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Abstract: Semi-solid aluminium alloy processing (SSM) has advanced into a more mature process
with many applications. The current paper aims to investigate the in-process behaviour of a pro-
duction slurry using an engineering approach to estimate the properties. A method to assess the
rheological properties of a semi-solid metal slurry was tested and found capable of producing mean-
ingful measurements. The foundations of this were to use a Rushton turbine setup for the assessment
through a model to optimize the factors included in the slurry rheology. In the analysis of the static
and dynamic part of the viscosity, it was concluded that the slurry turns increasingly into a solid
with increasing solid fractions where the static shear strength dominates the rheology more and more
compared to the dynamic components. The static yield strength was also found significantly more
dominant with increasing solid fraction, suggesting that the industrial-scale analysis using models
based on Ostwald—de Waale and Carreau modelling is far from sufficient for a process, such as the
RheoMetal process, with a very rapid slurry generation.

Keywords: semi-solid; casting; rheology; Hershel-Bulkley fluid; Rushton turbine

1. Introduction

Semi-solid aluminium alloy processing (SSM) has advanced into a more mature pro-
cess with many applications [1,2]. SSM processing was introduced by Spencer [3], and it
was initially identified as a fundamental discovery leading to a strong development of re-
search into the rheology of SSM slurries behaviour [4-6]. The behaviour includes primarily
shear thinning, and even yield points [6,7] and shear thickening [8] have been discussed.

Since Einstein’s [9] work on suspensions, the solid fraction has been important. The
shear history, the shape of the particles, and the slurry viscosity are essential [10]. Alexan-
drou and Georgiou [10] concluded that the SSM slurry behaviour could be described as
a Hershel-Bulkley fluid with a complex yield behaviour, including a static and dynamic
yield component, Equation (1). This was described as

T =10(fo A) + % (fe 7) + K(fo 1) 7" 0

Equation (1) consists of three terms, where the first term is the slurry strength and
the other terms on the right-hand side are steady-state flow properties. The structural
parameters, A, allows for a dynamic behaviour describing the effects of both particle shape
and the nature of particle—particle contact status in the slurry. Transient behaviour is
captured by changes in the structural parameter, A. Transient behaviour is beyond the
scope of the current paper that targets the characterization of a slurry and its state just
before pouring it into the shot sleeve and injecting it into the die cavity in Rheocasting. An
approach to model static, steady-state properties was devised by Ma et al. [11], starting with
the introduction of the concept of the maximum packing density, ¢;,. The factor ¢,, was
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described by Mueller et al. [12] who developed a phenomenological model for arbitrarily
shaped particles having an aspect ratio of rp as:
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Ma et al. [11] used the notion of maximum packing density, ¢,;, and Equation (1) and
developed an approach to include both the consistency index, K, and the shear thinning
coefficient, n, following the work of Maron and Pierce [13] for Equations (3) and (6).
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where 79 is the liquid viscosity. This relationship results in K becoming too small to
produce the measured viscosity, using the actual viscosity of liquid aluminium in the range
of 1-1.4 mPa s [14]. Ma et al. [11] pragmatically forced the liquid viscosity to 0.59 Pa s
instead of the actual 1-1.4 mPa s without giving any strong physics reasoning behind this
change of apparent viscosity. In work by Faroughi and Huber [15], the various regions
for both the capillary number Ca = (|v|1odp) /0 (where dp is particle size, v is speed and
0 is surface tension) and relative viscosity ratio, A = 17, /1o, between deforming particles
viscosity, 77, and the base liquid viscosity, 770, was discussed. The Eiler fit had the broadest
range in the description of the slurry structural behaviour
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where Bg is a phenomenological fitting parameter. Faroughi and Huber [15] collated
a number of models for both hard-sphere models and deformable particles. Bg as a
phenomenological coefficient can be used to compensate for the obvious discrepancy
between the liquid aluminium viscosity assessed by Dinsdale and Quested [14] and that
fitted by Ma et al. [11], which are incompatible and lack a physics explanation. The
work made by Faroughi and Huber [15] and by Maron and Pierce [13] only pertains to
the dynamic response of the slurry and through identification it may be assumed that
Equation (4) can be rewritten as Equation (5)

2
K fs
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It should be noted that Equations (4) and (5) are valid for any viscosity ratio A = 17, /7o
being the ratio between the particles and the liquid matrix fluid. It should also be noted
that Equations (4) and (5) requires that that the capillary number Ca < 1, following the
work by Faroughi and Huber [15].

