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Abstract: The application of fiber-reinforced thermoplastic mono-material sandwich panels has
many advantages, such as recyclability, reduction in processing cycle times, integration of additional
elements by means of welding, and a great potential for in-line production. The most efficient way
to produce a curved thermoplastic sandwich panel is thermoforming, which has several challenges.
One of them is to achieve a higher thermal gradient in the panel. On the one hand, the temperature
at the skin–core interface must exceed the softening point of the polymer to reach a sufficient
bonding degree. On the other hand, the core should not be overheated and overloaded to avoid
its collapse. Furthermore, several fiber distortions, such as wrinkles or buckles, can be developed
during thermoforming. All these flaws have a negative impact on the mechanical performance
of the sandwich structure. The objective of this study is the development of a simulation tool for
the thermoforming process, which can replace the time-consuming trial-and-error-based method.
Therefore, a coupled thermomechanical model was developed for a novel thermoplastic sandwich
structure, which is able to predict the temperature distribution and its influence on the mechanical
properties of the panel. Experimental trials were conducted to validate the thermomechanical forming
model, which demonstrated a good agreement with numerical results.

Keywords: thermoplastic composites; sandwich structure; thermoforming; thermomechanical analysis;
characterization

1. Introduction

Carbon dioxide released by the aviation industry contributes to around 2.5% of global
CO2 emissions [1]. The Paris Agreement aims to limit the rise in global temperature by
1.5 ◦C. Therefore, the International Civil Aviation Organization has developed long-term
goals to achieve net-zero emissions by 2050 alongside international experts from govern-
ments, industry, and academia. It is expected that the major contributors to CO2 emission
reduction will be innovations in technology, such as electric and hydrogen-powered aircraft
and the use of sustainable aviation fuels [2]. It will be a challenge for the aviation industry
to completely eliminate emissions. Therefore, several offsetting mechanisms are necessary
to allow compensation by financing emission reduction elsewhere [3]. Thus, the aircraft in-
terior sector can also play a part in decarbonization. The essential contribution to reducing
emissions can be achieved by utilizing thermoplastic mono-material sandwich structures,
which leads to a potentially significant weight reduction and, thus, lower fuel consumption
in aircrafts. Sandwich structures consist of a thermoplastic honeycomb core and continuous
fiber-reinforced thermoplastic skins and have outstanding mechanical performance and a
great stiffness–weight ratio compared to conventional structural materials. Furthermore,
thermoplastic materials are recyclable, contributing to environmental sustainability [4].
In order to simplify the recycling process, a mono-material structure, which is based on
the same thermoplastic polymer for all sandwich elements, is considered in this study.
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The usage of thermoplastic materials allows a great reduction in processing cycle times
and an integration of additional functional elements such as ribs, inserts, or brackets [5].
All processing steps, such as compression molding, thermoforming, and integration of
the functional elements, can be combined in a so-called in-line production. This process
optimization leads to energy efficiency, thereby reducing CO2 emissions.

One of the most efficient methods to produce a thermoplastic sandwich panel is direct
thermoforming, where the fiber-reinforced thermoplastic skins and the core are stacked to-
gether and heated to the softening temperature of the polymer and then quickly transferred
into a pressing tool [6]. Several investigations have shown that the manufacturing process
window of such panels is limited. As shown in Figure 1, a higher temperature gradient in
the sandwich structure must be attained to achieve a sufficient fusion bonding quality. On
the one hand, the skin–core interface should be heated above the softening temperature
of the polymer. On the other hand, the core should not be overheated and overloaded to
avoid its collapse [7,8].
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The traditional approach for defining the thermoforming process window and inves-
tigating the onset of various defects is the so-called trial-and-error-based method, which
is quite costly and time-consuming. With this approach, it is possible to obtain control
over the influence of processing factors such as temperature, pressure, and time, but it is
very difficult to predict and govern the development of different defects like core collapse
and fiber-reinforcement wrinkling. In order to completely understand and avoid the de-
velopment of such failures, Finite Element Modeling (FEM) can be a helpful alternative
tool, especially for the parts with increased complexity. Furthermore, the same numerical
models can be used for other thermoplastic materials and part geometries, eliminating
additional costs for materials and tooling.

