workability, setting, drying, and performance during
service. The most commonly used binder for these refractory products is calcium aluminate ce-
ment (CAC), because of the advantageous properties it provides during the setting phase and in
the green state. However, it's worth noting that the presence of CaO in the cement can lead to
high-temperature reactions with other components of the castables, such as micro-silica. This
interaction results in a deterioration of the castables' high-temperature performance, as it forms
low-melting-point phases like anorthite (CaAl2Si>Og) and gehlenite (Ca2Al(AlSiO~)) [18].

Furthermore, the CaO in cement easily reacts with Al,Os in the castables, leading to the for-
mation of calcium dialuminate (CA;) and calcium hexaluminate (CAs). These compounds can
cause volumetric expansion, potentially resulting in the generation of cracks if not addressed
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carefully [19-20]. Additionally, the presence of CaO in the mix is detrimental to the high-
temperature properties when these products are exposed to acidic corrosive environments, as it
can react with fly ashes and/or gases [4-25]. Moreover, CAC bonded castables must be dried
carefully, typically up to 600°C, to prevent premature cracking or even the explosion risk of a
part of the lining or pre-shaped products [9-28].

To mitigate these drawbacks, efforts have been made to enhance the properties of refractory
castables by reducing the cement content. This shift has led to the development of low cement
castables (LCC), ultra-low cement castables (ULCC), and finally, non-cement castables (NCC)
with a CaO content lower than 0,2 wt% [29-32]. Over the past two decades, extensive research
has been dedicated to the development of various cement free bonding systems, including hy-
dratable alumina (HA) and colloidal binders [33—39]. Among these alternatives, colloidal binders
have proven to offer several advantages compared to other systems. They exhibit good rheo-
logical properties during setting without the need for additives, shorter drying times, and the
absence of low-melting-point compound formation with other castable components.

Colloidal binders, based on sol-gel gelation bonding, operate by forming a three-dimensional
network (gel) during the drying process. This gel surrounds the refractory particles within the
castable, creating a skeleton that holds the particles together in the green state. Subsequent
heating promotes the development of mechanical strength through the formation of a ceramic
bond via sintering [40].

Among the available colloidal systems, only colloidal silica (CS) sol is widely and commercially
exploited as a binder for refractory systems. Silica sols are stable water-based colloidal suspen-
sions, containing nanometric amorphous silica particles up to 50 wt% in solid content. Its use as
a binder was promoted by its high stability, high solid content and also the potential for mullite
formation at low temperature in alumina-rich castables [41].

However, it's important to note that the use of colloidal silica as a bonding system results in the
presence of some residual amorphous silica in the final products. While this can offer ad-
vantages in acidic environments, in basic environments, such as those encountered in various
steps of the steel production process, it limits their applications. This is due to the tendency of
amorphous silica to promote the formation of viscous or liquid phases, leading to a decrease in
refractoriness [33, 23]. This limitation could present challenges for emerging steel production
processes that rely on direct reduction of iron ore using hydrogen.

In contrast, few studies were published on the use of other types of colloidal binders, such as
mullite, spinel, boehmite [45-34]. This limited exploration can be attributed to various processing
challenges, including lower solid content (typically around 5 — 10 wt%), resulting in insufficient
green binding, poor sol stability, and reduced flowability and workability [40]. Despite these
drawbacks, castables bonded with these colloidal binders have demonstrated very promising
high-temperature performance in laboratory-scale experiments [51].
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3.3 Project goal

Regarding the state of the art of the literature, the first goal of the work carried out at INISMa in
the COLCAST project (subproject 1) was to develop laboratory-scale colloidal suspensions of
boehmite, mullite, and spinel with a high solid content, equal to or greater than the typical com-
mercial colloidal silica (CS) suspension, which contains approximately 30 wt%. Eventually, the
milling route was chosen as the method to achieve such suspensions, rather than the more
classical sol-gel route, due to the promising results it offered in terms of achieving high solid
content in suspensions.

Boehmite was selected as a colloidal binder because it had the potential to combine the ad-
vantages of HA and CA binders. This could result in castables with improved mechanical
strength after drying at 110°C [44], rapid drying [42, 26], and the ability to maintain or even en-
hance their mechanical strength at firing temperatures ranging from 600°C to 1000°C [52]. Addi-
tionally, spinel and mullite were chosen for study, based on literature findings that suggested
potentially superior thermomechanical performance of colloidal-bonded castables using these
materials compared to CA or CS [51].

Following the development of these colloidal suspensions through the milling route, their char-
acteristics were compared to those of commercial CA suspensions, which were used as refer-
ences in the present study. The gelation consolidation process was also investigated.

3.4 Materials and methods
3.4.1 Materials

3.4.1.1 Raw materials for the development of alternative colloidal suspensions

The raw material used for the development of the boehmite colloidal suspension (sol) is a very-
high-purity pseudo-boehmite powder (PS-B) supplied by DEQUACHIM SA. In the case of the
spinel suspension, the raw material employed is a powder with the commercial name AR 78,
supplied by ALMATIS. For the mullite suspension, the raw material used is a powder named
JMS-70 grade KO, which is provided by Wilfrid Smith.

Detailed information about the characteristics of these powders can be found in the section
3.5.1 Characterisation of raw materials dedicated to the development of colloidal suspensions.

3.4.1.2 Commercial suspensions used as reference

The commercial colloidal alumina sols, employed as references, were supplied by Evonik De-
gussa GmbH/DE: AERODISP W 630 (CA30wt%), AERODISP W 640 ZX (CA40wt%), AERO-
DISP W 450 zX (CA50wt%). The colloidal alumina dispersions contain fumed aluminium oxide
produced by a high temperature flame. The typical properties of these alumina dispersions are
shown in the table I.1.
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Tab. II.1: Data sheet information of commercial alumina sols.

Material Al,Os (%) pH Particle stabilisation Particle sizes (nm)
CA30wt% 30 3-5 Positive surface charge 140
CA40wt% 40 6-9 Negative surface charge 80
CA50wt% 50 6-9 Negative surface charge — citric acid 80

3.4.1.3 Raw materials for the formulation of refractory castable bonded with alternative
colloidal suspensions

The following raw materials have been used for the formulation of the refractory castables
bonded with colloidal suspensions: tabular alumina (6 =3 mm, 5-2 mm, 3—1 mm, 1 -0,5 mm,
0,5-0mm, 0,6 -0,2 mm, 0,2 -0 mm - ¢ 0,045 mm; Almatis), reactive alumina (RG4000, Alma-
tis), Spinel AR 78 (Almatis), ESY2000 (Almatis).

3.4.2 Characterization methods

3.4.2.1 X-Ray Diffraction

X-Ray Diffraction was used to determine the crystalline phases in the commercial alumina sols

as well as in the boehmite, spinel and powders. X-Ray diffraction patterns were acquired at

room temperature with a RIGAKU Miniflex 6060 dif
20, using coppexl5K8A) aidn ad i & - 9°Asiep e 0.02, 5° pet mi-

nute). The X-ray source was working with a tension of 40 kV and a current of 40 mA. Powder
Diffraction File from International Centre for diffraction Data (PDF-4 database, ICDD) was used

to identify the crystalline phases.

3.4.2.2 Rheological tests

The oscillatory and viscosity tests as a function of temperature were carried out on a rheometer
device Mars Il from Haak.

The viscosity and oscillatory tests were done at stress control mode with frequencies and
stresses preliminary determined within the linear viscoelastic regime: 1 Hz and 1 Pa for all sols.

3.4.2.3 Zeta potential measurements

The stability of the different sols (commercial and lab) was analysed by a zeta meter device
(AcoustoSizer, Colloidal Dynamics, USA). It uses an electroacoustic technique by applying an
alternating electric field to force the particles in the colloidal suspension to move backward and
forward in a high-frequency oscillation. This particle movement results in sound waves of the
same frequency than the electric field, which is picked up by a transducer. By measuring the
amplitude of this sound wave (Electrokinetic Sonic Amplitude, ESA) over a range of frequencies
it makes possible to calculate the particle mobility and, hence, the zeta potential [53]. Measure-
ments are made over a range of frequencies from 1 to 20 MHz in the AcoustoSizer.
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3.4.2.4 Particle size analysis

The patrticle size distribution (PSD) of the different sols was analysed by laser diffraction tech-
nigue with the Mastersizer 2000 device (Malvern Panalytical, UK). The technique consists of
measuring the angular variation in intensity of light scattered as a laser beam passes through a
dispersed particulate sample. Large particles scatter light at small angles relative to the laser
beam and small particles scatter light at large angles. The angular scattering intensity data is
then analysed to calculate the size of the particles responsible for creating the scattering pat-
tern, using the Mie theory of light scattering. The particle size is reported as a volume equivalent
sphere diameter. The particle size range able to analyse is between 100 nm and 2 mm. For
particle lower than 100 um, the analysis is made with wet dispersion.

Additionally, in the AcoustoSizer, the electroacoustic technique is complemented by making
Ultrasonic Attenuation measurements. In this technique, the amount by which a sound wave is
damped as it crosses the colloidal suspension is determined. The PSD is then obtained from
the measurement of this quantity as a function of the frequency. The benefit of using this sound
technique compared to the optical one is the possibility to perform measurements directly with
the undiluted colloid, especially when suspensions are concentrated and opaque. Optical meth-
ods for measuring size require sampling and dilution procedures which can alter both the size
and zeta potential of a colloid.

3.4.2.5 Bulk Density (BD) and Apparent Porosity (AP)

The bulk density and the apparent porosity of the castable samples were measured according
to Archimedes' principle in relation with the standard EN ISO 1927-6.

3.4.2.6 Cold modulus of rupture and cold crushing strength of castable test pieces

Format D test pieces, according the standard EN ISO 1927-6, were casted for the different re-
fractory castable formulations. They were cured from 24 hours up to 72 hours under plastic foil,
followed by an additional curing time from 24 hours up to 72 hours without the plastic foil but still
within the moulds. Subsequently, they were allowed to cure without the moulds for 24 hours and
finally, they were dried 24 hours at 110 °C. Cold modulus of rupture (CMOR) and cold crushing
strength (CCS) tests were then performed on these prepared test pieces according to the
standards EN ISO 1927-5 and 6. For each material, three test pieces were tested.

3.4.2.7 E modulus measurement versus temperature by impulsed excitation technique
(IET)

This technique consists in triggering a mechanical wave inside the material via a small hammer.
Then the acoustic signal of this wave is recorded using a microphone and is processed by a
computer to determine the flexural resonance frequency as the material is mechanically excited
in flexural mode. The knowledge of this resonance frequency, the dimensions and mass of the
sample make it possible to determine the E modulus versus temperature according to the rela-
tion given below. It is then possible to detect dehydration phenomena, phase transformation,
sintering and/or the appearance of glassy phases.
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With:
E : Elastic modulus (Pa) ;
fr : flexural resonance frequency (s?);
m : la masse (Q);
L : length (mm) ;
w : width (mm) ;
t : thickness (mm) ;
T : correction factor closed to 1,1

The figure II.1 below represents the operating principle of the resonance frequency measure-
ment for a flexural vibration mode.

Fig 11.1: Schematic representation of the resonance frequency measurement for a flexural vibration mode.

The tests were performed with the MK7 device (GrindoSonic, Belgium), coupled with a high
temperature furnace. The test parameters for the resonance frequency measurement versus
temperature are provided in the table II.2.

Tab. 11.2: Test parameters for the resonance frequency measurements versus temperature.

Test piece size 15mm3 25 mm3 130 mm
Heating rate 5 K/min
Dwell time at 1500 °C 10 min
Cooling rate 5 K/min

3.5 Results and discussion

3.5.1 Characterisation of raw materials dedicated to the development of colloidal
suspensions

3.5.1.1 Pseudo-boehmite powder

XRD/XRF analysis

The XRD pattern of the PS-B powder, reported in the figure 1.2, presents only one mineralogi-
cal phase, namely boehmite. The peaks are neither thin nor intense signifying that this phase is
not well crystallised. This is in agreement with the data sheet of the product, which enunciates
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the pseudo-boehmite phase as the main mineralogical phase. The XRF analysis indicated a
purity of 99,9 wt%, again, in agreement with the data sheet.

1 |

| PDF 01-073-9094 Boehmite, syn AIKD(OH)

n
8
g
A

2Théta

Fig 11.2: XRD patterns of the pseudo-boehmite powder.

PSD and SEM analysis

The PSD obtained by wet laser diffraction technigue indicate a maximum size of particle close
to 100 um (Tab. 11.3).

Tab. 11.3: PSD of the commercial PS-B powder.

Cumulative percentage reached 10% (D10) 50% (D50) 90% (D90)

Corresponding particle size (um) 14 55 106

A SEM picture of the PS-B powder, given in the figure 1.3, shows that the powder is composed
of more or less spherical particles, with sizes consistent with those determined by laser diffrac-
tion technique.
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Fig. 11.3: SEM picture of the pseudo-boehmite powder.

3.5.1.2 Alumina-rich (AR 78) spinel powder

XRD/XRF analysis

According to its XRD pattern, the AR 78 powder consists mainly of the magnesium aluminate
spinel mineralogical phase along with corundum, magnesia and b-alumina as minor phases
(Fig. lll.4). The phases are well crystallised as indicated by the thin and intense peaks. An alu-
mina and magnesia content of respectively around 75 wt% and 24 wt% has been determined by
XRF analysis in agreement with the supplier data sheet.

L) I T
200 1 R0 5 "
1 POF 010873008 Magresan Alewvam Oude | Magoatom Aumaun Ouda (Mg0 83240 354 1 M0 248411 72704
1 POF 0004214888 Corundum. wyn AQOY
| POF 010714008 Perciuse, 9ye MO
1 POF C4-0N0908) Sodum Magresir Aumun Ouide NalMgIA 18008
| POF 040044000 Sodum Memaam Ouide Nat INT1017 15

Fig. lll.4: XRD patterns of AR 78 powder.
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PSD and SEM analysis

The maximum particle size, as determined from the PSD obtained through the laser diffraction
technique, is less than 20 um (Tab. 11.4). This aligns with the information provided in the suppli-
er's data sheet for the AR 78 powder, which indicates a maximum particle size smaller than
20 um.

