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ABSTRACT

The development of fiber metal laminates to multidtional materials by embedding heater
elements in the laminate extends their field ofliapfion. Fiber metal laminates with embedded heate
elements are likely to be used for the de- andiaimg of leading edges in aircraft as they combine
structural and heating functions. Hence, thoseddetiber metal laminates are exposed to frequent
temperature changes when the de- or anti-icingcdsvare switched on. In order to examine the
possible effects of thermal fatigue loading on ttireterial characteristics, a thermal cycling setag w
developed. The experimental setup has the abdifyerform thermal cycling tests of materials with
and without embedded heater elements. For strdataterials, the thermal cycling setup provides
external cooling and external heating using Pettiements. For multi-functional materials (material
with embedded heater elements), the experimentap snables thermal cycling tests by providing
external cooling using Peltier elements and infehsating using the embedded heater mesh. The
multi-functional material which is thermal cycled this study is heated GLARE (Glass Laminate
Aluminum Reinforced Epoxy). The temperatures reedrldy thermo couples at different specimen
positions are presented. The thermal cycle timeg wbout 62 s for temperature cycles frot@ @o
60°C and 2 mm thick heated GLARE specimens. Similarrttal cycling times can be reached for
both external cooling and heating and externalingoand internal heating. However, the use of
Peltier elements to heat the specimens outer sgf@external heating) leads to more homogeneous
temperature distributions than when using the endbadcheater elements as internal heating. The
presented experimental setup can be adapted terafitf specimen dimensions, enables thermal
cycling of multiple specimens of the same materal] is applicable for different temperature ranges
and heating or cooling rates.

1 INTRODUCTION

Testing thermal fatigue, i.e. exposing materiald stnuctures to frequent temperature changes, has
been a research topic for decades [5,8]. The rdsdacused on the effects of thermal cycling on the
material characteristics and on the structurakiite of components [15]. Thermal cycling teststwit
different heating and cooling methods, for diffdreeating and cooling rates and different dwelling
times were developed [9,19].

Besides from structural materials which are used ie. aircraft [5,7], thermal fatigue is also an
issue in materials for dental care [9] and eledtrgrarts [19]. The alternating thermal loading of
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materials used for dental care and the combingbgrbonding) of different materials combined with
safety issues result in high demands on the maf{@6hand adhesive properties [12]. In the case of
electronic parts, the investigation of thermaldaé on the local (material) and the global (comptine
level is relevant [21]. The change of material elcteristics is likely to change both the structural
integrity and performance of (electronic) parts.

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

heater element

aluminum layer NA
UD layers (0/90/90/0) E
aluminum layer NN
UD layers (0/90/90/0) )

aluminum layer
UD layers (0/90/90/0)
aluminum layer

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

The development of multi-functional materials u$edthe de- and anti-icing of leading edges in
aircraft [7] encourages the development and desfgaxperimental setups which are reliable and
capable to simulate flight conditions. The therdmading conditions of heated FMLs due to flight
conditions can be divided into thermal cycling doethe ascent and descent of aircraft (external
cooling and heating) and thermal cycling due tedlp heating of the leading edges by de- and anti-
icing measures (external cooling and internal ngitiThus, an experimental setup to investigata bot
thermal loading conditions is required.

The novelty of the thermal cycling setup introdudedhis article is the ability to perform thermal
cycling of materials with and without embedded bealements. For structural materials the thermal
cycling setup provides external cooling and extelneating. For multi-functional materials (matesial
with embedded heater elements), the experimentap snables thermal cycling tests by providing
external cooling and internal heating. The multidtional material which is thermal cycled in this
study is heated GLARE (see Figure 1). In orderitoukate flight conditions for multi-functional
materials, the experimental setup can be adoptpdotade constant external cooling using the Peltie
elements and frequent internal heating using thieeelshed heater elements.

2 DEFINITION OF THERMAL FATIGUE TESTSFOR HEATED GLARE
2.1 Requirementsand considerations

This study focuses on the design of thermal fatigasts to simulate flight conditions of leading
edges made of heated GLARE. Heated GLARE is likelge used in the leading edges of aircraft for
structural and de-/ anti-icing functions. Thus, test setup needs to be designed to cover the gherm
loading during the ascents and descents of aiscaafl due to the (local) heating of the leadingesdg
using the embedded heater mesh. However, the diowlaf the (local) thermal loading of heated
leading edges made of heated GLARE are the mausfotthis study.
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Furthermore, the specimen dimensions should be lanpugh to allow for extensive destructive
and non-destructive tests of the material charnsties of all components of heated GLARE and the
structural integrity of the whole laminate beforelafter thermal cycling.