Several investigations have been conducted for the thermoforming of sandwich panels
based on the same thermoplastic matrix for the skins and core [9–15]. Rozant et al. analyzed
the forming process of initially flat sandwich structures with foam cores, using thermal
and mechanical models separately. With the thermal model, it was detected that two-step
manufacturing is required to avoid foam tearing. The mechanical model demonstrated the
critical deformation areas, which were validated with the experimental results. Recently,
Minupala et al. performed an investigation on the sandwich structure in order to optimize
the production line [16]. With the help of numerical analysis, the thermoforming process
window was determined for flat semi-finished organosandwich panels with honeycomb
cores, and the occurrence of folds and wrinkles was discussed. Despite these few studies,
research on the thermoforming of sandwich structures is still limited.
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Much more research has been conducted on the thermoforming of fiber-reinforced
organosheets [17–21]. The thermoforming process of reinforced thermoplastic laminates is
derived from metal press forming and is called hot stamping [22]. Ramirez et al. created a
coupled thermomechanical model to simulate the non-crimp fabric (NCF) thermoforming
process with thermoplastic resin (PA6). Two different approaches for resin, elastoplastic
and viscoelastic, could be confirmed by experiments where buckling in highly compressed
zones was detected. The hot stamping of the pre-impregnated thermoplastic composites
was also investigated by Guzman-Maldonado. The thermomechanical analysis has shown
an increase in the in-plane shear stiffness with decreased processing temperature and high
strain rates, which led to frequent wrinkling.

The main objective of this paper is to analyze the thermoforming process of thermoplas-
tic mono-material sandwich structures with honeycomb cores. Based on thermomechanical
analysis, manufacturing defects such as core melting and fiber distortions can be predicted.
Furthermore, the influence of the processing parameters can be evaluated and optimized,
thus leading to process stability.

2. Materials and Methods

The thermoforming process of the thermoplastic sandwich panels is performed at
temperatures above the softening point of the polymer to enable the defect-free deformation
of the skins into the desired shape. The selected materials and manufacturing process will
be described in the following chapter. Furthermore, the governing mechanisms during
the thermoforming process will be analyzed, and reliable material characterization will be
defined in order to provide the required input data for the thermomechanical model. After
theoretical analysis, the numerical model will be described in order to predict the potential
defects after thermoforming.

2.1. Materials and Manufacturing

In the presented paper, the thermoplastic polymer polycarbonate (PC) was applied as
the core and skin matrix material. In order to fulfill the specific flammability requirements
for the aviation industry, the polymer was modified by adding halogen-free flame retar-
dants. The glass fiber-reinforced polycarbonate used for this investigation is a thermoplastic
polymer organosheet system with a total fiber volume fracture of 50%, provided by Toray,
with a thickness of 0.48 mm [23]. The fiber architecture is an eight-harness satin weave
composed of E-glass fibers of 9 µm in diameter. The polycarbonate honeycomb core with a
thickness of 10 mm has a tubular structure and was supplied by Tubus Bauer [24].

The thermoplastic mono-material sandwich panels can be manufactured in three
methods: isothermal, non-isothermal, and combined [8]. The process is called isothermal
when the heating and bonding are performed simultaneously. Once these two processes are
separated, it is referred to as a non-isothermal case [12]. The third manufacturing approach
is a combination of isothermal and non-isothermal processes. Previously, it was shown
that the isothermal process could not be applied for the production of curved panels, and
the non-isothermal process is limited by the skin thickness [8]. Therefore, the combined
process is applied in this paper, which adopts the advantages of both previous processes
and diminishes their disadvantages.

As illustrated in Figure 2, the skins and honeycomb core were fixed in the tender
frame and pre-heated by infrared radiation in one step. The core was distanced from the
face sheets using an additional spring system to prevent its melting. In addition, the skins
were cut wider than the core to prevent it from overheating. After the skins reached the
required temperature, the structure was transferred to the hot molding press, which was
heated below the softening temperature of the polymer.
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2.2. Theoretical Background of Thermoforming

In order to shape the thermoplastic composite materials with fiber reinforcement into
the desired form, the polymer matrix should be heated above its softening temperature.
Thereby, the resin changes from a solid to a liquid state and becomes weak enough that the
forming process is mainly controlled by the deformation behavior of the continuous fiber
reinforcement [17]. Wrinkling is one the most common defects during textile reinforcement
forming, which negatively impacts the composite material’s mechanical properties and thus
reduces its load capacity [25,26]. Therefore, it is important to understand the thermoforming
process and the influence of the process and material parameters in order to prevent the
occurrence of wrinkles and other distortions.