Tab. I.4: PSD of the commercial AR 78 powder.

Cumulative percentage reached 10% (D10) 50% (D50) 90% (D90)

Corresponding particle size (um) 0,86 2,92 9,85

A SEM picture of AR 78 powder (Fig. 11.5) indicates that the powder is mainly composed of fine
particles smaller than 1 um along with bigger ones close to 10 um. These patrticles are not
spherical.

e L ;
Fig. 11.5: SEM picture of AR 78 powder.

3.5.1.3 Mullite (JMS 707 KO) mullite powder

XRD/XRF analysis

Based on the X-ray Diffraction (XRD) pattern of the JMS 70 powder grade KO, the material is
mainly composed of the mullite phase (97 %) along with corundum as minor phase (Fig. 11.6).
These phases exhibit a high degree of crystallinity. The XRD findings are in agreement with the
XRF analysis results, which indicate that the powder consists of 73 wt% alumina and 27 wt%
silica.
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Fig. 11.6: XRD patterns of IMS 70 powder, grade KO.

PSD and SEM analysis

The PSD obtained through the wet laser diffraction technique shows a maximum particle size
close to 125 um (Tab. 11.5).

Tab. 11.5: PSD of the commercial IMS 70 1 KO powder

Cumulative percentage reached 10% (D10) 50% (D50) 90% (D90)

Corresponding particle size (um) 2,4 30 124

An SEM image of the JMS 70 - KO powder (Fig. 11.7) reveals that the powder consists of a mix-
ture of fine particles, which are smaller than 10 um, and larger particles, approximately 70 pm in
size. These particles do not exhibit a spherical shape.
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3.5.1.4 Commercial alumina sols

XRD analysis

Small amounts of commercial CA sols were dried at 110 °C to obtain alumina powders that
were then analysed by XRD. The XRD patterns indicate that only aluminium oxide is present in
CA sols (Fig. 11.8).

1 RI220407.raw
| POF 00-046-1131 Datalméte. syn AL2O3
| PDF 00.046.1215 “A2 03 | Aksninum Oxide A2203

1 R22048 0
| PDF 00-046-1131 Dehtakumite, syn AZO3
| PDF 00-046-1215 ~AI2 03 | Aluminem Criide A0S

Coups

1 RZ20404 raov
| POF 00-046-1131 Daitaumis, syn AZ03

1 PDF 00-023-1000 E-AL2 O3, shuminn, thets | Alaminum Oxide A0S
2100— | POF 00-046-1215 A2 03 Alumirnm Oxide AROY

ERREREEEEERRRN

()
Fig. 11.8: XRD patterns of the powders obtained after drying of commercial alumina sols: (a) CA 30 wt%;
(b) CA 40 wt%; (c) CA 50 wt%.
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Zeta potential and PSD analysis

The sols were also analysed in terms of stability, particle size and rheological behaviour. The
zeta potential and particle size contained in the sols were firstly determined respectively by ESA
and attenuation techniques (Tab. I1.6) and by laser diffraction technique (Fig. 111.9 and Tab. I1.7).

Tab. I1.6: Zeta potential and particle sizes distribution of the commercial alumina sols assessed with
ESA technique.

Particle sizes (nm)

Suspension Measured pH Zeta (mV)
10% (D10) 50% (D50) 90% (D85)
CA30wWt% 5,2 +56,5 15 31 73
CA40Wt% 8,5 -47,4 15 31 81
CA50Wt% 9,4 -60,3 22 50 117
18
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Fig. 111.9: PSD of commercial alumina sols obtained by laser diffraction technique.

Tab. Il.7: Equivalent particle sizes for a cumulative percentage reaching 10%, 50% and 90% (laser dif-
fraction technique).

Particle sizes (um)

Suspension

10% (D10) 50% (D50) 90% (D90)
CA30wt% 0,13 0,18 0,27
CA40wt% 0,13 0,18 0,25
CA50wt% 0,13 0,18 0,25

The results, obtained by ESA technique, agree with the data provided by the supplier in terms of
particle size, stabilisation pH and particle surface charges (Tab. 11.6). The sols are stable due to
a zeta potential higher than 30 mV in absolute value. Both techniques for the PSD determina-

tion (attenuation and | aser di ffraction techni

q
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laser diffraction technique, PSD are estimated from the measurement of the intensity variation
versus angle to the light scattered of the laser beam passing through a Suspension of dispersed
particles. To estimate the particle size from the data collected, optical models, generally based
on Mie theory for particles lower than 10 um, are used based on a spherical equivalent volume
model: the particle size is represented by the diameter of the equivalent sphere, having the
same volume as the patrticle. If the particles are not perfectly spherical, it can affect the PSD
measured by laser diffraction technique as the particle size is reported as a volume equivalent
sphere diameter. Also, the PSD analysis with this technique is carried out in diluted conditions
whereas it is not the case for the attenuation measurements. This could be an explanation for
the difference between the PSD results obtained with both techniques. The laser diffraction
technique can however be used as a comparative technique for the different sols but not as a
gquantitative technique for nanometric particles.

Rheological behaviour characterisation

The rheological characterisation of CA sols was carried out by oscillatory tests allowing to dif-
ferentiate between the elastic and viscous responses, expressed respectively by the storage
(G") and t he | ¢54]sDunnmg ttheutésty the visedsity 9f the suspensions is also
recorded. The tests were performed as a function of temperature to determine in which temper-
ature range the gel is formed (Fig. 111.10).
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For all alumina sol s, at the beginning of the e

modulus, indicating than the suspension is more liquid than solid. These parameters and the
viscosity are stable from the starting temperature up to about 40 °C — 50 °C. Then from 40 °C —
50 °C to approximately 60 °C, both moduli increase sharply. Above 60 °C, all the parameters
increased slower, wi t h t he ®Geécomngldiud hesr t han t,wdchi@dicatesmod ul
that the sol is transformed into a gel. During heating, water removal occurs, leading to the with-
drawing of —OH groups in the sample. Thus the condensation between two Al(OH)s takes place,
resulting in Al-O-Al bonds analogous to the formation of siloxane groups (Si-O-Si) in the case of
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CS suspension during the gelling process [54]. As the number of Al-O-Al bonds increase, the
sol turns into a gel. The temperature at which this occursi s  wh en t h e highér than
t h e FGr'the three commercial CA sols that happened at temperature of about 50 °C.

3.5.2 Development and characterisation of the pseudo-boehmite sol (PS-B sol)

3.5.2.1 Development of the pseudo-boehmite sol (PS-B sol)

To decrease the particle size of the starting powder, firstly a wet milling was performed under
vibrating energy with a low amplitude (Sweco mill, M18). A suspension containing 500 g of PS-
B powder was mixed with 1000 mL of distilled water. Alumina milling medias (50 vol%, 10 mm)
were then added to the suspension and the milling was performed between 36 and 40 hours.

After this first step, the suspension was filtered to withdraw the milling medias, and the pH was
adjusted to 3 with concentrated nitric acid to ensure the stability of the boehmite powder [55].
The suspension was then homogenised by simple agitation for 24 hours. The solid content of
this first PS-B suspension, determined with an infrared moisture analyser, was close to 30 wt%.
The PSD is presented in the figure II.11 and table 1.8. The PSD determination by laser diffrac-
tion analysis under wet route for PS-B after vibrating milling was done with water adjusted at
pH = 3 to avoid a particle agglomeration. The particle size distributions of the commercial CA
sols were also reported in the figure 11.11 for comparison.

18

16 \ —PS-B - after vibrating milling
14 —CA30Wt%
12 ~—CAOWI%
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Fig. 11.11: PSD of PS-B suspension after vibrating milling and commercial CA sols.

Tab. I1.8: Particle sizes for a cumulative percentage reaching 10 %, 50 % and 90 % for PS-B powder
before and after vibrating milling.

Particle sizes (um)
10% (D10) 50% (D50) 90% (D90)
PS-B before vibrating milling 14 55 106

Suspension

PS-B after vibrating milling 1,4 3,8 7,8

e C O Mme ¢
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The results indicate a decrease in the PS-B particle size after a vibrating milling treatment. The
corresponding particle size, reached at a cumulative percentage 90 %, passed from 106 pum to
7,8 um. However, patrticle size was still too big, and a second step was needed to reduce further
the patrticle size by attrition milling. In this case, the suspension is pumped continuously through
the grinding volume containing zirconia milling medias (200 pm) retained in the grinding cham-
ber by a sieve. The medias are agitated by blades or arms. This agitation induces compression
and shear stresses due to direct collisions between particles, and stresses friction due to the
collision between particles and milling medias. High collision frequencies lead to fast grinding
kinetics.

During the attrition milling, the particle size was checked every 15 min to 30 min to determine
the end of the milling, i.e., when the PSD is stable over time. A milling of 3 hours was necessary
to decrease the PS-B particle size to nanometric scale. The pH must also be adjusted to 3 dur-
ing the milling and after to stabilise the suspension. The dispersion effect is achieved by two
factors. The first is the adsorption of H* protons from the acid on the PS-B particle surface. In
addition, the peptization treatment with acid leads to a partial dissolution of the boehmite parti-
cles. As a result, large amounts of polymeric Al;z cations are adsorbed on the surface of the
particles offering a higher repulsive force [55]. However, during the milling, the specific surface
of particle increases due to the decrease in size. Therefore, more protons are needed to cover
entirely the surface of each particle and thus the addition of acid during and after the milling.
The solid content was again checked after the second milling treatment and this one was kept
close to 30 wt%.

3.5.2.2 Characterisation of the PS-B sol and comparison with commercial sols

PSD analysis

The PSD was determined during the attrition milling by laser diffraction technique and reported
in the figure 1.12 after different time of attrition milling.
18
16 \ ~—P5-B - before attrition milling
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Fig. 11.12: PSD of commercial CA sols and PS-B suspension before and at different time of attrition mill-
ing.
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Tab. I1.9: Particle sizes for a cumulative percentage reaching 10%, 50%, 90% for PS-B suspension
before and after 3 hours of attrition milling.

Particle sizes (um)

Suspension

10% (D10) 50% (D50) 90% (D90)
PS-B before attrition milling 1,40 3,80 7,80
PS-B after 3 hours of attrition milling 0,14 0,20 0,34

The results obtained from laser diffraction technique indicate that the attrition milling treatment
allowed the reduction of the PS-B patrticles size to nanometric scale (Fig. 1.13 and Tab. 1.9). The
corresponding particle size for a cumulative percentage reached at 90 % passed from 7,8 um
after vibrating milling to 0,34 um after attrition one. The PSD curve after 3 hours of attrition mill-
ing is also very similar to those obtained for all the CA sols.

Zeta potential and attenuation measurements

Hereafter, in the table 11.10, are presented the results of the zeta potential and attenuation
measurements of the PS-B sol obtained after attrition milling. The data collected from
CA30wt%, CA40wt% and CA50wt% are also reported for comparison.

Tab. 11.10: Zeta potential and particle size distributions of PS-B and commercial alumina sols.

Particle sizes (nm)

Suspension Measured pH Zeta (mV)

10% (D10) 50% (D50) 90% (D85)
PS-B 3,2 +29,3 11 18 45
CA30wt% 5,2 +56,5 15 31 73
CA40wt% 8,5 -47,4 15 31 81
CA50wt% 9,4 -60,3 22 50 117

For all sols, the zeta potential results indicate that the suspensions are stable, which means no
or low sedimentation with time, since the zeta potential is close or higher to 30 mV in absolute
value. Attenuation measurements reveal nanometric particle sizes for PS-B and CA sols with
smaller particle sizes for PS-B sol than CA ones. To check the real size of particles, SEM pic-
tures of dried powder contained in sols were taken (Fig. 11.13).
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Fig. 11.13: SEM pictures of dried sols: (a) PS-B, (b) CA30wt%, (c) CA40wt%, (d) CA50wt%.

The SEM pictures show that all powders seem to be agglomerated except for CA30wt% sol,
probably due to the gel formation and reticulation during drying. Some bigger aggregates are
also presents. However, the sizes of particles originally contained in the slurries are detected
and are close to 20 nm and 10 nm respectively for commercial sols and PS-B sol, confirming

results of attenuation measurements.

Rheological behaviour characterisation of PS-B sol

As for CA sols, rheological characterisations of PS-B sol were carried out by oscillatory tests.

The curves obtained are reported in the figure 1.14.
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more liquid than solid. Above 40 °C, all the parameters increase sharply up to 60 °C. Then, they
become rather stable over temperature with the C
ing that the sol is transformed into a gel. As in the case of CA sols, during heating, the water

departure leads to the condensation between two AIOOH groups for PS-B sol. It can result in

Al-O-Al or Al-O-O-Al bonds, which increase in number as the temperature rises leading to the

s ol transformation into a gel. The temperature
comes higher than-°°GasferC&sols., i s about 50

3.5.3 Development and characterisation of the spinel sol

3.5.3.1 Development of the spinel sol

For the preparation of the spinel sol, firstly a suspension containing 1000 g of AR 78 powder
was mixed with 1000 mL of distilled water. Alumina milling medias (50 vol%, 2 mm) were then
added to the suspension and a Turbulat mixing was performed for 24 hours. This first step al-
lowed a deagglomeration of the starting powder.

The suspension was then filtered to withdraw the milling medias. The solid content was also
checked by moisture analyser and was close to 50 wt%. Then, an attrition milling was carried
out to decrease the particle size of the powder to the nanometric scale. However, the attrition
has been performed only up to 4 hours. Beyond 4 hours, the suspension was transformed into a
paste. This could be explained by the decrease of the suspension stability during the attrition
milling. Indeed, the decrease in size of the AR 78 particles increased their reactivity resulting in
their agglomeration. After 4 hours, the paste obtained from AR 78 powder was analysed by la-
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ser diffraction technique in diluted conditions and reported in the figure 1.15 with the PSD ob-
tained for AR 78 powder before attrition milling and CA sols for comparison.
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Fig. 11.15: PSD of AR 78 suspension before and after attrition milling and commercial CA sols.

