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Effect of thermal cycling heated Fibre Metal Laminates
under static load

Michiel Hagenbeek∗, Jos Sinke

Structural Integrity & Composites, Faculty of Aerospace Engineering, Delft University of
Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands

Abstract

Heated GLARE, a Fibre Metal Laminate with an integrated heater element,

has been developed for de- or anti-icing systems in aircraft structures. Besides

cyclic thermal loading these structures are also subjected to mechanical loading.

To investigate the effect of static loading in addition to thermal cycling a series

of tests have been performed on heated GLARE using a specifically designed

mechanical load fixture and thermal cycling setup. Three different tensile stress

levels, 150, 200 and 300 MPa, were used in combination with up to 36,000

thermal cycles between -20 and 50 ◦C.

The effect of the combined thermo-mechanical loading was investigated by

testing the interlaminar shear properties of each sample after thermal cycling.

Thermal cycling under a 150 MPa static load showed much less reduction or even

increase in strength compared to previously reported test results for thermal

cycling only. This effect was not found for thermal cycling under the 200 and

300 MPa static load cases. On the contrary, in these cases more reduction in

strength was found compared to test results after thermal cycling without static

load.
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1. Introduction

Leading edges have to be heated occasionally to avoid atmospheric ice accu-

mulation on the surface of the wings. Ice accumulation can alter the shape of the

air foil and lead to loss of aerodynamic performance. In Fibre Metal Laminates,

such as GLARE, an electrical heater element can be integrated in the layup.5

This so called heated GLARE is subjected to a combination of thermal loading

and mechanical loading during the aircraft service life. In addition, moisture

absorption can influence the durability of the material.

In previously reported research the effect of thermal cycling and moisture

on heated GLARE has been examined separately and in combination with each10

other [1, 2, 3]. The effect of additional static loading was however not yet con-

sidered in these investigations. Long term cycling up to 144,000 cycles was

performed to approximate the expected total number of thermal cycles of a

potential heated GLARE deicing system over the aircraft service life. In all re-

ported test results the maximum decrease in interlaminar shear strength (ILSS)15

after thermal cycling was found in the first stage from 0 to 10,000 cycles (-32.9%

for heated GLARE cycled between -20 and 50 ◦C). This initial drop in strength

was followed by a recovery phase and a resumed decline after roughly 60,000

cycles [3]. No crack or voids or other visible changes were found in the optical

microscope images and the drop is expected to be caused by internal stress re-20

lief. This confirmed the initial investigation of Graafmans on GLARE3 edges

subjected to 986 thermal cycles between -50 and 80 ◦C on GLARE3 in which

no sign of delamination, debonding or cracks at the specimen edges was found

either [4].

In flight the wing leading edge is not only subjected to thermal loading, as25

a result of deicing and flight conditions, but also to mechanical loading. The

combination of mechanical fatigue, elevated temperature and moisture exposure

has been addressed for GLARE and aluminium 2024-T3 in the literature. The

aluminium 2024-T3 crack growth is unaffected by elevated temperature (70 ◦C)

according to Rans [5] and Homan [6, 7]. While an increase in crack growth re-30
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sistance was exhibited at lower temperatures. Experiments performed on Glare

3-3/2-0.3 by Homan [8] showed that 3000 hour exposure to high temperature

(70 ◦C) and humidity (85%RH) prior to testing has no effect on the fatigue

initiation. Ypma reports that combined temperature and moisture exposure

lead to higher crack growth rates, especially if exposure is intermittent and not35

only prior to fatigue testing [9]. The crack bridging is then less effective. An

increase in temperature causes an increase in crack growth as well [10]. Whereas

temperatures below 0 ◦C postpone the crack initiation time and decrease the

crack propagation rate considerably [11]. The influence of temperature on crack

growth behaviour in the metal layers, delamination growth between the metal40

and fibre layers, and residual stresses within the fibre metal laminate has been

studied by Rans and Alderliesten as well [5]. The crack growth rate at 70 ◦C

was higher than at 20 ◦C due to the reduced delamination growth resistance

at elevated temperature. The crack growth rate of aged specimens are however

still far less than the crack growth rates in aluminium.45

The combination of both mechanical and thermal fatigue is mentioned by

Broest and Beumler using dedicated thermal cycling setups in both cases. Broest

investigated fatigue crack initiation of GLARE door corner specimens after

40,000 pre-fatigue cycles and 20,000 additional load spectra (which represented

20,000 flights) under a -30 to 20 ◦C thermal cycling regime (120 s for each flight50

cycle) [12]. No crack initiation occurred at the inspected side after these load-

ings. Beumler calculated the crack initiation life accounting for the additional

thermal stresses each flight due to different thermal expansion coefficients of

the GLARE constituents and thermal cycling (-30 ◦C to +70 ◦C). He found a

50% decrease in crack initiation life compared to calculated result under con-55

stant temperature (20 ◦C). However, the improved crack growth behaviour of

aluminium 2024-T3 at temperatures below 0 ◦C and the load redistribution

from the aluminium to the fibres due to the stiffer resin at low temperatures

compensates the calculated disadvantage [11]. Li showed that 1,000 thermal

cycles between -65 to +135 ◦C hardly changed the fatigue crack growth in a60

novel fibre metal laminate based on an aluminium-lithium alloy and S4-glass
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Figure 1: Schematic lay-up of a heated GLARE laminate.