The thermoforming process of thermoplastic composite materials is governed mainly
by three deformation mechanisms: in-plane shear, tension, and bending. Many researchers
have concentrated on the in-plane shear of the reinforcement because it is the primary
deformation mode during the forming [20]. The textile can withstand large deformations
and obtain different complex forms due to its low shear stiffness compared to its high
rigidity in the yarn directions [17]. Figure 3 shows the deformation in fabrics during the
shear loading. Initially, the warp and weft yarns are orthogonal to each other and start to
rotate and slide over each other after first loading. With load increase, compaction of the
fibers occurs, and the shear stiffness rises. Once the fibers reach the locking angle, shear
deformation ends, and compressive stresses lead to wrinkling [25,26].
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In further studies, Boisse and Allaoui have also shown the influence of the tension
and bending strains on the wrinkling process. Using blank holders while thermoforming
causes large tensions in the yarns, which in turn minimizes the risk of defects and improves
the surface quality. As illustrated in Figure 3, the application of tension to the fabric
reinforcement postpones the onset of wrinkles. The bending deformation also plays an
important role in the thermoforming results. With bending stiffness, the size of wrinkles
increases, and their number decreases. Considering this contribution, better simulation
results can be achieved in the visualization of folds and wrinkles [20,27].

2.3. Material Characterization
2.3.1. Bias Extension Test

For the determination of the in-plane shear properties, which is the main deformation
mode during the forming, the bias extension test for the thermoplastic organosheets was
performed at different processing temperatures. Spivak and Treloar introduced the test in
1968 [28].

As shown in Figure 4, the rectangular specimen with fibers initially oriented at ±45
degrees is loaded in tension. The initial length of the specimen must be at least twice its
width so that the yarns have one or two free edges and tension in the fiber can be avoided.
During the stretching, three different zones are developed. Zone A has no deformation,
and the shear angle is zero because one end of the warp and weft yarns is fixed in the
clamp. Pure shear occurs in zone C, and the shear angle reaches its maximum here. The
stretching in zone B leads to a semi-shear deformation, and the shear angle is supposed to
be half of that in zone C [17].
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Based on the pin-jointed net and the assumptions that there is no tension in the yarns
and no sliding at yarn crossover points during loading, the theoretical shear angle is
determined as a change in the angle between the fibers. It can be given by the following
equation [17]:

γ =
π

2
− 2 cos−1

(
D + d√

2D

)
(1)
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where D is the length of the central zone C and d is the current crosshead displacement.
The shear angle can also be defined as a function of the angle between the warp and weft
yarns:

γ =
π

2
− α (2)

The main advantages of the bias extension test over other experimental methods
are the relative simplicity and the compact size of the sample, which is important when
the test is performed in an environmental chamber. Furthermore, there are no spurious
tensions in the yarns, and only pure shear deformation can be observed [29]. Although the
bias extension test is quite simple, there are still a few difficulties. The attachment of the
specimen is complex, and the clamps can decrease the temperature of the material. Thus,
achieving thermal equilibrium in the entire specimen is essential for reliable results. On
the other hand, waiting a long time is not recommended to avoid the oxidization of the
polymer by high temperatures [30].

2.3.2. Test Setup

The experimental setup used to characterize the shear behavior of the thermoplas-
tic organosheets is illustrated in Figure 5. A rectangular sample with dimensions of
60 × 180 mm2 was placed in the universal tensile test machine ZwickRoell Z050-K within
the temperature chamber. Three temperatures over the softening point of the Polycarbonate
were chosen: 160 ◦C, 190 ◦C, and 220 ◦C. So, nearly the entire processing range was covered
by these temperatures. Once the specimen achieved the desired temperature, measured by
a temperature sensor in the oven, a series of tests were performed with a constant clamp
speed of 5 mm/min. Thus, the load and displacement were recorded.
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In order to record the evolution of shear angle, an additional optical system is required,
as stated by several researchers [29,31,32]. Chen et al. used several optical methods, such
as a Digital Image Correlation, for dry woven fabric analysis [31], while Brands et al.
used a video extensometer to measure the shear deformation of patterned fiber-reinforced
thermoplastic organosheets [33]. However, Vanclooster pointed out some drawbacks of
this method. The gridlines sprayed with white paint onto the sheets were partially not
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parallel with the fiber orientation after shear deformation, and the pattern was destructed
due to friction forces, particularly in high shear zones [34].

In this study, the shear angle evolution was not recorded experimentally. However,
it was decided to measure the shear angle at the specific displacement using the Keyence
Digital Microscope VHX-1000. From the bias-extension pre-trials, it was detected that the
fiber fracture occurred at a minimum displacement of 43 mm. Thus, all specimens were
tested up to a displacement of 43 mm, and the shear angle in zone C was measured using
the digital microscope. The average experimental value at this specific displacement was
then compared with numerical and theoretical results.

