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Abstract

Fibre metal laminates with integrated heater elements have a promising potential as de- or anti-icing systems
in aircraft structures. The alternating metal and composite lay-up in fibre metal laminates seems ideal for the
development of a multifunctional skin with embedded heater elements. However, the long term durability needs
to be carefully examined.

A unique thermal cycling setup has been designed and built to investigate the effects of thermal cycling on the
material properties of GLARE (glass fibre reinforced aluminium). Peltier elements were used to provide external
heating and external cooling by inverting the direction of the electrical current. With the same setup, heated GLARE
samples can be internally heated using the integrated heater elements and externally cooled using the Peltier
elements

Glass-fibre epoxy composite, GLARE, and heated GLARE samples have been thermal cycled for 4000, 8000 and
12000 cycles with temperature differences of 120 °C. The interlaminar shear strength (ILSS) increased by 6.9 % after
8000 cycles for the glass-fibre epoxy composite material compared to the non-cycled samples. The GLARE samples
showed a maximum ILSS increase of 4.2 % after 12000 cycles. However, the heated GLARE samples showed a
continuous decrease of the ILSS with a maximum decrease of 7.8 % after 12000 cycles.

Keywords
Glass-fibre epoxy composite; (heated) GLARE, thermal cycling, device design, interlaminar shear strength

Introduction Embedding heater elements in FML
Fibre Metal Laminates (FMLs), such as GLARE, i.e.
Integrated electric de-icing glass-fibre reinforced aluminium, are nowadays used on

the Airbus A380.'*> The alternating metal and composite
lay-up in FML seems ideal for the development of
a multifunctional structural skin with embedded heater
elements for the application in leading edges. The heater
elements are protected from environmental influences by
the outer aluminium layer and electrically shielded by
surrounding glass-fibre epoxy layers. Numerous studies
have been conducted which showed the enhanced
material characteristics of GLARE over monolythic
aluminium including the improved fatigue and damage
! Furthermore, an outstanding burn-through

Future aircraft demand state-of-art lightweight and eco-
efficient systems and structures. The trend goes towards
more electric aircraft to obtain these objectives. Integration
of functions in an aircraft part is another way to
reduce weight and obtain more efficient performance’®.
A multifunctional material or part can for instance
add thermal, electrical or monitoring functions to its
conventional structural function.

The thermal function is of particular interest for the tolerance.
leading edges of an aircraft.””'® Leading edges have to
be heated to avoid atmospheric ice accumulation on the
surface of the wings. Ice accumulation can alter the shape  'Structural Integrity & Composites, Delft University of Technology, Delft,
of the air foil and thus can lead to loss of aerodynamic The Netherlands
performance. Conventional systems blow hot air from the c . .

. . . orresponding author:
engines through a series of ducts to the leading edge t0  Bernhard Miller, Structural Integrity & Composites Delft University of
melt the ice away. This however, requires support structures  Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands
which lead to additional weight. Email: b.muller@tudelft.nl
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resistance was revealed and thermal material properties
were determined. '%!?

The effect of thermal cycling on FMLs

Many durability aspects have been investigated for FMLs.**
Test data on thermal cycling of FML however is limited.
Moreover, these tests were not performed on the FM906
high temperature curing epoxy which is currently used in
heated GLARE and the number of cycles was limited and
stayed below 2000.7>* However, with the assumption that
de-icing systems are switched on twice during 20 % of
all flights this could implicate a total of 36000 cycles for
a regional passenger aircraft with a design life of 90000
flights. The number of cycles can easily be tenfold this
number of cycles when taking into account that the system
is generally switched on and off repeatedly during a de-
icing scheme. Thus, thermal cycling tests which simulate
the de- or anti-icing conditions of heated FMLs are needed
to investigate the effects on their material properties. The
(local) thermal stresses induced by thermal cycling due
to the different thermal expansion coefficients could lead
to material cracking and debonding at the interfaces. The
thermal loading can also lead to ageing of the glass-
fibre epoxy system and thus affect thermal and mechanical
properties such as thermal expansion, shear strength, and
fracture toughness.

Thermal cycling developments

Thermal cycling fatigue, i.e.exposing materials and
structures to alternating temperatures, has been a research
topic for decades.”!? That research focused on the effects
of thermal cycling on the material characteristics and on the
structural integrity of components.'” Thermal cycling tests
with different heating and cooling methods, for different
heating and cooling rates and different dwell times were
developed. 1%

Besides structural materials which are used e.g.in
aircraft’>'%, thermal fatigue is also a known issue in
materials for dental care!' and electronic parts®’. The
alternating thermal loading of materials used for dental care
and the combination (by bonding) of different materials
combined with safety issues result in high demands on
the material?’ and adhesive properties'*. In the case of
electronic parts, the investigation of thermal fatigue on
the local (material) and the global (component) level is
relevant.”> The change of material characteristics is likely
to change both the structural integrity and performance of
(electronic) parts.

The proposed setup for (heated) FMLs

To investigate the effect of thermal cycling on (heated)
FMLs an experimental setup is required which is reliable
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Figure 1. Schematic lay-up of a heated GLARE laminate.

and capable to simulate flight conditions. The thermal
loading conditions of heated FMLs due to flight conditions
can be divided into thermal cycling due to the ascent
and descent of aircraft (external cooling and heating)
and thermal cycling due to (local) heating of the leading
edges by de- and anti-icing measures (external cooling and
internal heating).

