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Abstract
Up to 10% of all metallic aluminum (Al) produced is lost due to dross generation during production. It also causes an envi-
ronmental problem due to hazardous waste generation following treatment, as well as toxic gas generation when in contact 
with water/humidity. As a result, it is desirable to identify the parameters contributing to the generation of the Al white 
dross mixture. In view of this, a sampling procedure for collecting representative dross samples directly from the casthouse 
holding furnace has been developed together with a methodology for analyzing and evaluating the results. XRD was used 
for phase/chemical composition analyses of sieved dross samples, and both ring milling and cryomilling were used dur-
ing sample preparation. Cryomilling proved to be the superior method allowing dross fractions < 1.25 and 1.25–4.5 mm 
to be pulverized. The fractions were analyzed and revealed that the sampling location inside the furnace plays a vital role 
as the injection of primary-produced Al into the furnace influences the dross characteristics. From Location 1 (closest to 
the injection point) to Location 4 (furthest away from the injection point), the metallic Al content in the dross decreased 
simultaneously as the oxide content increased. The results also confirmed that the larger size fraction had a higher metallic 
Al concentration, which correlates well with literature findings. By adopting a methodical sampling procedure followed by 
consistent routines for sample preparation, characterization, and analyses, process operations can be studied and thereby 
potentially used to minimize the loss of Al due to dross formation.
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Introduction

Aluminum (Al) is the second most important metal in mod-
ern society [1, 2], and the metal is carefully treated dur-
ing production to obtain the desired characteristics of the 
product, e.g., the required cleanliness, to tailor properties 
such as weldability, strength, and formability [3, 4]. Al is 
produced via both primary and secondary routes, and both 
routes generate side streams such as Al dross, which is a 
mixture of metallic Al, Al oxides, and oxides of alloying 
elements in addition to carbide and/or nitride compounds 
of these metals [5].

It is a well-known fact that Al has a high oxygen affinity 
and that the oxidation of Al is an exothermic reaction form-
ing Al oxide  (Al2O3) [6]. This means that during processing 
in the casthouse, there will always be a loss of Al when the 
Al oxide film formed on the surface of the molten metal is 
disturbed and broken up due to furnace operations such as 
during stirring and melt transfer operations [7].

During one-furnace practice (where melting of scrap, 
injection of primary-produced Al, stirring and skimming is 
performed in the same furnace), the injection of primary-
produced Al is a critical process step as the injection influ-
ences the turbulence of the melt from one specific side of the 
furnace [8]. The same flow is, however, not seen during the 
two-furnace practice, as the melt is transferred from one fur-
nace to another from the center-back of the furnace, causing 
a more symmetric melt distribution. Typical for both opera-
tions is that the melt must be stirred and skimmed before 
casting, which generates dross consisting of accumulated 
oxides together with metallic Al entrained within the oxide 
films and Non-Metallic Compounds (NMC) [8, 9]. Due to 
dross generation, as much as 10% of the annual primary 
production of metallic Al has been reported to be lost [10, 
11]. The dross generated during primary production of Al 
is defined as white dross and can potentially contain up to 
70–75% metallic Al in addition to the Al lost due to oxida-
tion [2, 10].

Aluminum dross is a hazardous waste due to its reactiv-
ity when in contact with humidity or water [2, 12]. Toxic 
gases such as phosphine  (PH3), ammonia  (NH3), methane 
 (CH4), and hydrogen sulfide  (H2S) may be generated, which 
can cause both human and environmental harm during unit 
operations such as dross storage, transport, and in some 
countries when landfilled [12, 13]. It is, therefore, desir-
able to reduce the dross generation during Al production to 
improve the metallic yield, as well as to lower the negative 
environmental load.

The heterogeneity of Al white dross makes it challeng-
ing to determine how different parameters, such as tem-
perature, atmosphere, furnace operations, and chemical 
composition, influence the amount of dross generated and 

its characteristics. The present work has therefore sought to 
establish a methodology where Al white dross can be sys-
tematically collected directly from the holding furnaces in 
the casthouse and further analyzed. By adopting the method, 
the work also aims to determine the influence of standard 
furnace operations on dross generation, as well as how the 
sampling location inside the furnace influences the proper-
ties of the dross and the amount of entrained metallic Al.

