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INTRODUCTION
Sandwich structures, where stiff outer skins 
surround a lightweight core, have been leveraged 
by nature and humans throughout history: 
Both the human skull and a bird’s wings utilize 
such structures. The engineering of composite 
sandwich panels is more recent. What started with 
thermosets, which are still prevalent today, has 
more recently bridged into thermoplastics. While 
the concept of sandwich structures is constant 
between the two, the resin systems, manufacturing 
techniques, and benefits of thermoplastic panels 
and thermoset panels are quite different.

All sandwich panel constructions utilize the 
same mechanical theory, creating a stiff panel by 
increasing the moment of inertia. The easiest way 
to think about this is by considering a composite 
sandwich panel as an I-beam. The fiber-reinforced 
plastic skins are the flanges of the I-beam, and their 
purpose is to resist bending loads in compression 
and tension. The panel core can be thought of as 
the web of the I-beam. The web or core material 
is resisting the shear stresses. Like I-beams, 
increasing the distance between the composite 
skins or flanges and the neutral axis makes the 
panel much stiffer. Separating the stiff and strong 
fiber-reinforced skins with a relatively lower density 

core material increases the panel’s moment of 
inertia in a weight-efficient manner. Small changes 
in core thickness can significantly impact stiffness, 
with a minimal effect on the overall panel weight. 
The same cannot be said for materials like wood, 
sheetrock, or metal that have the same density 
throughout the thickness of the panel. Superior 
stiffness-to-weight and strength-to-weight ratios 
provide a significant advantage when designing 
around weight constraints. 

The thermoplastic panels discussed in this paper 
were manufactured using a double belt laminator. 
This technology applies heat and pressure to 
the panel to consolidate the thermoplastic resin 
between the individual layers of the skin layup and 
into the surface of the core.

Panels were tested using a 3-point bending method 
per the ASTM D72491 and C3932 standards. Modified 
3-point bending tests were completed at various 
support span-to-panel thickness ratios. Flexural 
rigidity data at various support span-to-panel 
thickness ratios was used to compare against 
flexural rigidity predictions. This comparison was 
used to understand how span-to-thickness impacts 
testing failure modes and to determine flexural 
rigidity prediction accuracy. 
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MATERIAL SELECTION
Thermoplastic panels that utilize thermal 
lamination to adhere the composite skins to the 
core require the use of like polymers to achieve a 
chemical bond. This is not the case for sandwich 
panels that use adhesives to bond the skins to the 
core material. While the latter may provide the 
ability to bond, unlike skins and core materials, it 
requires an additional manufacturing step and the 
use of costly adhesive systems.

With this as a consideration for thermoplastic 
panels, the skin and core material selection must 
be considered together. Two of the most common 
thermoplastic core materials are PET foam and 
polypropylene honeycomb. This means the skin 
material and unidirectional tape from which the 
laminate is constructed must use a polymer matrix 
with variations of PET or polypropylene based on 
the core selection.

When selecting the materials for a thermoplastic 
panel, it is important to consider several things: 
processability, surface finish, and secondary 
bonding to the panel. PET cores typically have 
a larger processing window than polypropylene 
honeycomb, making it easier to avoid 
compromising the core during thermal lamination. 
Polypropylene honeycomb cores have a narrower 
processing window because of the potential 
to collapse the cells. This can ultimately affect 
the performance and surface appearance of the 
panel. Understanding the heat, pressure, and 
residence time required to thermally laminate a 
honeycomb panel can alleviate many processing 
issues and improve panel surface. Using a PET 
panel is advantageous if an application requires 
the panels to be painted, wrapped, or fixed in 
place with adhesive systems. The relatively higher 
surface energy of PET variants allows for secondary 
bonding. With polypropylene surfaces, primers are 
often required.