The PSD obtained by the laser diffraction techniqgue shows the decrease in the particle size of
AR 78 powder by performing an attrition milling. However, the PSD curve after attrition is not
similar to than those obtained for CA sols. To decrease further the particle size of AR 78 pow-
der, the attrition milling must be performed for a longer time than 4 hours. To reach this goal,
the suspension has to be stabilised using a dispersive agent.

In the literature, works dealing with liquid spinel shaping most often report slurries with solid
content between 40 wt% and 60 wt% prepared with water as dispersion medium and containing
an ammonium polymethacrylate (Darvan C®) as dispersant [39, 40]. According to the authors,
these conditions make it possible to obtain suspensions with good stability over time and low
viscosity.

Based on works reported in the literature, dispersive tests were performed on the AR 78 paste
obtained after 4 hours of attrition milling using Darvan C® (DC) as dispersive agent. For that,
viscosity measurements were carried out on AR 78 paste in which 2 wt%, 5 wt% and 10 wt% of
DC were added to the paste in relation with the paste solid content.

Immediately after DC addition, the paste became liquid for any DC content. The viscosity curves
obtained for each DC content are reported in the figure 1.16.
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Fig. 11.16: Viscosity evolution as function of the DC content added in the AR 78 paste obtained after
4 hours of attrition milling.

The viscosity curves show that a DC content higher than 5 wt% have a minimal impact on the
viscosity. The stabilisation of AR 78 particles with DC is achieved by an electro-steric stabilisa-
tion mechanism. The DC patrticles are absorbed onto the surface of AR 78 particles providing a
steric repulsion due to their long chain of carbons. In the meantime, the DC chains, negatively
charged at basic pH, also provides an electrostatic stabilisation.

Based on this result, a new suspension was prepared with 1000 g of AR 78 powder and
1000 mL of distilled water containing also 10 wt% of DC. The high level of DC should ensure
the stability of the suspension during the attrition milling beyond 4 hours. A further increase of
the specific surface should be expected after 4 hours of milling and thus a higher content of dis-
persive molecules to cover entirely the surface of all particles for the suspension stabilisation.

The obtained suspension was used to perform a second attrition milling test. As for the devel-
opment of the PS-B sol, during the milling treatment, the particle size was regularly analysed,
approximately every hour, to determine the end of the milling when the PSD is stable over time.
For the obtention of a spinel sol, 10 hours of attrition were necessary. It is about 3 times longer
than for the PS-B powder. During the attrition milling of AR 78 powder, more quantity of the DC
agent had to be added (on the top of the 10 wi% already added in the starting suspension),
namely up to 20 wt% at the end, to avoid the transformation of the suspension into a paste.

3.5.3.2 Characterisation of the spinel sol

PSD analysis

The PSD of AR 78 dispersion is presented at different time of attrition milling in the figure 1.17.
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Fig. 11.17: PSD evolution of AR 78 slurry as a function of the attrition milling time.

Tab. 11.11: Particle sizes for a cumulative percentage reaching 10%, 50%, 90% for AR 78 powder before
and after 10 hours of attrition milling.

Particle sizes (um)

Suspension

10% (D10) 50% (D50) 90% (D90)
AR 78 before attrition milling 0,86 2,92 9,85
AR 78 after 10 hours of attrition milling 0,20 0,33 0,54

The PSD curve obtained after 10 hours of attrition milling of the spinel sol (Fig. 11.17) is close to
those of CA sols but not similar. Nevertheless, the attrition milling treatment allowed the reduc-
tion of the AR 78 particles size to the nanometric scale. The corresponding particle size for a
cumulative percentage reached at 90 % passed from 9,85 um before attrition milling to 0,54 um
after milling. The solid content of this suspension, determined by infrared moisture analyser,
was close to 50 wt%. Nevertheless, the suspension was diluted with distilled water down to
30 wt% because the consistency with 50 wt% was too viscous.

Zeta potential and attenuation measurements

The results of the zeta potential and attenuation measurements of the spinel sol obtained after
attrition milling and diluted at 30 wt% are presented in the table 11.12. The data collected from
CA30wt%, CA40wt% and CA50wt% are also reported for comparison.

Tab. I1.12: Zeta potential and PSD of spinel and CA sols.

Particle sizes (nm)

Suspension Measured pH Zeta (mV)

10% (D10) 50% (D50) 90% (D85)
AR 78 9,3 -40,7 90 156 273
CA30wt% 5,2 +56,5 15 31 73
CA40wt% 8,5 -47,4 15 31 81

CA50wt% 9,4 -60,3 22 50 117
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The ESA measurements indicate that the spinel sol is stable with a zeta potential lower than -
30 mV. Attenuation measurements reveal nanometric particle sizes for the spinel sol but with
bigger particle sizes than CA sols, hence in agreement with PSD curves obtained by laser dif-
fraction technique.

Rheological behaviour characterisation of the spinel sol

As for CA and PS-B sols, rheological characterisations of the spinel sol were carried out (Fig.
[1.18). The spinel sol presents the same rheological behaviour with the temperature as those of
PS-B and commercial CA sols: at the beginning of the measurement, namely at room tempera-

ture, the slurry behaves more like a liquid than a solid, from 50 °C to 60 ° C, an increase
G’ and viscosity parameters is observed, accomg
ceeds G''. The temperature at which?©°Ghe gel pred
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Fig.11.18:St orage modul us (Go6) , l oss modulus (G66) and vis
sol.

3.5.4 Development and characterisation of the mullite sol

3.5.4.1 Development of the mullite sol

To reduce the particle size of the initial powder, a wet milling process was initiated using a Tur-
bulat mixer. A suspension comprising 500 g of JMS 70 - KO powder was mixed with 1000 mL of
distilled water. Alumina milling media (50 vol%, 10 mm) were added to the suspension, and the
milling process was conducted for a duration ranging between 36 and 40 hours.

Following this initial milling step, the suspension was filtered to remove the milling media. Sub-
sequently, the suspension was homogenized through simple agitation for 24 hours. The solid
content of this initial JIMS 70 - KO suspension, determined using an infrared moisture analyzer,
was approximately 35 wt%. The PSD is presented in the figure 1.19 and table 11.13.
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Fig. 11.19: PSD of PS-B suspension after vibrating milling and commercial CA sols.

Tab.l 1.13: Particle sizes for a cumulative percentage reaching 10 %, 50 % and 90 % for JMS 70 i KO
powder before and after Turbulat treatment.

Particle sizes (um)

Suspension

10% (D10) 50% (D50) 90% (D90)
JMS 70 — KO before Turbulat treatment 2,4 30 124
JMS 70 — KO after Turbulat treatment 1 3,2 8,3

The results highlight a notable reduction in the particle size of JMS 70 - KO after the Turbulat
treatment. The particle size, corresponding to a cumulative percentage of 90%, decreased from
124 ym to 8,3 um. Nevertheless, the particle size was still considered relatively large, necessi-
tating a second step to further reduce it through attrition milling.

An attrition milling process, for approximately 8 hours, was carried out to further decrease the
particle size of JIMS 70 - KO powder. The pH of the suspension was not adjusted during milling
to stabilize it, and no dispersing agent was used.

3.5.4.2 Characterisation of the mullite suspension and comparison with commercial sols
PSD analysis

The results from the laser diffraction technique show that the attrition milling treatment led to a
reduction in the particle size of IMS 70 — KO powder, but it did not reach the nanometric scale
(Tab. Il.14Fehler! Verweisquelle konnte nicht gefunden werden.). The particle size corres-
ponding to a cumulative percentage of 90 % decreased from 8,3 um after the Turbulat treatment
to 1,55 pm after the attrition treatment. The PSD curve after 7 hours and 30 minutes of attrition
milling (Fig. 11.20) exhibits a bimodal pattern.
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Fig. 11.20: PSD of commercial CA sols and mullite suspension before and at different time of attrition mill-
ing.

Tab. 1.14: Particle sizes for a cumulative percentage reaching 10%, 50%, 90% for mullite suspension
before and after 7 hours and 30 minutes of attrition milling.

Particle sizes (um)

Suspension

10% (D10) 50% (D50) 90% (D90)
Mullite suspension before attrition milling and after Turbulat treatment 10 3,20 8,30
Mullite suspension after 7 hours and 30 minutes of attrition milling 0,27 0,69 1,55

Zeta potential and attenuation measurements

Hereafter, in the table 11.15, are presented the results of the zeta potential and attenuation

measurements of the mullite suspension after attrition milling confirming the previous PSD re-
sults.

Tab. I1.15: Zeta potential and particle size distributions of JIMS 70 i KO suspension.

_ Measured Particle sizes (nm)
Suspension H Zeta (mV)

p 10% (D10) 50% (D50) 90% (D85)
M_ulllte suspension aftgr 7 hours and 30 9.4 471 114 299 431
minutes of attrition milling

Dispersion test

To achieve a monomodal PSD curve, efforts were made to determine suitable dispersing condi-
tions. The suspension obtained after attrition milling was mixed with varying amounts of a dis-
persing agent called “Dolapix C64”. Subsequently, the viscosity and the PSD were measured
for each dispersing content, and the results are presented in figures 1.21 and 1.22, respectively.
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Fig. 11.21: Viscosity evolution as function of the dispersing agent content added in the mullite suspension
after attrition milling.
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Fig. 11.22: PSD of commercial CA sols and mullite suspension after attrition milling for different content of
Dolapix dispersing agent.

The results reveal a low viscosity and a PSD curve that exhibits an almost monomodal pattern
when a Dolapix content of 2,5 wt% is introduced into the mullite suspension. However, the PSD
curve shows that, at this Dolapix content, a portion of the particle sizes is larger than those
found in commercial colloidal alumina (CA) sols and even exceeds the micrometre range.

To further reduce the particle size in this mullite suspension, it is imperative to optimize milling
and dispersing conditions in a subsequent study.
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3.5.5 Study of the gelling consolidation process for PS-B, Spinel and CA40wt%
sols

Based on the rheological behaviour measurements as a function of temperature for the different
sols (conducted through oscillatory tests), it was observed that the gel transformation occurred
closed to 50 °C for all the suspensions. When used as binders in refractory castables, this sol-
to-gel transformation is expected to provide the necessary stiffness to the castable, thereby
contributing to green mechanical strength.

However, it is not practical to dry such materials up to 50 °C on-site before demoulding in order
to quickly achieve castable stiffness. As a result, the gelling mechanism must be realized
through alternative means, such as drying at room temperature or the use of gelling (setting)
agents.

In this study, the evolution of the gelling process has been investigated over time. The objective
was to determine the required time to achieve castable stiffening without the addition of any
setting agent, in order to proceed to the demoulding.

3551 GO, G666 modulus and viscosity measur ement

The evolution of the gelation process over time was determined through oscillatory measure-
ments conducted at a constant stress (1 Pa) and frequencies (1 Hz) for the PS-B, Spinel, and
CA40wt% sols. The figures 11.23 and 11.24 depict the time evolution of G', G", and viscosity for
these three sols.
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Fig. 11.24: Time evolution of the viscosity for PS-B, Spinel and CA40wt% sols.

In the figure 23, initially, G" is greater than G' for all sols, which is a characteristic feature of the
liquid state. Then, for both the CA40wt% reference and spinel sols, the viscoelastic behaviour
over time can be divided into four distinct stages:

- Stage 1: G' and G" remain stable over time, up to approximately 50 hours for CA40wt%
sol and 10 hours for the spinel sol;

- Stage 2: G" shows a slight increase with time, occurring between 50 hours and about
58,5 hours for CA40wt% and from 10 hours to approximately 15 hours for the spinel.
During this period, G' experiences a sharp decrease, reaching a minimum value, fol-
lowed immediately by a sudden increase, which ends at around 58,5 hours for CA40wt%
and 15 hours for the spinel;

- Stage3:A sharp increase of G'5andi59 hoordfer €CA4Oved
and 15 and 17 hours for spinel. It occurs in the same elapsed time of the second sharp
increase of the G’ modul us. During this
cating the transition to the solid state, therefore the gelling reactions occur.

- Stage 4: both parameters increase more gently with time.

In the case of the PS-B sol, the viscoelastic behaviour exhibits slight differences compared to
the CA40wt% and spinel sols. For this sol, the gelation process starts directly in "stage 2,"
marked by the slight increase in G" starting from the beginning and extending to about
14 hours. During this period, there is a sharp decrease in G', followed by an abrupt increase
ending closed to 14 hours. Following this, both parameters remain stable between 14 and
23 hours.

Starting at 23 hours, the "stage 3" becomes obvious with another increase in both parameters,
and the appearance of gelation reactions, as indicated by G' surpassing G". This upward trend
continues until about 29 hours, at which point the "stage 4" begins.

Regarding the viscosity curves (Fig. 1.24), their shapes over time are the mirror of those of the
G’ modul us c u rFurthearmofreptine vaduasddn vissositly and G" at the beginning of
the measurements follow the same order, with the highest values for the PS-B sol, followed by
the spinel sol, and finally the CA40wt% sol.

t

bet w

hir



Seite 72 des Schlussberichts zu IGF-Vorhaben 305 EN

3.5.5.2 Discussion

The gelling reactions in suspensions basically take place by water condensation reactions be-
tween M-OH surface groups, resulting in the formation of M-O-M bonds. In the context of this
study, M represents either aluminium (Al) or magnesium (Mg), and the reaction can be repre-
sented as foll owsO-MME2®. + HOM - M

Before the water condensation reactions, the breaking of hydrogen bonds occurs, which leads
to the destabilization of the sol structure. As a consequence of this structural disruption, many
particles are released and can move freely, causing a significant decrease in the storage modu-
lus (G"). This is followed by an abrupt increase, likely attributed to structural reorganization. This
phenomenon takes place over a more or less significant period of time before the onset of the
gelation reactions, which start with the second abrupt increase in G' [41]. In the case of the PS-
B sol, there is a less abrupt transition in the evolution of G' over time between the destabiliza-
tion/restructuring of the sol and the beginning of the gelation reactions. This difference could
possibly attribute to the type of bonding in the initial sol, which is Al-O-O-H for the PS-B sol and
Al-O-H, as well as a mixture of Al-O-H/Mg-O-H for the CA40wt% and spinel sols.

