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Abstract

Used beverage can scrap (UBC) bales can be remelted in state of the art multi-chamber

furnaces. Following the recycling of baled UBC scrap in multi-chamber furnaces, a

laboratory scale process route was developed for thermal pre-treatment and submerged

melting of the scrap. In the present work, UBC scrap types with different densities and level

of contamination are compared. The scrap types were thermally pre-treated in different

atmospheres up to 823 K (550 °C) and subsequently melted by submerging in a salt-free

laboratory process. Melting was performed in pure aluminum at 1023 K (750 °C) under

protective argon atmosphere to exclude the influence of thermolysis gases and atmosphere.

The impact of remaining organic contamination and oxidation products after thermal

pre-treatment on dross formation were described. Results of SEM EDX analysis, as well as

thermochemical calculations, were used to explain reactions between solid scrap and the

liquid aluminium melt to improve recycling efficiency.
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Introduction

This study investigates the impact of thermal pre-treatment

on dross formation of used beverage can scrap (UBC).

During re-melting of thermally pre-treated UBC scrap, it was

found that the pre-treatment can decrease or even increase

the amount of dross formation, compared to the un-treated

scrap material. This phenomenon is investigated here by

combined pre-treatment and submerged melting experiments

in laboratory scale.

Two UBC scrap bale qualities with densities of 0.45 and

0.91 t/m3 were used as raw material. These bales have dif-

ferent levels of contamination, depending of the scrap purity

before compacting. The influences of thermal pre-treatment

and submerged melting on dross formation are investigated

with both scrap types. These process steps are commonly

performed and may be combined into one furnace process.

The twin-chamber furnace and shaft furnace are two state of

the art examples for a combined furnace processes [1]. One

goal of this investigation is to describe the impact of organic

residue, formed by heating in oxygen containing atmosphere

(thermolysis) versus heating in inert-gas atmosphere

(pyrolysis).
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Literature Survey on Can Coating Reaction
Products by Thermal Pre-treatment

In order to describe reaction mechanisms between coating

residue of UBC scrap and the liquid melt, a description of

this residue is needed. This literature survey focuses on

organic coating residue after thermal pre-treatment.

Structure of Thermosetting Can Coating

Waterborne epoxy, polyester and acrylic polymer resins are

widely used as beverage can coatings [2–4]. Additionally,

phenolic, polyamide and formaldehyde resins are used as

crosslinking agents or hardeners for epoxy based coatings

[2]. Although a wide variety of coatings and coating mix-

tures are in use, they are all thermosetting polymers cross-

linked into a three-dimensional structure [2, 3, 5].

Bisphenol-a-diglycidylether (BADGE) based epoxy resins

are examples for commonly used coating in the can industry.

The curing temperature of waterborne resins is in the range

of 423–473 K, depending of the resin-cure system and time

[2, 3, 6]. In curing, crosslinks are formed and the liquid resin

is transformed into a glass-like thermoset. Thermosetting

polymers have short sub-chains without rotational freedom

and do not become elastic with increasing temperature like

thermoplastic resins [5].

Epoxy Polymer Degradation During Thermal
Pre-treatment

When the curing temperature of a thermosetting polymer is

exceeded, the cross-linked polymer network starts to

degrade at the crosslink bonds [5, 7]. The scission of

crosslinks leads to reduced crosslink length, resulting a

coating with reduced elasticity and hardness [4, 5, 7].

Figure 2 shows the thermogravimetric analysis

(TGA) results of two epoxy based can coatings by [4, 7, 8].

The presence of oxygen in the atmosphere determines the

decomposition mechanism and how much char is formed.

The analysis of [4, 7] are performed with BADGE based

epoxy cured with an amine hardener. In investigations of [8],

a mixture of BADGE epoxy and phenol-formaldehyde

(novolac) resin of ratio 2:1 was used.

Figure 1 shows that polymer degradation in inert gas

leads to higher residual char mass, compared to degradation

in air or oxygen. Even after heating beyond the liquidus

temperature of aluminum, char yields of pure BADGE

epoxy were 6.3–7.6% of the initial weight in N2, compared

to 0.1–0.2% heated in air at 1153 K [4]. Whereas [9] reports

1.5 wt% residual char after pyrolysis of pure BADGE

epoxy heated in N2 up to 1073 K.

