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Abstract 

 
Non-metallic inclusions have a crucial impact on the quality of 
aluminum products and their behavior in aluminum melts needs to 
be understood in order to control them. Oftentimes LiMCA 
(Liquid Metal Cleanliness Analyzer) is used for the quantification 
of non-metallic inclusions in the melt. However, since LiMCA 
provides data with the assumption that all particles are spherical, 
it is currently impossible to obtain information about the particle 
shape during an online detection. In this work, aluminum oxide 
particles were added into an aluminum melt and the inclusions 
were detected by LiMCA in a demo-scale crucible furnace to 
observe how particles with different shapes settle. The effect of 
blocky alumina particles versus thin alumina films on the 
experimental results was assessed. Analytical modellings were 
also performed to support the experimental findings. First results 
on the impact of the shape factor on settling will be presented in 
this paper.  
 

Introduction 
 
Aluminum is extensively used in industrial applications such as 
transportation, packaging, automotive, aerospace, electronics… 
The inclusion content has been for a long time a major quality 
criterion for many products [1]. And it has continued gaining in 
importance with an increase of inclusion-critical applications such 
as products with low final thickness and high surface quality. 
 
Inclusion characterization is performed by off-line techniques 
such as PoDFA, Prefil and K-Mold or on-line methods such as 
LiMCA and ultrasound. Inclusion characterization must be fast 
since the production process is continuous and that makes the on-
line methods preferred [2].  
 
LiMCA is one of the most common online inclusion detection 
methods; it is based on the electric sensing zone principle. 
LiMCA detects the inclusion by measuring the change in 
electrical resistance between electrodes which is caused by a 
particle passing through the orifice of a glass tube immersed in 
liquid aluminum. The voltage peaks are then used for defining the 
inclusion size and number [3, 4].  LiMCA does not provide 
information on the shape of the detected particle since a spherical 
shape is considered in the calculation of equivalent size of the 
inclusion. As this kind of information is of relevance for 
aluminum producers, different approaches already exist to extract 
more information about the characteristics of detected particles 
from the LiMCA data. 
 

At McGill University, a new technology was applied to better 
discriminate the particles by using Digital Signal Processing 
(DSP) technology. In this method, all single events during a 
LiMCA measurement were characterized with regard to 
parameters like start slope, end slope and time to maximum 
voltage to extract more information about the properties of the 
detected particles. The parameters were found to describe the 
voltage peaks of LiMCA and they were used to classify the peaks 
according to their characteristics. Finally, a DSP-based LiMCA 
method was carried out to characterize the measurement peaks 
during the on-line operation [5]. This methodology is however not 
used in the industrial LiMCA. 
 
In another study [1], Martin et al. observed more than one settling 
trend after stirring the melt and three different settling rates were 
studied. Continuous improvement of the melt quality was 
observed in each time zone during settling. However, to reach the 
same decrease in inclusion concentration in a later stage of the 
settling curve, the melt required always more time than in the 
previous time zone. It was concluded that those differences might 
be caused by different inclusion densities and sizes. The different 
settling trends suggest that the inclusions settle differently and 
cannot be easily described by a single settling exponential curve.  
 
Figure 1 presents the LiMCA N20 values at the exit of a holding 
furnace after the melt was deliberately stirred by gas fluxing. This 
industrial test was shown in the work of Badowski et al. [6]. After 
some further evaluation of the data, it was observed that the 
settling of particles occurred in two different trends as indicated in 
Figure 1. This situation raised the question whether different 
settling trends of particles with different chemical and physical 
properties can be extracted by analysis of LiMCA data. 
 

 
Figure 1: LiMCA settling curve at the furnace exit during casting 

after intermediate stirring by gas fluxing in the furnace 
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The target of the present paper is to contribute to the studies on 
settling behavior of particles. For this, LiMCA trials were 
performed in molten aluminum before and after addition of 
particles into the melt in order to observe different settling trends 
of inclusions with different shapes. The obtained results were 
evaluated by LiMCA data analysis taking inclusion density, size 
and shape into consideration.  

Experimental Procedure 

In the present work, a number of demo-scale scale experiments 
were performed in different conditions. A LiMCA II unit was 
used for the detection of inclusions in a test setup consisting of a 
resistance heated crucible furnace and 120 kg molten metal based 
on 99.8 % aluminum ingots. The temperature was between 720 
and 730 °C during the experiments. 