The time at which G' reaches its minimum value appears to correspond to the maximum num-
ber of hydrogen bonds broken and occurs at approximately 7 hours for the PS-B sol, 12 hours
for the spinel sol, and 57 hours for the CA40wt% sol. This phenomenon seems to be linked to
the suspension stability in relation to the zeta potential. Specifically, the absolute values of the
zeta potential are 29,3 mV for the PS-B sol, 40,7 mV for the spinel sol, and 47,4 mV for the
CA40wt% sol. In other words, the more stable the suspension, as indicated by a higher zeta
potential in absolute value, the later the process of breaking hydrogen bonds occurs.

The time elapsed between the occurrence of "stage 3," which encompasses the start and end of
the sharp increase in G" and the second abrupt rise of G', appears to be related to the kinetics
of the gelling reaction. This time period is approximately 6 hours for the PS-B sol, 2 hours for
the spinel sol, and 0,5 hours for the CA40wt% sol. The explanation for the differences in this
elapsed time among the various sols is not yet fully understood, but it is likely linked to factors
such as the particle size of the sol, its solid content, and the chemical bonding formed during
the gelling reactions. Specifically, the bonding may involve M-O-M for the spinel and CA40wt%
sols, while the PS-B sol may involve M-O-O-M and M-O-M bonding.

At the beginning of the gelation process, it appears that the viscosity and G" modulus values are
influenced by the sol's stability. Specifically, lower absolute zeta potential values correspond to
higher viscosity and G" values. This observation implies that, when there is no additional water
or the same amount of additional water in the mixture, the flowability of refractory castables
bonded with colloidal sols, which decreases with higher sol viscosity, could be influenced par-
tially by the sol's stability.

In summary, the time-dependent evolution of G' and G" moduli, as well as viscosity, which is
characteristic of the colloidal sol gelling consolidation process, should be taken into considera-
tion when using colloidal suspensions as binders in refractory castables. This evolution is close-
ly related to the setting properties: the faster the time required for the completion of the gelling
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consolidation process, the faster the setting time, and thus, the faster the demoulding can oc-
cur. Additionally, the values of G" and viscosity before the onset of the gelling process can be
linked to the sol's stability, suggesting that a more stable sol may contribute to better flowability
in refractory castables.

3.5.6 Characterisation of high-alumina base castables: using commercial silica
sol binder with various sintering additives, and incorporating previously
developed alternative boehmite and spinel suspensions

3.5.6.1 Characterisation of high-alumina castables bonded with a commercial silica sol
and containing various sintering additives

In this section, the focus was on investigating the potential impact of adding a mullitisation agent
to the refractory castables mixture, which was subsequently bonded with a commercial silica sol
(30 wt%). The castable's composition, formulated by the HSK partner, is a high alumina base,
incorporating fine spinel particles within the matrix, as outlined in the table 11.16.

Tab. I1.16: Composition of the model high alumina refractory castable bonded with commercial silica sols
(30 wt%) and containing various additives.

Castable C-Ref CT CB

Tabular alumina (T60/64)

3,0-6,0 mm 23 23 23
1,0-3,0 mm 20 20 20
0,5-1,0 mm 10 10 10
0,0-0,5 mm 15 15 15
AR 78 10 10 10
E-SY2000 20 20 20
Silica Sol (30 % solid content) 5 - -
TiO2 - 0,1 0
Boehmite - 0 0,1
Dispersing agent (Castament FS20) 0,1 0,1 0,1
Water 15 15 15

Format D samples were casted and then pre-fired at 800 °C for 5 hours by the research per-
former HSK. These samples were subsequently machined to attain dimensions of
15 mm x 25 mm x 130 mm. They were then subjected to characterization using IET technology
to assess the evolution of the E modulus over temperature (Fig. 1.25).
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Fig. 11.25: E modulus evolution versus temperature for E2C, E2C-T and E2C-B samples.

The results reveal notable distinctions in the initial elastic modulus values, with C-Ref formula-
tion exhibiting higher values than CT or CB. Across all castable compositions, the E modulus
remains relatively stable versus temperature until approximately 900 °C, at which point sintering
of the matrix initiates for all compositions, resulting in an increase in the E modulus. This
change occurs independently of the sintering additives. During the sintering phase, the for-
mation of mullite between the silica and alumina particles, derived from the sol and the matrix,
respectively, becomes possible.

Around 1150 °C to 1175 °C, the E modulus begins to decrease for C-Ref and CT due to the
emergence of viscous/liquid phases, likely triggered by the amorphous silica content in the
binder. Subsequently, from 1250°C to 1500°C, the E modulus remains relatively constant. In the
case of CB, the higher content of viscous/liquid phases is obvious, as the E modulus decreases
up to 1500°C.

During the cooling phase, the progressive solidification of the viscous/liquid phase likely ac-
counts for the sharp increase in the E modulus between 1500°C and about 1050°C. From
1050°C down to room temperature, the E modulus exhibits a consistent rise, indicating micro-
structure stabilization. Once again, during the cooling phase, the E modulus values are higher
for C-Ref compared to CT or CB.

3.5.6.2 Characterisation of high-alumina base castables bonded with developed alterna-
tive boehmite and spinel suspensions

In this section, the focus was on investigating the potential impact of chemistry of the sol as well
as the solid content on the green mechanical properties and high temperature properties of re-
fractory castables. Furthermore, a comparison with the literature data for the green mechanical
properties is provided.

Here, the model formulation used in this specific study was a high alumina based refractory
castable, as given in table 11.17. It corresponds to a PSD with a q value of 0,26 according to
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Andreasen’s modeand $pihe? Jols weBearnwdstigated @long with a commercial
silica sol as a reference.

Tab. I11.17: Composition of the model high alumina refractory castable bonded with different sols.

Castable M-Ref MBS MBS20 MSPS

Tabular alumina (T60)

2,0-5,0 mm 15,2 15,2 15,4 15,2
1,0-3,0 mm 15,2 15,2 15,4 15,2
0,5-1,0 mm 10,2 10,2 10,3 10,2
0,2-0,6 mm 10,2 10,2 10,3 10,2
0,0-0,5 mm 10,2 10,2 10,3 10,2
0,0-0,2 mm 15,2 15,2 15,4 15,2
0,0-0,045 mm 13,2 13,2 13,4 13,2
Reactive alumina (RG4000) 8,1 8,1 8 8,1
Silica Sol (30 % solid content) 25 - - -
Boehmite Sol (30 % solid content) - 25 - -
Boehmite Sol (20 % solid content) - - 15 -
Spinel Sol (30 % solid content) - - - 25
Water 5,7 5,7 6 5,7

After mixing, format D samples have been casted, with vibration for boehmite and silica bonded
castables, and without vibration for the spinel bonded formulation because of its better flow
properties.

Bulk densities and apparent porosities

The figure 1.26 provides a comparison of the Bulk Density (BD) and Apparent Porosity (AP) of
the four sol-gel bonded castables.

The commercial silica bonded castable and the boehmite 20 wt% castable exhibit the highest
porosities, both close to 17%, in contrast to the lab colloidal bonded castables, displayed a po-
rosity of about 13%. The spinel castable, despite not being subjected to vibration, has the high-
est density among the castables.
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Fig. 11.26: Bulk density and apparent porosity and refractory castables bonded with different colloidal sus-
pensions.

Green mechanical properties and comparison with the literature data

The figure 1.27 show the cold modulus of rupture (CCS) for each castable bonded with alterna-
tive colloidal suspensions, as well as the commercial silica-bonded castable. Additionally, it in-
cludes literature data [27, 28] for reference.
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Fig. 11.27: CCS values of refractory castables bonded with developed colloidal suspensions and compari-
son with the literature data [27, 28].
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To summarize the results presented in the figure 1.27:

Castables bonded with a commercial silica sol exhibit CCS values ranging between 20 and 30
MPa, which is consistent with literature data;

Boehmite-bonded castables developed in this study display higher CCS values com-
pared to those bonded with a lab boehmite sol produced via the sol-gel route, which had
a lower solid content. This suggests that increasing the solid content in the starting sol
can enhance the green mechanical performance of sol-gel bonded castables. Further-
more, a higher CCS value is also observed for the castable bonded with the 30 wt%
boehmite sol in comparison to those bonded with the commercial silica sol;

In the case of spinel-bonded castables, the highest CCS is achieved by the castable
bonded with the spinel suspension that has the highest solid content. However, its CCS
is lower than that of boehmite or silica-bonded castables, possibly due to the absence of
vibration applied to the casted specimens;

A comparison was made with castables bonded with a commercial alumina sol, hydrata-
ble alumina (HA), and calcium aluminate cement (CAC). While the CCS of the boehmite-
bonded castables is still lower than that of CAC or HA-bonded castables, the results are
promising, as the CCS is close to those of castables bonded with commercial alumina
suspension. Furthermore, there is potential for further improvement in green mechanical
performance by optimizing the matrix design, potentially by adding green mechanical
enhancing agents or increasing the solid content in the starting suspension, especially
for spinel-bonded castables.

Elastic properties over temperature

The elastic properties over temperature of refractory castables bonded with boemite, spinel and
commercial silica sols were assessed by IET technique. The different curves obtained are pre-
sented in the figure 11.28.
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Fig. 11.28: Evolution of the E modulus of the model high alumina sol bonded refractory castables with in-

creasing and then decreasing temperature.
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For the silica-bonded castable, the elastic modulus remains stable with increasing temperature
up to 900 °C, where sintering initiates. Close to 1250 °C, the E modulus begins to decrease,
likely due to the emergence of a liquid or viscous phase formed by the amorphous silica present
in the binder. During the cooling phase, a gradual solidification of this viscous or liquid phase
likely causes the sharp increase in the E modulus between 1500 °C and 1250 °C. Subsequent-
ly, from 1250 °C down to room temperature, the E modulus increases at a constant rate, indicat-
ing a stable microstructure.

For the boehmite-bonded castables, the initial elastic modulus values are higher than those of
silica-bonded castables, and they are even higher for the 30 wt% boehmite-bonded castables
compared to the 20 wt% ones, which is consistent with the green mechanical properties. Next,
there is a slight decrease in the elastic modulus observed close to 300 °C in the case of boehm-
ite 30 wt% bonded castables, likely due to hydroxide decomposition. After this initial drop, for
both boehmite-bonded castables, the E modulus goes on to decrease slightly from room tem-
perature up to 1050 °C — 1100 °C, followed by a more significant increase attributed to matrix
sintering, up to 1500 °C. During the cooling phase, the E modulus increases at a constant rate,
reflecting a stable microstructure with values that are approximately the same as those for sili-
ca-bonded castables.

Finally, for the spinel-bonded castables, the initial E modulus is slightly lower than that of the 30
wt% boehmite-bonded castables. Similar to the boehmite-bonded castables, there is a slight
drop close to 300 °C, probably due to hydroxide decomposition. However, in contrast to the
other castables, the spinel-bonded castable exhibits a continuous increase in the E modulus
after 400 °C, extending up to 1100 °C, followed by a more pronounced increase from 1100 °C
up to 1500 °C due to matrix sintering. During the cooling phase, like the other castables, the E
modulus increases at a constant rate, reflecting microstructure stabilization. Nevertheless, the
value is significantly higher than that of the other castables, highlighting the potential of colloidal
spinel-bonded castables.

3.6 Conclusions and per spectives

3.6.1 Conclusions

In summary, this study demonstrated the feasibility of producing colloidal suspensions with solid
content similar to that of commercial colloidal silica (CS) or colloidal alumina (CA) suspensions
at a lab scale by milling a starting powder. Pseudo-boehmite and spinel sols with 30 wt% solid
content were successfully produced, showing similar characteristics, such as particle size and
rheological behaviour, to commercial colloidal alumina suspensions with solid contents of 30
wit%, 40 wt%, and 50 wt%.

The investigation of the gelling consolidation process over time revealed that it is preceded by
sol structure destabilization through the breaking of hydrogen bonds and subsequent restructu-
ration. This phenomenon can be detected through the sharp decrease in the storage modulus
(G" and an immediate increase, with the timing depending on the suspension stability.
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The characterization of the time required for the gelling consolidation process revealed that this
process is influenced by several factors, including sol particle reactivity, solid content, and
chemical bonding formed during the gelation process. Faster gelling consolidation processes
lead to faster setting and demoulding time in refractory castables. Moreover, the study estab-
lished a clear correlation between viscosity and sol stability. Higher sol stability results in lower
viscosity, which enhances castable flowability. Therefore, when sols are used as binders in re-
fractory castables, comprehensive rheological characterization over time and a sol stability
study can offer valuable insights into castable flowability and setting properties. Understanding
these aspects can contribute to the development of refractory castables with improved perfor-
mance and faster processing times.

Additionally, the research on high alumina-based refractory castables using a commercial CS
suspension and various sintering additives did not reveal any significant impact of the addition
of nano titania or nano boehmite powder as sintering additives in the starting composition. This
was highlighted by the absence of an early increase in the E modulus compared to the refer-
ence castable (without these additives).

Finally, the high alumina-based refractory castables bonded with the developed colloidal sus-
pensions were characterized for their green mechanical properties and the E modulus evolution
over temperature. The results indicated improved green mechanical properties with higher solid
content in the starting colloidal sol for sol-gel bonded castables. Castables bonded with alterna-
tive sols exhibited enhanced elastic properties at high temperatures, especially those bonded
with the spinel sol, compared to silica-bonded castables.