polysulfone-epoxy prepreg [13].

The effect of combined static mechanical loading and cyclic thermal loading

has hardly been addressed in literature. In the current paper the effect of a

static tensile load in addition to thermal cycling on heated GLARE will there-65

fore be investigated. The question to be answered is if a static tensile load will

affect the observed change in ILSS, especially the drop in strength in the initial

thermal cycling stage up to 10,000 cycles. To simulate the influence of ther-

mal fatigue under a tensile load Graafmans prestrained GLARE3-3/2-0.2 with

0.6% permanent elongation. Special GLARE2 and GLARE3 laminates with70

2.6mm thick layers of aluminium were used to increase the compressive stress

to 149 MPa on the prepreg in fibre direction. The specimens were subjected

to 986 thermal cycles between 50 ◦C and 80 ◦C and did not show any failure.

To be able to assess higher amount of cycles and higher stress levels another

approach is needed, which will be detailed hereafter.75

2. Heated GLARE

2.1. The heated GLARE lay-up

In the current research a GLARE5B-2/1-0.3 layup is used, which is build up

from 4 unidirectional (UD) glass-fibre epoxy layers in both 0◦and 90◦direction

and 0.3 mm thick aluminium sheets [14]. A schematic lay-up of such a heated80

GLARE laminate is depicted in Figure 1. The heating function is introduced by
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Figure 2: Major loading conditions of heated leading edges made of heated GLARE.

embedding a thin copper heater element along the 90◦ direction between both

central 90◦ UD glass-fibre epoxy layers. By integrating a heating functionality in

the structural aircraft material GLARE the material can potentially be applied

for de-/anti-icing of aircraft leading edges [13].85

Instead of FM94 prepreg, used for conventional GLARE, FM906 glass-fibre

epoxy prepreg is used in heated GLARE laminates. For FM94 the stiffness

significantly decreases at temperatures beyond 70 ◦C [17]. The FM906 prepreg

has higher glass transition (Tg = 135 ◦C vs. 103 ◦C) and curing (180 ◦C vs.

120 ◦C) temperature than FM94 prepreg and this results in a higher allowable90

service temperature of 120 ◦C [15]. Similar to conventional GLARE, heated

GLARE is autoclave cured in one hour at 6 bars of pressure [16]. The vacuum,

pressure and temperature set points which are used for manufacturing of heated

GLARE can be found in already reported research [1].

2.2. Leading edge loading conditions95

The major loading conditions for heated leading edges are given in Figure 2.

The heated leading edges are subjected to both mechanical and thermal load-

ing. Mechanical stresses in the material develop due to the aerodynamic and
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gravitational loading of the wing. Different thermal expansion coefficients of

the heated GLARE constituents (aluminium, epoxy, glass-fibre, copper) lead to100

thermal stresses in the material after manufacturing. These thermal stresses

change continuously as a result of temperature changes during ascents and de-

scents (once per flight) [16] and due to internal heating in case of anti- and

de-icing (several times per flight) [18, 19, 20].

Therefore, both the mechanical and the thermal loading have a cyclic nature105

and can lead amongst others to fatigue damage [21]. Moreover, the elevated

temperatures in case of anti- and de-icing are expected to cause physical ageing

of the epoxy [2, 22]. Damage on the leading edge can also be caused by impact,

for example due to bird strike, and more gradually due to moisture ingress

during the lifetime of the structure.110

3. Experimental procedures

3.1. Thermal cycling setup

A dedicated thermal cycling setup was build and used to perform thermal

cycling tests under a static load. The setup is shown in Figure 3. The tensile

load is applied on the test sample by a lever system and a dead weight. The115

dead weight consists of a selection of lead blocks with the required total mass.

A strain gauge on the sample is used to verify the applied load on the sample.