The melt was manually stirred before the particle monitoring 
started in order to observe the settling of the particles. In selected 
trials, DURALCAN W6S.14A composite material was added to 
increase the inclusion concentration in a defined way in order to 
allow for a better monitoring of particles. The composite material 
contains 14% ± 2% Al2O3 particles in an aluminium matrix with 
an average size of 17 m (Figure 2). 

 
Figure 2: Microscopic picture of alumina particles in MMC 

The different parts of the composite material were examined 
under a light microscope and the dimensions of the particles were 
measured by image analysis. The composite material consists of 
particles with the av. length of 18 m and the av. width of 11 m. 
However, the maximum length of the particles is measured as 64 

m. The data was used to compare the size of the charged 
particles with the base inclusions in the melt.  

In addition to LiMCA, PoDFA (Porous Disc Filtration Apparatus) 
was used to analyze the melt cleanliness. The PoDFA samples 
were taken from the stirred and settled melt to characterize the 
particle types under a light microscope. The PoDFA sampling and 
particle addition procedure during the trials are shown in Table I.  

Table I: Particle addition and PoDFA sampling during the trials 

Test  Reference 
Melt 1 2 3 4 

Al2O3 
presence 

-    

PoDFA 
samples 

P1 
(settled) - - P2 

(stirred) 
P3 

(stirred) 
 

Results 

The settling curves of the small scale trials, starting with different 
inclusion concentrations, will be discussed by using their 
exponential coefficients as they represent the rate of settling [1]. 

Figure 3 shows the selected LiMCA settling curves before and 
after particle addition. The first LiMCA settling curve in Figure 3 

corresponds to the initial melt before particle addition. The 
associated PoDFA sample P1 presents mainly Al2O3 films and -
Al2O3 as expected (Figure 4). The high inclusion content before 
MMC material addition (typically 30 k/kg after melt stirring) is 
mainly attributed to the presence of oxide films, likely due to 
manual transfer of the melt that was required by the set up used. 
However, a melt treatment afterwards was not performed because 
the presence of sufficient inclusions was required for a 
statistically valid study of settling behavior. After particle 
addition, the inclusion concentration rapidly increases and reaches 
about ≈50k/kg after stirring. Sample P2 shows a very high amount 
of blocky Al2O3 particles due to charging of DURALCAN MMC.  

 
Figure 3: LiMCA run chart showing two tests with PoDFA results 

before (P1) and after (P2 and P3) particle addition 
 

 
Figure 4: PoDFA samples taken from the surface before (P1) and 

after (P2) MMC addition 
 
LiMCA settling curves will be investigated separately in terms of 
k values of the trend lines, where the time “0” corresponds to the 
stirring of the melt. 
 
Figure 5 represents the settling of the inclusions after stirring 
(t=0) in the reference melt with an exponential coefficient of         
-0.030 (min-1). This trend can be assumed as the base inclusion 
settling trend of the melt. 
 

 
Figure 5: LiMCA settling curve after stirring of the melt with base 

inclusion content (without particle addition) 
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Figure 6: Comparison of the different regressions on data from a settling trial 

After particle addition, the nature of the observed trend line 
changes (Figure 6). A single exponential trend line (dashed line) 
no longer represents the entire trend as precisely as in the 
reference melt. It is obvious that the settling behavior is described 
more accurately by using two exponential functions with a 
transition in the range of 15-20 kcounts (N20). From now on, the 
two parts of the curve will be named phase 1 and phase 2 
respectively. The separate curves show an exponential coefficient 
of -0.051 for the first and -0.024 for the second phase.  

While the exponential coefficient of the phase 2 in Figure 6 is 
quite similar to that of the base inclusion settling trend in the 
reference melt (-0.030), the coefficient of phase 1 differs 
significantly.  

After observing those independent trends in settling, more tests 
were analyzed in phase 1 and phase 2 in order to obtain a better 
understanding of the settling behavior. In test 2, only phase 2 is 
available due to technical issues of the LiMCA unit during the 
start of the settling (Figure 7). However, the exponential 
coefficient of the curve (-0.036) is close to the reference melt and 
indicates that the exponential coefficient of this settling phase 
seems to be characteristic for the base inclusions in phase 2 in the 
utilized setup.  

 
Figure 7: LiMCA settling curve after stirring the melt with added 

alumina particles 

Moreover, two settling trials were evaluated in tests 3 and 4. In 
test 3 the settling was interrupted by PoDFA sampling so that 
phase 2 of the curve is not available. 
 