The novelty of the thermal cycling setup introduced
in this article is the ability to perform thermal cycling
of materials with and without embedded heater elements.
For structural materials the thermal cycling setup provides
external cooling and external heating. For multi-functional
materials (materials with embedded heater elements),
the experimental setup enables thermal cycling tests by
providing external cooling and internal heating. In order
to simulate flight conditions, the experimental setup can
be adopted to provide constant external cooling using the
Peltier elements and sequential internal heating using the
embedded heater elements. Furthermore, the dwell times at
the minimum and maximum temperatures can be adjusted.
Dwell times are used to simulate anti-icing conditions as in
this case the heater elements are eventually switched on for
several minutes contentiously to completely avoid icing.

In this study thermal cycling was performed on glass-
fibre epoxy composites, GLARE and heated GLARE (see
Figure 1) and their material properties examined before and
after thermal cycling. The test results after the high number
of 12000 thermal cycles, the chosen temperature ranges
of 120°C which simulate de- and anti-icing conditions
and the innovation of embedding heater elements in FMLs
contribute to understand the effects of thermal cyclic loads
on leading edges using heated FMLs.
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Heated GLARE

The heated GLARE lay-up

Heated GLARE is a FML with an embedded copper
mesh between the unidirectional (UD) prepreg layers.’
To enhance the de- and anti-icing capabilities of leading
edges, the copper mesh is positioned between the UD
layers which are directly underneath, i.e.as close as
possible to the outer aluminium layer in the heated
GLARE laminate. Figure 1 shows the schematic lay-
up of this multi-functional FML. In the conventional
GLARE configurations FM94 glass-fibre prepreg is used.
The stiffness of this 120 °C curing epoxy system decreases
significantly at temperatures beyond 70°C.'* In heated
GLARE therefore FM906 glass-fibre prepreg is used,
which is a 180°C curing epoxy system with a T, of
135°C and estimated maximum service temperature of
120°C. In combination with aluminium 7475T761 the
FMO906 is used as high static strength (HSS) GLARE
with improved strength and service temperatures over the
standard GLARE??,

Mechanical and thermal stresses are expected to be
present in heated FMLs during their service time in
leading edges. Thermal residual stresses develop due to
different thermal expansion of the individual materials
after curing. 12 Moreover, residual stresses can result from
forming processes like bending?’. These stresses are
superimposed with the mechanical and thermal service
loads which appear at leading edges.

Thermal loading conditions

Figure 2 shows the expected thermal loading conditions of
heated GLARE laminates which are used as anti- or de-
icing devices (light brown beams) and the thermal loading
conditions which were realised (red beams) in this article.
Furthermore, Figure 2 depicts the lower and upper limit of
the service temperature of the glass-fibre epoxy FM906 and
its curing temperature. Moreover, the temperature at which
ageing effects and a considerable reduction of the material
properties of aluminium are expected are indicated. %"
Above approximately 140°C ageing can cause moderate
effect on the mechanical properties of the aluminium
after a total exposure time in the order of weeks. Above
approximately 200 °C the aluminium stiffness decreases
more significantly and ageing happens faster. >3

The first major thermal loading happens during the
manufacturing process in the autoclave where the epoxy
layers are cured at 180°C for one hour and a pressure
of 6 bar. The temperature increase and decrease rates
in the autoclave are +2°C/min and -2°C/min.'? After
manufacturing, the next major thermal loading of heated
GLARE is expected to happen during the service of the
aircraft.
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Figure 2. Major thermal loading conditions of heated leading
edges made of heated GLARE '°

Two major thermal loading conditions occur during the
service of an aircraft.'” One is the thermal cyclic loading of
the whole airplane during its ascents and descents, i.e. one
cycle per flight with a (service) temperature range between
-55°C and +70°C.?! The second thermal cyclic loading
condition with a temperature range of -20 °C and +80°C
is specific for heated leading edges used as local anti- and
de-icing devices.®'® Depending on the regional weather
conditions, the number of thermal cycles are between
zero and an estimated 36000 cycles as indicated in the
introduction.

The thermal cycling machine

Design requirements and strategy

In the previous section the opportunities of the innovation of
heated FMLs, i. e. heated GLARE were elaborated. In order
to use heated FMLs in aircraft structures, their resistance
to thermal and mechanical fatigue loadings needs to be
investigated. Furthermore, the effect of the heater mesh
on the material properties before and after thermal cyclic
loading needs to be assessed. Hence, a dedicated thermal
cycling machine is needed which can provide the expected
temperature ranges during the anti- or de-icing device is
switched on and can thermally cycle materials with (heated
GLARE) and without (GLARE) heater elements to assess
the effect of the heater mesh. Figure 3 a depicts the design
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requirements and Figure 3 b shows the design strategy of
the developed thermal cycling machine.