Internal heating of the sample is achieved by resistance heating of a copper

heater element connected to a power supply. This working principle is similar

to the intended use as anti-/de-icing system.120

For external cooling of the sample Peltier elements are used in stacks of two

on both sides, with small fans on top of the hot side of the Peltier elements

to loose the excess of heat. The cooling capability is enhanced by placing the

whole setup in a climate chamber at -25 ◦C. The thermal cycling is computer

controlled using embedded thermocouples. The system switches between heat-125

ing and cooling and vice versa when predefined temperatures are reached. By
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adapting the heating and cooling power the temperature range and profile can

be easily adapted.

3.2. Thermal cycling samples

In total six specially designed heated GLARE 5-2/1-0.3 samples were in-130

vestigated in this study. The sample dimensions and arrangement are given in

Figure 4. The samples consist of two 0.3 mm thick aluminium layers, four glass

fibre-epoxy layers with fibre orientations [0/90/90/0] and a 0.03 mm thick and

5.0 mm wide embedded copper heater element at the centre. The thermal and

mechanical loading conditions of the test samples are given in Table 1.135

Sample TM-HGL0 was not thermal cycled but used as a reference. All other

samples were thermal cycled from -20 to 50 ◦C. Two thermocouples (TC1, TC2)

were embedded in the samples to monitor and control the thermal loading. The

thermocouples were placed on top of the heater element with a single glass-

fibre epoxy layer in between. The in-plane positions of the thermocouples are140

depicted in Figure 4.

Table 1: Samples: Nomenclature (nom), materials, thermal loading conditions and number of

cycles (noc).

nom Tmin Tmax Stress level noc

[◦C] [◦C] [MPa] [-]

Heated GLARE

TM-HGL0 na na - 0

TM-HGL1 -20 50 150 13,788

TM-HGL2 -20 50 150 24,000

TM-HGL3 -20 50 150 36,000

TM-HGL4 -20 50 200 27,769

TM-HGL5 -20 50 300 27,769

The heater element is positioned at the mid-plane in the 90◦direction. The

heater element is thereby stacked between two 90◦glass-fibre epoxy layers with
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(a)

(b)

Figure 3: The thermal cycling machine in the climate chamber (a) overview and (b) detail.
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Figure 4: Sample dimensions and arrangement.
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Figure 5: Typical thermal cycle for heated GLARE samples with climate chamber (CC) and

heat sink (HS) temperatures.
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Figure 6: Overview of continuous heating tests showing the effect of thermal ageing on heated

GLARE [2]. The interlaminar shear test specimens were taken at the position of the heater

element (A) and next to the heater element (B).
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the orientation along the fibre direction. The stiffness difference between the

copper heater element and the glass-fibre epoxy layer is thereby reduced as much145

as possible in this direction.

Table 2: Total exposure time in hours after 12,000 thermal cycles for heated GLARE under static

loading (cf. Figure 5) and heated GLARE without static loading [3].

Temp. range TM-HGL1 HGL16

[◦C] [h] [h]

-30 to -20 0.0 0.0

-20 to -10 85.0 28.3

-10 to 0 39.0 15.0

0 to 10 29.0 11.7

10 to 20 27.0 10.0

20 to 30 27.0 6.7

30 to 40 29.0 7.5

40 to 50 17.0 9.2

50 to 60 0.0 0.0

60 to 70 0.0 0.0

70 to 80 0.0 0.0

80 to 90 0.0 0.0

90 to 100 0.0 0.0

Σ 253.0 88.3

Min temp [◦C] -20 -20

Max temp [◦C] 50 50

Cycle time [s] 75.9 26.5

Max cycles [kC] 36 144

Total time [days] 31.6 44.2

3.3. Thermal cyclic fatigue testing

The temperature range in the thermal cycling tests was chosen from -20 to

50 ◦C. The typical thermal cycles for the heated GLARE 5-2/1-0.3 samples are
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shown in Figure 5. Thermal cycling tests in this temperature range showed the150

largest decrease in ILSS in previous research [2, 3]. In this range the negative

effect of internal stress relief on the ILSS is not counteracted by the positive

ageing effect on the glass-fibre epoxy as present at higher temperatures. In

continuous heating tests performed on heated GLARE in previous research the

effect of the maximum temperature on the ILSS can be clearly seen for specimens155

taken at the heater element (Figure 6) [2].

In Table 2 the total exposure time in hours after 12,000 thermal cycles is

given for the heated GLARE samples under static loading. The cycle time,

minimum and maximum temperature, maximum number of cycles, and the

total time are given as well. For comparison the total exposure time for a160

heated GLARE sample without static loading (HGL16), as reported in previous

research, is listed in the same table [3]. From this table it can be seen that the

cycle time for heated GLARE samples is almost three times longer than in the

previously reported research. This is caused by the much less cooling capacity.

The chosen heat sinks and fans needed to be small due to limited space between165

the sample and the fixture.

