
ISBN 978-82-326-6390-3 (printed ver.)
ISBN 978-82-326-6606-5 (electronic ver.)

ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2022:341

Cathrine Kyung Won Solem

Parametric Study of Molten
Aluminium Oxidation in
Relation to Dross Formation at
Laboratory and Industrial Scale

D
oc

to
ra

l t
he

si
s

D
octoral theses at N

TN
U

, 2022:341
Cathrine Kyung W

on Solem

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Th

es
is

 fo
r t

he
 D

eg
re

e 
of

Ph
ilo

so
ph

ia
e 

D
oc

to
r

Fa
cu

lty
 o

f N
at

ur
al

 S
ci

en
ce

s
D

ep
ar

tm
en

t o
f M

at
er

ia
ls

 S
ci

en
ce

 a
nd

 E
ng

in
ee

rin
g





Thesis for the Degree of Philosophiae Doctor

Trondheim, November 2022

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Materials Science and Engineering

Cathrine Kyung Won Solem

Parametric Study of Molten
Aluminium Oxidation in
Relation to Dross Formation at
Laboratory and Industrial Scale



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Natural Sciences
Department of Materials Science and Engineering

© Cathrine Kyung Won Solem

ISBN 978-82-326-6390-3 (printed ver.)
ISBN 978-82-326-6606-5 (electronic ver.)
ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2022:341

Printed by NTNU Grafisk senter



Preface 

I 

Preface 

The present work has been a collaboration between three Norwegian partners, i.e., the 
Norwegian University of Science and Technology, Department of Materials Science and 
Engineering (NTNU-DMSE) in Trondheim, Alcoa ANS (Alcoa) in Mosjøen, and Hydro 
Aluminium AS (Hydro) in Karmøy, within the Centre for Research-based Innovation (SFI) 
Metal Production funded by the Research Council of Norway (RCN) and the centre’s 
industrial partners (project number: 237738).  

The work presented focuses on molten aluminium (Al) oxidation at laboratory and industrial 
scales. The Al alloys 5182 and 6016 disc samples used in the laboratory scale experiments 
were supplied by Alcoa. Hydro also provided samples for the laboratory scale experiments 
and played an essential role together with Alcoa during the development of the sampling 
tool and the procedures used for collecting representative white dross samples. During 
several industrial campaigns, Alcoa welcomed and helped the author to collect industrial Al 
white dross samples from their casthouse at Mosjøen.  

Most of the experimental part of the work presented has been performed at the lab facilities 
at NTNU-DMSE, with additional sample preparation activities (cryomilling) performed at 
the Institute for Energy Technology (IFE) at Kjeller, Norway. Surface analysis was also 
carried out during a research visit at Laval University in Quebec, Canada, through the CaNAl 
(Canada-Norway Aluminium) collaboration project funded by the RCN (project number: 
274984).  

The work has resulted in 6 manuscripts attached as supplements to the present thesis, 13 oral 
presentations at national and international conferences/seminars, and 2 poster presentations. 
Manuscripts 1-4 have been published, and manuscript 5 has been accepted for publication 
in the Journal of Sustainable Metallurgy. Due to the COVID-19 pandemic, some of the 
experimental work included in manuscript 6 was delayed, and data is still being processed. 
Therefore, this work will be included in the thesis as a preliminary manuscript. It is, 
however, the intention of the author to submit the manuscript for publication in the Journal 
of Sustainable Metallurgy. 

Thesis structure 

The present thesis is structured as a collection of manuscripts. An overall introduction and 
objectives for the present work are first given, followed by the theory of Al oxidation. Then, 
a summary of the first four publications presenting the oxidation at the laboratory scale is 
given. The next chapter presents the background of Al oxidation and dross formation at the 
industrial scale, followed by a summary of the two last manuscripts, including the work 
related to the industrial campaigns. The thesis ends with overall conclusions and an overview 
of possible future activities on the topic of Al oxidation/dross formation and its importance 
in a global prospect.  
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Abstract 
 

Aluminium (Al) white dross, classified as a hazardous waste, is a heterogeneous mixture of 
metallic Al, oxides, and non-metallic compounds (NMC) originating from the primary 
production route of Al. Over the past few decades, a significant number of studies have been 
performed on topics related to molten Al oxidation. However, the formation mechanisms 
are still not fully understood, nor how to inhibit the oxidation.  

The overall scientific outcome of the present work has therefore been to systematically 
determine the extent and rate of molten Al oxidation at the laboratory scale and dross 
formation at the industrial scale. Special attention was given to investigating how different 
parameters influenced the oxidation process and whether a correlation between laboratory 
and industrial-scale trials could be made. During the laboratory tests, variations in the Mg 
concentration in the AlMg and AlMgSi alloy systems were investigated in view of Al 
oxidation and inhibition, as well as the effect of the heat treatment atmosphere. For the 
industrial campaigns, the same AlMg alloys as those investigated in the laboratory tests were 
reproduced, and the influence of the general furnace operations and the location in the 
holding furnace on the characteristics of the dross investigated. Even protective cooling of 
the dross was addressed and evaluated in view of inhibition of further oxidation of the 
metallic Al content in the hot dross compared to cooling in ambient air.  

From the laboratory activities, it was concluded that additions of as small amount as 4% CO2 
into an oxidising atmosphere inhibited the oxidation rate of AlMg and AlMgSi alloys when 
heat treated at 750°C for 7h (normal temperature of the casthouse holding furnaces). The 
CO2 in the oxidising atmosphere was identified to have adsorbed onto a MgO layer, forming 
an amorphous C-C layer (never observed before) and thereby inhibiting further evaporation 
and oxidation of Mg and breakaway oxidation. This was proven to be the case for both high- 
and low Mg-containing Al alloys, but to a lesser extent for the low Mg-containing Al alloy.  

To allow for a systematic study with reproducible results to be performed under industrial 
conditions, a sampling tool and a step-by-step procedure for collecting, pulverising, and 
quantitatively analysing the collected samples were designed, developed, and validated. For 
pulverising the dross samples, both ring milling and cryomilling were used, as well as XRD 
and EPMA combined with deterministic image analysis for analysing the dross. It was 
concluded from the industrial campaigns that the dross characteristics were influenced by 
the furnace operations and by where in the furnace the samples were collected from. Higher 
metallic Al concentrations were identified for the samples collected at Location 1 (closest 
to the injection point of primary produced Al), and the metallic Al concentration decreased 
as a function of distance from Location 1 towards Location 4 (furthest away from the 
injection point of primary produced Al) simultaneously as the oxide/NMC concentrations 
increased from Location 1 to Location 4. Protective cooling under a lid with additions of 
5% CO2 proved to have an inhibiting effect on further oxidation of the dross during cooling, 
with lower metallic Al concentrations present in the samples cooled in ambient air. The 
inhibiting effect of small amounts of CO2 in the cooling atmosphere confirms the laboratory 
results at an industrial scale.  
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Abbreviation Description 
CE Circular Economy 
DSC-TG Differential Scanning Calorimetry and Thermogravimetry 
EDS Energy Dispersive X-ray Spectrometry 
EELS Electron Energy Loss Spectroscopy 
EOL End-of-life  
EPMA Electron Probe Microanalysis 
FIB Focused Ion Beam 
GHG Greenhouse Gas 
HAADF High Angle Annular Dark Field  
LAADF Low Angle Annular Dark Field 
NMC Non-Metallic Compound 
OES Optical Emission Spectroscopy 
SEM Scanning Electron Microscopy  
STEM Scanning Transmission Electron Microscopy 
TEM Transmission Electron Microscopy  
TG Thermogravimetry 
UBC Used Beverage Can 
XPS X-ray Photoelectron Spectroscopy  
XRD X-Ray Diffraction 

 

 

Symbols Description 
C0 Concentration before diffusion 
Cs Concentration at the surface after time t 
Cx Concentration at distance of diffusion x after time t 
C Celsius 
D Diameter 
D Diffusion coefficient 
ΔG0 Gibbs free energy at the standard state  
J Diffusion flux 
px Partial pressure  
S Seconds 
T Temperature  
t Time 
x Distance/thickness in the direction of diffusion 
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Chemical formulas Chemical name 
Al2Ca Aluminium calcium 
Al2O3 Aluminium oxide (alumina) 
Al4C3 Aluminium carbide 
AlMg Aluminium magnesium  
AlMgSi Aluminium magnesium silicon  
AlN Aluminium nitride 
AlSr4 Aluminium strontium  
BeO Beryllium oxide 
C10H8 Naphthalene  
CaAl2O4 Calcium aluminate 
CaCO3  Limestone 
CaF2 Calcium fluoride 
CH4 Methane 
CO2 Carbon dioxide 
H2S Hydrogen sulfide 
HF Hydrogen fluoride 
KCl Potassium chloride  
MgAl2O4 Spinel 
MgO Magnesium oxide (periclase) 
Na3AlF6 Cryolite 
NaCl Sodium chloride  
NH3 Ammonia 
PH3 Phosphine 
SO2 Sulfur dioxide 
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Chapter 1 Introduction 

1.1 Oxidation and aluminium dross formation 

Aluminium (Al) was not discovered until the mid-1800s, and at the time, it was more 
valuable than gold (Au) due to its rareness[1, 2]. During the last century, however, the 
manufacturing of Al has become one of the most commonly known processes and Al the 
second most important material in our modern society[3–5]. The demand for Al is rapidly 
increasing[5, 6], and with the recent developments in the automotive industry, the growth of 
cities around the world, and the use of Al in the power industry, Al have strengthened its 
position as one of the key structural materials of the 21st century. 

The primary production of Al is presently responsible for ~3.5% of the global use of 
electricity, and the industry was in 2009 reported being responsible for approximately 1.1% 
of the greenhouse gas (GHG) emissions[5, 7]. It is, therefore, essential that the losses of 
metallic Al during production are kept to a minimum to avoid any unnecessary spills. Even 
though the recycling of post-consumer Al scrap is increasing, there will still be a need to 
continue to produce Al through the primary production route for many years to come as new 
applications are continuously arising in addition to today’s use, see Fig. 1.1[8, 9].  

Fig. 1.1: The primary and secondary production of aluminium (Al) following a circular 
economy scenario predicted for 2010-2100. Reproduced from Van der Voet et al.[9]. 

To maximise the metallic yield of the primary produced Al, it is critical to minimise the 
losses of Al during furnace operations. It is, however, well-known that Al, as well as some 
of the most used alloying elements, e.g., magnesium (Mg) and silicon (Si), are more stable 
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as oxides than as pure metals at higher temperatures. As a result, oxidation of Al is 
unavoidable when exposed to oxygen-containing atmospheres[10]. The alloying elements 
may also affect the mechanism of the oxidation process and, thereby, the structure and 
morphology of the formed oxides. 

 

1.1.1 Al melt treatment operations 
During Al melt treatment operations in the casthouse holding furnaces, the melt is prepared 
for casting by adding different alloying elements mixed with primary produced Al[11]. This 
involves several furnace operations, such as (i) injection of the primary produced Al, (ii) 
addition and stirring of alloying elements to ensure complete homogenisation, as well as (iii) 
skimming to remove the oxides and non-metallic compounds (NMCs) floating on top of the 
hot pool of metallic Al[12]. The present state-of-the-art procedure for removing the oxides 
and NMCs is based on the use of a rake that is manually controlled by one of the furnace 
operators, see Fig. 1.2[13]. As the oxide layer is removed, unreacted metallic Al is constantly 
exposed to the oxidising atmosphere in the air, increasing the white dross formation. Dross 
is, in other words, an Al-containing residue formed during smelting, melt treatment, and 
casting of primary produced Al. 

During the skimming step, the dross is carefully held at the furnace gate to drain off as much 
excess metallic Al as possible, and thereby minimising the losses, before being transferred 
to dross bins for cooling. It is, however, challenging to balance the removal of oxides/NMCs 
and metallic Al as alloying elements may also be removed at the same time[14]. The loss of 
metallic Al in the skimming process can result in the dross containing as much as 10% of 
the metallic Al annually produced[15].  

 

 
Fig. 1.2: Image of the skimming of an Al melt, where dross bins are placed in front of the furnace 
gate to collect the oxides and non-metallic compounds (NMCs) floating on top of the melt before 
casting. Metallic Al is entrained, generating Al-rich white dross. © 2021, Alcoa Mosjøen, Norway. 
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1.1.2 Effect of alloying elements on Al dross formation 
Different parameters have been mentioned to enhance the Al dross formation, of which some 
are easier controlled during process operations and others are more complex. For example, 
an increasing Mg concentration in the alloy will increase the oxidation rate of the molten Al, 
however, Mg is a crucial alloying element that secures the mechanical properties of the final 
product and thereby an essential addition to molten Al[14, 16]. The atmosphere in the 
casthouse holding furnace has also been discussed as a critical parameter, as well as the 
atmosphere in contact with the dross during cooling. In view of the latter, it has been reported 
in the literature that purging argon (Ar) onto the dross during cooling by placing large lids 
over the dross bins inhibits further oxidation of the metallic Al present in the dross and 
thereby secures a higher recovery of metallic Al when re-melting the dross[17].  

1.1.3 Environmental impact of Al dross formation 
There are various reasons why Al dross is undesirable. In addition to the decreased metallic 
yield obtained during Al production, dross is defined as a hazardous waste that has to be 
handled and treated following strict routines due to the generation of toxic gases when in 
contact with the humidity in the air and/or rain (water)[4, 18, 19].  

A global review published in 2020 identified that up to 50% of the dross generated today is 
still landfilled[20]. When the dross is reacting with the moisture in the soil, undesirable 
reactions take place and can cause landfill fires due to the flammable gases generated[21]. 
In view of this, it is not only desirable to reduce the dross formation to increase the metallic 
Al yield but also to lower the negative environmental impact of the Al industry.  

1.2 Project scope 

The overall scientific outcome of the present study has been to systematically determine the 
extent and rate of molten Al oxidation at the laboratory scale, as well as investigate how 
oxidation at the industrial scale, i.e., dross formation, is influenced by different parameters. 
The scientific impact of the work has been to reduce dross formation by improving casthouse 
operations. Fig. 1.3 shows the overall scope and structure of the project, as well as the link 
between the different parts, i.e., between the laboratory and industrial activities supported 
by thermodynamic calculations.  

The laboratory work summarised in Fig. 1.3 is based on the experiments performed in a 
Differential Scanning Calorimeter equipped with a Thermogravimetric analyser (DSC-TG), 
exposing disc samples to different cover gases during heat treatment. The obtained data, as 
well as the metallographic evaluation of the disc samples before and after heat treatment, 
were supported by thermodynamic calculations in view of the oxidation rate of Al. The 
specific Al alloy systems investigated were selected based on their importance to the 
industry and widespread use. 

The industrial work summarised in Fig. 1.3 is based on developing a dross sampling tool, as 
well as a detailed step-by-step sampling procedure supported by suitable powder preparation 
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and characterisation techniques. Samples were collected from the casthouse holding furnace 
at Alcoa’s  facilities at Mosjøen in Norway during 7 campaigns and experimentally 
controlled to be safe in view of the release of phosphine (PH3) gas before being further 
processed and analysed. The experimental evaluation of the safety of the dross samples was 
supported by thermodynamic calculations. The industrial results were linked to the 
laboratory findings to identify the parameters that enhanced and inhibited the oxidation rate 
of Al.  

The overall result from the present work was reviewed based on (i) the collection of 
reproducible dross samples from the holding furnace, (ii) the influence of the chemical 
composition of the Al alloy produced with focus on the Mg content, (iii) the heat 
treatment/cooling atmosphere of disc samples and industrial dross samples and their 
influence on the oxidation rate of Al, and the (iv) the inhibiting effect of small additions of 
CO2 to the oxidating atmosphere. 

 

 
Fig. 1.3: Flow sheet of the project showing the scope and structure of the laboratory and industrial 
activities, as well as the supporting thermodynamic assessment.  
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Chapter 2 Background 

2.1 Production of aluminium 

For the production of Al, there are today two conventional routes, i.e., the primary and 
secondary routes. In Fig. 2.1, a simplified flow sheet of the two production routes is 
presented, where the orange arrows illustrate the primary production route, the blue arrows 
the secondary production route, and the double-coloured arrows are part of both routes[22, 
23].  

Fig. 2.1: Flow sheet of the conventional production routes of Al, where orange and blue arrows 
mark the primary and secondary routes, respectively (the double-coloured arrows are part of both 
routes)[22, 23]. 

As previously mentioned, the primary route for the production of Al is still the dominating 
route (see Fig. 1.1), however, it is predicted that the secondary route will overtake the 
primary route in the near future[9]. Based on data published by the International Aluminium 
Institute in 2022, over 1.5 billion tons of Al were produced from 1973 to 2021 through the 
primary production route, and in 2021 China had more than 50% of the world's 
production[24]. The Al industry is estimated to be responsible for 3.5% of the electricity use 
worldwide, which equals about 1.1% of the global CO2 emissions[5]. 
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Fig. 2.2: The primary production of Al in thousands of tonnes, from 1973 to 2021, given by regions. 
Reproduced from © International Aluminium Institute[24]. 

2.1.1 The primary production of Al 
The primary production route of Al, as we know it today, was not industrialised until the 
late 1800s. From the bauxite ore, rich in H2O-bonded Al2O3 (40-60%), Al2O3 is extracted 
by the Bayer process and further used as the raw material for the production of Al through 
the Hall-Héroult process (which is an electrochemical reduction process)[25]. The overall 
reaction for the primary production of Al is presented in Eq. 2.1: 

½ Al2O3 diss. + ¾ C (s) = Al (l) + ¾ CO2 (g) 
ΔG0

960°C = 345.1 kJ/mol Eq. 2.1 

In the Hall–Héroult process, Al2O3 is dissolved into a solution containing cryolite (Na3AlF6), 
aluminium fluoride (AlF3) and calcium fluoride (CaF2), which reacts with the C anodes 
producing molten Al together with CO2[26]. As the Gibbs Free Energy of the reaction 
presented in Eq. 2.1 is >> 0 kJ, a significant amount of electricity is used to drive the reaction 
to the right. Cryolite is, therefore, commonly added to the process to lower the melting point 
of Al2O3[27, 28], which also results in the need for less energy to reduce the Al2O3. 
Additions of cryolite do, however, introduce fluor (F) into the process, which is found both 
as an impurity in the melt and as part of the off-gas in the form of the very hazardous 
compound hydrogen fluoride (HF)[29]. 

2.1.2 The secondary production of Al 
In Fig. 2.1, it can be seen that it is end-of-life (EOL) products that are the input material in 
the secondary production route of Al, e.g., used beverage cans (UBCs), cream cheese tubes, 
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window frames, and other Al products (often referred to as post-consumer scrap). Because 
the input material is heterogeneous in both chemical composition and geometrical form, it 
is crucial that the scrap is collected and pre-treated before being melted. This can include 
milling and shredding steps to ease the sorting, as well as other pre-treatment steps to ease 
the melting, i.e., pre-heating to remove organic materials and compaction of the scrap[30–
32].  

The milled/shredded/pre-treated scrap is then fed into a furnace and remelted together with 
salts, e.g., a mixture of sodium chloride (NaCl) and potassium chloride (KCl), to improve 
the coalescence of the Al by removing the oxide films[33]. Both (tilting) rotary furnaces and 
casthouse melting/holding furnaces are in use[34].  

The most energy-consuming step during primary production of Al is the reduction of Al2O3 
in the Hall-Héroult process, a process step which is not part of the secondary route. In view 
of this, a decrease of ~95% of the energy needed to produce 1 kg of Al is obtained through 
the secondary production route[35]. 

It should not be underestimated that the lower energy consumption is one of the reasons why 
the secondary production route of Al has experienced such a massive leap in use during the 
last decades. For example, in 2007, Xiao et al.[36] reported that 40% of the post-consumer 
scrap originating within Europe was recycled through the secondary route and 50% in the 
United States (US). It should, in this regard, be noted that ~75% of all Al ever produced are 
still in use because of the reuse of post-consumer scrap[27].  

 

 

2.2 Theoretical approach to oxidation 
 

Oxidation of metals has been studied in detail for over a century, and the overall reaction, 
as it is often presented, is given in Eq. 2.2 where Me can be any substance or metallic 
element. As can be seen from the reaction, oxidation takes place when a substance/metal 
(Me) comes into contact with O2 (g) or with another oxidising substance.  

 

xMe + ½ yO2 = MexOy Eq. 2.2 
 

The mechanism behind the oxidation reaction in Eq. 2.2 is presented in Fig. 2.3, where an 
O2 (g) molecule is adsorbed onto a metal surface, and the nucleation of oxide is initiated. As 
the oxide film continues to grow, diffusion of O2 towards the bulk will also occur through 
cracks, causing internal oxidation, porosity, formation of potential molten oxide phases, and 
oxide evaporations[37]. 
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Fig. 2.3: Mechanism of oxide film growth on a metal surface. © 2012 Izman et al.[37]. 

In view of oxidation, iron (Fe) was the first system to be studied, followed by copper (Cu). 
Even how oxide nuclei were grown on the top metal surface of these elements was early 
given special attention[38].  

2.2.1 Thermodynamics of Al oxidation 
In Fig. 2.4 the Gibbs Free Energy (ΔG0) at the standard pressure (p0) has been plotted as a 
function of temperature for Al when reacting with 1 mole of O2 (g). Even reactions for some 
of the alloying elements used during the production of the most common Al alloys, i.e., Mg, 
Si, and Mn, have been added to the same plot. From this simple illustration of the well-
known Ellingham diagram, the different element's stability in view of oxidation can be 
evaluated, and standard ΔG0 values retrieved as a function of temperature. Even the 
equilibrium composition of the system can be calculated. It should be noted that the standard 
ΔG0 values are nothing more than lower integration constants, however, they are very useful 
when evaluating the stability of different elements in a multi-component system. 

(a)

(b)

(c)

(d)

(e)
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Fig. 2.4: Standard Gibbs Free Energy (ΔG0) in kJ/mol for typical alloying elements reacting with 1 
mole O2[39]. 

 

From the diagram in Fig. 2.4, it can be seen that all included reactions have negative ΔG0 
for the temperature range given, i.e., from 0 to 1000°C, meaning that they all are favoured 
to the right (towards the oxide state)[39, 40]. The reaction between metallic Al and O2 (g) 
can be found in the middle part of the diagram. As the standard ΔG0 change for the Al 
reaction is greater (more negative) relative to the reactions for Si, and Mn at all temperatures, 
the equilibrium constant is larger for the Al reaction, which is the reason why Si and Mn 
that appear higher up in the diagram are more stable than Al. As the standard ΔG0 change 
for all the reactions is negative, the large decrease in entropy must be counteracted by a large 
enthalpy of the reaction. In other words, the relative stability of the oxide of Al compared 
with the oxide of the other elements is due to the much larger standard enthalpy of the 
reaction. 
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In view of this, Al’s higher affinity to O is a known characteristic commonly used to protect 
other materials from corrosion as a protective Al2O3 film is formed[41]. However, elements 
below Al in the diagram (Fig. 2.4) are more stable as oxides and will oxidise before Al, and 
may thereby hinder Al from oxidising.  

As previously mentioned in section 1.1, all of the elements in question are more stable as 
oxides than as pure elements, which is the driving force for oxidation during melt treatment. 
The reactions presented in Fig. 2.4 can also be found in Eq. 2.3 to Eq. 2.12 for clarity 
together with the equations for respective reactions standard ΔG0 at 750°C (typical casthouse 
temperature during Al production)[42]. 