The solid char residue can be described as an amorphous

structure with low crystalline content, featuring porosity and

crevices [7, 9, 10]. The char residue of amine cured
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Fig. 1 Comparison of

thermogravimetric analysis and

temperature depending residual

masses of two different epoxy

coatings in O2, air, He and N2

atmospheres at different heating

rates according to [4, 7, 8]
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Fig. 2 Detail from UBC material

cross sections A (left side) and B

(right side)
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BADGE epoxy resin was analyzed by [10], after heating to

1073 K in N2 flow for a TGA analysis. The results are

84 wt%C, 11 wt%O and 2 wt%N, without traces of sulfur

and phosphor. The char residue has a high thermal stability

and a low thermal conductivity [10]. Thermal conductivity

of epoxy/carbon laminates are measured by [7] to be

8–12 W/mK measured in plane with the laminate and

0.17 W/mK of its solid char, compared to 0.23 W/mK of

pure epoxy resin [7].

Experimental Procedure

To investigate the impact of thermal pre-treatment and

compacting on dross formation by baled UBC scrap, two

scrap types have been characterized, thermally pre-treated,

and melted by submerging in pure aluminum melt at labo-

ratory scale.

UBC Material Characterization and Thermal
Pre-treatment

Two different commercially available UBC bale qualities are

used for the experiments. Table 1 gives an overview of

physical bale properties before thermal pre-treatment. UBC

material A is a very clean scrap, with a volatile organic

content of 2.8 ± 0.3 wt%, showing only minimal other

impurities than can coating. The volatile organic content was

measured as glowing loss by glowing for 4 h in 773 K hot

air on basis of [11]. UBC material B has higher levels of

contamination, which are described in Table 1 and shown in

Fig. 2.

Figure 2 shows a cross section details from UBC material

A and B. The differences in porosity and contamination are

visible. The can sheets are commonly made of EN AW-3104

(AlMn1Mg1Cu) and EN AW-5182 (AlMg4.5Mn0.4) alloy.

The two UBC scrap qualities were cut into slices of about

300 mm by 150 mm and 50 mm thickness for thermal

pre-treatment. Pre-treatment was performed in an air tight

steel cylinder with inner diameter of 260 mm and a height of

445 mm, heated by external resistance heating. To maintain

a controlled atmosphere, the scrap was loaded before start of

the heating cycle and removed after cooling down. There-

fore, a heating ramp with a plateau at the target holding

temperature was achieved. The experiments were performed

at atmospheric pressure with pure argon, argon with 4 vol.%

O2 and air. Table 2 shows parameters of the thermal

pre-treatment. The process temperature and atmosphere

represent possible industry conditions.

The temperature distribution in the compacted UBC sli-

ces during pre-treatment is assumed to be constant, due to

50 mm thin samples, a low heating rate and use of only one

slice per experiment.

Submerged Melting in Laboratory Scale

Following the process route of a twin-chamber process, the

pre-treated scrap is melted by submerging into liquid metal,

to investigate the dross formation reactions occurring at the

liquid metal/solid scrap interface. Therefore, a laboratory

scale setup was built to ensure a protective argon atmosphere

above the melt during dross formation and to keep the

skimming procedure for dross constant. The setup is shown

in Fig. 3.

Table 1 Physical UBC scrap

bale properties before thermal

pre-treatment

Property Unit UBC A UBC B Method of analysis

Major impurities – Coating Coating, plastic, iron, copper Visual

Density kg/m3 450 910 Weighing

Volatile organic content wt% 2.8 ± 0.3 8.4 ± 4.0 Glowing loss

Moisture content wt% 0.9 ± 0.7 1.7 ± 1.1 Drying

Porosity % 83 66 Calculated

Table 2 Experiment parameters

of thermal pre-treatment in

laboratory scale steel cylinder

Experiment Atmosphere at

1 atm

Gas

flow in

l/min

Heating

ramp in

K/min

Cooling

ramp in

K/min

Holding

temperature

in K

Holding

time in

min

Argon Argon 10 5 2–3 823 ± 5 30 ± 5

Argon + 4O2 Argon + 4 vol.

% O2

10 5 2–3 823 ± 5 30 ± 5

Air 823 K Air 10 5 2–3 823 ± 5 30 ± 5

Air 723 K Air 10 5 2–3 723 ± 5 30 ± 5

Raw Only pre-dried raw UBC material
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For each experiment, 1000 ± 5 g of Al 99.9 metal were

molten in a SiO–Al2O3 crucible. When the metal reached

1023 ± 5 K, a thin pristine dross layer was skimmed off,

and 100 ± 1 g UBC scrap were attached by aluminum-wire

to a sample carrier tool. The sample was placed in the steel

cylinder with argon atmosphere and the lid was closed.

