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Abstract

Current trends in aircraft design are to increase the economic efficiency by

integrating different features in multifunctional materials. One strategy is to

embed resistance heater elements between glass‐fibre epoxy layers in (heated)

fibre metal laminates and to use them as anti or de‐icing devices in leading

edges of wings. Heated glass fibre reinforced aluminium (GLARE) is an

example of such a multifunctional material where heating functionality was

added to the (certified) structural feature of GLARE. As heated fibre metal

laminates are an innovative and rather new material, the possible (local) effects

of embedded heating on the stress–strain state have not yet been investigated.

This research couples experimental characterisation of heated GLARE surface

behaviour and numerical modelling analysis to investigate the surface and

the through‐the‐thickness strain‐stress state and temperature distributions

due to the embedded heating. For the experimental part, the surface strains

and the temperatures of a developed specimen were measured in a slow heating

regime (temperature increase from 22.7 to 39.4 °C within 120 s) using,

respectively, a developed shearography instrument and thermocouples with

an infrared camera. Then a numerical model of heated GLARE was developed

and verified with experimental results. Further, the numerical model was used

to predict strains, stresses, and temperatures during a temperature increase

similar to that used for de‐icing in a real operation (temperature increase from

−25 to 86.7 °C within 4.8 s).

KEYWORDS

fibre metal laminate, finite element method, heated GLARE, shearography, strain measuring
1 | INTRODUCTION

Combining current trends towards electric aircraft[1] and the well‐known problem of icing of leading edges[2,3] lead to
integrating resistance heater elements in laminated materials such as fibre metal laminates (FMLs).[4,5] These materials
combine structural and heating functions and are developed for the de‐ and anti‐icing of aircraft leading edges. During
icing conditions, de‐icing systems frequently switch on their heating device for several seconds. Hence, they allow the
build‐up of (thin) ice layers and frequently melt them away.[2] Contrary to this, anti‐icing systems constantly switch
on their heating device and avoid any ice build‐up.
© 2018 John Wiley & Sons Ltdwileyonlinelibrary.com/journal/str 1 of 16
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The potential of FMLs such as glass fibre reinforced aluminium (GLARE) has been explored over several decades.[6,7]

GLARE is the acronym of glass fibre reinforced aluminium laminate. Previous studies showed that the laminated
structure of GLARE makes it a preferable material to design damage‐tolerant parts as it has a lower fatigue crack growth
rate compared to monolithic aluminium,[8] and compared to pure glass fibre laminates, GLARE has enhanced strength
bearing capabilities, together with favourable impact and lightening resistance.[6,9] Furthermore, embedding the glass
fibre‐epoxy prepreg layers between the aluminium layers leads to better ultraviolet (UV)‐ and moisture‐resistance.[6]

Heated GLARE is an example of a multi‐functional material where heating functionality has been added to the
(certified) structural feature of GLARE. Figure 1 shows the layup of a nonsymmetric heated GLARE 5–4/3–0.3 laminate.
GLARE is composed of alternating layers of aluminium and unidirectional (UD) S‐2 glass fibre‐epoxy prepreg layers.[10]

The heater elements are embedded between two UD‐glass fibre‐epoxy (90/90) prepreg layers and are positioned closer to
the side where the ice is expected to build up, with the aim of concentrating the heating power there.[11,12]

GLARE itself is an anisotropic material, which is manufactured in the autoclave.[13] The different thermal expansion
coefficients of the materials and the elevated curing temperatures during manufacturing lead to thermal residual stresses
at room temperature.[14,15] In addition to these thermal residual stresses, cold forming of GLARE panels can cause
mechanical residual stresses.[6] Those accumulated residual stresses superimpose with mechanical and thermal service
loads. Thermal loading (passive) of the whole aircraft happens during the ascent and descent of aircraft (once per flight).
Embedding (copper) heater elements increases the complexity of the material further and (actively) exposes the leading
edges to frequent local thermal loads during the de‐ or anti‐icing measures.[16]

As heated FMLs and heated GLARE are an innovative and rather new material, the possible (local) effects of the
embedded heating on the stress–strain state during (local) heating have not yet been investigated. Hence, the main focus
of this research is on the analysis of thermal strains and stresses in FMLs, which are caused by the local embedded
heating. This paper supplements the previous conducted researches on FMLs and GLARE, which addressed the
temperature dependent material characteristics,[13] residual stresses,[14,15] the temperature distribution,[17] the long‐term
behaviour,[18] and thermal fatigue effects[19,20] of GLARE and FMLs.[16,21,22] This research includes the experimental
measuring of the surface strains caused by the embedded heating and numerical modelling of the stress–strain state
and temperature distributions. For the experimental part, a GLARE specimen with the embedded heater element was
manufactured and inspected. The surface strains and the specimen temperatures were measured in the slow heating
regime when the heater element temperature increased from 22.7 to 39.4 °C within 120 s. The surface strains were
measured with a developed multicomponent shearography (speckle shearing interferometry) instrument.[23]

Shearography was used as it is a full‐field non‐destructive inspection (NDI) technique with high sensitivity to in‐ and
out‐of‐plane surface displacement gradients. The specimen temperatures were measured with thermocouples and an
infrared camera. Further, a numerical model was developed and verified with experimentally measured surface strains
and surface temperatures in the aforementioned slow heating regime. The stress–strain state and temperature distribu-
tions were numerically modelled and analysed in the slow heating regime and a real‐life de‐icing regime with the heater
element temperature increase from −25 to 86.7 °C within 4.8 s.