2.2 Thermal loading conditions

The thermal loading of heated GLARE can be divigtethree major loading conditions. Figure 2
summarises the thermal loading conditions of he&eARE. The first major thermal loading of
heated GLARE happens during the manufacturing gaethe autoclave at temperatures of°C80
and at a pressure of 6 bar. This first thermal ilmadfrom the curing temperature down to room
temperature, leads to thermal residual stresséd][lHence, heated GLARE has a thermal loading
history before getting into service in aircraftustiures. The second major thermal load is the takerm
cycling due to flight conditions of the whole aat; i.e. once per flight within a temperature rarmg
-55°C to 80 C [10]. The third major loading of heated GLAREtl® thermal cycling due to de- and
anti-icing of the heated leading edges by meanthefembedded heater elements, i.e. up to several
times per flight for temperature ranges of presuypn29°C to 80C [6,16].

Figure 2 highlights the combination of mechanigasidual stresses and stresses due to flight
conditions) and thermal loading during flight caimlis. Furthermore, Figure 2 incorporates the
temperature range of icing conditions and tempeeatdimits which might affect the material
properties of heated GLARE. The mapped temperaaneshe curing and service temperatures of the
prepreg material, the temperature range where agight affect the Aluminium and the temperatures
where the properties of the Aluminium layers chamgasiderably due to the moderately high
temperatures [24,26].
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Figure 2: Thermal loading conditions.
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2.3 Specimen design

The design parameters for the specimen dimensioddagyup are given by the material (heated
GLARE), the manufacturing process, the test sethe, kind of coupon tests for examining the
possible changes of the material characteristick tae practical application (leading edges). The
specimen dimensions in this study are 100 x 100 Rigure 3 depicts the specimen dimensions and
the position of the embedded copper mesh usethdédnternal heating. The positions of the embedded
thermo couples for the temperature measurementdsréndicated.

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

The heater elements are positioned in the centeiepdf the laminate (see Figure 1). This position
is advantageous due to two major reasons. Fitsily position of the copper mesh in the centerglan
leads to symmetrical specimen layup. Thus, thenatehermal loading is symmetric in respect to the
thickness direction and warping of the specimerestduunsymmetrical thermal loading conditions is
reduced to a minimum. Secondly, since interlamistagar strength tests (ILSS) will be used in a
further study to quantitatively assess the matelégjradation [4] where the maximum shear stresses
are expected to occur in the center plane [14]sTthe possible effects of both the heater elelameadt
thermal fatigue in the vicinity of the heater elense are examined. Furthermore, the laminate
thickness of 2 mm fulfils the thickness requirensesitILSS tests.

High strength heated GLARE 5-4/3-0,4
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Figure 3: Heated GLARE 5-4/3-0.3 specimen dimerssiooluding the positions of two embedded
thermo couples in the center plane (plane wherbehager mesh is embedded, cf. Figure 1)

2.4 Experimental setup

The experimental setup is designed to perform thkfatigue tests for structural materials and
multi-functional materials, i.e. for materials whicombine structural and heating functions. When
testing purely structural materials, e.g. GLARE #xperimental setup provides both external cooling
and external heating using Peltier elements. ThigePelements cool and heat the external surfates
the specimen. For thermal cycling multi-functionaéterials (e.g. heated GLARE), the experimental
setup provides external cooling and internal hegatising the embedded heater elements.
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Figure 4 depicts the experimental setup used mdhidy. The experimental setup consists of one
computer, two power supplies, one relay, (embeddedymo couples, Peltier elements, heat
conductive pillows and four heat sinks with attathentilators. Peltier elements have two sides lwhic
when provided with electrical power, one side isled (cold side) and the opposite side is heatet (h
side) [30]. The cold and the hot side switch poassi if the direction of the electrical current (DC)
changes. The computer is used to control the paupplies and the relays through the software
LabView [13]. The two power supplies and the redag used to provide the Peltier elements and the
embedded heater element with electrical power.Hga sinks and ventilators are used to dissipate th
heat produced at the hot side of the Peltier elésnghen cooling the specimen. Thermo couples are
embedded in the specimens and applied on the suwfabe specimens and heat sinks to monitor and
control the temperature during the thermal cyctiagjs.