Starting at the top hexagon in Figure 3a, the first
requirement of the thermal cycling machine was to allow
thermal cycling of both conventional GLARE and heated
GLARE. The requirement which follows instantly is the
option to apply thermal loading from outside and inside.
In order to fulfill these requirement it is necessary that
the thermal cycling machine allows for internal heating
using the embedded mesh, external heating and external
cooling (cf. Figure 3 b). Providing for internal cooling is not
relevant for de- or anti-icing systems.

Another requirement was to avoid a significant change
of the moisture content due to thermal cycling tests,
i.e.no additional liquids should get in contact with the
samples. Since, the moisture content of samples can change
when alternately putting them in baths with different
temperatures or flushing (cooling) liquids directly on them.
This requirement follows from the intention to thermally
cycle glass-fibre epoxy samples (without aluminium plates
on both sides) which enables the investigation of each
different material layer of FMLs separately. As the glass-
fibre epoxy composites are sensitive to moisture uptake
and the possible effects of moderate temperatures are
expected to be most significant for them?!. The aluminium
in GLARE however effectively shields of the prepreg
layers and moisture absorption is therefore limited to free
edges or rivet hole edges in the Glare laminate.?” The
effect of hygrothermal conditioning on FMLs is therefore
much lower and often negligible.*> This requirement
was solved using Peltier Elements for external heating
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Figure 3. Thermal cycling machine: (a) Design requirements and (b) design strategy (start at the top, proceed clockwise)

and external cooling. Peltier Elements do not introduce
additional liquids and it is possible to heat and cool with
the same surface by simply changing the direction of the
current. **

The requirement to enable different minimal and
maximal temperatures, temperature ranges and profiles is
solved by controlling the heating and cooling power for the
peltier elements by a computer, i. e. the software LabVIEW
and by using a second (separate) power supply for the
internal heating. Using two power supplies (one for the
Peltier Elements and one for the embedded mesh) leads
to a feature which makes the thermal cycling machine
unique: Anti- and de-icing conditions of heated leading
edges can be simulated. This can be done by switching the
external cooling on (constant cooling power) and frequently
the internal heating on and off. Thus, with this setting,
the thermal loading conditions resulting from the cold air
are simulated by the external cooling using the Peltier
Elements. For the internal heating, i.e.to simulate de- or
anti-icing conditions, the same embedded mesh is used.

The last design requirement was to enable the testing
of multiple samples at the same time. This requirement
results from the idea that if several samples are cycled at the
same time, the thermal cycling machine could be used more
efficiently, because after a predefined number of cycles
one sample can be exchanged with another yet non-cycled
sample. This is advantageous as if e. g.a maximal number
of ¢ = j + k cycles is required, by cycling two samples
at the same time, exchanging one sample and replacing it
with another, the results after j cycles and & cycles could
be examined as well. Figure 4 depicts such a sample with
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two parts where the sample 1 remains in the thermal cycling
machine during the whole ¢ cycles, the sample 2 a is replace
with the sample 2b after k cycles. Thus, within the time
which is needed to realise the number of i cycles, three
different samples were cycled for j, k and ¢ which equals
a reduction of the overall test time by two.

The dimensions of the samples depicted in Figure 4
result from the need to conduct extensive destructive
and non-destructive tests before and after thermal
cycling and from the dimensions of the used Peltier
Elements (50 mm x 50 mm). With the chosen sample
dimension specimens can be cut for e. g. interlaminar shear
strength (ILSS) tests, heat capacity test and microscopy
investigations. ILSS tests are the preferred coupon tests as
they test the material properties of the glass-fibre epoxy
layers and the bond strength between the aluminium, the
embedded mesh and glass-fibre epoxy layers at the same
time. As the glass-fibre epoxy layers and the glass-fibre
epoxy interfaces are the positions where possible defects
or changes in the microstructure are expected.

Experimental setup

Integrating all desribed requirements led to the design
of the thermal cycling machine which is shown in the
Figures 5 and 6. The exploded view shows the main
elements of the thermal cycling machine consisting of the
support structures (frame constructions between the table,
ventilators and heat sinks) and the core part of the machine.
The core part of the thermal cycling machine consists of the
specimens which are embedded at the top and the bottom
surfaces between aluminium foil, Peltier elements and heat
sinks. The temperatures (thermocouples) and the electrical
power (relay, power supplies PS 1 and PS 2) of the core part
are monitored and controlled by the computer (PC).

The task of the core part of the thermal cycling machine
is to actually conduct the thermal cycling of the specimens.
Figure 5 shows that in the introduced setup four Peltier
elements at top and bottom surfaces of specimens are used
for the external heating and external cooling. The four
Peltier elements of the top and bottom side respectively, are
connected in series. Those two circuits are switched parallel
and connected to the power supply 1 (PS 1). For the case
that the internal heating option of the samples is required,
a second power supply (PS 2) is directly connected to the
heater mesh.

The computer (PC) directly controls and monitors the
amperage and voltage of both power supplies. Furthermore,
the computer controls the direction of the electrical current
of the Peltier elements by switching the relay which is
installed between those components (cf.Figure 6). The
direction of the electrical current needs to be switched to
change the side at which the Peltier elements cool and heat
respectively.®® The computer uses a LabVIEW program
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Figure 4. Sample dimensions and arrangement of the
samples 1, 2a and 2b for materials (a) without and (b) with
heater mesh

where it can be defined if external heating and external
cooling, internal heating and external cooling or internal
heating and constant external cooling (flying conditions)
are executed. The maximum output amperage and voltage
for both power supplies are defined in the program too.
Furthermore, it is possible to adjust the dwell times at
the minimum and maximum temperatures to simulate anti-
icing conditions.

