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ABSTRACT 

The development of fiber metal laminates to multi-functional materials by embedding heater 
elements in the laminate extends their field of application. Fiber metal laminates with embedded heater 
elements are likely to be used for the de- and anti-icing of leading edges in aircraft as they combine 
structural and heating functions. Hence, those heated fiber metal laminates are exposed to frequent 
temperature changes when the de- or anti-icing devices are switched on. In order to examine the 
possible effects of thermal fatigue loading on the material characteristics, a thermal cycling setup was 
developed. The experimental setup has the ability to perform thermal cycling tests of materials with 
and without embedded heater elements. For structural materials, the thermal cycling setup provides 
external cooling and external heating using Peltier elements. For multi-functional materials (materials 
with embedded heater elements), the experimental setup enables thermal cycling tests by providing 
external cooling using Peltier elements and internal heating using the embedded heater mesh. The 
multi-functional material which is thermal cycled in this study is heated GLARE (Glass Laminate 
Aluminum Reinforced Epoxy). The temperatures recorded by thermo couples at different specimen 
positions are presented. The thermal cycle times were about 62 s for temperature cycles from 0°C to 
60°C and 2 mm thick heated GLARE specimens. Similar thermal cycling times can be reached for 
both external cooling and heating and external cooling and internal heating. However, the use of 
Peltier elements to heat the specimens outer surfaces (external heating) leads to more homogeneous 
temperature distributions than when using the embedded heater elements as internal heating. The 
presented experimental setup can be adapted to different specimen dimensions, enables thermal 
cycling of multiple specimens of the same material, and is applicable for different temperature ranges 
and heating or cooling rates. 
 
1 INTRODUCTION 

Testing thermal fatigue, i.e. exposing materials and structures to frequent temperature changes, has 
been a research topic for decades [5,8]. The research focused on the effects of thermal cycling on the 
material characteristics and on the structural integrity of components [15]. Thermal cycling tests with 
different heating and cooling methods, for different heating and cooling rates and different dwelling 
times were developed [9,19].  

Besides from structural materials which are used e.g. in aircraft [5,7], thermal fatigue is also an 
issue in materials for dental care [9] and electronic parts [19]. The alternating thermal loading of 
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materials used for dental care and the combination (by bonding) of different materials combined with 
safety issues result in high demands on the material [25] and adhesive properties [12]. In the case of 
electronic parts, the investigation of thermal fatigue on the local (material) and the global (component) 
level is relevant [21]. The change of material characteristics is likely to change both the structural 
integrity and performance of (electronic) parts. 

Advances in the development of multi-functional materials which are likely to be used for the de- 
and anti-icing of leading edges in aircraft combine structural and heating functions [3,7,16]. Either 
heater elements are embedded in the prepreg layers of fiber metal laminates (FMLs) or electrically 
conductive fibers are heated using electrical power in fiber reinforced polymers. This study focuses on 
the first solution. Figure 1 shows the multi-functional fiber metal laminate heated GLARE which is 
investigated in this study. GLARE is the acronym of GLAss fiber REinforced Aluminium laminate 
and is composed of alternating layers of Aluminium and S-2 fiber glass prepregs [23,27,28,29]. 
Heated GLARE is a fiber metal laminate material in which a copper mesh is embedded between the 
unidirectional (UD) prepreg layers [7]. To enhance the de- and anti-icing capabilities (heating) of 
leading edges, the copper mesh is positioned in the UD layers between the outer two Aluminium 
layers in the heated GLARE laminate. Moreover, numerous studies were conducted which studied the 
material characteristics of GLARE including fatigue and damage tolerance issues [2], thermal material 
properties [10] and the thermal diffusion [17]. 

 

  

Figure 1: Heated GLARE 5-4/3-0.3 laminate 

The development of multi-functional materials used for the de- and anti-icing of leading edges in 
aircraft [7] encourages the development and design of experimental setups which are reliable 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). Thus, an experimental setup to investigate both 
thermal loading conditions is required. 

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. The multi-functional material which is thermal cycled in this 
study is heated GLARE (see Figure 1). In order to simulate flight conditions for multi-functional 
materials, the experimental setup can be adopted to provide constant external cooling using the Peltier 
elements and frequent internal heating using the embedded heater elements. 

