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Melt shearing has been suggested to be an efficient means of structure
refinement through oxide dispersion and fragmentation. One of the process
parameters that needs to be optimized is the shearing time. In this paper, the
effect of shearing time on alumina powder refinement was studied in a model
system with water as a working fluid. The established time was taken as a
first approximation for experiments with the liquid metals processing by a
high shear device based on a rotor–stator technology. The water model find-
ings were confirmed experimentally on liquid aluminum alloys, and indicate
that the optimal time of mixing is equal to 4 min in fully agitated conditions
for the volume of 2.7 dm3.

INTRODUCTION

The removal of harmful oxide films from alu-
minum melts has been a key research field for many
years, as their formation is unavoidable. In recent
years, an alternative way of tackling this issue has
been suggested, i.e. breaking the films into small
fragments or particles instead of removing them
from the liquid metals.1,2 This is done by intensive
melt shearing using a stator-rotor device. Usually,
entrained oxides and films are distributed non-
uniformly in the melt. They are frequently large,
folded and have a poor wettability. Thus, the
naturally present oxide films are harmful as they
facilitate porosity and cracking.3–6 It is possible to
change this situation by a mechanical breakage of
clusters or films and the dispersion of them into the
liquid metal. Potentially, oxides (wet and dispersed)
may act as good nucleating substrates for aluminum
and magnesium.7–10

The Brunel Centre for Advanced Solidification
Technology (BCAST) have proposed to realize this
by using a high-shear mixer (HSM; Fig. 1b). During
the intensive melt shearing, fragmentation of the
oxide films as well as dispersion of individual oxide
particles occurs. Finally, after processing by the
HSM, they can play the role of nuclei in the
nucleation process. The effect of melt shearing was
a reduction in grain size, as reported by the BCAST
team.11–14

The best processing conditions are, however, still
not established. In this paper, we aim to find the
best HSM processing time for aluminum and mag-
nesium alloys using a water model with validation
on an aluminum alloy.

MATERIALS AND METHODS

To check the influence of processing time on the
alumina powder fragmentation, a number of experi-
ments were required in a model system with about 1 L
of water. As the viscosity of water at room temperature
is similar to liquid aluminum and both are Newtonian
fluids, water can mimic the aluminum flow behavior
and is often used as a modeling material (i.e. Refs.
15–18). The HSMwas immersed toabout 20 mm above
the bottom of the cylindrical vessel. The stator had 48
round holes arranged uniformly in 4 rows with 15�
angular difference in the hole positions between the
rows. Alumina powder (2 cm3) of the initial rounded
average size of 165 ± 30 lm was added to the distilled
water. The rotational speed (N) of the HSM was
controlled and kept at a maximum level (9000 rpm).
After a chosen time, the powder was collected by
filtering and later cold-mounted into transparent
epoxy resin. To improve visibility, the samples were
ground and, after shearing, we could observe different
fragments of broken alumina granules. To find the
particle size distribution, we measured at least 200
observed areas of the broken particles.
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The validation of the water experiments were
done by shearing a prepared Al-3%Mg binary alloy
at 660�C (above the alloy liquidus). The ceramic
mixer suitable for the metal processing with N equal
3000 rpm has an outside diameter of 42 mm while
the rotor diameter was 32 mm. The stator holes
were round and arranged in rows. To avoid a
temperature change, the crucible holding 2.7 dm3

of the melt was placed in a heater. To examine the
effect of HSM processing on the structure, the
Aluminium Association Test Procedure-1 (TP-1)
mold was used. The samples for metallography
were cut at 50 mm above the bottom of a TP-1
casting and ground, polished and anodized to reveal
the grain structure. Prepared metal samples, as
well as mounted powders, were examined in a Zeiss
microscope equipped with image analysis software.
The grain size was measured by a conventional
random intercept method with statistical analysis of
the data.

