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ABSTRACT

The influence of the aggregate materials in refractory castables on
their shear rate-dependant dynamic viscosity is still unknown, be-
cause the known testing methods simply cannot determine it.
Therefore, a shear rate-controlled method for the measurement of the
shear rate-dependant viscosity of refractory castables, based on a lift-
ing sphere rheometer coupled with CFD-FEM analysis, was devel-
oped, verified and applied for refractory research.

The dynamic viscosity of castable matrix suspensions was measured
with this new method and compared to data obtained with a stand-
ardized rheometer. Data obtained with the new method is in excellent
accordance with those from a state of the art rheometer.

The new method was used to investigate the evolution of the dy-
namic viscosity in castables, starting from castable matrix suspen-
sions which were increasingly loaded with coarser aggregate materi-
als until the composition of complete refractory castables was
achieved. As the loading with aggregates was increased, the dynamic
viscosity increased also.

Since the aggregates in such materials strongly influence the shear
rate-dependant viscosity, the measurement of matrix suspensions of
refractory castables with conventional rheometers is not sufficient to
quantitatively evaluate the dynamic viscosity of refractory castables.
With the new method one can determine the shear rate dependant
dynamic viscosity of refractory castables directly and exactly.

INTRODUCTION

Refractory castables are products of increasing importance for the
refractory industry and their users [1]. Their rheological properties
during processing, which depend on the composition and on the mix-
ing process, define their processing properties. These processing
properties have to be adjusted to the chosen installation method, like
vibro-casting or self-levelling, so that defect-free linings or prefabri-
cated parts are achieved. Otherwise, effects like sedimentation or
casting cavities in the castables may reduce the service life of linings
or prefabricated parts. Thus, the quality of a refractory castable in
service is decided largely by its rheological properties during pro-
cessing [2, 3, 4]. Insufficient rheological properties lead to decreas-
ing performance respectively to failure of linings [5].

DIN EN ISO 1927-4 is commonly used to determine the rheological
properties of refractory castables. In the case of self-flowing refrac-
tory castables, a cone is filled with the castable, the cone is lifted and
the diameter of the resulting spread of the castable after two minutes
is measured. A major problem of methods that are measuring spread
or slump, however, is that it is impossible to obtain rheological prop-
erties in dependence of the shear rate, shear stress or the viscosity of
refractory castables. Consequently, these properties cannot be ad-
justed and optimised as, for a detailed description of rheological
properties, these methods are unsuitable [6]. As a result, materials
with the same yield value, but very differing dynamic viscosities, can
lead to the same test result when measuring the spread, whereas their
rheological behaviour in processing (e.g. pumping, high shear rates)
are completely different. This could mean that castables could be to-
tally unsuitable for some processing techniques, even if their slump
flow appears to be good.

Other methods to determine the rheological properties of refractory
castables which are available on the market or are being described in
research literature exhibit several disadvantages, whereby all of them
are not suitable to determine the viscosity of refractory castables in
dependence of the shear rate with desired accuracy [4, 6, 7, 8, 9, 10].
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For this reason, a new method for the determination of the shear rate-
dependant dynamic viscosity was developed and verified at For-
schungsgemeinschaft Feuerfest e. V. (FGF) as presented before. This
method is based on a lifting sphere rheometer that is coupled to CFD-
FEM-analysis and takes a huge step towards reliable information
about the viscosity of refractory castables. Comparative measure-
ments of the shear rate-dependant dynamic viscosity of two different
kaolin slurries, determined with a standardized rheometer, showed
outstanding accuracy between the new and established methods. In
addition, the new method was used to investigate the rheological be-
haviour of two refractory castables. The drawback of this method
was that it featured a force controlled setup instead of a shear rate
controlled setup, and consequently a direct comparison of the dy-
namic viscosity of different materials at the same shear rate was al-
most impossible [11].

Some authors describe a correlation between the flow of concretes /
refractory castables with the rheology of their matrix suspensions [3,
12, 13], while others explain that the measurement of suspension rhe-
ology is not suitable for the description of the refractory castable rhe-
ology, since they declare a major influence of the aggregates [14,
15]. These contradicting statements are probably based on the meas-
urement of rheological parameters with unsuitable methods.

The objective was thus to identify how coarse aggregates influence
the rheological properties of refractory castables. Furthermore, an
understanding is necessary about how rheological properties of the
matrix suspensions can be correlated to those of the castables.