2.4. Thermoforming Model

During the thermoforming, there are large temperature gradients in the thermoplastic
sandwich panels. Furthermore, some areas of the panel can have contact with a heated
tool earlier than others due to the specific geometries of the pressing means. All these
temperature differences cause various shear responses and can have immense effects on
thermoforming process quality and the development of defects. Therefore, it is important
to identify the temperature fields and heat flows inside the panel structure and define
their effect on the material properties in a thermoforming process. In order to perform the
thermomechanical analysis, a fully coupled FE model was developed using the non-linear
element solver RADIOSS®.

Figure 6 depicts the structure of the thermomechanical transient model, which consists
of an upper and lower tool, two skins, and a honeycomb core between them. In order to
achieve plausible simulation results, it is fundamental to determine reliable input data such
as meshing, material properties, and boundary conditions.
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With the help of the 2D automeshing method, 4-node shell elements with a size of
2 and 5 mm were set for the skins and tools, respectively. The honeycomb core could be
present presented at the mesoscopic or macroscopic scales. In the first case, every core cell
is modeled separately with the shell elements, and the through-thickness deformation can
be simulated. The second method presents the core as one part, using volume meshing.
During the thermoforming process, the core can be overheated and thus collapse from
melting, which can be predicted just using thermal evaluation. Therefore, the decision
was made to conduct the core modeling at the macroscopic scale, using solid hexahedral
elements with a size of 1 mm.

After meshing, the different material laws available in the RADIOSS library and the
boundary conditions were applied for all model components. Both pressing tools were
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modeled as rigid bodies with the linear elastic material law MAT/LAW1. A rigid body
was determined by a set of slave nodes and a master node and is comparable to a part with
infinite stiffness [35].

The honeycomb core was represented by the elastoplastic 3D material law MAT/LAW74
based on orthotropic Hill plasticity with thermal dependency. In order to define the material
card table for the polymer yield stress at different temperatures, yield behavior curves from
the literature were used and shown in Figure 7 [36]. It should be noted that the yield stresses
for temperatures of 200 ◦C and 250 ◦C were not tested and were estimated to be relatively low
to represent a liquid state of polycarbonate.
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The literature describes three mechanical approaches for the forming simulation of the
fiber-reinforced organosheets: discrete, continuous, and semi-discrete. In the first method,
the reinforcement is modeled at the microscopic level using a beam element for each fiber.
Thus, the possible motion between the fibers and contact friction can be considered [37]. The
second approach uses standard shell or membrane elements to simulate organosheets at the
macroscopic level. The fry fabric represents hyperelastic behavior, while the resin matrix is
defined as a nonlinear viscohyperelastic material [17,38]. However, it does not consider
the slippage between the warp and weft fibers. The third approach, which combines the
previous two methods, was proposed to overcome this limitation. The semi-discrete model
describes the components at the mesoscopic level, where each yarn is represented by a
solid element. This method permits the simulation of sliding between the yarns [39].

Ramirez et al. proposed a novel simulation model that considers fiber-reinforced
thermoplastic composites at the macroscopic level. The organosheets were modeled using
shell elements and assigned to two different material laws, separately representing the
fabric and resin components. Both materials were combined using a new multi-layer
property available in RADIOSS [18,35]. The same constitutive model was adapted by
Schramm et al. for a fiber-reinforced thermoplastic roof bow part [40] and by Prus for an
elastic fuel tank reinforced with an exoskeleton [41].

The focus of this study was on sandwich structures. In order to investigate the forming
behavior of such a complex structure, it was decided to conduct the simulation at the
macroscopic level for both components, the honeycomb core and fiber-reinforced skins,
using a multi-layer property proposed by Ramirez [18]. This property considered the resin’s
influence on the global composite stiffness of the organosheets. As shown in Figure 6, the
skin shell consisted of three layers: one for the fabric material and two for the resin. All
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three layers were assigned to the same skin shell mesh and shared common nodes. The
second layer’s fiber orientation could be regulated, while the other two plies represented
the resin’s thermomechanical dependency for the entire range of process temperatures.

The fabric layer was represented by the anisotropic hyperelastic fabric material law
MAT/LAW58. Figure 8 demonstrates the nonlinear stiffness behavior in both warp and
weft directions caused by the initial straightening of the woven fabric. Furthermore, the
material model defines the shear stress as a function of the shear angle, which is essential
for evaluating the possible wrinkling areas [35]. Consequently, the thermal-dependent
elastoplastic material law MAT/LAW73 was used to model the skin resin (layers 1 and 3),
considering the same yield behavior as for the honeycomb core shown in Figure 7. The
only difference from the core is that the skin is modeled as shell elements.
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Figure 8. Typical tensile stress–strain curve for material law 58 [35].

