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The Interactions Between Oxide Film Inclusions

and Inoculation Particles TiB2 in Aluminum Melt

JIAWEI YANG, SARINA BAO, SHAHID AKHTAR, and YANJUN LI

In this work, a systematic study on the interactions between aluminum oxide films and TiB2

grain refiner particles and their effect on grain refinement behavior have been conducted. Oxide
films were introduced into a commercial purity aluminum melt by adding AA 6061 alloy chips
while the grain refiner particles were introduced by adding Al-3T-1B master alloy. Strong
sedimentation of TiB2 grain refiner particles was observed in aluminum melt without chip
addition during long-time settling. Most of the TiB2 particles were settled and accumulated at
the bottom of crucible. In contrast, the sedimentation of TiB2 particles is much less in the melt
with the addition of oxide films. A large fraction of TiB2 particles were found to be adhered to
the oxide films located at the top part of the crucible, which inhibited the sedimentation of grain
refiner particles. TP-1 type tests were also done to study the grain refinement efficiency of
Al-3Ti-1B master alloy under different melt cleanliness and settling time. It is found that
sedimentation of TiB2 particles greatly reduces the grain refinement efficiency. The introduction
of oxide films seems to slightly alleviate the fading effect. This is owing to the strong adherence
between the oxide films and TiB2 particles, which leads to a retardation of particle
sedimentation.
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I. INTRODUCTION

GRAIN refiners are commonly added to the alu-

minum alloys in order to achieve a fine equiaxed grain
structure, which improves the mechanical properties of
final products. Al-Ti-B and Al-Ti-C master alloys are
the two most commonly used grain refiners in the
aluminum industry.[1–4] The addition of the master
alloys can provide a high number density of potent
heterogeneous nucleation sites for aluminum grains like
TiB2 and TiC particles. The grain refinement mechanism
has been extensively studied in the past decades through
both experiments and theoretical modeling works.[1–10]

The grain refinement efficiency is closely related to the
nucleation potency of inoculant particles, the alloy
chemistry in terms of grain growth restriction factors,
and the solidification conditions including cooling rate
and temperature gradient. Under the same solidification
conditions, the grain refinement of a certain alloy will be

determined by the number density, size, and size
distribution of inoculant particles in the melt. It is well
known that the effectiveness of the grain refiners decays
with increasing holding time of inoculated melt before
casting, which is the so-called fading effect.[11–13] One of
the major reasons for such fading effect of Al-Ti-B
master alloys is ascribed to the settling and agglomer-
ation of TiB2 particles. The settling makes grain refiner
particles less uniformly distributed in the melt and the
agglomeration makes a decrease in the number density
of the potential nucleation particles. Furthermore, the
agglomerated large grain refiner cluster is also counted
as inclusions, which reduces the melt quality.
Schaffer et al.[13] studied the settling and fading

behavior of three different Al-Ti-B master alloys,
namely Al-5Ti-1B, Hydloy (Al-1.2Ti-0.5B), and TiBloy
(Al-1.6Ti-1.4B). It was found that settling of grain
refiner particles was much faster than Stokes’ law
predicted. This has been attributed to the agglomeration
of grain refiner particles, which has a higher settling rate
than the individual ones. They also observed that the
massive TiB2 particles were pushed to the grain bound-
aries after solidification. Similar phenomenon has also
been observed by Kumar et al.,[14] who studied the
settling behavior of TiB2, TiC, AlB2, and TiAl3 in liquid
Al. They found that the settling of grain refiner particles
is through the self-agglomeration of particles. At higher
addition levels, the settling of grain refiner particles is
faster.
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The inclusions in aluminum melt also tend to
agglomerate, similar to grain refiner particles. Tian
et al.[15] investigated the settling of multisided clusters of
alumina particles in liquid Al. The settling started right
after the stirring was stopped. Alumina particle clusters
were often observed together with entrained aluminum
oxide films. Badowski et al.[16] studied the settling and
sedimentation behavior of alumina particles under the
influence of melt flow in a crucible by both modeling
and experiments. Their result showed that thermal and
natural convections had a strong influence on the
particle motion in the melt, i.e., the settling of the
particle is dependent on the melt flow, especially when
the melts contain large portions of Al2O3 films.

