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Abstract: Recycling of aluminum alloy scrap obtained from delaminated fibre metal laminates (FMLs) was
studied through high temperature refining in the presence of a salt flux. The aluminum alloy scrap contains
approximately mass fraction w(Cu) = 4.4%, w(Mg) = 1.1% and w(Mn) = 0.6% (2024 aluminum alloy). The
main objective of this research is to obtain a high metal yield, while maintaining its original alloy compositions.
The work focuses on the metal yield and quality of recycled Al alloy under different refining conditions. The
NaCl-KCl salt system was selected as the major components of flux in the Al alloy recycling. Two different flux
compositions were employed at NaCl to KCl mass ratios of 44:56 and 70:30 respectively, based on either the
eutectic composition, or the European preference. Different additives were introduced into the NaCl-KCl system
to study the effect of flux component on recycling result. Although burning and oxidation loss of the alloying
elements during re-melting and refining take place as the drawbacks of conventional refining process, the problems
can be solved to a large extent by using an appropriate salt flux. Experimental results indicate that Mg in the
alloy gets lost when adding cryolite in the NaCl-KCl salt system, though the metal yield can reach as high as
98%. However, by adding w(MgF2) = 5% into the NaCl-KCl salt system (instead of using cryolite) all alloying
elements were well controlled to its original composition with a metal yield of almost 98%.
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0 Introduction

GLARE (glass fibre/epoxy reinforced aluminum lam-
inate) has been used in the upper fuselage skin
of superjumbo Airbus A380 because of its excellent
properties[1-3]. GLARE recycling as a significant step
in the GLARE life cycle should be seriously considered.
Our previous work[4-5] indicates that thermal recycling
is an effective solution for the GLARE recycling. S2-
glass fibres and 2024 Al sheets can be well separated af-
ter the GLARE thermal dealmination. Recycled 2024
Al alloy quality is one of the vital criterions for the
value of GLARE recycling, so 2024 Al alloy recycling
(including re-melting and refining) is an important step
to the whole GLARE recycling procedure. A higher re-
covery and yield of Al alloy with a similar composition
to the initial alloy is preferred.
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In this work, refining method[6-7] is employed because
of the concise operation and the high quality recycled
aluminum alloys. Although burning and oxidation loss
during re-melting and refining are always the draw-
backs of conventional method, the disadvantages can
be solved to a large extent by using an appropriate salt
flux. Moreover, if the flux can be repeatedly used due
to the cleanliness of Al alloy scrap after simple treat-
ment, the harmful impact of salt slag on environment
can also be reduced because of the decreased amount
of salt flux.

The salt fluxes for aluminum re-melting and refining
are usually based on NaCl and KCl mixture because of
the low cost and low melting point of these materials.
The selected mass ratios of NaCl to KCl are 44:56 and
70:30 respectively, based on either the eutectic com-
position, or the European preference. Because fluoride
addition to NaCl-KCl salt flux can dissolve Al2O3 on Al
scrap surface[8], accelerate metal coalescence[9] and ob-
tain higher metal yield[6], the NaCl-KCl-Na3AlF6 and
NaCl-KCl-MgF2 system is employed as the salt flux in
this work to study the effect of salt flux on alloy com-
position and metal yield during Al recycling.

In this paper, the influence of two different types of
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fluxes based on the NaCl-KCl system on metal yield
and quality of recycled 2024 Al alloy from delaminated
GLARE scrap was studied. The fluxes are NaCl-KCl-
Na3AlF6 and NaCl-KCl-MgF2 respectively. In addi-
tion, the effect of additional fluoride amount in the
NaCl-KCl system on recycling result was also investi-
gated in this paper.