@ ... Power supply 1
@) ... Power supply 2
® ... Thermo couples
@l (@ ... GLARE Specimen
(®) ... Peltier elements
® ... Heat conductive pillow
@

... Heat sinks with ventilators

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

The main reasons to use Peltier elements are hbgtdan provide both cooling and heating and
provide the opportunity to control the heating ambling power separately, i.e. the temperature
increase rates. Furthermore, the use of Peltianesies enables to adopt the setup to different
specimen dimensions and temperature ranges by idlgatice humber of Peltier elements. If larger
temperature ranges or faster temperature charggast required, the Peltier elements can be stacke
i.e. mounted in two or more layers. Furthermoreadditional liquids (e.g. cooling liquids with date
specimen contact) are needed which might affectibisture content of specimens.

The heat conductive pillows were applied on botitesiof the specimen to improve the heat
conduction between the Peltier elements and theirapa. The heat conductive pillows consist of a
thin layer of heat conductive paste wrapped ini@ lieat resistant foil. The heat conductive pillows
are used to close possible air gaps between thierRdbements and the specimens. The disadvantage
of using these pillows is that the heat conductioght be slightly lower when compared to the direct
application of the heat conducting paste on theispgn. However, the clean test environment which
is guaranteed by the heat conductive pillows amedettclusion of possible reactions of the specimen
surfaces with the heat conducting paste weightnagéhe slightly less heat conduction.

In the case of external cooling and heating, thiéidPeslements are used for both heating and
cooling (cf. Figure 4). Hence, only one power sypplneeded. In order to enable external heatilg an
cooling, the direction of the current is changeidgishe relay which is controlled by the computer,
the measured temperatures of the thermo couples.

In the case of the external cooling and internalting, the Peltier elements are used for cooling
and the embedded (internal) mesh is used for le#étiihh Figures 3). The cooling and heating are
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performed with two different power supplies; bothe acontrolled by the computer using the
temperatures measured by the thermo couples. loathee of internal heating and external cooling two
different thermal cycling configurations are possitDne configuration is to heat the specimen to a
certain temperature, switch the heating off andvaiet the cooling until the minimal temperature is
reached and the heating is switched on again. Tier configuration is to keep the cooling switched
on during the whole experiment (constant cooling) awitch the heater mesh frequently on and off.
The maximum temperature when the heating is swit@fkis again controlled by embedded thermo
couples. For this configuration the inhomogeneify tioe temperature distribution through the
specimen (thickness) is expected to be the highdss. is due to the low temperatures at the outer
specimen surfaces (external cooling continuouslitcéwd on) and the higher temperatures in the
inside of the specimen (internal heating switched bBlowever, this configuration simulates the ftigh
conditions to the highest degree and is expectdée tone of the worst case scenarios in respebgeto t
temperature distribution.

3 EXPERIMENTAL RESULTS: TEMPERATURESDURING THERMAL CYCLING

As a trial for future thermal cycling experiments,heated GLARE specimen was exposed to
thermal cyclic loading of a maximum of 20 cycleheTtemperatures were recorded using thermo
couples (see Figure 3). Two sets of thermal cyckmgeriments were performed. In the first set
external cooling and external heating and in tlumise set external cooling and internal heating were
used for the thermal cycling experiments. The murmtemperature was defined a¥C0and the
maximum temperature as ®D The room temperature was betweefdnd 28C. The experiments
were conducted using one layer of Peltier elemantsach side of the specimen, i.e. four Peltier
elements at each side of the specimen.

For the temperature control, thermo couples weesl.uBigure 3 depicts the position of the two
thermo couples of which the temperature recordspaesented in this study. The thermal cycles
started with the heating phase. If one of the tleeoouples reached the maximum temperature of
60°C the heating was switched off and the cooling swisched on. The cooling was stopped if one of
the thermo couples reached the minimum temperafl®¥C and the heating was switched on again.

3.1 Thermal cycling of GLARE

The cooling and the heating of the (heated) Glpezisnen were performed using exclusively the
Peltier elements, i.e. external cooling and extdneating. The electrical power of the Peltier etans
for cooling and heating was controlled by definmgximum values for the Amperage. The Amperage
for the heating cycles was kept constant and eiqued A (H10A). This heating profile was combined
with three different amperage for cooling poweA,8.0 A and 15 A. This resulted into three differen
amperage profiles: Heating 10 A and cooling 8 AAL$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 thedheouple TC1 (Figure 5 a, b and d) and by
the thermocouple applied to heat sink (Figure S'be embedded thermo couple TC1 was one of the
thermo couples used to control the maximum and mim temperatures, i.e. the power supplies.
Constant cycle times were reached for cooling pewéB A and 10 A (see Figure 5 a). The generated
heat at the hot sides of the Peltier elements duhia cooling cycles could be dissipated at maximum
heat sink temperatures of approximately@and 34C, respectively (cf. Figure 5 ¢). On the contrary,
for a cooling power of 15 A, the heat sink tempemas increased further with every cooling cycle. As
the amount of heat which is generated at the hi# sif the Peltier elements increases with the
electrical power. For a cooling power of 15 A trengrated heat exceeded the amount of heat which
could be dissipated by the heat sinks in the cusetup. Due to the increased heat sink tempegature
the cooling times increased and more heat was gtuki(cf. Figure 5 b). Hence, the tests were
stopped at the fifth thermal cycle.