It is always important to remove the inclusions from
the aluminum melt in order to improve the metal quality
of aluminum products. There are three major contam-
inations in the aluminum melt: gas, non-metallic inclu-
sions, and alkali and alkaline earth metals.[17] Melt
filtration by using ceramic foam filters (CFF) has been
widely used in industry to remove the inclusions in
aluminum melt, including mostly oxide, carbide, nitride,
and boride. However, the addition of grain refiners has
the effect of reducing the filtration efficiency of alu-
minum melt with high inclusion loads.[18–22] A major
explanation for this has been based on the inclusion
bridge mechanism, where inclusions form ‘‘bridge’’ in
the ceramic cell, and thus increase filtration effi-
ciency.[19,20] The addition of grain refiner particles in
the melt, like TiB2 and TiC, was supposed to prevent the
formation of the bridge or destroy the inclusion bridge,
which causes a reduction in filtration efficiency.[19,20]

But, how and why the grain refiner particles destroy the
bridge is still unclear. Experimental evidence to support
this inclusion bridge theory have been few.

In a recent work by the present authors, it has been
found that grain refiner particles TiB2 and TiC particles
have the influence of increasing the wettability between
Al melt and alumina substrate during wetting tests.[23] It
is shown that the grain refiner particles tend to adhere to
the oxide film covering the aluminum droplet during
wetting test. Based on the results, we suggested that the
improved wetting between aluminum melt and alumina
substrate may not be the main reason for the reduction
of filtration efficiency, but the interaction between grain
refiners and inclusions may be a key factor. Therefore, a
systematic study of the interactions between grain
refiners and inclusions is necessary.

The present work is aimed at an in-depth under-
standing between the inclusions and grain refiner during
settling. The influence of inclusions on the fading effect
and grain refinement efficiency of grain refiners is also

investigated. This may further help to reveal the
underlying mechanism for the reduced filtration effi-
ciency by grain refiners in aluminum melt.

II. EXPERIMENTAL

A. Materials

The experimental materials used in this work include
commercial purity aluminum (CP-Al), commercial
Al-3Ti-1B master alloy, and AA6061 alloy chips with
dimensions of 1 mm 9 4 mm 9 50 mm provided by
Hydro Aluminum (Sunndalsøra, Norway). The chemi-
cal compositions of CP-Al and AA 6061 chips are listed
in Table I. The chips were used to introduce inclusions
in the aluminum melt, mostly in the form of the oxide
film. Since the 6061 alloy contains a relatively high Mg
content, it is easy to form Mg-rich aluminum oxides and
spinel film in the melt, which are easier to be distin-
guished during characterization of solidification struc-
tures.[24] In addition, aluminum oxide-cement powders
(Alfa Aesar, Haverhill, Massachusetts, United States)
were used as extra inclusions source for the settling
experiment to compare with the only oxide films case.
The chemical compositions of the ceramic powders are
95 wt pct Al2O3 and 5 wt pct SiO2. The particle size of
the powders approximately is in the range of 0.5 to 300
lm.

