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Abstract

Presence of non-metallic inclusions (NMIs) reduces
surface quality and mechanical properties of aluminum
products. The development of good NMIs removal
practices relies on the understanding of inclusion behav-
iors with respect to separation and agglomeration partic-
ularly in the turbulent flow. In the scenario of electromag-
netically induced recirculated turbulent flow, the con-
cerned behaviors of inclusions with different sizes have
rarely been investigated experimentally. In the presented
study funded by AMAP Open Innovation Research
Cluster, reference materials were prepared with uniformly
distributed NMlIs (SiC and MgAl,0,) via an ultrasound-
involved casting route. Reference materials were charged
into an aluminum melt where turbulent flow was
promoted via electromagnetic force. Microscopical anal-
ysis shows non-significant agglomeration tendency of
SiC, MgAl,0,, and TiB, inclusion. Time-weight filtration
curve, PoODFA, and Spark Spectrometer results suggest a
strong dependence of separation rate on particle size.
Analytical models were established to estimate the
collision rate of particles and to evaluate separation
probability of different sized particles.
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Introduction and Motivation

During primary and secondary aluminum production,
non-metallic Inclusions (NMIs) are formed during smelting,
re-melting, and melt handling processes. Without proper NMIs
removal process, NMIs pose difficulties in subsequent metal
working processes and dramatically deteriorate the surface
quality and mechanical property of aluminum products [1].
Conventional NMIs removal processes namely sedimen-
tation, salt fluxing, gas purging, and filtration have been well
established in productions [2]. The concept of improving the
conventional NMIs removal process based on forced ag-
glomeration of the particle was proposed firstly by Szekely
[3]. The author suggested that intensive mixing can promote
the coagulation of particles and bigger particles can be easily
removed by either floatation or filtration. In simulation
works, SiC particles and Al,O5 particles were also reported
to have a tendency to form agglomerates in the aluminum
melt [4, 5]. Marechal et al. [6] reported agglomeration trend
of Al,O5 and SiC particles with aluminum melt in laminar
flow conditions. Nevertheless a robust way to evaluate the
size evolution during particle agglomeration was missing. So
far the experimental investigation of NMI particles ag-
glomeration behavior in turbulent flow conditions is rare to
find. Not to mention the study of agglomeration behavior of
practical inclusions namely MgAl,O, which is frequently
found in 5xxx alloys. The reasons lie mainly in difficulties of
introduction of inclusions into the melt and dispersing them
homogeneously. Commercial metal matrix composite
(MMC) offers a simple way to introduce of NMIs. For
instance using Duralcan® MMC, patrticles like SiC, Al,O;
can be readily introduced into the melt. Nevertheless
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particles in the commercial MMC are often clustered to a
different extent and type of particles cannot be customized to
meet specific interests.

Electromagnetic (EM) separation, as a relative new sep-
aration process, has been proposed since decades yet the
application of such process on removal of NMIs from alu-
minum melt remains in lab-scale [7]. Theoretical [8, 9]
works including simulation ones have demonstrated the
fundamental principle of EM separation. Meanwhile a sim-
ulation work is performed in the heavy metal melt predicted
particle size-dependent separation rate [10]. With respect to
aluminum melt, several trials demonstrated the effectiveness
of EM separation [11]. Nevertheless, to the best knowledge
of authors, no trials havre been performed on examining
separating rate difference of NMIs with different sizes during
EM separation treatment.

In the presented study funded by Advanced Metals and
Process (AMAP) Open Innovation Research Cluster, we
firstly developed process routes capable of fabricating ref-
erence materials with customized inclusion type and mean-
while well-dispersed inclusions. SiC, MgAl,O,4, and TiB,
particles were charged into the melt via either reference
materials or master alloy to represent practical carbide,
oxide, and boride inclusions present in 5xxx aluminum
alloy. An electromagnetically driven melt was employed to
provide intensive stirring conditions for agglomeration
study. The treated melt were evaluated via metallography,
time-weight filtration curve, PoDFA, and Spark Spectrom-
eter analysis. In the meantime, a separation study was con-
ducted in two different scale furnaces to clarify the size
dependent separation rate of particles in the electromagnet-
ically driven flow. Analytical models were established to
help interpret experimental findings.

Experimental Methodology
Reference Materials Preparation

Two types of reference materials were fabricated in order to
ensure a controlled way for introducing artificial inclusions
with a defined concentration as well as particle size
distribution.