RESULTS AND DISCUSSION

Alumina Shearing in a Water Model

The density difference between alumina and
water is different from that of alumina and liquid
aluminum. The alumina powder behaves as ‘‘heav-
ier’’ particles in the water than in the liquid
aluminum because of the higher density differences
between the solid and liquid phases. Thus, we used
the maximum speed of the motor and different
processing times in a range of up to 10 min. The
time choices were based on our previous observa-
tions. The processing of the hard alumina powder by
HSM causes a loud noise. In our experiment, the
noise disappears after about 3 min, apparently
because the size of the particles becomes finer and
they move smoothly through the head. By varying

the processing time, we were able to observe the
progress of the fragmentation process. Table I and
Fig. 1 present the observed results of the frequency
distribution of particles area (FDPA) of alumina
sheared for 4 min and 10 min against the FDPA of
non-sheared powder.

Longer processing (10 min) of alumina
(see Fig. 1a) improves the results of shearing espe-
cially in the range below 10,000 lm2. In particular,
the range of 0–5000 lm2 contained over 67% of the
measured sizes after a 10-min shearing against 42%
of particles found after 4 min of shearing. This
difference was not very significant as the processing
time was over 2 times longer. During 4 min of
shearing, the number of particles with the area of
up to 10,000 lm2 increased from 22.5% to 60.8%
(about 10% per min). Next, the 6 min of mixing
increased this number to 77.7% (about 3% per min).
These results indicate that the process of particle
refinement is much faster at the beginning and later
slows down. This is consistent with the theory,19

since the number of agglomerates should decrease
during the HSM processing up to the moment when
almost all the clusters are broken (in an ideal
situation). These experiments are the first direct
evidence that intense liquid shearing may result in
the fragmentation of hard and strong ceramic
particles. The time dependence observed in this
physical modeling cannot, however, be directly used
to estimate the optimum shearing time for the oxide
fragmentation in metallic melts. The shear forces
which should effectively disperse oxides into the
melts are much smaller than in the case of shearing
the alumina particles. In the molten metal, oxides
are present as films and clusters.20 Particles in
agglomerates are joined by van der Waals attractive
forces. To de-agglomerate them, it is necessary to
apply forces which are stronger than the attractive

Fig. 1. (a) The histogram of the FDPA of the alumina before and after shearing by the HSM. (b) The HSM diagram.
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forces. In the model system, we have applied shear
forces to solid alumina particles bound by much
stronger ion bonds.

In the case of the van der Waals forces, the
attractive part of the bond potential is represented
by r�6 (where r = the distance between the both
charges’ localization).21 The force decreases rapidly
when the distance increases, thus this force is
known as a short-range force. The van der Waals
bond is the weakest of all bond types, with a
strength between 0.01 eV and 0.1 eV per bond.22,23

The aluminum oxide molecules are bound by ionic
bonds. The bond energy is typically about 8–
10 eV,24,25 which means that in the model situation
we are breaking bonds about 100–1000 times
stronger than those expected to bond oxide films
and agglomerates in the melt.

Unfortunately, it is difficult to predict the exact
values of the forces which join the agglomerates and
films together, as they depend on local and tempo-
rary conditions such as the presence of dipoles and
the distance between them, as well as the number of
dipoles in the agglomerates. Instead of predictions,
we can refer to real shearing effects. Previous
experiments with melts11–14 indicated that the
shearing forces applied were strong enough to break
the agglomerate oxides which resulted in a decrease
of grain size. Besides those experimental observa-
tions, Men et al.26 used both experiments and
theoretical modeling to investigate the mechanisms
of grain refinement by intensive melt shearing.
They found that intensive melt shearing can effec-
tively disperse MgO films into further individual
particles. The MgO particle density was three
orders of magnitude higher than those without
shearing. Men et al.26 attributed the refining effect
of intensive melt shearing to the significantly
increased refining efficiency of the naturally occur-
ring MgO particles. The time necessary to shear
metallic oxide agglomerates in the melts is
unknown, but computer simulations indicate that
only one pass will be effective enough for oxide
dispersion.27 Taking this prediction into account,
the shearing time will be optimal when all the liquid
passes through the head at least once. That means
that the time should be at least equal to the time
necessary to perform full mixing of the liquid, plus
the time necessary to flow all the liquid through the

head. As the predictions of the model cannot give us
an exact forecast about the mandatory time for
effective oxide shearing, we obtained these results
experimentally as presented below. The physical
modeling discussed above allows us to conclude that
the most important changes happen probably in
first 4 min and no later than after 10 min of
processing. The time necessary for the de-agglom-
eration of relatively weak bonds should be shorter
or equal to 4 min since this time was sufficient for
the breaking of much stronger ion bonds.