MgO (s) + Al2O3 (s) = MgAl2O4 (s) 
ΔG0

750°C = -29.77 kJ/mol Eq. 2.3 

3/2 Fe + O2 = ½ Fe3O4 
ΔG0

750°C = -391.93 kJ/mol Eq. 2.4 

2 Fe + O2 = 2 FeO 
ΔG0

750°C = -396.65 kJ/mol Eq. 2.5 

2 Mn (s) + O2 (g) = 2 MnO (s) 
ΔG0

750°C = -619.57 kJ/mol Eq. 2.6 

Si (s) + O2 (g) = SiO2 (s) 
ΔG0

750°C = 726.14 kJ/mol Eq. 2.7 

4/3 Al (l) + O2 (g) = 2/3 Al2O3 (s) 
ΔG0

750°C = -903.01 kJ/mol Eq. 2.8 

MgO (s) + O2 (g) + 4/3 Al (l) = 2/3 MgAl2O4 (s) 
ΔG0

750°C = -922.11 kJ/mol Eq. 2.9 

½ Mg (l) + Al (l) + O2 (g) = ½ MgAl2O4 (s) 
ΔG0

750°C =-936.86 kJ/mol Eq. 2.10 

2 Mg (l) + O2 (g) = 2 MgO (s) 
ΔG0

750°C = -981.08 kJ/mol Eq. 2.11 

2 Be + O2 = 2 BeO 
ΔG0

750°C = -1015.58 kJ/mol Eq. 2.12 

2.2.2 Kinetics of Al oxidation 
Smeltzer[43] proposed in 1956 that not one oxidation rate alone could explain the kinetics 
of the oxidation of Al, but rather three, i.e., (i) a rapid rate, (ii) a linear constant rate, and 
(iii) a slow parabolic rate. This is also partly illustrated in Fig. 2.3, where Al is the
metal/substance in question, and the Al2O3 film can be seen attached to and grow on top of
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its Al metal surface. From the figure, it is realised that the oxidation process of Al can be 
described both as a rapid and as a slow process[44].  

Jeurgens et al.[45] observed in their research that the growth of the oxide layer thickness 
initially occurs rapidly, followed by a slower rate after ~15 000 s (4 h 20 min). From their 
results, the growth rate of the oxide layer thickness as a function of time was calculated, see 
Fig. 2.5, where (a) shows the oxide layer thickness, Fig. 2.5 (b) the growth rate, and Fig. 2.5 
(c) the change in growth rate[45].   

 

 
Fig. 2.5: Oxide growth thickness as a function of time for an Al substrate heat treated at 773 K 
(pO2 = 1.33 × 10-4 Pa), where (a) shows the thickness of the oxide layer, (b) shows the growth rate 
of the oxide layer thickness, and (c) shows the change in the growth rate of the oxide layer thickness. 
© 2002 American Institute of Physics, Jeurgens et al.[45]. 

 

Based on some of the observations, a theoretical approach to the kinetics of Al oxidation 
can be made through Fick’s first and second laws. According to Fick’s first law (Eq. 2.13), 
the concentration gradient from the surface towards the bulk is fixed. However, this is not 
the case for Fick’s second law (Eq. 2.4), as it is defined as non-steady state diffusion.  

 

𝐽𝐽 =  −𝐷𝐷
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 Eq. 2.13 

  
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷
𝜕𝜕2𝐶𝐶
𝜕𝜕𝑥𝑥2

 Eq. 2.14 

  
 

In the above equations, J is the diffusion flux, D the diffusion coefficient, C the 
concentration, x the thickness of the oxide layer, and t the time[46]. The solution of Fick’s 
second law is given in Eq. 2.15, where the bulk concentration after diffusion at a distance 
x (Cx), the surface concentration (Cs), and the initial concentration before diffusion (C0) are 
fixed for a specific time t. In view of this, it can be expressed that the depth from the surface 
into the bulk x is a function of the square root of the time t, as seen in Eq. 2.16. 
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𝐶𝐶𝑥𝑥 − 𝐶𝐶0
𝐶𝐶𝑠𝑠 − 𝐶𝐶0

= 1 − erf �
𝑥𝑥

2√𝐷𝐷𝐷𝐷
� Eq. 2.15 

  

𝑥𝑥 =  √𝑡𝑡 Eq. 2.16 
  

 

The solution to Fick’s second law correlates well with the findings of Jeurgens et al.[45] and 
the shape of the oxide layer thickness graph (Fig. 2.5 (a)) as a function of time.  

 

2.2.3 Oxidation of AlMg alloys 
Aluminium magnesium (AlMg) alloys are an essential group of Al alloy as the Mg content 
improves the final product's mechanical properties, as well as corrosion resistance. The 
alloys are therefore well suited for seawater applications, e.g., boats and other vehicles[42]. 
Studies performed on the oxidation of AlMg alloys have shown that adding Mg increases 
the oxidation rate of Al[47, 48] through different possible reactions favoured under 
production conditions.  

One such reaction is Eq. 2.11, where Mg (l) and MgO (s) are in equilibrium at 750°C. The 
logarithmic partial pressure of O2 (g) can for this reaction be calculated to a value of log 
pO2 = -45.63[39], which reveals that MgO is more stable than MgAl2O4 (log pO2 = -43.58 
for Eq. 2.14) and Al2O3 (log pO2 = -42.00 for Eq. 2.13) and will therefore be favourably 
formed. This is a well-known oxidation step during the production of AlMg alloys[49].  

To study the different steps of the oxidation process in more detail, the process is often 
graphically described with a mass-gain curve, where the mass change is on the y-axis, and 
time on the x-axis, giving the classical S-shaped mass gain curve, as seen in the lower part 
of Fig. 2.6[50, 51]. In the linear segment of the curve, the mass gain is controlled by the Mg 
concentration in the alloy until reaching steady state. At steady state, the Mg has completely 
oxidised, forming a MgO layer on top of the Al alloy. The oxidation process will continue 
as long as elemental Mg is available in the system, initiating breakaway oxidation. 

 

 
Fig. 2.6: Oxidation and breakaway oxidation of an AlMg alloy with 10 wt.% Mg, heat treated at 
725°C in dried air. © 1983 Transactions of the Japan Institute of Metals, Haginoya and 
Fukusako[50]. 
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Breakaway oxidation is the oxidation process of MgO and is graphically presented in the 
upper part of Fig. 2.6[50]. This is the second step of the oxidation process occurring after 
the oxidation of Mg, and it has been reported to occur whenever the activity of Mg at the 
very top surface of the Al alloy decreases below 0.023[49]. However, if the activity of Mg 
is higher than 0.023, MgAl2O4 will not form as MgO is favoured[49, 52].  

Impey et al.[53] established that the dross formation mechanisms for AlMg alloys are similar 
to that of pure Al. It was reported that for a pure Al melt, a γ-Al2O3 film was formed on top 
of the melt. With time, the γ-Al2O3 would then transform to η-Al2O3 and cause the oxide 
layer to rupture due to the volume changes resulting in a nodular oxide layer[53]. 

The same observation was made for AlMg melts but initiated by forming a layer with 
clusters of MgO. The MgO further initiated the formation of the crystal growth of MgAl2O4 
at the interface between the melt and the oxide, followed by complete breakaway oxidation, 
which is the initial stage of dross formation[53]. 

In view of this, it should be noted that several reactions may occur during the oxidation of 
AlMg alloys, as presented in Eq. 2.3, Eq. 2.9 and Eq. 2.10. Based on the standard ΔG0 values 
for these reactions, it can be seen that Eq. 2.10, representing the oxidation of Mg to 
MgAl2O4 (s), has the lowest ΔG0 at 750°C (-936.86 kJ/mol), and will therefore be the first 
of several possible breakaway oxidation reactions to take place, given that there is free 
Mg (l) left in the system. 

 

 

2.3 Inhibition of oxidation  
 

Oxidation of Al has been a challenging topic for a long time, and so is also the case with 
inhibition of oxidation. Several parameters have been investigated as potential inhibitors 
aiming to retard the oxidation process and thereby increasing the metallic Al yield. In view 
of this, most of the published literature has focused on reducing the partial pressure of O2 in 
the system. 

Some potential inhibitors that have been investigated over the years, as well as the effect of 
the atmosphere and its influence on the oxidation rate, will be summarised and discussed in 
the coming sections.  

 

2.3.1 The effect of alloying elements 
Beryllium (Be) 
In 1954, the inhibiting effect of beryllium (Be) was studied, and it was established that as 
small amounts as 0.0001 wt.% Be in an AlMg10 alloy significantly impacted the oxidation 
rate[54].  

Beryllium was and still is, used at some Al plants during production to inhibit the oxidation 
rate for high Mg-containing Al alloys and thereby retard the breakaway oxidation of MgO 
by forming a protective BeO film[55, 56].  As seen in Fig. 2.4, BeO is more stable than MgO 
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and MgAl2O4 and will therefore be favoured. The BeO film will inhibit further diffusion of 
O2 towards the bulk and hinder the diffusion of Mg towards the surface[57, 58]. It should, 
however, be noted that due to the toxicity of Be, even at low concentrations, its use has been 
questioned in many parts of the world[55, 59].  

Calcium (Ca) 
Calcium (Ca) is in the same group of the periodic table as Mg and Be and is also capable of 
forming an oxide. Yoon et al.[60] reported that additions of 0.03 wt.% Ca through 
aluminium calcium (Al2Ca) additions to an AlMg5 alloy had an apparent inhibiting effect 
on the mass gain during heat treatment (reducing the mass gain from 10% to 0.01%), as well 
as on the oxide layer thickness, which was significantly reduced. It was concluded that a 
protective CaO layer had formed and mixed with MgO, preventing breakaway oxidation. 
Ha et al.[61] observed the same inhibiting behaviour when adding small amounts of Al2Ca. 
It should, however, be noted that Ca has been reported to negatively influence the Al product 
when rolled and is often seen as an impurity causing edge cracking[62]. 

Strontium (Sr) 
Strontium (Sr) has also been investigated as an alloying element for AlMg alloys. Different 
effect of adding small amounts of Sr has, however, been found in the literature. For example, 
Ozdemir et al.[63] reported that when comparing AlMg alloys (0.5 wt.%, 1 wt.%, and 
5 wt.% Mg) with and without small additions of Sr, a clear drop in the mass gain was seen 
for the alloys with Sr additions. However, the drop in mass gain decreased with an increasing 
amount of Sr, ranging from 250-1000 ppm. Another study reported that when adding 
300 ppm Sr to an AlSi7Mg0.35 alloy, the oxidation rate increased[64]. Additions of Sr are 
therefore still questioned, as it may increase the oxidation rate and cause an increased 
porosity which in turn causes lower strength and poorer machinability[65].  

Sodium (Na) 
Sodium (Na) was reported to have an enhancing effect on the oxidation rate of Al alloys. 
However, Cochran et al.[66] proved that Na has an inhibiting effect for AlMg (0.7 wt.% Mg) 
alloys. By adding as small amounts as 0.0002% Na during heat treatment at 725°C, the 
oxidation rate of the Mg in the alloy was significantly decreased. The oxidation of the alloy 
was prolonged even further when adding 0.003% Na to the alloy[66]. The presence of small 
amounts of Na in the melt (even as low as <125 ppm) can, however, jeopardise the quality 
of the final product. 

2.3.2 The effect of atmosphere 
Argon 
For oxidation to occur, O2 must be present in the system. Several experimental studies have 
therefore been performed using inert gas to protect the melt from oxidation. By removing 
the oxidant from the system, oxidation should, theoretically, not take place. Nitrogen (N2) 
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has also been studied, and Cochran et al.[66] reported that by adding N2 to the atmosphere, 
the breakaway oxidation step was postponed but not prevented.  

 

Carbon dioxide (CO2) 
Haginoya and Fukusako[67] reported that a mixture of CO2 and air inhibited the mass gain 
of an AlMg10 alloy after heat treatment at 750°C for 250 min. The proposed mechanism 
was that the CO2 prevented the diffusion of O2 towards the bulk and that 30-70% CO2 had 
the greatest inhibiting effect compared to pure air or 100% CO2, see Fig. 2.7.  

 

 
Fig. 2.7: Mass gain as a function of CO2 concentration mixed with air after heat treatment of an 
AlMg10 alloy at 750°C for 250 min. © 1979 Transactions of the Japan Institute of Metals, Haginoya 
and Fukusako[67]. 

 

The same inhibiting effect was confirmed by Stevens et al.[68], but they reported that 
10% CO2 mixed with synthetic air had a more significant inhibiting effect than 50% CO2 
when an Al-Mg alloy was heat treated at 800°C for 4 h. The inhibiting effect of the lower 
amount of CO2 was later confirmed by Smith et al.[69] as they reported that 5% CO2 mixed 
with synthetic air had the best inhibiting effect when compared with 20% and 50% CO2 
during heat treatment of an AlMg5 alloy at 750°C. In this connection, CO2 was reported to 
retard the evaporation of Mg, inhibiting the oxidation rate and thereby influencing the oxide 
layer morphology.  

 

Flue gas 
The effect of flue gas, also known as recirculation gas with a chemical composition of CO2, 
N2 and water moisture, has also been investigated. Cochran et al.[66] investigated if flue gas 
had an inhibiting effect on the oxidation rate of AlMg alloys, reporting that its presence 
delayed the breakaway oxidation step but did not prevent it. 
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Water (H2O) 
Thiele[70] reported that the presence of water vapour inhibited the oxidation of pure Al 
(99.9%) when heated at 800°C, as the mass gain was significantly decreased compared to 
when heated in air. In the case of an AlMg alloy, i.e., Al alloy 5052 (2.35 wt.% Mg), Cochran 
and Sleppy[47] reported that the presence of water vapour in the atmosphere during heat 
treatment prevented the Mg in the alloy from evaporating, resulting in an inhibiting effect 
of the oxidation rate of the alloy. It was also established by Impey et al.[71] that humid 
atmospheres stabilised the Al2O3 layer of AlMg alloys, which inhibited further oxidation.  

It should, however, be noted that water vapour has also been established to have a prompting 
effect, increasing the oxidation rate of Al[72]. In regards to this, Schoenitz et al.[73] reported 
that when heat treating pure Al particles in an atmosphere of Ar mixed with steam, the 
oxidation process was completed at a lower temperature than when heat treating the same 
alloy in dry O2, i.e., at 1000°C compared to 1500°C. 

Sulfur dioxide (SO2) 
Sulfur dioxide (SO2) has also been studied as an inhibitor for the oxidation of Al and its 
alloys. Belitskus et al.[74] investigated the inhibiting effect of adding 10-100% SO2 into the 
atmosphere during prolonged heat treatment (100 h) of a commercial aluminium alloy 5086 
(AlMg4.0Mn0.45Cr0.10) at 750°C. It was reported that when comparing the outcome with 
the heat treatment of the same alloy in compressed air (<0.1 vol.% H2O), the mass gain was 
significantly reduced. The presence of MgO on the top surface of the alloy, as well as small 
amounts of MgSO4, was identified by X-Ray Diffraction (XRD) and believed to protect the 
alloy from further oxidation[74].  

2.4 Oxidation at an industrial scale 

There are several stages of metal handling during primary production of Al, and during each 
stage of the process, there is potential for oxidation of the molten Al metal to take place. As 
discussed above, oxidation will occur at any time when the molten metal surface is exposed 
to the atmosphere, which happens when the melt handling step disrupts the oxide surface. 
In addition to direct surface oxidation, metallic Al can also be entrained in the oxides, i.e., 
when the metal is physically contained within the oxide itself, which happens during any 
turbulent event associated with melt handling, see Fig. 2.8. For example, during alloy 
additions or additions of primary produced Al in the casthouse furnace, the surface of the 
hot metal pool will be disrupted due to imposed turbulence, exposing the molten metal 
surface to the atmosphere. The metallic Al and the alloying elements will then oxidise, and 
other NMCs floating on top of the melt, as well as oxide films and gas bubbles in the bulk, 
form white dross. 
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Fig. 2.8: An Al melt where (a) an oxide film has formed on top of the melt, and entraining Al lumps, 
and (b) entraining of Al and gas bubbles in the bulk of the melt. Reproduced from © 1991, 2003, 
Elsevier Science Ltd., J. Campbell[75]. 

 

To cast the Al bath, the dross and NMC mixture must be removed by skimming, see Fig. 
2.9. The areas marked with white dotted lines in the figure show an uncleaned area covered 
in floating oxides/NMCs, and the areas marked with black dotted lines are the underlying 
molten metal surfaces being exposed to the atmosphere. 

 

 
Fig. 2.9: Floating oxides/NMCs being removed (skimmed off) an Al melt. © 2019, Alcoa Mosjøen, 
Norway. 

 

The formation of white dross and NMCs during primary production of Al is directly related 
to oxidation. Most of the oxides/NMCs are produced in the furnace itself, especially during 
the filling of the furnace, which is considered to be one of the primary sources of oxide 
formation. General furnace treatment, stirring, dross removal, alloying, scrap additions, and 
sludge removal are all metal handling steps associated with oxidation of the molten Al metal 
in one way or another. However, there is uncertainty as to which steps besides the filling of 
the furnace that is the most significant contributor.  

 

 

(a) (b) 
Oxide film 

Al melt 

Entrained 
gas bubbles 

Entrained Al 

Entrained Al 
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To attempt to control and minimise oxidation and thereby dross formation, it is necessary to 
determine where and how the dross is produced. To address this problem, an understanding 
of the operational practices in a casthouse is important, as well as the underlying process of 
oxidation and dross formation. These topics will be discussed in detail in Chapter 4, which 
is entirely dedicated to dross formation. 
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Chapter 3  Oxidation at Laboratory Scale  
 

 

The present chapter summarises the published work related to the parametric study of molten 
Al oxidation at the laboratory scale and the inhibiting effect of CO2 on the rate of 
oxidation[76–79]. 

 

3.1 Summary of paper 1 – Evaluation of the Effect of CO2 Cover Gas on the 
Rate of Oxidation of an AlMgSi Alloy  

 

3.1.1 Introduction  
The Mg content in the Al alloy and small additions of CO2 in the cover gas has previously 
been reported to have an inhibiting effect on the rate of oxidation of AlMg alloys. Therefore, 
the present study aimed to investigate the impact of adding Si to the AlMg system and heat 
treating the alloy in different cover gases to investigate their effect on the rate of oxidation.  

 

3.1.2 Experimental procedure  
A master alloy with 6.77 wt.% Mg and 6.70 wt.% Si was tailored using an induction furnace. 
The Al (>99.999%, Alfa Aesar), Mg (>99.98%, Sigma Aldrich) and Si (>99.9999%, 
Wacker) particles were placed layer by layer in an Al2O3 crucible with a diameter of 45 mm 
and a height of 70 mm. The crucible was heated to 850°C and held at that temperature for 
30 minutes to ensure homogenisation of the melt (isothermal step). A 5N (>99.999% pure) 
Ar atmosphere was applied during the heating-, isothermal-, and cooling steps when 
preparing the alloy. The Al sample was later retrieved from the crucible by crushing the 
crucible and grinding off the residues to ensure a clean sample. Following, the sample was 
cut into small discs with a diameter of 3-4 mm, and a thickness of 1-1.5 mm, sanded and 
polished using 1 µm of diamonds and stored in ethanol. Before the samples were analysed, 
the discs were removed from the ethanol and dried in air. 

A DSC-TG instrument was used to monitor the mass change and heat flux as a function of 
time while heating the AlMgSi disc sample to 750°C and holding it at that temperature for 
7 hours while being exposed to one of the following cover gases:  

i. 80% synthetic air and 20% Ar, 
ii. 99.999% Ar, 
iii. 4% CO2, 76% synthetic air and 20% Ar. 

From here on, the three cover gases above will be referred to as synthetic air, Ar, and CO2. 
To ensure reproducibility, three discs of the AlMgSi alloy were independently heat treated 
in the respective cover gases. 

After the heat treatment, the surface morphology of the AlMgSi disc samples was 
investigated using Scanning Electron Microscope (SEM). The discs were also mounted in 
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epoxy resin, cut, and polished with 1 µm diamonds to map the cross-section using Electron 
Probe MicroAnalysis (EPMA). Furthermore, a Focused Ion Beam (FIB) was used to prepare 
lamella to evaluate the oxide layers and Energy Dispersive X-ray Spectroscopy (EDS) for 
elemental mapping. 

3.1.3 Results and discussion  
The DSC-TG measurements revealed a significant difference in the rate of oxidation for all 
three cover gases, and a comparison of the obtained mass change can be seen in Fig. 3.1 (a). 

Fig. 3.1: Differential Scanning Calorimetry with Thermogravimetric Analysis (DSC-TG) results for 
AlMgSi disc samples heat treated at 750°C for 7 h. (a) TG result for disc samples heat treated in 
synthetic air (dotted grey graph), Ar (dashed grey graph), and 4% CO2 (straight black graph). (b)-
(d) The mass change (TG, dotted black graphs) and the heat flux (DSC, straight grey graphs) when
heat treated in synthetic air, Ar, and 4% CO2, respectively.

As can be seen from the figure, the mass decreased from 12.33% when heat treated in 
synthetic air (dotted grey graph) to 2.80% in Ar (dashed grey graph) and further down to 
0.46% when 4% CO2 was added to the cover gas (straight black graph). The heat flux 
identified for the synthetic air scenario (Fig. 3.1 (b)) also indicated that breakaway oxidation 
had occurred after ~1.5-2 h, having the classical S-shape for the mass gain as mentioned in 
section 2.2.3, where the oxidation of Mg and MgO occurred so quickly, that it was revealed 
as one mass gain step instead of two as reported by Haginoya et al.[50]. The oxidation rate 
also correlated well with the rates described by Jeurgens et al.[45]. This was further 
confirmed when looking at the cross-sectional area of the disc samples in Fig. 3.2 (a), as 
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well as the EPMA results presented in Fig. 3.3, where Al (a), O (d) and Mg (g) were all 
present in the oxide layer.  

 

 
Fig. 3.2: Representative Scanning Electron Microscopy (SEM) images of the cross-section of 
oxidised AlMgSi disc samples after being heat treated in (a) synthetic air, (b) Ar, and (c) 4% CO2. 
The dark grey/black area on the top of the disc samples is epoxy, the light grey is the Al bulk, and 
the grey layer in the middle of the epoxy and the Al in the bulk is the oxide. 

 

Inhibition of the oxidation process for the AlMgSi alloy was confirmed when heat treated in 
pure Ar, which was further confirmed by the cross-sectional evaluation, as the oxide layer 
thickness had decreased significantly, see Fig. 3.2 (b). This was also confirmed by the 
EPMA results, see the middle column in Fig. 3.3. Even a thinner oxide layer was identified 
for the disc samples heat treated in the cover gas with 4% CO2, but in this case, the cross-
sectional investigations also identified a more porous structure, see the right column of Fig. 
3.3.  
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Fig. 3.3: Electron Probe Micro Analysis (EPMA) results of the cross-section of the AlMgSi disc 
samples presented in Fig. 3.2 after being heat treatment in the cover gases in question (x-axis) for 
the elements Al, Mg, O and Si (y-axis). The identified oxide layer can be seen between the epoxy and 
the Al alloy. 

From the EDS analysis of the sample heat treated in 4% CO2, depletion of Mg was revealed 
at the very top surface of the sample. Al, Mg, O and Si were all mapped by EDS, covering 
the lamella surface prepared by FIB, and it was observed that the sample surface was covered 
with a phase not containing Mg. It was, however, not possible to see from any of the analysis 
techniques applied, i.e., EPMA, FIB and EDS, how the CO2 had interacted/reacted with the 
AlMgSi alloy.  
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3.1.4 Conclusions and future work 
It was concluded that additions of 4% CO2 to the cover gas during heat treatment of an 
AlMgSi alloy influenced the oxidation rate of the material. By investigating the mass change 
and heat flux during heat treatment at 750°C, a dense oxide layer of 200-400 nm was 
identified, covering an additional ~2 µm thick granular oxide layer.  