The exponential coefficient of the settling curve in the Figure 8 is 
-0.055 and therefore comparable to the first test (-0.051). 
Accordingly, this range of exponential coefficients seems to be 
characteristic for phase 1 with specific particles in the utilized 
setup. 
 

 
Figure 8: LiMCA settling curves of test 3 after stirring the melt 

with added alumina particles 
 
Figure 9 also shows two settling phases after stirring. The settling 
in the phase 1 has the rate of -0.088 which is quite higher than the 
rate in tests 1 and 3. This value might be caused by the limited 
number of measurement points or a lower starting inclusion 
concentration. However, it is still obvious that the particles in 
phase 1 represent another settling trend. On the other hand, the 
second phase of the curve has a settling rate of -0.036 which is 
very similar to the results in phase 2 of the other tests.  
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Figure 9: LiMCA settling curves of test 4 after stirring the melt 

with added alumina particles 

The obtained results show that the difference in these coefficients 
might be a result of a different settling behavior of the initial and 
the subsequently added particles. Nevertheless, the different 
settling trends of the particles with different properties can be 
observed by LiMCA data and the major effect causing this 
variation will be studied in the discussion part. 
 

Discussion 
 
The settling of a melt with alumina particle additions has been 
studied by LiMCA measurements. It has been observed that the 
settling curves were different and two separate exponential curves 
were needed to describe the settling behavior when alumina 
particles were added. With alumina particle addition, the settling 
is apparently driven by the added particles (k typically close to -
0.05 min-1). After a period of time, the settling behavior of both 
melts (with and without particles) becomes similar (k typically 
0.03 min-1) due to the settling of the added particles (Table 2). 
 

Table 2: The exponential coefficients -k (min-1) of the settling 
curves in each test condition 

N20 data Phase 1 Phase 2 
Reference melt 0.030 0.030 

Test 1 0.051 0.024 
Test 2 n.a. 0.034 
Test 3 0.055 n.a. 
Test 4 0.088 0.036 

 
As stated before, PoDFA evaluations showed that the initial melt 
contained mainly alumina thin films before the addition of 
composite material. Therefore, the settling trends after particle 
addition can be interpreted by assuming that LiMCA detects both 
the settling of the thin alumina films and the added alumina 
particles in the melt.  
 
The observed settling curves with two exponential regressions 
after stirring in test 1 to 4 were seen only after the addition of 
particles. This different behavior might be caused by the different 
properties of the added particles in comparison to the base 
inclusions in the initial melt. From the results it can be concluded 
that the first phase of the curve in the test 2 presents likely the 
settling of the added particles and the second phase the base 
particles, which were already present in the initial melt. 

 
The particle properties, which might have caused the different 
settling trends, can be density, size and shape factors of the 
particles. In the following, they will be taken into consideration 
with regard to the interpretation of the results. 
 
Density 
 
Due to the buoyancy and gravity forces (Eq. 1 and 2), the density 
has an important influence on the settling velocity of a particle 
and the exponential coefficient of the settling curve accordingly.  
 

FG = ms  g = particle  Vparticle  g                               (1) 
Fv = mf  g = fluid  Vparticle  g                                  (2) 

 
with g the gravitational acceleration (m/s2) 

p the mass density of the particle (kg/m3) 

f the mass density of the fluid (kg/m3) 
Vparticle the volume of the particle (m3) 

 
However, the detailed PoDFA analysis showed that the melt 
contained mainly -Al2O3, -Al2O3 and Al2O3 films with approx. 
the same density and therefore the density does not seem to be the 
major cause for the difference in the settling velocity. 
 
Size 
 
The size of a particle has a direct influence on its settling velocity 
due to the gravitational force (Eq. 1). The settling curves of all 
tests were compared by studying the settling curves in different 
LiMCA size ranges, namely 20-40 and 40-60 m, in order to 
investigate the influence of the particle size (Table III).  
 
In reference melt and the test 1, there is virtually no difference 
between the different size ranges with regard to their exponential 
coefficients. This shows that the inclusions settle without 
distinctive dependence on the particle size. However, in tests 2 to 
4 the size ranges do not show similar settling rates anymore. This 
change might be caused by insufficient detected particle 
concentration in the size rage 40-60 m. The very low inclusion 
concentration in larger size ranges does not allow representative 
results and it is hard to observe a clear settling trend in case of 
insufficient number of detected inclusions. 
 