The shear-thinning exponent was devised as

b
n=1—arp (ﬁ) 6)

where g and b are fitting constants. Ma et al. [11] concluded that since rp = 1 in their study
a condition on the product, arp, was fixed and set to, arp = 1, as n = 0 was set necessary
since flow was required at f; = ¢y, leading to that a = 1/rp in the current study. The
constant, b, was determined through a fitting process to b = 0.725 by Ma et al [11]. A
similar procedure will be used in the current paper.
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Ma et al. [11] also used the approach by Heymann et al. [16] for the yield strength, as
shown in Equation (5)

1

AT
(1-%)
here T, is the effective yield strength and 19 is the yield strength at the solid fraction given

by Equation (6). The factor inside the bracket that is used to multiply with 7 to get T,
should be seen as a structural correction factor for a slurry with a particular solid fraction

and particle shape.
2
fo = (1 - [) ®

Ma et al. [11] used measurements and regression modelling to describe the shear
strength, 1p. In the current study, the yield properties baseline for A356 assessed by
Pan et al. [7] will be used. Pan et al. [7] found that slurries with a solid fraction below 50%
obeyed an expression, such as Equation (7).

@)

Ty =10

1000
Tpa = q (9)
c+

£z

where ¢ and d are fitting parameters.

Pan et al. [7] studied A356 under two different conditions. Firstly, grain refined (GR
A356) where ¢ = —0.12 and d = 0.03. Secondly, Pan et al. [7] found that magnetohydrody-
namically stirred A356 (MHD A35, ¢ = —1.87 and d = 0.43) resulted in a slightly lower value
shear strength. These two conditions represent two different morphological states of the
particles in the slurry with equiaxed dendritic features for GR A356 and rounded globular
particles for MHD A356). In the current investigation 7, = Tp4 at the solid fraction given
by Equation (8) using the data for the GR A356.

Actual measurements of the viscosity of A356 are plentiful, as shown by Modigell et al. [6].
More recent measurements by Das et al. [17] also show similar behaviour, with data assessed
with a Searle type or rotating bob type of theometer. Das et al. [17] clearly illustrated that
a high cooling rate increases the viscosity compared to a low cooling rate. At the onset of
solidification, the viscosity increased from the fully molten state with just below 0.04 Pa s and
steadily increased to just below 5 Pa s near the eutectic temperature at a shear rate of 100 1/s,
which is approximately a factor twice as high than what was presented by Modigell et al. [6].
Even though Das et al. [17] used dynamic measurements, time scales may fit a process, such as
the SEED process, but are far too long compared to GISS and the RheoMetal process [2].

In all studies involving rheological characterization, precision instruments are used,
and results are obtained with high precision. The main issue in industrial practice is that the
slurry structure and grain formation and properties are far from the particle sizes and time
scales found in industrial processing, where the range of treatments is from a few seconds
up to just below 300 s [2]. Transient behaviour has been studied, but the initial creation of
slurries for the precision rheometers inhibits a one-to-one match of the slurry structures [6].
The current paper aims to investigate the in-process behaviour of a production slurry using
an engineering approach to estimate the properties.

2. Materials and Methods
2.1. Slurry Making

The material used in the current study was an Al75i0.3Mg alloy commonly used
for SSM processing and Rheocasting. The process used to make the slurry was the
RheoMetal™ process, and the casting equipment was an 800 t Buhler high-pressure
die-casting (HPDC) machine. The RheoMetal™ process is illustrated in Figure 1. The
slurry is generated directly in the ladle by first pouring off a small amount to be used as an
enthalpy exchange material (EEM); this is step 2. A previously cast EEM is reintroduced



Metals 2022, 12, 1221

40f13

for remelting, generating the slurry. In the current study, a secondary stirring was used
for the viscosity measurement, and samples were taken by quenching them in a copper
mould before doing a microstructural analysis. The choice of parameters was made such
that the size of the EEM conformed to production practice concerning the ladle size and
shot weight. The stirring speed for the EEM addition and EEM amount was varied. These
two factors affect viscosity. The stirring time was chosen such that the EEM always wholly
disintegrated into the ladle. The secondary stirring speed and timing were chosen to have
a difference in viscosity and shear history, allowing for varying slurry particle shape and
shear history. It should be noted that the effect of the processing parameters is not the
target here and that they are only means to vary the solid fraction. The parameters varied
are collated in Appendix A, Table Al.

