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The Influences of Grain Refiner, Inclusion Level,
and Filter Grade on the Filtration Performance
of Aluminum Melt

JIAWEI YANG, SARINA BAO, SHAHID AKHTAR, ULF TUNDAL, STIG TJØTTA,
and YANJUN LI

The addition of grain refiner particles in the aluminum melt is known to reduce the filtration
efficiency of ceramic foam filter (CFF). In the present work, a systematic study on the influence
of the addition level of Al-Ti-B master alloys and the inclusion level on the filtration
performance of aluminum melt has been investigated by pilot-scale filtration tests using 50 PPi
and 80 PPi filters. The inclusion level of the melt has been measured using both LiMCA and
PoDFA. For 80 PPi CFF, the N20 inclusion (diameter larger than 20 lm) value in the
post-filtrated melt does not increase when an ultra-high level of inclusions is introduced in the
form of chips. For the melts with a low level of grain refiners (~ 0.5 kg/ton), the filtration
performance of CFF is not affected by grain refiners, regardless of inclusion load. An addition
of 2.0 kg/ton grain refiners reduces the filtration performance for melts with a high inclusion
level, where post-filtration inclusions with the size of 15-20 lm were significantly increased. It is
found, however, for the melts with an ultra-high inclusion load, the filtration performance of 80
PPi CFF is not affected by the grain refiner addition up to 2.0 kg/ton. The interactions between
inclusions and grain refiner particles and the filtration mechanism have been studied by
characterizing the spent filter and measuring the pressure drop during the filtration process. It is
revealed that the strong adherence between oxide film with grain refiner particles dominates the
grain refiner influence on the filtration performance of CFF. During the filtration process, oxide
films have strong influences on the capturing of other inclusions such as oxide particles and TiB2

particles by the filter. A mechanism based on the interactions between oxide films and grain
refiner particles is proposed to explain the CFF performance under the influence of grain refiner.
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I. INTRODUCTION

AN aluminum melt of high cleanliness, namely a less
content of contamination, is crucial for the metal quality
of aluminum castings, the subsequent thermomechani-
cal processes, and the mechanical properties of final
products. The most common contaminants in aluminum
melt include dissolved gasses (hydrogen), alkali and
alkaline earth elements, a variety of intermetallic com-
pounds, and nonmetallic inclusions, for instance, oxides,

carbides, borides, nitrides, etc.[1]. These contaminants
may come from the refractory material, raw material
during the electrolysis, or even during the refining
process.[2]

Different methods such as sedimentation, bubble
flotation[3,4] fluxing,[5] electromagnetic separation tech-
niques,[6] centrifugal separation,[7] and filtration[8–24]

have been studied to remove the inclusions from molten
aluminum. Filtration of aluminum by ceramic foam
filter (CFF) is one of the most used methods in the
casting industry nowadays owing to its relatively low
cost and high efficiency.
Besides the metal cleanliness, a fine equiaxed grain

structure will help to reduce the defects during the
casting process and improve the processability and
mechanical properties of aluminum alloys. This can be
realized by adding grain refinement master alloys in the
alloys, such as Al-3Ti-1B, Al-5Ti-1B, or Al-3Ti.0.15C,
etc., which contain a large number of potent inoculant
particles like TiB2 and TiC. Unfortunately, it is known
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that the addition of grain refiner particles reduces the
filtration efficiency of aluminum melt with a heavy load
of inclusions by CFF filtration.

The reduction of CFF filtration efficiency by grain
refinement was reported by Towsey et al.[25] A system-
atic investigation on the filtration efficiency of AA 1050
aluminum melt by using 50 PPi CFF with various grain
refinement master alloys (Al-Ti-B, Al-Ti-C) was made
by Towsey et al.[25,26] It was shown that the reduction of
filtration efficiency by grain refiners only happened
under a ‘‘high inclusion load’’ (N15 values in the range
of 6 to 28 k/kg melt in their experiments), while the
filtration efficiency remains unaffected under ‘‘low
inclusion load’’ (N15 value below 2 k/kg). It was also
found that the Al3Ti intermetallic phase alone without
TiB2 particles does not harm the filtration efficiency.
Increasing the inclusion load does not harm the filtra-
tion efficiency either when grain refiners were absent.
Therefore, the grain refiner particles were supposed to
be the reason for filtration efficiency reduction. They
pointed out that the inclusions can form a ‘‘bridge’’ at
the filter window, which increases the filtration efficiency
by changing the filtration mode from a less efficient
depth mode into a more efficient cake mode. They
suggested that the grain refiner particles could destroy
or prevent the formation of the inclusion bridge, which,
therefore, caused the reduction of filtration efficiency.
The supporting evidence was that the inclusion bridges
could not be found anymore in the spent filter when
grain refiners were introduced.

However, how the inclusion bridge forms and how the
grain refiner particle destroys the bridge remain
unknown. Based on the figures shown by the authors,
the inclusion bridge seems to be composed of inclusion
particles in both CFF and Metaullics Tube Cartridge
Filter (MCF).[24,27] A similar reduction of filtration
efficiency caused by the addition of grain refiners was
also observed by Ray et al.[12] By investigating the spent
filters, inclusion bridges composed of inclusion particles
were also observed. Laé et al.[28] reported a similar
filtration efficiency reduction for 5182 alloys filtrated by
50 PPi CFF after the grain refiner (Al-5Ti-1B) addition.
They reported a loss of 42 pct filtration efficiency after
grain refiner introduction and ascribed it to the preven-
tion of oxide skin bridge formation by grain refiner
particles. Duval et al.[19] also observed particle bridges
in the spent CFF filter in their filtration experiment,
where no grain refiners were added. Damoah et al.[8]

showed that the inclusion bridge is composed of Fe-rich
inclusion particles, covering the filter window in their
spent filters. They found that the metal below the bridge
is very clean; meanwhile, the inclusions were stopped by
the bridge.