Similar heating and cooling rates were achieveadvbéen the different amperage profiles H10A
C8A and H10A C10A, respectively within temperatufesm 25C to 60C (cf. Figure 5 d). The
different cooling rates resulted in maximum meagusmperature differences through the thickness
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(out-of-plane) of up to 42, 6C and 10C for H10A C8A, H10A C10A and H10A C15A. However,
the cooling rate for temperatures below’@5was considerably lower since the temperature rate
changes its behaviour from approximately lineanda-linear. This non-linear behaviour results from
the increasing temperature differences at the maicald sides of the Peltier elements [30].
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Figure 5: Temperatures during the thermal cyclmgdrnal cooling and heating) of the heated

GLARE 5-4/3-0.3 specimen at (a, b, d) the embedkerno 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 ispes, which is shown in Figure 3, was
performed using the Peltier elements at the extsundaces and the heating was performed using the
embedded (internal) heater mesh. Thus, externdingo@nd internal heating were used for the
thermal cycling experiments. Similarly to sectiod,3he cooling power was varied and the heating
power was kept constant. The heating power wasecheith 24 A (H24A) in order to get comparable
thermal cycling times as for the thermal cyclingt$eusing external cooling and external heating.

Figures 6 a and b show the temperatures of thenthepuples TC1 and TC2, respectively during
the thermal cycling tests using cooling powerst{@etlements) of 8 A (C8A), 10 A (C10A) and 15 A
(C15A). Similar to the thermal cycling tests froecgon 3.1 (external cooling and heating), the heat
sink temperatures during thermal cycling with emércooling and internal heating did not exceed
34°C for cooling powers of 8 A and 10 A. However, tleat sink temperatures increased for a cooling
power of 15 A when using external cooling and inérmeating. As for higher cooling powers, the
amount of heat which is generated at the hot sidbeoPeltier elements increases and exceeds the
amount of heat which can be dissipated throughhta sinks in the current setup. Therefore, the
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experiment for the configuration H24A C15A was gteg after 9 cycles.

Furthermore, Figure 6 shows that the temperatugninales vary through the specimen, since the
temperatures measured by the two thermocouplesr diinificantly. As the two thermo couples TC1
and TC2 are embedded at different positions instiecimen (cf. Figure 3). It can be seen that the
minimum temperatures of the configurations H24A C8Ad H24A C10A were similar for both
thermo couples as the cooling was performed udieg Reltier elements, i.e. from outside and
throughout the whole two outer surfaces. On theraoy the maximum temperatures of the two
graphs from the thermo couples at different passtidiffer about 28C. The different maximum
temperatures result from the internal heating uslirtgembedded mesh. The maximum temperatures
in-plane vary as a function of the distance fromémbedded heater elements.

The maximum measured temperature differences thrthug thickness (out-of-plane) were up to
4°C, 6°C and 10C for H24A C8A, H24A C10A and H24A C15A. Thus, tteenperature distribution
through and across the specimen is inhomogeneausXiernal cooling and internal heating.
Furthermore, heating the specimens using the englde@aternal) and non-homogeneously distributed
heater mesh causes edge effects, i.e. the tempaati the specimen edges are lower than the
temperatures in the specimen center.
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Figure 6: Temperatures during the thermal cyclegdrnal cooling and internal heating) of the heate
GLARE 5-4/3-0.3 specimen at the embedded thermplesya) TC1 and (b) TC2

4 DISCUSSION

The specimen size is easily adoptable due to th#ulap experimental setup. The specimen size
and the shape can be adopted by adding or rem®&aiiger elements. Furthermore, the variation of
the number of Peltier elements enables the partdiing of multiple specimens with the same
thickness but different (thermal) load historieqiisTmeans that e.g. specimens with no significant
(thermal) load history after the curing process banthermal cycled parallel with aged samples or
samples which had already been exposed to sevaradhcycling.

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

As no liquids are used for heating and cooling, th@sture content of the specimens is not
affected by the heating and cooling devices thevase{no direct contact with e.g. a cooling liquid).
However, if the moisture content of the specimea ttabe kept constant or is in the focus of the
examinations, the specimens can be sealed in watdrplastic bags. Thus, water droplets due the
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possible condensation of the humidity in the amtbanduring the cooling phase do not affect the
moisture content of the specimen.