Furnace EEM Stirring Secondary Stirring
Melt Melt Motor Motor

l |

HISEE

Slurry

Figure 1. A Schematic illustration of the RheoMetal™ process with (1) scooping up metal from the
furnace, (2) casting the EEM around the steel rod, (3) first stirring disintegrating the EEM, (4) the
secondary stirring using an impeller for slurry conditioning and (5) the slurry ready for pouring into
the shot sleeve.

2.2. Viscosity Measurement

The viscosity measurement was based on the power required for the secondary stir-
rings. The power was calculated based on the voltage measures using a Hewlett-Packard
voltmeter, and the current was measured using a Fluke amperemeter. Based on the results,
the viscosity parameters were fitted, assuming that the system behaved as a Rushton
turbine. The relationship between power and the properties of a Hershel-Bulkley fluid,
based on the work by Torrez and André [18], can be described as

T,

P = kpN2d® (K(ksN)"1 + o %) (10)
S

where kp and ks are geometric constants for the Rushton turbine, and N is the rotation rate

(1/s). The geometry of the Rushton turbine is shown in Figure 2, where the geometric

factors are defined as

2
kp = 4n3Nhi~% (11)
d (t/d)* -1
and
27

ks = Tt/ (12)

It should here be noted that the effective shear rate in a Rushton turbine is given by

. 2N

Ye =ksN = ——— (13)

In(t/d)



Metals 2022, 12, 1221

50f13

The geometry functions are collated with the results in Appendix A, Table A2.

k t

I

il

Impeller blade

h

Figure 2. Schematic of a Rushton turbine.

2.3. Microstructural Characterization

The microstructure was studied from samples quenched from step 5 in Figure 1 imme-
diately after the secondary stirring into a copper mould to establish the solid fraction in
the slurry at the end of the two stirring operations. These samples were cross-sectioned
and polished using conventional metallographic procedures. In order to reveal the actual
particle fraction in the slurry, Weck’s reagent was used, a colour etching technique reveal-
ing the Si distribution in the cross-section to reveal the solid fraction before quenching.
Weck’s reagent consisted of 4 g KMnOy4 and 1 g NaOH in 95 mL distilled water. For each
experimental condition, 10 samples were produced, resulting in 410 samples.

3. Results
3.1. Microstructural Characterization

The microstructure analysis revealed a typical microstructure from a RheoMetal pro-
cessed material. The microstructure shown in Figure 3 is similar to an equiaxed gravity
die-cast microstructure and does not display the typical globular microstructure commonly
found in semi-solid processed materials [1-3]. The RheoMetal process is signified by a rapid
slurry generation to a high fraction, where the trade-opp to productivity is a less globular
microstructure. A microstructure with a more equiaxed appearance would typically tend
to have a higher viscosity than a perfectly globular microstructure, as well as a tendency
towards developing networks promoting a static shear strength.

Figure 3. Microstructural illustration from (a) 2 kg shot volume and (b) 20 kg shot weight, etched
using Weck’s reagent. Dark areas were solid in the slurry before quenching. Lighter areas were liquid,
contained higher Si contents, and solidified during quenching.

Shape measurements of the particles would not provide useful data due to significant
variations. The dendrite envelope would have a similar role as the globular particle shape.
The standard deviations would render all measurements inconclusive.
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The evaluated solid fractions and the associated uncertainties are collated in Appendix A,
Table A2.

3.2. General Results and Parameter Fitting

The results from the experiments are collated in Appendix A, Table A2, together with
the geometric factors k, and ks for the Rushton turbine. It should first be mentioned that
the idealization of the stirring process with the Rushton turbine is a limitation in validity,
and the use of different-sized ladles in the stirring process illustrated this fact to show the
full volumetric engagement of the location of the stirrer relative to the wall is not fixed, and
a slight variation is seen. The fitting process revealed sensitivity to starting values for the
optimization forcing the optimization to be made in steps. The first step was to assume
that ¥p = 1 and perform a first stage fit of Br and b. Following this rp was optimized. This
allowed a final adjustment, optimizing all three parameters together.

In Figure 4, the general fit is illustrated. The largest shot weight with the highest tem-
peratures generated a deviation in the fit. This is likely because to achieve total volumetric
engagements, both the EEM stirring phase and the secondary stirring involved a slight
motion of the stirrer, causing a deviation in the actual geometry, partially invalidating the
Rushton turbine idealization. This only became effective for the largest shot weight and
the highest temperatures. A similar deviation was not seen for smaller shot weights and
higher temperatures.