The main aim of the numerical modelling was to assess and analyse through‐the‐thickness information on the
temperature distributions and stress–strain state during the heating phase when the highest stresses are expected. These
through‐the‐thickness assessments were of the main practical interest as they reveal information, which cannot be
obtained with conventional NDI techniques. The modelling does not cover questions related to the embedded heating
as the thermal analysis (with heat transfer optimisation) or the assessment of the cyclic use of the anti‐ or de‐icing system
resulting in cyclic fatigue. These stand‐alone research questions are out of the scope of this paper. The experimental
assessment of the thermal cycling was reported earlier.[16,22] The value of this research is in the coupling of the
FIGURE 1 Heated glass fibre reinforced aluminium (GLARE) 5–4/3–0.3 layup
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experimental results on the surface behaviour characterisation (strain, temperature) with the numerical analysis
revealing the through‐the‐thickness information on the temperature distributions and stress–strain state during the
embedded heating of GLARE.
2 | GLARE SPECIMEN DESIGN, MANUFACTURING, AND INSPECTION

For the experimental part of the research, a GLARE 5–4/3–0.3 specimen with embedded heater element was
manufactured and inspected. The specimen was cured in an autoclave at a temperature of 120 °C and a pressure of
6 bar. The (heated) GLARE 5–4/3–0.3 laminate consisted of four 0.3 mm thick aluminium layers and three glass
fibre‐epoxy prepreg layers. Each glass fibre‐epoxy prepreg layer (Figure 1) consisted of four 0.13 mm thick UD‐glass
fibre‐epoxy prepreg layers with fibre orientations of (0/90/90/0).[5,6] The total specimen thickness was 2.80 mm. A
GLARE 5 layup was used due to its enhanced impact resistance compared to a GLARE 3 layup where each prepreg layer
consists of two UD‐glass fibre‐epoxy prepreg layers. These two additional UD‐glass fibre‐epoxy prepreg layers in GLARE
5 increase the heat conduction coefficient due to their lower heat conduction coefficient compared to aluminium.[13]

Figure 2(a) shows a fragment of the ultrasonic C‐scan including the in‐plane heater element position. A heater
element on the right side of the scan was not used in this research. The plate thickness was 2.8 mm. The plate
dimensions were chosen so that the part of the heater elements in the measured regions, that is, with a width of
2.5 mm and a length of 150 mm, had a distance from the edge of the plate of 200 mm. The area, which was later modelled
numerically, is also shown in Figure 2(a).

Figure 2(b) shows the shape of the 0.13 mm thick copper heater element. In the measured region, the heater element
width was 2.5 mm as it is used in the industry.[5] The shape of the heater elements was deliberately simplified in order to
get reliable experimental results on the material behaviour during the heating phase. The heater element width was
increased to 10 mm to keep the temperature increase outside the measured region minimal and to avoid effects from
the specimen edges. Hence, the (local) heating of the specimen was concentrated in the specimen centre. Preliminary
temperature measurements during heating with the embedded heater elements confirmed this. Figure 2(b) also depicts
the position of the embedded thermocouple before the lamination. The thermocouple was embedded at y = 0 mm and a
distance of Δx = 5 mm next to the heater element. The heater element and the thermocouple were embedded between
the second and the third UD‐glass fibre‐epoxy prepreg layers and aligned with the 90° fibres (cf. Figure 1). After
manufacturing, the specimen was inspected using an ultrasonic C‐scan instrument and the initial surface shape was
measured using the shape measurement algorithms of a 3D digital image correlation (DIC) instrument.[24] Figure 2(a)
depicts the C‐scan results. No delaminations were detected in the vicinity of the heater element. Figure 3 shows the
FIGURE 2 The manufactured specimen design: (a) a fragment of the ultrasonic C‐scan of the specimen with the heater element,

(b) photograph of the embedded heater element and the thermocouple during the manufacturing (units in mm)



FIGURE 3 Three‐dimensional digital image correlation measurements: pre‐deformation of the manufactured specimen in the region with

the embedded heater element and adjacent area including the region measured with shearography and some outer areas
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initial specimen geometry measured with the 3D DIC technique at room temperature and covers the region measured
with shearography and some outer areas. A predeformation resulting from the manufacturing process, that is, the
slightly nonsymmetric layup, could be identified. The predeformation defined as the specimen shape deviation from
an expected flat surface was an unintended result of factors affecting the manufacturing and the influence of the
embedded copper pieces, which made the layup nonsymmetric. The contributed factors affecting the manufacturing
process included nonflatness of the base plate and predeformations of the aluminium layers. A visible ring‐pattern in
2D plot is an unintended result of the spatial aliasing, which affected the 3D DIC measurements due to not high enough
spatial resolution of the DIC instrument in respect to the physical size of the painted speckle pattern.[25,26] The painted
speckle size was optimised for closer measurements.
3 | MEASURING SURFACE STRAIN COMPONENTS AND TEMPERATURE

