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sandwich panels with aramid honeycomb cores is investigated. Tests are carried out at temperatures from
—40°C to 120°C, which are typical test conditions in the aerospace industry. The tests revealed that the
eigenfrequencies of these panels are highly sensitive to temperature changes, with significant changes in
vibration behaviour especially noted at temperatures below 0°C. Furthermore, the study shows that not
all resonances develop most at room temperature. The specific dynamic properties and resulting resonances
of the individual plates only develop under conditions of changing temperature. This finding is crucial for
certification in aerospace and optimising structural design, ensuring robust performance across different
operating conditions while leveraging the lightweight potential of the materials. The results highlight the
complex interaction between temperature and dynamic behaviour in aerospace materials, providing essential
data and insights for designing, analysing, and optimising lightweight aerospace structures. The aim of this
publication is to provide initial investigations into the mechanisms behind the temperature-dependent dynamic
responses in order to improve the prediction of larger structural components. This can be used in future
developments to improve the safety, reliability and efficiency of aerospace systems.

Experimental testing
Structural dynamics
Sandwich structure
Thermal environment

1. Introduction environmental conditions [7]. Fibre-reinforced composites with a sand-

wich structure have a particularly high-temperature sensitivity that has

Due to their specific properties and high stiffness-to-weight ratio,
sandwich structures are frequently used for various structural appli-
cations and have become significant in aerospace engineering, both
in the primary and secondary structure of aircraft [1]. Here, GFRP
sandwich panels with an aramid honeycomb core have proven to be
a universally applicable material for aerospace components, as they
exhibit high bending stiffness and durability [2]. However, the interac-
tion between temperature and mechanical behaviour can significantly
affect the structural integrity of sandwich panels under operating con-
ditions [3]. Due to a lack of knowledge about the dynamic behaviour
of structural components with sandwich design under temperature
fluctuations, the current safety factors are often chosen conservatively,
which leads to squandered lightweight potential. Vibration testing for
large components at changing temperatures is hardly economically
feasible from a physical point of view [4], which is why alternatives
to temperature-dependent material parameter determination must be
developed for the digital calculation of these large structures [5,6].
In order to ensure the reliability and safety of aerospace structures,
it is essential to understand how these materials react to different
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not been adequately investigated yet. The structure of the composites
with their individual layers, but also the external influences and their
rates of change have a critical impact on the behaviour [8]. Their
consideration in material selection, design and analysis is essential to
ensure that the structures function reliably and efficiently under the
operating conditions [9], emphasising the temperature-induced shift in
natural frequencies. Understanding the correlation between tempera-
ture and vibration effects on structural resonances helps to optimise
safety factors without compromising structural reliability. There are
standardised specifications for the implementation of vibration analyses
under the influence of temperature [10,11], the literature reviewed in
the following suggests that, on the one hand, only a few experiments
have been carried out and, on the other hand, individual test setups
are used for previous studies that are suitable for the respective appli-
cation [12-14]. Presumably the effort required to realise an appropriate
experimental setup leads to a small amount of research data. For a
homogeneous temperature distribution, a closed heating chamber with
appropriate dimensions is required. This thermal chamber increases the
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complexity of the test setup, as all sensors and other elements must
be installed inside the chamber and designed for the corresponding
test conditions, while at the same time, additional components are
required for the chamber itself and its mounting in order to not influ-
ence the direct correlation between excitation and vibration response.
When developing such a test rig, it is important to consider how the
temperature input is to be realised. Differences in material behaviour
due to an inhomogeneous temperature distribution, possibly with very
high-temperature differences within a component, should be avoided.

Research has been conducted on the effects of temperature on the
dynamic behaviour of sandwich structures in aviation, but due to the
large variance of composite structures, there is a particular need for
further investigations into valid experimental data, which are essen-
tial for material parameter identification [15-20]. Bai et al. [21,22]
investigated the temperature effects on the modal properties of a sand-
wich structure made of carbon fibre fabric and a Nomex honeycomb
core through experiments and simulations. The results show that the
natural frequencies and modal damping ratios of the structure change
significantly with increasing temperature, with each mode exhibiting a
distinct trend. Their temperature-dependent material properties of the
surface layer are identified as a major factor in the changes in mode
position [21].

