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Abstract

Aluminum (Al) white dross is classified as hazardous waste and originates from the primary production of Al as a result
of molten metal oxidation at an industrial scale. As the produced dross reduces the annual metallic Al production by up to
10%, finding a way to reduce the dross formation has always been of interest. Several laboratory studies have shown that
exposing molten Al to small amounts of CO, has an inhibiting effect on the oxidation rate of the metal. Still, few studies
have described this effect at an industrial scale. The present work has therefore studied the impact of protective cooling of
industrial white dross samples on the oxidation rate of the dross to shed some light on the issue. Samples were collected
from the holding furnace in a casthouse during the production of two different charges of Al alloys with varying amounts of
magnesium (Mg), i.e., Charge 1 (AIMg1.0Mn0.4) and Charge 2 (AlMg1.2Mn0.4). The samples were cooled in ambient air
and under a lid with 5% CO, mixed with 95% synthetic air in two parallels and later characterized by X-Ray Diffraction and
Electron Probe MicroAnalysis combined with deterministic image analysis. Both methods confirm that all samples cooled
under the protective atmosphere with 5% CO, had a higher content of metallic Al (89.4 wt%) than those cooled in ambient
air (86.0 wt%), indicating that small amounts of CO, also inhibit the oxidation rate of dross at an industrial scale.
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Introduction

Oxidation of aluminum (Al) and its alloys results in dross
formation during industrial Al production, causing losses of
up to 10% of the annual Al produced [1]. The rate of oxida-
tion of Al has proven to be influenced by several parameters
that can have both amplifying or inhibiting effects, i.e., the
magnesium (Mg) content which has proven to have ampli-
fying effects, and inert atmospheres to be inhibiting [2-5].

During primary production of Al, white dross is the
oxidation product with a metallic Al content varying from
40 wt% up to> 80 wt% due to different furnace processes
[6-8]. The white dross is, in other words, highly hetero-
geneous, and it is also classified as a toxic and hazardous
waste that should be managed in compliance with the cur-
rent legislation. Landfilling of Al dross is forbidden in most
European countries, and it must therefore be recycled and
processed in a way that considers the environmental impact
of the processing steps taken [9].

The Mg concentration in the Al alloy is reported to have
a prompting effect on the dross formation resulting in an
increasing oxidation rate [3, 10]. This effect is seen during
production when adding Mg to the casthouse holding fur-
nace, as well as at laboratory-scale experiments. As a result,
higher Mg concentrations contribute to formation of MgO
and MgAl,0, and consequently breakaway oxidation [11].

Furnace operations also have an effect on the oxidation
rate of Al. Before casting the Al alloy, it is necessary to stir
the melt to assure complete dissolution of the solid alloying
elements added [12]. This task is mainly carried out by one
of the furnace operators using a large rake that is carefully
stirred through the melt, see Fig. 1 [8]. The negative aspect
of this step is that it disturbs and breaks up the oxide layers
already formed and floating on top of the melt together with
non-metallic compounds (NMCs) (areas marked with dotted

Fig. 1 Image of an aluminum
(Al) melt being skimmed,
where the oxides/non-metallic
compounds (NMCs) are floating
on top of the melt (marked with
white). A small, cleaned area
of the molten Al melt is also
marked with a black dashed line
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white lines in Fig. 1), and new unreacted molten surfaces are
exposed to the surrounding atmosphere (area marked with a
dotted black line in Fig. 1). New oxide films and layers are,
as a result, formed allowing even more of the molten Al to
oxidize and thereby influence the overall metallic yield [13].

As previously described, adding certain elements, e.g.,
beryllium (Be) and calcium (Ca), to the melt can inhibit the
oxidation rate of Al [5, 14, 15]. There are, however, some
risks related to adding these elements, as Be is known to
be harmful to humans [16], and Ca may cause cracking of
the alloy when being further processed through rolling and
forming operations of the final product [17].