Industrial Sampling Technique

Several studies dealing with the challenges of Al white 
dross collection and analyses can be found in the literature 
[14, 15]. However, as many of these studies characterize 
the dross, and report on their metallic Al concentration, see 
Table 1, the outcome of these studies varies. It has therefore 
been challenging to extract how the samples have been col-
lected, analyzed, and further used to improve process opera-
tions [16–20].

Sampling Equipment and Procedure

The state-of-the-art for removing floating oxides and other 
NMC from the surface of molten Al is to manually use a 
metal rake (generally referred to as skimming, see Fig. 1a). 
The removed dross is, in this case, collected directly into an 
open bin in front of the furnace, see Fig. 1b. However, the 
collection of dross samples is not part of the routine of fur-
nace operation and is only sampled sporadically whenever 
needed. This could be when unusual behavior is seen, e.g., 
when the gases generated while stirring the melt self-ignite 
[19].

From observations made during industrial campaigns by 
the corresponding authors and conversations with the opera-
tors from different Al producers, it has been established that 
the total amount of dross generated during production is 
weighted after each skimming. The amount of dross gen-
erated is used to evaluate if the operational conditions set 
for that specific melt are optimal, i.e., the loss of metallic 

Table 1  Examples of studies and the metallic Al content in the white 
dross

Metallic Al content in
the dross, /wt.%

Reference

42.52 Abdulkadir et al. [16]
43.30 David and Kopac [17]
43.40 Hwang et al. [18]
55.70 Capuzzi and Timelli [19]
74.08 Meshram et al. [20]
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Al is at the lowest level possible in view of the operating 
conditions.

Molten Al samples are also collected to control the chem-
ical composition of the metal. These samples are collected 
in a small cup submerged into the melt and then transferred 
to a mold shaped like a disc of 5 cm in diameter and 1 cm in 
height. The first sample is, by default, discarded due to the 
oxide skin the sampling equipment has to penetrate through 
during sampling, followed by two additional samples sent 
directly for analyses.

Quantitative Analyses

The procedure for analysis of dross samples does, how-
ever, vary. Currently, the dross treatment plant analyzes the 
metallic Al dross content by remelting the dross to extract 
the Al metal. Samples collected from dross bins have also 
been analyzed at external characterization sites. The dross 
is therefore not currently analyzed and characterized during 
normal production. It is, however, protocol to scale the dross 
bin with skimmed-off dross to control the amount of dross 
generated for each melt.

The molten Al samples collected are first gently sanded 
on both sides before being analyzed by Optical Emission 
Spectroscopy (OES). The obtained result is then sent to 
the operator in the control room station within 5–10 min 
from the time of collection. OES is a convenient and quick 

technique allowing the chemical composition of the melt to 
be adjusted before casting if needed.

Present Sampling Technique

Sampling Equipment and Procedure

For collecting representative dross samples from inside the 
holding furnace, a tool (sieve) allowing the metal to drain 
off as the sample was collected was designed. The diameter 
and height of the sieve were set to 30 and 5 cm, respectively, 
and a 2-m-long handle was added to allow samples to be 
collected from different locations in the furnace. A ¼-inch 
sized and 33% perforated stainless-steel plate was selected 
as the sieve surface, see Fig. 2a and b. The present design 
was inspired by a sampling device for dross used in a study 
reported in the literature [21], where different combinations 
of hole sizes and perforations of the sieve were tested.

To avoid metallic Al from sticking to the surface of the 
sieve during sample collection, and potentially clogging the 
perforated surface of the sieve, Boron Nitride (BN) spray 
(COBN-3, NOR) was used for coating the sieve before each 
sampling.

Preparation of the Furnace Melt Before Sampling

The furnace operator mixed and prepared the molten Al melt 
according to the following standard procedures: (i) remelt-
ing of in-house scrap, (ii) addition of primary-produced Al 
from the electrolysis process, and (iii) addition of alloying 

Fig. 1  a Non-Metallic Compounds (NMC) being removed (skimmed 
off) from a molten aluminum (Al) melt. b Skimmed-off white Al 
dross consisting of large flakes, lumps, particles, and dust left for 
cooling

Fig. 2  a Image of the sieve and disassembled handle used as the sam-
pling tool to collect industrial Al white dross samples. b The perfo-
rated steel plate of the sieve
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elements required for the chemical composition of the alloy 
in question to be met. In the skimming stage, the operators 
paused and allowed the collection of dross (gray particles in 
Fig. 3a–c) that was floating on top of the hot pool of molten 
metal (orange areas in Fig. 3a–c).