Peltier elements have a cold and a hot side. Duliegcooling phase of the specimens, the cold
sides of the Peltier elements are at the specimdaces and the hot sides are at the heat sinkse If
cooling power is chosen (too) high in respect hbat sinks, the heat sinks heat up. The higtar he
sink temperatures increase the time needed foringpdhe specimens to the required minimum
temperatures. If the heat sink temperatures ineréasing each thermal cycle further, the thermal
cycling times (increase of cooling times) increasatinuously. The longer cooling times cause a
further temperature increase of the heat sinksragdlt in an unstable thermal cycling process. Thus
the amount of heat which can be transferred froenhat sinks to the air regulates the maximum
cooling power. The heat transfer, i.e. the maxineouling power, can be increase by using larger
heat sinks, lower ambient air temperatures or theksg of Peltier elements.

High temperature change rates cause a more inhomeogse temperature distribution in the
thickness direction of the specimen. Thus, for Highting and cooling powers the temperature should
at least be controlled at two positions, one indéeter plane and one close to the specimen sarface
In the case of high temperature increase ratetethperature differences between the center plathe an
the specimen surfaces might be considerably higlichwheads to a non-uniform temperature
distribution through the thickness. On the one harsllikely that regions close to the heated aces
(areas) are overheated or undercooled if the teatyeris only controlled at one position in theteen
plane. On the other hand, if the temperature iy aohtrolled close the heated or cooled surfaces
(areas), the regions farther away from the heatetdaed regions (areas) might not reach the requir
temperatures. Thus, the number and position of éelaidad) thermo couples which control the heating
and cooling power are important design consideamnatio

Moreover, the (overall) exposure times to the maximand minimum temperatures of the
specimen surfaces and the layers close to the rcpidee differ. Thus, in case of (too) high
temperature change rates the possible (aging)teftecthe material characteristics are likely toabe
function of the layer position in respect to theckhess. Aging effects might result from the
accumulation of times where the specimens are exptzs moderate temperatures [20,22,26]. Lower
temperature change rates or dwelling times witls Ipewer when the maximum or minimum
temperatures are reached are proposed solutiomsatth the required temperatures through the
thickness without overheating or undercooling tindase areas of the specimens.

Another important issue for thermal fatigue tesisthie awareness of the initial specimen
conditions, i.e. the storage conditions (moistumetent), defects, pre-treatments and (thermal)itgad
histories of the specimen, e.g. when using (hedtdtl)s which were manufactured by curing in the
autoclave. As the different temperature gradiefteminated materials, e.g. for the aluminium, the
UD layers and the embedded mesh in heated GLAR&] ke thermal residual stresses [1].
Furthermore, the exposure of specimens to mod¢eatperatures might lead to aging affects, i.e.
changes in the microstructure of the materialthdfspecimens are pre-deformed, e.g. due to forming
processes [29], mechanical residual stresses sypase with thermal residual stresses and should be
consider when evaluating the test results.

5 CONCLUSIONS

The experimental setup which was presented insthidy enables different options for heating and
cooling multi-functional materials (e.g. heated GRB) using Peltier elements and embedded heater
elements. One option is to provide external coolng external heating using Peltier elements for
both heating and cooling. The other option is tovfste external cooling using Peltier elements and
internal heating using the embedded heater mesheg.iheated GLARE.

The thermal cycling tests presented in this studyved that thermal cycle times of about 62 s for
heated GLARE 5-4/3-0.3 and a temperature range @into 60C specimens can be reached. The
temperature distributions are more homogeneous whearnal cooling and external heating is
provided using the Peltier elements. In the cagetefnal heating of the specimens using the sethap
embedded mesh, the temperature distribution isnessmgenous as the heater element acts as a local
heat source and does not heat the whole surfaeega®eltier elements do. Thus, the temperature
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needs to be measured at different positions thrdligtthickness and at different distances from the
heater mesh in order to avoid the overheating areag to the heater mesh and to reach the required
temperatures across the whole specimen.

Advantages of this experimental setup are the ieépnt control of the heating and cooling
power, i.e. temperature change rates, and theropigrovide constant external cooling and at the
same time provide internal heating using the embédtkater mesh. Furthermore, the experimental
setup is adoptable to different specimen dimensiemables thermal cycling of multiple specimens of
the same material, allows for different temperatizeges and temperature change rates. Different
temperature ranges and temperature change ratdsecarached by stacking Peltier elements or by
placing the experimental setup in a climate chambir lower temperatures.
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