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We developed an image processing algorithm and applied it on high-speed camera recordings to characterize the
deformation response of three-layered density-graded foam structures subjected to drop weight testing. Different
densities (30, 40, 50 and 70 kg/m®) of weakly cross-linked polyethylene foam sheets were laminated together to
achieve varying density distributions along the thickness, and the effect of layer order on the shock absorption
capability was evaluated. Foam structures with a higher density top layer and a negative density gradient showed

enhanced energy absorption in the initial stage of deformation, which resulted in lower maximum reaction
forces. The positive effect of layer order modification was more dominant at higher impact energies. We provided
a detailed explanation of the tendencies by investigating the differences in deformation propagation and the
changes in the diameter of the deformation zone. The presented method can be utilized to design sports and

packaging foam products.

1. Introduction

Weight reduction to decrease material costs and the environmental
footprint of transportation is becoming an increasingly important goal for
engineers. Therefore, polymeric foams are of paramount importance, as
they contribute to weight reduction and have excellent thermal and
mechanical properties at the same time [1]. Foams are important not only
in the packaging industry [2] but in several other applications as well.
They are used in the construction industry for the thermal insulation of
buildings [3] and as soundproofing walls for noise reduction [4]. More-
over, their advanced energy-absorbing capacity is also exploited in
automotive [5,6] and sports applications [7,8], where they can protect
the passengers/athletes from injuries by reducing the shocks during
collisions/impacts. Due to their cellular structure, polymer foams show a
special material response to loads, especially under compression (see
Fig. 1.), when they can absorb a huge amount of energy in the so-called
plateau region through cell wall bending and buckling [9,10].

However, in some cases, a homogenous density foam structure is not
resistant enough to absorb the energy of the impact, and the resulting
excessive cell compaction leads to undesirable material response with

high reaction forces (densification zone) [13]. As a result, focus has
shifted to developing functionally graded foams that have varying den-
sity distribution along the thickness [14]. With the use of a non-uniform
cell structure, the stress level of the plateau zone can be increased, and the
start of the densification zone can be shifted to higher strain levels,
allowing more energy to be absorbed with lower reaction forces.

Several studies in recent years aimed to produce foams with non-
uniform density distribution. The approaches presented so far include
syntactic foaming [15-17], batch foaming [18,19], compression mold-
ing [20], and injection molding of structural foams [21,22], which all
result in a continuously varying density.

In the case of syntactic foaming, researchers use micro-balloons
distributed in a polymer matrix [15], which mostly results in precisely
controlled particle distribution, thus a quasi-homogenous cell structure.
However, the achievable mass reduction is relatively low. Gupta [16]
used glass micro-balloons and epoxy resin to produce 500-700 kg/m>
density foams while using the same processing technology, Higuchi et al.
[17] achieved 720 and 930 kg/m3 densities. Both studies came to the
conclusion that by changing the density distribution along the thickness,
the energy absorption capacity of foams measured in compression tests

* Corresponding author. Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and Economics, Miiegyetem

rkp. 3, H-1111, Budapest, Hungary.
E-mail address: kmetty@pt.bme.hu (A. Kmetty).

https://doi.org/10.1016/j.polymertesting.2023.108014

Received 9 December 2022; Received in revised form 14 March 2023; Accepted 1 April 2023

Available online 3 April 2023

0142-9418/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:kmetty@pt.bme.hu
www.sciencedirect.com/science/journal/01429418
https://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2023.108014
https://doi.org/10.1016/j.polymertesting.2023.108014
https://doi.org/10.1016/j.polymertesting.2023.108014
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Tomin et al.

@ )
|-

Linear elasticity Plateau Densification
(cell walls bend)  (cell walls buckle, (cell walls crush
collapse or fracture) together)

Compressive stress [MPa]

|
|
|
T
|
< |
w= fo o(e)de {
|
]

=
0.1 02 03 04 05 06 07 08 09 10

Compressive strain [-]

Fig. 1. Typical stress—strain response of a polymer foam to compressive load
with the three well-distinguished regions: (a) linear elasticity, (b) plateau, (c)
densification (reproduced with general permission of SciELO [11] and
permission of Elsevier [12]).

can be increased [16,17].

Similar density reduction was achieved by Cusson et al. [20], who
applied different temperatures on both sides of a compression molding
system to produce linear low-density polyethylene foams using azodi-
carbonamide as a chemical blowing agent.