 
2 DEFINITION OF THERMAL FATIGUE TESTS FOR HEATED GLARE 

2.1 Requirements and considerations 

This study focuses on the design of thermal fatigue tests to simulate flight conditions of leading 
edges made of heated GLARE. Heated GLARE is likely to be used in the leading edges of aircraft for 
structural and de-/ anti-icing functions. Thus, the test setup needs to be designed to cover the thermal 
loading during the ascents and descents of aircrafts and due to the (local) heating of the leading edges 
using the embedded heater mesh. However, the simulation of the (local) thermal loading of heated 
leading edges made of heated GLARE are the main focus of this study. 
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Furthermore, the specimen dimensions should be large enough to allow for extensive destructive 
and non-destructive tests of the material characteristics of all components of heated GLARE and the 
structural integrity of the whole laminate before and after thermal cycling.  

 
2.2 Thermal loading conditions 

The thermal loading of heated GLARE can be divided in three major loading conditions. Figure 2 
summarises the thermal loading conditions of heated GLARE. The first major thermal loading of 
heated GLARE happens during the manufacturing process in the autoclave at temperatures of 180°C 
and at a pressure of 6 bar. This first thermal loading, from the curing temperature down to room 
temperature, leads to thermal residual stresses [1,11]. Hence, heated GLARE has a thermal loading 
history before getting into service in aircraft structures. The second major thermal load is the thermal 
cycling due to flight conditions of the whole aircraft, i.e. once per flight within a temperature range of 
-55°C to 80°C [10]. The third major loading of heated GLARE is the thermal cycling due to de- and 
anti-icing of the heated leading edges by means of the embedded heater elements, i.e. up to several 
times per flight for temperature ranges of presumably -20°C to 80°C [6,16].  

Figure 2 highlights the combination of mechanical (residual stresses and stresses due to flight 
conditions) and thermal loading during flight conditions. Furthermore, Figure 2 incorporates the 
temperature range of icing conditions and temperatures limits which might affect the material 
properties of heated GLARE. The mapped temperatures are the curing and service temperatures of the 
prepreg material, the temperature range where aging might affect the Aluminium and the temperatures 
where the properties of the Aluminium layers change considerably due to the moderately high 
temperatures [24,26].  

 

 

Figure 2: Thermal loading conditions. 
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2.3 Specimen design  

The design parameters for the specimen dimensions and layup are given by the material (heated 
GLARE), the manufacturing process, the test setup, the kind of coupon tests for examining the 
possible changes of the material characteristics and the practical application (leading edges). The 
specimen dimensions in this study are 100 x 100 mm. Figure 3 depicts the specimen dimensions and 
the position of the embedded copper mesh used for the internal heating. The positions of the embedded 
thermo couples for the temperature measurements are also indicated. 

The specimens’ layup used in this study is heated GLARE 5-4/3-0.3, i.e. four layers of Aluminium 
with 0.3 mm thickness which are bonded together by glass prepreg layers [0/90/90/0], in which the 
heater elements are embedded in the central composite layer (cf. Figure 1). This leads to a total 
laminate thickness of approximately 2 mm.  

The heater elements are positioned in the center plane of the laminate (see Figure 1). This position 
is advantageous due to two major reasons. Firstly, this position of the copper mesh in the center plane 
leads to symmetrical specimen layup. Thus, the internal thermal loading is symmetric in respect to the 
thickness direction and warping of the specimens due to unsymmetrical thermal loading conditions is 
reduced to a minimum. Secondly, since interlaminar shear strength tests (ILSS) will be used in a 
further study to quantitatively assess the material degradation [4] where the maximum shear stresses 
are expected to occur in the center plane [14]. Thus, the possible effects of both the heater element and 
thermal fatigue in the vicinity of the heater elements are examined. Furthermore, the laminate 
thickness of 2 mm fulfils the thickness requirements of ILSS tests. 