Numerous papers investigate the behaviour of composite structures
without a sandwich core. Chandra et al. [23] investigate the dynamic
behaviour of carbon fibre epoxy composite panels under different
temperatures. Experimental investigations are carried out at temper-
atures ranging from 0°C to 125°C to determine the temperature-
dependent elastic and damping parameters [23]. The study uses a
genetic algorithm-based method to identify the parameters from modal
data. It shows that the shear modulus, as the dominant elastic param-
eter, decreases significantly with increasing temperature [23]. Most
studies investigate the influence of temperature on dynamic behaviour
without experimental data, instead using simulative and analytical
approaches and calculation methods [24-26]. They get comparable
results, whereas the need for reliable test data is repeatedly mentioned.
They all agree that temperature-dependent material properties play a
significant role in the variation of material parameters, while thermal
stresses only have a minor influence on the structural characteris-
tics [26-29]. The available literature on forced vibration analysis of
laminated composites under thermal conditions is limited. A detailed
literature review by Garg et al. shows that in most cases shear deforma-
tion theories were used for the analysis and that all higher-order terms
must be included to obtain realistic behaviour [30]. Changes in thermal
and hygrothermal conditions affect the behaviour of laminates, espe-
cially for thin laminated composite panels and shell structures, with
popular calculation approaches overestimating frequencies compared
to layer theories and 3D solutions providing more accurate results [30].

It is striking that existing literature mainly examines the positive
temperature range, although the negative temperature range also has
a decisive influence on the safe use of aircraft. This study there-
fore investigates the resonance behaviour of typical aerospace GFRP
sandwich panels with an aramid honeycomb core over the temper-
ature range from —40°C to 120°C. The primary research question
is how the resonance behaviour of sandwich panels changes under
temperature-combined vibration test conditions. Answering this ques-
tion is of crucial importance in order to be able to estimate, with the
help of parameter identification and FEM calculations, whether shifts
in the natural frequencies of product-related structural components can
be significant enough to shift resonances even into critical frequency
ranges. This represents a gap in the current practice of structural
testing, in which correlations between vibration and temperature are
generally not taken into account. To achieve this goal, this study fun-
damentally determines the material behaviour of four variant sandwich
panels by experimenting on geometrically simple specimens that differ
in the number of surface layers and core thickness. This investiga-
tion enhances the understanding of the fundamental reaction of GFRP
sandwich elements to temperature fluctuations, expands the available
database with experimental test data and creates the prerequisites for
investigating entire structural components.
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Fig. 1. Left: Structure of the four different panel types, right: honeycomb structure.

2. Materials and methods

The used GFRP sandwich panels with an aramid honeycomb core
and their properties are described in detail. Afterwards, the setup of
the test rig with an electrodynamic shaker, a thermal chamber and
measurement technology for carrying out temperature-combined vibra-
tion tests is presented and the test setup is discussed. This information
forms the basis for analysing the dynamic behaviour of the panels under
various conditions.

2.1. Structure under test

The sandwich panels used were manufactured by EURO-
COMPOSITES® S.A. (Echternach, Luxembourg), and are primarily used
in the aerospace industry. Due to their weight-specific properties, they
offer key advantages in terms of stiffness, weight and durability, even
under extreme conditions. The four types of sandwiches used in this
study have an aramid honeycomb core and one or two surface layers.
These glass fibre-reinforced polymer facings were manufactured from
AIRPREG PY 8137 using Style 7781 E-Glass as the fibre and modified
phenol-formaldehyde resin as the matrix. The material properties for
room temperature, according to the manufacturer, may vary, as the
specific material properties depend on the sandwich structure and the
manufacturing process, which can be caused, among other things, by
non-uniform cooling rates and thus varying material parameters such
as E-modulus [31]. According to the datasheet, the panels have a glass
transition temperature of approx. 190 °C, there is no information on
a lower limit temperature. Two panels have a thickness of 12 mm,
with the surface layers each being 0.25 mm thick. This results in a
core thickness of 11 mm for the panel with two surface layers on each
side (Variant V1) and a thickness of 11.5 mm for the panel with one
surface layer on each side (Variant V2). The other two panels have a
thickness of 20 mm, with the surface layers also being 0.25 mm thick.
This results in a core thickness of 19 mm for the panel with two surface
layers on each side (Variant V3) and a thickness of 19.5 mm for the
panel with one surface layer on each side(Variant V4). An exemplary
representation and the layer structure are shown in Fig. 1.