Future work will aim to identify how the Mg content in the Al alloy influences the oxidation 
rate of AlMg alloys when heat treated in the same three cover gases, i.e., (i) synthetic air, 
(ii) Ar, and (iii) 4% CO2. Further analysis will also be performed to identify how CO2 
influences the oxide layer characteristics to establish why CO2 results in significant 
inhibition of the oxidation rate of these alloys.  

 

 

3.2 Summary of paper 2 – Influence of Mg Concentration on the Oxidation 
Rate of Al Alloys 5182 and 6016 

 

3.2.1 Introduction  
A higher concentration of Mg in the Al alloy is known to enhance the oxidation rate, and 
CO2 is reported to inhibit the oxidation rate, but it is unknown to what extent they influence 
the oxidation rate in view of a combination of those two parameters. The aim of the present 
study was, therefore, to investigate the inhibiting effect of small amounts of CO2 in the cover 
gas when exposed to both the Al alloys 5182 (AlMg4.5Mn0.4) and 6016 (AlSi1.2Mg0.4), 
which is one alloy with higher and one with lower Mg concentration. 

 

3.2.2 Experimental procedure  
The disc samples investigated of the Al alloys 5182 and 6016 were supplied by Alcoa and 
used to calibrate the Optical Emission Spectroscopy (OES) apparatus in their casthouse. The 
chemical composition and trace element limits of these Al alloys can be seen in Tab. 3.1. 

The present study followed the same experimental and analytical approach as in the case of 
the previous research by Solem et al.[76], see paragraph 3.1.2. In addition, the cross-
sectional evaluation also included an EDS line scan analysis to investigate how the Al, O, 
Mg and C concentrations varied as a function of penetration depth through the oxide layers 
from the surface to the bulk. 

 

Tab. 3.1: Chemical composition and trace element limits for Al alloys 5182 and 6016. 

Alloy Alloying elements, /wt.% 
Al Mg Si Mn Fe Cu Cr Ti 

5182 Bal. 4.50-5.00 0.05-0.16 0.30-0.40 0.15-0.35 0.05-0.10 <0.03 <0.05 

6016 Bal. 0.14-0.50 0.90-1.30 0.07-0.20 0.20-0.30 0.05-0.10 <0.05 <0.03 
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3.2.3 Results and discussion 
The DSC-TG measurements of Al alloys 5182 and 6016 revealed similar behaviours as in 
the case of the AlMgSi alloy discussed in section 3.1.3. The mass gain decreased from 
11.21% to -0.30% when adding 4% CO2 to the cover gas of Al alloy 5182 and from 2.45% 
to 0.70% for Al alloy 6016, see Tab. 3.2. 

Tab. 3.2: TG results from the DSC-TG measurements for Al alloy 5182 and 6016 heat treated in 
synthetic air, Ar and 4% CO2. 

Alloy Mass change after being heat treated in 
Synthetic air Ar 4% CO2 

5182 11.21 wt.% 1.67 wt.% -0.30 wt.%
6016 2.45 wt.% 1.61 wt.% 0.70 wt.%

The oxide layer thickness of the heat treated Al alloy 5182 followed a decreasing trend from 
15-27 µm in synthetic air to only 200-400 nm in 4% CO2, as seen in Tab. 3.3. This was not
the case for the Al alloy 6016 as similar thicknesses of the oxide layers were obtained for
the disc samples heat treated in synthetic air and 4% CO2. Deviating from the trend, the
thinnest oxide layer for the Al alloy 6016 was obtained when the disc samples were heat
treated in Ar. This was, however, not the case for the Al alloy 5182 or the AlMgSi alloy
discussed in section 3.1.

Tab. 3.3: Oxide layer thickness of the Al alloy discs heat treated in synthetic air, Ar and 4% CO2. 

Alloy Oxide layer thickness after being heat treated in 
Synthetic air Ar 4% CO2 

5182 15-27 µm 14-17 µm 200-400 nm
6016 4-7 µm ~1-2 µm 3-5 µm

From the EPMA results, it was revealed that the cover gas had influenced the phases present 
in the oxide layer for the Al alloy 5182. It is believed that both oxidation and breakaway 
oxidation occurred when the disc samples were heat treated in synthetic air as the elemental 
mapping confirmed the presence of Al, Mg and O in the oxide layer, see left column of Fig. 
3.4. Breakaway oxidation was, however, inhibited when the same alloy was heat treated in 
Ar, resulting in that only Mg and O was present in the oxide layer, see the mid-column of 
Fig. 3.4. For the disc samples heat treated in 4% CO2 the dominating element present in the 
oxide layer was established to be Mg, see the right column in Fig. 3.4. Mg was also found 
to be present in the bulk, indicating that the oxidation of Mg had been hindered. 
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Fig. 3.4: EPMA results of the cross-sections of Al alloy 5182 after being heat treated in the cover 
gases in questions (x-axis) for the elements Al, Mg and O (y-axis). The layer between the epoxy and 
the Al alloy is the oxide layer, and CP images can be seen for each cross-section in (a) synthetic 
air, (b) Ar, and (c) 4% CO2.

The EPMA results for the Al alloy 6016 revealed similar results for all three cover gases, as 
seen in Fig. 3.5, even though the TG results identified an apparent decrease in the mass gain 
when changing between the different cover gases. As seen from the figure, the Mg present 
in the alloy had diffused to the surface of the disc samples, leaving a bulk area depleted of 
Mg.  
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Fig. 3.5: EPMA results of the cross-sections of Al alloy 6016 after being heat treated in the cover 
gases in question (x-axis) for the elements Al, Mg and O (y-axis). The layer between the epoxy and 
the Al alloy is the oxide layer, and the CP images can be seen for each cross-section in (a) synthetic 
air, (b) Ar, and (c) 4% CO2. 

 

From the EDS line scans, it was, however, observed that a two-layered structure was 
obtained for the Al alloy 6016 disc samples heat treated in 4% CO2, which is believed to 
explain why the oxide layer thickness seemed greater than when heat treated in Ar. The line 
scan of the same cross-section also revealed the presence of a string of particles close to the 
surface, as well as a layer of Al between the string of particles and the top surface. The two 
layers of Al and string of particles close to the surface created a total oxide layer thickness 
greater than the single string of particles for the sample heat treated in Ar, as these particles 
were identified as being at the very top surface of the oxidised disc samples.  

 

3.2.4 Conclusions and future work 
It was concluded that an addition of 4% CO2 in the cover gas inhibits the rate of oxidation 
of both Al alloys 5182 and 6016. The mass gain for both Al alloys decreased when changing 
the cover gas from synthetic air to Ar and even further when adding 4% CO2 to the cover 
gas.  
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A correlation between the Mg concentration and the oxide layer thickness was observed for 
the disc samples heat treated in synthetic air and Ar with the lower Mg concentration 
resulting in a thinner oxide layer. The morphology of the oxide layer for the disc samples 
heat treated in 4% CO2 proved to change for both alloys, being a dense nanometer-thin 
continuous oxide layer for the Al alloy 5182 and a two-layered structure for the Al alloy 
6016.  

Future work will aim to identify how the added CO2 in the cover gas interacts with the Al 
alloys 5182 and 6016, as well as how the oxidation rate is inhibited. The morphology of the 
oxide layer will be further investigated by analysing the disc samples heat treated in 4% CO2 
by Transmission Electron Microscopy (TEM). 

 

 

3.3 Summary of paper 3 – Heat Treatment of Mg-Containing Aluminum 
Alloys 5182 and 6016 in an Oxidizing Atmosphere with 4% CO2 

 

3.3.1 Introduction 
To identify the influence that the addition of 4% CO2 to the cover gas had on the morphology 
of the oxide layers formed on Al alloys 5182 and 6016, respectively, further analysis was 
needed. XRD and TEM were therefore carried out on the relevant disc samples. 

 

3.3.2 Experimental procedure 
Disc samples of Al alloys 5182 and 6016 heat treated in synthetic air, Ar, and 4% CO2 were 
analysed by XRD without any sample preparation. Some Al alloy 5182 disc samples, heat 
treated in 4% CO2, were coated with a Pt-Pd coating using a FIB to improve the 
conductivity. This was not necessary for the Al alloy 6016 as the conductivity seemed 
sufficient without the Pt-Pd coating. Furthermore, both the Al alloys were exposed to a 
precursor gas with C10H8 (naphthalene) to ensure an adequate Z-contrast when analysed 
using a High Angle Annular Dark Field Scanning Transmission Electron Microscopy 
(HAADF STEM) unit.  

 

3.3.3 Results and discussion 
The HAADF STEM results for both the Al alloys 5182 and 6016 revealed a layer-by-layer 
structure from the bulk to the top surface of the disc samples heat treated in 4% CO2, i.e., an 
amorphous C-C layer was observed on top of a nanocrystalline MgO layer. It was believed 
that the naphthalene in the precursor gas made it possible to distinguish the amorphous C-C 
layer on top of the MgO layer from the C originating from the sample preparation step. Low 
Angle Annular Dark Field (LAADF) STEM images of the cross-section showing the layer-
by-layer structure for both alloys are presented in Fig. 3.6. As can be seen from the figure, 
the MgO layer was thicker for the Al alloy 5182 than for the Al alloy 6016 with the lower 
concentration of Mg. 
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Fig. 3.6: Low Angle Annular Dark Field Scanning Transmission Electron Spectroscopy (LAADF 
STEM) image of the cross sections of disc samples heat treated in 4% CO2. (a) Al alloy 5182 and (b) 
Al alloy 6016. An amorphous C layer can be seen on top of a MgO layer. 

 

The XRD analysis of the Al alloy 5182 disc samples heat treated in synthetic air identified 
the presence of both MgO and MgAl2O4 in the top surface layer of the discs, indicating that 
breakaway oxidation had taken place. However, when analysing the disc samples heat 
treated in 4% CO2, only the MgO phase was identified, which correlates well with earlier 
results based on microscopic analysis[77]. The TEM EDS Electron Energy Loss 
Spectroscopy (EELS) analysis also confirmed this observation, strengthening the theory that 
breakaway oxidation had been inhibited in the presence of CO2. 

For the Al alloy 6016 disc samples heat treated in synthetic air, the XRD analysis revealed 
that complete breakaway oxidation had occurred as no MgO was identified to exist. When 
heat treated in 4% CO2, both MgO and MgAl2O4 were recognised by XRD and TEM EDS-
EELS, indicating that breakaway oxidation had partly been inhibited. It is believed that the 
MgAl2O4 layer was formed as a discontinuous layer of 0.5-3 µm sized particles between the 
bulk and the MgO layer. It was, however, later also recognised as a continuous layer at the 
interphase between the MgO layer and the bulk, see Fig. 3.7. 
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Fig. 3.7: LAADF STEM Energy X-ray Dispersive Spectroscopy (EDS) and Electron Energy Loss 
Spectroscopy (EELS) analysis of Fig. 3.6 (b), where (a) is an overview of the sample from the bulk 
to the top surface, (b) the presence of Mg, (c) the presence of Al, (d) the presence of C, (e) the 
presence of O, and (f) the presence of Mg, Al, C and O in the layer-by-layer structure. 

 

3.3.4 Conclusions and future work 
It was concluded that adding small amounts of CO2 in the cover gas inhibited the oxidation 
rate for both Al alloys 5182 and 6016. An amorphous C-C layer was formed on top of a 
MgO layer, inhibiting further oxidation of Mg and breakaway oxidation of MgO. A clear 
layer-by-layer structure was revealed for both alloys, confirming the previous observations 
made by EPMA reported in section 3.2. 

Future work will continue the TEM analysis of the Al alloy 6016. X-ray Photoelectron 
Spectroscopy (XPS) will also be carried out for both Al alloys 5182 and 6016 to facilitate 
the identification of C as a function of depth from the surface through the established layers.   
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3.4 Summary of paper 4 – The Role of CO2 on the Oxidation-Protection of 
Mg-Containing Aluminum Alloys  

 

 

3.4.1 Introduction 
Additions of 4% CO2 have proven to inhibit the oxidation rate of both Al alloys 5182 and 
6016. An amorphous C-C layer has been established to exist, and it is believed that this layer 
inhibits the oxidation of Mg and the breakaway oxidation of MgO. However, how the 
presence of C influences this layer-by-layer structure has never been investigated. Therefore, 
the present study aimed to use XPS to identify how the C from the CO2 inhibited the 
oxidation rate of these alloys. 

 

3.4.2 Experimental procedure 
The same disc samples as those produced in the study in section 3.3, i.e., Al alloys 5182 and 
6016 disc samples heat treated in 4% CO2, were further analysed by XPS to investigate the 
binding energies of the elements at the very top of the oxide layers with a particular focus 
on C.  

 

3.4.3 Results and discussion 
The elements identified to exist by XRD and TEM EDS-EELS in the earlier study (section 
3.3) for the disc samples heat treated in 4% CO2 were also confirmed by XPS. High-
resolution XPS depth profiling proved the presence of a C gradient that decreased from the 
top surface towards the bulk. The top surface peak for both alloys revealed binding energies 
for C-C and C-O, confirming the presence of a C-rich layer on the very top surface of both 
alloys. 

The thickness of the MgO layer was established to be influenced by the Mg concentration 
in the Al alloy, as a higher Mg concentration resulted in a thicker MgO layer. Due to the 
high Mg concentration of Al alloy 5182, it was believed that breakaway oxidation was 
completely inhibited when adding 4% CO2, but because of the low Mg concentrations of the 
Al alloy 6016, breakaway oxidation took place regardless of the presence of CO2. However, 
it should be noted that breakaway oxidation was partly inhibited, confirmed by the presence 
of the MgO phase, which was not the case with the disc samples heat treated in synthetic air 
from the previous study discussed in section 3.3.3. It is therefore believed that the 
amorphous C-C layer inhibited the oxidation rate for both alloys, but to a slightly different 
degree due to the Mg concentration, forming an amorphous C-C layer according to Eq. 3.1, 
having a negative Gibbs Free Energy for all potential temperatures. 

 

CO2 (g) + 2 Mg (g) = 2 MgO (s) + C (s) 
ΔG0

750°C = -650.86 kJ Eq. 3.1 
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3.4.4 Conclusions and future work 
It is concluded that CO2 plays a vital role in the inhibition process of the oxidation rate for 
both high and low Mg-containing Al alloys. 

Further work will continue at an industrial scale to investigate if the inhibiting effect of CO2 
can be recognised during dross formation. A tool for collecting dross samples will be 
designed and used together with a step-by-step procedure for securing reproducible 
sampling of dross from different locations in the casthouse holding furnace. Both high and 
low Mg-containing Al alloys cooled in protective atmospheres will be investigated, aiming 
to reduce oxidation at an industrial scale, i.e., dross formation.  
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Chapter 4  Dross Formation  
 

 

Dross is classified as hazardous waste and originates from the production of Al either from 
the primary production route (white dross) or the secondary route (black dross). The 
chemical composition of the dross floating on top of the molten metal is a combination of 
oxidised Al and metallic Al entrained in the oxides, i.e., a mass of solid impurities, where 
the ratio between the metallic Al and the oxides/NMCs contents varies depending on the 
production route[80–82]. 

 

 

4.1 Dross formation mechanism  
 

As mentioned in section 2.4, dross is generated when liquid metal is in contact with the 
surrounding oxidising atmosphere. The mechanisms behind the dross formation are reported 
to be similar for both Al and AlMg alloys but result in different oxides[83]. For a pure Al 
melt, the formation of Al2O3 is the initiating dross formation step, and for an AlMg melt, it 
is a MgO oxide layer that is formed, as illustrated in Fig. 4.1[83]. 

Hiraki et al. studied in-situ dross formation during the melting of an AlMg10 alloy and 
documented the evolution of the oxide layer during heat treatment at 800°C[84]. The 
proposed mechanism was divided into three main steps: (i) a volume increase followed by 
a slow weight increase, (ii) a volume increase followed by a drastic weight increase, and (iii) 
a constant volume while the weight still increases[84].  

 

 
Fig. 4.1: Mechanism behind dross formation of an AlMg alloy, reproduced from Impey[83]. 
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4.2 Dross types  
 

4.2.1 White dross  
The primary production of Al generates white Al dross as a waste stream during skimming 
of the melt just before casting, which results in a heterogeneous mixture of metallic Al, large 
flakes, lumps, smaller particles, and dust, as seen in Fig. 4.2. 

 

 
Fig. 4.2: Skimmed Al white dross collected in a dross bin at Alcoa. © 2019, Alcoa Mosjøen, Norway. 

 

Skimming is one of the most critical steps when generating white dross[85]. In most cases, 
this is usually done manually by a furnace operator, as illustrated in Fig. 4.3, and the dross 
formation is influenced by the care taken by the operator while using a rake to collect and 
remove the oxide layer floating on top of the molten metal bath.  

 

 
Fig. 4.3: Illustration of the skimming process, where floating oxides/NMCs are skimmed off by a 
rake and collected in a dross bin. 
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The white dross is also known as “wet dross” as it contains a high concentration of metallic 
Al giving the dross a “wet look”. The chemical composition of white dross does, however, 
vary, and the metallic Al concentration is reported to be <80 wt.% (see Tab. 4.1)[10, 85–
90]. This is also why the white dross is of particular interest in view of dross recycling, as 
the potential recovery rate of the metallic Al is higher than for any other dross type.  

 

Tab. 4.1: Various metallic Al content in white dross reported in the literature. 

Metallic Al content in white dross Reference 
~50 wt.% Drouet et al.[91] 

30-70 wt.% Kevorkijan[92] 
55.70 wt.% Capuzzi and Timelli[10] 
74.08 wt.% Meshram et al.[89] 
15-80 wt.% Peterson[85] 

 
 
4.2.2 Black dross  
Black dross, also known as “dry dross”, Fig. 4.4, originates from the secondary production 
route of Al, where it is generated by skimming the remelted EOL products and other post-
consumed scrap before casting[80]. A typical chemical composition of black dross ranges 
from 10-20 wt.% metallic Al, 40-55 wt.% salt, and 20-50 wt.% Al2O3[93, 94]. The salt is 
added to reduce the concentration of Al2O3 as much as possible, enhancing the coalescence 
of the Al[80, 95].  

 

 
Fig. 4.4: Black dross. © Aadli AS[96]. 

 

4.2.3 Salt cake 
A salt cake is a waste from remelting dross when recovering the metallic Al[97]. The 
metallic Al content is even lower than for black dross and can be as low as 2-7 wt.%[10, 
98]. It also contains up to 65 wt.% of other compounds, such as AlN, Al2O3, MgAl2O4, 
Al4C3, and up to 55% salts (NaCl, KCl)[87, 98, 99]. 
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Fig. 4.5: Salt cake formed inside a rotary furnace. © International Mining 2022[100]. 

 

 

4.3 Casthouse furnace operations  
 

The quality of the Al-based metal produced depends on several parameters, such as the 
furnace practice and temperature, which in turn will influence the turbulence in the molten 
metal bath. Even the surrounding atmosphere and location inside the holding furnace have 
proven to have an impact[101, 102].  

The state-of-the-art furnace operations when preparing an Al melt for being cast typically 
include the following steps[103–105]:  

• Cleaning the holding furnace for any previous melt. 
• Adding cold in-house scrap.  
• Preheating and melting in-house scrap.  
• Pause.  
• Adding primary produced Al from the electrolysis by injecting it from crucibles 

transporting the molten Al to the casthouse. 
• Pause. 
• Stirring of the melt.  
• Skimming of the melt.  
• Adding potentially other alloying elements. 
• Control the melt's chemical composition by sampling two discs for testing the melt.  
• Adjustments of the chemical composition if needed.  
• Second stirring and skimming.  
• Pause. 
• Casting.  
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Mainly two different furnace practices are used today at the primary Al plants in Norway. 
The main difference is that in the first method, the melt is prepared in the same furnace as it 
is cast from, i.e., one-furnace practice, and in the second method, the melt is transferred from 
the holding furnace to the casting furnace, i.e., two-furnace practice. 

 

4.3.1 One-furnace practice  
The one-furnace practice operates with only one furnace, i.e., all furnace operations are 
carried out in the same furnace (from melting in-house scrap to casting). The different steps 
are, therefore, more critical in view of the melt quality and the dross characteristics.  

Transferring the primary produced Al from the electrolysis to the casthouse holding furnaces 
is one of the main steps, and pouring the melt from the crucible to the furnace contributes to 
the dross formation. As seen in Fig. 4.6, the metal is injected from the side of the furnace, 
and the height of the injected melt decreases as the holding furnace is filled up. 

 

 
Fig. 4.6: Primary produced Al from the electrolysis poured into a casthouse holding furnace. 
© 2018, Hydro Karmøy, Norway. 

 

It is impossible to avoid that this stream of injected Al breaks the oxide film on top of the 
hot pool of Al. The turbulence caused by the injected Al also enhances the dross 
formation[106]. The pouring height is largest at the beginning of the injection, and this is 
also causing the oxide film surface to break, allowing oxidation of the unreacted liquid Al 
to occur. It is also reported that the pouring height also results in air bubbles and other 
oxides/NMCs impurities being submerged in the bulk of the molten melt[75]. Dross rings, 
i.e., rings formed in the melt caused by the injection of the primary produced metal, is also 
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a result of the injection of the primary produced Al and contributes to dross formation, as 
the injection of liquid Al contributes to entrain oxides and air in the melt, see Fig. 4.7. 
Moreover, the steps listed above in section 4.3 are carried out in the same holding furnace.  

 

 
Fig. 4.7: Injection of primary produced Al to the casthouse holding furnace causing (a) dross rings 
and (b) entrained oxides and air into the melt due to the pouring height. Reproduced from © 1991, 
2003, Elsevier Science Ltd., J. Campbell[75]. 

 

4.3.2 Two-furnace practice  
When operating with two-furnace practice, the same preparation steps are carried out as for 
the one-furnace practice until the first skimming step. After the skimming step, the melt is 
transferred to a holding furnace through the tap hole at the centre back of the furnace. The 
melt is then injected from the first furnace's tap hole into the second furnace's tap hole. 
Halfway through the transfer, the additions of Mg are added to the second furnace before 
continuing the transfer to avoid increased concentrations of Na and Ca in the melt, 
originating from the bath in the pot lines where cryolite is used[107]. 

 

 

4.4 Dross recycling 
 

Dross processing is essential in the Al production cycle, as the dross contains elemental Al 
metal. In Fig. 4.8 a flow sheet of typical dross processing methods is presented for white 
and black dross. As seen from the flow sheet, regardless of which dross and processing 
method, there will always be some waste/residues[108]. 
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Fig. 4.8: Typical Al dross processing methods for white and black dross. Reproduced from © 2017 
Elsevier B.V., Meshram and Singh[108]. 

 

In 2017, the worldwide dross generation was about 3 million tonnes, including the 
downstream activities, e.g., cut-off residues from the forming, recycling, and primary Al 
sectors, see Fig. 4.9.  
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Fig. 4.9: Worldwide dross generation, dross recovery and overall Al recovery based on numbers 
from 2017[20]. 

 

From Fig. 4.9, it can be seen that it is the primary produced Al that has the highest metallic 
Al recovery rate[20]. The white dross has, over the years, had several treatment operations, 
both in-house at the plant and out-house at external treatment facilities. Some of these 
approaches will be discussed below in the coming sections. 