In this research, a developed multicomponent shearography instrument was used to measure the surface strain
components of the manufactured specimen in the slow heating regime (temperature increase from 22.7 to 39.4 °C within
120 s). The specimen temperatures were measured with thermocouples and an infrared camera. The experimental
results were later used for verification of the developed numerical model.
3.1 | Shearography—Experimental set‐up

Shearography provides a full‐field direct measurement of the surface displacement gradients including the in‐ and out‐
of‐plane surface components. The measurement principle is based on a correlation analysis of interferometric speckle
patterns captured before and after the surface deformation. Shearography theory and the principle of its operation as
an NDI technique are well described in literature.[23,27–29] Figure 4 shows the developed multicomponent shearography
instrument with its multiple viewing and single illumination configuration.[30–32] A multicomponent configuration
with three viewing directions was used to isolate the surface strain components (∂u/∂x, ∂v/∂x, and ∂w/∂x) for the shear
in x‐direction and (∂u/∂y, ∂v/∂y, and ∂w/∂y) for the shear in the y‐direction, where u, v, and w are surface displacements
along x, y, and z, respectively.[33,34]

A detailed description of the developed shearography instrument was previously reported.[30–32] Technical
parameters of the developed instrument and a brief description of the measuring procedure are given below for a
possible comparison with other shearography instruments. Three spatially distributed shearing cameras and the laser



FIGURE 4 Experimental set‐up with

the multicomponent shearography

instrument
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with expansion optics were placed in a “T”‐configuration using an Alufix modular fixture system (Witte Barskamp KG,
Bleckede, Germany). Torus 532 laser (optical power of 500 mW and wavelength of 532 nm by LASER QUANTUM,
Stockport, England) was used. The cameras were calibrated in pairs as stereovision systems to identify their locations
and to provide imaging lenses distortion correction.[35–37] Shearing cameras consisted of Pilot piA2400 cameras (Basler
AG, Ahrensburg, Germany) with Linos MeVis‐C 1.6/25 imaging lenses (Qioptiq Photonics GmbH, Gottingen, Germany)
and shearing devices based on Michelson interferometers.

Image shearing and phase shifting were performed by controlling one of the mirrors in each shearing camera using a
three coordinate piezo‐electric actuator PSH 4z (Piezosystem Jena, Jena, Germany). A simple three‐step phase shifting
method was used due to the minimal number of piezo movements and images, which were taken.[28] The shearing
distances in the x‐ and y‐directions were calibrated for the region of interest (ROI) for each camera with mean values
close to 1 mm.[32] In Figure 4, the ROI used in this study is marked with dashed lines with dimensions of
120 × 120 mm. The heater element was in the ROI centre. The specimen was positioned in front of the shearography
instrument at a working distance of 500 mm and clamped to a support frame in its four corners.
3.2 | Thermal loading and temperature measurement in the slow heating regime

Figure 5(a) shows the positions where the temperatures were measured using two surface mounted thermocouples (TC)
and one embedded TC and an infrared (IR) camera. Figure 5(b) shows the temperatures at these positions during
resistance heating in the slow heating regime. Thermocouples TC1 and TC2 were applied at the specimen surface
whereas TC3 was embedded between the second and third UD‐glass fibre‐epoxy prepreg layers adjacent to the heater
element, as shown in Figure 2. TC1 was applied at the heater element centre at x = y = 0 mm. TC2 and TC3 were
positioned at x = 5 and y = 0 mm. Furthermore, Figure 5(a) displays the 2 × 2 mm area where the temperature was
measured by FLIR A65 IR camera. Averaging across the IR zone was performed later to minimise the local variation
of the surface emissivity caused by the thermocouple, which was attached to the surface. Furthermore, the overall spatial
temperature distribution across the ROI was measured with the IR camera. The ambient specimen temperature was
22.7 ± 0.5 °C.

The thermal loading of the specimen was performed by resistance heating of the heater element in the slow heating
regime where the temperature of the heater element increased from 22.7 to 39.4 °C within 120 s (Figure 5(b)). The heater
element was subjected to constant electrical power of 30 W for 120 s. The slow heating regime was introduced to meet
the maximum arising strain rate with the performance of the shearography instrument. The shearography instrument
used in this research was limited to a data acquisition time of 4 s because of the piezo‐electric actuators settling time
and the frame rate of the cameras.[30] So 30 sets of phase‐shifted interferograms were recorded during the thermal
loading. These sets were processed as sequential load steps.[28]



FIGURE 5 Thermal loading in the slow

heating regime: (a) location of

thermocouples and infrared (IR) camera

measuring zone and (b) measured

temperatures due to the resistance heating

of the heater element
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3.3 | Surface strain distributions in the slow heating regime

Figures 6(a) to 6(f) show the measured surface strain components ∂v/∂x, ∂w/∂x, ∂u/∂y, ∂w/∂y, ∂u/∂x, and ∂v/∂y in the
ROI of the shearography instrument at the end of the thermal loading in the slow heating regime. Two normal strains,
εxx and εyy, in the x‐ and y‐directions and the shear strain εxy are obtained from

εxx ¼ ∂u
∂x

; εyy ¼ ∂v
∂y
; εxy ¼ 1

2
∂u
∂y

þ ∂v
∂x

� �
: (1)

Figure 6(g) shows the associated graph of the calculated shear strain component εxy. Figures 6(e) to 6(g) with the
surface strain components εxx, εyy, and εxy were enlarged as they were used further for the numerical model verification.
FIGURE 6 Surface strain components for the heater element: (a–g) strain maps across the surface in the region of interest 120 × 120 mm