3.6.2 Perspectives

To further advance the development of innovative castable bonding technology, several re-
search directions should be explored to promote the application of alternative colloidal suspen-
sions as binders for refractory castables and optimize their properties and performance. They
are enunciated hereafter:

- Finalize the development of a colloidal mullite suspension through a milling route, espe-
cially regarding the characterization of the green mechanical and elastic properties over
temperature of the refractory castables bonded with such mullite suspension;

- Enhance the green mechanical properties of spinel-bonded castables by using vibration
during the casting process or by using the spinel sol with a higher solid content (e.g., 50
wit%);

- Improve the setting time for these castables by introducing setting agents such as coag-
ulating or gelling agents, including metallic salts or oxides to accelerate the gelling con-
solidation process;

- Perform further characterisations of the colloidal bonded refractory castables over a
range of temperatures, including studying drying behaviour, hot modulus of rupture
(HMOR), thermal shock resistance, corrosion resistance especially under hydrogen, and
other relevant properties, to provide a more complete picture of their performance;
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- Investigate the interaction between the colloidal binder system and the other constitu-
ents of the castable and how these interactions affect the rheological behaviour of the
refractory castables;

- Perform life cycle assessments to offer insights into the sustainability and environmental
impact of these alternative high solids colloidal binder systems.
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4. Subproject |l 0 Investigat ion of the high tempera-
ture performance of colloidal bonded refractory
monolithics

4.1 Need # 3: Enhancement of the knowledge regarding the high
temperature thermomechanical and thermochemical behav-
iour of colloidal bonded monolithics

This need is corollary to the two previous needs (Need #1 and #2), since the aspects of charac-
terizing and accordingly understanding the high temperature behaviour of colloidal bonded
monolithics have been neglected. Current literature solely reports data based on the determina-
tion of Refractoriness under Load (RuL), Hot Modulus of Rupture (HMoR) or standardised ther-
mal shock tests, which do not consider testing conditions that are transferable to real service
conditions and do not allow deep insight into the reason for the high temperature behaviour of
the materials tested. In further, a lack of scientific work was identified regarding the description
of the corrosion resistance of colloidal bonded refractory monolithics.

Accordingly, the third (need #3) addressed in the present CORNET project was to deepen the
knowledge about the high temperature thermomechanical and thermochemical behaviour of
colloidal bonded refractory monolithics. To achieve this, a suitable testing approach and investi-
gation methods were developed. With this need fulfilled, refractory producers can rely on sound
insights into the high temperature behaviour of colloidal bonded monolithics as well as investi-
gation methods to improve and develop refractory solutions with increased lifetime in the mid- to
long-term. Additionally, tools and expertise to support the needs #1 and #2 were set up.

4.2 State of the art

While colloidal bonded refractory castables have established themselves as a relevant alterna-
tive to historically well-established calcium aluminate cement bonded refractory castables,
mainly results from relatively straightforward characterization methods can be found in the lit-
erature, namely hot modulus of rupture (HMOR) [1-7], standard thermal shock measurements
(i.e. below 1200 °C) [4-9] and a standard test method for isothermal corrosion resistance (cup
test) [7-11]. These are, however, not adapt to depict the high temperature thermomechanical
and thermochemical behaviour of colloidal bonded monolithic linings accurately. Beyond that,
solely material characterisation (bulk density, open porosity, cold crushing strength and modu-
lus of rupture on pre-fired test pieces) at room temperature are being reported. Such investiga-
tions only provide limited information about the behaviour of refractory castables under service
conditions.
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4.2.1 Resistance to thermal stresses for refractory products

Refractory linings experience at least one heating and cooling sequence and substantial ther-
mal gradients are set up in the linings during service and extensive thermal stresses arise, lead-
ing to fracture and eventually to the breakdown of a refractory lining. While the cracks initiation
due to thermal stresses cannot generally be avoided, refractory products are tolerant to damage
and retain their structural integrity up to a certain degree before finally failing [12]. The ability of
refractory product to withstand thermal stress is not a material-specific parameter, but rather
depends on a large number of factors. These factors influencing the thermal stress resistance
(TSR) can be divided into three groups:

- Material properties, such as the coefficient of thermal expansion a, the thermal conductivi-
ty A, the thermal diffusivity a, the ultimate strength o, elasticity modulus E and the specific
fracture energy G,

- Component geometry, characterized by the wall/bricks thickness d of the lining,

- Heat transfer conditions, such as the heat transfer coefficient h, the temperature of the
surrounding medium(s) (molten metal bath

Regarding the assessment of the thermal shock resistance of colloidal bonded refractory casta-
bles in the literature, measurements of their HMOR and elasticity modulus up to high tempera-
ture are reported. However, although a reasonable level of strength is mandatory to ensure a
structural integrity of structure made of refractory, trials to improve the thermal shock resistance
of refractory products by solely increasing their strength often remain unsuccessful as it also
usually increases their brittleness. Some authors report the use of elasticity modulus measure-
ments, in other words the stiffness of the refractory, up to high temperature [4-6,13-15], but it
still lack crucial information about the resistance to damaging. Exposing refractory test pieces to
thermal shocks may appear more conclusive, but almost all literature reported the use of de-
scending thermal shock (air quenching) in a rather low temperature range (from maximum
1200 °C to room temperature) in which refractory materials display a rather brittle behaviour.
Although these testing conditions are easy to implement, they completely fail to depict the ser-
vice conditions involved in the main refractory applications, e.g. steel production (ascending
thermal shocks and thermal cycling at temperatures above 1000 °C).

Basically, the thermal shock resistance of refractory products can basically be assessed at a
laboratory scale in two ways:

1) As a first approach, the mechanical and thermal properties of the refractory material can be
determined. Their contributions to the thermal shock resistance are then assessed individually
and, as far as possible, incorporated into models, e.g. for the calculation of the so-called ther-
mal shock parameters. The thermal shock parameters are figures of merit quantifying the ex-
pected material performance under defined thermal shock conditions and serve as an assess-
ment criterion for material selection.

2) The second approach involves the use of technological testing methods that strive to simu-
late service conditions in a simplified form. For this purpose, a thermomechanical load is applied
to refractory test pieces. The resulting deterioration or damage to the material is assessed and

hot
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expected to reflect the thermal shock resistance of the tested refractory product. Since, as al-

ready described, various material properties and heat transfer conditions have a decisive influ-

ence on the behaviour of thermomechanically stressed refractory materials, technological test

met hods are targeted and conclusive for a given
test conditions are consistent with the operating conditions for the said expected application.

The R&D project focussed on the second approach with particular attention to the development
of a test method that can be efficiently adapted to the operating conditions of the refractory ma-
terials under investigation. However, particular attention was paid to the thermomechanical
characterisation of the investigated refractory materials in order to interpret and substantiate the
results of the second approach mentioned above.

4.2.1.1 Technological test methods

Ongoing efforts are being made to develop testing methods that enable a proficient assessment
of the resistance to thermomechanical loading or, in simplified terms, the thermal shock re-
sistance (TSR) of refractory products in the laboratory scale. Many standards as well as specific
tests were developed over the last century to evaluate the TSR of refractories. These are pre-
dominantly empirical testing methods. In a methodologically rigorous way, these standard and
specific tests only allow a relative comparison of the thermal stress behaviours of different ma-
terials for the testing conditions given in standards or specified for the test [16].

Although most of them are quite simple to perform, they are rarely consistent with industrial op-

erating conditions. Especially the main testing standards (DIN, EN, ASTM) still in force describe
“descending” thermal shocks, either by means of
(EN 993-11 and ASTM-C-1171) from 950 °C to room temperature (in case of the DIN and EN
standard). The resulting heat transfers and thermal stress distribution are not comparable with

typical refractory applications. In practice, ascending thermal shocks are usually more severe

and decisive for most refractory linings (e.g. contact with molten metal, slag or hot aggregates,
burners). Furthermore, the thermo-mechanical properties of refractory products greatly vary

from brittle to a kind of elastic/plastic behaviour with increasing temperature.

Some specific tests have been developed to adapt the thermal stress testing conditions to the
refractory service conditions [16-19]. In order to perform thermal cycling at high temperature,
some laboratories proposed to build experimental furnaces with two chambers set to different
temperatures. The test pieces are then cycled between the two chambers [20]. However, only
very mild heat transfers are achieved under these conditions that are therefore not able to initi-
ate significant thermal damages on the test pieces. The use of open flame burners (Fig. 11l.1) as
heat source is also reported [19,21], providing more efficient heat transfers but still far from the
most prominent service conditions. By melt immersion tests, test pieces are at least partially
immersed into a melt (e. g. pig iron, steel, aluminium) [22-23]. The test conditions, especially the
heat transfer, are closer to those occurring in refractory use. However, the implementation of
melt immersion tests as a standard method is intrinsically expensive and laborious and it is im-
possible to determine materials properties between or during tests.
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Fig. lll.1: Example of the use of open flame burners as heat source to apply an ascending thermal shock.

4.2.1.2 Thermal shock parameters

Pioneer works to assess the thermal stress resistance of ceramic materials originated in the

early 1920s [24]. Based on the linear elastic mechanics and simplified models, Kingery calcu-

lated factors which may allow the rating and comparison of the ceramic materials under specific

thermal stress conditions, the so-called thermal stress fracture resistance parameters R , R’ and
R ' . These factors may predict, if the I|inear e
strophic fracture of materials.

However, for refractory materials (coarse ceramics), these linear elastic mechanics based pa-
rameters turned out to be mostly not practice-relevant. The behaviour of refractories, particularly
in service at high temperature, is rather affected by non-linear effects. Under operating condi-
tions, the apparition of cracks and accordingly the damage of the refractory components is quite
impossible to avoid, but do not necessarily mean the complete failure of the lining [12].

On the strength of the newly emerge fracture mechanics Hasselman develops in the 1960s an
innovative and relevant theory to describe reliably the resistance of material against thermal
stress and shock [25]. He demonstrated that a high strength (. and a small modulus of elasticity
E leads indeed to a high resistance against thermal stresses and cracks initiation. But should
the stress within the material exceed U. and a crack initiate, then the stored elastic energy will
probably overrun the total fracture energy G: required to propagate the crack over the whole
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material body, and leads to its catastrophic failure. It is typically the case for brittle materials
such as glass or fine-ceramics exposed to (thermal) stresses.

Hasselman also points out the necessity of a moderate (. along with a relatively large modulus
of elasticity E and a high specific fracture energy Gr (Gr = Gt/ A with A the fracture surface area)
to limit the crack propagation. The crack initiation may be hence easier, but the consequently
crack growth much more limited and accordingly the damage reduces. The damaged compo-
nents may retain enough strength and stability to prevent the structure from costly and time-
intensive repairing efforts. It leads to the definition of two damage tolerance parameters:

(I11.1)
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Where R 0 & ®hé damage resistance parameter on initiation of thermal stress fracture, 3 the
Poi s s o n 'Rs thertlretmial stress resistance against quasi-static crack propagation, U the
thermal expansion coefficient.

4.2.2 Resistance to corrosion for refractory products

As a strong thermochemical disequilibrium prevails at the contact surfaces between refractories
and process mediums (liquid metals, slags, melt glasses, gases, etc) in most high temperature
process, a large number of reactions occurs during operation. Most of these reactions are det-
rimental for the refractory materials and contribute to the continuous wear of the refractory lin-
ings. The more important the disequilibrium and the number of species/phases involves, the
strongest the chemical wear, namely corrosion, even leading to premature wear of the refracto-
ry linings. The capacity of refractory material to withstand their chemical wear by the processes
mediums is usually called resistance to corrosion, and tend to include related phenomena such
as their resistance to infiltration by the process mediums as well as to local spalling induced by
crystallization pressure of the newly formed phases (i.e. reaction products).

For laboratory scale investigations of the resistance to corrosion, the crucible
remains the workhorse as soon as a corrosive medium in the liquid state at the process tem-
perature is involved. A cylindrical cavity (circa 41 mm in diameter) is drilled into cube made of
the refractory material to be investigated. The corrosive medium (metal, slag, glass or combina-
tions) is fed in the cavity of the crucible, which must be covered by a cap made of the same ma-
terial as the crucible and finally slowly heated to the test temperature (Fig. 111.2). Test tempera-
ture and duration are set to be as relevant as possible in regards of the considered application
for the tested refractory material. However, the very design of the test implies isothermal condi-
tions and a rather small volume of corrosive medium. This means that in contrast to the service
conditions for refractory linings, the infiltration of the corrosive agent will never be limited by the
drop of temperature in the thermal gradient present in most industrial linings (and induced pre-
cipitation processes), but by the finite amount of corrosive agent present in the cup [26].

t est
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Fig. lll.2: Crucible tests cut in half for evaluation, (left) with limited corrosion, (right) with extended corro-
sion.

As an alternative for a practice-oriented investigation of the resistance to corrosion against met-
al melts (steel, aluminium, copper alloys, etc), the induction furnace test display distinct ad-
vantages. Since the heat is generated directly inside the metal exposed to a rapidly alternating
magnetic field (Joule heating.), the refractory material that contains the metal experiences a
temperature gradient within the refractory wall thickness, hence mimic the operating conditions
of refractory linings. Additionally, relatively large quantity of corrosive medium (at least 2 Liters
melt = metal and slags) are used, which, in combination with continuous stirring induced by the
magnetic field, promote an effective and dynamic corrosion of the test pieces [27].

4.3 Materials and methods

4.3.1 Methods

The key to understanding and predict the behaviour of refractory products in use, lies in the ca-
pacity to reproduce and actively monitor the evolution of the material in the laboratory. With fo-
cus on an industrial application for the prominent steel making industry, two main investigation
paths were therefore followed to ensure a proper study of the behaviour of the colloidal bonded
refractory castables. Firstly, thermomechanical investigations were performed, focusing on the
assessment of the fracture behaviour thanks to wedge splitting measurements, as well as the
characterisation of the resistance to thermal shocks under practice-relevant conditions. In paral-
lel, thermochemical investigations, more specifically the assessment of the resistance to corro-
sion, were carried out using induction furnace tests to simulate the corrosion process in a steel
ladle.

Results from both thermomechanical and thermochemical investigations allow a better under-
standing and discrimination of the performance for the developed colloidal bonded refractory
castables.

4.3.2 Thermomechanical investigations

4.3.2.1 Investigation of the fracture behaviour

According to the thermoelastic theory, fracture occurs when the thermal stresses exceed the
fracture strength of the refractory material. A first approach to optimize the resistance of refrac-
tory materials to damage induced by thermomechanical loading relies therefore on a convenient
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selection of the material properties in such a way that the initiation of fracture due to the thermal
stresses can be avoided. The strength of the material has to be as high as possible, ideally
greater than the induced thermal stresses. On the other hand, the elasticity modulus has to be
as low as possible. A high elasticity modulus leads to high thermal strains, and consequently
extensive stresses as well as a high amount of stored elastic energy in the material, once ther-
mally induced strains come to be restrained.