Another inhibiting parameter is adding small amounts of
CO, to the atmosphere/cover gas in contact with the molten
alloy. Smith et al. reported an inhibiting effect adding from
50% down to 5% CO, to an atmosphere of synthetic air [18].
Further investigations using X-ray Photoelectron Spectros-
copy (XPS) revealed a carbon (C)-containing oxide layer,
concluded to form by reactions with the CO, in the atmos-
phere [19].

The present authors (Solem et al. [20]) also investigated
the influence of adding small amounts of CO, (4%) to an
oxidizing atmosphere and its effect during heat treatment of
Al alloys 5182 (AlMg4.5Mn0.4) and 6016 (AlSi1.2Mg0.4).
The results revealed that small amounts of CO, significantly
reduced the mass gain for both alloys and influenced the
oxide layer morphologies compared to when heat treated
in synthetic air. It was also observed that the CO, adsorbed
onto a nanocrystalline MgO surface and formed an amor-
phous C layer preventing further oxidation of Mg to MgO
and MgO to MgAl,0, [11, 20].

The inhibiting effect caused by CO, has only been stud-
ied at laboratory scale and not at an industrial scale in
view of its effect on dross formation. To do so, a tool
for systematically collecting representative dross samples
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directly from the casthouse holding furnace was developed
[21] and further modified by the present authors (Solem
et al. [22]), supported by step-by-step procedures for sam-
ple collection, preparation, and analyses for quantifying
the content of metallic Al, oxides, and other NMCs in
the heterogeneous dross mixture collected. The developed
tool was tested at an industrial campaign at Alcoa ANS in
Mosjgn (Alcoa), Norway, and revealed to be well suited
for collecting representative dross samples. The chosen
sample preparation method (cryomilling) and analysis
technique (X-ray diffraction (XRD)) proved to give repro-
ducible results.

Based on the above, the present work aimed to investi-
gate the effect of protective cooling of dross samples col-
lected from the holding furnace at the casthouse facilities of
Alcoa during the production of AIMgMn alloys with varying
amounts of Mg. A cooling atmosphere of 5% CO, mixed
with 95% synthetic air was used and compared to cooling
performed in ambient air. XRD and Electron Probe MicroA-
nalysis (EPMA) combined with deterministic image analysis
were used to analyze the results.

Experimental Set-Up and Procedure

The sampling tool and procedure for collecting representa-
tive industrial Al dross samples developed by Solem et al.
[22] were applied in the present work. To enable protective
cooling of the collected dross samples, lids were designed
to cover the dross trays, which also allowed for a gas or
gas mixture to be purged onto the dross while it was being
cooled. It was also crucial that the set-up did not disturb nor-
mal furnace operations while, at the same time, minimizing
air exposure during sample handling.

Design of Lids

The lids were made of stainless steel plates with a thick-
ness of 2 mm. The shape chosen was rectangular with the
dimensions 37 X47 cm and a height of 16 cm, allowing one
lid to cover one dross tray. A 43 cm long stainless steel pipe
was welded to the top surface of the lid to allow gas to be
purged onto the dross tray (gas inlet). The pipe’s location
was chosen so that the gas was distributed evenly over the
full dimensions of the tray. Two holes on each short side
of the lid were added to create an escape route for the gas
(gas outlet). In addition, two handles were placed on the top
of the lid to ease the lid’s handling when placed over the
dross tray or removed. The individual lids were connected
by standard gas tubing to the gas bottles placed next to the
holding furnace (Fig. 2).
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Fig.2 Illustration of the lid and its use with the gas inlet on top and
gas outlet on each short side

Sampling

The sampling tool designed and its use to secure reproduci-
ble dross samples from the casthouse holding furnace during
one-furnace practice have been discussed elsewhere (Solem
et al. [22]). In the present study, the tool was used to collect
dross samples from two different AIMgMn charges during
production, i.e., Charge 1 (AIMg1.0Mn0.4) and Charge 2
(AIMg1.2Mn0.4), where Charge 1 was collected at 772 °C,
Charge 2 at 771 °C, and both charges were collected before
fluxing (removal of alkali elements by purging chlorine or
argon gas through the melt before casting) of the melt. It
was, however, made one significant adjustment to the pre-
viously developed procedure and that was collecting two
samples from each location instead of one.