(1,278 × 1,347 pixels) at t = 120 s
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Figure 6(e) shows positive values of the surface strain component ∂u/∂x, which means that the material expanded in
the x‐direction. Locally high values of ∂u/∂x up to 7 ⋅ 10−4 were recorded in the vicinity of the heater element, that is,
∣x ∣ ≤ 1.25 mm. The strain levels in the outer regions were lower. The strain distribution of ∂u/∂x was almost symmetric
in respect to the heater element and varied slightly along the heater element. Figure 6(f) shows lower magnitudes for the
surface strain component ∂v/∂y and no peaks in the vicinity of the heater element. However, in the upper right quadrant,
negative values of ∂v/∂y were recorded, which indicated compressive strains.
4 | NUMERICAL ANALYSES

4.1 | Numerical model

A three‐dimensional numerical model of the GLARE specimen with embedded heater element was developed for the
analysis of the stress–strain state and temperature distributions. Firstly, the model was used to predict the stress–strain
state and temperature distributions in the slow heating regime. The modelling results were compared with the
experimental ones. The through‐the‐thickness assessment of the stress–strain state and temperature distributions were
done supplementary to the two‐dimensional strain and temperature mapping of the measurements. Secondly, the model
was used to predict stress–strain state and temperature distributions for a heating curve on the basis of expected de‐icing
conditions.[22] This regime was defined as the de‐icing regime. The transient coupled thermal analyses were conducted
with the finite element (FE) code Abaqus (Dassault Systemes, Velizy‐Villacoublay, France).

Figure 2(a) shows the modelled area of 300 × 300 mm with dashed lines including the coordinate system with the
origin at the centre of the heater element (x = y = 0 mm) at the top surface (z = 0 mm). A double symmetric model
was used due to the symmetry about the x‐ and y‐axes of the dimensions, the material (layup and position of the heater
element), and the (thermal) loading conditions, that is, temperatures. Thus, the required computational resources were
reduced to a quarter. The plate was modelled as perfectly flat as the relatively complex, but relatively small
predeformations were difficult to include exactly in the model. Furthermore, their exact distribution through the
thickness in the vicinity of the heater element(s), that is, the predeformations in each laminate layer including the
embedded heater element, could not be determined using the applied surface measuring techniques.

The complex laminate material was accounted for by modelling the GLARE 5–4/3–0.3 plate with the embedded
heater element as one part, which was separated in sections with assigned material properties according to Figure 1.
Using sections to assign different material properties leads to a perfect bond and heat conduction between the (different)
modelled material layers. The material properties were taken from Hagenbeek[13] and Kundig.[38] They take into account
the temperature dependence of the thermal expansion coefficients, the heat capacity, and the heat conduction
coefficients of the FM94 glass‐fibre epoxy at moderate temperatures. The orthotropic material behaviour of the FM94
UD glass‐fibre epoxy layers was modelled through different material parameters in and perpendicular to the fibre
direction of the layers. Thereby, the material properties of the fibres and the epoxy were averaged in each direction in
respect to their volume fraction.

The element size in‐plane varied through the model. In the vicinity of the heater element, the temperature
gradients in the x‐direction were highest. Therefore, a finer mesh with element dimensions of 0.16 mm was used in
the region 0 < x < 2.5 mm. With increasing distance from the heater element, the element dimensions were
increased in three steps to 5 mm. In the z‐direction, the element size was the same across the model. Each UD‐layer
and the copper mesh were discretised with two elements across the thickness. The aluminium layers were discretised
with three elements, which lead to 0.07 to 0.1 mm thick elements.

Statically determined mechanical boundary conditions were used. For all elements along the x‐axis, the displace-
ments in the y‐direction and the rotations about the x‐ and z‐axes were locked, and for all elements along the y‐axis,
the displacements in the x‐direction and the rotations about the y‐ and z‐axes were locked. Furthermore, the displace-
ments in the z‐direction were locked at x = y = 300 mm. The choice of the modelled area of 300 × 300 mm, which is
larger than the ROI of the shearography instrument (as shown in Figure 2(a)), was made to model the boundary
conditions in the x‐ and y‐directions properly. As the elements at the outer areas of the modelled area were relatively
large (up to 5 mm), the additional modelled area added accuracy to the modelling results without severely adding
calculation time.

The thermal loading of the model was performed in three steps. Table 1 shows these steps. Steps 1 and 2 were used to
simulate the manufacturing (curing) process of the GLARE laminate in the autoclave to account for thermal residual
stresses. Thus, in the first step, the (initial) conditions, which are found in the autoclave during curing, were defined, that



TABLE 1 Load steps in the numerical model

Step Name Description

1 Initial Conditions during curing (whole specimen): 120 °C and 6 bar

2 Residual stresses Pressure reduction from 6 to 0 bar

a. Slow heating regime Temperature decrease (whole specimen) from 120 to 22.7 °C within one time step

b. De‐icing regime Temperature decrease (whole specimen) from 120 to −25 °C within one time step

3 Heating

a. Slow heating regime Temperature increase of the heater element: 22.7 to 39.4 °C within 120 s

b. De‐icing regime Temperature increase of the heater element: −25 to 86.7 °C within 4.8 s
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is, a temperature of 120 °C and a pressure of 6 bar. In the second step, the atmospheric pressure was decreased from 6 to
0 bar. To account for the two different heating regimes, the temperatures were linearly decreased to 22.7 °C (the slow
heating regime, Step 2a) and −25 °C (de‐icing regime, Step 2b), respectively. According to Abouhamzeh,[39] this linear
elastic approach gives a reasonable estimation of the thermal residual stresses.