B. Settlement Test

Two types of melt, CP-Al and a mixture of CP-Al and
20 wt pct AA6061 chips and 1 wt pct of aluminum
oxide-cement powder were used in the present work. 1
kg of CP-Al was melted in an alumina crucible at 750 �C
in a muffin furnace. For the melt with chips addition,
800 g of CP-Al was first melted in a muffin furnace,
thereafter, 200 g chips were introduced into the melt
aided by mechanical stirring. After the chips were
completely melted, 1 wt pct aluminum oxide-cement
powders which were pre-treated at 800 �C for 15 minutes
were introduced into the melt by mechanical stirring.
Al-3Ti-1B master alloy was added for both melts with
an addition level of 10 g/kg, where a stirring was
conducted to make sure a full dispersion of the grain
refiner particles. The melts were air-cooled in the
crucibles right after the addition of grain refiners or
after 4 hours of holding at 750 �C in the furnace, as
listed in Table II. The solidified ingots of the settling
tests were vertically cut, ground, polished, and examined
by Optical Microscopy (OM) (MEF4M, LEICA,

Table I. Chemical Compositions of CP-Al and AA 6061 Alloy in wt pct

Compositions Si Fe Cu Mn Mg Al

CP-Al 0.06 0.06 0.001 0.001 0.001 balance
AA 6061 0.4 to 0.8 0.7 0.15 to 0.4 0.15 0.08 to 0.12 balance
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Wetzlar, Germany) and Scanning Electron Microscopy
(SEM) (SUPRA 55-VP, Zeiss, Oberkochen, Germany)
with an Energy Dispersive X-ray Spectroscopy (Octane,
EDAX, Mahwah, USA). An accelerating voltage of 15
kV and a working distance of 10 to 15 mm were applied
in the SEM observation.

C. TP-1 Type Test

TP-1 type tests were made for each melt. A pre-heated
(same temperature as the melt, ~750 �C) boron nitride-
coated TP-1 type steel crucibles with a wall thickness of
2 mm, a height of 30 mm, and an outer diameter of 33/
23 mm were used for aluminum sampling in present
work. Liquid aluminum was taken out from the upper
part of the crucible with approximately 2 cm distance to
the top of the melt. After the sampling of the melt, the
crucible was covered by the insulation materials at both
top and bottom during the solidification process. The
major difference between TP-1 type test[25] and standard
TP-1 test[26] is that casting crucibles of different dimen-
sions and different cooling conditions are used. The
cooling curve is measured by a well-calibrated K-type
thermocouple, which was inserted in the central region
of the crucible. A temperature logger with a frequency
of 50 Hz (corresponding to 0.02 seconds per measure-
ment) was used to measure and log the cooling curve.
The solidified sample ingots were all cut, mechanically
polished, and then anodized with 95 wt pct H2O + 5 wt
pct HBF4 solution at 20 V with 90 seconds for
microstructure characterization by OM. The line inter-
cept method was used to determine the average grain
size of grains at the central regions of the ingot.

III. RESULTS

A. Settling of Grain Refiner Particles in CP-Al

The total height of the solidified ingots in the
settlement tests is approximately 4.5 cm for all samples.
The solidification microstructures of the sample without
holding time in the longitudinal section, at the top,
middle, and bottom are shown in Figures 1(a) through
(c), respectively. It can be seen that a large fraction of
white phases has precipitated along grain boundaries at
all height. With a magnified image in Figure 1(d), this
white phase at the top height is identified as Al3Fe by a
careful EDS examination. Besides the intermetallic
phase, TiB2 particle clusters can also be found in the
whole sample. Figure 1(e) shows a typical TiB2 cluster
found in the middle section as marked in Figure 1(b).
Figure 1(f) shows a typical grain boundary in the

bottom, where the TiB2 particles are agglomerated
together with Al3Fe intermetallic particles. The fraction
of TiB2 clusters in the bottom is obviously larger than
that in the middle and top part of the ingot, showing
that settling of TiB2 particles has occurred during the
slow solidification process.
Figure 2 shows the microstructure of Sample B

solidified after 4 hours of holding at 750 �C. Similar to
sample A in Figure 1, a large fraction of the white Al3Fe
intermetallic particles can be seen along the grain
boundaries (Figures 2(a) and (b)). In contrast to Sample
A, no grain refiner particles can be observed at the top
of the ingot in Sample B after 4 hours of settling.
Furthermore, the grain boundaries at the bottom part of
sample B are thicker (Figure 2(c)) in comparison to the
top (Figure 2(a)) and middle (Figure 2(b)) parts. A large
amount of TiB2 particles in addition to the Al3Fe
intermetallic particles are distributed along the grain
boundaries, as shown in Figure 2(d). This indicates that
most of the TiB2 particles in the melt have agglomerated
and sedimented in the bottom of the ingot during the 4
hours of holding and settling.