The present work is aimed at an in-depth under-
standing of the impact of grain refiners on aluminum
filtration and the underlying mechanism. The influence
of grain refiner addition levels, the filter grade (50 and 80
PPi CFF), and inclusion load on filter performance are
investigated and discussed. Different from the particle
bridge theory, a new explanation for why grain refiner
reduces filter performance is given.

II. EXPERIMENTAL

A. Material and Experiment Procedure

Seven pilot trial filtration experiments were performed
in the reference center of Hydro Aluminium Sun-
ndalsøra, Norway. The CFF used were 50 and 80 PPi
low phosphor alumina filters produced by Pyrotek with
a dimension of 584 9 584 9 50 mm. The compositions
of the filter are as follows:>70 wt pct aluminum oxide,
0.5-1.5 wt pct bentonite, and 1-10 wt pct aluminum
phosphate. 6060 aluminum alloy was used with a
composition of 0.4 wt pct Si, 0.17 wt pct Fe, 0.001
wt pct Cu, 0.11 wt pct Mn, and 0.4 wt pct Mg and
balanced with aluminum. The chips of the same alloy
with the same chemical compositions were also inten-
tionally added to increase the level of inclusions in the
melt.
Nine tons of aluminum were melted in the melting

furnace. By tilting the melting furnace, the liquid metal
flowed into the launder from the outlet of the melting
furnace and then flowed through the filter box, and
thereafter, it returned to the melting furnace. The metal
temperature in launder was held at approximately
730 �C. By using the new Drain-Free Filtration (DFF)
technology of Hydro,[29] the filter was first primed from
below, and then a normal filtration process began. The
liquid in the melting furnace was removed at the end of
each day.
After priming, two Liquid Metal Cleanliness Analyz-

ers (LiMCA) II were placed before (Pos 1) and after
(Pos 2) the filter, to give an online inclusion level
analysis. After an approximate half-hour of filtration, 50
or 80 kg 6060 alloy chip blocks were added directly into
the melting furnace to increase the inclusion levels in the
melt. Argon gas was used to stir the liquid metal in the
furnace during the chips addition period. The metal
pump was used to control the melt flow rate at
approximately 7 tons/hour. In addition, two lasers were
also positioned before and after the filter box, to
monitor the metal height in the launder. Al-3Ti-1B
grain refiner master alloy in form of the rod was
introduced to the melt approximately 10 minutes after
the chip addition was finished. In total, each filtration
experiment lasted for approximately 1.5 hours. Hot
PoDFA samples were taken before and after the filter to
measure the inclusion types in the melt. A schematic
drawing of the filtration loop used is shown in Figure 1.
An overview of the filtration experiments is shown in

Table I. Since the metal was not changed during the day,
the second experiment done on the same day will have
some accumulation of grain refiner particles from the
previous test. The grain refiner addition levels of test-6
(after test-3) and test-7 (after test-5) are higher than the
rest of the tests because of this reason. It is assumed that
test-6 contains 0.5 kg/ton grain refiner from the start of
the filtration, and test-7 contains 2.0 kg/ton from the
start. According to the measured average N20 inclusion
values of the melt before filtration, the inclusion levels
were classified as low (0-3 k/kg), high (3-11 k/kg), and
ultra-high (> 11 k/kg) in present work.
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The spent filters with residual aluminum metal were
cut, polished, and studied under Scanning Electron
Microscopy (SEM) (SUPRA 55-VP, Zeiss, Oberkochen,
Germany) with an Energy Dispersive x-ray Spec-
troscopy (Octane, EDAX, Mahwah, USA). An acceler-
ating voltage of 10-15 kV and a working distance of
10-15 mm were applied in the SEM observation.

Owing to the smaller pore sizes, it is easier for
inclusion bridges (if any) to form in the 80 PPi filters
during filtration in comparison to the 50 PPi filters.
Therefore, more research focus has been put on the 80
PPi filters in present work.

III. RESULTS

A. Influence of Grain Refiner at 0.5 kg/ton Level on 80
PPi Filter

Figure 2(a) shows the LiMCA II analysis result of
test-1 where no chips, but only 0.5 kg/ton of Al-3Ti-1B
master alloy was introduced. Because of no chips
introduction, the N20 counts for inclusions remained
evenly at a low level with an average N20 of 0.8 k/kg.
N20 values before filtration are missing during 35 to 57

minutes due to adjustment of LiMCA II at position 1.
As can be seen, when Al-3Ti-1B master alloy is
introduced into the melt after 27 minutes of filtration,
the inclusion counts after the filter do not show any
increase. It seems that the addition of grain refiners at a
low inclusion load does not harm the filter performance.
Figure 2(b) shows the LiMCA II result of test-2 where

50 kg chips are introduced into the melt. The inclusion
load in the melt before the filter has a significant increase
with the introduction of the chips, indicating a success-
ful introduction of desired inclusions. The inclusion load
before the filter gradually reduces to the level of 5 k/kg
after chips addition is finished. The grain refiner rod is
continuously fed into the melt with a constant adding
rate of 0.5 kg/ton from 50 minutes. It is interesting to see
that there is no change in the inclusion level in the
post-filtration melt after the addition of grain refiners. It
seems that the introduction of a grain refiner of 0.5
kg/ton does not reduce the filtration performance of 80
PPi CFF under a high inclusion load.
Figure 2(c) shows how low grain refiner addition level

(0.5 kg/ton) impacts filter performance under a ultra-
high inclusion load (test-3). As can be seen, after the
grain refiner is introduced into the melt at 50 minutes,

Fig. 1—Top view of the filtration loop.