The third step simulates the local thermal loading by the embedded heater element. Figure 7 shows the two different
temperature profiles, which were used for the third step. Firstly, the measured temperature profile in the slow heating
regime (Step 3a) was used to verify the numerical results with the measured temperatures and surface strains (cf. Section 3).
Secondly, a temperature profile similar to the heating phase during de‐icing conditions (Step 3b) was used to predict
the temperatures, strains, and stresses.

The numerical modelling for Step 3a was performed based on the measured temperature profile and not the applied
electrical power (cf. Section 3.2). The measured temperature profile was considered to be more reliable input data than
the applied power as the embedded heater element had a complex shape (Figure 2(a)) with external wiring. So the actual
amount of the electrical power applied directly to the 2.5 mm width part of the embedded heater element was unknown.

The thermal loading conditions from the slow heating regime (Step 3a) were simulated by extrapolating the
measured (surface) temperatures in Figure 5 to predict the temperatures of the heater element in the slow heating
regime (see Figure 7). Those temperatures were then used as a thermal boundary (loading) condition and defined the
temperature increase of the heater element. Further thermal boundary conditions were considered by defining a surface
film condition for the convection and a surface radiation for the radiation. The parameters were chosen according to the
vertically positioned and matt white sprayed plate (cf. Figure 4).

The thermal loading conditions of the de‐icing regime (Step 3b) were applied to simulate possible temperature and
stress distributions at de‐icing conditions (see the de‐icing regime curve in Figure 7). The heating curve of the de‐icing
regime was based on the measured temperatures during the thermal cycling experiments with heated GLARE conducted
by Müller.[22] In order to model the scenario where the largest residual stresses were expected and icing can occur, the
initial specimen and ambient temperatures were decreased to −25 °C, that is, the measured curve was shifted so that the
FIGURE 7 Input heater element temperatures in the numerical model for the slow heating and the de‐icing regimes
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minimal value of the heating curve was −25 °C. This shifting of the curve was done as icing was expected to happen at
temperatures between −25 and +10 °C, and the residual stresses due to manufacturing tend to increase with the
temperature difference from the actual and the curing temperatures during manufacturing.[12,16]

In summary, this means that for the simulation of the de‐icing regime, the model temperature was decreased
to −25 °C (Step 2b) and then locally heated with the embedded heater element from −25 to +86.7 °C within 4.8 s
(Step 3b). The modelled ambient temperature was −25 °C. The calculation was stopped after 4.8 s as this research
focused on examining the heating phase where highest stresses were expected. Due to the local heating during the
heating phase, the (local) temperature differences in regions with the highest number of different materials (in the
vicinity of the heater elements) were expected to be higher compared to the expected temperature differences during
the cooling phase (icing) where the cooling was expected to happen more globally across the whole (outer) surfaces.
4.2 | Numerical analyses of the slow heating regime

The numerical model was verified by comparing the measured and numerically predicted (surface) temperatures and
strains of the heater element. Figure 8 shows the temperature differences of the measured and the numerically predicted
temperatures in the vicinity of the heater element. Although, the temperature gradients in the vicinity of the heater
element were high, their shapes and magnitudes matched. The maximum surface temperature differences between
the measured and numerical results were 0.25 °C above the heater element (TC1‐TC1 FEM) and 0.45 °C at a distance
of 5 mm from the heater element (TC2‐TC2 FEM) during the whole heating phase. Similarly, the temperatures measured
in the laminate using the embedded thermocouple TC3 and numerical results TC3 FEM differ by less than 1 °C after the
first seconds. During the first few seconds, the measured temperatures using the embedded thermocouple TC3 differed
not only from the numerically predicted ones about −22 °C but also from the (measured) initial temperatures of the
thermocouples TC1 and TC2 (see Figure 5(b)). Thus, the slightly higher temperature differences in the first few seconds
were accepted as they resulted from the slightly higher temperatures inside the specimen compared to its surface
temperatures (±0.5 °C).

Figure 9 shows the surface temperatures measured using the IR camera and the numerically predicted surface
temperatures at the end of test at 120 s in the vicinity of the heater element. The graphs at the bottom and at the very
right depict the numerically predicted temperature distributions through the thickness. The magnitudes and the shape
of the temperature distributions match as the maximum (surface) temperature differences were less than 1.3 °C, that is,
less than 3.3%. The temperature gradients above the heater element were the highest and constantly decreased with
increasing distances from the heater element. The surface temperature locally increased from a room temperature of
22.7 °C to a maximum temperature of 39.35 °C.