EFFECTS OF THICKNESS ON  
FLEXURAL PERFORMANCE
The primary driver of flexural rigidity is the overall 
thickness of the sandwich panel. This can be 
attributed to the moment of inertia of the panel.  
For rectangular cross-sections, the following 
Equation 1 is used to calculate the moment of inertia:

Equation 1

I = bh3/12
Where 

I = moment of inertia 
b = panel width 
h = panel thickness

The thickness of the panel is cubed, making the 
relationship between thickness and flexural rigidity 
exponential. Panels that have relatively lower 
density cores can achieve a superior stiffness-
to-weight ratio because slight increases in core 
thickness have an immense impact on panel 
stiffness, but a minimal impact on the overall panel 
weight.

The flexural modulus (E) of two panels that have the 
same composition, but different thicknesses, should 
theoretically be the same, as long as the panels are 
in true bending. In this case, the moment of inertia 
is the only variable affecting the flexural rigidity of 
the sandwich panel. This relationship can be seen in 
Equation 2. 

Equation 2

D=EI
Where

D = flexural rigidity 
E = flexural modulus of the panel 
I = moment of inertia 

Plotting flexural rigidity as a function of panel 
thickness demonstrates this relationship and can be 
seen in Figure 1. This material property is important 
to the design of sandwich panels because it is used 
to calculate the expected deflection of a panel. 
Often times, a maximum acceptable deflection is 
specified for various sandwich panel applications. 
Understanding the relationship between panel 
thickness, flexural rigidity, and the resultant 
deflection can help in determining the required 
thickness of a sandwich panel to meet these design 
constraints. 
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The flexural strength of a sandwich panel also 
increases alongside thickness. This is once again a 
result of increasing the panel’s moment of inertia 
and moving the strong glass reinforced skins 
further away from the neutral axis of the panel. 
Equation 3 demonstrates this relationship. 

Equation 3

σb = My/I

Where 

σb = bending stress
M = calculated bending moment
y = vertical distance from the neutral axis  
 to a point on the section
I = moment of inertia 

The impact increasing thickness has on the flexural 
performance of a thermoplastic panel is typically 
more substantial than the impact of the added 
weight. For example, keeping everything else 
constant, but doubling panel thickness from ½ 
inch to 1 inch can increase the flexural rigidity by 

approximately 4x and significantly decrease the 
effective bending stress, while only increasing the 
panel weight by 2x.

EFFECTS OF CORE DENSITY ON SHEAR 
AND COMPRESSIVE PERFORMANCE
For thermoplastic panels, core density is directly 
related to panel performance when subjected to 
both shear and compressive loads. The impact of 
panel skins on shear or compressive performance 
is not as significant. Different skins will slightly 
improve or reduce the shear performance of the 
panel, but will have no impact on the compressive 
performance. This is because the compressive 
strength of the core will almost always be lower 
than that of the skins. The improvement in shear 
and compressive properties as a result of denser 
cores is simply because the higher the core density, 
the more material there is to resist shear and 
compressive forces. This relationship is illustrated 
in Figure 2. 

Figure 1: Flexural rigidity as a function of panel thickness

Figure 2: Shear and compressive strength as a function of panel density
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Core shear forces will be more prevalent when a 
panel is loaded over a short span relative to its 
thickness. In this loading and support scenario 
the panel will likely have minimal deflection and 
the panel skins will not be subjected to large 
flexural stresses. The majority of the stresses will 
be experienced by the core, and depending on the 
load and panel geometry, the core may approach 
its ultimate shear or compressive strength. 

The compressive strength of the core should also 
be thoroughly considered if the panel is likely to 
be loaded directly over a support or fixture. In this 
case, the panel will not deflect, and stress will be 
concentrated in the z-direction. If the support is 
completely rigid, the panel’s core will experience a 

compressive failure when a load that exceeds the 
compressive strength of the core is applied to the 
panel over the support.

Core density also has some effect on a 
thermoplastic panel’s flexural performance. 
Increasing core density can have a large impact 
on the panel’s flexural strength, with a smaller 
impact on the panel’s flexural rigidity. This can be 
attributed to the improved shear, compressive, and 
tensile strength of higher density cores. 

Similar to increasing thickness, increasing the 
density of the panel core also has a trade off in 
terms of weight. Keeping everything else constant, 
but doubling core density will increase the panel’s 
overall weight by 2x. 