 

4.4.1 In-house - floor cooling  
One approach has been to reduce the dross formation by decreasing the temperature of the 
dross as quickly as possible, reaching low enough temperatures to hinder further oxidation. 
By doing so, the heat and energy in the dross itself would not contribute to oxidising the 
metallic Al entrained within the dross any further. It was, however, not found efficient as it 
required a large area for distribution of the dross on the floor[32]. Due to the gases generated 
during cooling, it was also not desirable to have the dross on the floor inside. As reactions 
between the dross and potential rain/water would allow the generation of the gases even 
quicker, distributing the dross outside was not found to be a viable alternative. 

 

4.4.2 In-house - Ar covers  
In the 1970s, a cover was suggested to prevent the oxygen from reacting with the glowing 
hot dross surface[109]. The approach was further developed, and today there are inert dross 
cooling apparatuses available in several casthouses. The dross bins with the skimmed-off 
dross are placed under heavy steel covers purged with Ar to inhibit the oxidation of the 
remaining metallic Al entrained in the white dross[17, 110, 111], see Fig. 4.10. 
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Fig. 4.10: Ar cover protection during cooling of skimmed-off dross at Hydro. © 2018 Hydro Karmøy, 
Norway. 

 

4.4.3 In-house - dross pressing 
After skimming the melt into specially designed dross bins in front of the holding furnace, 
the bins are moved to a dross press. The press instrument applies pressure from above, using 
the dross bin as a counterpart, pressing out as much metallic Al as possible while the metallic 
Al is still molten/soft[112]. The metallic Al is then pressed through holes in the bottom of 
the dross bin and recovered before the remaining dross is shipped off for external 
treatment[111]. 

 

 
Fig. 4.11: Dross press with the metallic Al collected under the dross bin after the white dross has 
been pressed. © ALTEK[113]. 
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4.4.4 Out-house - re-melting 
All primary Al plants in Norway ship off their dross to an external treatment facility, e.g., 
Real Alloy, where the dross is re-melted. Salts and other fluxes are added to hinder further 
oxidation of the metallic Al, as well as some of the Al that has already oxidised.  

The conventional process of re-melting uses a rotary salt furnace, where the dross and salts 
(~50% of the weight of the dross) are fed into the furnace[15]. The salt floats on top of the 
molten metal and hinders the metal from being in contact with the oxidising atmosphere, as 
well as extracts the metal and agglomerates the oxides and salts into a salt cake on top of the 
melt[15].  

One of the more advanced processes is using a plasma arc furnace, which is a salt-free 
process. The salt-free process prevents the unwanted salt cake from forming but is left with 
other residues that might end up as landfill[97, 114]. 

 

 

4.5 Commercial application of Al dross 
 

There are several suggestions for different applications where Al dross is used with the aim 
of utilising the waste. Soós et al.[115] experimentally tested using Al dross as a filler when 
producing asphalt, replacing the limestone (CaCO3), which gave promising results. Li et 
al.[116] investigated the use of Al dross as a component to produce lightweight concrete, 
which revealed that a lower density concrete was obtained following a reaction between the 
dross and OH- generating H2 bubbles in the material. Other studies on Al dross incorporated 
in concrete and cement have also given promising results resulting in higher stiffness of the 
product[117, 118]. 

Generation of different gases, e.g., H2, NH3 and CH4, can also be a result when the dross is 
in contact with water, as these are all exothermic reactions[108]. A novel utilisation process 
also studies the use of Al dross as a reductant to produce Si alloys[119, 120]. 

Another application for Al dross is in the production of calcined alumina by mixing 
limestone and non-metallic residues from the dross, forming a calcium aluminate (CaAl2O4) 
phase suitable to use as a reductant for the iron and steel industry[121]. 

There are, in other words, many applications for the dross to be utilised within, however, it 
is important not to justify the generation of the waste when looking at the downsides and 
consequences of dross generation. 

 

 

4.6 Environmental and economic benefits from dross recycling 
 

In 2009 it was estimated that about 1.1% of the greenhouse gases (GHG) on a global level 
were caused by the Al industry. The most significant contribution to GHG originates from 



4.6 Environmental and economic benefits from dross recycling 

 
43 

the electrolysis and the Hall-Hèroult process, however, to lower the Al industry's emissions, 
there is a need to evaluate all contributions.  

The emissions related to dross formation are directly correlated to the metallic Al losses and 
the transportation of the dross material for further treatment (recycling). As the dross is to 
be treated at an external treatment facility, the CO2 emissions from transport to the facility 
and back can be a substantial contribution that must be considered.  

Decreasing the masses sent to landfills is also an environmental and economic benefit 
resulting from dross recycling. It is also essential to remember that metals, in general, are 
not renewable materials as natural resources and that recycling is the most important tool 
used to prolong the lifetime of such resources[122]. 

From a Circular Economy (CE) scenario, Van der Voet et al.[9] predicted the GHG 
emissions from the Al industry based on the Al supply given in section 1.1. Based on this, 
the primary production will peak around 2050, followed by a decrease as the demand for 
primary produced Al decreases. First, by 2100, the GHG emissions will be lower than 
today[9].  

The economic benefits of reducing the dross formation are linked to the metallic Al yield 
profits. An increased metallic Al yield in-house, reducing the waste and side-streams, will 
add a significant (<10%) contribution to the annual production[11]. Transportation costs 
will also decrease with decreasing out-house waste, influencing CO2 emissions and, hence, 
the carbon tax, i.e., a tax set by the government, which is the price that emitters must pay 
for each tonne of GHG emissions emitted. Norway, together with the other Nordic countries, 
was the first to introduce a carbon tax in the early 1990s, trying to reduce CO2 and other 
fossil fuel-related emissions and limit global warming[123].  

The benefits of reducing the dross formation are today motivated by increasing the profit 
and reducing the GHGs and CO2 and other emissions globally[124]. To face these 
challenges, it is believed that all contributions can make a difference and, in the long run, 
reduce the negative environmental impact caused by the industry.  
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Chapter 5  Dross Formation at Industrial Scale 
 

 

5.1 Summary of paper 5 – Sampling Procedure, Characterization, and 
Quantitative Analysis of Industrial Al White Dross 

 

5.1.1 Introduction  
As white dross is a heterogeneous mixture of metallic Al, oxides/NMCs, large flakes, 
smaller particles, lumps, and dust, collecting representative Al dross samples is challenging. 
Not only is the physical appearance of the dross varying from charge to charge, but the 
metallic Al concentration in the dross has also been reported to range from 40 wt.% to 
>75%[85, 90]. 

Several parameters will influence the dross formation, such as the chemical composition of 
the melt, the furnace practice and operations, as well as the location inside the holding 
furnace[104]. Numerous studies report on the characterisation of dross morphologies, but it 
is unclear where the dross originates from or how the dross has been collected. Therefore, 
the present study aimed to design, develop, and validate a sampling tool, as well as a step-
by-step sampling procedure for collecting, pulverising and analysing representative dross 
samples directly from the holding furnace in the casthouse. 

 

5.1.2 Experimental procedure  
A sampling tool was designed and made of a stainless steel sieve with holes having a 
diameter of ¼ inch (6.35 mm) and a perforation of 33%. The sieve was connected to a 
2-meter-long handle to allow the dross to be reached directly from the furnace gate.  

The Al melt was prepared following standard furnace operation before the sampling of the 
dross was carried out between the injection of the primary produced Al and the first 
skimming session. The sampling tool was flipped and submerged into the melt, breaking the 
initial dross layer floating on top of the melt. When the sieve was completely submerged 
into the melt, the sieve was flipped back and raised, collecting the floating oxides/NMCs. 
Before transferring the dross from the sieve to the tray for cooling, the sieve was gently 
shaken three times horizontally and vertically to drain off as much excess metallic Al 
entrained in the dross as possible. This procedure was repeated for four different locations 
inside the holding furnace, see Fig. 5.1. The collected dross samples were left to cool in the 
ambient air of the casthouse, as seen in Fig. 5.2, for one hour before being stored in air-
sealed containers. 

All the collected dross samples secured from the different locations were sieved into the 
three fractions <1.25 mm, 1.25-4.5 mm and >4.5 mm, and the two smallest fractions were 
further milled and quantitatively analysed by XRD. 
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Fig. 5.1: Collection of dross samples from Location 1 (closest to the injection point of the primary 
produced Al) to Location 4 (furthest away) in the holding furnace using the 2-meter-long dross 
sampling tool. © 2019, Hydro Karmøy, Norway. 

 

 
Fig. 5.2: Collected dross samples left to cool in the ambient air of the casthouse from Location 1 to 
Location 4. 

 

5.1.3 Results and discussion 
The sampling tool proved efficient in collecting dross samples, but even with a 2-meter-long 
handle, it was challenging to reach the floating oxides/NMCs from Location 1 to Location 4. 
An adjustment to the furnace operation was therefore made, and a step was added where the 
casthouse operator carefully skimmed the floating oxides/NMCs towards the furnace gate 
without mixing it up, as seen in Fig. 5.3. The sampling procedure was then followed as 
previously presented.  

 

 
Fig. 5.3: Floating oxides/NMCs carefully skimmed towards the furnace gate for dross sampling. 
© 2018, Hydro Karmøy, Norway.  
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The sampling tool and procedure were validated by quantitatively characterising the dross 
morphology of the samples collected from the different locations. The smallest fraction 
(<1.25 mm) was pulverised using a ring mill, but the same technique was observed not to 
be successful in pulverising the mid fraction (1.25-4.5 mm), leaving the softer metallic Al 
particles deformed but not pulverised. Cryomilling was, therefore, introduced to make the 
metallic Al particles in the samples brittle enough to be crushed rather than only deformed. 
By cryomilling, aiming for a temperature of -196 °C using liquid N2, it was seen that the 
method was successful in pulverising all the different parts of the dross.  

The XRD analysis revealed that reproducible samples had been collected from the different 
locations in the holding furnace. Furthermore, Location 1 was established to have the highest 
metallic Al concentration and the lowest oxides/NMCs content, and in view of Location 2, 
Location 3 and Location 4, the metallic Al concentration gradually decreased while the 
oxides/NMCs content increased.  

Collecting dross samples from several different Al melts showing the same sample 
characteristics from Location 1 to Location 4 (independently of the Al alloy or charged 
analysed) proved that the sampling tool and sampling procedure were an efficient way of 
collecting reproducible dross samples for further pulverisation and analyses. 

 

5.1.4 Conclusions and future work 
It was concluded that a sampling tool and a step-by-step sampling procedure had 
successfully been designed and developed, making it possible to secure reproducible dross 
samples despite the heterogeneity of the dross. Combined with suitable pulverisation and 
characterisation techniques, the approach can quantify the metallic Al concentration and the 
oxides/NMCs content present in the dross.  

As it has been reported that small amounts of CO2 have an inhibiting effect on the oxidation 
rate at a laboratory scale, it would be interesting to see if the same effect can be seen at an 
industrial scale. Future work will therefore aim to develop a set-up that allows for protective 
cooling of collected dross samples using a cover gas containing >5% CO2 to investigate if 
the influence of CO2 in the cooling atmosphere of the dross has an impact on the oxidation 
rate of AlMg alloys. 

 

 

5.2 Summary of paper 6 – Effect of (5%) CO2 on the Oxidation Rate during 
Cooling of Industrial Aluminum White Dross 

 

5.2.1 Introduction  
Small amounts of CO2 have proven to inhibit the oxidation rate of AlMg alloys. It has also 
been reported in the literature that adding >4% CO2 to an oxidising atmosphere significantly 
decreases the mass gain for Al alloys with as low as 0.4 wt.% Mg. However, the same 
inhibiting effect has not yet been seen on an industrial scale. Therefore, the present work 
aimed to investigate if adding small amounts of CO2 in the atmosphere during cooling of the 
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skimmed dross would have the same inhibiting effect on the oxidation rate and thereby 
increase the metallic Al content of the dross. 

 

5.2.2 Experimental procedure  
To investigate the influence of CO2 exposure during the cooling of the dross, a lid was 
designed that was connected to a premixed gas of 95% synthetic air and 5% CO2 (the lowest 
CO2 concentration available as a premixed gas). Individual lids were used to cover the dross 
trays. The complete set-up can be seen in Fig. 5.4, where the gas tubes are secured in an 
open cage connected to the lids by gas tubes. 

The same sampling tool and procedure presented in section 5.1 were applied to collect the 
dross samples from Charge 1 (AlMg1.0Mn0.4) and Charge 2 (AlMg1.2Mn0.4). Two dross 
samples were collected at the same place from each location, i.e., from Locations 1-4, where 
the first collected sample was transferred to a dross tray left to cool in ambient air, see the 
blue area in Fig. 5.4 and the second to another dross tray which was placed under a lid with 
protective atmosphere, see the red area in Fig. 5.4. All samples were left to cool for one hour 
and sieved into the same three fractions as in the earlier study, i.e., <1.25 mm, 1.25-4.5 mm 
and >4.5 mm. 

The samples from Charge 1, Location 1 to Location 4 for fractions <1.25 mm and 
1.25-4.5 mm were cryomilled and analysed by XRD. From Charge 1 and Charge 2, 
Location 1 to Location 4, eight randomly selected dross pieces from the fractions 
1.25-4.5 mm and >4.5 mm were mounted in epoxy and analysed by EPMA. The EPMA 
images were further quantified by deterministic image analysis.  

 

 
Fig. 5.4: Collected Al white dross samples, where one series of samples are cooled in ambient air 
and the second under a lid exposed to a cover gas with 5% CO2. 
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5.2.3 Results and discussion 
All dross samples analysed by XRD revealed a higher metallic Al concentration for the 
samples cooled under a lid exposed to a cover gas with 5% CO2 than when cooled in ambient 
air. The XRD results also revealed that the metallic Al concentration was highest for 
Location 1 (closest to the injection point of primary produced Al) and lowest for Location 4 
(furthest away). Simultaneously, a decreasing trend for the oxides/NMCs contents was also 
observed from Location 1 to Location 4. As seen from Tab. 5.1, this was the case for both 
the analysed fractions and for both series of samples, i.e., for those cooled in ambient air and 
for those cooled under a protective atmosphere under a lid.  

 

Tab. 5.1: XRD results for Charge 1, fractions <1.25 mm and 1.25-4.5 mm, Location 1 and 
Location 4 when cooled in ambient air and under a lid exposed to a cover gas with 5% CO2. 

 Fraction Cooling 
atmosphere 

Content, /wt.% 
 Location 1 Location 4 

Metallic Al 
<1.25 mm Ambient air 73.8 70.9 

5% CO2 78.5 72.5 

1.25-4.5 mm Ambient air 88.5 81.5 
5% CO2 91.2 82.4 

Oxides/NMCs 
<1.25 mm Ambient air 26.2 29.2 

5% CO2 21.5 27.5 

1.25-4.5 mm Ambient air 8.8 17.7 
5% CO2 11.5 18.5 

 
 

From the EPMA and deterministic image analysis, it was revealed that the metallic Al 
concentration for the samples cooled in ambient air was 86.0 wt.%, while when cooled under 
a lid exposed to a cover gas with 5% CO2, it had increased to 89.4 wt.% metallic Al. Even 
though an average (including both charges, fractions, and locations) followed the same trend 
as seen from the XRD results, the same decreasing trend from Location 1 to Location 4 for 
the metallic Al concentrations was not seen. This is believed to be due to the limited number 
of samples analysed by deterministic image analysis. A higher number of images is believed 
to have given a more accurate result. 

 

5.2.4 Conclusions and future work 
Based on the obtained results, it was concluded that adding 5% CO2 to the cover gas during 
the cooling of the dross had an inhibiting effect on the oxidation rate of AlMg alloys. The 
overall metallic Al concentration in the dross was higher for the samples protectively cooled 
under a lid than in the ambient casthouse air for both charges. The obtained XRD results 
were confirmed by EPMA and deterministic image analysis.  

Future work will include continuing the industrial campaigns by implementing the sampling 
tool and procedure during normal operational conditions. Different concentrations of CO2 
mixed with synthetic air would also be of interest. The dross samples will also be 
investigated by TEM to see if the amorphous C-C layer is present even in the case of the 
industrial dross samples. 
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Chapter 6  Summary and Conclusions  
 

The main focus of the present study has been to systematically investigate the oxidation of 
Al white dross collected from the holding furnace during casthouse operations. The impact 
of different process parameters on the oxidation rate of AlMg and AlMgSi alloys was first 
studied at a laboratory scale before implementing the experimental conditions at an 
industrial scale during normal process conditions. Special emphasis was put on identifying 
the parameters that inhibit the oxidation rate and thereby the formation of Al dross. 

Based on the results from the laboratory work, it was concluded that additions of 4% CO2 in 
an oxidising atmosphere significantly impacted the oxidation rate of both the AlMg and 
AlMgSi alloys. This was also seen for both low- and high Mg-containing Al alloys, but to a 
lesser extent for the low Mg-containing alloys. The small amount of CO2 in the atmosphere 
proved to form a protective amorphous C-C layer on top of a MgO layer and prevented 
further evaporation of Mg from the thermally treated sample surface, as well as the diffusion 
of O2 into the bulk of the sample. From the obtained results, it was concluded that inhibition 
of the oxidation rate of Mg and Al had taken place at a constant temperature of 750°C. 

Several industrial campaigns were planned and carried out during the production of different 
AlMg alloys. A sampling tool for collecting reproducible samples from the holding furnaces 
in the casthouse was successfully designed, developed, and validated, together with 
procedures for sample collection and powder preparation for analysis. This allowed the 
heterogenous dross to be crushed into fine powders that were later analysed through 
chemical analyses and phase identification. Cryomilling was used to pulverise the collected 
dross samples and XRD for performing the quantitative analyses. EPMA and a novel 
deterministic image analysis method were also used to complement and verify the XRD 
results. It was concluded that the furnace practice, as well as the location inside the holding 
furnace, from where the dross samples were collected, had an impact on the dross 
characteristics. It was also established that protective cooling by adding 5% CO2 to the cover 
gas had an apparent inhibiting effect on the oxidation of the skimmed dross. It was concluded 
that the results from the laboratory-scale oxidation trials could be reproduced at an industrial 
scale during normal process operations, verifying the influence that small amounts of CO2 
had an inhibiting effect on the oxidation rate of Mg and Al. 

The designed dross collection tool and procedures, together with recommendations in view 
of successfully pulverising and analysing dross samples, are believed to give the industry 
improved possibilities to control the generation of Al dross through identifying specific 
parameters to be used to increase their total metallic Al yield.  
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Chapter 7  Future Work  
 

There is still a lack of knowledge related to understanding the mechanisms behind the impact 
of small amounts of CO2 in the cover gas on the rate of oxidation of Al white dross. The 
formation of an amorphous C-C layer, which in the present work has proved to take place 
and to have an inhibiting effect on the formation of dross, will also need to be studied in 
more detail to clarify the driving force for its initiation, formation, and further growth. 
Therefore, a comprehensive study of the different reactions and the system's overall stability 
is needed. The influence of variations in processing temperature should also be investigated, 
as well as the impact of the Mg concentration.  

 

 

7.1 Future work at a global perspective 
 

The conventional process for primary production of Al was already revolutionised 25 years 
ago by replacing the Sødeberg technology with pre-baked anodes[125], decreasing the direct 
current pr kg Al produced by ~ 30%. For further progressions in the field, it is, however, 
important that the industry does not settle with the solutions introduced 10-20 years ago.  

Dross formation is one of the essential environmental concerns within the global Al market 
today, and it is believed that an improved understanding of dross initiation, formation and 
growth will enable the Al industry not only to maximise the metallic Al yield during 
production but also during dross recycling. By fully understanding how to inhibit dross 
formation during production, it will give the Al industry the best prospects to reach the zero-
waste scenario through the optimisation of process operations, as well as by the design of 
new sustainable production methods for the recovery of Al from dross.  

As already pointed out, there is an industrial need to keep moving forward. In view of this, 
an immerging question is: “Can CO2 go from being a waste to a solution for inhibiting dross 
formation in the future?”.  

Today, it exists several dross treatment processes, and they are continuously being 
improved, trying to reduce the amount of waste sent to be landfilled (which still is the 
conventional way of handling the dross in the greater part of the world), but as expressed by 
Clarence J. Moser[99]: 

“I feel that no matter how sophisticated we become in the handling of drosses, we 
cannot lose sight of the fact that if the dross were not generated, to begin with, 
later processing would not be required.” 

In other words, even if it has taken years for the global Al industry to get to where they are 
today, gaining a deeper understanding of what needs to be done and how is believed to be 
in sight. 
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Evaluation of the Effect of CO2 Cover Gas
on the Rate of Oxidation of an AlMgSi Alloy

Cathrine Kyung Won Solem, Kai Erik Ekstrøm, Gabriella Tranell,
and Ragnhild E. Aune

Abstract
Small additions of beryllium (Be) to aluminum magne-
sium (AlMg) alloys have proven to decrease their
oxidation rate during industrial liquid metal handling.
As Be can cause respiratory health issues, it is desirable to
evaluate alternative methods to inhibit the oxidation rate.
Earlier work has revealed that small amounts of carbon
dioxide (CO2) to the surrounding atmosphere has a
positive effect. In the present study the oxidation behavior
of an aluminum magnesium silicon (AlMgSi) alloy has
been investigated using a Differential Scanning Calori-
metric (DSC) unit equipped with a Thermogravimetric
Analyzer (TGA). Changes in both the heat flux and the
mass have been monitored during exposer to 20% argon
(Ar) and 80% synthetic air, 99.999% pure Ar, and a
gaseous mixture of 20% Ar, 76% synthetic air and 4%
CO2 at 750 °C for 7 h. The results revealed a one-step
mass gain when heated in synthetic air, giving a total
mass gain of 12.33% and an oxide layer thickness of
>15 µm. Pure Ar had a positive effect on the oxidation
rate lowering the mass gain to 2.80% and a thickness of
*10 µm. A mass gain of only 0.46% and a continuous
dense oxide layer of 200–400 nm, with an additional
granular discontinuous oxide layer of *2 µm under-
neath, was obtained during heating in 4% CO2. This
confirms that even in the case of the AlMgSi alloy, small
amounts of CO2 have a significant inhibiting effect on the
oxidation rate.

Keywords
AlMgSi alloy � Oxidation � Breakaway oxidation �
Ar � Synthetic air � CO2

Introduction

Aluminum (Al) alloys are used in numerous applications
such as transportation, packaging and building constructions
[1]. During liquid processing, the Al alloys oxidize when
exposed to oxidizing atmospheres, e.g. air [1–4], resulting in
significant metal losses ranging from 1 to 10% of the melt [5].

Aluminum magnesium (AlMg) alloys is a common group
of materials that are typically used in automotive applica-
tions, in maritime environments, and in beverage cans. Their
frequent use is mostly due to their corrosion resistance.

Oxidation of AlMg Systems

Over the years, the oxidation of AlMg alloys has been
extensively studied by several researchers, including the
influence of atmosphere on the rate and product of oxidation
[1, 3, 6–9]. The early work of Cochran and Sleppy [10]
established that aluminum alloys containing Mg have a
significantly higher mass gain than high-purity aluminum
when exposed to air [10]. Further investigations monitoring
the mass as a function of time and temperature while
exposing it to different cover gases, e.g. air containing water
vapor [10] and dried air [11], revealed that the mass gain of
AlMg alloys is identified by a two-step mass gain process.
Firstly, a linear mass gain is obtained due to the formation of
a granular magnesium oxide (MgO) layer, and secondly, a
rapid breakaway oxidation mass gain due to the formation of
magnesium aluminate spinel (MgAl2O4) [2, 7, 11], charac-
terized by nodules covering the surface, as well as “cauli-
flower” shaped topography [12, 13]. In Eqs. (1) and (2) the
reactions occurring with respect to one mole O2 (g), with a
decrease in Gibbs Energy (DG0), are presented [14].