1 Experimental Details

The GLARE used in Airbus A380 (www.premium-
aerotec.com), Al sheets and glass fibres after thermal
delamination, and the delaminated 2024 Al sheets for
re-melting are presented in Fig. 1. The re-melting and
refining experiments were carried out in a high tem-
perature chamber furnace (resistance heating, carbo-

lite, maximum 1600℃). The size of 2024 Al scraps is
35 mm × 25 mm with a thickness of 0.4mm, as shown
in Fig. 1(d). An amount of 25 g 2024 Al alloy was put
into an alumina crucible and the aluminum scrap was
covered with salt fluxes to minimize the oxidation, en-
hance the coalescence of metal droplets and collect the
various contaminants from the scrap. The furnace was
heated up to 800℃ at a heating rate of 15℃/min,
and the holding time at 800℃ was 2 h. The nitro-
gen gas flow rate was controlled at 2L/min to prevent
Al from oxidation during re-melting and refining. The
details about the used fluxes in experiments are de-
scribed in Table 1, where w is mass fraction. The mass
ratio of flux to Al scrap is 2:1 for all tests. High pu-
rity (w > 99.7%) NaCl, KCl, Na3AlF6 and MgF2 were
used.

(a) GLARE used (d) For re-melting(c) Afte delamination(b) New GLARE scrap

Fig. 1 The GLARE used in Airbus A380 and scrap of GLARE before and after thermal delamination

Table 1 Experimental condition (the percentage of NaCl and KCl is mass fraction)

Experiment Flux composition

1—5 44%NaCl-56%KCl with additional w = 0, 5%, 10%, 15%, 20% Na3AlF6 respectively

6—10 70%NaCl-30%KCl with additional w = 0, 5%, 10%, 15%, 20% Na3AlF6 respectively

11—14 44%NaCl-56%KCl with additional w = 5%, 10%, 15%, 20% MgF2 respectively

After re-melting and refining, the crucibles with the
samples were washed with hot water. Then the metal
beads and the precipitates were filtered, dried and
sieved. The filtered precipitates (dross) were prepared
for X-ray diffraction (XRD) analysis (Bruker D8 ad-
vance X-ray diffractometer) to identify the phases in-
cluded. After mass balancing, the metal yield was cal-
culated and the size distribution of recovered metal
beads was measured. The recycled Al alloys were
prepared for the X-ray fluorescence (XRF) analysis
(Philips PW2400 WD-XRF spectrometer) to compare
the composition with the initial 2024 Al alloy.

2 Results and Discussion

2.1 Refining Under 44%NaCl-56%KCl-
Na3AlF6 Salt

The 2024 Al alloys after recycling with different
cryolite additions in the 44%NaCl-56%KCl salt mix-
ture (Experiments 1—5) are presented in Fig. 2. The

recycling results by using flux without cryolite addi-
tion are unsatisfactory, but big metal beads are easily
formed even if the additional cryolite is just w = 5%.
Aluminum is surrounded by the Al2O3 film during re-
cycling, and the NaCl and KCl cannot destroy the oxide
layer between molten flux and aluminum. This leads to
very poor aluminum coalescence. But after the addition
of cyolite in the salt flux, the Al2O3 films are dissolved
into the cryolite[8] and the metal beads can be obtained
due to the significantly improved coalescence.

One big metal bead together with a small quantity of
small metal beads is observed even if the cryolite addi-
tion is only w = 5%, and the small beads are entrapped
in the salt during re-melting. But the increase of cry-
olite amount in the salt flux has little influence on the
metal coalescence when the additional cryolite amount
in salts is w � 10%.

Effect of the cryolite addition on the metal yield and
the size distribution of metal beads is shown in Fig. 3,
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(a) w(Na3AlF6)=0 (b) w(Na3AlF6)=5% (c) w(Na3AlF6)=10% (d) w(Na3AlF6)=15% (e) w(Na3AlF6)=20%

Fig. 2 Al alloy after recycling with a salt flux of 44%NaCl-56%KCl-Na3AlF6
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Fig. 3 Metal yield and size distribution of the recovered
metal beads versus Na3AlF6 with a salt flux of
44%NaCl-56%KCl

where d is the metal bead diameter. The total metal
yields (the mass fraction of obtained metal after re-
cycling in total metal of scrap) are 98.40%, 97.68%,
97.97%, 97.98% and 98.08% when the additional cry-
olites in the NaCl-KCl salt mixture are w = 0, 5%,
10%, 15% and 20% respectively. Because the impurity
oxides on the surfaces of aluminum scrap are not re-
moved due to the negligible solubility of alumina in the
NaCl-KCl system, the total (apparent) yield after recy-
cling without cryolite addition in the salts is higher than
others. The yields of big metal bead (d � 2mm) are
93.98%, 96.52%, 97.34%, 97.81% and 97.76% when the

additional cryolites are w = 0, 5%, 10%, 15% and 20%
respectively. The high yield is attributed to the lower
melting point of equimolar NaCl-KCl system which has
a good fluidity together with the beneficial influence of
cryolite on metal coalescence.