3.4. Interlaminar shear strength testing

The effect of the thermo-mechanical loading was investigated by testing the

interlaminar shear properties of each sample after cycling. The ILSS tests were

performed in fourfold on all samples listed in Table 1 according to the ASTM170

standard [23]. The mean values have been determined for each set of data and

are given together with the scatter (absolute minimum and maximum values)

in the resulting graphs. The specimens have a width of 4 mm and a length of

20 mm. The ILSS tests were conducted on a 25 kN test machine with a test

speed of 1 mm/min. Correct failure modes were obtained in all tests.175

Figure 7 shows the ILSS results for the heated GLARE specimens TM-

HGL1 to TM-HGL3 thermal cycled between -20 and 50 ◦C under a 150 MPa

static loading. The ILSS specimens were taken at the location of the heater

element (position A) and both the absolute values and the comparison with the
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Figure 7: Heated GLARE specimens TM-HGL1 to TM-HGL3 (150 MPa loading) taken from

position A (at the heater element) : (a) absolute ILSS values and (b) comparison with the

(non-cycled) reference (cf. Table 1).
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non-cycled (and non-loaded) reference TM-HGL0 are given. In Figure 8 the180

ILSS results are given for the ILSS specimens taken next to the heater element

(position B).

In Figure 9 the ILSS results are given for the heated GLARE specimens

TM-HGL1 to TM-HGL3 thermal cycled between -20 and 50 ◦C under 200 MPa

and 300 MPa static loading respectively. The ILSS specimens were taken at the185

location of the heater element (position A) and both the absolute values and

the comparison with the non-cycled reference TM-HGL0 are given.

4. Results and discussion

With a 150 MPa static load a maximum -3.6% reduction in ILSS after 13,786

was found compared to the non-cycled reference and after 36,000 cycles a +7.1%190

increased value was found for specimens taken from position A at the heater

element (see Figure 7). Similar to the results found by Graafmans, the specimens

did not show any failure [4]. The ILSS values for specimens taken from the

position next to the heater element show a slight increase compared to the

non-cycled reference (see Figure 8). this is expected to be caused by physical195

ageing and in line with previosly reported results [2]. Thermal cycling tests

without mechanical loading in previous research showed -10.8% decrease after

12,000 cycles, -13.8% after 24,000 cycles and -14.4% after 36,000 cycles in the

same temperature range of -20 to 50 ◦C as a result of internal stress relief [3].

The 150 MPa static load is expected to prevent this internal stress relief due to200

thermal cycling and thus less reduction is found.

The ILSS for the thermal cycled samples with 200 MPa and 300 MPa static

load on the contrary show a large decrease as seen in Figure 9. In this case

the decrease is actually much larger than previously found ILSS results for

heated GLARE after thermal cycling only as listed above. The largest decrease205

in strength, -25.7% compared to the non-cycled reference, was found for the

sample with 300 MPa static load and 27,769 thermal cycles. The 200 MPa and

300 MPa load cases not only result in much higher internal stresses compared

14
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to the 150 MPa load case, but also lead to plasticity in the aluminium layers

(as indicated by calculations based on Classical Laminate Theory) and thus a210

permanent change in internal stress distribution. These factors in combination

with internal stress relief due to thermal cycling are expected to cause the larger

reduction in ILSS here.

5. Conclusions

The specifically designed mechanical load fixture and thermal cycling setup215

enable thermal cycling tests under a static load. Heated GLARE, a Fibre Metal

Laminate with an integrated heater element, was thermo-mechanically tested

at three different tensile stress levels, 150, 200 and 300 MPa, in combination

with up to 36,000 thermal cycles between -20 and 50 ◦C. The effect of the

combined thermo-mechanical loading was investigated by measuring the inter-220

laminar shear properties of each sample.

With a 150 MPa static load a maximum reduction of -3.6% in ILSS after

13,786 was found compared to the non-cycled reference and for 36,000 cycles

even a +7.1% increased value was found. These values are considerably higher

than previously reported for thermal cycling only and indicate a positive effect225

of the additional static load. This positive effect is however not present at the

higher stress values (200 and 300 MPa), which on the contrary show larger

decreases in ILSS compared to results after thermal cycling only. The largest

decrease in strength was found for the sample with 300 MPa static load and

27,769 thermal cycles: -25.7% compared to the non-cycled reference. The more230

pronounced reduction in ILSS is expected to be caused by a combination of

higher internal stresses, a permanent change in internal stress distribution as

a result of plasticity in the aluminium layers, and internal stress relief due to

thermal cycling.

Thus, the addition of a static load has a distinct influence on the interlaminar235

shear properties after thermal cycling and the chosen stress level determines if

the effect is positive or negative.
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