The measured (reference) and the numerically predicted (FEM) surface strain components εxx and εyy along the x‐axis
were compared in Figure 10(a). The trends agreed and the magnitudes of both surface strain components were compa-
rable. The numerical model predicted a continuous decrease of the surface strain component εxx along the x‐coordinate
with a maximum value of 3.8 ⋅ 10−4 at x = 0 mm (above the heater element). The measured strain component at the same
position was 3.3 ⋅ 10−4. The absolute differences between the measured and numerical results varied due to the waviness
FIGURE 8 Temperature differences of the measured (thermocouples) and the numerically predicted temperatures at the positions

indicated in Figure 5(a)



FIGURE 9 Surface temperatures of

the specimen after 120 s in the vicinity

of the heater element in the x‐y‐plane at

z = 0 mm of the infrared (left) and the

numerical model (right). The intersections

A‐A and B depict the temperatures at the

y‐z‐plane at x = 0 mm and the x‐z‐plane at

y = 0 mm. The z‐direction was scaled with

the factor 10

FIGURE 10 Comparison of the (a) measured and the numerically predicted surface strain components, numerical prediction of the (b)

surface stresses, and (c) temperatures at the three different z‐coordinates before (t = 0 s) and after (t = 120 s) the heating phase according

to the slow heating regime at y = 0 mm
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of the measured results locally of about 0.8 ⋅ 10−4. The measured and numerically predicted strain components εyy
agreed. The maximum differences were 0.9 ⋅ 10−4. The position of the heater element was highlighted with a yellow
bar in Figures 10, 11, 13, and 14.

Figures 10(b) and 10(c) present the surface stresses and temperatures at y = 0 mm along the x‐coordinate before
(t = 0 s) and after (t = 120 s) the (local) thermal loading by the heater element. The residual surface stresses due to
manufacturing in the autoclave were predicted to be almost constant with a magnitude of 42.1 MPa and were
FIGURE 11 Numerically predicted stresses (a) σxx, (b) σyy at x = y = 0 mm, and (c) temperature distributions trough the thickness before

(t = 0 s) and after (t = 120 s) the heating phase according to the slow heating regime
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comparable with values (30 MPa) found in the literature.[14] Slightly higher thermal residual stresses were found due
to using a GLARE 5 layup, which included more UD layers than the layup which Hofslagare used.[14] However,
stress peaks at the position of the embedded copper mesh were predicted (−4.6/+2.8 MPa).

Furthermore, Figure 10(b) shows that the almost constant (residual) stress distributions changed, and after 120 s, the
stresses decreased nonlinearly towards the heater element with elevated temperatures. The different reductions after
120 s of the stresses σxx and σyy resulted from the different temperature distributions in the x‐ and y‐directions when
starting from x = y = 0 mm. The temperature in the x‐direction decreased significantly with increasing distance from
the heater element (see Figure 9). Contrary to this, the temperatures remained about constant above the heater element
for increasing y‐values. Thus, the temperature has elevated values along a larger distance in the y‐direction, which leads
to the more significant local stress reduction when heated locally using the embedded copper element.

Figure 10(c) shows the corresponding surface temperatures at z = 0 mm. Furthermore, it depicts the temperature
distributions along the x‐coordinate in the centre plane of the heater element (z = − 0.57 mm) and at the opposite
surface (z = − 2.80 mm). The numerical model predicted a local temperature increase at x = 0 mm from 22.7 to
39.6 °C at the top surface, to 46.5 °C at the heater element and to 33.6 °C at the opposite surface. The temperature
dropped severely at the heater element edges (x = 1.25 mm, z = − 0.57 ± 0.07 mm).

Figures 11(a) and 11(b) show the numerically predicted residual stresses (t = 0 s) and the stresses after the local
thermal loading (t = 120 s) through the thickness at (x = y = 0 mm). The model predicted tension stresses in the
aluminium layers and compressive stresses in the glass‐fibre layers. The compressive (residual) stresses of the copper
element changed most due to the (local) thermal loading. Different colours indicate the different material layers. The
position of the heater element was between −0.51 ≥ z ≥ − 0.63 mm.

Figure 11(c) shows the temperature distributions before and after the (local) thermal loading by the heater element,
through the thickness at different distances from the heater element. The numerical model predicted that the local
temperature peaks at the heater element (x = 0 mm) changed to a more homogeneous temperature distribution at
distances of 5 mm from the x‐axis. The temperature distributions for distances larger than 30 mm from the x‐axis were
predicted as constant through the thickness. Furthermore, the model predicted a slight temperature difference in the
thickness direction of the aluminium layers but large temperature changes through the thickness in the glass fibre‐epoxy
layers. This almost stepwise temperature change resulted from the higher thermal conduction coefficient of the
aluminium layers compared to the glass fibre‐epoxy layers.
4.3 | Numerical analyses of the de‐icing regime

Figure 12 shows the numerically predicted temperature increase at the top surface (z = 0 mm) and in the heater element
centre plane (z = − 0.57 mm) due to the local thermal loading in the de‐icing regime (see Figure 7). The graphs show the
temperatures above (x = 0 mm) and at several distances (x = 2.5, 5, 10, 30 mm) from the heater element centre during the
heating phase, that is, from 0 to 4.8 s.
FIGURE 12 Predicted temperatures during the de‐icing conditions of the heater (element) and at several positions at the top surface

(z = 0 mm) and in the heater element plane (z = − 0.57 mm) at y = 0 mm
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Furthermore, Figure 12 visualises the rather local temperature increase due to heating with the heater element. The
temperature of the heater element increased from −25 to 86.7 °C, and the surface temperatures above the heater ele-
ment increased to 34.9 °C and at distances of 2.5 mm from the heater element to 26.1 °C at z = 0 mm and 23.0 °C at
z = − 0.57 mm. Furthermore, the differences between the top surface temperatures and the temperatures inside the material
with equal x‐coordinates decreased from 51.8 °C at the heater element (x = 0 mm) to almost 0 °C at distances of x > 30 mm.

