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Abstract: GLARE (glass fibre/epoxy reinforced aluminum laminate) is a member of the fiber metal laminate
(FML) family, and is built up of alternating metal and fiber layers. About 500m? GLARE is employed in each
Airbus A380 because of the superior mechanical properties over the monolithic aluminum alloys, such as weight
reduction, improved damage tolerance and higher ultimate tensile strength. Many tons of new GLARE scraps
have been accumulated during the Airbus A380 manufacturing. Moreover, with the increasing plane orders of
Airbus A380, more and more end-of-life (EOL) GLARE scrap will be generated after retire of planes within forty
years. Thermal processing is a potential method for the material recycling and re-use from GLARE with the aim
of environmental protection and economic benefits. The current study indicatdes that thermal delamination is a
crucial pre-treatment step for the GLARE recycling. The decomposition behavior of the epoxy resins at elevated
temperatures was investigated by using the simultaneous thermal analysis, thermogravimetry analysis (TGA) and
differential scanning calorimetry (DSC). Based on the thermal analysis results, GLARE thermal delamination
experiments at refined temperatures were carried out to optimize the treatment temperature and holding time.
Key words: fibre metal laminates, GLARE (glass fibre/epoxy reinforced aluminum laminate), recycling,
decomposition kinetics, thermal degradation
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0 Introduction

GLARE (glass fibre/epoxy reinforced aluminum lam-
inate) is a member of the fibre metal laminate (FML)
family, and it has been selected as the upper fuse-
lage skin in superjumbo Airbus A380 because of ex-
cellent damage tolerance, fatigue resistance and their
flame penetration resistancel!l. Weight saving of 10%
is also an important advantage of GLARE compared
with the monolithic aluminum alloys!!), which is cru-
cial to improve the fuel efficiency. Now, about 500 m?
GLARE is employed in each Airbus A380/2). With the
increasing plane orders of Airbus A380, more end-of-life
(EOL) GLARE scraps will be generated after retiring of
planes within forty years. Moreover, many tons of new
GLARE scraps have been accumulated during the Air-
bus A380 manufacturing, which have not been recycled.
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Recycling of both the manufacturing scraps and EOL
scraps already becomes a relevant issue and should be
seriously considered.

For the disposal of EOL fibre-reinforced composites,
much of the composite waste currently produced is ul-
timately sent to landfill at present!®, which is a poor
solution for environmental impact, management of re-
sources, and economic opportunity¥. Thus it is very
clear that turning the GLARE waste into a valuable
resource is important for the continued use of the ma-
terials in some applications, depending on the compo-
sitions and properties of recycled materials. Thermal
recycling is a practical solution for material recovery
from GLARE scrap. GLARE thermal delamination de-
pends to a large extent on the decomposition behavior
of epoxy resins in it. Al sheets and glass fibres are sep-
arated after completely decomposing of epoxy resins;
then Al alloys are recycled by melting and refining.
Thermal analysis of epoxy resins under non-isothermal
and isothermal conditions can determine the accurate
process parameters for GLARE thermal delamination.
The thermal decomposition behavior of epoxy resins
at elevated temperature (non-isothermal condition) can
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provide significant information for the GLARE ther-
mal delamination, e.g. initial decomposition tempera-
ture, end decomposition temperature, and relationship
between decomposition degree and temperature under
different heating rates.

In this paper, the decomposition behaviors and kinet-
ics of epoxy resins in GLARE at elevated temperatures
are studied by differential scanning calorimetry (DSC)
and thermogravimetry analysis (TGA), and the heat-
ing rates vary from 1 to 5°C/min. Both nitrogen and
air atmospheres are considered respectively. At last,
based on the thermal analysis results, GLARE thermal
delamination experiments at refined temperatures are
carried out to optimize the treatment temperature and
holding time.