2=3MgOþ 4=3AlþO2ðgÞ ¼ 2=3MgAl2O4

DG0
750 �C ¼ �925:66 kJ

ð1Þ
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2MgþO2ðgÞ ¼ 2MgO

DG0
750 �C ¼ �981:64 kJ

ð2Þ

Oxidation of AlMgSi Systems

Over the years it has been reported in literature that additions
of Mn, Fe, Cu and Si to Al do not have a significant effect on
the rate of oxidation in regard to binary Al systems [12].
However, for higher order systems, it is not well understood
how these elements effect the oxidation rate, or what oxides
that are formed in which order. Two different oxide forma-
tion processes have been suggested, i.e. the formation of
(i) an Al–Mg–O oxide rich in MgO, and (ii) aluminum oxide
(Al2O3) together with other oxides, but in both cases Si is
only present as a trace element and not as a pure component
in the oxide [12].

When looking at the formation of Mg2Si at 750 °C, the
DG0 is significantly higher than for SiO2, Mg2SiO4 and
Al2O3. From a thermodynamic point of view, this indicates
that Mg2Si will not be favored at this temperature, see
Eqs. (3)–(6) [14].

2Mgþ Si ¼ Mg2Si
DG0

750 �C ¼ �66:93 kJ
ð3Þ

SiþO2ðgÞ ¼ SiO2

DG0
750 �C ¼ �726:17 kJ

ð4Þ

2MgOþ SiþO2ðgÞ ¼ Mg2SiO4

DG0
750 �C ¼ �785:23 kJ

ð5Þ

4=3AlþO2ðgÞ ¼ 2=3Al2O3

DG0
750 �C ¼ �902:53 kJ

ð6Þ

In Fig. 1a and b the Al–Mg–O2–Si phase diagram is
presented as a function of the partial pressure of O2 with
respect to the activity of Mg and Al in the melt, respectively
[15]. As can be seen from the phase diagrams, there are
several different oxides that may be formed at the tempera-
ture of interest, i.e. (i) depending on the activity of Mg in the
Al melt, Al2O3 and MgAl2O4 (SPIN) are stable together with
pure Si (s), (ii) at higher partial pressures, Mg2SiO4 is stable
together with MgAl2O4, (iii) when the activity of Al in the
melt is low, MgAl2O4 and Si (s) are stable, and (iv) there
may be an equilibrium between Mg2Si and MgO, with no Al
present in neither of the phases.

Inhibition of the Oxide Layer

Small additions (2–200 ppm) of Be to AlMg alloys have
proven to have an inhibiting effect on the formation of the
oxide layer, and thereby also on the overall rate of oxidation
during processing [1, 3, 13]. Smith et al. [13] reported
recently that with an addition of 100 ppm Be to an AlMg5
alloy heated in air at 700 °C for 6 h, a granular MgO layer
was formed on the surface of the material with an additional
thin beryllium oxide (BeO) layer underneath. The BeO layer
inhibited the transport of Mg from the bulk through the oxide,
hence, limiting the oxidation and the formation of MgAl2O4,
i.e. the second mass gain step was avoided. Be is, however,
well-known for being hazardous, causing respiratory health

Fig. 1 Al–Mg–O2–Si phase diagram as a function of the activity of the partial pressure of O2 at 750 °C with respect to a the activity of Mg and
b the activity of Al in the melt, where MgAl2O4, Al2SiO5 and MgO are referred to as Mull, SPIN and MeO, respectively [15]
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issues, thus, it is desirable to evaluate alternative methods of
inhibiting oxidation of AlMg-based alloys.

CO2 has been investigated as a protective cover gas for
AlMg alloys, both as pure gas and in gaseous mixtures with
air, water vapor and Ar. Additions of small amounts of CO2

have proven to have an inhibiting effect on the onset of
breakaway oxidation [2, 4], limiting the evaporation of Mg
from the bulk metal through the formed MgO oxide layer. In
the case of AlMg5, concentrations as low as 5% CO2 in the
cover gas gave a pronounced protective effect (comparable to
20% CO2 in both Ar and air), which resulted in a mass gain
<0.5% when heated at 750 °C for 7 h. The thin oxide layer
formed on the alloy contained carbon, where the ratio between
O and C was found to decrease towards the oxide-alloy
interface as a result of Mg reducing the CO2 gas [2].

While the oxidation behavior of the AlMg system is
partly understood, there is still a lack of knowledge in
regards to the oxidation of higher order AlMg-based sys-
tems. Therefore, in the present study, the oxidation of an
AlMgSi alloy will be investigated through Differential
Scanning Calorimetry (DSC) equipped with a Thermo-
gravimetric Analyzes (TGA). Special attention will be given
to the effect that silicon (Si) has on the morphology and
composition of the oxide layer, as well as the overall rate of
oxidation during exposure to different cover gases, i.e.
(i) 20% Ar and 80% synthetic air, (ii) pure Ar, and (iii) a
gaseous mixture of 20% Ar, 76% synthetic air and 4% CO2.

Experimental

Sample Preparation

The AlMgSi alloy investigated was tailored from 99.999%
pure Al (Alfa Aesar), 99.98% pure Mg (Sigma Aldrich) and
99.9999% pure Si (Wacker). The elements were placed layer
by layer in an Al2O3 crucible with an inner diameter of
45 mm, i.e. the bottom was covered by a layer of Al, fol-
lowed by a layer of Mg and Si and finished off with another
layer of Al. The crucible was later placed in a vacuum
induction furnace in an inert atmosphere of 99.999% pure
Ar, heated to 850 °C and held for 30 min to ensure homo-
geneous distribution of the elements in the alloy (theoretical
melting temperature is 556 °C [15]). After the isothermal
segment, the furnace was turned off and the alloy was

naturally cooled to ambient temperature inside the furnace.
The alloy was separated from the crucible and milled to
remove any residues securing a clean metal surface. In
Table 1 the trace elements present in the master alloy, as
well as the quantitative data from the chemical analysis
performed with a Nu Instrument Astrum Glow Discharge
Mass Spectrometry (GDMS), is presented.

The alloy was then cut into 1.5 mm thick plates, which
later were cut into small discs having a diameter of *3–
4 mm, before being polished to 5 µm grid. After polishing,
the samples were stored in ethanol until the experiments
were carried out in a Simultaneous Thermal Analyzer (STA).

Differential Scanning Calorimetry
with Thermogravimetric Analysis (DSC-TG)

A NETZSCH Simultaneously Thermogravimetric Analyzer
(STA) model 449 F Jupiter apparatus having a Differential
Scanning Calorimetric (DSC) set up was used to monitor the
heat flux and mass change of the discs as a function of time
and temperature. Three parallel experiments for each cover
gas, i.e. (i) 99.999% pure Ar (from here on referred to as
Ar), (ii) 20% pure Ar and 80% synthetic air (from here on
referred to as synthetic air), and (iii) a gaseous mixture of
20% pure Ar, 76% synthetic air and 4% CO2 (from here on
referred to as 4% CO2) were carried out to confirm repro-
ducibility of the results. The DSC-TG trials were conducted
with a heating and cooling rate of 10 °C/min and a dwell
time of 7 h at 750 °C using Al2O3 crucibles with an inner
diameter of 6 mm. The typical operating temperature used in
cast houses during production of Al is *750 °C and
therefore the temperature chosen for the isothermal sections
during the DSC-TG trials.

Microscopy

A Zeiss Ultra 55 Limited Edition Secondary Electron
Microscope (SEM) was used to investigate the surfaces of the
discs after the DSC-TG analyzes, and a FEI Helios NanoLab
Dual Focused Ion Beam (FIB) was used to visualize the cross
sections, i.e. the oxide layers, for further evaluation. The
cross sections were also investigated using Energy Disper-
sive Spectroscopy (EDS) for elemental mapping.

Table 1 Chemical analyses
given in weight percentage (wt%)
of the AlMgSi alloy based on
Glow Discharge Mass
Spectrometry (GDMS) analysis

Al Mg Si Fe Cu Ca Mn

AlMgSi (wt%) Balance 6.7670 6.6933 0.0087 0.0087 0.0003 0.0002

Std. dev. (%) – 0.1786 0.1650 0.0001 0.0002 0.0000 0.0000
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Results and Discussion

The mass gain (TGA) of the AlMgSi discs heated at 750 °C
for 7 h in the three different cover gases investigated in the
present study, i.e. synthetic air, Ar, and 4% CO2, is pre-
sented in Fig. 2a. As can be seen from the figure, a signif-
icant increase in the mass was obtained for the discs heated
in synthetic air (dotted gray graph), resulting in an average
of 12.33% having a standard deviation of 0.22%. An
inhibitition of the rate of oxidation was obtained when
heating the discs in Ar resulting in a mass gain of 2.80%
with a standard deviation of 0.08%, and even greater for
4% CO2 resulting in an increase of only 0.46% with a
standard deviation of 0.11%.

In Fig. 2b the mass gain and the heat flux for the AlMgSi
discs heated in synthetic air are presented. As can be seen
from the figure, a significant mass gain is observed after
*2 h, confirmed by deep negative heat fluxes indicating
that exothermic reactions had taken place, e.g. through
Eqs. (1) and (2). It can be noted that even though the mass
gain is only in one step and not two well-defined separated
peaks as reported in the literature, the heat flux consists of

several peaks indicating that more than one reaction had
occurred. The microscopic analysis of the surface mor-
phology reveals the formation of granular MgO particles on
the surface of the heated discs, see Fig. 3a, similar to the
cauliflower shaped nodulus recognized from literature. The
cross section of the oxide layer presented in Fig. 4a reveals
the existence of an oxide layer (light gray areas), where the
density of the oxide layer decreases with increasing depth in
the sample. The total thickness of the layer is, however,
believed to be thicker than what is visible in the figure, i.e.
>15 µm. The EDS results reveals that Al, Mg and O is
present in the oxide layer closest to the surface of the heated
discs, a Si rich area deeper in the oxide layer, and high
concentrations of Al in the lowest area of the cross section.
This indicates the formation of MgO and MgAl2O4, and a
phase containing Si, O and Mg closest to the bulk metal, e.g.
Mg2SiO4. Although the oxide layer was established to be
thicker when heating the discs in synthetic air than in Ar, the
discs had less charging in SEM, implying a higher con-
ductivity in the case of these dicsc. This may be explained
by the smooth areas in between the granular oxide layer, see
Fig. 3a, resulting in a thinner oxide layer increasing the
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Fig. 2 DSC-TG results for AlMgSi discs heated at 750 °C for 7 h. a The mass gain (TGA) of the discs when heated in synthetic air (dotted gray
graph), Ar (dashed gray graph), and 4% CO2 (straight black graph). b–c The mass gain (TGA, dashed black graphs) and the heat flux (DSC,
straight gray graphs) when heated in synthetic air, Ar and 4% CO2. All graphs have been plotted from the time the temperature had stabilized at
750 °C, and negative heat flux peaks represent exothermic reactions
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conductivity of the electron beam. In addition, these areas
may be the result of breakaway oxidation, i.e. the formation
of MgAl2O4, which partly occurs simultaneously with the
formation of MgO.

In Fig. 2c the mass gain and the heat flux for the AlMgSi
discs heated in Ar are presented. As can be seen from the
figure, a two-step mass gain is obtained for the heated discs,
where the first linear mass gain stabilizes after *50 min,
before increasing again after *5 h. This is also identified by
the heat flux, revealing two exothermic (negative) peaks,
which indicates that there are stable oxides spontaneously
generated on the surface of the heated discs, e.g. through
Eqs. (1) and (2). When looking at the surface morphology in
Fig. 3b, a homogeneous layer consisting of small nods
similar to those obtained for the discs heated in synthetic air
is obtained. The EDS analysis of the cross section reveals the
formation of an oxide layer with a total thickness of

*10 µm. The presence of Mg and O in the oxide layer is
confirmed, indicating that the formation of MgO had taken
place, which justifies the rapid linear mass gain seen from
the dashed black graph in Fig. 2c. For the second mass gain
step seen in the same figure, hardly any Al was detected,
implying the absence of MgAl2O4, which is identified to be
the product of the second mass gain for AlMg alloys when
exposed to oxidizing atmospheres. However, the initial stage
of the second mass gain after *5 h, indicates that the for-
mation of MgAl2O4 may not be finalised as the mass was
still increasing after 7 h. No indication of Mg2SiO4 was
detected in this sample.

When adding 4% CO2 in the cover gas, a significantly
drop in the mass gain of the heated discs is observed, see
Fig. 2d. A total mass change of only 0.46% is measured for
the isothermal segment, and only one well-defined negative
heat flux peak is identified after *3 h. However, the peak is

(a) (b) (c)

Smooth areas

Fig. 3 Secondary Electron Microscopy (SEM) images with a magnification of 1000X of AlMgSi discs heated at 750 °C for 7 h in a synthetic air
where the surface is covered by granular oxide with some smooth areas in between (see yellow areas). b Ar where the surface is covered by
granular oxide, and c 4% CO2 where the surface is covered by fine particles and a rougher horizontal structure/texture with some smooth areas in
between

Pt layer

Oxide layer

Less dense oxide layer

(a)

Bulk metal

Continuous 
dense oxide 
layer

Pt layer

Granular oxide layer

(b)

EDS 
region

Fig. 4 The cross sections of the AlMgSi discs heated at 750 °C for 7 h with a magnification of 5000X based on SEM images obtained using a
Focused Ion Beam (FIB) instrument, where a shows a disc heated in synthetic air where the oxide (light gray) is partly integrated in an Al matrix
(dark gray), and b a disc heated in 4% CO2 revealing a thin continuous dense oxide layer with an additional granular oxide layer underneath. The
dashed rectangular shows the region where the Energy Dispersive Spectrometry (EDS) analysis was performed
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not as significant as the peaks obtained in the case of the
discs heated in synthetic air and Ar. Through the micro-
scopic evaluation the existence of a clear texture and cracks
on the surface of the heated discs become visible at a
magnification of 1000�, see Fig. 3c. The cross section seen
in Fig. 4b reveals a two-layered oxide region consisting of a
200–400 nm thick continuous dense oxide layer with an
additional *2 µm granular oxide layer underneath. The
region at which the EDS analysis was performed is marked
with a dashed white rectangular in Fig. 4b, and the results
reveal the presence of Al, Mg, O and Si in the oxide layer.
The elemental mapping seen in Fig. 5a–d, confirms the
presence of Al, O and Si in the upper region of the cross
section, i.e. close to the continuous dense oxide layer, which
may be due to formation of Al2O3 and Si (s). This occurs
locally creating a high Si concentration, which allows pre-
cipitation of Si crystals during solidification as a conse-
quence of low activity of Mg in the melt. An increase of Mg
as a function of depth into the granular oxide layer is
observed, and a region with higher concentration of Mg and
Si is identified to exist. According to the phase diagram,
Mg2Si may be formed as a result of the lower activity of Al
at the interface between the granular oxide layer and the bulk
metal. This also correlates with the low heat flux detected
after *3 h (Fig. 2d), compared to the more negative peaks
measured for synthetic air (Fig. 2b) and Ar (Fig. 2c) gen-
erating MgO, MgAl2O4 and Mg2SiO4, i.e. lower DG

0 values
causing deeper heat flux peaks than for Mg2Si. As a result,
the 200–400 nm thin oxide layer formed on the surface of
the heated AlMgSi discs is comparable with the findings of a
similar layer established to exist for Al5Mg when heated in a

cover gas containing small amounts of CO2, retarding the
evaporation of Mg towards the surface and the overall for-
mation of the oxide layer [2]. Further investigations are,
however, needed to verify the results using Transmission
Electron Microscope (TEM) and X-ray Photoelectron
Spectroscopy (XPS).

Conclusion

An AlMgSi alloy has been investigated using a DSC-TG
apparatus at 750 °C for 7 h in three different cover gases, i.e.
(i) 20% pure Ar and 80% synthetic air, (ii) 99.999% pure Ar,
and (iii) a gaseous mixture of 20% pure Ar, 76% synthetic
air and 4% CO2. The rate of oxidation has been monitored in
regards of mass gain (TGA) and heat flux (DSC), and further
evaluation have been carried out by microscopic analyses.
A decrease in the mass gain from 12.33% to 2.80% was
measured when changing the cover gas from synthetic air to
pure Ar. The thickness of the oxide layer also decreased
from >15 µm to *10 µm, where the phases present in the
oxide layers changed from MgO, MgAl2O4 and Mg2SiO4 to
only MgO. A cover gas containing 4% CO2 proved to have a
significant inhibiting effect on the rate of oxidation, resulting
in a mass gain of only 0.46%. In this case a continuous dense
oxide layer with a thickness of 200-400 nm, covering an
additional*2 µm thick granular oxide layer, were identified
to exist. The dense layer proved to consists of Al2O3 and Si
(s), and the interface between the granular layer and the bulk
of Mg2Si and pure Si (s), which were the result of the low
activity of Mg and Al, respectively.

Fig. 5 EDS analysis of the AlMgSi discs heated at 750 °C for 7 h in 4% CO2 of a Al, b Mg, c O and d Si, showing a dense oxide layer of Al, O
and partly Si, and a Mg rich granular oxide layer with Al, O and Si
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Future Work

Future work will include investigations of the oxide layers
formed during heat treatment of the AlMgSi discs during
exposure to different cover gases, i.e. synthetic air, pure Ar
and gaseous mixtures of Ar, synthetic air and CO2. TEM and
XPS will be used to confirm the mechanisms involved in the
formation of the oxide layers by evaluating the chemical
composition and morphology of the layers, as well as the
overall behavior of Si. Experiments varying the relative
concentrations of Mg and Si in the alloy will also be carried
out to get a more comprehensive understanding of how the
chemical composition and cover gas affect the oxidation rate.
The holding time of the isothermal segment will be
increased, to allow for the evaluation of any breakaway
oxidation for the AlMg-, AlSi- and AlMgSi-based alloys.
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Influence of Mg Concentration
on the Inhibiting Effect of CO2 on the Rate
of Oxidation of Aluminum Alloys 5182
and 6016

Cathrine Kyung Won Solem, Egil Solberg, Gabriella Tranell,
and Ragnhild E. Aune

Abstract

Oxidation of aluminum alloys during production is a
well-known problem and contributes to significant metal
losses. As small additions of CO2 in the oxidizing
atmosphere has proven to inhibit the oxidation rate for
high-Mg(� 5wt%) aluminum alloys, the present study
has aimed at evaluating its effect on alloys with varying
Mg concentration in combination with other alloying
elements (Si and Mn), i.e. Al alloys 5182
(AlMg4.6Mn0.4) and 6016 (AlSi1.2Mg0.4). Experiments
were performed by DSC-TG (Differential Scanning
Calorimetry–Thermogravimetric Analysis) using three
different cover gases, i.e. (i) 80% synthetic air and 20%
argon, (ii) 99.999% argon, and (iii) 4% CO2, 20% argon
and 76% synthetic air while monitoring the mass change
and heat flux at 750 °C for 7 h. A significant inhibiting
effect was observed for alloy 5182 during exposure to
CO2, with a mass loss of -0.3%, when compared to the
results obtained for synthetic air and argon having mass
gains of 11.21% and 1.67%, respectively. The thickness
of the oxide layer was also influenced and decreased
stepwise from synthetic air, to argon and CO2. A similar
effect was observed to a lesser extent for alloy 6016 due
to the lower Mg concentration, decreasing the mass gain
from 2.45% when heated in synthetic air to 1.61% in
argon and 0.7% in CO2. The thickness of the oxide layer
decreased in argon and increased to almost similar
thicknesses in synthetic air and CO2. The lower mass gain
in CO2 proves that CO2 has an inhibiting effect on the
oxidation rate even for low-Mg alloys.

Keywords

Aluminum � Oxidation � TGA � DSC � Synthetic air �
Argon � CO2

Introduction

Oxidation of aluminum (Al) and its alloys is a well-known
problem, generating an aluminum dross. The aluminum
dross typically contains up to 70% metallic Al, causing
severe losses up to 10% metallic Al [1]. To prevent and
reduce these losses, several studies have over the years been
performed by different research groups with the aim to
inhibit the oxidation rate of Al alloys [2–5].

Behavior of Mg at Elevated Temperatures

The aluminum–magnesium (AlMg) system has been given
special attention, as the Mg concentration has proven to
influence the rate of oxidation of Al alloys [6–8]. As early as
in 1961, Cochran and Sleppy [7] reported a significantly
higher mass gain for an AlMg alloy with 2.35 wt% Mg
compared to high-purity Al, and their results were later
confirmed by other studies [9–11].

Mg is frequently used in Al alloys to maintain the already
low weight of Al, which is attractive to the transportation
and packaging industry. During the production of Al alloys
with Mg as one of the most important alloying elements,
challenges during the processing of the liquid melt may
occur due to its high affinity to oxygen [12]. Significant
fractions of the added Mg are lost due to oxidation and
evaporation, as the melt is often processed at elevated tem-
peratures, e.g. 750 °C, causing generation of oxides, e.g.
MgO (magnesium oxide) and MgAl2O4 (spinel, magnesium
aluminum oxide) [13, 14]. Formation of oxides was revealed
by monitoring the mass gain, as the oxides, i.e. MgO (qMgO
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(liq) = 3.58 g/cm3) and MgAl2O4 (qMgAl2O4(liq) = 3.58
g/cm3) have higher densities than both Mg (qMg(liq) = 1.6
g/cm3) and Al (qAl(liq) = 2.4 g/cm3) [15]. However, evapo-
ration of Mg has been demonstrated to be hindered when
adding small amounts of CO2 in the atmosphere, inhibiting
the oxidation rate of the alloy [14].

The AlMgSiO2 Systems

A body of work exists for the AlMg system, and an exten-
sion of the system, adding a third element, i.e. Si, has also
been performed to investigate the influence on the oxidation
rate [12]. In an earlier study by some of the current authors,
it was reported that the AlMgSi alloy having >6 wt% Mg
and >6 wt% Si oxidized rapidly in synthetic air, while a
reduction in the oxidation rate was observed in an inert cover
gas, i.e. in Ar [12]. When adding � 5 wt% CO2 to the
atmosphere, an inhibiting effect was identified, decreasing
the mass gain and the oxide layer thickness [12]. The oxide
layer morphology and chemical composition had similar
features as the oxides formed on an AlMg alloy, where the
oxidation had been limited by CO2 being absorbed onto the
initial MgO layer, hindering further evaporation and oxida-
tion of the alloy [12, 14]. MgO and MgAl2O4 were revealed
to be the main compounds in the oxide layers. Some Mg2Si
(s) (magnesium silicide) was found to form where the
activity of Al was sufficiently low [12].

The AlMgMnO2 System

The AlMn alloy system is frequently used as the Mn con-
tributes to a hardening of the alloy, making it suitable for
several applications, e.g. cans and pipes. The amount of Mn
added does usually not exceed 1.5 wt% as the alloy becomes
too fragile, and fractures will easily arise. To increase the
hardening of the alloy even more, the AlMn is alloyed with
Mg. The stability diagrams for the AlMgMnO2 system as a
function of the O2 (g) partial pressure and the activity of Mg
(liq) and Al (liq) can be seen in Fig. 1a and b, respectively.
As can be seen in Fig. 1a MgO will co-exist with AlMn, and
from Fig. 1b that with an increase in the partial pressure of
O2 a phase transition of MgO to SPIN (MgAl2O4) together
with AlMn-containing phases will occur at higher activities
of Al (liq).

There is still a lack of knowledge in regard to the
inhibiting effect obtained having small amounts of CO2 in

the atmosphere for low-Mg Al alloys containing even other
alloying elements such as Si and Mn.