Table 1 Dimension,
electromagnetic parameter of
vacuum induction furnaces (VIF)

Name

Height of crucible (net value, m)
Diameter of crucible (net value, m)
Frequency (kHz)

Number of inductor turns-N,
Length of coil (m)-1,

Inductor current (A)-I.
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Ist type of reference material A356-SiC was fabricated by
diluting Duralcan® Metal Matrix Composite (MMC) which
contains ca. 30 vol% SiC particles. The dilution was made
under a protective atmosphere in a pre-cleaned parent A356
melt with assistance of a rotor. The melt was mixed for
certain time upon charging of MMC and afterwards a final
casting was performed to obtain reference materials. 2nd
Type of reference material namely S5xxx-MgAlLO, was
obtained by a combination of stir-casting and ultrasound
melt treatment. MgAl,O, powders were charged onto the
surface of a commercial pure aluminum melt which was
agitated via a rotor under a protective atmosphere. After-
wards the melt with suspended particles were casted into a
steel mould. The upper part of the obtained ingot enriched
with MgAl,0, particles (incl. clusters) and pores were sec-
tioned and charged into another prepared 5xxx parent melt.
Ultrasound melt treatment was performed for the S5xxx-
MgAl,O, melt for the sake of degassing and simultaneously
break up the big clusters. Treated melt was casted to obtain
reference materials (weighing 1-2 kg). Both type of refer-
ence materials were sectioned into small pieces for further
characterization and usage.

Separation and Agglomeration Trials

The investigation of particle separation and agglomeration
was performed using two vacuum induction furnaces
(VIF) in difference scales. Table 1 lists dimension, and
electromagnetic (EM) parameter of the two used induction
furnaces.

For 0.1 L VIF, the set-up snapshot and schematic of the
melting facility is shown in Fig. 1. The trials started by first
of all preparing base melt (5083 alloy). Afterwards inclu-
sions (SiC, MgAl,O,) were introduced via the reference
materials. Upon charging, the furnace was powered on to
generate EM stirring for 60 s. When stirring was completed,
the melt along with steel crucible was taken out of the coil
and quenched in the water tank.

The trial procedure in 1 L VIF is given in Fig. 2.
5083 alloy was used to prepare the base melt. The main
difference comparing with 0.1 L VIF trials is the integration
of a melt cleaning step (Fig. 2b). Reference material

0.1 L vacuum induction 1 L vacuum induction

furnaces furnaces
0.065 0.19
0.04 0.11

10 4

6.75 5

0.146 0.081
540 1423
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C Lietal

Fig. 1 0.1 L vacuum induction
furnace trial procedures: a set-up
snapshot; b schematic of heating
facility; ¢ sectioning; d assessed
columns, blue arrow marked
radial direction
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Fig. 2 Procedure of 1 L vacuum
induction furnace trial. EM stands
for electromagnetic

"

A356-SiC and master alloy Al-5Ti-1B in the coil form were
used in 1 L VIF trials (Fig. 2c, d). Evaluation of inclusions
were conducted for melts in non-stirred status and electro-
magnetically stirred status. Trial parameters for both 0.1 L
VIF and 1 L VIF scenarios are listed in Table 2.

Inclusions Evaluation

The quenched ingots from 0.1 L VIF trial were sectioned
and subject to metallographic preparation, as is shown
schematically in Fig. Ic. Upon metallograpic preparation of

Remelting »> Melt Cleaning »> Inclusions Introd

e

2> EM Stirring 3> Inclusions Evaluation

ction »»

"

(c)

(]}

the sample surface, particle spatial distribution and size
distribution were assessed and compared with that of the
reference materials. Figure 1d shows schematically the
evaluation region of the sample in a white column. Optical
Micrographs (OMs) were transformed from RGB into binary
graphs using Matlab®. The same software was used to
quantify particles with respect to area fraction and size dis-
tribution within each view field.

The filtration process through a PoDFA set-up was
recorded in real-time videos. In each of the 12 trials, the melt
was at the same temperature before transferring into the
PoDFA crucible and the vacuum level generated beneath the
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Table 2 Parameter of trials and Vacuum induction furnace Trial Nr. Inclusion Conc. EMS” time Evaluation
evaluation methods (L) (s) method
0.1 1 SiC 0.1 wt 60 Metallography
%
2 MgALO4 0.1 wt 60
%
1 3,4,5 SiC 25ppm O Metallography
67,8 SiC 25 ppm 60 (inc. PoDFA)
filtration-curve
9, 10, 11 TiB, 39 ppm 0 §S#*
12, 13, TiB, 39 ppm 60
14

“ EMS stands for electromagnetic stirring

** SS stands for spark spectrometer

filter disc during filtration was the same. The data concern-
ing the filtrated mass value (kg) as a function of time (s) was
extracted and plotted into time-weight filtration curve.
Solidified PODFA samples containing the filter and possibly
the filtration cake were sectioned and prepared metallo-
graphically. Afterwards OMs were taken to evaluate the
collected inclusions. Spark Spectrometer (SS) analysis were
performed for samples taken right before PoODFA filtration.