Table III: Rate of settling (-k) for each test in size ranges of 20-40 

and 40-60 �m 
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The difference of particle size distribution between added and 
base inclusions influences the characteristics of the settling 
curves. The normalized size distribution of the particles measured 
by LiMCA is shown in the Figure 10 for the five test conditions. 
The first measurement point after stirring for each test was 
normalized by dividing of the respective size ranges by the 
number of particles in the N20-40 class to observe the ratio 
between classes. The histograms can be compared to each other 
by the means of the given exponential coefficients. 
 

 
Figure 10: Size distribution of the first detected point after stirring 

in each test 
 
The results do not show a significant difference in terms of size 
distribution between the tests before and after the addition of 
particles. Furthermore, the particles in the added MMC material 
are in a comparable size range. This might be the reason why no 
clear size effect on settling was observed in the results.  
 
These results suggest that the particle size range is not the major 
factor affecting the settling trends in this particular case. 
 
Shape Factor 
 
The influence of the shape factor on the settling of inclusions can 
be described via the drag coefficient (CD) of the particles. This 
coefficient changes the drag force (Eq. 3) and determines the 
particle movement during settling in a fluid.  
 

FD = ½ fluid  2
particle  CD  A                                (3) 

 
with CD the drag coefficient of the settling particle 

 the terminal settling velocity of a particle 
(m/s) (vertically downwards if particle> fluid) 

A the surface area of the particle 
 
The settling of the inclusions is analytically investigated in this 
work based on the PoDFA observation that shows that the major 
fraction of the initial inclusions consisted of thin Al2O3 films and 
that -Al2O3 particles were added. Although they have the same 
density, their settling velocities will be different due to their 
shapes. A microscopic picture of the added particles is shown in 
Figure 2 and the shapes of the particles seem blocky and 
spherical-like. They will have a smaller CD value in comparison 
with thin and thick films in the melt, which results in higher 
settling velocities.  
 

The terminal settling velocity of a spherical particle can be 
expressed by Stoke’s equation (Eq. 4) under laminar flow [7]. The 
added particles in this study have the aspect ratio of 1.6-1.7) and 
therefore, the terminal velocity of added particles is approximated 
with the assumption of spherical particles. The terminal velocity 
(Eq. 5) of a thin film is calculated by an approximation of thin 
disc geometry with the aspect ratio of 0.1 [8]. 
 

                                    (4) 

 

                               (5) 

 
with D the thickness of the disc 
 d the diameter of the particle 
  the viscosity of the fluid 
 
The following diagram shows the theoretical settling velocities of 
thin discs and spherical particles calculated by using the equations 
4 and 5. Here, the spherical particles with the same density of thin 
discs reach approximately 5.5 times larger settling velocities. 
Since this value is quite high, this might be the major effect for 
the observation of the two settling trends after stirring during the 
performed trials. However, these values should only be seen as 
indicators, since Badowski et al. [6] already showed that the 
applicability of Stoke’s law for melting furnaces is limited and 
that the overall melt velocity pattern needs to be taken into 
account for the calculation of proper particle settling velocities.  
 

 
Figure 11:  Analytical settling velocities for disc-shaped and 

spherical Al2O3 particles 
 
The calculations above suggest that the drag coefficient and 
therefore the shape factor might have a dominating influence on 
the settling velocities in this particular case since all particle types 
have the same chemical composition and a similar size range.  
 

Conclusions 
 
The settling of Al2O3 films and particles was investigated in a 
demo-scale crucible furnace based on LiMCA data. The analysis 
and the results are summed up as follows: 
 

 Large amounts of oxide films were observed in the 
initial melt by PoDFA samples and their settling could 
be described by a single exponential function. 
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 After addition of a MMC material that contained 
spherical-like -Al2O3 particles, two different settling 
trends were observed by LiMCA after stirring the melt.  

 In the present setup, the transition of the two settling 
curves of films and particles was in the range of 
15-20 kcounts (LiMCA N20 value). But, this value 
depends on the inclusion concentration of the melt.  

 The reason of different settling trends due to particle 
addition were investigated by analytical calculations, in 
which density, shape and size of the particles were 
taken into consideration 

 The shape factor of an inclusion particle was shown to 
be having a major influence on the particle settling in 
this particular case.  

 This study has shown that, in specific configurations, 
information on particle characteristics can be retrieved 
from LiMCA curves when known inclusions are 
present. However the approach can hardly be 
considered for the analysis of industrial melts where a 
mix of inclusions is most often present and the LiMCA 
curve will depend on the mix of all inclusion 
characteristics 
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