Shearing Influence on the Grain Size of Al
Alloys

There are some correlations available for the open
impellers to predict the mixing time if the impeller
design and the physical properties of the fluid are
known,28 but no such data exist for the high-shear
rotor–stator devices. The main practical question is
what is the minimum or optimum time needed to
disperse and distribute oxides in a vessel? When we
operate with a specific fluid, the key point is to
check the time influence on the real process. In
metallurgy, the measurements of the homogeneity
system during liquid metal processing are difficult.
Instead of the real-time homogeneity measure-
ments, we can compare the results of the oxide
dispersion. There are good indications that the
dispersed oxides act as nucleation sites which are
translated to the reduced grain size.7–14 Thus, a
number of grains and differences in their sizes can
give us information on how effective is the process-
ing by the HS device for a chosen time. To establish
the critical time, we checked the processing times of
the Al-3%Mg alloy in the range of 1–10 min. The

Table I. The FDPA of alumina particles before and after the HSM processing

Particle area (lm2)

Frequency distribution (%)

Before shearing After 4 min shearing After 10 min shearing

0 1 26.9 50.8
5000 7.5 15.3 16.8
10,000 10 18.6 10.1
15,000 8.5 9.1 7.1
20,000 11.5 9.5 5.4

Table II. Grain sizes of an Al-3%Mg alloy in
dependence on the time of shearing

Time of shearing (min) Average grain size (lm)

1 490 ± 34
3 410 ± 31
5 310 ± 22
8 310 ± 35
10 320 ± 28
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average grain size is presented in Table II as the
function of the shearing time at 3000 rpm. The used
N is smaller than in the model experiment but is
enough to achieve the full mixing mode29 since the
head diameter is bigger.

After some specific time, the grain size reached
saturation. We observed the change in the grain size
only in the first few minutes (<5 min). A number of
similar experiments confirmed the repeatability of
these results: after 2 min of shearing, the rounded
average grain size was about 178 ± 23 lm and
decreased to 156 ± 20 lm after 3 min. The fourth
minute of shearing determined a further grain size
reduction to 97 ± 1 lm. Although the grain size was
different (maybe due to the specific impurity level or
the local cooling rate), the trend in the grain size
dependence on the shearing time was the same, i.e.
4 min resulted in full processing.

Figure 2 shows the grain structures observed
after 2 min and 4 min of HSM shearing. The
considerable grain refining is observed after about
4 min of shearing in fully agitated conditions. Thus,
the minimum time of dispersion and distribution of
oxide clusters for this experimental setting is
expected between the 3rd and 4th min of shearing.

We can assume that, in fully agitated conditions,
the oxide films and clusters should be dispersed and
the number of agglomerates should decrease up to the
moment when it reaches the equilibrium. In the ideal
situation, when there will be no more clusters to be
dispersed, the liquid with the oxide will just be stirred
without big variations in the local homogeneity.19

Unfortunately, the exact predictions of the time

necessary to break the bonds of clusters and films
are not yet available. The Tong27 simulation indi-
cates that only one pass of the fluid through the head
is required. However, the experimentally found time
equivalent to 4 min reflects not only the time neces-
sary for de-agglomeration but it is the time needed for
full agitation as well as the time required for all of the
fluid to pass through the head enough times to cause
cluster fragmentation. Thus, this experimentally
observed value can be treated as a guideline for a
user, but the full optimization of the process needs
more research, for example, the comprehensive com-
puter simulation of the cluster breakages.

CONCLUDING REMARKS

Effective dispersion is dependent on the flow behav-
ior and requires full vessel agitation to be kept going
for over 4 min as that is the time when the process
probably reaches the steady state. The proposedmodel
indicates this time as being sufficient to achieve good
fragmentation results. The liquid metal experiments
confirm that grain sizes decrease significantly after
4 min of shearing in fully agitated conditions.
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Fig. 2. The grain size of an Al-3%Mg alloy decreases with the shearing time (images are shown for two magnifications); (a, b) after 2 min of
shearing, (c, d) after 4 min of shearing.
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