1 Experimental Details

1.1 Materials
The GLARE 3-8/7-(0.3-0.4) new scraps from Airbus
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A380 window are used in this research work. The
GLARE new scrap consists of 8 layers 2024-T3 alu-
minum alloy sheets coated with modified epoxy phe-
nolic primer BR 127 on both surfaces of each sheet,
bonded together with 7 layers of epoxy resin FM 94 /S2-
glass fibre prepreg system!™®/. The detailed structure
of the GLARE scrap (http://gusnetwork.blogspot.com)
is shown in Fig. 1. The total thickness of GLARE
is 4.6mm. The 2024 Al alloy sheet/BR 127 and FM
94/S2-glass fibre prepreg are separately prepared in an
autoclave at 120°C for 1h to identify different decom-
position temperature regions of BR 127 and FM 94.
Initial mass for each cuboid shaped GLARE, 2024 Al
alloy sheet/BR 127 and FM 94/S2-glass fibre prepreg
for the thermal decomposition tests in the present study
is 60 mg. Test shows that the mass fraction of epoxy in
GLARE is 10%), i.e., sample contains 6 mg epoxy resins.
The size of GLARE scrap for thermal delamination is
50 mm x 35 mm X 4.6 mm (length x width x thickness)
with mass of 20 g.
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Fig. 1 Airbus A380 under assembling and new GLARE scrap structure SEM patterns

1.2 Methods

All mass change and heat flow curves in the GLARE
delamination experiments are obtained using a simul-
taneous thermal analysis (STA) (STA 409, NETZSCH)
of both TGA and DSC in dry nitrogen or air atmo-
sphere at a flow rate of 100 mL/min. To identify the ini-
tial decomposition temperatures of two different com-
mercial epoxy resins during the GLARE delamination,

the cured 2024 Al alloy sheet/BR 127 and FM 94/S2-
glass fibre prepreg are separately heated up to 600°C
at a heating rate of 5°C/min in nitrogen or air atmo-
sphere. According to the decomposition temperatures
of 2024 Al alloy sheet/BR 127 and FM 94 /S2-glass fibre
prepreg, GLARE samples are heated up from ambient
to 600°C at a rate of 1, 2, 5°C/min respectively in ni-
trogen, but are only heated up from ambient to 500°C
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at arate of 1, 2, 5°C/min respectively in air atmosphere
due to the lower melting start temperature (502°C)[!
of 2024 Al. The decomposition results of 2024 Al al-
loy sheet/BR 127 and FM 94/S2-glass fibre prepreg
indicate that 500°C is high enough for the GLARE
thermal analysis in air.

The thermal delamination of GLARE scrap with size
of 50 mm X 35 mm X 4.6 mm is carried out in an electric
resistance furnace (Carbolite company) under air atmo-
sphere. The furnace is heated up to the given treatment
temperature at a heating rate of 15°C/min, and time
used for heating process is not included in the holding
time in this paper.

2 Results and Discussion

2.1 Thermal Analysis
The non-isothermal DSC tests for GLARE, FM
94/S2-glass fibre prepreg and 2024 Al alloy sheet/BR
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127 are separately investigated in nitrogen and air at-
mospheres to understand the decomposition behaviors
of FM 94 and BR 127 during the GLARE delamina-
tion. The results are shown in Fig. 2. Considering that
the melting point of S2-glass fibre is higher than 600°C,
the heat flows of FM 94/S2-glass fibre prepregs in Fig. 2
are completely caused by the decomposition of FM 94.
For the BR 127/2024 Al alloy sheet system, the nom-
inal range of melting temperature of 2024 Al alloy is
502—638°C, and that is why an endothermic peak oc-
curs at 502°C. Therefore, the heat flows of 2024 Al alloy
sheet/BR 127 are primarily caused by the decomposi-
tion of BR 127 when the temperature is lower than
502°C. The weight change caused by oxidation of 2024
Al alloy under air atmosphere is negligible when the
temperature is lower than 502°C because of the pro-
tection of the existed AlyO3 films on the surface of Al
sheets.
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Fig. 2 DSC curves of 60 mg GLARE, 60 mg FM 94/S2-glass fibres prepreg and 60 mg BR 127/2024 Al alloy in nitrogen and