The computer switches the power supplies and the
relay on the basis of the temperatures measured by the
thermocouples (TCs) which are also recorded by the
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Figure 5. Exploded view of the thermal cycling machine

computer. Thermocouples are positioned on the heat sink
and embedded in the samples. Figure 4 shows the in-
plane positions of the thermocouples. In the out-of-plane
(thickness) direction, the thermocouples are positioned at
0.25¢t = 0.55 mm (TC1), 0.5¢ = 1.1 mm (TC2, TC4) and
0.75¢t = 1.65 mm (TC3). The variable ¢ is the sample
thickness.

The computer switches the power supplies off if a certain
previously defined temperature level or the maximum
cooling/heating time is reached. The thermocouple which is
applied on one heat sink is used to monitor the temperature
changes of the heat sink and to avoid overheating of the core
part. Furthermore, temperature switches are applied on the
heat sinks which mechanically switch off all power supplies
in case the system overheats. Overheating of the system can
happen if components fail due to the intensive usage of the
whole setup or the cooling power of the Peltier elements is
chosen too high in respect to the amount of heat which can
be transferred to the surrounding air. '’

The support structures have to fulfill two main tasks. The
first one is to transfer the mechanical loads (weight forces)
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Figure 6. Photos of the thermal cycling machine in the
climate chamber (a) overview and (b) detail.

to the table and ensure stable testing conditions. This task
is addressed by the frame constructions. The second task
is to accelerate the heat transfer from the heat sinks to the
(surrounding) air. For this, ventilators constantly blow air
on the heat sinks and thereby increase the heat transfer
using forced convection.

Due to the compact dimensions of the thermal cycling
machine, the support structures and the core part can be
placed in a climate chamber as shown in Figure 6. Placing
the thermal cycling machine in a climate chamber with
set temperatures lower than the ambient temperatures has
the advantage that lower temperatures can be reached on
the cold side of the Peltier elements. As Peltier elements
generate temperature differences between their top and
bottom sides, but no absolute temperatures when electrical
power (DC) is applied. Hence, the temperature range at
which the specimens depends on the surrounding (heat
sink) temperatures can be enlarged by placing the thermal
cycling machine in a climate chamber with a constant (low)
temperature. Another way to extend the temperature ranges
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is to stack Peltier elements, i. e. to increase the temperature
differences between top and bottom sides of the stacked
Peltier elements. ®

Thermal cycling experiments and test data

Thermal cycling experiments

Thermal cycling experiments were conducted to show the
functionality of the thermal cycling machine to thermally
cycle materials with and without heater elements and
to examine possible effects of cyclic thermal loading
on the material properties of (heated) GLARE. For this,
six glass-fibre epoxy samples with 16 FM906 prepreg
layers, three GLARE 5-4/3-0.3 samples and three heated
GLARE 5-2/1-0.3 samples were cycled thermally. The
samples had thicknesses of 2.2 mm (glass-fibre epoxy),
2.3 mm (GLARE 5-4/3-0.3) and 1.2 mm (heated GLARE 5-
2/1-0.3). Using two instead of three aluminum layers for
the heated GLARE sample resulted from the intention to
position the heater elements in the center plane in order to
avoid bending moments due to non-symmetric temperature
distributions through the thickness?.

Table 1 shows the nomenclature, the materials and the
layups (cf. section Heated GLARE). The abbreviations GE,
GL and HG stand for glass-fibre epoxy, GLARE and heated
GLARE. Furthermore, Table 1 shows the minimum and
maximum set point temperatures which were supposed to
be reached at the embedded thermocouples during thermal
cycling and the number of thermal cycles (cf. Figure 4).
The temperatures which were summed up in respect to
time were recorded with the thermocouple TC3 at 0.25¢
for the specimens without heater elements and with the
thermocouple TC2 for the heated GLARE specimen. The
non-cycled samples were used as a reference to evaluate
the possible effects of thermal cycling.

The minimum and maximum set point temperatures
were chosen according to the expected loading conditions
depicted in Figure 2. The aim of the thermal cycling range
one was to test the possible effects on the glass-fibre epoxy
layers when the maximum service temperature of 120°C
(FM906) was reached. The minimum temperature of the
thermal cycling range one was chosen with 0°C in order
to use same temperature difference of 120°C for both
temperature ranges. As the minimum temperature of the
thermal cycling range two was chosen with —25°C and the
maximum temperature with +-95°C. The aim of the thermal
cycling range two was to simulate the possible effects on
the glass-fibre epoxy and on (heated) GLARE during icing
conditions. The minimum and maximum temperatures for
the thermal cycling range two exceeded the expected
icing and de-icing conditions £5°C to £10°C to assure
that possible heating overshoots and extreme cold icing
conditions are included in the temperature range.
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Table 1. Samples: Nomenclature (nom), materials, thermal
loading conditions and number of cycles (noc).