B. Influence of Oxides on the Settling of Grain Refiner
Particles

Figures 3(a) through (c) show the solidification struc-
ture of inoculated CP-Al with the addition of chips and
oxide powders without holding time. In addition to the
white network structure along the grain boundaries,
some black films can be found at the top of the ingot.
EDS measurement confirms that these black oxide films
contain 15 wt pct Mg in addition to 48 wt pct Al and 37
wt pct O, implying that the oxide films are most likely
AlMgO films or spinel as shown in Figure 4. Further-
more, the introduced Al2O3 particles are also found
both in the top and bottom of the ingot and marked in
Figure 3. TiB2 particles are agglomerated (Figure 3(d))
along the oxide films distributing (Figure 3(a)) at the top
of the ingot. A large number of TiB2 particles (Fig-
ure 3(e)) can also be seen along the grain boundaries
(Figure 3(e)) together with Al-Fe-Si intermetallic parti-
cles in the middle part, besides some TiB2 clusters
particles in the intragranular regions. Figure 3(f) shows
a magnified area around a black alumina particle in the
bottom section, where no obvious adherence between
TiB2 particles and the introduced alumina particles can
be seen.
The solidification structure of the ingot after 4 hours

of holding at 750 �C is shown in Figure 5. A large
number of TiB2 particles that agglomerate together with
oxide films can still be observed at the top part of the
ingot (Figures 5(a) and (d)). Figures 5(b) and (e) show
the structure in the middle part of the ingot. No large
oxide films or alumina particles can be observed.
However, the grain boundary white phases look thicker
than in the top part of the ingot. A typical triple junction
of grain boundaries with the white phases is shown in
Figure 5(e). As can be seen, it is decorated with Al-Fe-Si
particles and agglomerated TiB2 particles. Interestingly,
the bottom part of the ingot (Figures 5(c) and (f)) does
not appear as much thicker grain boundaries than in

Table II. Experimental Overview of the Settlement Test

Sample Metal Used Settling of Melt

A CP-Al no
B CP-Al 4 hours
C CP-Al+chips+powder no
D CP-Al+chips+powder 4 hours
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middle (Figure 5(b)) part as sample B does. The amount
of TiB2 sedimented at the bottom is significantly reduced
in comparison to sample B, implying that the introduc-
tion of oxide films has reduced the sedimentation of
TiB2 particles.

The optical microscopy images of the bottom sections
of all samples are summarized in Figure 6 to compare
the sedimentation of TiB2 particles. Sample B (Fig-
ure 6(b)) has much thicker and clear grain boundaries
than Sample A (Figure 6(a)), indicating the increase of

Fig. 1—Microstructure of inoculated CP-Al (Sample A) which solidified immediately after the grain refiners were added at 750 �C, in the top (a,
d), middle (b, e), and bottom sections (c, f) of the ingot. (d) Typical Al3Fe intermetallic phase precipitated along the grain boundaries. (e)
Magnified picture of TiB2 cluster in (b). (f) Typical grain boundary in the bottom section where TiB2 particles agglomerate together with Al3Fe
phase along the grain boundary.