Results
Characterization of Reference Materials

Figure 3A shows Particle Size Distribution (PSD) of both
commercial metal matrix composite (MMC) and A356-SiC
reference materials. Note that the normalized particle num-
ber fraction within each size sub-range (e.g., 3540 pm) is
represented by a single data point. The graph suggests that
with our dilution process, particles were well dispersed.
Meanwhile big clusters were broken up with an average
particle size reduced from 16.6 to 12.1 pm.

Fig. 3 Particle size distribution

{a

Figure 3b shows PSD of the 5xxx-MgAl,O, reference
material. The graph demonstrates the effectiveness of the
developed process route, i.e., a combination of stir-casting
and ultrasound melt treatment. MgAl,O, particles were well
dispersed with an average size of 21.8 pm.

Agglomeration Behavior of Particles

Agglomeration trials were mainly performed in a 0.1 L
vacuum induction furnace (VIF). For SiC particles, nor-
malized particle area fraction for each sub-group of size
(e.g., 35-40 pm) was plotted as a function of the particle
size (Fig. 4a). The comparison between the sample obtained
from 60 s electromagnetically stirred melt and A356-SiC
reference material suggest no evidence of agglomeration. On
the contrary, a few big clusters seem to be broken up,
leading to a shift of particle size to a smaller range and a
minor decrease of average of particle diameter. A similar
trend of de-agglomeration of particles were observed for the
case of MgAl,O, (Fig. 4b).

G

i fals: 0.50
mn referen.ce materials: = A356-SiC (Ave. Size 12.1 pm) T Ave. MgAl,0, Size 21.8 pm
a A356-SiC; b 5xxx-MgAl,O,. 045 ® ® Duralcan MMC (Ave. Size 16.6 um) i
. S c = 12
Quantitative results each from at g 0.40 - . .% e g 1._? g
. M 2 .23 4 . : +
least 40 view fields. Inserts are £ 0.35 e I ] i P
. . =Mt ] SR T w T e R
example optical micrographs F L 5 0204 Vit e ented
=] L] :
3 E T as: £ gl
£ 0254 . ty ‘2| £ 0154 R
@ ! wp i
o Sl i - - -
o 0204 Duralcan MMC A3SE-SIC Ref. Material = " S00-MgALL0, Ref. Material
N ® @ 0.10 4 e
= 0.15- - N
E g .
5 0104 E 0.05 4 [
Z 2 ®
0.05 4 & *eq -
® 0.00 o 90 g8 g 8-
0,00 4 " s 30 0 808 0 a8 0 2
5 10 15 20 25 30 35 40 45 50 55 €0 65 70 75 80 10 20 80 40 50 60 70 8O 80 100° 110

Particle Size (um)

Particle Size (pm)



910 C. Lietal
Fig. 4 Normalized particle area (a) (b)
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Separation Behavior of Particles

In the 0.1 L VIF scenario, the separation of SiC and
MgAl,O, particles in the near-wall region is shown in
Fig. 5. The normalized area fraction of each column
(Fig. 1d) for either SiC or MgAl,O, particle is plotted as a
function of radial distance to the center line. The result
shown in Fig. 5 suggests that more MgAl,O, (19 pm) were
separated than SiC (11 um) particles under the same EM
parameter.

In the 1 L VIF scenario, the separation of SiC particles
was evaluated via time-weight filtration curve and PoDFA
metallography. Figure 6a gives the time-weight filtration
curve of the melt after 0 s EMS and 60 s EMS for SiC

Fig. 5 Normalized particle (SiC 09

particle trials. A noticeably higher filtration rate can be
observed for the melt after 60 s stirring. PODFA metallo-
graphic result shown in Fig. 7 suggests a nearly 100 vol%
reduction of SiC in the melt. This offers a reasonable
explanation for the increased filtration rate shown in Fig. 6a.