Similarly to Figures 10 and 11, Figures 13 and 14 show the surface strains, stresses, temperatures and the stresses,
temperatures through the thickness, respectively. Figure 13(a) visualises that the magnitudes of the surface strain
components εxx and εyy increased with the higher temperatures of the de‐icing regime in comparison with Figure 10(a)
to maximum values of 16.7 ⋅ 10−4 and 1.9 ⋅ 10−4, respectively.

Figure 13(b) shows that the residual stresses (t = 0 s) at −25 °C were predicted to be 57.9 MPa with local peaks above

the heater element of σpeakxx ¼ 62:6 and σpeakyy ¼ 59:5 MPa. The stress component σxx at the surface decreased due to the
local heating to 52.0 MPa and showed a local minimum above the heater element of a similar magnitude as the residual
stresses. After the heating phase (t = 4.8 s), the stress component σyy at the surface above the heater element locally
decreased to −24.1 MPa and increased to 63.4 MPa at distances of x = 40 mm.

Figures 13(c) and 14(c) indicate the local temperature increase due to the local heating and show a considerable
temperature drop at the edges of the heater element in the x‐ and z‐directions. The numerical model predicted a temper-
ature increase from −25 to −7.6 and 34.87 °C at z = − 2.80 and z = 0 mm with a temperature peak of 86.7 °C at the
heater element (z = − 0.57 mm) after heating (cf. Figure 12).

Figures 14(a) and 14(b) show tensile residual stresses in the aluminium layers and compressive residual stresses in
the glass fibre‐epoxy layers at a temperature of −25 °C at x = y = 0 mm. The residual stresses (t = 0 s) in the aluminium
showed values between 56.8 and 63.5 MPa in the bottom and top aluminium layers. The residual stresses in the glass
fibre‐epoxy layers were between −10.5 and −76.7 MPa. Compressive residual stresses between −49.9 and −62.4 MPa
were predicted for the copper heater element.
FIGURE 14 Numerically predicted stresses (a) σxx, (b) σyy at x = y = 0 mm, and (c) temperature distributions through the thickness before

(t = 0 s) and after (t = 4.8 s) the heating phase according to the de‐icing conditions

FIGURE 13 Prediction of the (a) surface strains, (b) surface stresses, and (c) temperatures at the three different z‐coordinates along the x‐

axis before (t = 0 s) and after (t = 4.8 s) the heating phase according to the de‐icing conditions
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At the end of the heating phase (t = 4.8 s), the residual stresses σxx locally decreased in the vicinity of the heater
element. The minimum value of −159.4 MPa was found at the heater element. The stress component σyy decreased even
further to σyy = − 282.6 MPa locally at the heater element. Hence, the predicted stresses in the heater elements reached
magnitudes where the copper is expected to yield. Furthermore, the local heating decreased the magnitudes of the stress
component across the whole thickness.
5 | DISCUSSION

The surface strain components of the developed specimen measured in the slow heating regime showed that some zones
were compressed (negative values of the strain components), although the material was expected to expand (positive
values of the strain components). Those zones were, for example, the zones at the edges of the ROI of the strain
component ∂u/∂x in Figure 6(e) and the upper‐right corner of the strain component ∂v/∂y in Figure 6(f). These zones
with compressive strains were most probably a result of the predeformations introduced during the manufacturing
process. Figure 3 shows such predeformations with varying values of the z‐coordinate at the surface, for example, along
the x‐direction in the vicinity of the heater element (|x| ≤ 50 mm). Those predeformations are expected to influence the
deformations caused by the (local) thermal loading and lead to such compressed zones.

The waviness of the measured results is revealed in Figure 10(a), and it is also visible as fringe patterns in Figure 6
(e.g., vertical and horizontal patterns in Figures 6(e) and 6(f), respectively). This waviness, which may be a result of the
layup, is not yet fully interpreted by the authors; therefore, the detailed explanation is out of the scope of this paper.

The slow heating regime was introduced based on the temporal performance of the shearography set‐up (Figure 4).
In order to measure the surface strains of heated GLARE in the de‐icing regime (Figure 7), a higher frame rate of the
cameras together with high‐speed shearing and phase shifting devices are required. The comparison of the measured
surface strains and temperatures with the numerically predicted ones showed a reasonable agreement in the slow
heating regime. Hence, the numerical analyses were used to predict the (local) temperatures, strains, and stresses at
the temperatures, which were expected during de‐icing measures. Although the model was sophisticated, it did not
include melting of the ice nor temperature changes due to forced convection including water droplets, which eventually
appear during the de‐icing of leading edges. For such simulations, different models and algorithms including fluid
dynamics may be appropriate. The verifications of those models tend to be complex and connected with uncertainties.
However, the temperature and stress distributions in the specimen of the current model can be used as an estimation
of the material state for further research in the field of heated GLARE because they show during a certain computational
time the impact of one out of many possible anti‐icing temperature distributions, which depend, for example, on the
aircraft velocity, humidity, internal, and external temperatures. Furthermore, the precision of the numerical model
was increased by taking the temperature‐dependent, orthotropic material behaviour and the thermal residual stresses
into account.