2.2. Test setup

Electrodynamic shakers are widely used and are available in various
sizes and with different force ranges [32-34]. They are capable of
generating different types of signals and a range of frequencies. The
working principle is suitable for medium- to high-frequency investi-
gations, but with certain limitations due to the displacement range
in the low-frequency range [35,36]. The electrodynamic shaker used
(SD5208, Spectral Dynamics, San Jose, USA) has a force vector of
24 kN, so there is sufficient power reserve for the dynamic investiga-
tions. In order to achieve reproducibility, accuracy and consistency of
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Fig. 2. The environmental chamber at the electrodynamic shaker.

the temperature field, a flow-optimised test chamber tailored to the
shaker was developed. Fig. 2 shows the combined test environment,
consisting of the electrodynamic shaker and the thermal chamber.
This chamber is mounted above the shaker and mechanically decou-
pled from the vibrations. The air temperature is controlled by an
air conditioning unit (TempEvent, Weiss Technik GmbH, Reiskirchen,
Germany), which supplies temperatures between —55°C and 150 °C at
a maximum volume flow of 300m3/h. To protect the slip table of the
shaker from extreme temperatures, a thermal barrier made of glass fibre
hard fabric, which has almost no damping or temperature-dependent
properties, is fitted under the sample.

For vibration excitation, the sample was clamped from both sides,
each with a flange fixed by a screwed connection. The flanges are
connected to the slip table of the shaker via screw connections. Al-
though this clamping has disadvantages compared to a mechanical
decoupling from the environment, such as in Chandra et al. [23], it
is a very robust and repeatable way to examine larger or heavier
test specimens and is frequently used in experimental and simulative
investigations [21,37]. In order to ensure a defined load application and
to prevent any influence from the flanges even at high temperatures,
they are designed to be as rigid as possible and made of hardened stain-
less steel so that temperature-related changes in material properties
can be assumed to be negligible. To avoid mechanical damage to the
sandwich structure during clamping and to minimise surface pressure
and stress peaks while generating a high number of eigenmodes, the
panels with a size of 400 mm x 197 mm were clamped eccentrically
on an area of 50 mm x 50 mm with a defined torque of 15 N m at a
uniform surface pressure. The resulting compressive stress is below the
maximum compressive load specified in the datasheet. Accelerometers
of the type PCB-TLD356A02 and PCB-339B31/NC (PCB Piezotronics
Inc., Depew NY, USA) were used to measure the acceleration behaviour
of the panels. The accelerometers have a measuring range of 1 to 5000
Hz and a resolution of 0.005 m/s?. These sensors were attached to
the flange and two corners of the sample. The acceleration sensor on
the flange is used to normalise the acceleration of the sample when
evaluating the tests with the acceleration of the sensors of the slip table.
By using two sensors at different points on the sample, it is possible to
ensure that all eigenmodes are recognised. This is necessary because
eigenmodes develop to different degrees at certain points and may not
be visible in the frequency response function (FRF). Before clamping
in the test rig, the acceleration sensors were glued to the sample. To

ensure that the position of the sensors is the same for all samples, the
sensors were positioned using a template and attached at a distance of
5 mm from the edges as shown on the right in Fig. 3.

The temperature is measured at different points on the specimen
and in the thermal chamber to ensure that the desired test temperature
is reached at all points on the specimen during the tests. Thermocouple
type K temperature sensors (ThermoExpert GmbH, Stapelfeld, Ger-
many) were used for this purpose and measured at the top, centre and
bottom of the chamber, and also measured at the top, centre and bot-
tom of the sample. In addition, a temperature sensor was inserted into
the honeycomb structure of the panel to ensure that the temperature
was not only measured on the surface but also inside the specimen. This
way, the temperature gradient across the sample can be determined
in the evaluation. Fig. 3 shows the experimental setup inside the
temperature chamber and the arrangement of the sensors. Data from
all sensors are processed using the HBM QuantumX system (MX840B
and MX1601, Hottinger Briiel und Kjaer GmbH, Darmstadt, Germany).
The signals are recorded with NI Diadem 2019 (National Instruments
Corp., Austin, USA) at 9600 Hz and analysed in Matlab 2022b (The
MathWorks Inc., California, USA). The selected sample rate ensures
that the sinusoidal oscillation can also be approximated in the upper-
frequency range during the Fast-Fourier-Transform (FFT). The resulting
amplification HI is the ratio of the Fourier-transformed signal from
the sensor on the sandwich plate to the peak amplitude of the input
signal (see Eq. (1)). This allows the dynamic behaviour of structural
components to be investigated under different load conditions and their
resonance frequencies and damping properties to be characterised.