nom  Material & layup Toin  Thax noc

[°C] [°C] []
GEO FM906 (0/90/90/0)25 na na 0
GE1  FM906 (0/90/90/0)2s -25 95 4000
GE2 FM906 (0/90/90/0)2s -25 95 8000
GE3  FM906 (0/90/90/0)2 -25 95 12000
GE4 FM906 (0/90/90/0)2s 0 120 4000
GE5 FM906 (0/90/90/0)2s 0 120 8000
GE6 FM906 (0/90/90/0)2s 0 120 12000
GLO  GLARE 5-3/2-0.3 na na 0
GL1  GLARE 5-3/2-0.3 -25 95 4000
GL2 GLARE 5-3/2-0.3 -25 95 8000
GL3 GLARE 5-3/2-0.3 -25 95 12000
HGO heated GLARE 5-2/1-0.3 na na 0
HG1 heated GLARE 5-2/1-0.3 -25 95 4000
HG2 heated GLARE 5-2/1-0.3 -25 95 8000
HG3 heated GLARE 5-2/1-0.3 -25 95 12000

All thermal cycling experiments were conducted for
4000, 8000, and 12000 cycles. The maximum number of
12000 cycles reflects one third of the number of expected
thermal cycles (cf. section Introduction) and is a significant
amount of cycles which exceeds the number of previous
studies**. Furthermore, the evolution of the possible
material changes were tested at different times, i.e. every
4000 cycles (cf. sample 2a and 2 b in Figure 4).

Figure 7 depicts typical temperature curves measured by
the embedded thermocouples (see Figure 4). Table 2 shows
the summed up time intervals at the thermocouple with
the maximum temperatures for 12000 cycles at which the
samples were exposed to certain temperature ranges with
ten degree steps.

The thermocouple with the name heat sink is applied
at one of the top heat sinks to control the heat sink
temperature. Thus, to avoid overheating of the machine
and to assure that the cooling and heating rates keep at a
constant level. '’ Hence, all four subplots of Figure 7 show
an almost constant heat sink temperature, i. e. a the amount
of heat which is generated by the Peltier elements and the
internal mesh can be transferred to the ambient air.

The maximum cooling and heating power were defined
for all thermal cycling experiments with the aim to realise
the maximum thermal cycling frequency using the current
test setup without overheating it. For the glass-fibre epoxy
samples GE4 to GE6, the test setup was placed outside
the climate chamber. Hence, the surrounding air had a
temperature of +24.5 4+ 0.5°C. The Amperage and Voltage
during the heating cycle were 12.8 0.2 Aand 30 £ 1 V.
During the cooling cycle they were 11.8 0.2 A and 30 &
1 V. The resulting time per thermal cycle was less than 60 s.
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Figure 7. Typical thermal cycles of (a) GE1 to GES3, (b) GE4
to GES, (c) GL1 to GL3 and (d) HG1 to HG3 (cf. Table 1)
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Table 2. Total time in hours of the specimens which were
exposed to 12000 thermal cycles (cf. Figure 7).

temp. GE1-3 GE4-6 GL1-3 HG1-3
[°C] (h] (h] [h] [h].
-30 to -20 26.7 - 55.0 11.7
-20to -10 26.7 - 55.0 110.0
-10to 0 20.0 - 38.3 41.7
0to 10 15.0 38.0 26.7 25.0
10t0 20 11.7 22.0 25.0 15.0
20 to0 30 13.3 15.3 23.3 15.0
30 to 40 11.7 12.7 21.7 11.7
40 to 50 11.7 10.7 23.3 10.0
50 to 60 13.3 10.0 20.0 8.3
60to 70 15.0 10.0 30.0 6.7
70 to 80 18.3 10.3 36.7 3.3
80 to 90 33.3 10.3 55.0 2.8
90 to 100 45.0 12.3 1.7 1.9
100 to 110 - 14.7 - -
110to 120 - 25.0 - -
by 262,7 191,3 411.7 263.1

For the thermal cycling experiments of the glass-fibre
epoxy samples GEI to GE3, the GLARE samples GLI to
GL3 and the heated GLARE samples HG1 to HG3, the test
setup was moved to the climate chamber with an ambient
temperature of —15°C to reach the minimum temperature
of —25°C (cf. Figure 6). The Amperage and Voltage during
the heating cycle for the GE1 to GE3 and the GL1 to GL3
samples were 12.8 £ 0.2 A and 30 £1 V and during the
cooling cycle 12.8 +0.2 A and 35+ 1 V. The resulting
time per thermal cycle for the samples GE1 to GE3 was
about 80 s and for the samples GL1 to GL3 was 120 s.

The heating power during thermally cycling of the
heated GLARE samples, i.e.the sum of both samples,
was 27 A-11.1 V =299.7 W. Hence, the resistance of
the heater mesh(es) was 0.41 Q. For the 2-(0.1 m-
0.05 m) large samples, this equals a heating power of
30 kW/m?. When subtracting the unheated edge strips of
the samples, the applied heating power is close to the
heating power of 34 kW/m? which is recommended in
the literature for electrically heated leading edges'>. The
maximum Amperage and Voltage for the cooling cycles
without overheating the system were 10.5 4+ 0.5 A and
32 V. The applied cooling power was a little less compared
to the GLARE sample as the heat sinks were not cooled by
the Peltier elements during the heating cycle due to the use
of internal heating. The resulting time per thermal cycle was
about 80 s.