 

  

Figure 3: Heated GLARE 5-4/3-0.3 specimen dimensions including the positions of two embedded 
thermo couples in the center plane (plane where the heater mesh is embedded, cf. Figure 1) 

2.4 Experimental setup 

The experimental setup is designed to perform thermal fatigue tests for structural materials and 
multi-functional materials, i.e. for materials which combine structural and heating functions. When 
testing purely structural materials, e.g. GLARE, the experimental setup provides both external cooling 
and external heating using Peltier elements. The Peltier elements cool and heat the external surfaces of 
the specimen. For thermal cycling multi-functional materials (e.g. heated GLARE), the experimental 
setup provides external cooling and internal heating using the embedded heater elements. 
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Figure 4 depicts the experimental setup used in this study. The experimental setup consists of one 
computer, two power supplies, one relay, (embedded) thermo couples, Peltier elements, heat 
conductive pillows and four heat sinks with attached ventilators. Peltier elements have two sides which 
when provided with electrical power, one side is cooled (cold side) and the opposite side is heated (hot 
side) [30]. The cold and the hot side switch positions if the direction of the electrical current (DC) 
changes. The computer is used to control the power supplies and the relays through the software 
LabView [13]. The two power supplies and the relay are used to provide the Peltier elements and the 
embedded heater element with electrical power. The heat sinks and ventilators are used to dissipate the 
heat produced at the hot side of the Peltier elements when cooling the specimen. Thermo couples are 
embedded in the specimens and applied on the surface of the specimens and heat sinks to monitor and 
control the temperature during the thermal cycling tests.  

 

       

                 (a)                                                                      (b)    

Figure 4: Experimental setup (a) disabled and (b) during testing. 

The main reasons to use Peltier elements are that they can provide both cooling and heating and 
provide the opportunity to control the heating and cooling power separately, i.e. the temperature 
increase rates. Furthermore, the use of Peltier elements enables to adopt the setup to different 
specimen dimensions and temperature ranges by changing the number of Peltier elements. If larger 
temperature ranges or faster temperature change rates are required, the Peltier elements can be stacked, 
i.e. mounted in two or more layers. Furthermore, no additional liquids (e.g. cooling liquids with direct 
specimen contact) are needed which might affect the moisture content of specimens. 

The heat conductive pillows were applied on both sides of the specimen to improve the heat 
conduction between the Peltier elements and the specimen. The heat conductive pillows consist of a 
thin layer of heat conductive paste wrapped in a thin heat resistant foil. The heat conductive pillows 
are used to close possible air gaps between the Peltier elements and the specimens. The disadvantage 
of using these pillows is that the heat conduction might be slightly lower when compared to the direct 
application of the heat conducting paste on the specimen. However, the clean test environment which 
is guaranteed by the heat conductive pillows and the exclusion of possible reactions of the specimen 
surfaces with the heat conducting paste weight against the slightly less heat conduction. 

In the case of external cooling and heating, the Peltier elements are used for both heating and 
cooling (cf. Figure 4). Hence, only one power supply is needed. In order to enable external heating and 
cooling, the direction of the current is changed using the relay which is controlled by the computer, i.e. 
the measured temperatures of the thermo couples.  

In the case of the external cooling and internal heating, the Peltier elements are used for cooling 
and the embedded (internal) mesh is used for heating (cf. Figures 3). The cooling and heating are 
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performed with two different power supplies; both are controlled by the computer using the 
temperatures measured by the thermo couples. In the case of internal heating and external cooling two 
different thermal cycling configurations are possible. One configuration is to heat the specimen to a 
certain temperature, switch the heating off and activate the cooling until the minimal temperature is 
reached and the heating is switched on again. The other configuration is to keep the cooling switched 
on during the whole experiment (constant cooling) and switch the heater mesh frequently on and off. 
The maximum temperature when the heating is switched off is again controlled by embedded thermo 
couples. For this configuration the inhomogeneity of the temperature distribution through the 
specimen (thickness) is expected to be the highest. This is due to the low temperatures at the outer 
specimen surfaces (external cooling continuously switched on) and the higher temperatures in the 
inside of the specimen (internal heating switched on). However, this configuration simulates the flight 
conditions to the highest degree and is expected to be one of the worst case scenarios in respect to the 
temperature distribution. 