It is clear that the metal yield increases with the cry-
olite amount in salt when the addition amount is w �
10%, but the increase of cryolite amount becomes mean-
ingless for improving the metal yield when the cryolite
amount is w � 10%.

The XRF results of recycled Al alloys are listed in
Table 2. It is found that all magnesium is lost in the
recycled 2024 aluminum during re-melting with NaCl-
KCl-Na3AlF6 flux due to the reaction between magne-
sium and cryolite:

3Mg + 2Na3AlF6 → 3NaMgF3+2Al + 3NaF.

But other alloying elements (Cu and Mn) are well
kept and impurity elements (Fe, Si, Ti) concentrations
are not increased, just Al concentration is slightly im-
proved due to extra Al formation during the reaction
between magnesium and cryolite. Some Na, K and Cl
are also detected in the aluminum beads after recycling.
These elements come from the entrapped NaCl and KCl
according to the detected concentration ratios of Na, K
and Cl. Considering that the entrapped chlorides can
move to the molten flux layer easily during the indus-
trial scale recycling, entrapped NaCl and KCl will not
be a problem for reuse of the recycled Al alloy.

Table 2 Compositions of 2024 Al alloy after recycling with flux 44%NaCl-56%KCl-Na3AlF6 (mass fraction
of other elements is not higher than 0.05%)

Experiment
w/% Metal yield/%

(d � 2mm)
Cu Mg Mn Fe Si Ti Na K Cl Al

1 4.37 1.13 0.642 0.126 0.165 0.030 − − − 93.45 −
2 4.14 − 0.619 0.137 0.157 0.047 0.012 0.033 0.047 94.89 96.52

3 4.15 − 0.644 0.140 0.151 0.030 0.044 0.170 0.236 94.17 97.34

4 4.12 − 0.620 0.126 0.163 0.031 0.096 0.045 0.187 94.66 97.81

5 4.17 − 0.640 0.129 0.144 0.034 0.118 0.106 0.281 94.21 97.76
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2.2 Refining Under 70%NaCl-30%KCl-
Na3AlF6 Salt

The salt composition of 70%NaCl-30%KCl was se-
lected based on the preferred European melt salt
composition. After recycling with 70%NaCl-30%KCl-
Na3AlF6 (Experiments 6—10), the total metal yields
of recycled 2024 Al with w = 0, 5%, 10%, 15% and
20% additional cryolites in fluxes are 97.48%, 96.93%,
97.40%, 96.95% and 97.49% respectively. The yields of
big metal bead (d � 2 mm) are 93.38%, 95.22%, 96.76%,
96.50% and 97.15% when the additional cryolites are w
= 0, 5%, 10%, 15% and 20% respectively. The differ-
ence among big metal bead yields is small when the cry-
olite amount in salt flux is w � 10%, indicating that w
= 10% cryolite addition in salt flux is enough, which is
consistent with the recycling result with flux 44%NaCl-
56%KCl-Na3AlF6. Furthermore, equimolar NaCl-KCl
gives better metal coalescence than the salt flux com-
position based on 70%NaCl-30%KCl according to the
yield of big metal beads, which is attributed to the lower
melting point of equimolar NaCl-KCl.

The compositions of recycled Al alloy are similar to
those of recycled Al alloy by using 44%NaCl-56%KCl-
Na3AlF6. All Mg in the recycled Al alloy is lost due to
the reaction between cryolite and Mg. But other alloy-
ing elements (Cu and Mn) are well kept and impurity
elements (Fe, Si, Ti) concentrations are not increased.
Moreover, small amounts of NaCl and KCl are also en-
trapped in Al alloy during re-melting.
2.3 Refining Under 44%NaCl-56%KCl-MgF2