The first dross sample that was collected was transferred
to a dross tray and cooled in ambient air simulating the
casthouse dross cooling conditions as there is currently no
in-house dross press or Ar cooling procedures on site. The
second sample was transferred to a tray and immediately
placed under a lid to be cooled in a protective atmosphere of
5% CO, mixed with 95% synthetic air. The same sampling
procedure was followed for all locations where samples were
collected, i.e., Location 1 (closest to the injection point of
primary produced Al), Location 2 (left of the center of the
holding furnace), Location 3 (right of the center of the hold-
ing furnace), and Location 4 (furthest away from the injec-
tion point of primary produced Al). This resulted in two
parallels of collected samples for each charge.

An image of the complete set-up is seen in Fig. 3, where
the gas is connected to each lid, covering a dross tray for
protective cooling (marked with a red box). The other sam-
ple collected from the same location was placed in front and
cooled in ambient air (marked with a blue box).

@ Springer
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Fig.3 Set-up for protective cooling of collected Al dross samples.
Parallel samples are cooled under lids with a purging gas of 5% CO,
mixed with 95% synthetic air (marked with red) and in ambient air
(marked with blue)

To compare each sampled charge, the same person was
responsible for collecting all the dross samples from the
different locations in the holding furnace.

Figure 4 presents a flowchart showing the different
steps that each dross sample collected from Charge 1 went
through after being cooled, i.e., sieved into different frac-
tions, pulverized, and characterized. Figure 5 shows the
same for Charge 2.

<1.25 mm

Charge 1 cooled in air
Charge 1 cooled in 5 % CO,

Fig.4 Flowchart of the sample preparations and analysis for Charge 1

1.25-4.5 mm | d

Charge 2 cooled in air
Charge 2 cooled in 5 % CO,

<

—

>4.5 mm

Fig.5 Flowchart of the sample preparations and analyses for Charge 2
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The two parallels of dross samples collected from each
charge were sieved separately into three size fractions,
i.e.,<1.25 mm, 1.25-4.5 mm, and > 4.5 mm. The smallest
(< 1.25 mm) and mid (1.25—4.5 mm)-size fractions were pul-
verized by using cryomilling and later analyzed. Selected
pieces of dross from the mid (1.25-4.5 mm)- and largest
(>4.5 mm) size fractions were mounted in epoxy and later
analyzed.

Cryomilling of the Smallest and Mid-Size Fractions
of the Dross Samples

A cryomilling unit from SPEX (6770 Freezer/Mill, USA)
was used for crushing each dross sample. The unit consisted
of a vial made of polycarbonate, a cylindrical impactor,
and end pieces made of steel. To cool the samples down to
— 196 °C both before and during milling, liquid nitrogen
(N,) was used.

Each milling cycle consisted of a precooling step of
60 min to cool down the milling media and the samples, fol-
lowed by 6 min of effective cryomilling and 3 min of pauses
between the sequences. After three milling sequences, the
apparatus was paused for the bath to be re-filled with liquid
N, before the following milling sequence was started. This
continued until an overall cryomilling time of 60 min was
reached, which previously was reported by Solem et al. [22]
to be sufficient for pulverizing the metallic Al lumps and
flakes present as larger fractions in the dross. After final-
izing the cryomilling, each sample was again sieved, and
the portion of the sample that was < 100 um was put aside
for XRD analysis.
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Mounting and Polishing of the Mid- and Large-Size
Fractions of the Dross Samples

Eight randomly selected pieces of the dross from Charge 1
and Charge 2 were mounted in epoxy, polished with 1 um
diamonds, and dried in a cabinet at 65 °C for a minimum of
24 h before being coated with a 10-20 nm thin layer of C.

Quantitative Analyses

All collected dross samples that were cryomilled were ana-
lyzed by XRD, and all mounted samples were analyzed
by EPMA combined with deterministic image analysis
(described below). This allowed for comparing the obtained
results and, thereby, reaching a higher degree of accuracy
when interpreting the results.