The stress peaks, which were caused by localised temperature increases and the different thermal expansion
coefficients, are expected to have effects on the fatigue life of heated FMLs. Two different effects were expected. The first
was that the elevated temperatures might affect the material properties of the individual materials (glass fibre‐epoxy,
aluminium, and copper) and their interfaces. Aging of the epoxy is one of the most likely effects at elevated temperature
ranges.[21] The second expected effect is that the local temperature increases and the different thermal expansion
coefficients lead to local (mechanical) stress concentrations, especially at the heater elements. These locally high stresses
might be equivalent to a mechanical fatigue loading in the vicinity of the heater elements in heated FMLs. Thus, possible
changes of the material characteristics are expected in the vicinity of the heater elements due to elevated temperatures
and mechanical fatigue loading conditions during the locally fast temperature changes. The experimental assessment of
the thermal cycling was reported earlier.[16,22] A complete (numerical and experimental) assessment of the thermal
cycling is one of the directions of future research.

Different heater element shapes and heating rates cause different temperature distributions and consequently
different (local) stress concentrations due to different material properties and temperatures. Thus, peak stresses can be
reduced by slower temperature increase rates as the (local) temperature differences decrease with decreasing heating rate
(cf. Figures 10 and 11 with 13 and 14). Consequently, the shape and dimension optimisation of the heater elements used
in aircraft leading edges should be done in respect to both the minimal heating power to melt the ice and the minimal
thermal stresses. However, the upper limit of the service temperature in heated GLARE laminates is limited by the epoxy
and lies for standard GLARE about 80 °C (FM94) and for high static strength GLARE about 120 °C (FM906).[13,40]
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According to the design suggested in other work,[5] several s‐shaped heater elements are applied next to each other at
distances of 2.5 to 5 mm. The heated regions of the neighbouring heater elements interfere and, consequently, heat the
(surface of) leading edges more effectively and uniformly. Additionally, the relatively high heat conductivity of the alu-
minium layer (at the surface) facilitate a homogeneous heat distribution. The surface temperatures are expected to
increase faster due to the interfering heating zones of the embedded heater elements. Furthermore, a more uniform tem-
perature increase is expected to decrease thermal stress concentrations at the heater elements.

Different heater element materials could be less effective in terms of power consumption or heating, but the use of
different heater materials might be beneficial in terms of thermal (residual) stresses, structural performance, and
environmental resistance (e.g., corrosion). Alternatively, carbon heater meshes could be used. Carbon heater meshes
could be used as structural elements and thus would possibly lead to weight savings. The use of aluminium heater
elements would possibly decrease stress peaks, as at the beginning of the local heating phase, the differences of the
thermal residual stresses due to the different thermal expansion coefficients would locally decrease. As the tensile
stressed aluminium heater element would heat up first causing a local stress relief instead of a stress increase as shown
in Figures 13 and 14. Furthermore, the use of aluminium heater elements would not cause any additional corrosion
issues, which might be introduced by the combination of aluminium layers and copper or carbon heater elements in
heated GLARE when affected by (salt) water during service life of aircraft.

One option, which would enable the positioning of the heater elements even further towards the outer surface of
leading edges (where the maximum temperature is needed), is to use electrically nonconductive coatings for the heater
elements. If such coatings could electrically isolate the (copper) heater elements and the (outer) aluminium layer and
still would guarantee a good heat conduction, then the heater elements could be positioned directly on the outer
aluminium layer without UD glass fibre‐epoxy prepreg layers in between.

6 | CONCLUSION

The presented results show the ability of multicomponent shearography to quantitatively characterise the surface strains
of heated FMLs. The measured in‐plane surface strain components were used to verify the numerical model in the slow
heating regime with the (local) temperature increase from 22.7 to 39.4 °C within 120 s.

The three‐dimensional numerical model was verified in the slow heating regime and applied to predict temperatures,
strains, and stresses through the thickness supplementary to the two‐dimensional strain and temperature measurements.
The temperatures during the whole heating phase matched. The maximum difference at the surface was 0.9 °C. The
trends of the surface strains agreed, and their magnitudes were comparable. According to the numerical results, the
thermal residual stresses were important to be taken into account for the prediction of the stress concentrations. These
stress concentrations resulted from different thermal expansion coefficients and the localised thermal loading with the
embedded copper heater elements, which introduced (high) local temperature differences.

Furthermore, the numerical analyses were applied to simulate temperatures, strains, and stresses during tempera-
tures, which were expected during de‐icing conditions of aircraft leading edges. The heater element temperature was
(locally) increased from −25 to 86.7 °C within 4.8 s. This steeper temperature increase caused considerably higher
compression stresses in the straight copper heater element. Furthermore, the magnitudes of the surface strain compo-
nents above the heater element almost increased by the factor of four compared to the slow heating regime. This
indicated larger deformation due to (local) bending of the structure. Hence, a compromise of allowable stresses and
required heating rates needs to be found when using heated GLARE for de‐icing of aircraft leading edges, as the aim
of de‐icing devices is to melt the accrued ice on the leading edges as fast as possible.
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