The Figures 7 a-c show that the temperature distribution
through the thickness, i.e.the temperature differences
between the thermocouples at z = 0.25 ¢, z = 0.5 ¢ and
z =0.75 t, of the glass-fibre epoxy samples during the
thermal cycling is less than for the GLARE samples with
a similar thickness. The temperature differences between
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those thermocouples embedded between different layers
lies between 0°C and 4°C for the glass-fibre epoxy
samples and between 0°C and 7°C for the GLARE
samples. The reason for this is the higher heat capacity
of aluminium compared to the glass-fibre prepeg layers. '
Thus, more energy is required for cooling and heating the
GLARE samples. The in-plane temperature distributions of
the glass-fibre epoxy and GLARE samples were constant
with the magnitudes according to Figures 7 a-c.

The in- and out-of-plane temperature distributions of
the heated GLARE samples change with time as the
heating was realised by using the internal mesh with a
recurring s-shape (see Figure 4 b). Hence, the temperature
differences in the samples are higher (cf. Figure 7d). The
temperatures measured directly above the heater element
with one prepreg layer in between differs during the heating
phase up to 15 °C to the temperatures measured 5 mm next
to the heater element in the same layer where the heater
elements are positioned (centre plane). During the cooling
cycle the temperature distribution becomes more uniform
again due to the use of the Peltier elements for external
cooling.

Table 2 gives the total times in hours of the specimen
which were exposed to 12000 thermal cycles according
to temperature profiles depicted in Figure 7. Thereby, the
temperatures of the embedded thermocouples with the
maximum temperatures were summed up every 10 °C.

Examination of the material properties before
and after thermal cycling

For examining the possible changes of the material
properties of the glass-fibre prepreg and (heated) GLARE
samples, the interlaminar shear strength (ILSS) was tested
using the ASTM standard test method for short-beam
strength of polymer matrix composite materials and
their laminates.® The ILSS specimen dimensions for the
approximately 2 mm thick specimens were 4 mm x 20 mm.
Microscopic imaging was used to study the aluminium-
epoxy and the fibre-epoxy interfaces before and after
thermal cycling. Heat capacity tests were conducted to
investigate the possible microstructural changes of the
epoxy. Finally, an ultrasonic C-scan imaging was used to
examine delaminations and pores before and after thermal
cycling.

The Figures 8 to 10 show the results of the ILSS
tests before and after thermal cycling. The Figures a show
the average absolute values and the scatter range of the
five ILSS tests which were conducted per configuration.
The Figuresb show the changes of the average material
properties compared to the average value of the non-cycled
(reference) specimens.

The average ILSS value of the non-cycled glass-fibre
epoxy specimens (Reference, GEO) was 56.1 MPa with a
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(a)
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Figure 8. Thermally cycled glass-fibre epoxy (FM906)
specimens: (a) absolute values and {b) comparison with the
reference {(hon-cycled) epoxy specimens (cf. Table 1)

scatter of -2 MPa / +1.7 MPa (cf. Figure §). The average
absolute ILSS value of the glass-fibre epoxy specimens
increased by 2.3 % after 4000 cycles (GE1), by 6.9 % after
8000 cycles (GE2) and by 4.7 % after 12000 cycles (GE3)
for a temperature range of -25°C to +95°C. Figure 7a
shows the corresponding temperature profile. Similarly to
this, the average absolute ILSS value of the glass-fibre
epoxy specimens increased after 4000 cycles (GE4) by
2.1 %, after 8000 cycles (GE5) by 4.3 % and after 12000
cycles (GE6) by 4.8% for a temperature range of 0°C
to +120°C. Figure 7b depicts the associated temperature
profile. Hence, the ILSS values of the glass-fibre epoxy
specimens tend to increase slightly due to the thermal
cycling.

The five non-cycled GLARE specimens (Reference,
GLO) showed an average absolute ILSS value of 73.6 MPa
with a scatter of -2.8 MPa / +2.9 MPa (see Figure 9). The
average absolute TLSS value decreased after 4000 cycles
(GL1) by 3.1 % and after 8000 cycles (GL2) by 2.0 %,
but increased after 12000 cycles (GL3) by 4.2% for a
temperature range of -25°C to +95 °C. Consequently, the
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(a)

(b)

Figure 9. Thermally cycled GLARE 5-3/2-0.3 specimens: (a)
absolute values and (b) comparison with the reference
(non-cycled) GLARE 5-4/3-0.3 specimens (cf. Table 1)

average de- and increases of the ILSS values after thermal
cycling with the temperature profile depicted in Figure 7 ¢
almost lie within the scatter range (-3.8 % / +4.0 %) of the
non-cycled (reference) specimen.