X-Ray Diffraction

A D8 A25 DaVinci X-Ray Diffractometer (Bruker, Billerica,
Ma, USA), equipped with a LynxEye™ superspeed detector
and monochromatic CuKa photons with a wavelength of
A=1.5406 A, was used for the XRD analyses. A scatter-
ing angle of 20 covering a range of 6-110° was set, and an
X-ray generator of 40.0 kV was applied for all measure-
ments. Each XRD scan was carried out with a step size of
0.020° and a step duration of 8 s/step with a fixed divergence
slit of 0.100°. Rietveld refinement was performed for all
scans using the TOPAS software (version 5, Bruker, Bill-
erica, Ma, USA) to refine the data and quantify the phases
present in each sample.

EPMA

A JEOL JXA-6500F Field Emission Electron Probe Micro-
analyzer (JEOL Ltd., Tokyo, Japan) was used for the EPMA.
The same set-up of the instrument was used for all samples,
i.e., the same detector was used for each specific element
to assure consistency in the element mapped, as well as the
same magnification to allow for direct comparison of the
microstructure and size.

Deterministic Image Analysis

For quantifying the elemental mappings in the EPMA scans,
a previously established deterministic image analysis method
was applied to 2D images where each pixel’s intensity value
represents the target element’s concentration at its location
[23]. As the deterministic image analysis results have been
found to correlate well with the XRD results, e.g., having
correlation factors of 0.924 and 0.916 (on a scale from 0
to 1, where 1 equals complete correlation) for the metal-
lic Al phase and the oxides/NMCs phases, respectively, the

two quantitative analysis methods have been compared in
the present work as well [23]. Multiple quantitative metrics
were derived for detecting the targeted phases using deter-
ministic image analysis. Each pixel was classified into one
of the targeted phases by its predominant content, and by
applying an intensity threshold to the elemental C, the map
provided detection of pores and epoxy. Where no pores or
epoxy were detected, an oxygen (O) threshold was used to
determine the areas with a higher concentration of O repre-
senting non-metallics and areas with a lower concentration
of O representing metallics. At a maximum, there were eight
scans per experimental condition, of which one to two were
discarded due to excessive cryolite content.

Each sample was distinctly divided into three different
areas, i.e., (i) pores/epoxy-dominant areas, (ii) metallic
areas, and (iii) non-metallic areas on a pixel-by-pixel basis,
from the intensity thresholding of the elemental maps. The
same thresholding was applied systematically for all EPMA
scans to enable statistical pooling, comparisons, and the
identification of trends. Based on this analysis, the relative
content of each of the three phases per scan as a percentage
of the total scanned area was determined. Each scan's rela-
tive metallic and non-metallic content was then pooled based
on the experimental conditions for deriving means and medi-
ans per condition. An example is given in Fig. 6, where the
EPMA results of Al (Fig. 6a), O (Fig. 6b), and C (Fig. 6¢)
are presented together with the CP image (the backscattered
electron microscopy image) (Fig. 6d), as well as the phase
detection based on the listed criteria above (Fig. 6e).

Results and Discussion

The effect of small amounts of CO, added to the atmos-
phere during protective cooling of industrial dross samples
was (after sample preparation) evaluated by XRD, as well as
EPMA combined with deterministic image analysis. XRD
was chosen as it is a technique that gives unambiguous
results and deterministic image analysis as it is a new and
innovative approach with the ability to confirm the XRD
results. Its method can also evaluate the presence of trace
amounts that may be undetected by the XRD readings.

X-Ray Diffraction

The metallic Al content from the XRD measurements for
the smallest fraction (< 1.25 mm) and the mid-fraction
(1.25-4.5 mm) for Charge 1 cooled in CO, (red graphs)
and in ambient air (blue graphs) for Location 1 and Loca-
tion 4 are presented in Fig. 7a and b. As can be seen from
the graphs, the metallic Al content is higher when cooled
in CO, than in air for both fractions. It can also be seen
that the metallic Al content is higher for the 1.25-4.5 mm

@ Springer
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Fig.6 EPMA results of a Al,
b O, ¢ C, d CP (backscattered

electron microscopy) image,
and e the binary phase detection
based on those elements. A
quantitative analysis is pre-
sented in (f)

fraction than for the < 1.25 mm fraction. Representative
XRD results for Charge 1, fraction < 1.25 mm, for Location
1 and Location 4 for the metallic Al (Fig. 7a) and oxides/
NMCs (Fig. 7c) are presented Fig. 8, where the triangles
represent the metallic Al phase, and the stars represent the
oxides/NMCs phases.