Qout (1)
Qjp

The excitation of the slip table attached to the shaker is verti-
cal to the mounted panels, while the shaker generates a controlled
vibration. The gain and frequency of the vibrations are controlled
using VibrationVIEW control software (Vibration Research, Jenison,
USA) and a 50 g accelerometer PCB-352C33 (PCB Piezotronics Inc.,
Depew NY, USA) mounted on the slip table to simulate specific test
conditions. To minimise the time required for the experiments, the
specimens were excited with a logarithmic sine sweep at 2 oct/min. The
sweep was performed starting from 10 Hz to 600 Hz and following back
from 600 Hz to 10 Hz. The temperature was changed in steps of 20 °C,
resulting in nine temperature levels. A total of 72 tests were therefore
carried out. A total of six sweeps per panel were performed at each

HI

out,in —
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Fig. 3. Left: Panel mounted in the Chamber with acceleration and temperature sensors, right: positioning of the acceleration sensors.
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Fig. 4. Locus curve of 12 mm panel with two surface layers (V2) at point P3.

temperature level, three upsweeps and three downsweeps. Minor non-
linearities between upsweep and downsweep were normalised. With
two test specimens of each type investigated, the average was formed
from 12 FRFs at each level between —40°C and 120 °C for statistical
validation. The respective frequency response functions of the tests for
all panels and temperatures are published as raw data [38]. As the
standard deviation in the frequency ranges between the resonances
was negligible, the standard deviation of the individual resonances is
shown in Fig. 11. Preliminary tests showed that the sandwich panels
exhibit non-linearities even at low deflections as a result of the mode-
specific deformation, which became particularly clear when comparing
the upsweep and downsweep signals and was reflected in an asymmetry
of the phase-specific locus curve. For this reason, the acceleration was
set to a constant peak acceleration a;,, = 2 m/s?> as a compromise
between the lowest possible excitation acceleration of the shaker and
the most linear vibration behaviour of the sandwich panels. Fig. 4
shows an example of the temperature-dependent frequency response of
the 12 mm panel with two surface layers at point P3 as a locus curve
during an upsweep with an acceleration of 2 m/s2. It can be noted that
the panel exhibits almost symmetrical behaviour, i.e. the panel retains
comparatively linear properties despite deflection.
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Fig. 5. Nominal temperature gradient of the test specimens.

3. Test results and discussion

Overall, the frequency response functions of the identical specimens
at the same temperature conditions differed only very slightly from
each other with a maximum deviation of 3.29°C. Fig. 5 shows the
average temperature deviation of all panels as a function of the sensor
position over the nominal temperature. Despite the flow optimisation,
temperature gradients in the climate chamber and consequently in
the sandwich panel cannot be completely avoided. The temperature
deviates most strongly in the upper part and inside the panel, whereas
the panel thickness only has a minor influence on the temperature
difference. The deviations are approximately proportional to the tem-
perature gradient to room temperature and therefore show a greater
deviation of a maximum of 6°C in the high temperature range at
100-120 °C, while a maximum deviation of —3 °C is recorded in the low
temperature range at —40 °C. The average temperature of all sensors is
almost constant and only deviates between 1.0 °C and —1.5 °C from the
nominal temperature. No delamination or other optically recognisable
changes to the structure occurred in the temperature range tested.