Table I. Experimental Overview of Pilot-Trial Filtration Test

Test Nr Chips Addition (kg/Batch) Filter (PPi) Grain Refiner Addition (kg/ton) Average N20 Before Filtration (k/kg)1

1 0 80 0.5 0.8
2 50 80 0.5 4.5
3 80 80 0.5 12.0
4 50 80 2 9.9
5 80 80 2 22.3
6 80 50 0.5-1 12.4
7 80 50 2-4 27.7

1These are measured values from LiMCA II during the experiment.
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the N20 values after the filter remain the same as that
before grain refiner addition. The fluctuation of N20
values at 70 minutes observed is due to the PoDFA

sampling at 68 minutes, which brings oxide skin at the
melt surface into the bulk of melt, disturbing the
LiMCA measurement.

Fig. 2—LiMCA II measured N20 (inclusions over 20 lm) for both before and after 80 PPi filter with a grain refiner addition level of 0.5 kg/ton.
(a) No chips introduction (test-1), (b) 50 kg chips introduction (test-2), and (c) 80 kg chips introduction (test-3).
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These results show that a low level of grain refiner
addition (0.5 kg/ton) does not seem to affect the 80 PPi
filter performance at any inclusion load. The N20 value
after filtration is surprisingly lower for the melt with 80
kg chip addition (ultra-high inclusion load) than that
with high and low inclusion load conditions. It implies
that a higher inclusion load does not affect the filter
performance, or even improves it.

B. Influence of Grain Refiner at 2.0 kg/ton Level on 80
PPi Filter

Figure 3 shows the influence of grain refiners on the
filtration performance of 80 PPi CFF under two
different inclusion load levels. As shown in Figure 3(a)
(test-4), the N20 counts in the melt before filtration
increases significantly after the introduction of 50 kg
chips, while the N20 counts after filtration are very close
to zero, showing that the filtration performance is not
affected by the high inclusion load while most of the
inclusions can be stopped by the filter. However, after
the introduction of grain refiners at an addition level of
2.0 kg/ton at 50 minutes, the post-filtration inclusion

load shows a remarkable increase, indicating a reduction
of filter performance. It indicates that the grain refiner
particles do reduce the filter performance for high
inclusion load with an addition level of grain refiner
particles as high as 2.0 kg/ton.
As shown in Figure 3(b), by adding 80 kg of chips, a

higher and broader peak value of N20 before filtration is
reached for test-5. After filtration, the nearly zero N20
value shows that a higher inclusion load does not reduce
the filter performance when grain refiner particles are
absent as well. Surprisingly, after an introduction of the
same amount of grain refiners as test-4 at 43 minutes,
the N20 value after filtration keeps the same as before
grain refiner addition. The impact of grain refiners on
the N20 counts is undetectable. The inclusion level after
the filter is low and stable regardless of grain refiner
addition. It should be noted that the sharp increase of
N20 value after filtration at 54 minutes was also caused
by the PoDFA sampling. The above results confirm that
under an ultra-high inclusion load, the addition of grain
refiner does not affect the filter performance of 80 PPi
filter, even with an additional level as high as 2.0 kg/ton.

Fig. 3—LiMCA II measured N20 for both before and after 80 PPi filter with a grain refiner addition level of 2.0 kg/ton. (a) 50 kg chips
introduction (test-4), (b) 80 kg chips introduction (test-5).
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C. Influence of Grain Refiner on Filtration Performance
on 50 PPi Filter

Figure 4(a) (test-6) shows the N20 counts of inclu-
sions in the melt before and after filtration vs. times for a
50 PPi filter under ultra-high inclusion load (80 kg) with
a grain refiner addition level of 0.5 kg/ton to 1.0 kg/ton.
From 10 to 40 minutes, it shows the filtration behavior
before and after the introduction of heavy load inclu-
sion. As can be seen, before inclusion addition, the
filtered melt contains a higher level of inclusion than the
80 PPi filter (average post-filtration N20 is approxi-
mately 2.7 k/kg in comparison to 0.1 k/kg in Figure 2(c),
showing a lower filtration performance of 50 PPi CFF
than 80 PPi. After the addition of heavily loaded
inclusions into the melt at 18 minutes, there is a slight
increase of the N20 counts after filtration than that
before inclusion addition. This is different from the
performance of 80 PPi CFF, where an introduction of
ultra-high load inclusion does not change the N20 value
in the filtered melt (Figures 2(c) and 3(b)), implying that
the filtration performance of 50 PPi CFF is more
sensitive to the inclusion level in the melt. After further
addition of 0.5 kg/ton Al-3Ti-1B into the melt, the N20

counts of inclusions after the filter keeps the same as
before grain refiner addition. Similar to the 80 PPi filter,
the performance of a 50 PPi filter is not affected by the
low addition level of grain refiner (0.5 to 1.0 kg/ton)
under an ultra-high inclusion load.
Figure 4(b) presents the N20 counts of inclusions vs.

times for a 50 PPi filter under an ultra-high inclusion
load (80 kg). The original aluminum melt is without chip
addition and contains 2.0 kg/ton grain refiners until 38
minutes. As can be seen, a high post-filtration N20
count is observed from the start which indicates a poor
filtration performance in comparison to the melt con-
taining 0.5 kg/ton grain refiners (Figure 4(a)). By adding
a high load of inclusion into the melt at 15 minutes, a
significant increase of post-filtration inclusion counts
can be observed. This shows that the filtration perfor-
mance of 50 PPi filters has been severely affected by the
addition of a high dosage of grain refiner particles. This
is different from the results of 80 PPi filter, the
performance of which was not affected by either the
introduction of ultra-high inclusion load or the addition
of a high level of grain refiners (Figure 3(b)). It is also
different from the filtration performance of 50 PPi filter
for the melt with 0.5 kg/ton grain refiner (Figure 4(a)).