Calculated power vs Experimental power
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Figure 4. Illustration of the general fit. The line is the ideal fitting. The markers with a red circle
are results from the 20 kg shot weight, and those indicated with a red cross are the 2 kg shot weight
experiments. The points within the dashed circle are the deviating points arising from the largest
shot weight of 20 kg, with melt temperatures above 768 °C.

In order to get the best possible fit, it was required to do an individual fit for each shot
weight. The outcome of the fitting is seen in Table 1.

Table 1. Fitted parameters and comparison to literature.

Parameter Current Study Literature

Shot weight (kg) 10 7 5 2 -
a 1.00 0.83 0.67 1 1[11]
b 1.51 1.49 1.47 1.75 0.725[11]
c —0.12 —0.12 —0.12 —0.12 —0.12 —0.121,-1.872[7]
d 0.03 0.03 0.03 0.03 0.031,0432[7]
p 1.00 1.20 15 1 1[11]
B 439 434 523 516 -

1o (Pas) 0.001 0.001 0.001 0.001 0.59 [11], 0.001-0.0014 3 [16,17]

! Grain refined A356 (GR A356), > Magnetohydrodynamically stirred A356 (MHD A356), > Above the melting point.
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Another matter to take note of is that Equation (3) dictates a relationship between
the consistency index, K, and the liquid phase viscosity, 7. Using the data for the liquid
viscosity under general acceptance as proposed by Dinsdale and Quested [14] will not
allow the calculation of a suitable consistency index, K. Ma et al. [11] used a pragmatic
approach for estimating it in their experiments, essentially making it a fitting parameter.
The main conclusion on this expression is that the seen consistency indexes can never
be achieved with the liquid phase viscosities. Equation (5) allows taking into account
the effects of deformable particles. The particle in semi-solid processing deformed was
shown by Esmaily et al. [19] using EBSD and revealing that the low angle grain boundaries
numbers were higher in semi-solid processed material than high-pressure die-cast material,
increased with the flow length of the slurry, adding plastic deformation to the apparent
viscosity in addition to the hard-sphere modelling. No clear evidence of deformation similar
to Esmaily et al. [19] could be found in the samples investigated. From the aggregate size
difference between the microstructural constituents in Figure 3a,b, aggregate fragmentation
is likely to occur during stirring. Since the material was quenched using gravity only and
not injected into a die cavity, the level of shearing would be less than what was observed by
Esmaily et al. [19]. Nevertheless, fragmentation would require plastic deformation of the
aggregates, justifying using a deformable particle model, as is the case in Equation (5), to
describe viscosity. The fitted parameters for the different shot weights are found in Table 1.

3.3. Viscosity Analysis

The apparent viscosity was determined based on the models and fitted data for the
different conditions. In Figure 5a, the apparent viscosity is shown as a function of the solid
fraction, and in Figure 5b, the influence of shear rate is shown. The spread is was caused
by the concurrent variation of the solid fraction and shear rate.

Apparent viscosity Apparent visocity
50.000
45.000
— ®
& 40.000
> 35.000 °
2 30.000 (]
g . °
2 25.000 * .o' ° . .
£ 20.000 L4 e o 8° o
g o ° [ 4 ']
& 15.000 @
o o ] g °
£ 10.000
5.000
0.000
25.0 30.0 35.0 50 100 150 200 250
Fraction solid (%) Shear rate (1/s)
(a) (b)

Apparent viscosity vs Turbine geometry

g 4
> 35 °
2 30 8 10kg
2 °
£ 25 ' 3] .
@ 20 ] °
e 15 ' 8 I
5_‘ 10 e

5 20kg 7&5kg 2 kg

0

0.0 5.0 10.0 15.0 20.0
Ks factor (mm)
()

Figure 5. The apparent viscosity as a function of (a) fraction solid where the solid line shows the
upper bound for the 20 kg shot weight and the lower bound generated by shot weighs 7 kg and
below, (b) shear rate dependence and (c) the influence of geometry.
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The deviation is not random, and the process parameters affect the outcome. The
upper bound of viscosities was generated by the large shot weight settings of 20 kg for the
apparent viscosity. The lower bound consist of the smaller shot weights of 5 and 7 kg. This
implies that there are influences from both thermal conditions and experimental geometry.
In terms of shear thinning, the spread is reduced with increasing shear rate, as expected
from the results found by Rheomenters, Modigell et al. [6], and Das et al. [17]. This is also
seen in Figure 5b. In addition, as viscosity is reduced with increasing shear rate, the actual
spread is also reduced.