It was, however, realized that even with a 2-m-long han-
dle on the sieve, reaching the oxides and NMCs floating 
on top of the melt inside the holding furnace was challeng-
ing. Hence, the operator carefully collected the floating 
layer without stirring it within reach of the furnace gate, as 
illustrated in Fig. 3d–f. The furnace door was also lowered, 
leaving a gap of ~ 1 m, to minimize the heat radiation from 
the melt.

Collection of Dross Samples

The dross samples were collected manually using the sieve, 
standing in front of the molten metal bath. The sieve was 
gently introduced over the liquid bath, flipped 90°, and 
submerged directly into the hot pool of molten metal partly 
through the oxide/NMC (dross) layer, as illustrated in 
Fig. 4a–c. The sieve was flipped back 90° when submerged 
in the melt, see Fig. 4d, before the sieve was lifted over 
the dross layer. The dross/molten metal floating just above 

the sieve was allowed to naturally drain off from the col-
lected sample for 3 s before the sieve was shaken with a 
gentle force both horizontally and vertically to drain off as 
much molten Al as possible, i.e., the first three times hori-
zontally and then three times vertically, see Fig. 4f–g. The 
collected dross sample was then transferred from the sieve 
into a stainless-steel tray next to the furnace, see Fig. 4h. 
The dross sample was then allowed to cool naturally in air to 
ambient temperature. Finally, after an hour, the dross sample 
was collected from the tray and transferred into an air-sealed 
container awaiting further treatment.

The same collection procedure was repeated for four dif-
ferent locations in the holding furnace in order to evaluate if 
the dross characteristics varied for different locations in the 
furnace. The locations were a function of distance from the 
primary-produced Al injection hole, see Fig. 5. As seen from 
the figure, Location 1 was the sampling location closest to 
the injection hole and Location 4 furthest away. Location 2 
and Location 3 were left and right of the center, respectively.

To minimize human errors with respect to the proposed 
sampling technique, the same person was responsible for 
carrying out the dross collection for all experiments evalu-
ated in the present work.

Fig. 3  Illustration of the hot pool of molten metal, where a–c shows 
the oxides and NMCs (gray particles) naturally distributed while 
floating on top of the melt (orange areas), seen from the side, the 
front, and above, respectively, and d–f when carefully collected by 
the furnace gate, seen from the side, the front, and above, respectively

Fig. 4  Illustration of the sampling procedure of industrial Al white 
dross collected directly from the molten melt. The sieve is a intro-
duced, b flipped 90°, c submerged into the melt, d flipped 90° back 
to a horizontal position, and e removed from the melt with the dross 
sample allowing the dross/molten metal floating just above the sieve 
to naturally drain off. The sieve was then shaken f horizontally and g 
vertically, draining off as much molten Al as possible, before being h 
transferred into a stainless-steel tray for cooling in air
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Sample Preparation

Each collected dross sample was sieved, and the frac-
tions < 1.25 mm and 1.25–4.5 mm were further studied. The 
fraction > 4.5 mm was stored for future studies. Pulverization 
of the collected dross samples, as well as thorough mixing of 
the individually obtained powders, was necessary to secure 
a homogeneous sample that would allow for reproducible 
quantitative analyses (Fig. 6).

Case Study A—Ring Milling

The dross samples were individually milled using a ring 
milling unit from HERZOG (HSM 100 H, Germany). The 
unit was equipped with Tungsten Carbide (WC) rings with 
an inner diameter of 60 mm and a center bolt of 38 mm.

The ring mill was cleaned by milling two rounds of 20 s 
with silicon oxide  (SiO2) powder and thereafter cleaned 
with ethanol before use. One milling cycle consisted of three 
sequences, each with a milling time of 20 s. The powder 
was sieved between each sequence, and the powder fraction 
with a particle size of < 100 μm was put aside. The rest of 
the powder was ring milled again using the same approach 
until reaching three sequences. Each sample had thereby a 
maximum milling time of 60 s.

For the smallest fraction of each dross sample, i.e., the 
fraction < 1.25 mm in size, the obtained powder was sieved 
into a sample with a particle size of < 100 μm. After siev-
ing, each sample was stored in a glass container awaiting 
analysis.