Figure 10a shows the average absolute and relative
values of the LSS tests of GLARE 5-2/1-0.3 (No mesh),
heated GLARE 5-2/1-0.3 specimens before (Reference,
HGO0) and after 4000 (HG1), 8000 (HG2) and 12000
(HG3) thermal cycles with the temperature profile depicted
in Figure 7d. The relative values refer to the non-
cycled heated GLARE specimens (Reference). The results
show that the ILSS values of the GLARE 5-2/1-0.3
specimens with and without the heater mesh were similar.
Nevertheless, the GLARE specimen without mesh shows an
1.6 % higher ILSS value. Thermal cycling of the specimens
between —25°C and +95°C increased the scatter and lead
to a reduction of the ILSS values by 5.1 % after 4000 cycles,
by 6.6 % after 8000 cycles and by 7.8 % after 12000 cycles
(see Figure 10b).

Microscopy investigations were conducted to examine
all materials and their interfaces with a focus on the
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(a)

(b)

Figure 10. Thermally cycled heated GLARE 5-2/1-0.3
specimens: (a) absolute values and {b) comparison with the
reference (hon-cycled) heated GLARE 5-2/1-0.3 specimens
(cf. Table 1)

epoxy regions. Figure 11 depicts a section of the sample
GE3 which was exposed to 12000 thermal cycles and a
temperature range of —25°C and +95°C (cf. Table 1). The
image was made using a scanning electron microscope
(SEM) with a magnification of 4000. Neither visually
assessable cracks or voids nor visible changes in the
fibre-epoxy interfaces due to thermal cycling could be
detected. The same results were found when investigating
the GLARE and heated GLARE specimens.

Figure 12 shows optical microscope images with
magnifications of 100 and 400 of two ILSS specimens,
one before (a, ¢, d) and one after the TLSS test (b). Both
specimens were parts from the sample HG3 which was
exposed to 12000 thermal cycles and a temperature range
of -25°C and +95 °C (cf. Table 1). No visually detectable
defects were found after thermal cycling in the epoxy
or in the interfaces between the aluminum (1) and the
neighboring 90° UD-layers (2) and the copper mesh (5).
Furthermore, the ultrasonic C-scan results showed neither
delaminations nor pores before and after thermal cycling.
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Figure 11. Fibre-epoxy interface: SEM image with a
magnification of 4000 of sample GE6

Figure 12 c indicates that zones with no fibres (4) form in
the regions between the embedded heater mesh (5) during
the curing process. As the copper mesh was embedded
between two UD-layers with fibres in the 0 °-direction (3).
Furthermore, Figure 12d shows that the adhesive with
which the copper mesh was treated penetrates the epoxy of
the neighboring UD-layers (3). The number (6) depicts the
embedding resin.

Heat capacity tests were performed to investigate
possible changes in the molecular structure of the cycled
glass-fibre epoxy samples which indicate ageing. The
results are shown in Figure 13 for both the 0°C to 120°C
and the -25 °C to +95 °C temperature range and compared
to the non-cycled reference. Specimens were taken from the
center and include one of the sample surfaces.

The reference specimen shows a steady increase in the
heat flow near the glass transition region. The cycled
specimens show heat flow peaks at higher temperatures in
both cases. This is an indication of ageing of the epoxy
due to the elevated temperatures®! during thermal cycling
(cf. Table 2). No clear correlation is found however between
the amount of cycles and the magnitude and temperature
shift of the heat flow peak. The curves are not completely
smooth either, which is thought to be caused by the
presence of the glass-fibres.

Discussion

The thermal cycling machine

The new trend of developing multifunctional materials with
embedded heater elements rises the challenge of simulating
thermal fatigue on laboratory scale even more. However,
the introduced thermal cycling machine covers the thermal
cycling with adjustable temperature profiles of materials
with and without embedded heater elements.

The introduced thermal cycling machine enables external
heating and external cooling with adjustable temperature
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(b)

(©)

(d)

Figure 12. Optical microscope image of a heated GLARE
ILSS specimen after 12000 cycles (HG3) and a magnification
of 100 of the (a) mechanically non-loaded part and (b)
mechanically loaded part. Details of the copper element from
subfigure (a) with magnifications of (¢) 400 and (d) 1000. The
regions (1) to (6) are explained in the text.
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(a)
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Figure 13. Heat capacity tests of the thermally cycled
glass-fibre epoxy specimens compared to the non-cycled
reference in the temperature range (a) 0 to 120 °C and (b) -25
to +95°C.

profiles (heating and cooling rates) by using Peltier
elements on both sides of the specimen. Thermal
cycling of specimens with heater elements is possible by
resistance heating of the internal (embedded) mesh. The
heating and cooling powers, the maximum and minimum
temperatures and the dwell times (when simulating anti-
icing conditions) for both operational conditions can be
adjusted independently as two power supplies are used
(one for the Peltier elements and one for the embedded
mesh) and the out- and input parameters can be adjusted
separately. Furthermore, using Peltier elements brings the
advantage that no additional liquids are used which might
affect the results’*. To ensure that no moisture from
the surrounding air is taken up at low temperatures, the
specimens could be additionally wrapped in vacuum bags.

The small dimensions of the thermal cycling machine
and its modular design add further flexibility in regard
to temperature profiles and facilitate a wider range of
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applications. For temperature profiles which require lower
minimum or higher maximum temperatures and larger
temperature change rates the thermal cycling machine can
be adapted by positioned it in a climate chamber or by
stacking Peltier elements '***. Furthermore, the specimen
dimensions can be adjusted by adding or removing Peltier
elements and multiple specimens with different (thermal)
load histories can be thermally cycled parallel.