The geometry of the Rushton turbine is characterized primarily by the factor, ks,
that in the current test becomes greater for the smaller shot weights. The effect of the
geometric factor representing the gap between the blades and the wall is seen in Figure 5c.
This is consistent with the effect of shear rate, and the smaller shot weight has generally
experienced a higher shear rate and a higher degree of total shear. This fact is important as
the resulting viscosity is dependent the on shear history [6].

The apparent viscosity has two contributions in the current model, one from the
dynamic behaviour signified by the consistency factor, K, and the shear exponent, n, and
one based on the static shear strengths of the slurry and its structure with a resulting shear
strength, 7,. The relative contribution from each part is shown in Figure 6a,b for the static
and dynamic contributions, respectively, as a function of the solid fraction. The relative
contribution from the static part increases with the solid fraction, illustrating that a more
solid-like behaviour is developing. In Figure 3a, it is, furthermore, seen that the aggregates
are smaller and more sound in the 2 kg shots, compared to the 20 kg shots, as shown in
Figure 3b. The irregular shapes would generate a more solid-like behaviour, since more
irregular particles would entangle more efficiently, resulting in a more solid-like behaviour.
This was also confirmed through a larger static viscosity contribution for the 20 kg shots
compared to the 2 kg shots, as shown in Figure 6a. Similarly, the dynamic portion decreases
based on the influence on both the consistency index and the shear thinning exponents
with an increasing solid fraction. As a consequence of geometry, the influence of the shear
history can also be seen since the dynamic contribution is higher from the smaller shot
weight that has experienced a greater total accumulated shear.

Static viscosity contribution Dynamic viscosity contribution
45.0 10
® =

& 40.0 (2 0.9 =
£ 350 - 08 ° %
P & 07
§ 300 & g -
> 25.0 P~ .S. 2 = z, 8 bl | =
= 5 g
8 200 0. “.o L L g oA e %
2 150 °® & > Caoo x
2 ° ° ® = 203 o
= 100 L E 02 °
pit e 0.
% 50 & 01

0.0 0.0

15.0 20.0 25.0 30.0 35.0 15.0 200 25.0 30.0 35.0
Solid fraction (%) Solid fraction (%)
(a) (b)

Figure 6. The relative contributions to the apparent viscosity from (a) static and (b) dynamic compo-
nents in the Herschel-Bulkley model. The 20 kg shot weight dominates the higher range of static
viscosity contribution (markers with a red circle) compared to the 2 kg shot samples (markers with
the red cross). The higher dynamic contribution arises from the 2 kg shot weights (markers with a
red cross), and the 20 kg shot dynamic contribution is shown with the red circled markers.

Similarly, the higher the shear strength material is dominated by, the larger the shot
weight, which suggests a more coherent structure at the same solid fraction. This suggests a
breakdown of a solid, more coherent structure into a more dispersed structure. The disper-
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sion results in more particles moving, resulting in a higher number of particle interactions
and hence a higher dynamic contribution. This can also be seen in the microstructure,
Figure 3a,b.

Taking a closer look at the static component, 7,. The variation originates from vari-
ations in the shear rates at which the apparent viscosity was established. The modelling
outcome for 7y is shown in Figure 7. As a reference for the behaviour of the shear strength,
Ty, the data from Pan et al. [7] details both the unstirred GR A356 material and the heavily
stirred MHD A356 material. The value for 7, ends up relatively close to the the strength
of GR A356, suggesting that the structure is not fully globular, which fits well with the
microstructural observations shown in Figure 3a,b. It should be noted here that this, further-
more, explains the relatively large contribution from the static properties of the slurry to the
apparent viscosity. This is a direct contrast to what has been argued based on viscosimetry
studies [6]. It also suggests that the static slurry properties would dominate the flow and
filling properties in industrial-scale processing with a rapid high solid fraction slurry.