MATERIALS AND METHODS

Materials

Matrix suspensions

Three castable matrix suspensions were investigated (table 1). Their
compositions regarding the calcined (CT 9 FG and CT 800 FG, Al-
matis, Germany) and reactive alumina products (NO 725-10 and
NO 713-10 RF, Nabaltec, Germany) were varied in terms of type and
concentration/content, whereas the sum of concentration/content of
these materials was kept constant. The contents of water and super-
plasticizer (Castament FS 60, BASF, Germany) were always kept
constant. The particle size distribution from coarse to fine was
S2 >> S1>S3. The particle size distributions were varied with the ob-
jective to modify the rheological properties of the matrix suspensions
and of castables which were based on them.

Table 1: Castable matrix suspensions.

S1 S2 S3
Raw material in wt.-% in wt.-% in wt.-%
T60 -45 um 51,4 51,4 51,4
CT9FG 0 14,3 0
CT 800 FG 0 14,3 0
NO 725-10 28,6 10 20
NO 713-10 RF 20 10 28,6
Castament FS 60 0,3 0,3 0,3
Water 15,7 15,7 15,7
Matrix particle medium coarse fine
size distribution fine

Suspensions with aggregates and castables

Subsequently, the matrix suspensions (“S17, “S2” and “S3”, abbre-
viated as “Sx”’) were increasingly loaded with tabular alumina aggre-
gates to become coarser (T60 0-0.5 mm, 0.5-1 mm, 1-3 mm,
3-6 mm, Almatis, Germany) and labelled “Sx + A” indicating the
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size of the aggregates included. The final composition of “Sx + A”
loaded with T60 of all sizes (0-6 mm) equalled that of a complete
refractory castable. The proportion of water to matrix suspension as
well as the proportion of water to superplasticizer remained constant.
Table 2 shows the compositions of the matrix suspensions with ag-
gregates. All of these materials were investigated using all three dif-
ferent matrix suspension S1, S2 and S3 as base materials.

Tab. 2: Matrix suspensions with increasing aggregate content up to
the refractory castable composition (cement free).

Sx+A Sx+ A Sx+ A Castable
0-0.5 0-1 0-3 0-6
mm mm mm mm
Raw Material inwt-% | inwt.-% | inwt-% | inwt.-%
T60 3-6 mm 0 0 19
T60 1-3 mm 0 0 21 17
T60 0,5-1 mm 0 21.9 17.3 14
T60 0-0,5 mm 30 234 18.5 15
Matrix 70 54.6 43.1 35
FS60 0.2 0.16 0.12 0.1
Water 11 8.6 6.8 5.5
Sample preparation

The matrix suspensions were mixed with a Vollrath stirrer for about
20 minutes.

The matrix suspensions loaded with tabular alumina aggregates and
the castables were prepared in a similar way, where 5 kg were dry
mixed for 0.5 minutes and subsequently mixed for 5 minutes after
water addition.

Methods

Rheological Measurements

Rheological measurements of the matrix suspensions with a stand-
ardized rheometer were carried out with a coaxial cylinder rheometer
(Malvern Kinexus Pro+) with the system C 25 SW1177.

The shear rate dependant dynamic viscosities of the matrix suspen-
sions and the materials containing aggregates were determined with
the lifting sphere rheometer with coupled CFD-FEM. The materials
were filled into a cylindrical test container with a diameter of 90 mm
up to a height of 150 mm. A sphere with a diameter of 15 mm was
positioned at the bottom of the test container before starting the
measurement and then lifted up with a constant lifting velocity. The
force required for lifting was measured and the dynamic viscosity
was calculated from this. The data of the attempts were integrated in
a CFD-FEM with which the shear rate was determined.

RESULTS AND INTERPRETATION

Verification of the new method

The method for the determination of the shear rate dependant viscos-
ity of refractory castables based on a lifting sphere rheometer [11]
has been further developed into a shear rate controlled method by
using an electromagnetic linear motor and a force measurement sys-
tem. This makes it feasible to measure the dynamic viscosity at a
predefined lifting velocity of the sphere, which makes measurements
directly comparable. At first, the verification of the new method was
carried out and the reproducibility was proven for matrix suspensions
of refractory castables (cement free). Therefore, the shear rate de-
pendant viscosity of the matrix suspension S1 was determined using
a standardized rheometer (figure 1, light blue, triangle) and the lifting
sphere rheometer (figure 1). For the lifting sphere rheometer, the cal-
culation of the shear rate was first done by using different formulas
from literature, of which only the most applicable results are being
presented (figure 1, light red, rhombus) [16]. For the same attempt,
CFD-FEM was used for the determination of the shear rate (figure 1,
green, circle).