However, common operating conditions for refractories, especially for working linings, do usual-
ly not allow to avoid fracture initiation. Trials to improve the resistance to thermal shock/stress
resistance (TSR) of refractory materials by rising their strength to elasticity modulus ratio are
often unsuccessful, and usually lead to catastrophic results. Once the facture is initiated, the
large amount of stored elastic energy leads to a catastrophic brittle fracture of materials with
high strength to elasticity modulus ratio.

A second approach to improve the TSR aims at increasing the ability of the material to resist
thermal stress damages, i.e. enhance its resistance against cracks propagation. Hereby, a
moderate strength to elasticity modulus ratio is desirable to limit the amount of stored elastic
energy at crack initiation. The fracture initiation may hence be easier, but the subsequent kinetic
crack growth is much more limited and accordingly the damage is reduced. Furthermore, a high
specific fracture energy for the refractory material is necessary to increase the energy con-
sumed by the fracture process and therefore to impede the kinetic and quasi-static crack propa-
gation. After a thermal stress fracture initiation, damaged refractory components may retain
enough strength and stability to remain functional [12].

The determination of the strength of refractory products (e.g. Cold Crushing Strength (CCS),
Modulus of Rupture (MoR)), as well as their modulus of elasticity at room temperature is state of
the art. EN, ATSM or ISO Standards to measure them are well established and widespread
throughout the refractory industry stakeholders. Most of these testing standards can be adapted
for measurement at high temperature.

Further, dynamic non-destructive methods to measure the elasticity modulus are nowadays
relatively common for room temperature measurement. Experimental and commercial systems
are also available for high temperature measurement [28]. The main advantage of the dynamic
non-destructive methods is that they allow the assessment of the elasticity modulus over a large
range of temperature in a single measurement. Within the framework of the present CORNET-
Collaboration, the partner CRIBC performed dynamic measurements for the elasticity modulus
up to 1500 °C.

Able to promote the stable fracture of large test piece, the Wedge Splitting Test (WST) has es-
tablished itself to investigate the fracture behaviour of coarse grains material such as concretes
and refractory materials [29]. Besides, the method can be adapted to be performed by high
temperature and therefore investigate the thermomechanical properties of refractory products
[30]. The test piece geometry and details of the test principle are displayed in the figure 111.3. A
cubic test piece (100 x 100 x 75 mm?) is prepared including a starter notch and two guide
notches. Besides, a large groove is machined into the test piece to accommodate the mecha-
nism that transmits the load applied on a wedge into the test piece. During a test, the vertical
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force Fv applied by a press is converted into two horizontal forces F4 by means of a prismatic
wedge and the load transmission pieces. The two horizontal forces cause the test piece to split.
The main advantage of the method is to promote stable propagation of cracks despite a high
fracture area (circa 65 mm x 65 mm), representative of the typical coarse grain structure of re-
fractory products.

Fy Wedge

<L Load transmission pieces

FH - = —"FH

T~

™~ Rolls

l—t\ Linear support
(a)

Fig. l11.3: (a) Principle of the wedge splitting test, (b) test piece heated to 1200 °C.

Duringthewh ol e fracture process, the applied force a
orded and compiled in a load-displacement diagram.

The specific fracture energy Gt is calculated by integrating the horizontal force on the horizontal
di spl acement o

0 -  0Q (I11.2)

Out corresponds to the ultimate horizontal displacement (opening) of the test piece during the
wedge splitting measurement and A is the fracture surface area. In addition, a nominal notch
tensile strength is determined according to the following equation:

I:H max GCFHmax q/
S\t — — T -
T b bh?

(I11.3)

Here Fumax denotes to the maximum horizontal force measured in the load/displacement dia-
gram, b and h the width and the height of the created fracture surface and y the orthogonal dis-
tance of the line of impact of the horizontal force to the centre of gravity of the fracture surface
area. With numerical curve fitting, the modulus of elasticity may also be determined.

In order to carry out wedge splitting test at elevated temperatures, a furnace setup with con-
trolled atmospheric conditions is used (Fig. Il1.3 (b)) and combined with an in-situ optical deter-
mination of the opening of the test pieces during testing [31]. Finally, two measurements per
tested temperature were performed for each castable formulation in order to check for the relia-
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bility of the assessed load-displacement diagrams. If necessary, a third measurement was per-
formed.

4.3.2.2 Investigation of the resistance to thermal shocks

Description of the new thermal shock testing device

A crucial aspect of the new system is to enable thermal cycling at different ranges of tempera-
tures for both ascending and descending thermal shocks. To achieve this, the testing system
uses three chambers, through which a test piece (50 x 50 mm cylinder) is conveyed (Fig. 111.4).
The middle chamber serves as a standby furnace with the ability to heat or cool the test piece to
a predetermined temperature (Fig. lll.4 (b)). Ascending thermal shocks are achieved in the up-
per chamber by transporting the test piece into a carbon ring which is inductively heated to in-
candescence (chamber 1). The intensive radiation emitted by the carbon ring (susceptor) is par-
ticularly efficient to raise the surface temperature of the test piece inside the carbon ring quickly
up to 1800 °C (Fig. lll.4 (a)). Descending thermal shock takes place in the lower chamber by
gas quenching (Fig. lll.4 (c)). A lifting device carrying a tube made of alumina ensures the
transport of the test piece through the three chambers that are stacked on top of each other.
The system is continuously flushed with inert gas to protect the carbon ring in the chamber 1.
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Fig. lll.4: Schematic representation of the new thermal shock testing system and the testing procedure.
Preheating and tempering in the chamber 2 (b, middle), ascending thermal shock through driving the test
piece into an inductively heated carbon ring in the chamber 1 (a, left) or descending thermal shock by

gas quenching in the chamber 3 (c, right).

Assessment of the thermally induced damage

During the thermal cycling, stresses of sufficient magnitude to damage the test piece are gener-
ated. The impact of the thermal shocks is assessed quantitatively by measuring the decrease of
the ultrasonic velocity inside the test piece, which reflects the deterioration of the mechanical
properties of the test piece after having undergone a specified number of thermal cycling. Final-
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ly, for a better insight, the thermal damage is quantified using the dimensionless damage pa-
rameter according to Kachanov [32]:

Q_)o

D=1- l

0= (I11.4)

UOJPB
l-oDoy,

where v is the ultrasonic velocity as it propagates through the test piece after thermal cycling
and vo is the initial ultrasonic velocity as it propagates through the undamaged test piece before
thermal cycling. D = 0 means therefore no damage, while the value of D increases with increas-
ing damage.

Thermal shock procedure

With an emphasis on being relevant for an application in the steel making industry, following
testing conditions were selected:

- Lower temperature (chamber 2): 800 °C
- Higher temperature (chamber 1): 1600 °C

Five ascending thermal shock cycles were applied to the investigated test pieces as described
above. A dwell time of 30 minutes in the middle chamber (chamber 2) was implemented to en-
sure the temperature homogeneity of the test pieces. Since thermal stresses tend to quickly
reach a maximum during thermal shocking, which roughly corresponds to the maximal tempera-
ture difference in the test piece i.e. before its core starts to heat up and the thermal gradient
inside of the test pieces gradually flattens out, there is no need to reach temperature homoge-
neity after applying the thermal shocks. Accordingly, a shorter dwell time (15 minutes) was used
in the upper chamber (chambers 1). The testing condition aimed at mimic the filling and empty-
ing of a steel ladle, which refractory working lining experiences temperatures above 1600 °C
while filled with liquid steel and ideally do not drop too low while empty to avoid too important
heat loss.

To quantify the resulting damage, the ultrasonic velocity inside the test pieces was measured at
room temperature using a experimental laser ultrasonic system applying pulse technique of ul-
trasonic before and after the thermal cycling. The experimental setup consists of a Q-switched
Nd:YAG pulse laser with a fundamental wavelength of 1064 nm for the generation of ultrasound
waves combined with a Laser-Doppler-Vibrometer (Polytec RSV-150), which incorporates a
Mach-Zehnder-interferometer, for the ultrasound waves detection. The wavelength of the LDV
laser was 1550 nm with an optical power of less than 10 mW. This testing configuration allowed
the assessment of the time of transit of ultrasound waves between the plane-parallel top and
bottom surfaces of the cylindrical test pieces (50 x 50 mm) used for the resistance to thermal
shocks investigations. A pulse energy of up to 0,8 J was focused in the middle on the top sur-
face of the test pieces through a lens. A small portion of the laser beam energy leak through a
beam deflecting mirror and hit a photodiode, which triggers the LDV measurement. The signal
of the photodiode and the ultrasound wave signal measured by the LDV were recorded by a
digital oscilloscope.
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4.3.2.3 Investigation of the resistance to corrosion

With a focus on the application of the refractories as linings for vessels in the steel making in-
dustry, the resistance to corrosion of the model refractory castables was investigated using the
induction furnace test. It enables to assess the resistance to corrosion of eight test pieces in
one measurement, and accordingly perfectly identical test conditions, closed to those experi-
ences by refractory products in the steel making industry (Fig. 111.5). After consultation with the
members of the user committee, the following testing conditions were selected:

- Metal quality: AFNOR XC38 / DIN C35 steel,

- Slag composition: CaO/Al,O3 = 1,8 with 10% SiO, (desulfurization slag),
- Test temperature: 1650 °C,

- Dwell time at the test temperature: 1 hour.

The metal is heated and melted due to its electrical resistance while exposed to eddy currents
generated by alternating electromagnetic fields (f = 9 kHz). Additionally electromagnetic forces
and buoyancy ensure a vigorous stirring of the metal melt and the slag respectively [33-34].

The eight trapezoid test pieces (segments: 250 mm in length, 57 mm in inner width and 25 mm
in thickness) are arranged to form an octagonal crucible in a tiltable induction furnace. When the
metal melt temperature has reached 1500 °C, 750 g of desulfurization slag is charged. At the
end, the metal is completely tapped.
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Fig. lll.5: Schematic representation of the induction furnace test for the investigation of the resistance to
corrosion.

For the assessment of wear, the test pieces (segments) are cut in half lengthwise along their
centre lines. Photographs of the cut segments are taken in order to visualize the profile of the
corroded zone.
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4.3.3 Materials

The aim of the subproject Il is basically to investigate the high temperature performance of the
different colloidal bonded castables formulations developed by the research performer 1
(Hochschule Koblenz) within the framework of the sub-project I. As a matter of practicability, a
brief description of the model castables provided by Hochschule Koblenz to Forschungsge-
meinschaft Feuerfest for the investigations is set forth hereafter.

Two different base formulations were developed, a fine variant (F) and a coarse variant (C).
Both variants are model high alumina spinel containing castables with a well-defined grain size
distribution (Tab. 111.1). The fine variant was specifically designed to be more reactive in order to
promote an early formation of mullite while using a commercial silica sol (F-Ref), as well as ex-
acerbate the effect of additives that should also promote the early formation of mullite. Following
additives were investigated: TiO; (FT), boehmite powder (FB) and MgF. (FM). Furthermore, the
behaviour of this variant with dry nano silica powder as binder (FNS) instead of in the form of a
colloidal suspension was evaluate. The coarse variant was developed to be, as the same time
closer to castables formulations typically used by end-user industries as well as relatively simple
in its composition in order to investigate the merits of using alternatives colloidal suspensions,
namely based on boehmite and spinel instead of silica (Tab. I11.2).

For comparative purpose a commercially available formulation (IN) from the company Re-
fratechnik Steel was additionally investigated.

Tab. lll.1: Composition of the model castables with rather important fine component share (F) in wt.%.

Castable F-Ref FT FTO,5 FB FBO,5 FM FNS

Tabular alumina (T60/64)

3,0-6,0 mm 5 5 5 5 5 5 5
1,0-3,0 mm 10 10 10 10 10 10 10
0,5-1,0 mm 10 10 10 10 10 10 10
0,2-0,6 mm 5 5 5 5 5 5 5
0,0-0,5 mm 18 18 18 18 18 18 18
0,0-0,2 mm 20 20 20 20 20 20 20
0-0,045 mm 10 10 10 10 10 10 10
E-SY2000 20 20 20 20 20 20 20
- T o
?cl)llli((:jacigltenlt_)lthosol 1530 (30 % 5 5 5 5 5 5 )
Nano Silica (10-20 nm) - - - - - - 15
TiO2 - 0,1 0,5 - - - -
Boehmite - - - 0,1 0,5 - -
MgF2 - - - - - 0,1 -
Eissgoe)rsing agent (Castament 0.1 01 0.1 0.1 0.1 ) 0.1

Water 2,5 2,5 2,5 2,5 2,5 2,5 2,5
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Tab. Ill.2: Composition of the model castable with rather important coarse component share (C) in wt.%.

Castable C-Ref CBS CSPS30 CSPS50
Tabular alumina (T60/64)
3,0-6,0 mm 23 23 23 23
1,0-3,0 mm 20 20 20 20
0,5-1,0 mm 10 10 10 10
0,0-0,5 mm 15 15 15 15
AR 78 10 10 10 10
E-SY2000 20 20 20 20
Silica Sol (30 % solid content) 5
Boehmite Sol (20 % solid content) - 5
Spinel Sol (30 % solid content) - - 5
Spinel Sol (50 % solid content) - - - 5
Dispersing agent (Castament FS20) 0,1 0,1 0,1 0,1
Water 15 15 15 15

Preparation of the test pieces

After mixing in an intensive mixer (type R05, Maschinenfabrik Gustav Eirich) for the fine variant
(F) or a stand mixer (KitchenAid 5SKSM7990XESL 325 W) for the coarser variant (C), the model
castables were cast into custom-made moulds to produce @ 50 x 102 mm cylinders for the
thermal shock resistance investigations, 100 x 100 x75 mm prisms for the investigations of the
fracture behaviour and trapezoidal prisms for the corrosion investigations.

All casted pieces were stored for 24 h to cure in open air conditions. Then they were demoulded
to be dried at 100 °C for 24 h and finally pre-fired at 800 °C. @ 50 x 102 mm cylinders were cut
in halve to obtain @ 50 x 50 mm test pieces. 100 x 100 x75 mm prisms were machined with a
precision saw to obtain the wedge splitting test pieces.