Fig. 4—N20 counts before and after 50 PPi filter with 80 kg of chips addition and a grain refiner addition level of (a) 0.5 to 1.0 kg/ton (test-6),
(b) 2.0 to 4.0 kg/ton (test-7).
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However, with the further addition of 2.0 kg/ton grain
refiner to the melt at 38 minutes, there is not any
significant change of the post-filtration N20 counts. At
53 minutes, the performance of the filter reaches about
the same as before heavy load inclusion was added. It
seems that the further addition of grain refiner to 4.0
kg/ton level does not further increase the post-filtration
N20 counts.

D. Inclusion Types in the Melt Determined by PoDFA

According to the PoDFA results shown in Table II,
most of the inclusions in the melt can be identified as
mixed oxides (mainly oxide films), TiB2/Ti-rich inclusion
stemmed from grain refiner, and a small amount of
carbides and MgO/spinel. All PoDFA samples were
taken after the grain refiner introduction. The inclusion
filtration efficiency can be calculated based on Eq. [1].

E ¼ Cin � Cout

Cin
; ½1�

where C represents inclusion concentration either in
area per kg (mm2/kg) or number per kg (k/kg). The
subscript ‘‘in’’ stands for before filtration, and ‘‘out’’
for after filtration. Calculated filtration efficiencies are
included in the last column of Table II. It is important
to point out that the PoDFA analysis is not consid-
ered as a precise method to give quantitative values of
inclusions in the melt, the calculated filtration effi-
ciency only gives a relative trend of the inclusion
removal. The big advantage of PoDFA is that it can
be usd to identify the types of inclusions.

The PoDFA results show that test-3, 80 PPi filter with
ultra-high inclusion load and low grain refiner addition
level gives the highest total filtration efficiency, followed
with Test-5 (80 PPi CFF, 80 kg/batch chips and 2 kg/ton
grain refiner). The total filtration efficiencies of 80 PPi
CFF with ultra-high inclusion load (test-3 and test-5)
are both higher than that with low and high inclusion
load (test-2 and test-4). It indicates that a better removal
efficiency can be reached by 80 PPi filter under an
ultra-high inclusion load condition, in comparison to
the low or high inclusion load conditions. As expected,

test-4 gives the worst filter performance in 80 PPi filters,
which are the tests that are strongly affected by grain
refiner introduction. This is in good agreement with the
LiMCA N20 measurement results shown in Figures 2
and 3.
Test-7 (2.0 to 4.0 kg/ton grain refiner) shows a much

lower total removal efficiency than test-6 (0.5 to 1.0
kg/ton grain refiner) with 50 PPi filter, which confirms
the strong influence of a high addition level of grain
refiner particles on reducing the filtration performance
of 50 PPi filter. More TiB2 and mixed oxides for test-7
are also observed in the melt after the filtration,
indicating the damaging effect of grain refiner particles
on filter performance.

E. Influence of Grain Refiner on Pressure Drop

The lasers were used to measure the pressure drop
over the filter during the filtration. When a fraction of
filter pores are gradually blockaded by the inclusions,
the flow resistance will increase inside the filter which
will cause an increase in the pressure drop. A constant
difference in metal height between the melts before- and
post-filter means a smooth filtration process. Therefore,
the change of pressure drop can provide useful infor-
mation about the performance of filter
Figure 5(a) shows the evolution of pressure drop

during filtration tests of 80 PPi CFF with 0.5 kg/ton
grain refiner addition under low, high, and ultra-high
inclusion load conditions. As can be seen, the addition
level of chips has a strong influence on the pressure drop
of the filter. Without the addition of chips (test-1), the
pressure drop of 80 PPi filter keeps constant. However,
with the introduction of chips (test-2 and test-3), the
pressure drop increases with increasing filtration time.
The total increase in pressure drop is higher for the case
with a higher addition level of chips. By comparing tests
1, 2, and 3, it seems that the low addition level of grain
refiners does not have any significant influences on the
pressure drop.
Figure 5(b) shows the pressure drop change over time

for 80 PPi filter with a high grain refiner addition level
(2.0 kg/ton) and an ultra-high inclusion load (test-5). As
can be seen, the pressure drop increases with filtration

Table II. Summary of the PoDFA Results Regarding Inclusion Removal Efficiency

Test Nr

Inclusion Load
(mm2/kg)

Total Filtration Efficiency
(Area Reduction Pct)

Mixed Oxides Carbides TiB2/Ti-Rich MgO/Spinel

Before After Before After Before After Before After

1 0.0123 0.0005 0.0070 0.0016 0.0158 0.0083 no data no data 70.1
2 0.0438 0.0195 0.0177 0.0083 0.0568 0.0278 no data no data 53.0
3 0.0589 0.0032 0.0098 0.00003 0.0245 0.00003 0.0049 0 96.7
4 0.0126 0.0087 0.0002 0.0001 0.0082 0.0036 0 0 41.0
5 0.0363 0.0047 0.0022 0.0026 0.0185 0.0026 0.0170 0.0005 86.0
6 0.0225 0.0086 0.0020 0.0026 0.0164 0.0051 0 0.0009 59.9
7 0.0156 0.0171 0.0039 0.0015 0.0507 0.0557 0.0078 0 4.7
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time. This result agrees well with the LiMCA II
measurement results where test-5 shows no decrease in
filtration performance with grain refiner addition.
Owing to the problem with laser measurement, the
pressure drop of test-4 is not presented.