EFFECTS OF SKIN THICKNESS AND 
LAYERS ON SHEAR AND FLEXURAL 
PERFORMANCE
The thermoplastic panels discussed in this paper 
utilize skins that are built up from numerous layers 
of continuous glass fiber-reinforced thermoplastic 
(CFRTP) unidirectional (UD) tapes. This 
construction provides a high level of customization 
in terms of thickness, fiber orientation, and 
overall panel properties. Such skins typically have 
several layers of UD sheets, with some oriented 
in the longitudinal direction and others oriented 
in the transverse direction. Generally speaking, 
the majority of a skin’s layers, in particular, 
the outermost layers, should be oriented in 
the direction of the largest areal dimension to 
maximize properties where most needed. It is also 
important to consider the number of UD layers 
that are oriented in both the longitudinal and 
transverse directions. UD tapes inherently have 
lower performance in the transverse direction 
because there is no glass reinforcement. CFRTP 
panel skins should have UD layers oriented in both 
directions to provide glass reinforcement in both 
directions. 

The number of UD layers and their respective 
orientation within a thermoplastic panel’s skins 

will affect both the flexural and shear performance 
of the panel. More specifically, this will affect the 
flexural rigidity, the flexural strength, and the shear 
strength of the panel. Compressive strength is not 
impacted because the compressive strength of the 
core is typically far below that of the skins and will 
fail first. 

The flexural rigidity of a panel is partially 
dependent on the number of UD layers and their 
respective orientation. Not only is the number 
of UD layers affecting overall panel thickness, 
but it is also determining how much glass 
reinforcement is in the skins and how that glass 
is oriented. Increasing the amount of glass in the 
longitudinal direction of the laminate skins is 
ultimately increasing both strength and modulus. 
As a result, the panel will be more resistant to 
bending. The flexural and shear strength of the 
panel also relies on the number of UD layers and 
their orientation. Once again, the additional glass 
reinforcement reduces the panel deflection, and as 
a result, increases the panel’s ability to bear larger 
loads. The additional glass causes the load to be 
distributed over a large area throughout the skins. 

Figure 3 shows how moving from 2 to 3 to 4 
UD layers per skin improves all three of these 
properties.
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Figure 3: Increasing flexural rigidity, flexural strength, and shear strength with panel skins

Adding UD layers within a thermoplastic panel’s 
skins is an effective way to improve panel 
performance without significantly impacting the 
weight. The skins make up a very small portion of 
the panel’s overall volume.  As a result, increasing 
the thickness and number of layers within the skins 
can significantly improve the performance of the 
panel, with very small impact on the panel weight. 

BEST PRACTICES FOR TESTING
Consistency is crucial when testing thermoplastic 
panels. Everything from the lamination process, 
to sample preparation and testing conditions can 
influence results. This is even more important 
when qualifying or comparing different panel 
configurations. Panels that are made solely for 
the purpose of qualification testing should be 
made to the appropriate size that yields the 

desired number of specimens for specific tests, but 
should not be unnecessarily large. Starting at the 
lamination phase of sample preparation, machine 
settings should be consistent to ensure the skins 
and panels are properly consolidating and the 
thickness is the same throughout the entire panel. 
When cutting the test specimens out of the panel, 
a jig or guide should be used to cut all specimens 
to the same size. Panels should then be allowed 
time to cool and condition prior to testing. Measure 
the specimens with calipers, making sure the 
panel is clean of debris that could cause inaccurate 
readings. When performing standardized tests, 
ASTM defined testing parameters should be 
followed and kept consistent across tests to reduce 
the number of variables influencing the results. 

NOTE: Panels in this study were 1" thick
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COMMON FAILURE MODES
Three of the most common failure modes 
associated with bending of thermoplastic panels 
are skin delamination, skin compression, and 
core shear. The failure mode of a panel during 
testing is dependent on the ratio of the support 
span to the panel thickness and the loading 
configuration. Understanding these failures is 
important in correlating results back to the design 
and lamination settings. Images 4–6 show some of 
these more common failure modes.