4.4 Results and discussion
4.4.1 Thermomechanical investigations

4.4.1.1 Investigation of the fracture behaviour

When compared to a high alumina brick (ceramic bonded), the reference high alumina colloidal
silica bonded model castable (F-Ref) displayed a much lower mechanical strength (Fig. I11.6).
This is consistent with results from the literature and from the experience of producers and us-
ers, especially the low mechanical strength of colloidal bonded castables is regularly pointed out
as one of their most recurrent drawbacks. Above 1100 °C, it was even not possible to perform
relevant measurements, either because the test pieces spontaneously split under the weight of
the loading column before reaching the test temperature or no appreciable strength could be
measured during the measurement at the intended test temperature. In comparison, measure-
ments could be carried out up to 1500 °C on the high alumina bricks. It is assumed that the col-
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loidal silica lead to the formation of melt phase in the matrix above 1000 °C, hence weakening
the structural stability of the castable at relatively low temperature. Even after a dwelling time of
1 hour at 1100 °C, enough melt is seemingly (still) present (did not react to form mullite) in order
to weaken significantly the material.

Regarding the specific fracture energy, below 1000 °C only relatively low values were assessed
for the reference high alumina colloidal silica bonded model castable F-Ref (Fig. Ill.7), mainly
because of its low mechanical strength. The high alumina brick displaying, in all likelihood, a
similar brittleness in this range of temperature, presented higher specific fracture energy due to
its higher mechanical strength. At 1000 °C, despite no big change in their mechanical strength,
a significant increase of the specific fracture energy of both materials can be observed. The
model reference castable F-Ref unfolded a value (average of two measurements at the given
temperature) even exceeding the one assessed for the high alumina brick. On the basis on pre-
vious measurements on diverse refractory products, this increase indicates the transition from a
relatively brittle behaviour to a more ductile behaviour. However, because of the massive weak-
ening of the materials above 1000 °C and 1400 °C respectively for model reference castable F-
Ref and the high alumina bricks, their specific fracture energy dropped again drastically
(Eq. 111.2). Despite an early drop of it specific fracture energy, the value assessed by 1000 °C for
the model reference castable F-Ref is considerably higher than the all values of specific fracture
energy assessed for the high alumina brick. This is a strong indication that this material could
developed high level of ductility at high temperature should it not have been so drastically
weakened already by 1100 °C. Since the main reason for this weakening is in all likeliness the
early formation of a silica rich melt, while simultaneously the presence of small amount of melt
could be the explanation of the increase of ductility in a first place, there is a strong motivation
to limit, and even control, the amount of formed melt in the refractory castable matrix. Hence, a
highly ductile material that experience limited to no weakening up to high temperature could be
designed.



Seite 98 des Schlussberichts zu IGF-Vorhaben 305 EN

=t==High alumina brick

14 1 F-Ref

12

Notch tensile strength / MPa

0 250 500 750 1000 1250 1500
Temperature / °C

Fig. 111.6: Evolution of the notch tensile strength of the reference high alumina colloidal silica bonded
model castable (F-Ref) and a high alumina brick with increasing temperature.

. 1400 -
S 1200 | High alumina brick
- F-Ref
D 1000 -
Q
c
@ 800 A
Q
S
T 600 -
@
<= 400 -
O
= )
9 200 - .
‘% B
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0 250 500 750 1000 1250 1500

Temperature / °C

Fig. 11l.7: Evolution of the specific fracture energy of the reference high alumina colloidal silica bonded
model castable F-Ref and a high alumina brick with increasing temperature.

In order to reduce and possibly controlled the amount of formed melt in the refractory castable
matrix, the use of additives, which should promote the formation of mullite from the reaction
between either colloidal silica or silica rich melt with the high alumina matrix, was investigated.
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To avoid an exceedingly high number of time and energy consuming measurements, two par-
ticularly relevant temperatures were selected for the further investigation of the thermomechani-
cal behaviour of the model colloidal bonded refractory castables:

1) 1000 °C: At this temperature, the reference high alumina colloidal silica bonded model
castable (F-Ref) displayed its higher measured value of the specific fracture energy. Any
achieved improvement or degradation of the ductility of the castables should be reflected
in an increase or decrease of the specific fracture energy assessed at 1000 °C.

2) 1100 °C: At this temperature, both the strength and the specific fracture energy of F-Ref
dropped drastically. Any achieved improvement of the volume stability of the castables
(reduction of the share of melt, strengthening by new phases formation e.g. mullite)
should lead to an increase of either or both the strength and the specific fracture energy
assessed 1100 °C for the model castables in comparison to F-Ref.

As a complementary approach to evaluate the behaviour of the refractory materials, material
properties obtained out of wedge splitting measurements can be combined in figure of merits,
for instance the brittleness number B, defined as follow:

6 — (I11.5)

w h e r (@s the tensile strength (that can be substituted with ont when comparing results from
WST) and L a characteristic dimension of the considered element. The brittleness number B
corresponds to the ratio of the elastically stored strain energy at crack initiation to the fracture
surface energy necessary to split the element into two pieces. In order to evaluate the brittle-
ness of refractory material without assuming a dimension L, the so-called characteristic length
was alternately proposed by Harmuth and Bradt [30], which is inversely proportional to the brit-
tleness number B:

R (111.6)

This means that the higher Lch, the lower the brittleness and accordingly a higher resistance to
thermally induced damaging is expected. Actually, Lch is closely related to the thermal stress
damage resistance parameter 'Ye ,avhere 0 ¢ JYe ¢see 4.2.1.2 Thermal shock parameters).
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Fig. 111.8: Assessed values of notch tensile strength and specific fracture energy (average of at least two
measurements) for the reference high alumina colloidal silica bonded model castable (F-Ref), the high
alumina colloidal silica bonded model castables with additives (FT, FT0,5, FB, FB0,5 and FM), the high
alumina nano silica bonded model castables (FNS) as well as the commercially available castable (IN).
The number above each column correspond to the characteristic length Lcn for the given castable at the
given temperature.

Regarding the performance of the colloidal silica bonded systems, especially the developed
reference model castable F-Ref, it appears that there is indeed space for improvement as the
industrial formulation (IN) displayed a more suitable fracture behaviour at 1000 °C (Tab. 1.3,
Fig. 111.8). The strength of IN is slightly higher, but above all its specific fracture energy is signifi-
cantly larger than of F-Ref, leading to higher resistance to damaging of the material. At 1100 °C,
both materials have a similar ratio specific fracture energy to strength, merely the higher modu-
lus of rupture of the industrial formulation IN promoted a reduction of the brittleness of the mate-
rial. It is worth noting that using nano silica powder (FNS) instead of already dispersed nano
silica in a sol (F-Ref) was enough to provide a bond up to 1100 °C. Refractory castable samples
with the same formulation as F-Ref and FNS, but without any bonding agent could cast. How-
ever, they were so weak that they already crumbled during demoulding und could not be ma-
chined to obtain wedge splitting test pieces. Nonetheless nano silica powder was a weaker
bonding agent than the silica sol, FNS only achieved circa a third of the mechanical and fracture
resistance of F-Ref. It is assumed to be due to the difficulty to disperse nano powder efficiently
in the castable dry mix.

The investigate additives did no lead to an improvement of the mechanical and fracture behav-
iour of the high alumina colloidal silica bonded model castables. At best, the use of the selected
additives did not significantly impact the mechanical and fracture behaviour of the model casta-
bles (FT and FB). However, at higher concentration (FT0,5 and FBO0,5) or in form of salt (FM),
they deteriorated the fracture behaviour of the model castables. Unfortunately, none of the ex-
pected strengthening mechanisms (enhance mullite formation, increase of the viscosity of the
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melt phase) seemed to kick off, or at least counterbalance the negative effects induced by the
presence of the selected additives.

Tab. 111.3: Measured thermomechanical properties for the reference high alumina colloidal silica bonded
model castable (F-Ref), the high alumina colloidal silica bonded model castables with addi-
tives (FT, FTO,5, FB, FB0,5 and FM), the high alumina nano silica bonded model castables
(FNS) as well as the commercially available castable (IN). (two measurements per tempera-

ture).
Castable Temperature / °C Gt/ N/m Gnt / MPa E2/ MPa Len / mm
1000 425 4,5 13,7 290
F-Ref
1100 65 1,4 6,8 235
1000 85 1,7 6,5 193
FNS
1100 10 0,5 2,4 112
1000 386 4,3 11,0 226
FT
1100 63 13 6,0 218
1000 322 3,3 7,5 229
FTO,5
1100 44 1,2 3,0 94
1000 329 4,2 13,5 252
FB 1100 87 1,6 5,0 180
1000 210 29 6,0 146
FBO,5
1100 30 0,6 1,9 160
1000 25 0,8 6,0 263
FM
1100 - - - -
1100 778 5,3 11,0 307
IN
1100 54 1,2 8,0 323

1 Gy specific fracture energy calculated up to a drop of 90 % in the maximum load

2 Indicative value assessed from the load-displacement diagrams

The coarsening of the reference model castable formulation (C-Ref) increased significantly its
resistance to damaging, reflected by a higher Lch compared to F-Ref (Fig. 111.9 and Tab. I11.4).
This is mainly driven by the increase of the ratio specific fracture energy to strength. Using the
same base aggregates, coarsening a refractory castable tend to create a less densely packed
mix, usually slightly weaker, but with an increased capability to resist to crack propagation.

Although high alumina colloidal boehmite bonded model refractory castable test pieces (CBS)
could be cast, they could not be cut to produce wedge splitting test pieces, even after curing at
800 °C. Accordingly no results are available for this formulation. In addition to and despite fur-
ther attempts to mix colloidal boehmite and colloidal silica to obtain samples with stronger bond-
ing for the preparation of test pieces for high temperature investigations, no viable formulation
could be found. The main reason being that the two colloidal suspensions were stabilized at
different pH, resulting in a sloppy dispersion of the bonding phase and almost inexistent flow
properties in the wet state. Accordingly, the high temperature investigations for the colloidal
boehmite bonded model refractory castables were concluded without further measurements.
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In a first glance, the high alumina colloidal spinel bonded model castables seemed to be weaker
than their colloidal silica bonded counterpart, presenting lower value of mechanical strength and
specific fracture energy below 1100 °C. However, while the reference colloidal silica bonded
model refractory test pieces (F-Ref and C-Ref) became too weak to be tested above 1100 °C,
failing already during heating under the weight of the loading column or presenting no apprecia-
ble strength at the intended test temperature, measurements on colloidal spinel bonded model
castable test pieces (CSPS30 and CSPS50) could be performed up to 1500 °C (Fig. I11.9 and
Tab. 11.4). Their mechanical and fracture behaviour being even improved at 1250 °C and still
remaining better than below 1100 °C at a test temperature of 1500 °C. The comparatively weak
performance of the colloidal spinel bonded model castables below 1100 °C are probably linked
to the poor green strength of the materials. Only once the materials start to sinter and new
phases formed (above 1100 °C), in all likelihood without the formation of a liquid phase in signif-
icant quantity, the colloidal spinel bonded model castables develop outstanding mechanical and
fracture properties. Accordingly, by improving the green strength of the colloidal spinel bonded
model castables, an overall better behaviour, over a larger range of temperatures, can be ex-
pected. A first attempt, to improve the green strength of the colloidal spinel bonded model
castable was made by increasing the share of solid colloidal in the sol (CSPS50). This results in
an improvement of the mechanical and fracture behaviour at the investigated temperatures, as
the test pieces made of CSPS50 outperformed test pieces of CSPS30 (higher mechanical
strength, specific fracture energy and characteristic length).
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Fig. 111.9: Assessed values of notch tensile strength and specific fracture energy (average of at least two
measurements) for the two reference high alumina colloidal silica bonded model castables (F-Ref and C-
Ref) and the high alumina colloidal spinel bonded model castables (CSPS30 and CSPS50). The number
above each column correspond to the characteristic length Lch for the given castable at the given temper-
ature.
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Tab. Ill.4: Measured thermomechanical properties for the two reference high alumina colloidal silica
bonded model castables (F-Ref and C-Ref) and the high alumina colloidal spinel bonded
model castables (CPS30 and CPS50). (two measurements per temperature).

Castable Temperature / °C GtV / N/m Gnt / MPa E?/ MPa Len / mm
1000 425 45 13,7 290
F-Ref
1100 65 14 6,8 235
1000 397 3,7 115 331
C-Ref
1100 98 15 7,0 290
1000 39 1,0 3,4 141
1100 45 0,6 3,0 330
CSPS30
1250 248 1.3 2,5 393
1500 151 0,8 1,2 275
1100 56 1,3 7,5 266
CSPS50 1250 458 1,7 3,3 493
1500 199 1,0 1,8 375

1 Gy specific fracture energy calculated up to a drop of 90 % in the maximum load
2 Indicative value assessed from the load-displacement diagrams

4.4.1.1 Investigation of the resistance to thermal shocks

Since the developed high alumina colloidal bonded model refractory castables are high-quality
products aimed for wear linings operating in the most demanding applications, the resistance to
thermal shocks investigations were focused on applying thermal cycles at elevated tempera-
tures. The testing conditions are described in more details in the session 4.3.2.2 Investigation of
the resistance to thermal shocks. It basically consisted in changing extremely rapidly the tem-
perature of the surface of a homogeneously heated test piece from 800 °C to 1600 °C, namely
resulting in a change of temperature (A T ) o PC irBp0se on the surface of the test pieces,
and then cooling back the test piece to 800 °C again. After 5 thermal cycles the test pieces was
cool down to room temperature.