Fig. 2—Solidification structure of inoculated CP-Al (Sample B) after 4 h of settling at 750 �C in the top (a), middle (b), and bottom sections (c)
of the crucible. (d) shows the magnified area in (c), where massive TiB2 particles agglomerate along the grain boundaries in the bottom section.
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agglomeration of TiB2 particles along the grain bound-
aries with increasing holding time. Such thick grain
boundaries decorated with TiB2 particles become less
with increasing distance from the bottom. At locations
with a height of 2.6 mm, the grain boundaries are
becoming cleaner, indicating that most of the TiB2

particles have sedimented in the bottom layer of the
ingot. As a big contrast, the difference in the appearance
of the grain boundaries in samples with additions of
chips and alumina, Samples C and D, is much less than
that in between Sample A and B. As shown in
Figure 6(d), even after 4 hours of holding at 750 �C,
there is only a thin layer with a thickness less than 0.5
mm at bottom of sample D, containing thick grain
boundaries like Sample B. It further confirms that the
sedimentation and agglomeration of TiB2 particles are
significantly reduced by the introduction of oxide films.

C. Effect of Settling on Grain Refinement

Figures 7(a) and (b) show the grain structure of TP-1
type test ingots of CP-Al cast immediately after grain
refiner addition, and after 4 hours of holding at 750 �C,
corresponding to sample A and B, respectively. As can
be seen, equiaxed grain structure has been achieved in
both samples. However, the grain size of the sample
after four hours of holding is significantly larger than
that without holding. The average grain size is 481 lm
for Sample A and 627 lm for the Sample B. This
indicates that the grain refinement efficiency reduces
over holding time, owing to the settling and agglomer-
ation of grain refiner particles in the bottom of the
crucible.
Figure 7(c) shows the measured cooling curves of

TP-1 test samples during solidification. The initial
cooling rate for Sample A and B during solidification
is measured as approximately 1.8 K/s. In both cooling
curves, recalescence can be clearly observed. From the
temperatures for recalescence occurring, it can be clearly
seen that the maximum nucleation undercooling DTn,

max of sample B is larger than that of A, indicating that
the number density of effective inoculant particles in
the former sample is less than in the latter one. It
further confirms that 4 hours of holding of the melt at
750 �C has caused a strong decrease of TiB2 particles in
the top part of the melt in the crucible, due to the
sedimentation of TiB2 particles to the bottom of the
crucible. This is consistent with the observations in
Figures 6(a) and (b).
Figures 8(a) and (b) show the grain structure of TP-1

test ingots of CP-Al melt with the addition of chips and
alumina inclusions cast immediately after grain refiner
addition and after 4 hours of holding at 750 �C,
corresponding to samples C and D with an initial
measured cooling rate of ~ 1.5 K/s. As can be seen, both

Fig. 3—(a) through (c) Solidification microstructure of inoculated CP-Al (Sample C) with the addition of chips and oxide powders solidified
immediately after the grain refiners are added, in the top (a, d); middle (b, e); and bottom (c, f) sections of the ingot. (d) through (f) show the
magnified area in a), b), and c), respectively.

Fig. 4—EDS result of a measured black oxide film which contains
O, Mg, and Al, suggesting these black films are most likely AlMgO
films or spinel.
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samples show equiaxed grain structure. However, the
grains in sample C are smaller and more uniform than
sample D. The average grain size of samples C and D

are measured as 236 and 366 lm, respectively, indicating
that a long-time holding of the melt with high inclusion
load also causes a decrease of grain refinement

Fig. 5—(a) through (c) The solidified microstructure of inoculated aluminum melt (Sample D) with the addition of chips and oxide powders
after 4 hours of settling at 750 deg, in the top (a), middle (b), and bottom (c) sections, respectively. (d) through (f) show the magnified image of
the corresponding area in (a) through (c).

Fig. 6—Grain boundary morphology in the bottom sections of all four samples, (a) sample A, (b) sample B, (c) Sample C, and (d) sample D.
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efficiency. However, this decrease in grain refinement
efficiency looks less significant than that of CP-Al melts
without inclusions.