A purge time of two minutes achieved an O2 concentration

below 100 ppm in the atmosphere. All pre-treated UBC

samples were submerged in 5–10 s into the melt. After

5 min reaction time, the carrier tool was exchanged against a

skimming tool (shown in Fig. 3) and the dross layer was

visually inspected to ensure complete melting of the scrap,

otherwise stirred manually once. An additional 30 min

reaction time in argon atmosphere were maintained. Finally,

the dross was skimmed, cooled in argon, weight and ana-

lyzed. The experiments were performed three times for each

condition with new metal heals.

Dross formation is calculated, as usual in the industry [1],

in relation to the scrap input mass, according to Eq. 1.

The non-metallic particle (NMP) content is measured by

remelting under salt flux and calculated by Eq. 2:

Dross in% ¼
drossmass

dry scrapmass
� 100 ð1Þ

NMP in% ¼
drossmass� recoveredmetalmass

dross mass
� 100

ð2Þ

For analysis, the non-metallic-particle content of the

skimmed dross was measured by remelting under salt flux

(equimolar NaCl:KCl flux with 5 wt% added cryolite) in a

scrap to salt ratio of 1:2 at 1023 K. After the salt was liquid,

the dross was added and molten for 40–50 min under

repeated stirring. Carbon and oxygen concentrations in the

UBC material were measured by the total combustion

method with a Leco TC600 and Leco TOS800. The samples

were taken as drilling swarf spot samples from each material

by nine spot samples for each UBC scrap material. As a

result, a total of 90 carbon and oxygen samples of UBC

scrap were analyzed. With this scrap material, 30 dross

formation experiments have been performed.

Results and Discussion

The total carbon and oxygen content remaining on the can

sheets is used to rate the success of organic removal while

preventing oxidation of the material. Afterwards, the dross

structures are analyzed for reaction products and set into

context with the dross formation masses.

Influence of Thermal Pre-treatment on Carbon
and Oxygen Content of Baled UBC Scrap

Figure 4 shows a significant difference in carbon and oxygen

content of UBC material A and B after thermal

pre-treatment. There is a strong reduction of carbon and

oxygen of UBC material A under all thermolysis (substoi-

chiometric oxygen in atmosphere) and pyrolysis (absence of

oxygen) conditions used. For UBC A, pyrolysis with argon

at 823 K leads to the highest concentration of C and O

remaining on the scrap. In contrast, thermolysis in air at

823 K, leads to the highest removal of C (0.04 wt% left) and

less O than in the raw material. Oxygen concentration is

decreased as well, due to the presence of oxygen in volatiles.

On the other hand, C and O removal of material B was

not as significant. A comparison of sample B Raw with the

remaining B series samples shows a reduction of carbon

content. The lowest remaining carbon concentration of UBC

material B was also achieved by thermolysis in air at 823 K,

but the highest oxidation as well. The thermolysed samples

show higher concentrations of oxygen than the raw material.

Even though an increase in reactor temperature or off gas

temperature during thermal pre-treatment was not measured,

an exothermic reaction of the plastic content could have

raised the temperature in the bale locally, resulting in oxi-

dation. This is supported by the lower O concentration of

material thermolysed at 723 K in air. Humidity in material B

was also higher, which can initiate earlier oxidation [12].

Temperature dependent oxidation reactions and kinetics are

described in studies of [12, 13].

The main difference of the can sheet is shown in Fig. 5,

as taper-section of AlMn1Mg1Cu can sheet after pyrolysis

(sample A Argon) by an optical microscope image. A con-

tinuous coating residue layer was observed. The image is

overexposed to highlight the can coating. No residual coat-

ing layer was visible on the thermolysed sample A Air

823 K.

Pyrolysis lead to the transformation of can coating to a

1–3 µm thick char layer on can body sheets and 3–4 µm

Fig. 3 Schematic laboratory scale setup for dross formation experi-

ments by submerged melting of UBC in argon inert gas

1108 J. Steglich et al.



thick layer on can ends and. The thermolysis samples of

scrap A and B show almost complete removal of the coating

on can ends and sheet, with scattered pits and pores, indi-

cating starting oxidation, but no severe oxidation products

by break-away oxidation. These features are also identified

by SEM EDX analysis in the solidified dross samples after

submerged melting.