Table 1 lists the physical, mechanical, and thermal properties of the resin and fabric
materials used for the thermoforming model. While the ISO 1183-1 [42] test standard
was used to determine the density of the polycarbonate, its mechanical properties were
specified by the tensile test (ISO 527-2 [43]), the results of which are shown in Figure 9.
Differential Scanning Calorimetry (DSC) was conducted in accordance with the ISO 11357-
4 [44] standard to determine the specific heat capacity for both materials. Furthermore,
thermal conductivity was measured using the laser flash method, following the ASTM
E1461 [45] standard. For the organosheets, the ASTM C518 [46] standard test was used
for the thermal conductivity determination by means of the heat flow meter apparatus.
The properties of the woven fabric were taken from the literature and compared with test
data provided by Toray, the supplier of the organosheets [23,47]. Although the mechanical
properties of the fibers in the warp and weft directions differ slightly, they share identical
thermal properties due to the same fiber material. Specific heat capacity and thermal
conductivity were assumed to be constant, so thermal nonlinearity was neglected.
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Table 1. Material properties for thermoforming analysis.

Property
Polycarbonate

(Skin Matrix Law 73
and Core Law 74)

Test
Standard

Woven Fabric
(Law 58)

Test
Standard

Density (kg/m3) 1330 ISO 1183-1 [42] 2600 ISO 1183-1 [42]
Young modulus (MPa) 2600 ISO 527-2 [43] - -

Poisson ratio 0.38 ISO 527-2 [43] - -
Young modulus in warp direction (GPa) - - 23.7 [23] EN 2747-3 [48]
Young modulus in weft direction (GPa) - - 24.1 [23] EN 2747-3 [48]

Shear modulus (GPa) - - 3.4 [23] EN 6031 [49]
Thermal conductivity (W/m-◦C) 0.2 ASTM E1461 [45] 0.24 ASTM C518 [46]
Specific heat capacity (J/kg-◦C) 1630 ISO 11357-4 [44] 810 ISO 11357-4 [44]
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In the next step, the boundary conditions were implemented for the FE model. An
imposed displacement along the z-axis was applied on the master node of the upper
molding press, while its x- and y-translations and x-, y-, and z-rotations were fixed. The
lower tool was fixed entirely. Two types of contact were modeled based on the penalty
method with thermal dependency. The first contact was created between the tools and
skins, INTER/TYPE7, and the second type was considered for the interaction between the
skins and core, INTER/TYPE2. Both contact formulations enable heat transfer between the
components using an additional material law, HEAT/MAT. The sandwich structure was
put in tension by eight spring elements.

3. Results

In the following section, the validation of the numerical modeling is presented. In
the first step, the experimental results of the bias extension are compared with theoretical
and numerical calculations. Subsequently, the results of the thermomechanical forming
model are submitted, and the influence of the processing parameters on the development
of various defects is analyzed.
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3.1. Material Characterization

In order to characterize the fiber-reinforced thermoplastic organosheets and use these
results in the following forming model, the numerical analysis of the bias extension test
was carried out and verified by the experimental results. For the simulation, the rectangular
sample of 60 × 180 mm2 was modeled using the multi-layer property stated in the previous
section. As mentioned before, one layer is described by the fabric material law, while the
other two layers represent the thermal-dependent behavior of the polycarbonate.

Figure 10 illustrates the shear angle distribution at three different processing tempera-
tures: 160 ◦C, 190 ◦C, and 220 ◦C. All three models were captured at the same displacement
of 43 mm. As shown, the evolution of the shear angle is similar at those temperatures: the
maximum value is reached in the central area, and there are no significant changes at the
attachment with the clamps. The equivalent deformation behavior was already described
in theoretical parts and depicted in Figure 4, where the zones A–C are formed using the
pin-jointed net. Furthermore, an increase in the maximum shear angle was observed with
raised processing temperature. It changed from 47 to 49 degrees with a temperature change
of 60 ◦C. Recently, Graef et al. have also investigated the in-plane shear behavior and stated
that increasing the temperature increases the shear angle and reduces the occurrence of
wrinkles [50].
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In the next step, the comparison of the numerical and experimental results of the
bias extension test was performed. Figure 11 shows the force versus displacement curves
recorded at three processing temperatures. The temperature greatly affects the shear
behavior of the fiber-reinforced thermoplastics. With increased temperature, the shear
response reduces. It can be explained by the viscosity of the polymer, which increases
with a rise in temperature. At the temperature of 220 ◦C, the polycarbonate is almost
melted, and the woven fabrics mainly control the in-plane shear deformation. As can be
seen, a good agreement between the numerical and experimental results was obtained
until the crosshead displacement of 30 mm. Thereafter, the force-displacement recording
for temperatures of 190 ◦C and 220 ◦C had to be suspended due to the reduction in the
specimen thickness and thus its sliding from the clamps.
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Figure 11. Bias extension results of PC glass fiber organosheets at different temperatures.