air at the heating rate of 5°C/min

Four peaks (excluding the endothermic peak around
502°C caused by Al alloy melting) caused by epoxy
decomposition can be observed in the heat flows of
GLARE under both nitrogen and air, including three
exothermic peaks and one endothermic peak. By com-
paring the heat flows of GLARE and BR 127 in ni-
trogen and air atmospheres, it is obvious that the for-
mation of first exothermic peak (Step 1) of GLARE is
caused by the decomposition of epoxy BR 127 and the
initial decomposition temperature of BR 127 in air is
about 225°C at the heating rate of 5°C/min. One small
exothermic peak (Step 2), one endothermic peak (Step
3) and one large exothermic peak (Step 4) can be ob-
served in the heat flow curves of FM 94 decomposition

under both nitrogen and air atmospheres, especially in
air. It is clear that the heat flows of Step 4 in air are
more intensive than those in nitrogen. The initial de-
composition temperatures of each step of FM 94 are
about 290, 345 and 410°C respectively in air when the
heating rate is 5°C/min.

Figure 3 shows the mass loss and DSC heat curves of
GLARE in the non-isothermal STA tests with different
heating rates. With increasing the heating rate, there
is no enough time for epoxy resin decomposition due to
the low thermal conductivity of GLARE; the decom-
position moves to the higher temperature region. The
decomposition is more intensive under higher temper-
ature, resulting in higher endothermic or exothermic
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peak height. Final mass loss of GLARE in air at the
heating rate of 1°C/min is 10% which is consistent with
the total percentage of epoxy in GLARE, as mentioned
before. Thus the conversions (decomposition degree) of
epoxy resins under different non-isothermal conditions
can be calculated, as shown in Fig. 4.

The conversion of epoxy resins is decreased at higher
heating rates when samples are heated up to the same
maximum temperature, and this is due to the hysteretic
decomposition at a higher heating rate. Moreover, it is
obvious that final conversion of epoxy resins in air is
higher than that in nitrogen at the same heating rate.
Epoxy resin conversions are 75% and 100% respectively
in nitrogen and air at 500°C at the heating rate of
1°C/min. The resin decomposition degree is just 90%
though the sample is heated up to 600°C in nitrogen
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at the heating rate of 1°C/min. Therefore, oxidative
atmosphere should be more beneficial to the epoxy resin
decompositions compared with the inert atmosphere.
The details of epoxy decomposition in each step un-
der both atmospheres are also investigated to better un-
derstand the influence of heating rate and atmosphere,
which are listed in Tables 1 and 2. The Steps in Table 1
are defined according to the heat flows. The mass loss
of epoxy resins in Table 2 describes the decomposition
degree when the temperature increases from the initial
decomposition temperature of this step to the initial
decomposition temperature of next step. It should be
noticed that all end temperatures for the tests in air
are 500°C to avoid the influence of drastic oxidation of
Al alloy on heat and mass change. As can be seen in
Table 1, the initial decomposition temperatures t; and
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Table 1 Initial decomposition temperatures and temperature at maximum decomposition ratio for each
step in the non-isothermal condition in nitrogen and air
Heating rate t; /°C tm/°C
Atmosphere / i/ m/
(°C - min—1)
Step 1 Step 2 Step 3 Step 4 Step 1 Step 2 Step 3 Step 4
Nitrogen 1 188 255 311 354 227 293 341 500
2 210 262 317 368 238 301 356 516
5 223 282 334 406 251 319 380 543
Air 1 188 255 318 356 227 298 326 423
2 212 260 330 388 238 313 344 442
5 225 288 344 408 251 329 371 473

Table 2 Mass loss of epoxy resins in each step of decomposition in nitrogen (from 20 to 600°C) and air

(from 20 to 500°C)

Heating rate/

Mass loss/%

Atmosphere
(C minil) Step 1 Step 2 Step 3 Step 4 Total
Nitrogen 1 2.6 (188—254) 20.2 (255—310) 31.8 (311—353) 35.2 (354—600) 89.8
2 2.8 (210—261) 14.9 (262—316) 39.0 (317—367) 31.8 (368—600) 88.5
5 2.8 (223—281) 13.5 (282—333) 46.6 (334—405) 19.8 (406—600) 82.7
Air 1 2.8 (188—254) 21.6 (255—317) 26.4 (318—355) 49.2 (356—500) 100.0
2 2.9 (212—259) 20.8 (260—329) 30.4 (330—387) 38.0 (388—500) 92.1
5 2.8 (225—287) 19.5 (288—343) 32.5 (344—407) 31.9 (408—500) 86.7