Shear strength vs Solid fraction
5000

[
4500
_ GRA356 7,
& 4000 J
= o
< 3500 '0
?53 3000 2 /
~ ‘K [}
% 2500 o
= 1 o
2 2000 ® °
; 1500 . o®
= 1000
7 \ar
500 MHD A356 Globy

0
15.0 20.0 25.0 30.0 35.0

Solid fraction (%)

Figure 7. Illustration of the factors influencing the static behaviour with the shear strength, 7, and
the structure corrected shear strength compared to the data from Pan et al. [7] for the equiaxed GR
A356 (dash-dotted line) and the more globular MHD A356 (dashed line) microstructures.

The dynamic properties of the slurry, the consistency index (Figure 8a) and the shear
thinning coefficient (Figure 8b) are directly impacted by the solid fraction, both in measure-
ment and in modelling. The consistency index is similar to the stiffness or strength of the
dynamic portion. This factor is hard to compare to others because it highly depends on the
slurry structure and the models intimately connected to the liquid viscosity. In the current
study, each shot weight was given its evaluation of the consistency index. The model
predicts an increased stiffness of resistance with increasing solid fractions. This behaviour
is compatible with the expected behaviour with an increasing fraction, even without a
yield point, which should increase the resistance to flow. Based on experiments modelled
without a yield point, the yield point contribution is implicitly compensated for by a higher
value of the consistency index illustrated by data in, for instance, Modigell et al. [6], where
the consistency indexes are from 166 up to 789 Pa s™ and 1 to 20 Pa s™ from Ma et al. [11].

The shear-thinning exponent, #, is perhaps the most different factor. The fact that it
decreases with the solid fraction is not unexpected, dictated by the modelling approach. The
absolute nature is, on the other hand, different. The measurement was made in production
under a short duration compared to all other measurements made using rheometers that
use isothermal conditioning as in the work by Modigell et al. [6] or undercooling [17].
In common for all these studies is that the time frame and microstructure and chemical
shifts, including solid sphere behaviour, are very different from this found in rapid slurry
on-demand methods, such as GISS and RheoMetal processing. The iso-thermal assessments
result in a range of values from 0.08 down to —0.3. Ma et al. [11] made short-duration
dynamic measurements, resulting in shear exponents above zero and approximately 0.2 to
0.3 lower than the current study.
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Consistency index Shear thinning exponent
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Figure 8. Factors included in the dynamic portion of the viscosity with: (a) the consistency index
as a function of the solid fraction with the 10 and 7 kg shot weight experiments circled and (b) the
shear-thinning exponent with data from Ma et al. [11] (dashed line) and Modigell et al. [6] (red dots)
for comparison. Note that the orange markers are the experimental measurements, and the solid lines
are the model predictions for the different shot weights with the colour-coding in the figure legend.

4. Conclusions

A method to assess the rheological properties of a semi-solid metal slurry was tested
and found capable of producing meaningful measurements. The foundations of this
were to use a Rushton turbine setup for the assessment through a model to optimize the
factors included in the slurry rheology. The current study took a Herschel-Bulkley fluid
approach inspired by Ma et al. [11] but with a different approach to shear thinning and
static yield strength.

In the analysis of the static and dynamic part of the viscosity, it was concluded
that the slurry turns increasingly into a solid with increasing solid fractions where the
static shear strength progressively dominates the rheology compared to the dynamic
components. When comparing the properties to literature, it was found that the resulting
slurry properties were more similar to a grain refined material (GR A356) than a heavily
stirred materials (MHD A356).

One of the previously suspected drawbacks of rheometer testing for semi-solid metal
slurries was that the timeframe of the measurements did not fit the actual structures. The
outcome of this discrepancy is that understanding slurry behaviour in processes, such as
GISS and RheoMetal, will be significantly flawed. This discrepancy was confirmed and
revealed through a significant difference in the shear-thinning exponent that for short-term
measurements, as in this study, and for non-isothermal testing, well-suited for cooling
slope processing was higher than for rheometer-tested materials. The static yield strength
was also found significantly more dominant with increasing solid fractions, suggesting
that the industrial-scale analysis using models based on Ostwald—de Waale and Carreau
modelling is far from sufficient for a process, such as the RheoMetal process, with a very
rapid slurry generation.
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Appendix A

Appendix A contains the parameter settings used and the measured data from
the experiments.

Table Al. Experimental planning based on statistical design of experiments using a D-Optimal design.