Experimental Procedure

In the present study, the influence of alloy composition and
the inhibiting effect of CO2 on the oxidation rate of Al alloys
5182 and 6016 (provided by Alcoa Norway ANS), i.e.
AlMg4.5Mn0.35 and AlSi1.2Mg0.35, respectively, have
been investigated. The samples were cut, sanded to 5 µm
grid, and stored in ethanol following the same procedure as
earlier reported by Solem et al. [12]

Monitoring of Mass Gain

A NETZSCH Simultaneous Thermogravimetric Ana-
lyzer (STA) model Jupiter 449 F (a DSC-TG unit) was
applied to monitor the mass change and heat flux as a
function of time and temperature. The polished disc samples
were removed from the container with ethanol and dried in
air for 30 s before heated from 25 to 750 °C with a heating
rate of 10 °C/min, followed by an isothermal segment at
750 °C for 7 h, and cooled to 25 °C at the same rate (10 °
C/min). Three parallels were run for each Al alloy in three
different cover gases, i.e. (i) 80% synthetic air (20% O2 and
80% N2) and 20% argon, (ii) 99.999% argon, and
(iii) 76% synthetic air (20% O2 and 80% N2), 20% Ar, and
4% CO2 (from here on referred to as synthetic air, argon,
and CO2, respectively).

Surface Morphology and Elemental Mapping
of Cross Section

The heat-treated disc samples from the DSC-TG experi-
ments were further analyzed in microscope. A Zeiss Ultra
model 55LE Scanning Electron Microscopy (SEM) was
applied to investigate the surface morphology of the disc
samples. Subsequently, the samples were mounted in epoxy,
cut, and sanded to evaluate the cross sections, i.e. the oxide
layer, as well as the bulk alloy. A JEOL JXA-6500F Field
Emission Electron Probe Microanalyzer (EPMA) was later
used to conduct elemental mapping of the cross sections, and
a Zeiss Supra model 55VP SEM to perform
Energy-Dispersive Spectroscopy (EDS) line scans through
the oxide layer from the surface into the bulk.
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Results

Surface Morphology

The heat-treated aluminum disc samples investigated by
SEM at a magnification of 5000X showed a clear difference
in surface morphologies for different alloys and cover gases,
see Fig. 2. From Fig. 2a–c, it is seen, as previously reported
[12], that the Al alloy 5182 revealed a granular
cauliflower-shaped morphology when exposed to synthetic
air, a finer cubic-shaped structure when exposed to argon,
and a horizontal structure/texture when exposed to CO2.

For the Al alloy 6016, a cauliflower-shaped surface
morphology was obtained for the chosen magnification of
5000X for all three cover gases, see Fig. 2d–f.

Mass Gain (TG)

When looking at the thermogravimetric (TG) analyses
from the DSC-TG experiments, seen in Fig. 3, both alloys
revealed the highest mass gain when exposed to synthetic
air. The Al alloy 5182 presented in Fig. 3a had an average
mass gain (over the three parallels) of 11.21% (dotted light
gray graph), 1.67% (dashed dark gray graph) and −0.30%
(straight black graph) when exposed to synthetic air, argon
and CO2, respectively. The same trend in regards to a
decreasing mass gain was observed for the Al alloy 6016
as well, having a mass gain in synthetic air of 2.45%
(dotted light gray graph), in argon 1.61% (dashed dark
gray graph), and in CO2 0.7% (straight black graph), see
Fig. 3b.

Fig. 1 Al–Mg–Mn–O2 stability diagrams calculated as a function of the partial pressure of O2 and the activity of a Mg(liq) and b Al(liq),
respectively. Calculations were performed by the use of the FactSage 7.1 software [15]
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Fig. 2 Scanning Electron Microscopy (SEM) images (Mag = 5000X) of the Al alloy 5182 showing the surface morphology after heat treated at
750 °C for 7 h exposed to a synthetic air, b argon, and c CO2, showing a clear difference in the surface morphology; and the heated Al alloy 6016
in d synthetic air, e argon, and f CO2
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Cross-Sectional Evaluation

Figure 4 presents SEM images of the cross section of the
resulting oxide layer in the case of heated disc samples of Al
alloys 5182 and 6016 taken at a magnification of 400X. The
thickness of the oxide layer in regards to the Al alloy 5182
disc samples decreased from 15–27 µm, to 14–17 µm, and
200–400 nm when the cover gas was changed from synthetic
air to argon and later CO2, see Fig. 4a–c, respectively.
Phases within the bulk alloy having higher concentrations of
heavier elements, e.g. Mn, were also detected. The thickness
of the oxide layer in the case of the low-Mg Al alloy 6016
disc samples was determined to be 4–7 µm when exposed in

synthetic air, *1–2 µm in argon, and 3–5 µm in CO2,
respectively, see Fig. 4d–f.

Disc samples of both alloys heated in the three different
cover gases were mapped by EDS from the surface through
the oxide layer and into the bulk material, see Fig. 5. The
line scans revealed the presence of four main elements in all
samples, i.e. Al (straight white graph), O (dotted light gray
graph), Mg (dashed light/dark graph), and C (long-dashed
black/dark gray graph). The dashed white lines in the figure
(black in Fig. 5a) have diamond ends which mark out where
the line scans through the oxide layer were carried out. The
general trend is that the concentration of Al decreases when
the O and Mg concentrations increase. A rapid decrease
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Fig. 3 The mass gain results from the DSC-TG (Differential Scanning Calorimetry–Thermogravimetric Analysis) experiments where disc samples
were heated at 750 °C for 7 h in synthetic air (dotted gray graphs), Ar (dashed darker gray graphs) and 4% CO2 (black straight graphs) for a Al
alloy 5182 and b Al Alloy 6016
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Fig. 4 SEM images (Mag = 400X) showing the oxide layer thickness (cross section) after heat treated at 750 °C for 7 h of of Al alloy 5182 in
a synthetic air, b Ar, and c CO2, and Al alloy 6016 in d synthetic air, e Ar, and f CO2. The dark gray area is epoxy, the light area is the bulk alloy,
and the interface in between is the oxide layer
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from the surface through the oxide layer is also observed for
C. No other elements were identified.

Each of the cross sections presented in Fig. 4 was further
analyzed by EPMA. The elemental mapping of the areas
presented in Fig. 4c and f can be seen in Fig. 6a and b,
respectively, where special attention should be given to the
differences in the scale bars for each element. The high-Mg
containing Al alloy 5182 showed a homogeneous distribu-
tion of Al in the bulk metal except for in one area where no
Mg and O, where found and at the sample surface where the

concentrations of Mg and O again were detected. Mn was
mapped to be in the bulk metal together with higher con-
centrations of Al, Si, and Fe (some of the elemental map-
pings are presented in Fig. 6a). The low-Mg containing Al
alloy 6016 showed a lower concentration of Al at the sample
surface together with higher concentrations of Mg and O.
The Si was mapped to be homogeneously distributed in the
bulk together with the Al, except for in a concentrated area at
the sample surface where the Si concentration was signifi-
cantly higher, see Fig. 6b.
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Fig. 5 Energy Dispersive Spectroscopy (EDS) line scans of the cross sections (dashed line with diamond edges) of disc samples heated at 750 °C
for 7 h in a synthetic air (Al alloy 5182), b synthetic air (Al alloy 6016), c Ar (Al alloy 5182), d Ar (Al alloy 6016), e synthetic air and 4% CO2 (Al
alloy 5182), and f synthetic air and 4% CO2 (Al alloy 6016)

746 C. K. W. Solem et al.



Discussion

The Al Alloy 5182

The surface morphologies revealed in SEM for the Al alloy
5182 proved to be similar to what has been reported in
literature for high-Mg containing Al alloys [12], i.e. a
cauliflower-shaped structure, finer cubes, and a horizontal
texture for the disc samples exposed in synthetic air, argon,
and CO2, respectively, as presented in Fig. 2a–c. This
implies that the concentration of Mg had a stronger influence
on the overall structure than the absence of Si and/or Mn in
the alloy. Another similarity was found in the mass gain, as
an inhibiting effect was observed for argon and even a
greater effect for CO2, see Fig. 3a. The same observation
was also confirmed when the cross sections were investi-
gated, as the thickness of the oxide layer decreased from 15–
27 µm to 14–17 µm and to 200–400 nm when changing the
cover gas from synthetic air to argon and CO2, respectively,
see Fig. 4a–c. The EDS line scan for the Al alloy 5182
confirmed the same decrease in the thickness of the oxide
layer, as well as a decrease in the Al concentration through
the oxide layer when the Mg and O concentrations increased
for all three cover gases, however, differences in the con-
centrations of each of the elements presented in the mapping
were found for all the three cover gases.

When exposed to synthetic air, the combination of Al,
Mg, and O present in the oxide layer has earlier been
reported as a two-step breakaway oxidation. This phe-
nomenon could not be confirmed in the case of the disc
samples exposed to synthetic air, however, a big one-step
mass gain was revealed, see gray dotted graph in Fig. 3a.
Due to the presence of Al, as can be seen in Fig. 5a, it is
believed that the formation of MgO to MgAl2O4 has

occurred as a result of the breakaway oxidation, resulting in
one significant mass gain step of 11.21%. This assumption is
strengthened even further when looking at the stability dia-
gram of the system Al–Mg–Mn–O2 presented in Fig. 1b,
where the stable phase together with the liquid phase reacts
from MgO to SPIN (MgAl2O4) when the partial pressure of
O2 increases. It is, however, not believed that the phases
Al4Mn, Al11Mn4, or AlMn are present, as no Mn was
detected through the oxide layer by EPMA nor found by
EDS.

When the Al alloy 5182 was heated in argon, the EDS
line scan and element mapping revealed nearly no Al present
in the granular oxide layer, presented as one big particle in
Fig. 5c. The line scan indicated that there was only MgO
present in the granular and dense oxide layers. The EPMA
results supported these observations. Further oxidation from
MgO to MgAl2O4 has therefore seemingly not taken place.
This is confirmed by the dashed dark gray TG curve in
Fig. 3a, where argon seems to have had a limiting effect on
the mass gain, i.e. on the oxidation rate compared with
synthetic air, lowering the mass gain to 1.61%.

The EDS line scan for the heated disc samples of the Al
alloy 5182 inCO2 revealed a rapid increase ofMg andO in the
oxide layer, which linearly decreased as a function of depth
into the sample. The concentration of Al increased slowly at
first as the Mg and O concentrations increased quickly, fol-
lowed by a rapid increase as a result of a decrease in theMg and
O concentration. The trends of Mg, O, and Al is confirmed by
the EPMA results, where the oxide layer is depleted in Al and
concentrated in Mg (continuous layer) and O (discontinuous
layer), see Fig. 6a. It was also revealed by the EPMA results
that the bulk had a homogeneous distribution ofMg, as well as
mapping a concentratedMg layer at the surface, revealing that
the diffusion and evaporation ofMgmust have been hindered,
see Fig. 6a. From the TG results in Fig. 3a it is clear that small
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Fig. 6 Electron Probe Micro Analyses (EPMA) of the cross sections presented in Fig. 4c and f after being heat treated at 750 °C for 7 h in 4%
CO2. a elemental mapping of Al, Mg, O, and Mn in the case of the Al alloy 5182, where the Mn-rich phase also contains Fe and Si and b Al, Mg,
O, and Si in the case of Al alloy 6016
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additions of CO2 in the cover gas has had a significant
inhibiting effect, however, some of the Mg has evaporated
from the surface as the average mass gain was found to be
negative, i.e. a mass loss of 0.30%.

The Al Alloy 6016

The low-Mg containing Al alloy 6016 did not seem to be as
affected by the different cover gases in regard to changes in
the surface morphology as the high-Mg containing Al alloy
5182. The morphology of the heated disc samples revealed a
cauliflower-shaped structure regardless of the cover gas, see
Fig. 2d–f, respectively. Limited differences between the
heated disc samples were again recognized when looking at
the cross sections, revealing thicknesses of the oxide layers
of 4–7, *1–2, and 3–5 µm for synthetic air, argon, and
CO2, respectively, as presented in Fig. 4d–f. Key differences
were first observed when looking closer at the TG results in
Fig. 3b.

It was clear that this alloy had only oxidized to some
extent during exposure to synthetic air (Fig. 3b, dotted gray
graph), revealing a mass gain of 2.45%, explaining why the
thickness of the oxide layer was identified to be only 4–
7 µm. The EDS line scan in Fig. 5b revealed a higher
concentration of Al at the surface, which decreased as the
concentrations of O and Mg increased. When reaching the
bulk metal, the Al concentration increased again, while the O
and Mg concentrations decreased. The presence of Al and
MgO at the surface of the disc samples are under the present
conditions consistent with the observations made from the
stability diagram of Al–Mg–O2–Si [12]. When the partial
pressure of O2 increases in the oxide layer, as seen in Fig. 5b
dashed gray graph, the MgO reacts to form MgAl2O4.
Finally, when reaching the bulk, the concentrations of O and
Mg decrease again. No Si was detected by the EDS line scan
through the oxide layer, which later were confirmed by
EPMA, showing a depletion of Si at the metal surface except
for the formation of small clusters, and a homogeneous
distribution in the bulk. As EPMA is conducted at a mag-
nification of only 400X, it is believed that the EDS line scan
has been carried out in an area depleted in Si.

It was established that argon had a limiting effect on the
oxidation rate, decreasing the mass gain to 1.61%. Even
though an inhibiting effect was identified, the Al alloy 6016
did not reach steady state for neither synthetic air nor argon,
as the mass gain continued to increase even after an
isothermal segment of 7 h. As previously mentioned, it was
clear from the SEM images that the oxide layers were rel-
atively equal in thickness, regardless of cover gas, and this
was again confirmed by the EDS line scans analyzing a

different area of the same disc sample. Figure 5d shows the
elemental mapping through the line scan for the Al alloy
6016 disc sample heated in argon, and the same behavior
was observed as for the sample heated in synthetic air, i.e.
the concentration of oxygen first decreases, for later to
increases and then decreases again from the surface through
the oxide layer into the bulk. Stability diagrams from the
literature [12] indicate the formation of MgO at the surface,
followed by the formation MgAl2O4 before reaching the
bulk where it is expected that the partial pressure of O2 is
close to zero. The EPMA confirms the behavior of Al, O,
and Mg, as well as a depletion of Si at the surface,
explaining why Si was not mapped by EDS.

An inhibiting effect on the oxidation rate was obtained
when adding CO2 to synthetic air in regards of mass gain,
however, a thicker oxide layer was revealed when investi-
gating the cross section by EDS, see Fig. 5f. The increase in
the magnification identified the oxide layer to be around
twice as thick as for the disc samples heated in argon, and
the EDS line scan revealed a behavior more like the disc
samples heated in synthetic air. When looking at the mor-
phology revealed by the EDS line scan, it is observed that
the oxide layer is divided into two different layers, i.e. a
continuous layer on top of a layer of particles. This may be
why the oxide layer is identified to be as thick, although,
having a low mass gain, as the particles are only half the size
of the particles identified in the oxide layer of the disc
samples heated in synthetic air. As the density of Al (liq) is
lower than the density of both MgO (liq) and MgAl2O4 (liq),
it is believed that the CO2 in the cover gas has had an
inhibiting effect and thereby to some extent prevents evap-
oration of Mg and further oxidation, resulting in a lower
mass gain of only 0.7%.

Overall Discussion

As expected, the high-Mg containing Al alloy 5182 had a
higher rate of oxidation than the low-Mg containing Al alloy
6016. Due to the evaporation of Mg, and O having a higher
affinity to Mg than Al, it was clear from the presently
obtained results that the oxidation rate was faster when the
concentration of Mg was higher. A slower oxidation rate was
identified when the concentrations of Mg decreased, as
steady state was not reached for the Al alloy 6016 neither
when exposed to synthetic air nor argon. Even though the
mass gain was 11.21% for the Al alloy 5182 and only 2.45%
for the Al alloy 6016, the mass gain after 7 h in argon was
relatively similar, i.e. 1.67% and 1.61%, respectively, indi-
cating that the Mg concentration did not have a significant
effect in an inert cover gas. An increase in the isothermal
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segment may influence the mass gain, as the Al alloy 5182
disc samples reached a steady state for all cover gases in
question, however, the Al alloy 6016 disc samples did not.

Diffusion of Mg towards the surface during heating was
observed for all disc samples investigated in the present
study, except for the Al alloy 5182 heated in CO2 revealing a
homogeneous distribution of Mg in the bulk, strengthening
the theory that the Mg concentration together with the CO2

has a significant role in obtaining an inhibition of the oxi-
dation rate. However, as all of the Mg in the Al alloy 6016
had diffused from the bulk to the surface during heating in
synthetic air and CO2, and even then lowered the mass gain
from 2.45 to 0.7%, it is believed that even a lower Mg
concentration in combination with additions of small
amounts of CO2 in the cover gas had an inhibiting effect.
Further investigations of the absorption of CO2 on the oxide
layer, e.g. MgO, is needed to evaluate how it behaves
together with low- and high-Mg containing Al alloys, as it in
the present study was challenging to distinguish between the
C from the epoxy and the C adsorbed from the CO2 present
in the cover gas.

Conclusion

The influence of the Mg concentration and the inhibiting
effect of CO2 on the oxidation rate of aluminum has been
investigated for Al alloys 5182 and 6016, by heating disc
samples of the alloys to 750 °C and exposing them to three
different cover gases during 7 h, i.e. (i) 80% synthetic air
and 20% argon, (ii) 99.999% argon, and (iii) 76% synthetic
air, 20% argon and 4% CO2.

The present study confirmed that small additions of CO2

to the oxidizing atmosphere had a significant inhibiting
effect on the oxidation rate in the case of the high-Mg
containing Al alloy 5182. The mass gain and thickness of the
oxide layer decreased from 11.21% and 15–27 µm during
exposer in synthetic air to −0.30% and 200–400 nm when
additions of 4% CO2 was added to the synthetic air. A phase
transition from MgO and MgAl2O4 was identified to take
place in the oxide layer inhibiting further evaporation of Mg.
Mn was identified together with Al and Fe/Si as intermetallic
phases in the bulk alloy, but not in the oxide layer.

A similar inhibiting effect of CO2 was observed for the
low-Mg containing Al alloy 6016, but to a lesser extent. In
this case, the mass gain decreased from 2.45 to 0.7%,
however, the thickness of the oxide layer itself did not
decrease. A two-layered oxide deposit was identified, where
the CO2 together with the host metal had hindered further
oxidation of the continuous MgO layer identified underneath
the oxide layer. The Si clusters detected at the surface and
the Si homogeneously distributed in the bulk alloy did not
influence the oxidation rate.

Future Work

Future work includes the continuation of the analyses of the
oxide layers, e.g. X-Ray Diffraction (XRD), to evaluate the
phases generated as a result of exposing the disc samples to
different cover gases. The isothermal segment will be
increased with the aim of reaching steady state for all the
cover gases in question in regard to mass gain. Moreover,
different sample preparation and analysis methods will be
tested to improve the mapping of C through the oxide layer.
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Heat Treatment of Mg-Containing
Aluminum Alloys 5182 and 6016
in an Oxidizing Atmosphere with 4% CO2

Cathrine Kyung Won Solem, Per Erik Vullum, Gabriella Tranell,
and Ragnhild E. Aune

Abstract

Oxidation of liquid aluminum (Al) during processing is a
widely known problem, and magnesium (Mg), as a
common alloying element, increases the oxidation rate of
the alloy. It has been established that small additions of
CO2 (� 4%) in an oxidizing atmosphere have a significant
inhibiting effect on the rate of oxidation of Al alloys 5182
(AlMg4.5Mn0.4) and 6016 (AlSi1.2Mg0.4) discs based on
oxide layer thickness and mass gain when heat-treated at
750 °C for 7 h. The phases present in the oxide layers for
each alloy have now been identified and compared with
discs heated in synthetic air and argon (Ar) under the same
experimental conditions. The XRD analyses revealed the
presence of MgO for all Al alloy 5182 discs, in addition to
MgAl2O4 and Al2O3 when heated in synthetic air, and
Mg2C3 when heated in the mixed cover gas containing 4%
CO2. The low Mg-containing Al alloy 6016 revealed the
presence of MgAl2O4 for all discs, in addition to MgO
when heat-treated in the mixed cover gas containing 4%
CO2, as well as Al2O3 when heated in Ar. For both alloys,
Transmission Electron Microscopy (TEM) combined with
Energy Dispersive X-ray Spectroscopy and Electron
Energy Loss Spectroscopy (EDS-EELS) analyses revealed
that the mixed cover gas also resulted in a nanometer-thin
amorphous C layer, never previously detected, on top of
the thin nanocrystalline MgO layer, retarding the evapo-
ration of Mg and inhibiting the oxidation rate for both
alloys.

Keywords

Aluminum � Oxidation � MgO � CO2

Introduction

Aluminum (Al) and its alloys are a necessity in modern
society and as today’s second most important metal, Al is on
its road to becoming an even more sustainable and renew-
able material [1]. Challenges related to production and
processing of Al, i.e. oxidation and metal loss, have been a
topic of interest for over a century [2] and several studies
have been carried out trying to understand the overall
mechanisms of oxidation of Al and typical alloying elements
like Mg [2–4]. Even the behavior and onset of breakaway
oxidation leading to the formation of less protective phases
such as spinel (MgAl2O4) in the case of Mg-containing Al
alloys have been studied in detail [2–4].

Inhibition of Oxidation by CO2

The literature contains several studies in regard to inhibition
of the oxidation of Al, as well as how the rate of oxidation
may be delayed and hindered [5–7]. Based on these studies,
it has been established that the chemical composition and the
oxidizing atmosphere are parameters influencing the system.
An example is the case of Al–Mg alloys, where it has been
established that the Mg content influences the rate and extent
of oxidation, which may be inhibited if the oxidation step
forming MgO is retarded [8–10].

It is a well-known fact that as the Gibbs energy of for-
mation for MgO is lower than for Al2O3, the oxygen present
in the atmosphere generates MgO as the stable phase. It was,
however, demonstrated by Smith et al. in 2019 that small
additions of CO2 in the oxidizing atmosphere of Al–Mg
systems had a significant influence in regards to the rate of
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oxidation [10]. It was observed in their study that the CO2 in
the cover gas was adsorbed on top of the MgO layer formed
on the surface of the Al–Mg alloy, preventing further dif-
fusion of Mg through the MgO layer, hence, inhibiting the
rate of oxidation [10]. Similarly, CO2 has been studied and
found to have an important role in aqueous solutions, pre-
venting oxidation and corrosion of Mg alloys due to the
formation of insoluble products acting as a protecting film
on the surface [11].

Several mechanisms on how the CO2 and MgO surfaces
interact have been proposed, and the behavior of CO2 when
physiosorbed, e.g. adsorbed to the surface by van der Waals
forces at an already existing MgO surface, has also been
investigated by Tosoni et al. [12]. Based on their findings,
they suggest that a carboxylate complex or a carbonate, i.e.
CO2− or CO3

2−, may be the compounds present on the
MgO surface. Alkali earth metal oxides in general, e.g. MgO
and CaO, have been reported to be suitable recipients to CO2

[13], however, only for specific crystal orientations, e.g.
orientation (100) in the case of MgO.