Figure 6 shows the evolution of pressure drop for
filtration test of 50 PPi filter under ultra-high inclusion
load with two different grain refiner addition levels
(test-6 and test-7). As can be seen, the pressure drops
for the two tests are quite close and keep nearly
constant with increasing filtration time. It implies that
the added grain refiner particles and inclusions do not
have any significant influence on the pressure drop of
50 PPi filter. It is interesting to see that the maximum
pressure drop of 50 PPi filter (< 20 mm) is much
lower than that of 80 PPi filter (35-45 mm) for melts
with ultra-high inclusion levels, indicating that the
pore size of the filter has a strong influence on the
pressure drop.

F. Inclusion and TiB2 Particles in the Spent Filter

Figure 7 shows the SEM image of the spent filter of
test-5, containing solidified aluminum melt. As can be
seen, the top of the spent filter is covered by a layer of
solidified aluminum, in which massive oxide films are
agglomerating together and formed as cake layer
(Figure 7(a)). EDS measurements of these oxide films
suggest that they are Mg-rich aluminum oxide films.
Figures 7(b) and (c) show magnified images of the
cross-section of the top layer. Interestingly, a large
number of TiB2 particles are tangled by the oxide films.
Furthermore, some block-shaped alumina particles
(pointed by arrows) can also be observed attaching to
the oxide films. Figures 7(e) and (f) show the solidifi-
cation microstructure at the inlet of the spent filter. At
the surface of cake layer, massive grain refiner particles
can also be seen agglomerated on the oxide films and the
porous walls of the filter (Figure 7(d)). It has to be

Fig. 5—The pressure drops of (a) an 80 PPi filter with 0 (test-1), 50 (test-2), and 80 (test-3) kg chips addition and with a grain refiner addition
level of 0.5 kg/ton. (b) The pressure drops of an 80 PPi filter with 80 kg chips addition and with a grain refiner addition level of 2.0 kg/ton
(test-5). The big variation of pressure drop in between 45 to 70 minutes is due to PODFA sampling and some other disturbance during
experiments, which does not influence the general trend. The filtration temperature is 730 �C.
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mentioned that large efforts have been spent to search
for the so-called ‘‘inclusion bridges’’ in the spent filter.
Unfortunately, no inclusion bridge across the whole
window of any porous could be found. Figure 7(e)

shows a porous opening at the upper surface of the filter.
It is interesting to see that some oxide films are nearly
crossing the whole opening, which looks like an ‘‘inclu-
sion bridge’’. But the oxide films have only one end

Fig. 6—The pressure drops of a 50 PPi filter with 80 kg chips addition and with a grain refiner addition level of 0.5 to 1.0 kg/ton and 2.0 to 4.0
kg/ton.

Fig. 7—The spent filter of filtration from test-5 under ultra-high inclusion load (80 kg chips), high grain refiner addition level (2 kg/ton) with an
80 PPi filter. (a) In the top section of the filter with inclusions above the filter. (b) and (c) The magnification of (a) where massive oxide films are
found together with particles (alumina particles and TiB2). (d) closer look at the filter surface (screen), massive grain refiner, and oxide films
were agglomerated and deposited on the alumina filter. (e, f) The inlet of the filter where oxide films narrow the window and are attached to the
filter wall by one of the ends where another end tangled with the inclusions. (g through i) The bottom section of the filter, where oxide films can
still be found which attached to the filter wall.
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connecting to the porous wall, while the other ends are
floating in the melt. Figure 7(f) shows another porous in
the filter, where oxide films with only one end adhering
to the porous wall can also be seen and a large number
of TiB2 particles are adhered to the oxide film. Such
‘‘seaweed’’ like oxide films adhered by TiB2 particle can
be found in the whole filter. However, the large oxide
films are mainly found in the top layer of the filter
(about 2 mm in thickness). i.e., at the cake and inlet.
With increasing distance from the upper surface, there
are fewer oxide films and grain refiner particles in the
filter.

Figures 7(g) through (i) show the bottom part of the
filter. As shown in Figure 7(g), the solidified aluminum
grains in the porous at the bottom of the filter contain
less larger inclusion compared to the top region.
Nevertheless, TiB2 particles trapped by the seaweed-like
oxide films can still be found (Figures 7(h) and (i)).

The solidification structure of 50 PPi spent filters are
also examined, which is similar to the 80 PPi spent
filters. A major difference is that a little solidified
aluminum layer could be found on the top of the 50 PPi
spent filter. Otherwise, seaweed-like oxide films adhered
with grain refiner particles can also be found in the spent
filter.

IV. DISCUSSIONS

A. The Effect of Grain Refiner on Filter Performance

Equation [1] is often used to quantitatively assess the
filtration performance during the industrial filtration
process of a large volume of aluminum melt with nearly
constant inclusion load before filtration. However, this
equation is less sensitive for the aluminum melt with
changing inclusion load as in the present study. For
example, for the filtration case shown in Figure 2(b), the
equation may give a reducing filtration efficiency with
time, because Cin reduces with time owing to no further
feeding of chips, while Cout remains almost unchanged.
This does not represent the real filter performance.
Therefore, a direct comparison between Cout before
grain refiner addition and Cout after grain refiner
addition is used to evaluate the filter performance. In
order to minimize the effect of Cinn, the Cout values are
obtained by averaging 10 minutes filtration period of
time, where the Cinn levels are similar before and after
grain refiner introduction. Figure 8 shows the compar-
ison results where both the y and x-axis are log scaled.
Due to the qualitative nature of PoDFA analysis, the
calculated filtration efficiency data shown in Table II are
not included in this figure.