The oxide content in the dross at respective locations
for each of the fractions is given in Fig. 7c for the smallest
fraction (< 1.25 mm) and in Fig. 7d for the mid-fraction
(1.25-4.5 mm). From the XRD results, an increasing oxide/
NMCs content with decreasing metallic Al content was
established to exist from Location 1 to Location 4. This con-
firms the earlier observations made by the present authors
[22].

The metallic Al concentrations in the dross were observed
to be slightly higher than earlier reported values [22], which
is believed to be linked to the applied milling technique
(more homogenous samples), as well as the protective

@ Springer

Phase detection

Metalics (52%)

Non-Metalics (12%)

cooling step. As previously mentioned, cryomilling was
used for milling both sample fractions, but it was not the
obvious choice of sample preparation technique from the
start. Ring milling was first tested on the smallest fraction
of the dross samples, but the technique did not successfully
mill the dross down to the fine powder needed for accurate
XRD analyses (large Al flakes were observed to exist in the
pulverized material), resulting in an inhomogeneous pow-
der. Based on this, cryomilling was used on both fractions
of the dross samples, allowing the metallic Al content in
the different fractions to be directly compared with a higher
degree of accuracy. The potential inhibiting effect on oxi-
dation from using protective cooling by purging gas with
5% CO, directly onto the dross samples while being covered
by lids could then also be more accurately studied.

Based on the experimental approach, the mid-fractions
(1.25-4.5 mm) for both charges investigated proved to
have a higher metallic Al concentration when cooled under
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Fig.7 X-Ray diffraction (XRD) results of Charge 1 cooled in CO, »

(red, vertically lined) and ambient air (blue, horizontal lines) for the
metallic Al content of a fraction<1.25 mm and b fraction 1.25-4.5,
and for the oxide/non-metallic compounds (NMCs) contents of ¢
fraction < 1.25, and d fraction 1.25-4.5 mm

protective conditions. This indicates that the oxidation pro-
cess had been inhibited and that the earlier laboratory-scale
findings, i.e., where the oxidation rate of Al alloys contain-
ing Mg was inhibited when exposed to small amounts (4%)
of CO, during cooling, had been reproduced through protec-
tive cooling under industrial conditions.

EPMA and Image Analysis

The EPMA results for two of the analyzed Al dross sam-
ples from Charge 1, i.e., fraction >4.5 mm from Location 1,
are presented in Fig. 9. Their respective scanning electron
microscopy (SEM) images are shown in the first row, where
the sample in Fig. 9a is cooled under a lid with 5% CO,
and b in ambient air. The EPMA results for the elements Al
(second row), Mg (third row), and O (fourth row) are also
presented in the same figure, where the left column is the
sample cooled in 5% CO, and the right in ambient air.

As can be seen from the EPMA results, it is confirmed
that the collected dross samples are strongly heterogene-
ous, as it varies from dense metallic Al areas with thin films
and small MgO areas (left column) to highly oxidized areas
consisting of larger areas of MgO/MgAl,O, and Al,O; (right
column). The respective scale bars based on the experimen-
tal calibration are also given for each element.

It can also be seen from Fig. 7 that the samples protec-
tively cooled under a lid with 5% CO, had, on average, a
higher metallic Al content than the sample cooled in ambient
air. However, it should be taken into account that the dross
samples are highly heterogeneous. As a result, pure metal-
lic Al areas are also recognized for some samples cooled in
ambient air and highly oxidized areas for those cooled under
a lid with 5% CO,.