Influence of Scrap Bale Density
and Pre-treatment on Dross Formation

The skimmed dross was cooled, weight, and remelted under

salt. The results of generated dross mass and

non-metallic-particle (NMP) content are shown in Fig. 6.

The dross formation masses are higher than in industry

processes, due to effect of laboratory scale and skimming

procedure. Material A shows a significantly reduction of

dross formation by thermolysis at 823 K, as expected by the

low C and O concentrations.

Submerged melting of pyrolysed UBC A produced more

dross compared to untreated material, due to the adhering

char residue on the can sheets. The effect is explained in

detail in Sect. “Influence of Thermal Pre-treatment on Dross

Structure and Reactions”.

For material B the results show no significant difference

in dross formation after thermal pre-treatment. The major

differences in material A and B are the higher density and

level of contamination of scrap B. This can be explained by

Fig. 4 Carbon and oxygen

concentration in compacted UBC

material A and B, taken as spot

samples by drilling from one slice

for each type after thermal

pre-treatment

Fig. 5 Polished taper sections as optical microscopic image of can

body sheets after pyrolysis and heating by 5 K/min to 823 K in argon

Fig. 6 Dross formation mass and

NMP content of dross generated

by three experiments with 100 g

of each UBC scrap type, sorted by

formed dross mass
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the higher level of organic residue on the scrap of UBC

material B, indicated by C and O levels (Fig. 4).

By incomplete removal of organic residue, it is concluded

that the higher density impeded the organic removal as

gaseous pyrolysis/thermolysis products through smaller

tortuous pores. Therefore, a higher compaction rate seems

not beneficial, if organics have to be removed as gaseous

products. These results are not contrary to findings of [14,

15], using washed and pre-dried aluminum swarf with usual

volatile content below 0.2 wt%.

Influence of Thermal Pre-treatment on Dross
Structure and Reactions

Cross sections of dross samples were ground, polished and

investigated by optical microscopy followed by SEM EDX

analysis. For the SEM EDX analysis, the samples were

additionally ion-polished in vacuum, to exclude carbon

contamination. Figure 7 shows the SEM image of dross

sample A Raw in BSE mode. Dark regions have lower

atomic number, bright regions higher.

Figure 7 shows bright regions of pure aluminum (spec-

trum 1) used as metal heal in the experiment, which sur-

rounds an aluminum-oxide “bi-film” [16] (spectrum 4). The

bi-film originates from the can sheet alloy, as the presence of

Mg indicates. The bi-film is present on the can sheets as

natural oxide or by oxidation during pre-treatment according

to reaction 3–5. All ∆G values of the following reactions

were calculated with the reaction module of FactSage Ver-

sion 7.0 [17] at the indicated temperature. The activities of

alloying elements are calculated with the Equilib module,

based on a 3:1 mixture of can body to can end alloy.

Activities of O2 are based on the partial pressure of 4 vol.%

O2 at atmospheric pressure, all other adducts are set to 1.

1=2MgþAlþO2 ¼ 1=2Al2MgO4

DG723=823K ¼ �970=�945 kJ=mol
ð3Þ

2MgþO2 ¼ 2MgO DG723=823K ¼ �986=�955kJ=mol

ð4Þ

4=3AlþO2 ¼ 2=3Al2O3

DG723=823K ¼ �946=�922 kJ=mol
ð5Þ

Spectrum 4 shows C and S present in the oxide film,

indicating organic residue. C could be present atomic or as

Al4C3 from reaction 8 during dross formation. Spectrum 2

shows similar elements, but O and C in much higher con-

centration in a larger region with a defined shape. Using

5 kV voltage for EDX analysis, the interaction volume has a

diameter smaller than 1 µm. Therefore, all elements can be

present in the area of particle (2). Reactions 6–8 yield

products that can be present simultaneously.