In 1 L VIF scenario, the separation of TiB, particles was
evaluated via time-weight filtration curve, PODFA metal-
lography, and Spark Spectrometer (SS) analysis. Figure 6b
gives the time-weight filtration curve of the melt after O s
EMS and 60 s EMS for TiB, particle trials. Unlike SiC
particles, the two curves coincide with each other very well.
If one assumes the filtration curve is sensitive primarily to
inclusions amount and secondarily to inclusion size distri-
bution, the filtration curve of TiB, particles does not suggest

and MgAl,0,) area fraction in
radial direction
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1= 1liter VIF-SIiC-0 sec. EMS e (b)
124 * 1liter VIF-SiC-60 sec. EMS

= 1 liter VIF-TiB2-60 sec. EMS

JI = 1 liter VIF-TiB2-0 sec. EMS
1
|
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Fig. 6 Time-weight filtration curve from melt after O and 60 s electromagnetically stirring (EMS). a SiC particle, from trials Nr. 3-8; b TiB,
particle from trial Nr. 9-14. All trials conducted in 1 L vacuum induction furnace (VIF)

1 liter VIF-SiC-0 sec. E

Fig. 7 Micrographs of PoDFA filter (cake) from melt after 0 and 60 s electromagnetically stirring (EMS). Arrows marked SiC particles. Results
from trial Nr. 3 and 6 conducted in 1 L vacuum induction furnace (VIF)

Tliter VIF-TiB2-0 sec.
PoDi Avaluellﬂl?? ]

Fig. 8 Micrographs of PoDFA filter (cake) from melt after 0 and 60 s electromagnetically stirring (EMS). Arrows marked TiB, particles.
Quantitative analytical results insert in upper-left. Results from trial Nr. 9 and 12 conducted in 1 L vacuum induction furnace (VIF)
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Fig. 9 Spark spectrometer analysis from samples taken from the melt
after 0 and 60 s electromagnetic stirring (EMS). Results from trial Nr.
9-14 conducted in 1 L vacuum induction furnace (VIF)

any separation or significant agglomeration of TiB, particles
after 60 s stirring time. PODFA metallographic result shown
in Fig. 8 also suggests insignificant difference in the col-
lected TiB, particles. Nevertheless, in our study the melt was
cleaned before charging TiB, particles, so most TiB, parti-
cles were in fact not collected by PoDFA filtration. There-
fore we resorted to spark spectrometer analysis for
determining TiB, concentration in the melt right before
PoDFA filtration. The result is given in Fig. 9, which sug-
gests an insignificant variation of TiB, concentration in the
melt irrespective of melt stirring or not. Such result is in line
with time-weight filtration curve and PoDFA results.

Analytical Modelling and Discussions
Reference Materials and Agglomeration

The fabricated A356-SiC and 5xxx-MgAl,O, reference
materials in fact offer already good basis for agglomeration
studies. However no experimental evidence of agglomera-
tion for either types of particles were found. For clarifying
the reasons, we tried to examine the kinetics factor, i.e.,
collision constant. The derivation starts from calculation of
magnetic flux density in the center line of the virtual melt
[12]:

oty Nele

By = kka ]

(1)
where kg is the shielding factor of the crucible, ky is the
Nagaoka short-coil factor, Ly is permeability of free space, .
is the relative magnetic permeability of the inductor, N is

number of inductor turns, I, is the current, I is the length of
the coil. With obtained B, value, Alfven’s velocity u, can be
calculated. Alfven’s velocity can be seen as an indicative
value of the characteristic melt velocity in an electromag-
netically driven melt [13]:

By

. — 2
(o)™ >

Up =

where py is the melt density. With the obtained value of uj,,
the dissipation rate of turbulent kinetic energy (TKE) € can
be estimated based on following equation [14]:
_4

L

6 (3)
where L is the characteristic length of the melt. According to
the classic Saffman—Turner collision theory [15], the colli-
sion constant C, can be calculated by:

8n >

C=—d=- 4

=VFIVE @)

where d is the diameter of the particle, v is the kinematic

viscosity of the melt. Assuming that each collision leads to a

decrease of a unit number of particle. One may write down
[3]:

dn

—_— = _Cﬂ’lz

7 (5)

where dn/dt is the particle number density decrease rate,
integration of Eq. (5) leads to:

r__ 1 (6)
noy 1+ Ctny
where n/n, is the remaining particle number density, t is the
EMS time of the melt, ny is the initial particle number
density.

If we input the initial particle concentration 0.1 vol% and
treatment time 60 s, the remains particle number density
ratio after melt stirring can be calculated. Results are given
in Table 3. It can be seen that the particle number density
remains as only 0.65% with our input values. As a conse-
quence the average particle size shall be 5 times larger than
the reference materials, which was, however, not observed in
any of the 0.1 L VIF trials.