To get an impression of the resonance changes, the resonance
behaviour of the 12 mm panel with two surface layers is discussed qual-
itatively as an interpolated spectrogram. Fig. 6 shows the resonance
and amplitude changes of the panel as a function of temperature. The
red lines of data points visualise FRFs generated at each of the nine
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temperature levels in an upsweep. The temperature between the nine
FRFs is interpolated by a surface, resulting in the spectrogram of the
amplification as a function of frequency and temperature. It is obvious
that the temperature has a significant influence on the eigenmodes
and the amplification of the panel. In general, it can be said that the
damping and associated amplification of the vibration behaviour is
strongly temperature-dependent, especially in the low-frequency range.
As in the previously mentioned literature, the amplification decreases
with increasing temperature due to proportional damping effects, but
the results also show that the vibration behaviour is damped at colder
temperatures. The resonance frequencies clearly shift with increasing
temperature, whereas it becomes apparent that the modes have dif-
ferent frequency shift gradients and the shifts increase with higher
temperature. The non-linear behaviour of the modes over temperature
can be seen at all resonances, but particularly at the third and fifth
resonance. Between —20 °C and 40 °C the modes shift almost linearly,
from 40 °C the gradient increases and is at its maximum between 60 °C
and 100 °C. From 100 °C to 120 °C the shift decreases again. A striking
aspect is the temperature range between -40 °C and -20 °C, which has
been considered very rarely in the literature, but is crucial for aviation.
The gradient increases here too, which leads to an increased shift in the
modes.

The frequency response functions and phase diagrams at both mea-
suring points P3 at the upper end of the panel and P2 in the lower
corner of the panel are also analysed. This is shown for the four variants
in Figs. 7-10, the resonance frequencies with respective amplification
at the measuring point P3 are listed in Tables 1-4. In the following
section, the characteristics of functions as well as the similarities and
differences between the panels are discussed. It should be noted that
only the mean values of the upsweeps are shown below. The thick-core
panels have four eigenmodes in the analysed frequency range, while
the thin-core panels have five eigenmodes. A temperature-induced
shift in the resonances can be clearly recognised in all four panels.
This shift is mode-dependent and generally increases with increasing
frequency. While the first eigenmode is particularly prominent for the
upper measuring point, the maximum amplification occurs at the third
eigenmode for the lower measuring point. The amplification also shows
a strong temperature dependence for all four variants. In general,
a reduction in amplification can be measured at higher and lower

temperatures. However, the maximum amplification does not always
occur at a temperature of 20 °C, which is commonly used for resonance
testing of structural components without combined test conditions.

The natural frequencies of variant V1 shift between 6.3 Hz at the
first resonance, which corresponds to 12.9%, and 122 Hz at the highest
resonance in the analysed frequency range, i.e. 21.1%. The natural
frequencies in a higher frequency range shift significantly more than in
a lower frequency range. The natural frequencies drift more strongly
when the temperature shifts into the positive than into the negative
range. Between 40 and 120°C, the natural frequencies shift by an
average of 32.4Hz or 11.4%. Between 40°C and —40 °C, the natural
frequencies shift by an average of only 17.3Hz or 5.7%.

One important finding is that the characteristics of the resonances
are temperature-dependent, but the individual resonances react dif-
ferently to the individual temperatures. In contrast to the generally
valid test temperature of 20 °C, the panel has an increased resonance
behaviour at deviating temperatures. As it can be seen in Table 1 and
Fig. 7, the first mode shows its maximum resonance at 0 °C, the second
mode at 20 °C and the third mode at —40 °C. Temperature changes
have a direct impact on the damping factor. In many systems, especially
in the materials analysed here, the temperature influences the internal
damping. Both higher and lower temperatures increase the attenuation
by changing the material properties. As a result, the phase shift curves
in the resonances show a changed transition. The curves in the phase
diagrams illustrate how the phase shift behaves over a wide frequency
range for different temperatures. At lower temperatures, sharper and
more prominent phase changes occur, while at higher temperatures
the phase changes are flattened. This indicates that the material is
more damped at higher temperatures, which reduces the amplitudes of
the oscillations and smoothes the phase shifts. At higher temperatures,
clear changes in the phase shift can be recognised, particularly in higher
frequency ranges due to a changed phase response. This indicates that
the material or system responds differently at these temperatures than
at lower temperatures. The phase curves tend to be less prominent,
which indicates that the system is more damped at these temperatures
and the damping behaviour is clearly evident. This panel also demon-
strates significant effects in terms of damping influences and altered
vibration behaviour in the phase diagram. This behaviour, which occurs
particularly at higher temperatures, in turn, provides information about
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Fig. 7. Temperature-dependent FRF and phase diagrams for 12 mm panels with two surface layers (V1).
Table 1
Temperature-dependent mode changes with the specific amplifications at P3 for 12 mm panels with two surface layer (V1).
Temperature 1. Mode 2. Mode 3. Mode 4. Mode 5. Mode
[°C]
f [Hz] HI f [Hz] HI f [Hz] HI f [Hz] HI f [Hz] HI
120 43.40 31.36 116.90 11.17 219.00 8.45 328.70 5.55 490.10 3.24
100 44.50 35.22 119.90 14.88 228.10 10.46 334.90 6.76 506.70 3.41
80 45.80 41.89 125.00 21.65 239.80 10.79 344.40 7.57 524.80 3.60
60 47.00 47.04 128.90 25.38 249.30 10.13 352.50 7.82 545.70 3.18
40 47.90 50.56 131.60 31.32 257.80 12.70 357.10 8.61 568.90 3.73
20 48.30 49.05 134.00 32.71 260.80 14.17 363.60 8.59 575.20 5.12
0 48.90 50.70 134.90 30.34 264.40 14.79 365.80 7.73 586.70 4.73
-20 49.40 49.36 136.90 26.47 270.40 14.67 368.80 6.73 600.30 4.13
—-40 49.70 47.61 138.80 24.08 276.00 14.94 373.70 7.05 612.90 4.18