4=3Alþ 2=3MgOþO2 ¼ 2=3Al2MgO4

DG1023K ¼ �896 kJ=mol
ð6Þ

2MgþO2 ¼ 2MgO DG1023K ¼ �885 kJ=mol ð7Þ

4=3AlþC ¼ 1=3Al4C3 DG1023K ¼ �150 kJ=mol ð8Þ

Region (3) with spectrum 3 shows a porous, foam-like

structure with internal porosity and high amounts of O, Mg

and C. The porous structure implies the involvement of

reactive gases as described in reactions 3–7 or the solid

oxidation of magnesium according to

Fig. 7 SEM image of dross sample a raw with according EDX spectra on the right
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4=3cAl2O3 þMg ¼ 2=3AlþAl2O4Mg

G1023K ¼ �52 kJ=mol
ð9Þ

MgOþ cAl2O3 ¼ Al2MgO4 DG1023K ¼ �44 kJ=mol

ð10Þ

Sample A Argon is analyzed in Fig. 8. Unfortunately, the

ion-polishing deposited aluminum material in the porosity of

the dross. Nevertheless, the pyrolysed can coating residue is

visible in the dross matrix after 30 min at 1023 K, stirred in

a 10 kHz induction furnace and forced submerged melting.

Figure 8 shows pyrolysed char residue of can coating

with defined shape, featuring sharp edges at the cracks,

indicating a brittle material, as described in Sect. “Epoxy

Polymer Degradation During Thermal Pre-treatment”. White

TiO2 pigments are passivated in the coating layer, which can

be reduced by aluminum if the char has cracked. Region 1

shows Mg, Si and O present together, which can be formed a

local enrichment in Mg and Si, as by dissolving Mg2Si

phases, which are present in 5000 series alloy systems [16],

according to Eq. 11. This phase oxidation has to be verified

in future work.

Mg2SiþO2 ¼ 2MgOþ Si

DG823=1023K ¼ �917=�866 kJ=mol
ð11Þ

In sample A Argon, pores have formed directly at the

pyrolysed coating. The low wetting of aluminum and carbon

[16] promotes the separation of aluminum matrix and the

oxide films, resulting in porosity in between the bi-films.

[16]. Without wetting, coalescence of entrapped aluminum is

impeded.

This observation is confirmed by Fig. 9, showing metal

penetrating through oxide films in the polished cross section

of sample A Air 823 K. The folded oxide films have started

to fragmentize by penetrating metal during dross formation.

The fragmentation is necessary to promote coalescence of

the liquid metal. The oxide films coagulate with other oxi-

des, as refractory or the dross layer on the liquid metal.

Deduction of Dross Formation Mechanisms
and Summary

Following the twin-chamber process organically contami-

nated used beverage can (UBC) scrap bales have been

thermally pre-treated and melted by submerging in Al99.9 in

laboratory scale. Thermal pre-treatment was performed

under argon atmosphere (pyrolysis) and oxygen containing

atmospheres (thermolysis) in air at 723 and 823 K at

atmospheric pressure.

Fig. 8 SEM image of dross

sample A Argon after

ion-polishing with enlarged

section on the right side. The dark

char residue is visible with white

pigments incorporated

Fig. 9 Light optical image of

polished cross section from

sample A Air 823 K. Oxide film

residues of can sheets are visible

in the aluminum matrix
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The UBC material with a density of 450 kg/m3 and a

volatile organic content of 2.8 ± 0.3 wt% responded with

significant difference in organic removal to the thermal

pre-treatment. The lowest dross formation and oxidation of

the material were achieved by thermolysis with argon + 4

vol.% O2 at 823 K (Fig. 6), a heating ramp of 5 K/min and

30 ± 5 min at target temperature. Under the assumption that

closed porosity in an idealized bale of clean sheets is filled

with oxygen containing air, this bale would generate com-

parable amounts of dross. Pyrolysis under pure argon and

equivalent heating conditions increased the dross formation

in comparison to the untreated material. This is caused by

pyrolysed coating char residue, adhering to the metal sheets,

even after forced submerging and a reaction time of

30 ± 5 min at 1023 K in a stirred laboratory induction

furnace. Consequently, the pyrolysis process leads to rein-

forced composite “bi-films” [16] supporting their structure.

The described dross formation mechanisms are summarized

in Fig. 10.

In contrast, the UBC B with a higher density of

910 kg/m3 and high volatile organic content of 8.4 ± 4.0%

does show an increased oxygen content after thermolysis.

The oxidation is possibly caused by locally exothermic

reactions of the plastic content and moisture in the scrap. In

combination with the smaller pores, which impede gas

transport out of the bale structure, the removal of organic

contamination was not successful. Therefore, thermal

pre-treatment of this UBC material shows no significant

reduction of dross formation.

In future work, the reaction kinetics of different carbon

qualities, as for example the amorphous residue of can

coating should be investigated at different temperatures. This

investigation should explain the conditions necessary to

induce carbide formation.
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