Fig. 8—Comparison between post-filtration N20 value before and after grain refiner addition. Values above the diagonal line hint ruined
filtration performance due to the addition of grain refiner and vice versa.
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As can be seen, the post-filtration inclusion level after
80 PPi filter is much lower than 50 PPi filter, indicating a
better performance of filters with smaller pore size. For
80 PPi filter filtration of aluminum melt without chips
addition, an addition of 0.5 kg/ton grain refiner does not
affect the filtration performance at all, and the data
point (test-1) is locating at the diagonal line. With an
addition of 50 kg chips (test-2, N20 = 4.5 k/kg), a slight
reduction in filtration performance by 0.5 kg/ton grain
refiner addition can be observed. However, after addi-
tion of 80 kg chips (test-3, N20 = 12.0 k/kg), the filter
performance seems slightly increased. Since all the data
points are very close to the diagonal line, the 0.5 kg/ton
grain refiner addition can be considered to have a
neglectable effect on the filtration performance. For the
2.0 kg/ton addition level of grain refiner, the filtration
performance is significantly reduced for the melt with 50
kg chips addition (test-4, N20 = 9.9 k/kg). The reduc-
tion of filtration performance of CFF by grain refiner
addition under a ‘‘high’’ inclusion load was commonly
observed in previous research work.[12,25,26,30] When the
inclusion load is further increased from ‘‘high’’ to
‘‘ultra-high’’ level (test-5, 80 kg chip addition,
N20 = 22.3 k/kg), the filtration performance is not
affected by the grain finer addition, which is a new
finding. If comparing to the post-filtration inclusion
level of melt with no chip addition (test-1) and 50 kg
chip addition (test-4), the filter performance is substan-
tially improved by the addition of an ultra-high load of
inclusion (test-3 and test-5). This result is also consistent
with the PoDFA results shown in Table II. Thus, the
inclusion load has a strong influence on the post-filtra-
tion melt cleanliness when filters with smaller pore sizes
are used. This is because an ultra-high inclusion load
caused the formation of the cake layer at the top
window of CFF and the cake filtration mode becomes
the dominant filtration mechanism for the filter, which
provides superior filter performance. If we compare
test-3 and test-5, it can be seen that 0.5 kg/ton grain
refiner addition gives a better filtration performance
than 2.0 kg/ton grain refiner addition.

For 50 PPi filter, similar to 80 PPi filter, a higher grain
refiner addition level leads to a higher post-filtration
inclusion level (test-6 and test-7). Moreover, results from
the present work also show that further addition of
grain refiners from 0.5 to 1.0 kg/ton (test-6) or 2.0 to 4.0
kg/ton (test-7) does not make the filtration performance
worse. By comparing the results from both tests, it can
be concluded that the amount of grain refiner particles
plays an important role in the filtration performance of
50 PPi filters. Generally, a high grain refiner addition
level causes poor filter performance.

For a long time, the filtration efficiency reduction by
grain refiners has been explained based on the inclusion
bridge theory, where grain refiner particles were sup-
posed to destroy or prevent the formation of inclusion
bridges. By a careful characterizing of the microstruc-
ture of spent filters of 50 PPi, no particle bridges have
been found on the top or inside the filters in the present
work with grain refiner addition. Also, test-5 shows that
an addition of high level of grain refiners does not
reduce the 80 PPi filter performance under an ultra-high

inclusion load condition. This implies that the inclusion
particles bridge mechanism of filtration may not be able
to explain the reduced filtration performance by grain
refiner particle addition.

B. The Role of Oxide Films During Filtration

Since the major content of the inclusion introduced by
the chips are oxide films, the behavior of oxide films
during the filtration process has to be clarified. The
filtration of melt is usually considered to be realized by
several modes, namely, depth mode, sieve mode and
cake mode.[31,32] The depth mode or standard blocking
filtration happens when the particle sizes of inclusions
are smaller than the pore sizes, yet, the inclusions were
still be captured by the filter owing to the complex
structure of the filter and surface adhesion. The sieve
mode occurs when the particles are larger than the filter
pores, thus, sieved by the filter. Sieve mode can
transform into the cake mode over time, owing to the
more accumulation of inclusions at the filter surface
screen. Such inclusion accumulation leads to an increase
in filter performance since the real filter pores size is now
reduced by the accumulated inclusions.
Additionally, it was suggested that blocking of filter

pore by inclusion particles smaller than the pore size can
also occur by the so-called bridging mechanism.[32] For
CFF, once the inclusion ‘‘bridge’’ forms across the filter
window, the filtration mechanism will be gradually
changed from less efficient depth mode into more
efficient cake mode. In fact, the formation of such
bridges by particle inclusion as reported in References 8,
12, 33 is very difficult. Since the average pore size for 50
PPi and 80 PPi CFF are 623 ± 120 lm, and 383 ± 87
lm, respectively,[34] while the majority of the inclusion
particles (oxides and TiB2 particles) are lying between
0.2 and 10 lm, it is nearly impossible for individual
particles to form bridges, covering the pore opening.
Bridges can only form when large inclusion clusters
composed of small particles pass through the pores of
filter, the chance of which is rather low. Grandfield
et al.[35] also mentioned that the CFF pore size is too
large for the inclusions to form a cake, especially with a
typical industrial concentrations of <10 ppm of inclu-
sions. This may explain why no inclusion particle bridge
has been observed in any of the spent filters in this work.
On the other hand, the size of oxide films is in the