However, measures need to be taken to avoid the
overheating of the thermal cycling machine for too large
heating and cooling powers. The maximum heating and
cooling powers are limited by the amount of heat which can
be transferred (mainly) via the heat sinks to the surrounding
air. Choosing an adequate cooling power and monitoring
the heat sink temperatures to avoid overheating of the
system are essential. As the Peltier elements cool at one side
while they heat at the other side and the Peltier elements are
less effective in cooling as in heating>*.

Due to the fact that the Peltier elements and the heater
element generate temperature differences, (no absolute
temperatures) and the finite specimen thickness (different
temperatures across the thickness), the temperatures in
the specimens have to be monitored at several positions
through the specimen. This is important as different cooling
and heating powers generate more or less inhomogeneous
temperatures through the thickness for materials with
different thermal properties. Monitoring the in-plane
temperature profile of the specimen is essential when using
the heater mesh for internal (local) heating.

An additional future feature of the thermal cycling
machine could be to impose (constant) mechanical stresses
to the specimen during thermal cycling. This feature could
be important as it can simulate the mechanical and thermal
flight conditions. Furthermore, superimposing mechanical
stresses and thermal stresses is likely to change the thermal
fatigue behaviour of the investigated materials. However,
the heating phase using the internal heating is expected to
match the time and power used for aircraft de-icing systems.
The required time to keep it above a certain temperature is
not known in detail as it is affected by the icing conditions
like the air flow velocity, humidity and temperature. In
future research the amount of cycles will be expanded and
the effect of the cycling time will be examined.

Effect of thermal cycling on the material
properties

The typical heating curves and the temperature distributions
of the tested specimens and materials differ. The main
reason for different in-plane temperature distributions is
that the heating was performed externally (glass-epoxy
and GLARE) and internally (heated GLARE). The main
reason for different out-of-plane temperature distributions
are the different boundary conditions, thermal properties
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and thicknesses of the tested materials. As the electrical
power for operating the Peltier elements was similar for
all specimens, but the temperature differences of the
surrounding air and the minimum specimen temperatures
differed. Furthermore, the thermal material properties of
the glass-fibre epoxy samples and the GLARE samples
differ significantly '°. The heat capacity of aluminium. is
considerably higher than the heat capacity of the glass-fibre
epoxy The same statement can be made for the thermal
conductivity. Thus, the heat is transferred faster and spread
more evenly through the aluminium layers but it needs more
heat to reach the same temperature compared to e. g. a glass-
fibre epoxy sample.

Test results after thermal cycling showed that the material
properties were affected by thermal cycling. The increased
ILSS values of the thermally cycled specimens (see
Figure 8 and 9) can be explained by ageing which was
indicated by the heat capacity tests shown in Figure 13.
The heat flow peaks are endothermic peaks and occur
in the glass transition regions. These local heat flow
peaks and the increased curves indicate ageing due to
thermal cycling”'. The thermally cycled specimens were
exposed to elevated temperatures for several hours (see
Table 2). Aged epoxy specimens show increased stiffness
and strength values. However, the microstructure changes
and the ductility decreases. Furthermore, no changes of the
physical properties could be detected using an ultrasonic C-
scan machine of microscopic imaging.

The decrease of the ILSS values of heated GLARE
due to thermal cycling (see Figure 10) is expected to
result from the relatively high local stresses introduced by
the heater elements during the internal heating phase”’.
The local stresses are a consequence of the different
temperature expansion coefficients and the locally high
heating rates at the heater element. Especially in the
beginning of the heating cycle, the temperature increase
rates are high (cf. Figure 7d) and thus cause significant
temperatures differences of the heater element and the
surrounding material. Furthermore, those high local thermal
stresses arise at times when thermal residual stresses from
manufacturing are highest due to the lowest temperatures.
One idea to decrease these thermal stress peaks, is to reduce
the heating power at the beginning of each heating phase.

Conclusions

The designed and built thermal cycling setup is unique in its
kind and capable of performing different types of thermal
cyclic testing. The setup has been used to thermally cycle
samples with (internal heating and external cooling) and
without (external heating and external cooling) integrated
heater elements. Thermal cycling times of 60 s to 90 s
for temperature ranges of 120 °C were achieved for glass-
epoxy composite and (heated) GLARE samples.
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Test results after thermal cycling showed that the
ILSS values slightly increased after 12000 cycles for
the externally heated and cooled glass-epoxy composite
and GLARE samples. However, the internally heated
and externally cooled heated GLARE samples showed a
constant decrease of the ILSS with an increasing number of
cycles (-7.8 % after 12000 cycles). Furthermore, embedding
the heater mesh in GLARE reduces the ILSS about 1.6 %.

The changes of the ILSS values are likely to result
from changes in the microstructure. As microscopic
investigations and ultrasonic C-scan results after thermal
cycling showed no changes in the physical structure such as
cracks or delaminations. Furthermore, heat capacity tests of
the glass-fibre epoxy composite samples revealed slightly
higher heat flow peaks for increasing numbers of cycles.
This indicates ageing of the epoxy due to thermal cycling.
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