EEM Secondary  Secondary
Run No Shot Weight Melt Temp. EEM Add. EEM Diam. EEM Height Stirring Stirring Stirring
(kg) (°O) (%) (mm) (mm) Speed Time Speed

(rpm) (s) (rpm)
1 20 678 6 70 115 1106 8 1106
2 20 638 5 70 100 900 11 900
3 20 640 5 70 100 900 20 900
4 20 631 5 70 100 1100 8 900
5 20 633 5 70 100 1100 8 900
6 20 680 6 70 115 896 20 896
7 20 644 5 70 100 1100 16 1020
8 20 687 5 70 100 896 8 896
9 20 681 5 70 100 1106 20 896
10 20 638 6 70 115 1100 8 900
11 20 642 5 70 100 1100 8 1100
12 20 685 6 70 115 1106 8 896
13 20 657 5 70 100 900 8 1100
14 20 635 6 70 115 1100 20 1100
15 20 642 6 70 115 1010 8 1100
16 20 686 6 70 115 1106 8 1106
17 20 687 5 70 100 896 20 1106
18 20 688 6 70 115 1106 13 1106
19 20 655 6 70 115 1000 20 900
20 10 647 9 70 90 1100 20 900
21 10 681 7 70 70 900 8 1000
22 10 647 9 70 90 900 12 1100
23 10 656 5 70 50 1100 20 1100
24 7 644 6 40 42 1000 14 1020
25 7 640 5 40 117 990 14 1020
26 5 644 8 40 40 900 8 1010
27 5 646 9 40 46 1100 8 900
28 5 687 9 70 46 980 20 1100
29 2 655 8 40 53.5 1080 20 670
30 2 648 5 40 35 1000 8 600
31 2 667 9 40 60 900 8 690
32 2 642 9 40 60 900 20 620
33 2 675 9 40 60 900 8 600
34 2 670 9 40 60 1100 20 600
35 2 645 5 40 35 1100 20 600
36 2 654 9 40 60 1100 8 690
37 2 694 5 40 35 900 20 600
38 2 694 5 40 35 900 19 600
39 2 684 5 40 35 1100 8 600
40 2 645 7 40 46 900 20 690
41 2 676 5 40 35 1100 20 690
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Table A2. Experimental results as solid fraction, fs and associated error from metallographic analysis,
the calculated Rushton Turbine geometry factors, k, and ks, and the measured and calculated power
for stirring.

fs Error Pg, Pcgc
Run No (%) (%) kp ks W) W)
1 26.0 24 613.53 7.601 929 755
2 26.8 2.2 613.53 7.601 656 573
3 28.2 3.0 613.53 7.601 657 617
4 29.4 0.6 613.53 7.601 658 658
5 29.8 2.0 613.53 7.601 683 670
6 25.3 1.6 613.53 7.601 865 523
7 28.7 1.7 613.53 7.601 691 764
8 227 0.5 613.53 7.601 863 446
9 21.9 14 613.53 7.601 872 424
10 31.1 2.5 613.53 7.601 685 717
11 28.0 0.9 613.53 7.601 720 830
12 19.0 34 613.53 7.601 860 343
13 28.5 1.9 613.53 7.601 730 850
14 29.0 1.9 613.53 7.601 743 870
15 29.0 4.0 613.53 7.601 741 872
16 23.2 1.2 613.53 7.601 927 648
17 22.7 1.9 613.53 7.601 945 629
18 21.3 1.1 613.53 7.601 948 575
19 33.5 2.1 613.53 7.601 662 812
20 29.8 2.1 661.47 9.065 673 655
21 28.7 2.1 661.47 9.065 733 733
22 29.4 1.4 661.47 9.065 760 883
23 31.6 1.8 661.47 9.065 781 971
24 27.9 29 644.56 11.657 703 616
25 31.1 2.1 644.56 11.657 703 703
26 27.7 1.2 590.84 11.657 692 753
27 27.7 0.7 590.84 11.657 658 624
28 25.7 3.7 590.84 11.657 788 788
29 31.6 0.8 694.82 17.616 575 656
30 31.5 1.7 694.82 17.616 547 547
31 33.4 1.6 694.82 17.616 579 734
32 31.0 0.9 694.82 17.616 565 565
33 30.6 34 694.82 17.616 548 527
34 30.2 1.2 694.82 17.616 550 518
35 28.7 22 694.82 17.616 549 484
36 29.6 1.6 694.82 17.616 592 634
37 25.1 1.7 694.82 17.616 591 399
38 249 2.0 694.82 17.616 583 394
39 23.9 1.7 694.82 17.616 558 372
40 28.7 1.7 694.82 17.616 580 608
41 28.1 1.8 694.82 17.616 625 592
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