3 EXPERIMENTAL RESULTS: TEMPERATURES DURING THERMAL CYCLING 

As a trial for future thermal cycling experiments, a heated GLARE specimen was exposed to 
thermal cyclic loading of a maximum of 20 cycles. The temperatures were recorded using thermo 
couples (see Figure 3). Two sets of thermal cycling experiments were performed. In the first set 
external cooling and external heating and in the second set external cooling and internal heating were 
used for the thermal cycling experiments. The minimum temperature was defined as 0°C and the 
maximum temperature as 60°C. The room temperature was between 24°C and 25°C. The experiments 
were conducted using one layer of Peltier elements at each side of the specimen, i.e. four Peltier 
elements at each side of the specimen. 

For the temperature control, thermo couples were used. Figure 3 depicts the position of the two 
thermo couples of which the temperature records are presented in this study. The thermal cycles 
started with the heating phase. If one of the thermo couples reached the maximum temperature of 
60°C the heating was switched off and the cooling was switched on. The cooling was stopped if one of 
the thermo couples reached the minimum temperature of 0°C and the heating was switched on again. 

3.1 Thermal cycling of GLARE 

The cooling and the heating of the (heated) Glare specimen were performed using exclusively the 
Peltier elements, i.e. external cooling and external heating. The electrical power of the Peltier elements 
for cooling and heating was controlled by defining maximum values for the Amperage. The Amperage 
for the heating cycles was kept constant and equal to 10 A (H10A). This heating profile was combined 
with three different amperage for cooling power: 8 A, 10 A and 15 A. This resulted into three different 
amperage profiles: Heating 10 A and cooling 8 A (C8A), heating 10 A and cooling 10 A (C10A) and 
finally heating 10 A and cooling 15 A (C15A). 

Figure 5 shows the temperatures measured by the thermo couple TC1 (Figure 5 a, b and d) and by 
the thermocouple applied to heat sink (Figure 5 c). The embedded thermo couple TC1 was one of the 
thermo couples used to control the maximum and minimum temperatures, i.e. the power supplies. 
Constant cycle times were reached for cooling powers of 8 A and 10 A (see Figure 5 a). The generated 
heat at the hot sides of the Peltier elements during the cooling cycles could be dissipated at maximum 
heat sink temperatures of approximately 32°C and 34°C, respectively (cf. Figure 5 c). On the contrary, 
for a cooling power of 15 A, the heat sink temperatures increased further with every cooling cycle. As 
the amount of heat which is generated at the hot side of the Peltier elements increases with the 
electrical power. For a cooling power of 15 A the generated heat exceeded the amount of heat which 
could be dissipated by the heat sinks in the current setup. Due to the increased heat sink temperatures 
the cooling times increased and more heat was generated (cf. Figure 5 b). Hence, the tests were 
stopped at the fifth thermal cycle. 

Similar heating and cooling rates were achieved between the different amperage profiles H10A 
C8A and H10A C10A, respectively within temperatures from 25°C to 60°C (cf. Figure 5 d). The 
different cooling rates resulted in maximum measured temperature differences through the thickness 
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(out-of-plane) of up to 4°C, 6°C and 10°C for H10A C8A, H10A C10A and H10A C15A. However, 
the cooling rate for temperatures below 25°C was considerably lower since the temperature rate 
changes its behaviour from approximately linear to non-linear. This non-linear behaviour results from 
the increasing temperature differences at the hot and cold sides of the Peltier elements [30]. 

 

    

(a)                                                                             (b)     

    

(c)                                                                              (d)     

Figure 5: Temperatures during the thermal cycling (external cooling and heating) of the heated 
GLARE 5-4/3-0.3 specimen at (a, b, d) the embedded thermo couple TC1 and (c) the thermo coupled 

applied to the heat sink 

3.2 Thermal cycling of heated GLARE 

For this second experiment, the cooling of the specimen, which is shown in Figure 3, was 
performed using the Peltier elements at the external surfaces and the heating was performed using the 
embedded (internal) heater mesh. Thus, external cooling and internal heating were used for the 
thermal cycling experiments. Similarly to section 3.1, the cooling power was varied and the heating 
power was kept constant. The heating power was chosen with 24 A (H24A) in order to get comparable 
thermal cycling times as for the thermal cycling tests using external cooling and external heating. 