In all measurements, the dynamic viscosity decreased in a more or
less regressive way with increasing shear rates. In comparison to the
evaluations of the shear rate according to the state of research and
technology (light red, rhombus), the calculation of the shear rate with

the CFD-FEM (green, circle) shows excellent accordance with the
results from measurements with a standardized rheometer. Further-
more, the shear rate dependant dynamic viscosities of the three meas-
urements showed outstanding reproducibility. The test series verified
the new method for matrix suspension of refractory castables and the
reproducibility was approved.
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Fig. 1: Shear rate dependant dynamic viscosity of matrix suspension
S1 (medium fine matrix) measured with a standardized rheometer
(light blue, triangle) and with the lifting sphere rheometer. The eval-
uation was done according to [16] (light red, rhombus) and by CFD-
FEM (green, circle)

The new method is able to measure the dynamic viscosity in depend-
ence of the shear rate of refractory castables correctly, since effects
that causes error-prone data in the determination of the shear rate
dependant dynamic viscosity, like wall slip, segregation and dis-
turbed flows are avoided and the interaction with the container wall
is taken into account.

Influence of aggregates on rheology

An increasing shear rate dependant viscosity with an increasing ag-
gregate content was observed for the materials with matrix suspen-
sion S1 (medium fine matrix) as base (figure 2). In a qualitative way,
the dynamic viscosity firstly decreased with a rising shear rate to a
minimum and then remained nearly constant (matrix suspension) or
slightly increased (matrix suspension with aggregates).

At low shear rates of about 0.014 1/s the dynamic viscosity of Casta-
ble 1 exhibited a moderate to low level of about 300 Pa*s, which
should result in a good self-flowing ability. At shear rates of 0.5 1/s
and higher, the dynamic viscosity slightly rose from 200 to 250 Pa*s.
This represents, if any, a marginal dilatancy.
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Fig. 2: Shear rate dependant dynamic viscosity of materials which
were based on matrix suspension S1 (medium fine matrix).
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The materials with the base S2 (coarse matrix) showed a quite dif-
ferent rheological behaviour in comparison to materials with the base
S1. As depicted in figure 3, the dynamic viscosity of the matrix sus-
pension as well as of the materials with aggregates up to a maximum
aggregate grain size of | mm decreased firstly with increasing shear
rate, reached a minimum and then rose again with increasing shear
rate. The dynamic viscosity of the coarser materials dramatically in-
creased with an increasing shear rate after first remaining stable up
to a shear rate of 0,15 1/s.

At low shear rates of about 0.014 1/s, a low dynamic viscosity of
Castable 2 of about 200 Pa*s was determined, which should result in
an excellent self-flowing ability. At shear rates of and above 0.2 1/s,
the dynamic viscosity increased exponentially with an increasing
shear rate to over 3000 Pa*s at 0.6 1/s. The dilatancy was found to
be so distinctive that it is assumed that it will be very hard or impos-
sible to process this castable through mixing and/or pumping.
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Fig. 3: Shear rate dependant dynamic viscosity of the materials
which are based on matrix suspension S2 (coarse matrix).

The materials with the base S3 (fine matrix) showed a qualitatively
comparable progression of the dynamic viscosity in dependence of
the shear rate (figure 4). The dynamic viscosity dipped initially with
an increasing shear rate and maintained the same level thereafter.
The dynamic viscosity of Castable 3 dropped from a high value of
over 1000 Pa*s at a shear rate of 0.014 1/s to approximately
250 Pa*s at a shear rate of 0.12 1/s and remained stable at a level
between 200 and 300 Pa*s up to a shear rate of 1 1/s. The high dy-
namic viscosity of Castable 3 at low shear rate results in a poorer
flow compared to the other two castables under investigation. As a
result of the remaining low viscosity at high shear rates, the Castable
3 showed no dilatancy and therefore should be very easy to process
by mixing and pumping

The shear rate dependant viscosity of the aggregate loaded materials
was found to be strongly influenced by the aggregate content. As the
aggregate content increased, the progression of the dynamic viscos-
ity in dependence of the shear rate changed. The new method for the
determination of the shear rate dependant viscosity based on a lifting
sphere rheometer allows a direct and exact determination of the shear
rate dependant dynamic viscosity of refractory castables and other
aggregate loaded materials. This is an important step in materials
characterisation, since traditional methods like rheometric measure-
ments of matrix suspensions are unsuitable to obtain accurate and
quantitative information about the castables rheology.