the characteristics of the individual resonances. Like variant V1, variant
V2 with only one surface layer has five natural frequencies in the
analysed frequency range. The natural frequencies are all below the
equivalent modes of V1, which can be explained by only one surface
layer and the associated lower stiffness. The natural frequencies of
variant V2 shift between 4.8 Hz and 93.5 Hz, although the shifts are
smaller than for variant V1 with two surface layers. The fifth natural
frequency shifts the most by 16.90%. In principle, the displacement
also increases for variant V2 at higher natural frequencies. It can also
be observed with this variant that the natural frequencies shift more
in the positive direction than in the negative direction. Between 40 °C
and 120 °C, the natural frequencies shift by an average of 25.65Hz or
10.13%. Between 40°C and —40°C, the natural frequencies shift by
an average of only 14.94 Hz or 5%. This variant shows the maximum
amplification for the first three resonances at 40 °C

With the 20 mm panels, only four resonances occur in the analysed
frequency range. Due to the geometric shape and rigidity of the panel in
connection with the mounting, an anti-resonance occurs at the second
resonance, which is shown both in the frequency response function and

in the phase diagram in Fig. 10. Due to the comparability to the other
variants, the clamping surface, with which this effect could be elimi-
nated, was not changed, but must be taken into account accordingly in
the analysis.

The natural frequencies of variant V3 shift between 8.7 Hz and
81.4 Hz. The first natural frequency also shifts the least at 8.6 Hz or
10.3% and the fourth natural frequency shifts the most at 81.4 Hz
or 11.6%. With variant V3, the natural frequencies also shift more
in the positive direction than in the negative direction. The average
shift from 40 to 120°C for variant is 27.3Hz or 9.93%. In contrast,
the average shift from 40 to —40°C is only 14.34Hz or 5.14%. The
shift is correspondingly lower than for the 12 mm panel with two
surface layers. This suggests that the core has a lower temperature
sensitivity than the cover layers. In comparison to the thin variants V1
and V2, the phase change is stable and does not change depending on
the temperature, but here too the flattening of the phase curve shows
sandwich-internal damping processes.

The shift due to the temperature is also pronounced to a different
level for each natural frequency in variant V4. Table 4 shows that the
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Fig. 9. Temperature-dependent FRF and phase diagrams for 20 mm panels with two surface layer (V3).
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Fig. 10. Temperature-dependent FRF and phase diagrams for 20 mm panels with one surface layer (V4).