The mid-fraction of one dross sample, i.e., the fraction 
1.25–4.5 mm in size, was also ring milled. However, due to 
its ductile properties, the metallic Al present in the samples 
proved to be a problem as it became deformed and stuck 
to the sidewalls of the ring mill. As a result, the obtained 
powder was partly inhomogeneous.

Case Study B—Cryomilling

The dross samples were individually crushed at Institute for 
Energy Technology (IFE) in Norway using a cryomilling 
unit from SPEX (6770 Freezer/Mill, USA). Cryomilling was 
performed in the vial (with a volume of 16  cm3) consisting 
of a central polycarbonate center cylinder and 440C steel 
end pieces. The cylindrical impactor was also made of 440C 
steel. Liquid nitrogen  (N2) was used to cool the sample down 
to -196 °C before and during milling. During milling, the 
cryomilling vial was completely submerged in a liquid  N2 
bath.

The components of the cryomill vial were cleaned by 
sanding the impactor with sandpaper, brushed and cleaned 
with an abrasive detergent, and rinsed with ethanol between 
each milling cycle. One milling cycle consisted of a pre-
cooling step of 60 min, followed by 6 min of effective cry-
omilling (with an impact frequency of 24 Hz) and 3 min 
of cooling by liquid  N2. The cryomilling was then paused 
to refill the liquid  N2 bath. An additional precooling step 
of 10 min was applied before the cryomilling was resumed 
to ensure reaching the target temperature (-196 °C). The 
procedure was repeated until a total milling time of 60 min 
was reached.

The mid-fractions of each dross sample (1.25–4.5 mm in 
size) were cryomilled, and the obtained powder was sieved 
into two different samples with a particle size of (i) > 100 μm 
and (ii) < 100 μm. In contrast to ring milling, cooling the 
dross with the liquid  N2 allowed the metallic Al present in 
the sample to embrittle and hence be crushed rather than 
deformed. After sieving, each sample was stored in a glass 
container awaiting further analyses.

Fig. 5  Image of the front of a holding furnace in the casthouse show-
ing the injection hole of the primary-produced Al (dashed square), as 
well as the four different locations from which dross samples were 
collected

Fig. 6  Flow sheet showing the 
different charges, fractions, and 
milling techniques, followed 
by X-Ray Diffraction (XRD) 
analysis
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Quantitative Analyses

The milled and sieved samples were analyzed using an 
X-Ray Diffraction (XRD) unit from Bruker (D8 A25 
DaVinci X-Ray Diffractometer, Billerica, USA). The unit 
was equipped with monochromatic CuKα radiation with a 
wavelength of λ = 1.5406 Å. The XRD scans were 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°. A scattering angle of 
2θ covering a range of 6–110° was set, and an X-Ray genera-
tor of 40.0 kV was applied for all measurements.

To evaluate the results and refine the data, the TOPAS 
software from Bruker (version 5, Billerica, USA) was 
applied to refine the data. The Powder Diffraction Files 
(PDFs) were extracted from the ICDD-4 + PDF database. 
In addition, the crystallographic information for silicon (Si) 
and  Mg0.388Al2.408O4 (defect spinel) were obtained from lit-
erature [22, 23], see Table 2.

The TOPAS software and the ICDD-4 + PDF database 
were chosen for quantifying the phases, as they proved to 
be a suitable technique for analyzing metallic Al and the 
relevant oxides, e.g., MgO. A reference sample containing 
50 wt.% Al and 50 wt.% MgO was prepared and analyzed 
using the same instrument settings as for the collected dross 
samples, i.e., the same step size, step duration, divergence 
slit, scattering angle, and voltage. The diffractogram, the 
fitted profile, and the difference between them are seen in 
Fig. 7, revealing a phase distribution of 49.9 wt.% Al and 
50.1 wt.% MgO, see Table 3.

Results

Sampling Equipment and Procedure

When using the sieve, it was noted that a perforation high 
enough to allow the metallic Al to drain both naturally and 
when shaken to force excess metallic Al through the holes 
was required. It was also noted that the holes could not be 
too large, allowing the smaller oxide particles to follow the 

molten metal through the holes. Based on initial observa-
tions and experiences using the sieve, it was slightly modi-
fied to meet these requirements, resulting in a perforation of 
33% and both vertical and horizontal movements of the sieve 
before transferring the collected dross to the tray for cooling.