Based on established analytical model, insufficient colli-
sion rate of the particles can be excluded as a reason for the
particle to not form agglomerates. To account for the non-
agglomeration character, other factors such as weak adhe-
sion or swift separation of particles towards the near-wall
region of the melt shall be considered.

It is worth mentioning that one should be cautious to
extrapolate the non-agglomeration indication to all kinds of
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Tab_le 3 Estin}ated ﬂ“i‘? and Crucible Nagaoka Magnetic | Melt Chara. | Melt Alfven’s | Diss. | Particle
particle dynamic properties shielding shielding perm. density |length | kinematic | velocity  rate | density
factor factor viscosity TKE | remains
/ / (H/m) kg/m®> 'm m?/s m/s m¥ | %
3
S
ks kn Ho™® My Pr L v ua € n/ng
0.34 0.78 1.26E-06 | 2445 0.02 491E-07 0.2 0.51 0.65

MgAl,O, inclusions. In practical situations, MgAl,O, in-
clusions may adopt different morphologies and sizes (e.g.,
oxide film). Hence their agglomeration behavior (incl.
kinetic factor) may deviate from the one we observed in this
study.

Size-Dependent Particle Separation

In an electromagnetically driven flow, non-conductive
spherical particles are subject to an electromagnetic force
fem whose density is proportional to Lorentz force density
Fem [8]:

fem = 0.75 % Fey (7)

The force calculated by Eq. (7) will induce a relative
velocity of particles in the radial direction which is respon-
sible for the separation of particles. In creep flow (Rep < 1)
conditions, the formula of reference radial velocity u, can be
calculated analogously to that of settling velocity [16]:

2
uy = 1.5d"fem (8)
364,

where L is melt viscosity. Eq. (8) gives the first criterion for
comparing the separation rate of different sized particles.
With the increase of particle diameter, the reference radial
velocity also increases.

On the other hand, particles present in the melt tend to
follow the streamline because of the drag force whose
density Fp is given as [16]:

18,

(p — ) 9)
where u, — uyis the relative velocity of the spherical particle
with respect to melt local velocity. Drag force is responsible
for carrying out the mixing of particles and hence counteract
the localized enrichment of particles in the melt. Under the
same flow conditions, particle relaxation time T, justifies the
faithfulness of the particles to follow streamlines of the flow
and hence the tendency of particle to be well-dispersed. The
relaxation time T, can be calculated by dividing the relative

velocity u, — up with particle acceleration, the latter of

which can be readily calculated using Fp given in Eq. (9)
[17]:

(wp —uy) _ ppd®
fp 18,

Pp

T, = (10)

In the recirculated electromagnetically driven flow, if a
particle has a high value of relation time of a particle, it is
more prone to deviate from the streamline of the flow pat-
tern. Equation (10) offers the second criterion for comparing
the separation rate of different sized particles.

A combination of Eq. (8) and Eq. (10) makes it possible
to compare the separation rate of different sized particles
under same flow conditions. For instance, in the 1 L vacuum
induction furnace scenario, SiC particles will be separated
faster towards the wall region than TiB, particles since they
have a higher radial terminal velocity and meanwhile they
are inclined to fall out of streamlines.

Based on Eq. (8) and Eq. (10), a comparison of particle
separation probability of TiB,, SiC and MgAl,O, is
schematically drawn in Fig. 10. Note that the spherical
particle shape is assumed during the derivation of the
models. For other shapes of inclusions, e.g., oxide film,
model adaption is necessary to give the right prediction of
separation probability.

Fig. 10 Schematic of particle separation probability of TiB,, SiC, and
MgAL, O, under same flow condition. Density difference has been
accounted for
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Conclusions

Agglomeration and separation behaviors of non-metallic
inclusions in 5xxx alloy melt were investigated in electro-
magnetically driven flow. The findings are summarized as
follows:

e A combination of stir-casting and ultrasound melt treat-
ment is capable of fabricating 5xxx-MgAl,O, materials
with well dispersed particles.

e No apparent evidence was found for agglomeration ten-
dency of SiC, MgAl,O,4, and TiB, particles with respect
to their respective as-charged states. Although established
analytical model indicates sufficient collision rate pro-
vided by the flow.

e Experimental results demonstrate that particle separation
rate is positively related to size. Two separation criteria
were proposed to explain size-dependent particle sepa-
ration rate.
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