The average metallic Al contents identified by deterministic
image analyses of the EPMA results for Charge 1 at Location 1
to Location 4 for the 1.25—4.5 mm and > 4.5 mm fractions are
presented in Fig. 10a, where the dross samples cooled under
a protective atmosphere of 5% CO, are shown to the left (red
checkered graphs) and in ambient air to the right (blue squared
pattern). Even in this case, the figure shows that a higher
metallic Al content is obtained for both fractions when cooled
under a lid with 5% CO, than in ambient air, following the pre-
viously observed trends obtained at laboratory scale [11]. The
results are, however, not consistent with the trend of having
higher metallic Al content for larger fractions [24]. This devia-
tion is believed to originate from the number of dross sam-
ples analyzed. In the present study, eight randomly selected
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Fig.8 XRD results of Charge 1, fraction<1.25 mm for a Location »
1 cooled in CO,, b Location 4 cooled in CO,, ¢ Location 1 cooled in
air, and d Location 4 cooled in air, where the measured profile (black
diamonds), fitted profile (light gray), and difference between meas-
ured and fitted profile (dark gray) profiles are presented. The Metallic
Al phase is marked with triangles, and oxides/NMCs with stars

samples were considered for deterministic image analysis from
each location, giving 32 samples for each fraction and for each
cooling atmosphere (a total of 256 samples). In view of this,
it should be noted that some samples were not included in the
analysis as they proved to consist of pure cryolite. The overall
result showed that the dross samples cooled under a protective
atmosphere of 5% CO, had an average metallic Al content
of 89.4 wt% when including both Charge 1 and Charge 2, as
well as Location 1-4 for both fractions 1.25-4.5 and >4.5 mm,
compared to 86.0 wt% metallic Al when cooled in ambient air.

When comparing XRD and deterministic image analysis
results, see Fig. 10b, results in the same order of magnitude
are obtained (striped graphs to the left represent the XRD
results, and the squared graphs to the right the deterministic
image analysis). Using XRD data as a reference, being an
established method, validates the novel quantitative analysis
of the EPMA scans as a possible approach for observing
trends with similar metrics.

Summary and Conclusions

The present study investigated whether protective cooling of
industrial Al white dross samples would influence the oxida-
tion rate of Al. Two parallels of dross samples were collected
directly from the casthouse holding furnace, of which one
parallel was cooled under a lid purged with 5% CO, mixed
with 95% synthetic air and the other in ambient air (cast-
house atmosphere). The samples were further sieved, pulver-
ized, and analyzed to determine their metallic Al content, as
well as the oxide/NMC concentrations.

It is concluded that the CO,-enriched atmosphere inhibits
the oxidation rate of the industrial dross samples, confirming
earlier observations from laboratory trials. From the XRD
analysis, it is also established that the industrial dross sam-
ples cooled under a lid purged with 5% CO, have a higher
metallic Al content for all fractions than for those cooled in
ambient air. These results were further confirmed by EPMA
combined with deterministic image analysis.

Future Work

Future work will continue to investigate the influence of
different ratios of CO, on the oxidation rate of industrial
white dross samples, at different temperatures. This will
also include dross samples that have been processed by
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Fig.9 Representative Electron
Probe MicroAnalysis (EPMA)
results of the collected dross
samples for the elements Al
(second row), Mg (third row),
and O (fourth row), where the
left column is dense Al areas
with thin films, and the right
column is a highly oxidized
sample having larger areas with
Al,0; and MgO/MgAL0,.
Both samples are collected from
Charge 1, Location 1, where

the left sample has been cooled
under a lid with 5% CO, and the
sample to the right in ambient
air

.00

.25

: '/ i
j X d

L 2278 N
[ 4 ) - 1

50 um  “L

different in-house dross processing routes. Transmission  on the surface of the samples cooled under the protective
electron microscopy (TEM) will also be carried out on  atmosphere.
such samples to see if an amorphous C layer is present
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Fig. 10 Results from the deterministic image analysis showing the
metallic Al content, i.e., a as a function of fraction comparing the
samples cooled in 5% CO, (left graphs, red) and ambient air (right
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