Table 2
Temperature-dependent mode changes with the specific amplifications at P3 for 12 mm panels with one surface layer (V2).
Temperature 1. Mode 2. Mode 3. Mode 4. Mode 5. Mode
[°c]
f [Hz] HI f [Hz] HI f [Hz] HI f [Hz] HI f [Hz] HI
120 38.10 24.53 107.30 10.71 193.80 6.17 306.50 3.86 460.20 1.60
100 38.70 29.00 108.90 15.00 196.90 8.01 308.50 3.24 460.30 1.79
80 39.90 36.52 112.70 20.34 206.60 11.84 316.90 4.20 486.50 2.77
60 41.10 41.44 116.30 26.26 215.20 13.73 325.10 4.65 503.40 3.09
40 41.90 43.75 118.70 29.55 222.20 15.43 331.60 5.01 512.20 2.59
20 42.00 39.90 119.90 27.09 226.10 13.67 334.60 5.64 524.60 5.13
0 42.30 40.47 121.00 25.79 228.70 11.46 336.10 4.64 531.60 4.38
-20 42.40 39.78 121.80 20.75 230.10 11.19 340.20 4.63 542.40 3.78
-40 42.90 38.39 122.60 21.96 233.80 12.09 343.30 4.21 553.90 3.78
Table 3
Temperature-dependent mode changes with the specific amplifications at P3 for 20 mm panels with two surface layer (V3).
Temperature 1. Mode 2. Mode 3. Mode 4. Mode
[°C]
f [Hz] HI f [Hz] HI f [Hz] HI f [Hz] HI
120 66.70 30.58 170.80 13.61 319.90 9.78 487.50 7.34
100 67.70 34.48 174.60 15.53 329.60 11.55 494.90 6.43
80 69.80 41.53 181.20 20.41 349.50 12.67 506.30 8.10
60 71.60 48.34 186.00 26.40 364.30 11.60 518.90 8.10
40 72.90 50.44 190.30 32.05 373.00 15.65 527.80 8.67
20 73.00 45.25 192.20 29.15 378.90 17.71 533.00 10.75
0 73.80 49.31 194.20 27.30 384.20 17.33 539.00 8.83
-20 73.90 47.26 196.00 20.96 392.60 13.42 546.30 7.44
-40 74.40 43.02 197.50 20.89 401.10 12.87 551.50 6.32
first eigenfrequency only shifts by 6.6 Hz, while the fourth eigenfre- Fig. 11 summarises the percentage change in the frequency of
quency shifts by 50.2 Hz. On average, the eigenfrequencies shift over the individual modes of all four sandwich variants at different tem-
the temperature range from —40°C to 120 °C by 30.68 Hz or 12.03%. peratures. The four diagrams show the temperature dependency of
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Table 4

Temperature-dependent mode changes with the specific amplifications at P3 for 20 mm panels with one surface layer (V4).
Temperature 1. Mode 2. Mode 3. Mode 4. Mode
[°C]

f [Hz] HI f [Hz] HI f [Hz] HI f [Hz] HI

120 61.20 37.35 156.70 7.66 295.90 7.37 451.00 4.30
100 62.30 45.06 160.20 10.25 300.30 8.33 454.70 4.99
80 64.00 54.51 165.80 14.17 311.00 9.23 464.00 6.57
60 64.30 69.32 168.10 17.92 320.20 11.41 472.70 7.42
40 65.40 73.64 172.10 18.68 329.90 13.42 483.90 8.05
20 66.00 74.91 174.70 25.26 335.10 19.20 488.50 8.58
0 66.50 74.21 176.40 22.05 340.60 18.22 492.80 6.44
-20 67.20 68.51 178.50 18.37 347.20 17.07 495.00 5.89
-40 67.80 61.36 180.90 15.46 354.50 16.71 501.80 6.06

the normalised frequency shift as a function of the different tem-
peratures. A general trend of decreasing frequency with increasing
temperature can be observed for all four sandwich panels, but the
resonance frequency of the panels is not reduced linearly by increasing
the temperature. This does not only apply to the positive temperature
range, in the negative temperature range the opposite behaviour can
be observed, the resonance frequencies increase. This clearly shows
how the structural properties such as the rigidity of the panels can
change under changing thermal environments. The five eigenmodes
generally show similar trends in all diagrams, but the exact depen-
dency of the variants differs. In a comparison of the four panels, the
thinner sandwich panels show a stronger temperature dependency,
while the panels with a thicker honeycomb core exhibit a more stable
behaviour with regards to frequency changes when the temperature
changes. This effect is particularly noticeable in the higher temperature
range. The variants with two surface layers respond even stronger to
temperature changes than the variants with one surface layer. This
indicates that the surface layers of the panels react more sensitively
to temperature changes, while increasing core thickness tends to have
a stabilising effect. The graphs in Fig. 11b displays a summary of
the percentage change in amplification of the individual modes of all
four sandwich variants at different temperatures. In the four diagrams,
the temperature dependency of the normalised amplification change is
shown as a function of the different temperatures. In general, it can
be observed that the amplification of the eigenfrequencies decreases
towards the edge temperatures, while the loss increases. Although the
amplification also increases for other variants above the normalised
100% at 20°C, the 12 mm panel with one surface layer is striking,
with the first three eigenmodes showing their maximum amplification
at 40°C, which is approx. 10% higher than at 20°C. The materials
and sandwich composites of the structures are less stable at extreme
temperatures, which is reflected in increased damping and reduced
amplification of the vibrations.