The cooling curves and the corresponding first
derivatives, dT/dt, of Samples C and D are shown in
Figure 8(c). The nucleation temperature can be deter-
mined from the dT/dt curve, where the cooling rate
curve shows a sharp increase. From the dT/dt curves, it
seems that the nucleation start temperature of sample C
is slightly higher than sample D, even though the lowest
point before recalescence is similar. From the dT/dt
curves, it is difficult to detect the difference in nucleation
start temperature of the two samples. This can be due to
the ultrahigh addition level of grain refiners in this
study, 10 g/kg, which is much higher than the normal
addition level, 0.5 to 2.0 g/kg. It is worth of mention
that the grain size of the ingots with chip additions is
much smaller than that of the CP-Al samples without
chip addition (Figure 7). This can be attributed to the
alloying effect of adding AA 6061 chips that contain
alloy elements such as Si, Mg, and Cu. With these
elements in the alloy, the grain growth restriction factor,
Q, of the alloy is substantially higher than CP-Al.

IV. DISCUSSION

A. Agglomeration and Settling of TiB2

It is well known that grain refiner particles, TiB2, tend
to agglomerate and sediment in aluminum melt owing to
the higher density of the inoculant particles than Al
melt. Strong sedimentation of the particles at the
bottom of the solidified CP-Al ingot has been observed
after 4 hours of holding (Figures 2 and 6). This is in
good agreement with the previous studies by Gazanion
et al.[27] and Schaffer et al.[13].
It has been shown that most of the agglomerated TiB2

particles distribute along grain boundaries. This must be
attributed to the grain structure development. During
the settling process, some of the TiB2 particles may
agglomerate together. However, agglomeration also
happens during the solidification process. Once a grain
refiner particle has nucleated an aluminum grain, the
adjacent TiB2 particles will not be able to nucleate new
grains anymore due to the reduced undercooling in the
surrounding melt[9,28] caused by solute segregation. As
the aluminum grain grows, only a small fraction of the
neighbor particles can be gulfed by the dendrite arms,

Fig. 7—Solidification structure and cooling curve for sample A and B from TP-1 type test. (a) Solidified structure after anodizing of CP-Al with
10 g/kg Al-3Ti-1B with no holding time. (b) solidified structure after anodizing of CP-Al with 10 g/kg Al-3Ti-1B with 4 hours of holding time.
(c) The cooling curve of samples A and B.
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while the majority will be pushed to the solidification
front by the dendrite arms. In the late stage of
solidification, they all agglomerate at the grain bound-
aries in connection with eutectic Al-Fe intermetallic
particles, forming structures as shown in Figures 2(c)
and (d). This is the so-called solidification frontline
accumulation. Meanwhile, TiB2 clusters also form in the
intragranular regions as shown in Figure 3(e)). This is
an evidence that the TiB2 particles may have agglom-
erated with each other in liquid aluminum before they
are pushed to the solidification front. An agglomeration
of the particle is supposed to reduce the total surface
energy of the particles.

It is interesting to see that the addition of 6061 chips
has significantly alleviated the sedimentation of TiB2

particles and alumina particles. Even after 4 hours of
holding time, the amount of settled TiB2 particles at the
bottom section is significantly reduced, as shown in
Figures 6(b) and (d). By further magnifying Figure 3(d),
Figure 9 shows typical hexagon-shaped TiB2 particles
tangled by oxide film. TiB2 in chain or as clusters are

attaching to both sides of the oxide films. These clusters
may be caught by the films as a whole piece or they may
have agglomerated by attracting new individual TiB2

particles during settling. Furthermore, some TiB2 parti-
cles are also found to be embedded in between oxide films.
This may be similar to the formation of bi-films. In this
case, not only aluminum melt and gas but also grain
refiner particles were wrapped inside the films.[29] This is
different from the CP-Al melt without chip addition,
where noTiB2was found at the top region after 4 hours of
settling. It is suggested that a strong adherence exists
between TiB2 particles and oxide film, which prevents the
sedimentation of grain refiner particles. This supports our
previous research on the wetting behavior of Al-3Ti-1B
master alloy on alumina substrate,[23] where the TiB2

particles are found to adhere to the oxide skin of
aluminum droplets periphery. The strong adherence of
TiB2 particles to oxide films has reduced the number of
particles that can sediment freely in themelt. On the other
hand, no direct strong adherence between oxide particles
and TiB2 particles was observed.