Note: the numbers in the brackets denote the temperature range, °C.

the temperature ¢, at the maximum conversion rate
of BR 127 (Step 1) are very close in both atmospheres
at the same heating rate. Therefore, the decomposi-
tion behavior of BR 127 in air should be similar to
that in nitrogen under the non-isothermal condition,
and just the initial decomposition temperature goes up
from 188 to 225°C when the heating rate increases from
1 to 5°C/min. The decomposition behavior of FM 94 is
more complex and it is described in Steps 2—4 for both
atmospheres. All ¢; and t,,, of Steps 2—4 are enhanced
with increasing the heating rate in both atmospheres.
Different with Steps 2 and 4, the mass loss of Step 3
is higher with increasing the heating rate in both at-
mospheres, and the mass loss of Step 3 in nitrogen is
bigger than that in air. However, the total conversion of
epoxy resins in air is bigger than that in nitrogen when
the same heating rate is employed though the end test
temperature in air is 100°C lower.

As discussed before, it is obvious that oxidative atmo-
sphere is more preferred for the GLARE delamination.
An appropriate holding temperature is important for
the GLARE thermal delamination with high efficiency.
The holding temperature should be high enough to en-
sure that the epoxy resins can be completely decom-
posed at this temperature while avoiding the oxidation

of 2024 Al alloy and lowering the energy cost. Based on
the previous thermal analysis results of epoxy resin de-
composition in air at the slow heating rate of 1°C/min,
the suitable holding temperature for the GLARE de-
lamination should be located in between 423 (Table 1)
and 502°C.

2.2 GLARE Delamination

In order to determine the optimum holding tempera-
ture for the GLARE delamination, four different hold-
ing temperatures are carried out, 440, 460, 480 and
500°C respectively. Plenty of oxidation spots on the Al
sheets are observed when the employed holding tem-
perature is 500°C. A strong exothermic peak (around
450°C, Fig. 3(b)) is found in the DSC curves of GLARE
in air which causes the real temperature around the
Al sheet to be higher than the given temperature of
500°C. Thus the real temperature in the furnace should
be close to the Al start melting point, resulting in ox-
idation spots. Therefore, 500°C is a little too high for
the GLARE thermal delamination.

The experimental results indicate that the required
holding time for the GLARE complete delamination
is 210, 150 and 120 min when the holding tempera-
ture is 440, 460 and 480°C respectively. According
to the GLARE delamination results, the appropriate
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delamination process is at the holding temperature of
480°C for 120 min.

3 Conclusion

In this work, the thermal analysis at elevated tem-
peratures are conducted for studying the decomposi-
tion behavior of epoxy resins BR127 and FM 94 in
GLARE, which provides the significant information for
optimization of the GLARE thermal delamination pro-
cess parameters.

The results indicate that the decomposition of resins
consists of four steps under the non-isothermal condi-
tions, the first step is attributed to the decomposition
of epoxy resins (BR 127) coated on the Al alloy sheets,
and the later three steps are attributed to the decom-
position of binder for glass fibre (FM 94). The initial
decomposition temperature of BR 127 and FM 94 is
188 and 255°C respectively in both oxidative and in-
ert atmospheres when the heating rate of 1°C/min is
employed. The oxidative atmosphere is more benefi-
cial to the epoxy resin decompositions compared with
the inert atmosphere. The final conversion of resins in
air and nitrogen is 100% and 89.8% respectively when
the GLARE sample of 60mg is heated up to 500°C
in air and 600°C in nitrogen at the same heating rate
of 1°C/min. For GLARE delamination in the indus-
trial scale experiments, the appropriate delamination
process is at the holding temperature of 480°C for
120 min.
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