The sieve design and the 2-m-long handle also ensured 
that the metallic Al quickly drained off, avoiding clogging 
of the sieve. At the same time, the oxide particles entrained 
in the metallic Al remained in the sieve.

Sample Preparation and Analyses

Both milling techniques chosen for sample preparation for 
pulverization and mixing proved to work well for the smaller 

Table 2  Crystallographic 
information for the phases in 
the Al white dross, i.e., the 
Crystallographic Information 
File (CIF)

Crystalline phase Space group Unit cell parameters

a, b, c α, β, γ

Aluminum α-Al F m −3 m 4.0509, 4.0509, 4.0509 90, 90, 90
Magnesium oxide MgO F m −3 m 4.2140, 4.2140, 4.2140 90, 90, 90
Spinel MgAl2O4 F d −3 m 8.0830, 8.0830, 8.0830 90, 90, 90
Defect spinel [22] Mg0.388Al2.408O4 F d −3 m:2 7.9783, 7.9783, 7.9783 90, 90, 90
Aluminum oxide α-Al2O3 R -3 c 4.7602, 4.7602, 12.9933 90, 90, 120
Aluminum nitride AlN P 63 m c 3.1114, 3.1114, 4.9784 90, 90, 120
Silicon [23] Si F d −3 m 5.4304, 5.4304, 5.4304 90, 90, 90
Sodium aluminum oxide NaAl11O17 P 63 / m m c 5.5930, 5.5930, 22.6100 90, 90, 120

Fig. 7  XRD diffractogram of the pre-mixed reference sample contain-
ing 50 wt.% Al and 50 wt.% MgO, where the measured profile (black 
curve with diamonds), fitted profile by using the Rietveld Method 
(light gray curve), and the difference between the measured and fitted 
profile (dark gray curve) are plotted

Table 3  Phase distribution for 
the reference sample containing 
50 wt.% Al and 50 wt.% MgO 
calculated by the Rietveld 
Method

Phase Phase 
distribution, 
/wt.%

α-Al 49.9
MgO 50.1
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fraction of the dross (< 1.25 mm). However, cryomilling 
proved to be the superior method, allowing the dross to be 
pulverized for the smallest and mid-fractions, i.e., < 1.25 mm 
and 1.25–4.5 mm in size.

From the results, it was clear that by using XRD, the 
heterogeneous Al dross samples were allowed to be ana-
lyzed after being pulverized to a homogeneous powder. The 
Rietveld Method was used, as the method is well suited hav-
ing a mathematical approach for fitting structural data and 
deconvoluting overlapping peaks, and thereby, also allowed 
quantification of the phase distribution by revealing the non-
metallic phases.

Case Study A—Ring Milling

One ring milled < 1.25 mm pulverized dross sample (the 
smallest fraction) from each charge and location in the hold-
ing furnace was analyzed by XRD and quantified by the 
Rietveld Method. In some cases, two samples were analyzed 
to ensure reproducibility. Figure 8a–d presents the diffrac-
tograms and the fitted profiles from the Rietveld refinement 
for Locations 1 to Location 4 of Charge Y. The differences 
between the measured diffractograms and the calculated fit-
ted profiles are also presented in the same figure. In Table 4, 
the phase distribution obtained from the refinement of the 
XRD patterns shown in Fig. 8 is summarized. It can be seen 
from the table that as the metallic Al content decreases from 
Location 1 to Location 4, the total oxide content increases.

Similar behavior was established for Charge Z, as seen 
in Table 5.

Case Study B—Cryomilling

One cryomilled 1.25–4.5  mm pulverized dross sample 
(mid-fraction) from each charge and location in the holding 
furnace was also analyzed by XRD, using the same pro-
gram as for the smallest ring milled fraction. Figure 9a–d 
presents the diffractograms and the fitted profiles from the 
Rietveld refinement for Location 1 to Location 4 of Charge 
Y, together with the differences between the measured dif-
fractograms and the calculated fitted profiles. In Table 6, the 
phase distribution obtained from the refinement of the XRD 
patterns presented in Fig. 9 is summarized. It can be seen 
from the table that as the metallic Al content decreases from 
Location 1 to Location 4, the total oxide content increases, 
which confirms the results from the ring milled samples. 
When comparing the metallic Al content in the mid-fraction 
at all four locations with the smaller fraction at the same 
locations, an overall higher Al concentration was obtained.