28" and 29" September 2022

10000
1000
%
A~ .I.'.'.‘..,......
g
= 100
g 10
2
>
o
1
0,1
0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6

shear rate in 1/s
o o=« S3 + A 0-3 mm
= @« S3 + A 0-0,5 mm

e ool e« Castable 3 (-6mm)
= epe= o S3 + A 0-1 mm
—— S 3
Fig. 4: Shear rate dependant dynamic viscosity of the materials
which are based on matrix suspension S3 (fine matrix).

Comparison of the behaviour of the castables investigated

The dynamic viscosities of the three castables investigated are dis-
played in figure 5. At very low shear rates, the dynamic viscosity of
the castables is ordered as Castable 2 < Castable 1 << Castable 3.
This order follows the particle size distribution of the castable matrix
suspensions from coarse (Castable 2) over medium fine (Castable 1)
to fine (Castable 3). A reason for this effect could be a less super-
plasticizer amount with a coupled high specific surface area of the
matrix, which leads to an incompletely occupied particle surface
with superplasticizer, resulting in a worse dispersion.

Castable 1 and Castable 3 showed almost no dilatancy, while Casta-
ble 2 showed high dilatancy. The dynamic viscosity of Castable 2 at
a shear rate of about 0.58 was about 10 times higher compared to the
other two castables. Since the only difference between the composi-
tions of the three castables is the composition of the matrix suspen-
sions, the dilatancy must be caused by the particle size distribution
of the matrix suspension of Castable 2. An explanation could be a
higher amount of matrix raw materials with grain sizes between
5-20 um like T60 -45 pm and the calcined aluminas, which causes
blockage effects of the particles at higher shear rates.
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Fig. 5: Shear rate dependant dynamic viscosity of the three casta-
bles. Castable 1- medium fine matrvix; Castable 2 — coarse matrix;
castable 3 — fine matrix.
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To link the fundamental rheological properties of castables, respec-
tively the shear rate dependant dynamic viscosity, with well-known
properties like spread flow, figure 6 show the spread (in %) in de-
pendence of the prevailing dynamic viscosity at the lowest measured
shear rate of 0.014 1/s. The spread flow is directly dependant on the
dynamic viscosity at this shear rate and is decreasing with an increas-
ing viscosity. Whether there is a linear correlation between the dy-
namic viscosity and the spread flow cannot be argued based on the
results from only three different castables.

250
0 Castable 2

200
(1)

=
Castable 1

é 150 astaoble
: O
5, 100
2 Castable 3

50

0

0 200 400 600 800 1000 1200

dynamic viscosity at 0.014 1/s in Pa*s

Fig. 6: Spread flow of the castables against their dynamic viscosity
at a shear rate of 0.014 1/s. As the dynamic viscosity of the casta-
bles increases, the spread flow is reduced.

CONCLUSIONS

The new lifting sphere rtheometer, developed by FGF, was used to
measure quantitatively the shear rate dependant dynamic viscosity of
refractory castables and other aggregate loaded materials. Since the
aggregates change the progression of the dynamic viscosity in de-
pendence of the shear rate, this new method is, in contrast to stand-
ardized rheometers, able to completely determine the rheological
properties of refractory castables.

The castables rheology is strongly influenced by their composition
and also by the particle size distribution of the matrix suspension,
which can lead to hampered flow or dilatancy.

The dynamic viscosity of the three castables under investigation at
low shear rates could be correlated to the spread flow, which indi-
cates a connection between the rheological properties and the pro-
cessing (flow) properties.

OUTLOOK

Since a huge effect of the aggregates on rheology was documented,
the influence of the particle size distribution on the rheological prop-
erties of castables and the resulting behaviour during mixing, flow-
ing and pumping will be investigated further, especially as there a
proven method for the determination of the dynamic viscosity is
available now.
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