With the help of the microscopic inspection, the in-plane shear angle was measured on
the bias extension sample fractured at 160 ◦C. Figure 12a demonstrates the specimen at a
crosshead displacement of 43 mm, where the fiber fracture occurred near the upper clamp.
As discussed in the theoretical part, three varying zones were developed that demonstrate
different values of shear angle. While the angle between the yarns almost did not change
and remained 90 degrees in area A, zone C was subjected to a pure in-plane shear and
experienced the maximum change of shear angle. An optical method was used to measure
an angle of 43 degrees between the warp and weft yarns. Using Equation (2), zone C had
a shear angle of 47 degrees, which demonstrated a good correlation with the numerical
results in Figure 12b. Furthermore, the developed wrinkle in area C corresponded to that
in the simulation.
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In the next step, the obtained results were compared to the theoretical calculation.
Figure 13 shows a shear angle as a function of a crosshead displacement in the bias extension
test, which was analyzed theoretically and numerically. The theoretical shear angle was
obtained from the pin-joined net and calculated by Equation (1). A good agreement between
theory and modeling can be observed until 30 degrees. Above this value, the slippage
between the yarns occurs, and the numerical shear value is less than the theoretical [29].
Therefore, further measurement of the shear angle needs to be carried out using a visual
method with a digital microscope. As seen before, the experimental method showed the
same shear angle of 47 degrees at a fracture displacement of 43 mm, which is in good
agreement with the FE curve.
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3.2. Thermomechanical Analysis

Once the skin material characterization was validated, the skins were combined with
the honeycomb core in a thermomechanical sandwich model. The honeycomb core is made
of thermoplastic polymer, and its characterization is derived from the thermal dependence
of the yield stress, as shown in Figure 7.

Several defects in the sandwich panel can occur during thermoforming, from the
core collapse to wrinkling and buckling in fiber-reinforced skins. While the collapse of
the core can be caused by overheating in the sandwich structure, the fiber wrinkling and
buckling can result from high shear angles or strains in the fibers during deformation. In
the first step, the phenomenon of the core collapse was studied using the heat transfer in
the sandwich during thermoforming. Subsequently, the wrinkling and buckling issues
were analyzed using the fibers’ shear angle and strain distribution.

The pressing tool must be preheated in the combined process to maintain the minimum
heat required for sufficient bonding between the skins and core. As shown in Figure 14,
several manufacturing tests were carried out to produce a curved sandwich structure. The
pressing tool was preheated up to 190 ◦C in the first trial. With this condition, a core collapse
and a shape loss were observed. In the next step, the temperature of the compression tool
was reduced by 55 ◦C, which resulted in notable improvements.
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Figure 14. Sandwich panels produced with a pressing tool heated up to 190 ◦C (a) and 135 ◦C (b).

These two phenomena can be explained by thermal analysis using FE modeling.
Figure 15 depicts the temperature gradient inside the sandwich panel for two cases. In both
cases, the heat concentration is located at the skin–core interface, which allows it to reach a
sufficient bonding degree. It can also be noticed that the center core is heated more in the
first manufacturing test.
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Figure 15. Temperature distribution in sandwich panels produced with a pressing tool heated up to
190 ◦C (a) and 135 ◦C (b).

Figure 16 depicts the temperature–time curves to evaluate the temperature distribution
in the skin and core center. During the first 6 s, the upper pressing tool descended, and
the sandwich structure had first contact with it. The heat of the skin, received by means
of radiation, was concentrated at the interface and partially distributed to the less heated
pressing tool due to the high thermal conductivity of the steel. Nevertheless, the interfacial



J. Compos. Sci. 2024, 8, 18 15 of 22

temperature stayed above the softening point of the polymer for more than 5 s, which is
required for the diffusion of the molecular chains across the interface and thus provides
adequate bonding [51]. Almost a full heating occurred while the structure was pressed
for ten seconds. After the pressing tool’s opening, the core temperature’s subsequent rise
could still be observed.
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Comparing the two plots, it can be noted that the skin temperature in the first trial
remained above the glass transition point during the entire pressing process. In this case,
the solidification of the skins could not be achieved, which led to the form instability. In
contrast to this, the solidification process could be started before the opening of the pressing
tools during the second experiment, and the desired shape was achieved.