Figures 6 a and b show the temperatures of the thermo couples TC1 and TC2, respectively during 
the thermal cycling tests using cooling powers (Peltier elements) of 8 A (C8A), 10 A (C10A) and 15 A 
(C15A). Similar to the thermal cycling tests from section 3.1 (external cooling and heating), the heat 
sink temperatures during thermal cycling with external cooling and internal heating did not exceed 
34°C for cooling powers of 8 A and 10 A. However, the heat sink temperatures increased for a cooling 
power of 15 A when using external cooling and internal heating. As for higher cooling powers, the 
amount of heat which is generated at the hot side of the Peltier elements increases and exceeds the 
amount of heat which can be dissipated through the heat sinks in the current setup. Therefore, the 
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experiment for the configuration H24A C15A was stopped after 9 cycles.  
Furthermore, Figure 6 shows that the temperature magnitudes vary through the specimen, since the 

temperatures measured by the two thermocouples differ significantly. As the two thermo couples TC1 
and TC2 are embedded at different positions in the specimen (cf. Figure 3). It can be seen that the 
minimum temperatures of the configurations H24A C8A and H24A C10A were similar for both 
thermo couples as the cooling was performed using the Peltier elements, i.e. from outside and 
throughout the whole two outer surfaces. On the contrary, the maximum temperatures of the two 
graphs from the thermo couples at different positions differ about 25°C. The different maximum 
temperatures result from the internal heating using the embedded mesh. The maximum temperatures 
in-plane vary as a function of the distance from the embedded heater elements.  

The maximum measured temperature differences through the thickness (out-of-plane) were up to 
4°C, 6°C and 10°C for H24A C8A, H24A C10A and H24A C15A. Thus, the temperature distribution 
through and across the specimen is inhomogeneous for external cooling and internal heating. 
Furthermore, heating the specimens using the embedded (internal) and non-homogeneously distributed 
heater mesh causes edge effects, i.e. the temperatures at the specimen edges are lower than the 
temperatures in the specimen center. 

 

   

(a)                                                                              (b)     

Figure 6: Temperatures during the thermal cycling (external cooling and internal heating) of the heated 
GLARE 5-4/3-0.3 specimen at the embedded thermo couples (a) TC1 and (b) TC2 

4 DISCUSSION 

The specimen size is easily adoptable due to the modular experimental setup. The specimen size 
and the shape can be adopted by adding or removing Peltier elements. Furthermore, the variation of 
the number of Peltier elements enables the parallel testing of multiple specimens with the same 
thickness but different (thermal) load histories. This means that e.g. specimens with no significant 
(thermal) load history after the curing process can be thermal cycled parallel with aged samples or 
samples which had already been exposed to severe thermal cycling. 

If future test specification for thermal fatigue tests require lower (minimal) temperatures or higher 
temperature change rates, two basic options are proposed. The first option is to install the experimental 
setup in a climate chamber with temperatures below zero. Hence, the colder ambient temperatures in 
cooled climate chambers allow for lower temperatures and higher cooling rates at the cold side of the 
Peltier elements [30]. The second option for increasing the temperature ranges and changing the 
temperature change rate is to stack the Peltier elements, i.e. to use two or more layers of Peltier 
elements. The stacking of Peltier elements decreases the effectiveness of each Peltier Element, but 
allows for larger temperature differences. 

As no liquids are used for heating and cooling, the moisture content of the specimens is not 
affected by the heating and cooling devices themselves (no direct contact with e.g. a cooling liquid). 
However, if the moisture content of the specimen has to be kept constant or is in the focus of the 
examinations, the specimens can be sealed in waterproof plastic bags. Thus, water droplets due the 
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possible condensation of the humidity in the ambient air during the cooling phase do not affect the 
moisture content of the specimen. 