range of 10-5000 lm.[36] Some of the oxide films which
are larger than the size of pores may have a chance to
cover the pores, forming bridges. However, with the
limited strength of oxide films, the bridges can be easily
destroyed by the melt flow. Instead, there is a much
larger chance for oxide films to have one end adhering to
the pores wall, while the other end keeps floating inside
the pores, like ‘‘seaweed’’ in the sea. Under such a
condition, these oxide films can capture inclusion
particles, grain refiner particles and new oxide films.
With the agglomeration of more particles onto the oxide
films, the seaweed-like oxides may detach from the pore
wall due to the gravity effect and flow into a new pore.
The existence of the ‘‘seaweed’’ like oxide films on the
wall can significantly increase the chance for the small
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inclusion particles to be captured by the filter, and
therefore increase the efficiency of depth mode. As
shown in Figure 7, oxide films adhered by inclusion
particles and grain refiner particles are distributing
throughout the whole filter in 80 PPi filter. This is
similar to 50 PPi filter. Such seaweed form oxide film
was also observed by Duval et al.[19] but recognized as
an inclusion bridge.

The capturing of small inclusion particles by oxide
films can be attributed to the strong adherence between
the particles and the films. In a previous wetting test
study, we have shown that the TiB2 particles tend to
agglomerate onto the oxide skins of aluminum droplets.
In fact, not only TiB2 particles but the TiC particles
were also captured by the oxide skins.[37] In another
research work, we have shown that both oxide particles
and TiB2 particles tend to adhere to oxide films in the
aluminum melt at 750 �C.[38] It is confirmed that the
oxide films + oxide particles or TiB2 particle clusters are
not formed during the solidification process but under
the liquid states. This confirmed that the Mg-containing
aluminum oxide films have a very strong ability to catch
the oxide particles and TiB2 particles in the liquid melt.
Therefore, it is safe to propose that if any inclusion
particle bridges could form in the CFF, the oxide films
should have played an important role, in bonding the
particles together.

The oxide films have a distinct morphology from
particle inclusions. It is known that the shape factor of
an inclusion particle has a major influence on the
particle settling and their motion in the Al melt, where
oxide films have a very low settling speed and the bifilms
even wrapped in gases which provide the buoyancy
forces and resulting in floating at the top layer of the
melt.[38,39] Instead of distributing homogeneously in the
melt, the oxide films prefer to agglomerate together to
reduce their surface area with the melt and thereby
reduce their surface energy. These large oxide films can
be tangled with each other and capture the small
inclusions, thus, improves the filter performance. Com-
pared with the particles, these oxide films seem to be
more reasonable and are easier to block the filter pores
partially or even totally.

When the level of oxide film inclusions in the melt is
high enough while the pore size of filter is small (for
instance 80 PPi), it is possible for the oxide films
covering the top screen of filter to survive and develop
into a thick cake layer due to the accumulating of the
oxide films. Therefore the filtration mechanism is
dominated by the cake mode. This is exactly the case
shown in Figure 2(c). The formation of such cake layer
will significantly increase the flow resistance of the CFF,
resulting in an increase of pressure drop (Figure 5). For
80 PPi filter, a significant increase of pressure drop with
filtration time has been observed.

Interestingly, no increase in pressure drops has been
observed for the 50 PPi filter, yet the filter performance
is reduced for the case with high addition level of grain
refiner, while it remains the same for the low grain
refiner addition level. The nearly constant pressure drop
indicates that the formation of cake layer for 50 PPi

filters is difficult, while the depth mode should have
played a more important role during the filtration
process, especially with the help of ‘‘seaweed’’ like films.

C. The Filtration Mechanism with Grain Refiner
Particles

During the filtration process, the inclusions in melt
are transported and trapped by the obstacles in the filter
and thereby filtrated from the melt. The chance for
inclusion to be stopped by CFF during filtration is
determined by the transportation behavior or collection
mechanism between inclusion and obstacles inside the
filter, which can be summarized as: direct intercep-
tion—inclusion hits the filter surface following the fluid
flow lines, gravity force—inclusion with a specific
density different from the melt leaves the fluid flow line
owing to gravity, Brownian movement, inertial forces—
the inclusion proceed in a straight line owing to its own
inertia, and hydrodynamic effects—inclusion hit the
filter wall due to the different fluid velocity near the filter
wall caused by friction.[17,31,36,40,41]

The gravitational number and the interceptional num-
ber are considered as the two most important parameters
for the transportation of inclusions inside the fil-
ter.[19,21,35] The interceptional number indicates how easy
particles are intercepted by the filter. With increasing the
content of oxide films in the filter, either forming bridges
or adhering onto the wall of filter pore, the interceptional
number increases. Therefore, it can be expected that a
high content of oxide film inclusions in the melt will
increase the filter performance for the alloys with no or
low-level addition of grain refiners. This is consistent with
the experimental results shown in Figure 2, and the
observation of Duval et al.[19] However, when a high level
of grain refiner particles are added into the melt, the TiB2

particles are continuously captured by oxide film bridges
and ‘‘seaweed’’ like oxide films. With increasing weight,
the oxide film bridges may be broken, while the sea-
weed-like oxide films will detach from the filter wall. As a
consequence, these films agglomerated with other inclu-
sion particles and TiB2 particles may re-enter the melt
which causes a decrease in filter performance.
Besides the interception number, the gravitational

number, which indicates the influence of gravity on
inclusions, has an important impact on the filter
performance as well,[19,21] based on a 2D lattice-Boltz-
mann model calculation.
When the inclusions are heavier than the melt, they