Furthermore, a stronger increase in core center temperature could be observed in the
first case, which reached its maximum at almost 100 ◦C. Such a large temperature rise
causes mechanical instability of the core and indicates its collapse. It is important to note
that the core continued to heat up even after the pressing tools were opened and the heat
was no longer supplied. It can be explained by the low thermal conductivity and higher
specific heat capacity of the core material, which allow the conserved heat to stay in the
core for longer. Thus, it is essential to control the temperature not only at the pressing step
but also during solidification. The temperature rise in the second case was not particularly
high, thereby the honeycomb core could withstand the pressing process.

As a next step, the impact of fiber orientation on the occurrence of defects while
thermoforming was investigated. During further manufacturing experiments, some cases
of fiber distortion were detected. At the beginning of the manufacturing feasibility study,
the organosheets were positioned as though the fiber orientation was 0/90 degrees. As
depicted in Figure 17, the outer skin obtained several fiber wrinkles, while the other side
had buckling issues. The previously identified distortions were eliminated as soon as the
skins were rotated by 45 degrees, resulting in a fiber orientation of ±45 degrees.
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To comprehend those phenomena and enable control over the development of such
failures, the proposed thermomechanical model was further used. It should be pointed
out that such defects can be very difficult to visualize in post-processing. Akkerman et al.
determined several sizes of fiber distortion defects that occurred during thermoforming
and affected their ability to visualize by FEM [52]. Large defects such as folds can be
well predicted and captured in post-processing, whereas smaller-sized distortions such
as waviness are difficult to visualize within current modeling capabilities. However, the
developed thermomechanical model provided several indications that can be used for the
plausible explanation of the occurred phenomena.

Such indicators can be stresses and strains in fiber directions or in-plane shear defor-
mation during the process. Due to decoupled degrees of freedom with special interactions
between fibers, provided by the hyperelastic anisotropic material law MAT/LAW58, the
strains in warp and weft directions and the shear angle can be evaluated [35]. Figure 18
shows the strain distribution in the organosheets with a fiber orientation of 0/90 and
±45 degrees. The honeycomb core has been hidden to view both sides better. The larger
deformations could be observed at the forming curve in the center of the panel. As shown,
the outer skin in the first model had tensile strains in the warp direction twice as high
as those in the second model. The compressive strains in the inner skin could also be
minimized from 0.18 to 0.04 by changing the fiber orientation.
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As an alternative, the skins’ shear angle distribution was also evaluated. Figure 19
shows no significant in-plane shear deformation in the first test, and the angle between
the warp and weft yarns did not change. The shear response increased once the fiber
orientation was changed by 45 degrees. However, the shear angle only reached a maximum
of 17 degrees in the inner skin and 13 degrees in the outer skin. At these values, the shear
locking angle was not achieved; thus, any fiber distortions did not occur.
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4. Discussion

The coupled thermomechanical model demonstrated the influence of the process and
material parameters on the development of defects during the thermoforming process.
On the one hand, the tool temperature significantly impacted the thermoforming results.
It was shown that the risk of core collapse and shape instability is very high at elevated
processing temperatures. This can be explained by the reduction in the compressive
strength of the honeycomb core and the inability of the skin polymer matrix to start
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the solidification process at such high temperatures. As shown in Figure 16b, once the
processing temperature was reduced, the core stabilized and the skin matrix started to
solidify before the pressing tools opened. Despite a strong correlation, the numerical
analysis revealed a slight deviation from the experimental data. Although the simulation
model demonstrated the temperature peak in the core center on the right side, as depicted in
Figure 15a, Figure 14a showed a collapse of the honeycomb core on the left in the transition
area. The proposed thermomechanical model was unable to predict this occurrence since
the honeycomb core was considered at the macroscale level. Nevertheless, the stress
distribution diagram and specific tool geometry could provide an explanation for this
phenomenon.