The present authors have previously studied the oxidation
steps experienced by Al–Mg alloys in the casthouse during

Al production, by exposing high and low Mg-containing
alloys to different cover gases in controlled laboratory
environments [9]. In this study, Al discs of the alloys 5182
(AlMg4.5Mn0.4) and 6016 (AlSi1.2Mg0.4) were
heat-treated at 750 °C for 7 h in three different cover gases:
(i) 80% synthetic air and 20% Ar, (ii) 99.999% Ar, and
(iii) 4% CO2, 76% synthetic air, and 20% Ar, referred to as
synthetic air, Ar, and mixed cover gas containing 4% CO2,
respectively [9]. For each alloy, three parallel disc samples
were heat-treated and later analyzed by Scanning Electron
Microscope (SEM), Energy Dispersive X-ray Spectroscopy
(EDS), and Electron Probe Micro Analyses (EPMA) to
identify the surface morphology and the microstructure of
the cross sections, as well as the chemical composition of the
cross sections.

For the discs heat-treated in synthetic air, MgAl2O4 was
established to have been formed in the case of the high
Mg-containing Al alloy 5182, and MgO together with
MgAl2O4 for the low Mg-containing Al alloy 6016. When
heat-treated in pure Ar, however, a change in the elements
present was observed for the Al alloy 5182 as only MgO was
found to have been formed, however, both MgO and

Fig. 1 Sample preparation of
heat-treated Al alloy discs, where
a shows a cross section of a disc
mounted in epoxy resin, and b–
d show a sample mounted by clay
in a deep sample holder (inner
diameter 45 mm), seen from
above, the side, and at an angled
view
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MgAl2O4 for the Al alloy 6016 were still present. For the disc
samples heat-treated in the mixed cover gas containing 4%
CO2, it was difficult to establish a clear interphase between
then top layers. It was, however, revealed higher concentra-
tions of Mg and O close to the surface, but not on the very top
surface, for both alloys. Based on the analyses, it was con-
firmed that small additions of CO2 in an oxidizing atmo-
sphere had an inhibiting effect on the oxidation rate in regard
to the mass gain, as well as for the oxide layer thicknesses. It
was challenging to investigate the overall mechanism of the
inhibiting effect of the CO2 and where the C had deposited
due to the C-bonded chemicals in the epoxy resin used during
sample preparations, see Fig. 1a. In the present study, other
characterization techniques will therefore be applied trying to
study how the CO2 behaves for both Al alloy systems.

Experimental Procedure

X-Ray Diffraction (XRD)

All heat-treated Al discs from previous work [9] of both
alloys were examined by a D8 A25 DaVinci X-Ray
Diffractometer (Bruker, Billerica, Ma, USA) to verify and
confirm the previously obtained results by micrographic
analyses. The oxidized discs were mounted in a deep sample
holder with the use of clay, and it was made sure that the
surface was parallel to the edge of the sample holder, see
Fig. 1b–d. Monochromatic CuKa photons with a wave-
length of k = 1.54060 Å were used during the XRD scans.
Each diffraction pattern was acquired with a step size of
0.013° and covered scattering angles 2h over the range 10–
85°. The TOPAS (v5, Bruker Billerica, Ma, USA) software
was used for the refinement of the results, using the Powder
Diffraction Files (PDFs) from the ICDD-4 + PDF-database.

Transmission Electron Microscopy (TEM)

The Al discs heat-treated in the mixed cover gas containing
4% CO2, were further examined with the aim of identifying
the role of CO2 and its inhibiting effect on the rate of oxi-
dation of Al alloys 5182 and 6016.

To avoid sample charging in the dual-beam Focused Ion
Beam (FIB), a Cressington sputter coater was used to deposit
a thin electrically conducting layer of Pt–Pd (80:20) on top
of the Al alloy 5182 disc. No pre-coating was applied for the
Al alloy 6016 disc sample. Subsequently, a Helios G4 UX
FIB (FEI, Hillsboro, Or, USA) was used to prepare the TEM
lamellae. The oxidized discs from both alloys were coated
with two layers of C, of which the first layer was made by
electron beam-assisted deposition, and the second by Ga+

ion-beam-assisted deposition. An accelerating voltage of
30 kV was initially applied during the coarse thinning. Final
thinning was first done at 5 kV, before decreasing the
voltage stepwise to 2 kV of either side of the TEM lamellae
to minimize surface damage. Due to the characteristics of the
precursor gas used during the carbon deposition, i.e. Naph-
thalene (C10H8), the amorphous carbon–hydrogen composite
layer is easy to distinguish from any pure C layer that may
originate from the CO2 atmosphere.

A double spherical aberration-corrected Cold FEG JEOL
ARM200FC microscope (JEOL Ltd., Tokyo, Japan), oper-
ated at 200 kV was used for the TEM analyses. Energy
Dispersive X-ray Spectroscopy (EDS) and Electron Energy
Loss Spectroscopy (EELS) were applied simultaneously
using the Scanning Transmission Electron Microscopy
(STEM) mode. The light elements such as C and O were
better detected by EELS, while the heavier elements such as
Al gave better results using the EDS. All STEM images were
taken using a High-Angle Annular Dark-Field (HAADF)
mode to secure both precision and accuracy of the profiling.

Table 1 Phases identified by
X-Ray Diffraction (XRD) of
aluminum (Al) alloys 5182 and
6016 heat-treated in three
different cover gases

Al
alloy

Cover gas Phases present

Al MgO MgAl2O4 Mg0.388Al2.408O4 Al2O3 Mg2C3

5182 (i) 80% synthetic air,
20% Ar

x x x x x

(ii) 99.999% Ar x x

(iii) 4% CO2, 76%
synthetic air, 20% Ar

x x x

6016 (i) 80% synthetic air,
20% Ar

x x

(ii) 99.999% Ar x x x x

(iii) 4% CO2, 76%
synthetic air, 20% Ar

x x x
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Results and Discussion

Characterization by XRD

A complete overview of the phases identified by XRD for
both Al alloys 5182 and 6016 in the case of all three cover
gases used in the present study is presented in Table 1. As
can be seen from the table, the XRD analyses confirm the
observations from previous analyses obtained by EDS and
EPMA reported elsewhere by the present authors [9].

For the high Mg-containing Al alloy 5182 heat-treated in
synthetic air, MgO (magnesium oxide) and MgAl2O4 (spi-
nel), as well as Mg0.388Al2.408O4 (defect spinel) and Al2O3

(aluminum oxide), were identified to have been formed, and
cubic MgO crystals and Al when heat-treated in Ar. It is
believed that for the disc sample heat-treated in Ar, the
oxidation process of MgO reached steady-state conditions,
as the partial pressure of O2 was not sufficient to cause
breakaway oxidation at 750 °C when the holding time was
restricted to 7 h, as seen for the disc sample heat-treated in
synthetic air. For the disc sample heat-treated in the mixed
cover gas containing 4% CO2, cubic MgO crystals were
identified to have been formed by the XRD analysis, in
addition to small amounts of Mg2C3 (magnesium carbide). It
is in this case believed that a rougher surface with clear
defects might have caused splitting of the CO2 molecules
and therefore caused Mg2C3 and O2 to further react with the
Mg vacancies present in the system forming other Mg, Al,
and O containing phases. It was, however, not identified
neither MgAl2O4, Mg0.388Al2.408O4 nor Al2O3 by the XRD
to have been formed, which is believed to be due to the
formation of a protective C layer resulting from the CO2

present in the cover gas, delaying any diffusion of O2 and
potential oxidation reactions.

For the low Mg-containing Al alloy 6016 heat-treated in
synthetic air, only MgAl2O4 was identified to have been
formed, which is believed to be due to complete breakaway
oxidation, i.e. the MgO from the first oxidation step con-
tinues to oxidize with Al forming MgAl2O4. This correlates
partly with previous findings, as no mapped areas with only
Mg and O indicating the formation of MgO were reported
from Solem et al. [9]. When heat-treated in Ar, however,
MgO was detected together with MgAl2O4 and Al2O3,
indicating that the breakaway oxidation has partly occurred.
For the disc sample heat-treated in the mixed cover gas
containing 4% CO2, MgO and MgAl2O4 were identified to
have been formed, revealing the absence of magnesium
carbides. It is believed that all of the small amounts of Mg
present in the alloy were oxidized and partly caused break-
away oxidation.

Due to the challenges with identifying the influence of
CO2, further analysis of both Al alloys 5182 and 6016 discs

heat-treated in the mixed cover gas containing 4% CO2 was
Carried out to investigate the layers and phases present.

Microscopy Analyses through TEM

To further evaluate the phases present in the oxidized Al
alloy discs 5182 and 6016 heat-treated in the mixed cover
gas containing 4% CO2, FIB followed by TEM and
EDS-EELS analyses was carried out.

In Fig. 2a, the cross-section lamella made by FIB of the
high Mg-containing Al alloy 5182 disc is presented. As can
be seen from the figure, the deposited C layers, resulting
from the sample preparation, were identified together with
the Pt-Pd coating used to avoid sample charging. When
looking further at the cross section of the sample itself, it is
seen that there are MgO crystals (light gray crystals marked
by purple box and arrows) present in the Al bulk (dark gray
areas marked by green box). Closer to the surface, a dense,
continuous nanocrystalline MgO layer can also be seen,
confirming not only previously reported EDS and EPMA
results [9, 10] but also the presently obtained XRD results.

On top of the nanocrystalline MgO layer, a thin contin-
uous layer of amorphous C, which has never been previously
observed, was detected, as seen in the TEM image in
Fig. 2b, where the interface between the amorphous C layer
and the nanocrystalline MgO layer is marked with a white
solid line. The same C layer was found, but to a lesser extent
for the low Mg-containing Al alloy 6016 disc. This corre-
lates well with findings reported by the present authors and
others, where it is believed that the CO2 present in an oxi-
dizing atmosphere may be absorbed on top of MgO crystals,
and form a protective layer preventing further evaporation of
the Mg and inhibiting the oxidation rate [10, 14].

STEM EDS-EELS analysis of the cross section was
performed for both alloys to further evaluate the elements
present in the oxide layers, as well as the C layer. A cross
section of the Al alloy 5182 disc is presented in Fig. 3a,
showing the HAADF STEM image of the Al bulk (bottom
grey area), the nanocrystalline MgO layer covered by a
continuous amorphous C layer, as well as the thin Pt-Pd
coating (bright contrast layer on top of the amorphous C
layer) and the protective C coating (black contrast due to the
combination of the light elements of C and H). A combina-
tion of EDS and EELS analyses was used, where C, Mg, and
O were mapped by EELS and Al by EDS.

Figure 3b–d shows the EDS-EELS results of the mapped
elements of interest for the Al alloy 5182 disc. As can be
seen in Fig. 3b from the mapping of C, a 40–100 nm con-
tinuous C layer is revealed close to and at the surface of the
sample. As the HAADF STEM imaging procedure takes
place with a contrast scale close to the atomic number
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squared, z2 and the fact that the carbon protection layer
consists of a mixture of hydrogen and carbon (C10H8), the
deposited layer appears with a brighter contrast than the
amorphous C layer that is originating from the sample sur-
face itself. The EELS analyses of Mg and O presented in
Fig. 3c and Fig. 3d, respectively, revealed the existence of a
200–400 nm thick layer of nanocrystalline MgO before
reaching the Al bulk as seen in Fig. 3e. A heterogeneous
distribution of MgO particles was also found to be present in
the bulk of the disc sample.

With respect to the amorphous C layer on top of the
nanocrystalline MgO layer, a similar layered structure was
recognized for the low Mg-containing Al alloy 6016. A layer
in the range of 15–120 nm of the thin amorphous C layer
was identified on the top of a 160–200 nm thin nanocrys-
talline MgO layer. No individual MgO particles in the Al
bulk were found to exist in the bulk of the disc sample,
however, large (� 2 lm) MgAl2O4 particles were found by
STEM-EELS-EDS close to the MgO layer as a discontinu-
ous oxide layer.

Overall Discussion

Based on the presently obtained XRD and TEM results, it is
believed that the amorphous nanometer-thin C layer, iden-
tified to exist for both Al alloy discs after heat-treated in a
mixed cover gas containing 4% CO2, has an inhibiting effect
on the rate of oxidation of both Mg and Al. The overall Mg
concentration is also believed to play a key role in this
process, as it clearly influences the thickness of the oxide
layer, as well as the phases eventually formed.

Figure 3f summarizes the mapping of the Al alloy 5182
disc by color, where C, Mg, O, and Al are represented by the
colors yellow, red, blue, and green, respectively, giving
MgO the color of purple. As can be seen from the figure, the
presence of the nanocrystalline MgO layer, as well as the
MgO particles in the bulk, correlates well with the XRD
results for the same sample, as only MgO was identified to
have formed during heat treatment in the mixed cover gas
containing 4% CO2. As for the Al alloy 6016 disc, MgAl2O4

was identified to have been formed by both XRD and TEM.
Moreover, the EELS analysis confirmed the formation of

an amorphous nanometer-thin layer of C covering the
nanocrystalline MgO layer. It is believed that the standard
sample preparation technique applied and the use of epoxy
resin containing C-bonded chemicals have made it difficult
to identify the presence of the C layer during earlier
investigations.

In the case of the Al alloy 6016, it is believed that the
lower Mg concentration resulted in the formation of a
thinner MgO layer. After reaching steady state conditions,
the formation of MgAl2O4 took place, i.e. breakaway oxi-
dation, before the amorphous C layer inhibited any further
oxidation of MgO. As for the Al alloy 5182, the first oxi-
dation step of Mg is believed not to have reached steady
state before the inhibiting C layer was established, thus, no
breakaway oxidation was identified to exist. Based on this, it
is believed that for both Al alloys, the amorphous C layer
formed on top of the MgO oxide layer seems to inhibit the
evaporation of Mg, hence, delaying the overall rate of
oxidation.

Fig. 2 Cross section of the Al alloy 5182 where a shows a Secondary Electron Microscopy (SEM) image of the disc sample after preparation by
Focused Ion Beam (FIB), and b bright field Transmission Electron Microscopy (TEM) image of the interface between the amorphous C layer and
the nanocrystalline MgO layer
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Fig. 3 a High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF STEM) image of the oxide layer of the Al alloy
5182 disc. The C b, Mg c, O d, and Al e mappings are made from the EELS-EDS spectroscopy maps. A combination of those various maps can be
found in f
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Conclusions

Oxidized discs of Al alloys 5182 (AlMg4.5Mn0.4) and 6016
(AlSi1.2Mg0.4), heat-treated in a gas mixture with 4% CO2,
76% synthetic air, and 20% Ar at 750 °C for 7 h, have been
analyzed by XRD and TEM to try to establish the inhibiting
effect that CO2 has on the oxidation process. The analyses
revealed the presence of a 200–400 nm dense nanocrys-
talline MgO layer close to the surface of the high
Mg-containing Al alloy 5182, covered by a 40–100 nm
amorphous C layer. MgO crystals were also identified fur-
ther into the Al bulk. Similar behavior was recognized for
the low Mg-containing Al alloy 6016, having a nanocrys-
talline MgO layer of only 160–200 nm covered by a 15–
120 nm-thin amorphous C layer. In this case, no MgO
crystals were identified in the Al bulk of the disc sample,
however, cubic MgAl2O4 crystals were found close to the
MgO layer resulting in a discontinuous oxide layer in
between the MgO layer and the Al bulk. In both cases, the
amorphous C layer seems to hinder further evaporation of
Mg delaying the rate of oxidation of Al and other alloying
elements.

Future Work

The oxidized Al alloy 6016 discs will be further analyzed to
clarify if there is a direct link between the Mg concentration
and the thickness of the amorphous C- and nanocrystalline
MgO layers, as indicated by the TEM results of the present
study. X-Ray Photoelectron Spectroscopy (XPS) will also be
used for both alloys, i.e. Al alloys 5182 and 6016, to con-
struct a depth profile through the oxide layer towards the
bulk. It is believed that this will allow a more detailed study
of the C bonding in the amorphous layer, as well as the
magnesium carbides identified for the high Mg-containing
Al alloy 5182. Even further analysis and atomistic modelling
will be performed to understand the mechanism of how the
CO2 interacts with the rough MgO surface.
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BRIEF COMMUNICATION

The Role of CO2 in the Oxidation-Protection
of Mg-Containing Aluminum Alloys

CATHRINE KYUNG WON SOLEM, PER ERIK VULLUM, MAHSA EBADI,
GABRIELLA TRANELL, and RAGNHILD E. AUNE

TEM EDS–EELS and XPS have been performed on disc samples of Al alloys 5182
(AlMg4.5Mn0.4) and 6016 (AlSi1.2Mg0.4) heat treated in an oxidizing atmosphere of 76 pct
synthetic air, 20 pct Ar, and 4 pct CO2. For both alloys, an amorphous C–C bonded layer on
top of a nanocrystalline MgO layer was observed, which is believed to inhibit further oxidation
of Mg for the 5182 alloy and breakaway oxidation for the 6016 alloy.

https://doi.org/10.1007/s11663-022-02524-3
� The Author(s) 2022

SMALL additions (‡ 4 pct) of CO2 in an oxidizing
atmosphere have proven to have an immediate signif-
icant inhibiting effect on the rate of oxidation of the Al
alloys 5182 (AlMg4.5Mn0.4) and 6016 (AlSi1.2Mg0.4),
in regard to mass gain and oxide layer thickness.[1–3] The
mechanism in which CO2 inhibits the oxidation rate is,
however, still unclear and under investigation.

Previous research[3] has established, through trans-
mission electron microscopy (TEM) analyses, that after
being exposed to small amounts of CO2 at 750 �C, the
Al alloy 5182 exhibited an amorphous carbon (C) layer
with a thickness of 40 to 100 nm on top of a 200- to
400-nm-thick MgO layer, formed during heating of the
alloy, according to Eq. [1].[3] The amount of C origi-
nating from the sample could easily be distinguished
from the C deposited during sample preparation due to
a Pt–Pd (80:20) electrically conducting layer between the
two C layers. The Pt–Pd coating was originally applied
due to poor conductivity caused by the dense, contin-
uous nanocrystalline MgO oxide layer. It was concluded
that further breakaway oxidation (see Eq. [2]) had been
inhibited by the presence of a C layer, retarding further
oxidization of the Mg and MgAl2O4 (spinel) formation.

A similar inhibiting effect has also been observed in
earlier research by the present authors for low Mg-con-
taining Al alloys.[1] Further investigations of the Al alloy

6016 (with 0.4 wt pct Mg) were hence carried out with
the aim to identify if a small amount of CO2 in the
atmosphere even in this case enables the formation of an
amorphous C layer protecting the alloy from further
oxidation.

2MgþO2 ¼ 2MgO DG0
750 �C ¼ �981:64 kJ ½1�

2

3
MgOþ 4

3
AlþO2 ¼

2

3
MgAl2O4

DG0
750 �C ¼ �925:66 kJ

½2�

TheAl alloy 6016was examined byTEMusing a double
spherical aberration-corrected cold FEG JEOL
ARM200FC microscope (JEOL Ltd., Tokyo, Japan),
operated at 200 kV. No Pt–Pd coating was applied. The
TEMlamellaewerepreparedbyaHeliosG4UXFIB (FEI,
Hillsboro,OR), and further investigationswere carried out
by a high-angle annular dark-field scanning transmission
electron microscopy (HAADF STEM) combined with
energy-dispersive X-ray spectroscopy (EDS) and electron
energy loss spectroscopy (EELS) to secure that all elements
of interest were mapped in the same way as in the previous
study by the present authors.[3]

A Kratos Axis Ultra DLD X-ray Photoelectron Spec-
trometer (Kratos Analytical Ltd., UK) was applied to
analyze the oxidized discs of Al alloys 5182 and 6016. The
depth profiling was performed by Arþn clusters of ions at 4
kV. X-ray photoelectron spectroscopy (XPS) was per-
formed with a monochromatic AlKa X-ray source oper-
ating at 11mAand 11 kV (121W).A pass energy of 160 eV
was applied for the survey scans investigating an area of
approximately 700 9 300 lm, and 20 eV for the high-res-
olution peaks. CasaXPS (Casa Software Ltd, Japan),
version 2.3.24 was used to analyze the data.
Figure 1 presents the SEM and TEM results of the

low Mg-containing Al alloy 6016 disc oxidized in an
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atmosphere of 76 pct synthetic air, 20 pct Ar, and 4 pct
CO2 at 750 �C for 7 hours. As can be seen from
Figures 1(a) and (b), a dense, continuous nanocrys-
talline MgO oxide layer with a thickness of 160 to 200
nm was identified to exist on top of a discontinuous
spinel (MgAl2O4) layer consisting of large crystals in the
range of 0.5 to 3 lm. From Figure 1(b) a weak contrast
line above the MgO layer can be seen, and when tuning
the contrast of the apparatus, a bright line 15 to 120 nm
above the MgO layer was identified as shown in
Figure 1(c) (marked with a white dashed line) confirm-
ing the presence of an adsorbed C layer.

Figure 2 presents a HAADF STEM image and
corresponding elemental mappings, deduced from the
EDS and EELS spectrum images for the low Mg-con-
taining Al alloy 6016. Mg, O, Fe, and Si were mapped
by EDS, C, and Al by EELS. In Figure 2(a), the
amorphous C layer can be seen on top of the nanocrys-
talline MgO layer, where the white arrows mark the top
surface of the C layer, and in Figure 2(b) through (g) the
individual mappings of C, Mg, O, Al, Fe, and Si can be
seen. A color combination of the element maps of C
(blue), Mg (red), Fe (yellow), and Al (green) is presented
in Figure 2(h). In Figure 2(i), a combination of Mg
(red), O (blue), and Al (green) is presented.

From Figure 1 it can be observed that the Mg content
in the alloy had an influence on the oxidation steps
during heating at 750 �C, as breakaway oxidation
clearly had occurred forming a discontinuous layer of
MgAl2O4 particles separating the MgO layer and the Al
bulk in the case of the low Mg-containing Al alloy 6016,
but not for the high Mg-containing Al alloy 5182.[3] The
presence of the spinel phase was confirmed by the
quantification of the ratio between Mg, Al, and O
(approximately 1:2:4) by EDS and EELS. It is therefore
believed that the amorphous C layer inhibited not only
the oxidation of Mg, but also the breakaway oxidation
of MgO as the sample heat treated in synthetic air
without the small additions of CO2 revealed only the
presence of MgAl2O4, and no MgO.[3] The thickness of
the MgO layer was thinner for the Al alloy 6016 than for
the Al alloy 5182, but the influence of adding 4 pct CO2

to the oxidizing atmosphere still applies, however, to a
lesser extent, for the low Mg-containing alloy.
The HAADF STEM image confirmed the observation

of an amorphous C layer as shown in Figure 2(a).
Moreover, the EDS–EELS analyses verified the presence
of a continuousMgO layer, based on a combination ofMg
(red) and O (blue) in Figure 2(i), observed as a
magenta-colored layer. The added amount of Al (green),

Fig. 1—Cross-section scanning and transmission electron microscopy (SEM and TEM) images of aluminum (Al) alloy 6016, where the SEM
image in (a) shows the dense nanocrystalline MgO oxide layer on top of a discontinuous spinel (MgAl2O4) layer, the bright-field TEM image in
(b) shows the amorphous C layer on top of the MgO layer, and in (c) the High-Angle Annular Dark-Field Scanning TEM (HAADF STEM)
image shows a close up of the amorphous C layer on top of the MgO layer. A thin white continuous line is identified (white dashed line) at the
interface between the inherent surface C layer and the protective C layer deposited in the FIB.
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observed as blue/violet-colored MgAl2O4 crystals,
strengthened the theory of inhibited breakaway oxidation.