Peltier elements have a cold and a hot side. During the cooling phase of the specimens, the cold 
sides of the Peltier elements are at the specimen surfaces and the hot sides are at the heat sinks. If the 
cooling power is chosen (too) high in respect to the heat sinks, the heat sinks heat up. The higher heat 
sink temperatures increase the time needed for cooling the specimens to the required minimum 
temperatures. If the heat sink temperatures increase during each thermal cycle further, the thermal 
cycling times (increase of cooling times) increase continuously. The longer cooling times cause a 
further temperature increase of the heat sinks and result in an unstable thermal cycling process. Thus, 
the amount of heat which can be transferred from the heat sinks to the air regulates the maximum 
cooling power. The heat transfer, i.e. the maximum cooling power, can be increase by using larger 
heat sinks, lower ambient air temperatures or the stacking of Peltier elements. 

High temperature change rates cause a more inhomogeneous temperature distribution in the 
thickness direction of the specimen. Thus, for high heating and cooling powers the temperature should 
at least be controlled at two positions, one in the center plane and one close to the specimen surfaces. 
In the case of high temperature increase rates the temperature differences between the center plane and 
the specimen surfaces might be considerably high which leads to a non-uniform temperature 
distribution through the thickness. On the one hand it is likely that regions close to the heated surfaces 
(areas) are overheated or undercooled if the temperature is only controlled at one position in the center 
plane. On the other hand, if the temperature is only controlled close the heated or cooled surfaces 
(areas), the regions farther away from the heated or cooled regions (areas) might not reach the required 
temperatures. Thus, the number and position of (embedded) thermo couples which control the heating 
and cooling power are important design considerations. 

Moreover, the (overall) exposure times to the maximum and minimum temperatures of the 
specimen surfaces and the layers close to the center plane differ. Thus, in case of (too) high 
temperature change rates the possible (aging) effects on the material characteristics are likely to be a 
function of the layer position in respect to the thickness. Aging effects might result from the 
accumulation of times where the specimens are exposed to moderate temperatures [20,22,26]. Lower 
temperature change rates or dwelling times with less power when the maximum or minimum 
temperatures are reached are proposed solutions to reach the required temperatures through the 
thickness without overheating or undercooling the surface areas of the specimens. 

Another important issue for thermal fatigue tests is the awareness of the initial specimen 
conditions, i.e. the storage conditions (moisture content), defects, pre-treatments and (thermal) loading 
histories of the specimen, e.g. when using (heated) FMLs which were manufactured by curing in the 
autoclave. As the different temperature gradients of laminated materials, e.g. for the aluminium, the 
UD layers and the embedded mesh in heated GLARE, lead to thermal residual stresses [1]. 
Furthermore, the exposure of specimens to moderate temperatures might lead to aging affects, i.e. 
changes in the microstructure of the materials. If the specimens are pre-deformed, e.g. due to forming 
processes [29], mechanical residual stresses superimpose with thermal residual stresses and should be 
consider when evaluating the test results.  

 
5 CONCLUSIONS 

The experimental setup which was presented in this study enables different options for heating and 
cooling multi-functional materials (e.g. heated GLARE) using Peltier elements and embedded heater 
elements. One option is to provide external cooling and external heating using Peltier elements for 
both heating and cooling. The other option is to provide external cooling using Peltier elements and 
internal heating using the embedded heater meshes in e.g. heated GLARE. 

The thermal cycling tests presented in this study showed that thermal cycle times of about 62 s for 
heated GLARE 5-4/3-0.3 and a temperature range from 0°C to 60°C specimens can be reached. The 
temperature distributions are more homogeneous when external cooling and external heating is 
provided using the Peltier elements. In the case of internal heating of the specimens using the s-shaped 
embedded mesh, the temperature distribution is less homogenous as the heater element acts as a local 
heat source and does not heat the whole surface as e.g. Peltier elements do. Thus, the temperature 
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needs to be measured at different positions through the thickness and at different distances from the 
heater mesh in order to avoid the overheating areas close to the heater mesh and to reach the required 
temperatures across the whole specimen. 

Advantages of this experimental setup are the independent control of the heating and cooling 
power, i.e. temperature change rates, and the option to provide constant external cooling and at the 
same time provide internal heating using the embedded heater mesh. Furthermore, the experimental 
setup is adoptable to different specimen dimensions, enables thermal cycling of multiple specimens of 
the same material, allows for different temperature ranges and temperature change rates. Different 
temperature ranges and temperature change rates can be reached by stacking Peltier elements or by 
placing the experimental setup in a climate chamber with lower temperatures. 
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