Similar behavior was also established for Charge Z, see 
Table 7; however, the differences between locations were 
clearly more noteworthy than for Charge Y.

(a)

(b)

(c)

(d)

Fig. 8  XRD diffractograms of dross samples collected from Charge 
Y after being ring milled, where the measured profiles (black curve 
with diamonds), fitted profiles by using the Rietveld Method (light 
gray curve), and the difference between the measured and fitted pro-
files (dark gray curve) are plotted in a–d for the smallest fraction 
(< 1.25 mm) at Location 1 to Location 4, respectively
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Comparison Between Ring Milling and Cryomilling

The differences between the ring milling and cryomilling 
pulverizing processes could potentially influence the phase 
distribution in the final pulverized samples. In light of this, 
one dross sample from the < 1.25 mm fraction of a third 
charge, i.e., Charge X, was milled using both ring milling 
and cryomilling, see Table 8. As seen from the table, both 
the metallic Al and the oxide contents were fairly similar for 
both techniques.

Table 4  Phase distribution for Charge Y from Location 1 to Location 
4 for the smallest fraction (< 1.25 mm) of the ring milled dross sam-
ples calculated by the Rietveld Method

Bold indicates the significance difference between metallic and oxide, 
as well as having the other non-metallic compounds separately

Phase Phase distribution from loc. 1 
to 4, /wt.%

Loc. 1 Loc. 2 Loc. 3 Loc. 4

Aluminum, Al 80.8 75.3 69.0 51.5
Magnesium oxide, MgO 8.6 9.8 18.7 14.4
Spinel,  MgAl2O4 0.9 0.7 2.0 0.7
Defect spinel,  Mg0.388Al2.408O4 6.6 8.9 – 13.0
Aluminum oxide,  Al2O3 1.0 1.6 3.7 14.6
Sodium aluminum oxide, 

 NaAl11O17

0.0 0.1 0.3 0.3

Oxide content, total 17.2 21.2 24.8 43.0
Aluminum nitride, AlN 1.1 2.8 3.0 2.6
Silicon, Si 1.0 0.8 3.2 3.0

Table 5  Phase distribution for Charge Z from Location 1 to Location 
4 for the smallest fraction (< 1.25 mm) of the ring milled dross sam-
ples calculated by the Rietveld Method

Bold indicates the significance difference between metallic and oxide, 
as well as having the other non-metallic compounds separately

Phase Phase distribution from loc. 1 
to 4, /wt.%

Loc. 1 Loc. 2 Loc. 3 Loc. 4

Aluminum, Al 56.2 31.7 20.5 17.9
Magnesium oxide, MgO 6.9 3.0 2.8 24.4
Spinel,  MgAl2O4 4.0 0.6 4.5 0.5
Defect spinel,  Mg0.388Al2.408O4 2.2 29.1 12.5 23.1
Aluminum oxide,  Al2O3 17.9 20.5 54.2 23.8
Sodium aluminum oxide, 

 NaAl11O17

4.8 3.2 0.9 4.5

Oxide content, total 35.8 56.4 74.8 76.4
Aluminum nitride, AlN 7.5 11.6 4.6 5.4
Silicon, Si 0.5 0.4 0.6 0.4

(a)

(b)

(c)

(d)

Fig. 9  XRD diffractograms of dross samples collected from Charge 
Y after being cryomilled, where the measured profiles (black curves 
with diamonds), fitted profiles by using the Rietveld Method (light 
gray curve), and the difference between the measured and fitted pro-
files (dark gray curve) are plotted in (a–d) for the mid-fraction (1.25–
4.5 mm) at Location 1 to Location 4, respectively
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Discussion

Sampling Equipment and Procedure

It has been reported in the literature that dross is a chal-
lenging material to study due to its heterogeneity [22, 24]. 
The sieve design and the long handle assured, however, 
successful dross sampling from different locations in the 
holding furnace. It also allowed the metallic Al to quickly 
drain off and thereby leaving the oxide particles entrained 

in the metallic Al in the sieve. Furthermore, it allowed for a 
systematic and reproducible way of dross sampling and was 
therefore seen as well suited for the task.

During the development of the sampling procedure, sev-
eral steps were assessed, testing different approaches, e.g., 
(i) how and by what the sieve should be coated before being 
introduced into the bath, (ii) how deep the sieve should be 
submerged, (iii) how the sieve should be shaken after sam-
ple collection, and (iv) how many times the sieve should be 
shaken.