Fig. 8—Grain structure and cooling curves of TP-1 test samples of CP-Al with the addition of 6061 chips, alumina, and 10 g/kg Al-3Ti-1B. (a)
sample C, solidified immediately after the addition of grain refiners (b) sample D, solidified after 4 h of holding of the inoculated melt at 750 �C.
(c) The cooling curve (solid lines) with the corresponding first derivative dT/dt (dashed lines) of Samples C and D.
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Figure 7 has shown that 4 hours of settling has
significantly reduced the grain refinement effect of the
alloy, although a high amount of grain refiners were
added. This is owing to the fading effect of grain refiners
caused by sedimentation and agglomeration of TiB2

particles during long-time holding of the inoculated
melt. The sedimentation of TiB2 particles to the bottom
of the crucible leads to a heterogeneous distribution of
potential nucleation particles in the melt as shown in
Figure 6(b). The agglomeration of the particles will
significantly reduce the number density of potent nucle-
ation particles. One of the TiB2 particles in the agglom-
eration has initiated an aluminum grain, a solute
segregation zone will form around this grain, and then
the other TiB2 particles are not able to initiate new
grains due to the solute-suppressed nucleation (SSN)
effect.[9,30] Interestingly, it is found that an introduction
of a large amount of aluminum oxide films in aluminum
melt can significantly reduce the settling of grain refiner
particles due to the strong adherence of TiB2 particles
on the oxide films floating in the melt. On the other
hand, the adhering of TiB2 particles on oxide films also
retard the floating up of oxide films due to the higher
density TiB2 particles than aluminum melt. Although a
large fraction of the grain refiner particles, mostly
adhering to the oxide films, are remained in the upper
part of the melt in the furnace, after 4 hours of holding,
the grain refinement efficiency is still reduced, as shown
in Figure 8. This can be attributed to the very small
distance among particles adhered to the surface of oxide
films, where only a small fraction can nucleate alu-
minum grains. Furthermore, if TiB2 particles are
wrapped into the films as shown in Figure 9(a), they
cannot nucleate aluminum grains either. Nevertheless,
the existence of a large amount of aluminum oxide films
seems to slightly alleviate the fading effect of grain
refiners during long-time holding.

B. Settling Behavior of Oxide Films and Grain Refiner
Particles

To quantitatively address the influence of oxide films
on the settling behavior of grain refiner particles, Stokes’
law has been applied to calculate the terminal velocity v
of particles and drag force FD exerted on spherical

objects by the viscosity of melt. With small Reynolds
numbers in a viscous fluid, such as static test in present
work, v and FD can be expressed as

v ¼
2r2 qp � qf

� �

g

9l
½1�

FD ¼ 3plvd ½2�

In the equations, r is the radius of the spherical
particle (cm); qp is the density of particles, which is 4.5
and 3.97 g cm-3 for TiB2 and Al2O3, respectively

[31,32]; qf
is the density of liquid Al (2.345 g cm�3) at 751 �C[33]; g
is the acceleration due to gravity (980 cm s�2); and l is
the viscosity of liquid Al (0.01126 g/(cm s)) at 751 �C.[33]

The settling velocity of particles has been calculated
based on the following assumptions:

1. No initial force was acting on particles except for
gravity.

2. The morphology of the particles is spherical and has
a diameter in the range of 1 to 10 lm.

3. The only drag force considering is the force between
melt and particles, the wall effect and thermal gra-
dient convection effect have been ignored.