The three constraint points were created on the sandwich panel during thermoforming,
as illustrated in Figure 20. The first and second limitations were contact points between the
pressing tools and the sandwich structure, which were assumed to be predominantly caused
by friction. The third constraint was generated by a fixation of the sandwich structure in
the tendering frame. The skin polymer matrix was weakened at high temperatures, and
the deformation behavior of the fabrics mainly determined the forming process. During
thermoforming, the large tensile stresses in the outer skin and compressive stresses in the
inner skin were produced at constraint point 2. While half of these high in-plane shear
stresses were homogeneously distributed across the skin surface between constraints 2 and
3, the other part was transformed into the bending loads in the curved area between points
1 and 2. Thus, the honeycomb core experienced high out-of-plane compression and shear
stresses in this transition area, which it could not withstand due to its reduced mechanical
properties.
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The storage modulus of the skin polymer matrix increased with decreasing processing
temperature, thus contributing to transverse stability around the fibers [53]. Consequently,
the skin matrix was able to absorb some of the in-plane shear stresses. Thus, the honeycomb
core was subjected to less strain and could withstand it even at high temperatures, as shown
in Figure 15b.
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In order to predict such phenomena on the honeycomb core, it is recommended
to design it at the mesoscale level for the small geometries. In this case, the through-
thickness mechanisms, such as cell wall buckling, can be investigated in detail. Once
thermomechanical characterization of the honeycomb is performed for a small number of
cells at the mesoscale level, it can subsequently be applied to complex geometries at the
macroscale level.

On the other hand, fiber reorientation demonstrated the ability to optimize the process
window and prevent the stress concentration in the fibers, which leads to wrinkle formation.
As shown in Figure 18a, the outer and inner skins were subjected to tensile and compressive
stresses, respectively. This fact can explain that the warp yarns in the skins were partially
constrained at point 2, as depicted in Figure 20. Once the fibers had been turned by
45 degrees, some of them were no longer blocked and obtained free edges. Thus, the
excessive in-plane shear stresses and strains could be reduced by rotation of the free fiber
yarns. Moreover, the fibers’ rotation was able to be confirmed by a change in the shear
angle, which is illustrated in Figure 19. At a 0/90-degree fiber orientation, the yarns could
not rotate, and the shear angle remained close to 0 degrees. Once the fibers received
free edges, the shear angle was changed from 0 to 17 degrees. This shear deformation
allowed both reinforced skins to relax from the severe strains in the fibers. However, it
was also important not to exceed the shear-locking angle. Otherwise, wrinkling would
appear. According to the literature, shear locking often happens approximately at a value
of 40 degrees [25,26]. Therefore, the demonstrated value in Figure 19b was still not critical.

As a result, it becomes clear that the governing processes are extremely complex and
cannot only be analyzed experimentally. In order to comprehend all the complexities of
the thermoforming process, it is recommended to use the thermomechanical model, which
considers the geometry, material, and process window complexity of the produced part.

5. Conclusions

In recent years, fiber-reinforced organosheets, in particular, have been the subject of
numerous studies. Thermomechanical analyses were carried out in order to predict the
onset of defects in the organosheets such as wrinkles or folds. However, the thermoplas-
tic sandwich panels have not been subjected to as thorough thermomechanical analysis
compared to other composite structures and materials. Furthermore, the analysis becomes
significantly more difficult when the honeycomb core is added to the structure. The in-
teraction between the sandwich components has a significant impact on the deformation
behavior of the panel and can deviate greatly from the previous investigation results for
organosheets. Thus, a thermomechanical analysis was performed for a novel thermoplastic
sandwich structure to determine the interaction between the components and to define the
optimal thermoforming process window.

In order to enable a higher temperature gradient for the required bonding degree
between the mono-material sandwich components, the combined manufacturing method
was used. Several defects in the sandwich panel were detected during the feasibility
manufacturing study. The honeycomb core was partially melted due to overheating, and
the fiber-reinforced organosheets had several wrinkles and buckles. Furthermore, some
cases of shape instability were obtained.

One of the main challenges in this study was the creation of the coupled thermome-
chanical model, which can be a good alternative to the traditional trial-and-error-based
method. Aside from the fact that such a model can shorten development cycle times, it
also provides a better understanding of the thermoforming technique, thus enabling the
optimization of its processing parameters. While the honeycomb core was modeled as a
solid element, the skins were designed as shell elements with a multi-layer property. In
order to characterize the fiber-reinforced thermoplastic material, the bias extension test was
performed and validated by a numerical approach.

Hence, all these flaws that occurred in the sandwich structure could be analyzed with
the help of the developed thermomechanical model. To minimize the risk of core collapse
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and shape instability, the temperature of the pressing tool was reduced by 55 ◦C. The
fiber distortions, which have an impact on the mechanical properties of the panel, could
also be eliminated by changing the fiber orientation to ±45 degrees. Additionally, it has
been proven that interaction between the sandwich components has a significant role in
the formation of defects during thermoforming. For instance, the in-plane stresses in the
preheated skins were transformed into the out-of-plane compressive and shear loads in the
honeycomb core, thus leading to its collapse.
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