 (i) Boron nitride was used for coating the sieve between 
each sampling and proved to be an essential step to 
avoid sticking of the metal to the stainless-steel sieve 
and occasionally even clogging the sieve. Both BN 
paint and spray were tested, but due to the viscosity 
of the paint, it was not as easily applied between each 
sampling as the spray.

 (ii) To avoid a too large momentum when submerging the 
sieve into the molten metal bath, it was established 
that submerging the sieve just under the surface and 
moving it upwards toward the surface minimized the 
amount of metallic Al collected in the sieve during 
dross sampling.

 (iii) For a successful sampling of the dross, it was noted 
that even more of the metallic Al collected in the 
sieve had to be drained. The sieve was therefore 
shaken with a gentle force both horizontally and 
vertically.

 (iv) Shaking the sieve also proved to be an essential step 
that had to be fine-tuned to secure that the metallic 
Al did not solidify in the sieve, causing clogging. In 
regard to the time available, the sieve was shaken first 

Table 6  Phase distribution for Charge Y from Location 1 to Location 
4 for the mid-fraction (1.25–4.5 mm) of the cryomilled dross samples 
calculated by the Rietveld Method

Bold indicates the significance difference between metallic and oxide, 
as well as having the other non-metallic compounds separately

Phase Phase distribution from loc. 1 
to 4, /wt.%

Loc. 1 Loc. 2 Loc. 3 Loc. 4

Aluminum, Al 88.1 86.3 85.2 81.7
Magnesium oxide, MgO 4.5 6.4 7.2 7.8
Spinel,  MgAl2O4 0.1 0.2 0.1 0.2
Defect spinel,  Mg0.388Al2.408O4 1.6 1.9 2.5 3.1
Aluminum oxide,  Al2O3 0.5 0.3 0.3 4.3
Sodium aluminum oxide, 

 NaAl11O17

2.9 0.0 2.1 0.00

Oxide content, total 9.5 8.8 12.3 15.4
Aluminum nitride, AlN 1.8 2.3 1.9 2.3
Silicon, Si 0.6 2.7 0.7 0.6

Table 7  Phase distribution for Charge Z from Location 1 to Location 
4 for the mid-fraction (1.25–4.5 mm) of the cryomilled dross samples 
calculated by the Rietveld Method

Bold indicates the significance difference between metallic and oxide, 
as well as having the other non-metallic compounds separately

Phase Phase distribution from loc. 1 
to 4, /wt.%

Loc. 1 Loc. 2 Loc. 3 Loc. 4

Aluminum, Al 82.3 73.5 57.2 54.9
Magnesium oxide, MgO 5.5 3.6 2.3 17.4
Spinel,  MgAl2O4 1.0 12.5 2.4 0.9
Defect spinel,  Mg0.388Al2.408O4 6.0 5.5 10.9 12.7
Aluminum oxide,  Al2O3 3.1 2.5 23.7 10.9
Sodium aluminum oxide, 

 NaAl11O17

0.0 0.1 0.1 0.1

Oxide content, total 15.6 24.1 39.4 41.9
Aluminum nitride, AlN 1.7 2.0 2.1 3.0
Silicon, Si 0.5 0.4 1.4 0.2

Table 8  Phase distribution of the analyzed Al white dross sample 
(< 1.25  mm fraction, Charge X.) pulverized by both ring milling 
(Case Study A) and by cryomilling (Case Study B)

Bold indicates the significance difference between metallic and oxide, 
as well as having the other non-metallic compounds separately

Phase Case Study A 
Ring milling, /
wt.%

Case Study B 
Cryomilling, /
wt.%

Aluminum, Al 25.4 28.4
Magnesium oxide, MgO 14.9 18.0
Spinel,  MgAl2O4 1.3 0.1
Defect spinel,  Mg0.388Al2.408O4 19.0 29.8
Aluminum oxide,  Al2O3 34.5 18.7
Sodium aluminum oxide, 

 NaAl11O17

0.8 0.3

Oxide content, total 70.5 66.9
Aluminum nitride, AlN 1.5 3.5
Silicon, Si 2.6 1.2
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three times horizontally and then three times verti-
cally, giving the best possible dross sample with a 
minimum content of metallic Al.