Before characterising the different developed refractory model castable formulations, a rudimen-
tary assessment of the repeatability of the thermal shock resistance measurements performed
with the high-temperature testing device was carried out. To this end, two measurements were
made on two test pieces (50 x50 mm, F-Ref-1 and F-Ref-1 ' ) cut from

(50 x 102 mm) and one test piece (F-Ref-2) from another item, both items were made of the
reference high alumina colloidal silica bonded model castable formulation. Even before thermal
shocks were performed the test pieces, slightly different ultrasonic velocity were assessed
(Fig. .10 and Tab. 111.5), indicating some degree of difference between the test pieces (varia-
tion in density and share of microstructural defects, such as pores and microcracks) inde-
pendently whether the test pieces were cut from the same item or different items. To some ex-
tent, this is link to the very nature of refractory materials as coarse ceramics, which are never
perfectly homogeneous. After thermal cycling degree of damage D between 0,29 and 0,36 were
be assessed (Tab. IIl.5), and again, with the necessary cautiousness regarding the very limited

t

he
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number of test pieces involved, it did not matter whether the test pieces were cut from the same
item or different items. But all in all, degree of damage D between 0,27 and 0,38 cannot be re-
garded as significantly different for the model castables and should be considered as a good
performance according to previous experience (CORNET R&l pr o j &herEvoMon” )

0,6 1

0,4 -

03 -
0,2 -
N I
0,0 -

F-Ref-1 F-Ref-1’ F-Ref-2 C-Ref CSPS30 CSPS50

Damage/ -

Fig. 111.10: Degree of damage D assessed using the laser-ultrasonic system after 5 thermal cycling for all
investigated high alumina colloidal bonded model castables.

Tab. l1.5: Results of the resistance to thermal shocks investigations (5 thermal cycles between 800 °C
and 1600 °C). The ultrasonic velocity values are the average of three measurements.

Ultrasonic / m.s?

Castable ' Damage / -
before thermal cycling after thermal cycling

F-Ref-1 5046 4182 0,31
F-Ref-1 6 4841 3874 0,36
F-Ref-2 4872 4095 0,29
FT 5014 3549 0,50
FB 5070 3943 0,40
C-Ref 3317 3014 0,17
CSPS30 2730 2276 0,30
CSPS50 2803 2154 0,41

In line with the results from the wedge splitting measurements, the investigated additives only
resulted in a deterioration of the performance of the refractory model castables. The test pieces
FT and FB displayed higher degree of damage D, respectively 0,5 and 0,4 after the high-
temperature thermal shocks measurements. Also consistent with the wedge splitting measure-
ments, the coarsening of the reference model castable formulation (C-Ref) increased signifi-
cantly its resistance to thermal shocks. In addition, the lower assessed value of ultrasonic veloc-
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ity before thermal cycling confirmed the lower density and/or higher share of defects in C-Ref
(Tab. IIL.5).

The colloidal spinel bonded model castable with the lower solid content in the sol (CSPS30)
performed as good as the reference colloidal silica bonded model refractory castable F-Ref.
Accordingly, CSPS30 displayed a higher degree of damage D than reference colloidal silica
bonded model refractory castable C-Ref, which could be linked with its lower assessed value of
ultrasonic velocity before thermal cycling (actually the lowest assessed in the present investiga-
tions), potentially reflecting a poorly bonded material after casting. However, the colloidal spinel
bonded model castable using the higher solid content in the sol (CSPS50) and slightly better
bonded according the ultrasonic velocity and the wedge splitting measurements (Fig. 111.9 and
Tab. 111.4) did not performed better. This suggest that other mechanisms are at stake, especially
it is assumed that the formation of a melt, despite deteriorating the mechanical and fracture re-
sistance of the system, helped to improve the resistance to thermal shock of the reference col-
loidal silica bonded model refractory castables (F-Ref and C-Ref). The liquid phase, which
formed at circa 1100 °C, should promote stress relief in the thermally shocked material. The
colloidal spinel bonded model refractory castables are expected to form a smaller quantity of
liquid phase at much higher temperature than colloidal silica bonded model refractory castables.
The addition of little quantity of colloidal silica to colloidal spinel suspension may help to in-
crease the green strength of the resulting colloidal bonded model refractory castable as well as
improving its resistance to thermal shock while having a minimal impact on their structural sta-
bility at high temperature.

4.4.1.2 Investigation of the resistance to corrosion

After having performed the induction furnace test as described in the section 4.3.2.3 Investiga-
tion of the resistance to corrosion and cutting the test pieces (segments) in half, photographs of
the corroded cut segments were taken and processed using the image manipulation program
GIMP in order to evaluate more precisely the extent of the corrosion. For practical classification
purposes, the area of the segments that were completely worn away during the corrosion test
are called corroded area, while the area of the segments where the slag penetrated the test
pieces, but without leading to their breakup at the end of the test, are called infiltrated area
(Fig. 111.11).

During one induction furnace test, up to eight different segments (Fig. Ill.5) can be simultane-
ously tested. However, to ensure the reliability of the results, only four different colloidal silica
bonded formulations and accordingly two segments of each colloidal silica bonded refractory
castables were investigated per induction furnace test. This means that four half-segments were
available per refractory castable formulation for a basic statistical evaluation.
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Fig. 111.11: Example of a photograph from a corroded cut segment (a) raw picture, (b) corroded area in

violet and (c) infiltrated area highlighted in translucent fuchsia.

In comparison to the industrial formulation (IN), the developed model colloidal silica bonded
refractory castable formulation displayed a larger loss of material (larger corroded area) after
the induction furnace test, but an overall lower infiltrated area (Tab. 111.6 and Fig. 111.12). One
explanation, could be a stronger weakening of the matrix of model colloidal silica bonded refrac-
tory castables once infiltrated than for IN, leading to a slightly higher corrosion rate. Conse-
quently, leaving a thinner infiltrated layer behind despite a similar infiltration rate for both formu-
lations. In contrast, even infiltrated, the microstructure and composition of IN enabled it to with-
stand efficiently the corrosion process. Deeper
not in the direct scope of the present study, but microscopical examinations should helped to
identify mechanisms able to improve the resistance to corrosion of colloidal silica bonded refrac-
tory castables.

The investigate additives did not have a significant impact on the resistance to corrosion of the
developed colloidal silica bonded model castables. Values comparable to the reference formula-
tion F-Ref, or slightly deteriorated values in the case of the use of boehmite in the formulation
FB (but still within the standard deviation), were assessed. This is in line with the results from
the mechanical and fracture behaviour, for which the used additives in the given amount did not
impact significantly the results as well. Higher amount (0,5 %, i.e. formulations FT0,5 and
FBO0,5) might have also impacted the resistance to corrosion of the model refractory castable.
However, as such an amount already had detrimental impact on the mechanical and fracture
resistance, it was considered as being of limited relevance for industrial perspective and their
resistance to corrosion not investigated.
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Tab. Ill.6: Results of the resistance to corrosion investigations (test temperature 1650 °C, desulfurization
slag, 1 hour dwelling time) for the reference high alumina colloidal silica bonded model casta-
ble (F-Ref), the high alumina colloidal silica bonded model castables with additives (FT and
FB) as well as the commercially available castable (IN). (four half segments per castable)

Corroded area (cross section) / cm?2 Infiltrated area (cross section) / cm?
Castable
mean standard deviation mean standard deviation

F-Ref 1,08 0,20 3,83 0,22

FT 1,22 0,16 3,98 0,27

FB 1,05 0,14 4,32 0,39

IN 0,73 0,09 10,21 0,75
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Fig. I11.12: Assessed values for the corroded and infiltrated areas (including standard deviation) of the
reference high alumina colloidal silica bonded model castable (F-Ref), the high alumina colloidal silica
bonded model castables with additives (FT and FB) as well as the commercially available castable (IN)
after the induction corrosion test.

The coarsening of the reference formulation (C-Ref), as well as the addition of spinel aggre-
gates AR 78, seems to slightly improve the resistance to corrosion of the high alumina colloidal
silica bonded model castable. Both the assessed corroded and infiltrated area were lower than
for F-Ref, but still within its standard deviation (Tab. I11.7 and Fig. 111.13). Coarsening a refractory
product microstructure reduce the share of the fine matrix that is preferentially attacked by the
corrosive medium because of its high specific area, and hence tend to enhance the resistance
to corrosion. Spinel is also known to promote higher resistance to corrosion.

While the use of colloidal spinel, instead of colloidal silica, as a bonding system significantly
limited the infiltration by the corrosive medium (i.e. reduced the assessed infiltrated area), it
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seems to have a much more moderate impact on the corroded area. The colloidal spinel bond-
ed model castable with the lower solid content in the sol (CSPS30) displayed the same amount
of corroded area as the reference colloidal silica bonded model refractory castable F-Ref. How-
ever, increasing the solid content in the sol (CSPS50) lead to slightly reduction of the corroded
area. Spinel is expected to be less prone to react with most corrosive medium than alumina and
already used in high-end industrial high alumina refractory castables to improve their resistance
against corrosion. The assessed effect in the present study remained rather moderate, but
nonetheless significant to mitigate the infiltration by the corrosive medium. Furthermore, while
not directly investigated in the present study, colloidal spinel as bonding system is anticipated to
display an enhanced stability when exposed to reducing conditions, which are expected to gain
in prominence as hydrogen using processes are on the rise.

Tab. Ill.7:Results of the resistance to corrosion investigations (test temperature 1650 °C, desulfurization
slag which was once withdrawn and renewed after 30 min, 1 hour dwelling time) for the two reference
high alumina colloidal silica bonded model castables (F-Ref and C-Ref) and the high alumina colloidal
spinel bonded model castables (CSPS30 and CSPS50). (four half segments per castable)

Corroded area (cross section) / cm?2 Infiltrated area (cross section) / cm?
Castable
mean standard deviation mean standard deviation
F-Ref 1,95 0,29 3,60 0,21
C-Ref 1,83 0,11 3,49 0,28
CSPS30 1,82 0,16 2,58 0,29
CSPS50 1,76 0,14 2,68 0,23
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Fig. 111.13: Assessed values for the corroded and infiltrated areas (including standard deviation) of the two
reference high alumina colloidal silica bonded model castables (F-Ref and C-Ref) and the high alumina
colloidal spinel bonded model castables (CSPS30 and CSPS50).
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4.5 Conclusions

While a refractory castable without reasonable placing properties may have some difficulties to
gain acceptance for applications in the industry, a refractory product with a poor high tempera-
ture behaviour will simply find no use at all. In both cases, the bonding phases of refractory
castables play a central role. Historically, the calcium aluminate cements have established
themselves as "workhorse" of bonding phases for refractory castables (reliable and cost-
effective), they nonetheless have some drawbacks (high risk of explosive spalling during drying,
limited resistance to acidic slags and ashes) and, after years of optimization, only limited poten-
tial left for further improvements. By contrast, colloidal bonded castables experience a growing
use in the industry (silica sols) and, despite their current limitations (low green strength, limited
refractoriness), have much to offer. In the present project, two different approaches were inves-
tigated to improve the refractoriness and resistance to corrosion. On the one hand, the for-
mation of liquid phases from colloidal silica, which jeopardise the structural stability of the re-
fractory castables, should be mitigated using additives promoting the early formation of mullite.
Either colloidal silica was expected to react directly with the additives or catalysing the mullitisa-
tion reaction and hence indirectly limiting the amount of silica available to form a liquid phase.
Alternatively, the additives could help the formation of mullite from the liquid phases and accord-
ingly directly reducing the amount of liquid phase in the system. On the other hand, by substitut-
ing the colloidal silica with an alternative colloidal oxide as bonding system, no silica rich melt
such be form at all and an improved high temperature behaviour achieved.

The mechanical and fracture behaviour of the developed model high alumina colloidal bonded
refractory castables was assessed with wedge splitting measurements. The wedge splitting
method enable to monitor the stabile fracture process of test pieces and hence quantified their
ability to resist damaging. The resistance to thermal shock was investigated using a new testing
system that enable ascending (fast irradiation heating) thermal shocks repeatedly applied to
refractory test pieces previously heated to a defined temperature. Hence the temperature
changes triggered at the surface of a test piece were controlled and a tailored investigation of
model colloidal bonded refractory castables resistance to thermal shocks in a practice-oriented
way was being achieved. Finally, induction furnace tests were performed to investigate the re-
sistance to corrosion of the colloidal bonded refractory castables in conditions mimicking an
application in the steel making industry.

The investigated additives (boehmite, TiO, and MgF2) did no lead to an improvement of the high
temperature behaviour of the high alumina colloidal silica bonded model castables. The me-
chanical and fracture resistance of the colloidal silica bonded refractory castables with additives
were, at best, comparable to the reference without additives, or deteriorated, especially with
increased amount of additives. In line with these results, the resistance to thermal shocks re-
sistance of colloidal silica bonded refractory castables with additives was slightly worsen. Simi-
lar results were obtained for the resistance to corrosion, where silica bonded refractory casta-
bles with additives performed very closed to the reference without additives or slightly worse.

The substitution of colloidal silica by colloidal boehmite as bonding phase for the model refracto-
ry castables resulted in samples that displayed extremely weak bonding after casting and could
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not be cut to obtain test pieces for the high temperature measurements. The investigation of
their behaviour at high temperature could accordingly not be performed.

Even though the use of colloidal spinel instead of colloidal silica resulted, again, in weak me-
chanical properties after casting, test pieces could be nonetheless manufactured and character-
ized. The said weak bonding in the green state was reflected by low values of mechanical
strength and specific fracture energy at moderate temperature. However, whereas above
1100 °C the reference colloidal silica bonded model refractory castable test pieces became too
weak to be tested, measurements on the colloidal spinel bonded model castable test pieces
could be performed up to 1500 °C. Their mechanical and fracture behaviour being even im-
proved at 1250 °C and still remaining better than below 1100 °C at a test temperature of
1500 °C. Concurrently and depending on the share of spinel in the colloidal suspension, the
resistance to thermal shocks of the colloidal spinel bonded model castables was quite similar to
their good performing the reference colloidal silica bonded model refractory castables equiva-
lent and could potentially be improved by promoting the formation of a very small amount of
liquid phase, which should not impact drastically the mechanical properties at high temperature
while enable the relief of thermal stresses. Finally, a slight improvement of the corrosion re-
sistance of colloidal spinel bonded model castables compared to the reference colloidal silica
bonded model refractory castables could be assessed. All in all, the developed colloidal spinel
bonded castables already displayed a decent high temperature behaviour, but most importantly
high alumina colloidal spinel bonded castables has considerable potential for application in ex-
treme environments (very high refractoriness, relative inertness to reducing atmosphere) and,
as a relatively new bonding system a large scope for improvement.
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