The times needed to travel 4.5 cm distance (total
height of the aluminum melt in the crucible) for a
spherical particle with a size of 0 to 10 lm are shown in
Figure 10. Heavy TiB2 particles settle faster than Al2O3

particles. With agglomeration, grain refiner particles
settle even faster than what is predicted by Stokes’
law.[14] It shows that after 4 hours of holding, all the
particles larger than 1 lm can be sedimented at the
bottom of the crucible. This fits well with experimental
observations: no TiB2 particles are found in the top
section after 4 hours of holding. But, TiB2 particles were
found in the top section after 4 hours of holding when
oxide films were introduced. Therefore, the shape factor
of the grain refiner particles must be considered in order
to address the settling of grain refiner particles adhered
to the oxide films.
The shape factor of films plays an important role

during the settling of films and it can be described by the
drag coefficient (CD). The drag force of the particle is

Fig. 9—Interaction between TiB2 particles and oxide films in Sample C, by the magnification of Fig. 3(d). (a) TiB2 particles (bright) attached to
oxide films (dark). (b) TiB2 particles adhere to the bottom side of oxide films.
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determined by this coefficient through Eq. [3], and it can
change the particle velocity during settling in a fluid.[34]

FD ¼
1

2
qfv

2
fCDA; ½3�

where A is the surface area of the particle. Due to the
difference in CD, the terminal velocity of a thin film
will be different from an alumina particle although
their density is identical. By an approximation of thin
disc geometry, the terminal velocity of a thin film can
be described as follows[16,34,35]:

voxidefilm ¼
qp � qf

� �

pdtg

32l
; ½4�

where t is the thickness of the disc (cm) and d is the
diameter of the particle (cm).

Figure 11 shows the terminal velocity of Al2O3

particle, TiB2 particle, aluminum oxide films, and oxide
films with an adhered TiB2 particle in aluminum melt.
When calculating the terminal velocity of films with
adhered TiB2 particles, the resulting density is assumed
to be the weight-averaged densities of both particles.
Yet, the morphology remains the same as the film. As
can be seen, the terminal velocity of TiB2 particles is
significantly reduced when they are adhered to oxide
films. This calculation fits well with the settling exper-
imental observation. Moreover, if the oxide films remain
thin in thickness, the terminal velocity is then not very
dependent on the disc diameter. It has to be noted that
the floating behavior of oxide films cannot be explained
by the current calculation. The floating of oxide films

may be attributed to the formation of folded oxide
films,[29] where some gas is entrapped between the oxide
films. These give an extra buoyancy force for oxide films
to float up.

V. CONCLUSIONS

In the present work, the interactions between alu-
minum oxide films and TiB2 particles in aluminum melt
during settling and their effects on the grain refinement
behavior have been studied. The major findings can be
summarized as the following:

1. There is a strong tendency for the TiB2 particles to
agglomerate and settle in aluminum melt during melt
holding. Most of the grain refiner particles are sedi-
mented in the bottom of the crucible and agglomer-
ated along grain boundaries in the solidification
structure.

2. An introduction of oxide films in aluminum melt can
significantly reduce the sedimentation of TiB2 parti-
cles. A large fraction of the grain refiner particles in
forms of chains or clusters are found adhering to
aluminum oxide films distributed at the top part of
the aluminum melt. This is due to the dragging force
of oxide films on the TiB2 particles in the melt.

3. Grain size measurement and cooling curve study of
TP-1 type solidification tests show that the grain
refinement efficiency is significantly reduced by a
long-time holding of inoculated aluminum melt,
regardless of the inclusion level in the melt. However,

Fig. 10—Calculated time needed for TiB2 and alumina particles in Al melt at 751 �C to settle 4.5 cm distance down to the bottom of the
crucible, as a function of particle radius.
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it seems that the introduction of a large amount of
aluminum oxide films can slightly alleviate the fading
effect of grain refiners over holding time. This is at-
tributed to the strong adherence between TiB2 par-
ticles to oxide films, which retards the sedimentation
of the particles.

4. The oxide powders do not show any direct strong
interaction with TiB2 particles, and therefore have
little influence on the sedimentation behavior of TiB2

particles.
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