Salt
The recycled Al alloys after recycling with 44%NaCl-

56%KCl-MgF2 (Experiments 11—14) are illustrated in
Fig. 4. Different from the influence of cryolite on metal
agglomeration behavior, the increase of MgF2 leads to
smaller sized beads, indicating that the metal coales-
cence capacity is reduced with increasing the amount
of MgF2 in salts flux. The possible reason is that the
viscosity of molten slat flux increases with the MgF2 ad-

dition amount, while the high viscosity is unfavorable
for the movement of aluminum droplets through the
molten salt. Comparing with the recycling by using the
cryolite addition in salt flux, the disadvantage of MgF2

addition on coalescence capacity is visible, and many
pits caused by neighboring beads are found on the sur-
face of recycled metal beads, indicating that the neigh-
boring droplets cannot accumulate to one big bead.

The total metal yields are very close, though the
MgF2 addition amounts increase from w = 5% to
w = 20%. All total metal yields are about 98.50%,
as shown in Fig. 5. The obtained results are different
with the research results of van Linden and Stewart[10]

who found that the metal yield was increased with the
increase of MgF2 concentrations up to w = 10%. The
yields of big beads are 97.74%, 97.65%, 97,21% and
96.84% when the MgF2 addition amounts in salt flux
are w = 5%, 10%, 15% and 20% respectively. Big metal
bead yield decreases with the MgF2 addition amount,
especially when the amount is w � 5%, which is also
attributed to the increased viscosity with increasing the
amount of MgF2 in flux. The total yields of MgF2 ad-
dition are obviously higher than those of cryolite ad-
dition. The big bead yields of MgF2 addition are also
higher than those of cryolite addition when the MgF2

and cryolite addition amounts are w � 10%, but the sit-
uation is reversed when the MgF2 and cryolite addition
amounts are w � 10%.

The compositions of recycled Al alloys after using
MgF2 as the additional fluoride in the salt flux are
listed in Table 3. Mg and other alloying elements are
well controlled during recycling. Moreover, the amount
of entrapped chloride salts is slightly lower than that
of cryolite addition, indicating that the salt flux with
MgF2 addition has better metal/salt separation per-
formance than salt flux with cryolite addition. But
the higher viscosity of flux with the MgF2 addition in-
hibits the coalescence of droplets, and leads to a lower
coalescence ability compared to flux with the cryolite
addition.

(a) w(MgF2)=5% (b) w(MgF2)=10% (c) w(MgF2)=15% (d) w(MgF2)=20%

Fig. 4 Al alloy after recycling with flux 44%NaCl-56%KCl-MgF2
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Table 3 Compositions of 2024 Al alloy after recycling with flux 44%NaCl-56%KCl-MgF2 (mass fraction of
other elements is not higher than 0.05%)

Experiment
w/% Metal yield/%

(d � 2mm)
Cu Mg Mn Fe Si Ti Na K Cl Al

11 3.94 1.02 0.592 0.114 0.143 0.030 0.006 0.013 0.043 94.16 97.74

12 4.05 0.99 0.618 0.128 0.148 0.027 0.012 0.022 0.110 93.92 97.65

13 3.97 1.00 0.590 0.113 0.135 0.038 − 0.032 0.066 94.03 97.21

14 4.07 1.04 0.602 0.121 0.154 0.032 0.010 0.018 0.036 93.97 96.84
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Fig. 5 Metal yield and size distribution of metal beads
versus MgF2 with flux 44%NaCl-56%KCl

3 Conclusion

After GLARE thermal delamination, the obtained
2024 Al sheets are recycled by the conventional refin-
ing method using the molten salt. For the NaCl-KCl-
Na3AlF6 flux system, w = 10% additional cryolite is
preferred, and the large metal bead yields are 97.34%
and 96.76% when the employed mass ratios of NaCl and
KCl in flux are 44:56 and 70:30 respectively. For the
NaCl-KCl-MgF2 flux system, w = 5% additional MgF2

with the big metal bead yield of 97.74% is preferred
and the metal yield decreases with the MgF2 addition
when additional MgF2 is w � 5%. The concentrations
of alloying elements and impurity elements in recycled
Al alloys are consistent with the nominal composition
of 2024 Al alloy after re-melting with flux NaCl-KCl-
MgF2, but all Mg is lost when flux NaCl-KCl-Na3AlF6

is employed due to the reaction between Mg and
cryolite.
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