FeandSiwerealsomappedandconfirmedearlierfindings
forAl alloys containingMg and Si, where clusters of Si were
found at grain boundaries and close to the surface.[4]

Like in the case of the Al alloy 5182, the TEM
analysis of the Al alloy 6016 confirmed that the C from
the CO2 had been adsorbed onto the sample surface,

and the EDS–EELS analyses confirmed that it had been
adsorbed onto a MgO surface. XPS analyses were
subsequently carried out for both Al alloys in order to
determine the bonding energies for C.
In Figure 3, the Mg1s, O1s, Al2p, and Mn2p peaks

identified to be present in Al alloy 5182 are presented as a
functionof thebinding energy for eachsputtering time, and
in Figure 4 the XPS spectra for Al alloy 6016, whereMg1s,

Fig. 2—(a) High-angle annular dark-field scanning transmission electron microscopy (HAADF STEM) image of the mapped cross-section area
of the Al alloy 6016 disc heat treated in an oxidizing atmosphere with 4 pct CO2, where energy-dispersive X-ray spectroscopy (EDS) and
electron energy loss spectroscopy (EELS) applied for C (EELS), Mg (EDS), O (EDS), Al (EELS), Fe (EDS), and Si (EDS) are present in (b)
through (g), respectively, and a combination of specific elements in (h) and (i).
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O1s, Al2p, and Si2p were identified to be present, are
presented. The C1s peaks as a function of binding energy
for the same sputtering times are presented for both alloys
in Figure 5.

For Al alloy 5182 (4.5 wt. pct Mg), it was clear that the
Mghaddiffused towards the surface, asMg1swas already
recognized at values around 1304.0 eV after 50 seconds of
etching (being very close to the top surface), having a
concentration of 9.58 at. pct togetherwith 32.12 at. pct for
O1s. Very low concentrations ofAl2p (<3.53 at. pct) were
observed by XPS after 1960 seconds (being closer to the
bulk), strengthening the theory of no breakaway oxida-
tion and thereby confirming the previous observations by
TEM and EDS–EELS analyses (reported elsewhere[3]) as
the Mg1s and O1s concentrations were identified to be
31.49 and 55.45 at. pct, respectively.

For Al alloy 6016, (0.4 wt. pct Mg), a concentration of
8.52 at. pct forO1s and 5.55 at. pct for Si2pwere observed
to be present at the very top surface of the Al sample. The
XPS spectra of the Si2p strengthened the theory that Si
clusters were present close to the Al disc sample surface,
which thereby even in this case confirmed the previous
observations by TEM and EDS–EELS analyses.[4] As for
Al alloy 5182, the Al alloy 6016 revealed Mg1s identified
for binding energies around 1304.5 eV after 350 and 750
seconds of etching, indicating the presence of MgO and
carbonates.[5] A clear shift can, however, be seen in the
Mg1s peak after 1960 seconds, as well as the appearance
of an Al2p peak. The binding energies for these peaks
correlate well, according to the performed TEM and
EDS–EELS analyses, with the energies reported in the
literature for MgAl2O4

[6] which here was only observed
for the low Mg-containing Al alloy 6016.

The inhibition of the oxidation rate for both Al alloys
can be further evaluated by looking at the XPS spectra
for C1s in Figure 5. As can be seen from Figure 5(a), the

C1s spectra for Al alloy 5182 revealed a sharp peak at the
very top surface of the Al disc sample, having C–C, C–O,
C=O, and carbonates binding energies, and an atomic
concentration of 71.42 at. pct.[7] This correlates well with
the O1s peak observed in Figure 3(b) after 0 second of
etching, as well as the amorphous C layer identified by
TEM. The atomic concentration of C1s as shown in
Figure 5(a) decreases, as a function of depth into the
sample, to 56.23 at. pct after 50 seconds, and 26.59 at. pct
after 350 seconds, with a changing distribution between
C–C, C–O, C=O, and carbonates. This supports the
results of Tosoni et al.[8] which found CO2 to be adsorbed
onto MgO (100) surfaces as carbonates. Furthermore, the
presence of the Metal–Carbon (M–C) bonding strength-
ens the previous observations made by XRD where
Mg2C3 was confirmed to exist for the high Mg-containing
Al alloy 5182.[3] When reaching 350 seconds of etching
there is a clear decrease in the atomic concentration of
C1s (from 56.23 at. pct at 50 seconds to 26.59 at. pct at
350 seconds) as well as an increase in the case of Mg1s
(from 9.58 at. pct at 50 seconds to 24.02 at. pct at 350
seconds) and O1s (32.12 at. pct at 50 seconds to 46.06 at.
pct at 350 seconds). The changes in atomic concentration
as a function of etching time and depth into the sample
can be observed in Figure 6(a).
A similar observation was not seen at the very top

surface in the case of the Al alloy 6016 at 0 second of
etching. However, a decrease in the atomic concentration
of C1s (from 97.58 at. pct at 50 seconds to 81.26 at. pct at
350 seconds) was observed at the same time as significant
changes were observed in the XPS spectra for Mg1s and
O1s (see Figures 4(a) and (b)). This observation corre-
sponds well with the observation made previously for the
high Mg-containing Al alloy 5182 (Figure 5). When
looking at the distribution of the atomic concentrations
based on the XPS spectra observed in Figure 6(b) an

Fig. 3—X-ray photoelectron spectroscopy (XPS) spectra of Al alloy 5182 after being heat treated at 750 �C in 76 pct synthetic air, 20 pct Ar,
and 4 pct CO2. (a) Mg1s, (b) O1s, (c) Al2p, and (d) Mn2p.
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increase of the Mg1s (blue graph) and O1s (orange graph)
concentrations can clearly be seen past 350 seconds of
etching time, as well as a decrease of the C1s (gray
graph). The significant increase of Al2p (green graph)
after 1960 seconds was also confirmed (from 3.71 at. pct
at 750 seconds to 12.32 at. pct 1960 seconds), strength-
ening the theory of breakaway oxidation.

As a result of the stability of MgO at 750 �C (see
Eq. [1]), it is believed that Mg vapor may have diffused
through cracks in the nanocrystalline MgO layer,[9]

allowing it to react with the adsorbed CO2 forming
MgO and elemental, amorphous C (see Eq. [3]).[10] The
elemental C formed on the inherent MgO surface as
shown in Figure 1 is then believed to hinder further

oxidation, as the amorphous C layer prevents O2 to
react with any Mg or Al thermodynamically, this
scenario is supported by the highly negative DG0

750 �C
value of Eq. [3]. It is, however, necessary with further
thermodynamic calculations as well as investigating the
mechanism of the formation of the C layer to establish
the stability of this layer.

CO2 ðgÞ þ 2Mg ðgÞ ¼ 2MgOþ C

DG0
750 �C ¼ �650:86 kJ

½3�

In summary, based on the results presently secured
through TEM EDS–EELS and XPS, it is established that
CO2 has an important role in the view of inhibiting the
oxidation rate of AlMg alloys. The CO2 in the oxidizing
atmosphere is believed to react with Mg (g), forming an
amorphous C–C bonded layer on top of a nanocrystalline
MgO layer in the case of both the Al alloys 5182 and 6016
which is considered to inhibit further oxidation of Mg
and thereby breakaway oxidation of MgO. The presence
of Metal–Carbon bonding energies also strengthens the
previously reported observations made in view of the
presence of Mg2C3 for the high Mg-containing Al alloy
5182 and clusters of Si on the very top surface for the low
Mg-containing Al alloy 6016.
Future work will include thermodynamic calculations

and further evaluations of the observed amorphous C
layer establishing the mechanism behind the formation
of the layer.
The present work has been funded by the SFI Metal
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Fig. 4—XPS spectra of Al alloy 6016 after being heat treated at 750 �C in 76 pct synthetic air, 20 pct Ar, and 4 pct CO2. (a) Mg1s, (b) O1s, (c)
Al2p, and (d) Si2p.

Fig. 5—XPS spectra of C1s after being heat treated in synthetic air
with 4 pct CO2. (a) Al alloy 5182 and (b) Al alloy 6016.
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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 environmental 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 during sample preparation. Cryomilling proved to be the superior 
method allowing dross fractions <1.25 mm 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. 

Introduction  
Aluminum (Al) is the second most important metal in modern society[1, 2], and the metal is carefully 
treated during 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 forming 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 influences 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 furnace to another from the center-back of the furnace, causing a more 
symmetric melt distribution. Typical for both operations 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 oxidation[2, 10].  

Aluminum dross is a hazardous waste due to its reactivity 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, 
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therefore, desirable 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 challenging to determine how different parameters, 
such as temperature, 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 systematically 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 properties 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 Tab. 1, the outcome of these studies varies. It has therefore been 
challenging to extract how the samples have been collected, analyzed, and further used to improve 
process operations[16–20]. 

Tab. 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] 

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. 1 (a)). The removed dross is, 
in this case, collected directly into an open bin in front of the furnace, see Fig. 1 (b). However, the 
collection of dross samples is not part of the routine of furnace 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].  

 
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.  

From observations made during industrial campaigns by the corresponding authors and 
conversations with the operators 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 

(a) (b) 
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generated is used to evaluate if the operational conditions set for that specific melt are optimal, i.e., 
the loss of metallic Al is at the lowest level possible in view of the operating conditions.  

Molten Al samples are also collected to control the chemical 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, however, 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 minutes 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 cm and 5 cm, respectively, and a 2-meter-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. 2 (a) 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.  

 
Fig. 2. (a) Image of the sieve and disassembled handle used as the sampling tool to collect industrial Al white dross 
samples. (b) The perforated steel plate of the sieve. 

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) remelting of in-house scrap, (ii) addition of primary produced Al from the electrolysis 
process, and (iii) addition of alloying 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 

(a) (b) 
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(grey particles in Fig. 3 (a)-(c)) that was floating on top of the hot pool of molten metal (orange areas 
in Fig. 3 (a)-(c)).  

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

 
Fig. 3. Illustration of the hot pool of molten metal, where (a)-(c) shows the oxides and NMCs (grey 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. 

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. 4 (a)-
(c). The sieve was flipped back 90° when submerged in the melt, see Fig. 4 (d), 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 collected sample for 3 seconds 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 horizontally and then three times vertically, see Fig. 4 (f)-(g). The collected dross sample was 
then transferred from the sieve into a stainless-steel tray next to the furnace, see Fig. 4 (h). 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. 
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Fig. 4. Illustration of the sampling procedure of industrial Al white dross collected directly from the molten melt. The sieve 
is (a) introduced, (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. 

The same collection procedure was repeated for four different 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 evaluated in the present work.  

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

Sample preparation 
Each collected dross sample was sieved, and the fractions <1.25 mm and 1.25-4.5 mm were further 
studied. 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. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 

x3 
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Fig. 6. Flow sheet showing the different charges, fractions, and milling techniques, followed by X-Ray Diffraction (XRD) 
analysis. 

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 seconds 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 seconds. 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 seconds. 

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 sieving, 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 precooling step of 60 minutes, followed by 6 minutes of effective 
cryomilling (with an impact frequency of 24 Hz) and 3 minutes of cooling by liquid N2. The 
cryomilling was then paused to refill the liquid N2 bath. An additional pre-cooling step of 10 minutes 
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 minutes 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 
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sample to embrittle and hence be crushed rather than deformed. After sieving, each sample was 
stored in a glass container awaiting further analyses.  

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 generator 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 literature[22, 23], see Tab. 2. 

Tab. 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 
 
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 Tab. 3.  

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

 

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 observations and experiences using the sieve, it was 
slightly modified to meet these requirements. 

The sieve design and the 2-meter-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 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 analyzed after being pulverized to a homogeneous powder. The Rietveld Method 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 holding furnace was analyzed by XRD and quantified by the Rietveld Method. In 
some cases, two samples were analyzed to ensure reproducibility. Fig. 8 (a)-(d) presents the 
diffractograms 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 fitted profiles 
are also presented in the same figure. In Tab. 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 increase.  
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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 grey curve), and the difference between the 
measured and fitted profiles (dark grey curve) are plotted in (a)-(d) for the smallest fraction (<1.25 mm) at Location 1 to 
Location 4, respectively. 

Tab. 4. Phase distribution for Charge Y from Location 1 to Location 4 for the smallest fraction (<1.25 mm) of the ring 
milled dross samples calculated by the Rietveld Method. 

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 

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

Tab. 5. Phase distribution for Charge Z from Location 1 to Location 4 for the smallest fraction (<1.25 mm) of the ring 
milled dross samples calculated by the Rietveld Method. 

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 

 
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 program as for the smallest ring 
milled fraction. Fig. 9 (a)-(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 diffractograms and the calculated fitted profiles. In Tab. 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 
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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.  

        

        
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 grey curve), and the difference between 
the measured and fitted profiles (dark grey curve) are plotted in (a)-(d) for the mid-fraction (1.25-4.5 mm) at Location 1 
to Location 4, respectively. 

Tab. 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. 

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 

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

Tab. 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. 

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 
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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 

 
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 Tab. 8. As seen from the table, both the metallic Al and the oxide contents were 
fairly similar for both techniques.  

Tab. 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). 

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 

 
 
Discussion 
Sampling equipment and procedure  

It has been reported in the literature that dross is a challenging 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, several 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 sample 
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 towards 
the surface minimized the amount of metallic Al collected in the sieve during dross sampling.  
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(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 three times horizontally and then three times vertically, 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 fractions 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 temperatures are different, i.e., ambient temperature versus cryogenic temperature. The 
milling dynamics are also different, 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 comparable 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 
unambiguous 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 crystalline 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 present 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 literature 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 reproducibility is 
strengthened.  

Industrial dross sampling vs. present procedure 
The industrial dross sampling procedure considers only the total amount of dross generated during 
one skimming session and not the chemical composition of the dross. By introducing a sampling 
tool, as well as methodologies for sampling, 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 



123 
 

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 cryomilling (1.25-4.5 mm fraction) made it possible to prepare 
homogeneous powders for further quantitative XRD analysis 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 production 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 campaigns 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 characterization, and 
quantitative image analyses) and cross-validated by XRD analysis. 
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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 ~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 CO2 has an inhibiting effect on the oxidation rate of the metal. Still, no observations have 
been made 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 spread some light on 
the issue. Samples were collected from the holding furnace in a casthouse during the production of 
two different charges of Al with varying amounts of magnesium (Mg), i.e., Charge 1 
(AlMg1.0Mn0.4) and Charge 2 (AlMg1.2Mn0.4). The samples were cooled in ambient air and under 
a lid with 5% CO2 mixed with 95% synthetic air in two parallels and later characterized by X-Ray 
Diffraction (XRD) and Electron Probe MicroAnalysis (EPMA) combined with deterministic image 
analysis allowing for a higher degree of accuracy in interpreting the results. Both methods confirm 
that all samples cooled under the protective atmosphere with 5% CO2 had a higher content of metallic 
Al (89.4 wt.%) than those cooled in ambient air (86.0 wt.%), indicating that small amounts of CO2 
also inhibit the oxidation rate of dross at an industrial scale.  

 

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 oxidation 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 amplifying effects, and inert atmospheres to be 
inhibiting[2–5]. Controlling as many of the parameters as possible is therefore of utmost importance 
during process operations.  

During primary production of Al, white dross is the oxidation product with a metallic Al content 
varying from 40 wt.% up to >80 wt.%[6–8]. The white dross is, in other words, highly 
heterogeneous, and it is also classified as a toxic and hazardous waste that should be managed in 
compliance with the current 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 furnace, as well as at laboratory scale experiments. As a result, higher 
Mg concentrations contribute to formation of MgO and MgAl2O4  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 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]. 
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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. 

 

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 CO2 to the atmosphere/cover gas in contact 
with the molten Al. Smith et al. reported an inhibiting effect from adding 50% CO2 to an atmosphere 
of synthetic air, but an even greater impact was revealed when adding only 5% CO2[18]. Further 
investigations using X-ray Photoelectron Spectroscopy (XPS) revealed a C-containing layer on top 
of an oxide layer, concluded to form by reactions with the CO2 in the atmosphere[19]. 

The present authors (Solem et al. [20]) also investigated the influence of adding small amounts of 
CO2 (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 CO2 
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 CO2 adsorbed onto a 
nanocrystalline MgO surface and formed an amorphous C layer preventing further oxidation of Mg 
to MgO and MgO to MgAl2O4 [11, 20].  

The inhibiting effect caused by CO2 has only been studied 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 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 
sample 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 Mosjøn (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 reproducible results. 

Based on the above, the present work aims to investigate the effect of protective cooling of dross 
samples collected from the holding furnace at the casthouse facilities of Alcoa during the production 
of AlMgMn alloys with varying amounts of Mg. A cooling atmosphere of 5% CO2 mixed with 95% 
synthetic air will be used and compared to cooling performed in ambient air. XRD and Electron 
Probe MicroAnalysis (EPMA) combined with deterministic image analysis will be used to analyze 
the results. 
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Experimental set-up and procedure  

The sampling tool and procedure for collecting representative 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 normal 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 thickness of 2 mm. The shape chosen was 
rectangular with the dimensions 37x47 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 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: 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 reproducible 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 AlMgMn charges 
during production, i.e., Charge 1 (AlMg1.0Mn0.4) and Charge 2 (AlMg1.2Mn0.4). It was, however, 
made one significant adjustment to the previously 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, 
and the second sample was transferred to a tray and immediately placed under a lid to be cooled in 
a protective atmosphere of 5% CO2 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 
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(right of the center of the holding furnace), and Location 4 (furthest away from the injection 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 sample collected from the same 
location was placed in front and cooled in ambient air (marked with a blue box).  

 
Fig. 3: Set-up for protective cooling of collected Al dross samples. Parallel samples are cooled under lids with a purging 
gas of 5% CO2 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 fractions, pulverized, and 
characterized. Fig. 5 shows the same for Charge 2.  

 

 
Fig. 4: Flowchart of the sample preparations and analysis for Charge 1. 
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Fig. 5: Flowchart of the sample preparations and analyses for Charge 2. 

 

Sample preparation 

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 pulverized 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 (N2) was used.  

Each milling cycle consisted of a precooling step of 60 minutes to cool down the milling media and 
the samples, followed by 6 minutes of effective cryomilling and 3 minutes of pauses between the 
sequences. After three milling sequences, the apparatus was paused for the bath to be re-filled with 
liquid N2 before the following milling sequence was started. This continued until an overall 
cryomilling time of 60 minutes 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 finalizing the cryomilling, each sample was again sieved, and the portion of the sample that 
was <100 µm was put aside for XRD analysis. 

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 µm 
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 carbon (C). 

 

Quantitative analyses 
All collected dross samples that were cryomilled were analyzed 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. 

XRD: A D8 A25 DaVinci X-Ray Diffractometer (Bruker, Billerica, Ma, USA), equipped with a 
LynxEyeTM superspeed detector and monochromatic CuKα photons with a wavelength of λ=1.5406 
Å, was used for the XRD analyses. A scattering angle of 2θ covering a range of 6-110° was set, and 
an X-Ray generator of 40.0 kV was applied for all measurements. 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, 
Billerica, Ma, USA) to refine the data and quantify the phases present in each sample. 

EPMA: A JEOL JXA-6500F Field Emission Electron Probe Microanalyzer (JEOL Ltd., Tokyo, 
Japan) was used for the EPMA analyses. 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 



133 
 

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]. Multiple 
quantitative metrics were derived for detecting the targeted phases using deterministic 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 areas with 
a higher concentration of O representing 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 relative metallic and non-metallic content was then pooled based 
on the experimental conditions for deriving means and medians per condition. An example is given 
in Fig. 6, where the EPMA result of Al (Fig. 6 (a)), O (Fig. 6 (b)), and C (Fig. 6 (c)) are presented 
together with the CP image (Fig. 6 (d)), as well as the phase detection based on the listed criteria 
above (Fig. 6 (e)).  

 

 
Fig. 6: EPMA results of (a) Al, (b) O, (c) C, (d) CP image, and (e) the binary phase detection based on those elements. A 
quantitative analysis is presented in (f).  

Phase detection 

(a) (b) (c) 

(d) (e) (f) 
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Results and discussion  

The effect of small amounts of CO2 added to the atmosphere during protective cooling of industrial 
dross samples was (after sample reparation) 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 CO2 (red graphs) and in ambient air (blue graphs) 
for Location 1 and Location 4, are presented in Fig. 7 (a) and (b). As can be seen from the graphs, 
the metallic Al content is higher when cooled in CO2 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 fraction than for the <1.25 mm fraction. 

The oxide content in the dross at respective locations for each of the fractions is given in Fig. 7 (c) 
for the smallest fraction (<1.25 mm) and in Fig. 7 (d) 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 confirms the earlier observations made by the present 
authors[22]. 

 

 
Fig. 7: X-Ray Diffraction (XRD) results of Charge 1 cooled in CO2 (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 (c) fraction <1.25, and (d) fraction 1.25-4.5 mm. 
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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 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 powder. 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 oxidation from using protective cooling by 
purging gas with 5% CO2 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 protective conditions. This 
indicates that the oxidation process had been inhibited and that the earlier laboratory-scale findings, 
i.e., where the oxidation rate of Al alloys containing Mg was inhibited when exposed to small 
amounts (4%) of CO2 during cooling, had been reproduced through protective cooling under 
industrial conditions.  

 

EPMA and image analysis 

The EPMA results for two of the analyzed Al dross samples from Charge 1, i.e., fraction >4.5 mm 
from Location 1, are presented in Fig. 8. Their respective Scanning Electron Microscopy (SEM) 
images are shown in the first row, where the sample in Fig. 8 (a) is cooled under a lid with 5% CO2 

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% CO2 and the right in ambient air. 

As can be seen from the EPMA results, it is confirmed that the collected dross samples are strongly 
heterogeneous, 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/MgAl2O4 and Al2O3 (right 
column). The respective scale bars based on the experimental calibration are also given for each 
element.  
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Fig. 8: 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 Al2O3 and MgO/MgAl2O4. Both samples are collected from 
Charge 1, Location 1, where the left sample has been cooled under a lid with 5% CO2 and the sample to the right in ambient 
air.  

 

It can also be seen from Fig. 7 that the samples protectively cooled under a lid with 5% CO2 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 metallic Al 
areas are also recognized for some samples cooled in ambient air and highly oxidized areas for those 
cooled under a lid with 5% CO2.  

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. 9 (a), where the dross samples cooled under a protective atmosphere of 5% CO2 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% CO2 than in ambient air, following the previously observed trends obtained at 
laboratory scale[11]. The results are, however, not consistent with the trend of having higher metallic 
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Al content for larger fractions[24]. This deviation is believed to originate from the number of dross 
samples analyzed. In the present study, eight randomly selected 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% CO2 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 mm and >4.5 mm, compared to 86.0 wt.% metallic Al when cooled in ambient air.  

 

 
Fig. 9: 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% CO2 (left graphs, red) and ambient air (right graphs, blue), and (b) as a function of 
the atmosphere where the deterministic image analysis (checkered graphs) is compared with the XRD results (striped 
graphs). 

 

When comparing XRD and deterministic image analysis results, see Fig. 9 (b), 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 oxidation 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% CO2 mixed 
with 95% synthetic air and the other in ambient air (casthouse atmosphere). The samples were further 
sieved, pulverized, and analyzed to determine their metallic Al content, as well as the oxide/NMC 
concentrations.  

It is concluded that the CO2-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 samples cooled under a lid purged with 5% CO2 have a higher 
metallic Al content for all fractions than for those cooled in ambient air. These results were further 
confirmed by EPMA analyses combined with deterministic image analysis.  
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Future work  
Future work will continue to investigate the influence of different ratios of CO2 on the oxidation rate 
of industrial white dross samples, as well as other atmospheres and different temperatures. 
Transmission Electron Microscopy (TEM) will also be carried out to see if an amorphous C layer is 
present on the surface of the samples cooled under a protective atmosphere.  
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