have a large positive gravitational number which makes
them able to settle on the pores wall of the filter easily.
For those inclusions with a large negative number, they
will be floating toward the surface of the melt. The filter
performance is high when the gravitational number is
either very high (large positive value) or very low (large
negative value). The filter performance will decrease if
the gravitational number of inclusions close to zero (i.e.,
have a similar density with the melt). In other words, if
the inclusions in melt have a huge density difference with
the melt, it is easier for them to be separated from the
melt by the filter.
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The grain refiner particles have a large gravitational
number since they have the highest densities among all
the common inclusions in melt,[42] whereas the large
oxide films have a negative gravitational number. When
these two types of inclusions separately existed, the filter
performance is believed to be high. This fits well with the
general observation that the filters have a good perfor-
mance without or with a low addition level of grain
refiners. However, the oxide films will capture other
inclusion particles. By collecting these particles, the
density of the film will increase (the films and particles
are now considered as a new inclusion cluster) which
results in a counterbalance in gravitational number. As
result, the inclusion cluster with a gravitational number
close to zero will have a lower filter performance. This
explains why the 50 PPi filter performance is not affected
when the grain refiner addition level is low, since the
gravitational number of the mixed inclusion is less
affected owing to insufficient grain refiner particles.
While it is more severely affected when the grain refiner
addition level is high under an ultra-high inclusion load.
For the filtration of aluminum melt with an ultra-high
amount of inclusions by 80 PPi filter, the thick cake
layer composed of oxide films can block most of the
TiB2 particles at the top of the filter. Therefore, a high
addition level of grain refiners does not affect the
seaweed-like oxide films in the bulk of CFF. A simple
schematic is drawn in Figure 9 to show the influences of
oxide films and grain refiner particles on the CFF.

Besides these two influences of grain refiners on filter
performance, the detection limit of LiMCA II should
also be considered, since LiMCA II cannot detect
particles smaller than 15 lm.[43,44] Most TiB2 grain
refiner particles have diameters in the range of 0.1-2
lm,[45] and are too small to be detected by LiMCA II.
Furthermore, it is also difficult for the TiB2 particles to
agglomerates into clusters larger than 15 lm by them-
self, especially in the flowing melt. This results that the
LiMCA usually cannot detect grain refiners as inclu-
sions. However, TiB2 particles can be easily captured by

oxide films at the top or in the bulk of the filter, forming
large inclusion clusters. If they are not captured by the
filter, they will survive the filtration and be detected as
inclusions by the LiMCA. Since smaller inclusions have
more chance to flow through the filter pores, it can be
expected that the post-filtration inclusions are domi-
nated by small inclusions. Figure 10 shows the evolution
of post-filtration inclusion counts classified into different
size ranges 15-35 lm, for test-4 (80 PPi). The filtration
performance was significantly reduced by the grain
refiner addition. As can be seen, the post-filtration
inclusions of all detected size classes show a clear
increase after grain refiner addition. The vast majority
of the inclusions have sizes lying between 15 and 20 lm.
This confirms our previous explanation. In the case
where grain refiner does not affect the filter perfor-
mance, for example, test-5, no increase of specific size
class can be observed after the grain refiner addition.
This also explains why the addition of a low level of
grain refiner particles alone does not affect the filter
performance in a clean melt or under a very low
inclusion load.

V. CONCLUSIONS

Seven pilot trail filtration tests are conducted in order
to investigate the effect of grain refiner on the filtration
behavior of CFF. The following conclusions can be
withdrawn:

1. Higher filter performance was observed for 80 PPi in
comparison to 50 PPi filter. When grain refiner par-
ticles are absent or at a low addition level, an increase
of inclusion load seems to increase the filtration
performance and the pressure drop by time for 80 PPi
filters. 50 PPi filters do not show any significant in-
crease in pressure drop during filtration.

2. At a low addition level of 0.5 kg/ton, the grain refiner
particles do not affect the filtration performance

Fig. 9—A schematic of the interaction of grain refiner particles and oxide films above and inside the filter. (a) Above the filter, the oxide films
will combine with the TiB2 particles, which change the mass and the shape. This may cause and increase in impact and inertial force during
filtration. Furthermore, the oxide films formed a cake layer at the filter surface. (b) During filtration, the already existed oxide film bridge or
seaweed-like films may be destroyed by the bombardment of grain refiner particles or other inclusions. The weight increase will also cause the
already caught inclusions to re-enter the melt.
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regardless of inclusion level in the melt for both 50
PPi and 80 PPi filters. For aluminum melts with high
inclusion loads, an addition of high-level grain
refiners (2.0 kg/ton) significantly reduces the filter
performance. The inclusions in size of 15-20 lm
dominate the post-filtration inclusions.

3. For aluminum melt with ultra-high inclusion loads
(N20> 11 k/kg), the addition of grain refiner parti-
cles up to 2.0 kg/ton does not influence the filter
performance of 80 PPi filters.

4. It is found that the aluminum oxide films in the melt
play important roles during melt filtration. The oxide
films can form inclusion film bridges on the opening
of filter pores and tend to adhere onto the wall of
filter, capturing other inclusions and TiB2 particles,
and therefore increasing the efficiency of depth mode
during filtration. When aluminum melt contains ul-
tra-high level of oxide films, oxide films can form
thick cake layers at the top screen of 80 PPi filters,
significantly increasing the filter performance.

5. No inclusion particle bridges were observed in the
spent filter, but seaweed-like oxide films were ob-
served. It is suggested that the reduction of filtration
performance of filters by addition of grain refiner
particles is not due to the destroying effect of TiB2

grain refiner particles on the particle bridges in the
filter. Instead, the reduction of efficiency is due to the
strong adherence of TiB2 particles to oxide films in
the filter. The adherence and agglomeration of heavy
grain refiner particles onto light oxide films counter
the gravitation number of oxide films, making them
difficult to be filtrated by CFF. Even though grain
refiner particles are too small to be detected, their
agglomeration with oxide film can be easily detected
by LiMCA.
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