First of all, it can be observed for all specimens that the eigenmodes
shift to lower frequency ranges as the temperature increases. This shift
is not linear. At higher temperatures, the eigenfrequencies of the tested
panels shift more than at lower temperatures, but the shifts in the
low temperature range are by no means negligible. It could be shown
that the resonances shift more in higher frequency ranges than in
lower frequency ranges. The structural design also has an influence on
the temperature-related shift. The investigation shows that a thicker
honeycomb core reduces the temperature-related shift. This means
that thicker panels are more stable and less susceptible to changes
in their resonance frequencies when the temperature changes. On
the other hand, more surface layers increase the temperature-induced
displacement. This indicates that panels with multiple surface layers
are more sensitive to temperature changes and show greater shifts in
their resonance frequencies. These findings are crucial for the selection
of suitable material configurations in applications where temperature

stability plays an important role. It can also be seen that the damp-
ing of the system increases with temperature. At lower temperatures,
especially below 0°C, the damping is lower, which leads to stronger
and sharper phase shifts. At higher temperatures, on the other hand,
damping increases, resulting in smoother phase shift curves and less
pronounced resonance behaviour. These observations are typical for
many materials that lose structural stiffness at higher temperatures and
at the same time exhibit higher internal damping. Comparable stud-
ies consistently cite temperature-dependent material properties as the
main reason for the change in modal parameters [22]. This behaviour
has an influence on the application of the material in environments
with different temperatures, such as aerospace, as the dynamic proper-
ties, in particular the resonance frequency and damping, are strongly
temperature-dependent, as shown. In summary, the variance of the four
panels can be characterised as the following:

* Thicker honeycomb cores reduce temperature-induced shifting.
+ Additional surface layers increase the temperature-related shift.

4. Conclusion

In this study, the influence of temperature on the eigenfrequen-
cies and amplifications of four different GFRP sandwich panels with
an aramid honeycomb core was thoroughly investigated in combined
vibration tests. The results show several aspects of the dynamic be-
haviour of these aerospace materials over the typical aerospace tem-
perature range of —40°C to 120°C. Primarily, it was shown that
the eigenfrequencies of the sandwich panels are strongly sensitive to
temperature changes. In particular, resonances at higher frequencies
tend to lead to higher shifts due to temperature. Moreover, contrary
to original expectations, significant frequency shifts were observed at
temperatures below 0°C. This highlights the need for comprehensive
testing and analysis under extreme environmental conditions, in or-
der to accurately predict the dynamic behaviour of sandwich panels
in realistic operating conditions. In addition, the study shows that
the amplifications are not consistently highest at room temperature,
as currently assumed in aviation certification. Instead, the amplifi-
cation values reach their maximum in different temperature ranges,
depending on the specific properties of the sandwich panels. Under-
standing the temperature-dependent amplification behaviour is crucial
for optimising the structural design and ensuring robust performance
under different operating conditions while considering the lightweight
potential. Overall, the results presented in this study highlight the
inherent interactions between temperature and dynamic behaviour
in aerospace sandwich panels. By experimentally investigating the
temperature-induced shifts in eigenfrequencies and amplifications, this
study contributes valid data and insights for the design, analysis and
optimisation of lightweight structures. Further research is required to
investigate the underlying mechanisms of temperature-dependent dy-
namic behaviour, also as a function of core thickness. The experimental
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Fig. 11. Normalised shift of frequency and amplification as a function of temperature.

data can be used to develop and support numerical prediction models
for a more accurate performance estimation of even large structural
components. By improving the understanding of these interactions, the
safety, reliability and efficiency of aerospace systems can be increased

in a rapidly evolving technological landscape.
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