Figure 4 shows a skin compression failure that 
is indicated by the fracture lines that run in the 
transverse direction of the panel. This failure mode 
occurs when the compressive bending stress 
exceeds the compressive strength of the skins. 

Figure 5 shows a skin delamination failure where 
the bond between the skin and core fails. An 
adhesive delamination failure is typically indicative 
of poor consolidation in the panel lamination 
phase of the manufacturing process. Often times 
this means there was insufficient heat and/or 
pressure. However, skin delamination can also 
occur on well consolidated panels that experience 
extreme deflection during testing. 

Figure 6 shows a compound failure of both skin 
delamination and core shear. The core shear 
is indicated by the 45-degree fracture planes 
within the core. This skin delamination was a 
cohesive failure where the panel’s skin removed 
core material upon failure. There are other 
failure modes that can occur with thermoplastic 
panels, but these three are some of the most 
common for panels in bending. One additonal 
failure to consider is a core compressive yield, 
which can occur when a localized load exceeds 
the compressive strength of the panel’s core, 
commonly in 3-point bending. This can be avoided 
in flexural tests by using an appropriate support 
span to ensure the panel is in bending.

Figure 4: Skin compression

Figure 5: Skin delamination

Figure 6: Skin delamination and core shear



PREDICTING FLEXURAL RIGIDITY
Flexural rigidity of a composite sandwich panel 
can be estimated with the tensile modulus of the 
panel’s skins, the core’s shear modulus, and their 
respective moments of inertia. This predictive 
equation is useful for quantifying the benefit of 
increasing thickness and using different skins 
and cores. This equation can be used to estimate 
the flexural rigidity of a panel without physically 
testing it, but the tested moduli of the skins 
and core is still needed. Equation 4 shows this 
predictive flexural rigidity calculation.

Equation 4

D =  (Ef bt3)/6 + (Ec bc3)/12 + (Efbt (c+t)3)/2

Where 

D = flexural rigidity 
Ef = skin tensile modulus
Ec = core shear modulus
b = panel width 
t = skin thickness
c = core thickness

INFLUENCE OF SPAN-TO-THICKNESS 
RATIO ON FLEXURAL RIGIDITY
The support span-to-panel thickness ratio for 
thermoplastic panels will influence the tested 
flexural modulus and therefore, the flexural 
rigidity. Equation 4 assumes that the panel is in 
pure bending which is not always true at shorter 
span-to-thickness ratios. When testing at shorter 
span-to-thickness ratios there can be localized 
core compression under the loading nose that can 
skew the flexural modulus data. Figure 7 shows 
how close the tested flexural rigidity of panels is to 
the prediction that is based on the thicknesses and 
moduli of the constituent panel materials. 

The x-axis of this graph is showing the span-to-
thickness ratios for a variety of test thermoplastic 
panels and the y-axis is showing the tested flexural 
rigidity divided by the predicted flexural rigidity. 
The data points at support-to-thickness ratios of 
22 and 44 represent 1.0 inch and 0.5 inch panels 
tested at the 22 inch support span specified in 
ASTM D7249. To ensure accurate flexural modulus 
data a minimum span-to-thickness ratio of 22 
should be used for flexural testing.

Figure 7: Tested flexural rigidity compared to predicted flexural rigidity
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CONCLUSION
Thermoplastic composite sandwich panels are 
highly customizable structural panels that are 
stiff, strong, and lightweight. The multi-material 
composition allows the panel designer to select 
skins and cores that are best suited for the 
application. The performance of these panels can 
be optimized through changing panel thickness, 
core density, and skin configuration. Improving 
panel performance often comes at the cost of also 
increasing weight. Performance and weight must 
be thoughtfully balanced, as a primary advantage 
of thermoplastic panels is greater strength-to-
weight ratio than traditional panel materials. 

For more information on Polystrand™ continuous 
fiber-reinforced thermoplastic sandwich panels, 
please visit www.avient.com/composites.
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