Sample Preparation and Analyses

Under the present processing conditions, both ring milling 
and cryomilling proved to be efficient techniques to promote 
particle size reduction of dross samples of different frac-
tions for further quantitative analysis by XRD. For larger 
size fractions, the cryomilling was superior as it made the 
Al brittle and, hence, possible to mill.

When comparing the milling techniques adopted in the 
present study, it should be noted that the processing tem-
peratures are different, i.e., ambient temperature versus 
cryogenic temperature. The milling dynamics are also dif-
ferent, with the driving force for ring milling being frictional 
forces and external impact forces for cryomilling. It was, 
however, demonstrated that despite these differences, the 
distribution of phases for the smallest fraction (< 1.25 mm 
fraction), including the metallic Al content, was of a compa-
rable magnitude even if the softness and ductility of metallic 
Al were a challenge during ring milling.

XRD was chosen for analyzing the sieved and milled 
samples as the technique produces clear and unambigu-
ous results. Combined with the TOPAS software and the 
ICDD-4 + PDF database, it becomes both a powerful and 
rapid technique capable of quantifying the phases present 
in the dross. It should, however, be noted that small crystal-
line structures that are present only in trace amounts may be 
undetected by the XRD readings.

The two analyzed charges, i.e., Charge Y and Charge Z, 
showed correlating results with respect to the phases pre-
sent in the dross samples. The decrease of the metallic Al 
concentration from Location 1 to Location 4 as the oxide 
content increased was also the case for both charges. It was 
also established that the larger dross particles contain higher 
concentrations of metallic Al which agrees well with litera-
ture findings [24]. In view of this, the hypothesis that the 
sampling tool and procedures adopted secure a consistent 
collection of dross samples with a high degree of reproduc-
ibility is strengthened.

Industrial Dross Sampling vs. Present Procedure

The industrial dross sampling procedure considers only the 
total amount of dross generated during one skimming ses-
sion and not the chemical composition of the dross. By intro-
ducing a sampling tool, as well as methodologies for sam-
pling, pulverization, and quantitative analysis, it is believed 
to be possible to systematically study (i) the Al white dross 
formation and (ii) the phase distribution between metallic Al 
and oxides at an industrial scale. This, in turn, is believed to 

give the industry further options and improved possibilities 
to control their generation of Al white dross and identify 
specific parameters to increase their total metallic Al yield.

Summary and Conclusion

Aluminum white dross is classified as a hazardous waste 
that generates toxic gases in contact with humidity and/or 
water. A burden on the environment is also recognized due 
to the large amounts of waste generated every year that must 
be transported and treated before being partly recycled or, in 
some cases, landfilled. In response to this, the present work 
has investigated the influence of standard furnace operations 
on the characteristics of the generated dross. A sampling tool 
(sieve) was designed to collect representative dross samples 
directly from the molten Al melt in the casthouse holding 
furnace. The tool was used together with developed step-
by-step procedures for pulverization, XRD analyses, and 
verification of different properties of the dross.

Based on the presented and discussed results, it is evident 
that the designed sieve, as well as the method developed 
for its use, secures representative dross samples. It was also 
established that ring milling (< 1.25 mm fraction) and cry-
omilling (1.25–4.5 mm fraction) made it possible to prepare 
homogeneous powders for further quantitative XRD analy-
sis containing both the brittle oxides and the soft Al. By 
refinement/optimization of standard process operations, it is 
believed that the Al industry will benefit from the outcome 
of the present study.

Future Work

Aluminum white dross samples generated during the pro-
duction of Al alloys 1370 (> 99.7% pure Al) and 5182 
(AlMg4.5Mn0.4) will be collected using the developed 
sampling tool, from the casthouse holding furnaces at the 
same industrial site as where the current sampling cam-
paigns have been performed. The collected dross will be 
cooled in air and in protective atmospheres to evaluate the 
inhibiting effects that the protective atmospheres may have 
on the oxidation rate, as well as how it influences the dross 
morphology. The influence of the Mg concentration in alloy 
5182 on the oxidation process and dross generation will also 
be investigated. In the future work, the method described 
in the present paper will also be followed for dross sample 
preparation (pulverization of three fractions, i.e., < 1.25 mm, 
1.25–4.5 mm and > 4.5 mm, metallographic characteriza-
tion, and quantitative image analyses) and cross-validated 
by XRD analysis.
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