Much higher porosity can be obtained with supercritical gas as a
physical blowing agent [18,19]. Mohyeddin and Fereidoon [18]
implemented a solid-state batch process, which resulted in foams with a
graded porosity foam core and an integral solid skin layer. Another
innovative solution was proposed by Yu et al. [19], who batch foamed
polymers on a substrate of anodized aluminum oxide film modified with
fluorinated silane. First, polymer particles were compressed on the film
in a hydraulic press to produce ~1 mm thick plates, and then they were
batch foamed in a high-pressure vessel with a scCO2 blowing agent. The
cell size of the graded foam near the substrate decreased to a minimum
of 2 pm, gradually increasing in an upward direction.

Compared to structural foams with uniform cells, we can also pro-
duce products with far higher strength by injection molding structural
foams, which have a sandwich structure. Both the foam core and rigid
shell layer of these structures are formed during the manufacturing
process. Since the wall of the mold is cold, the polymer melt, which gets
into contact with the mold surface, solidifies quickly, so the gas cannot
expand the polymer there. Most studies using this approach set different
temperatures on the two cavity surfaces and investigate the effect of this
temperature difference on the thickness ratio of the skin and core layers.
Although the transition between the morphology of the shell and core
layers is sharp, the achievable density reduction is generally small
(~30%) [1,21-23].

The presented articles are limited mainly to the investigation of the
morphology with the aim of assessing the applicability and reproduc-
ibility of the production method. The limited number of experimental
data on the mechanical testing of functionally graded foams and the lack
of analysis on their deformation mechanism means that we can mostly
conclude the material response from theoretical analysis. Uddin et al.
[24] investigated virtual three-layered polyurea foam laminates sub-
jected to quasi-static uniaxial compression and showed that graded
laminates could outperform single-density foams in terms of strength
and energy absorption. Similar conclusions were found by Koohbor and
Kidane [14] from the constitutive modeling of compression testing
4-layer graded polyurethane foam structures. As the numerical
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simulation of foam behavior at high strain rates requires high compu-
tational capacity and complicated parameter fitting [25], only one study
is available that investigated in detail the effect of the density gradient
on the shock-absorbing capacity at different impact energies. Cui et al.
[26] performed finite element simulations for the drop weight tests of
functionally graded closed-cell foams. In the impact energy range of
15-30 J, structures with decreasing density from top to bottom showed
better shock absorption capacity compared to uniform density foam
models. This difference disappeared at higher impact energies as the
foam models were completely compressed. Their conclusion assumed
that the foam should absorb all the impact energy in the plateau range
before densification starts. If this region is reached, the foam will
transmit the majority of the energy as a propagating stress wave to the
user/product, which should be protected. However, it is important to
note that the simulation results were not validated by tests, and the exact
deformation response of a varying-density foam structure to impact
loads was not studied.

In addition to the production of continuously graded structures in
one step during foaming, the generation of discretely graded structures
is also a possibility in a two-step manufacturing process. In the case of
packaging and sports, sheet extrusion [27] is the most widespread in-
dustrial technology to produce normal foam sheets in the first step. Then
a multi-layered structure is generated in the second step by bonding or
welding laminates of different densities together [28]. Shimazaki et al.
[29] investigated three-layer structures created by laminating
ethylene-vinyl-acetate foam sheets to reduce the loads transmitted by
shoe soles to the user during running and walking. By varying the
concentration of the azodicarbonamide blowing agent (8, 12 and 16
phr), three different density layers (230, 170 and 110 kg/m>) were
foamed and laminated together and a 3-layer sandwich structure was
produced with a total thickness of 15 mm. The shock absorption effi-
ciency of the multilayer sandwich structures was evaluated by applying
cyclic loads of 1000 N per second and placing pressure sensors in the top
and bottom boundary layers. Their results showed that the use of
functionally graded foams could advantageously modify the shock ab-
sorption of the system. In their case, samples with increasing density
from top to bottom performed better, with the bottom layer taking the
load first during running [29]. However, the deformation mechanisms in
the foam layers were not investigated, so an accurate explanation of the
results from a structural point of view is missing.

In summary, several modeling studies and experimental data have
shown that density-graded polymeric foams can show enhanced energy
absorption compared to single-density uniform structures. However, the
reason for the positive effect of varying the density distribution is not
fully understood, and the theories of previous research are not supported
by experimental data. Furthermore, the typical testing methods of foams
(compression test [30], drop weight impact test [31,32], Split Hopkin-
son Bar tests [33,34]) are not sufficient alone to give a detailed expla-
nation of tendencies.

This study aims to investigate the impact loading of multi-layered
functionally graded foam structures by developing a new measure-
ment method based on the image processing of high-speed camera re-
cordings. The high-speed (HS) camera is a commonly used tool for
impact testing measurements to validate results and quantify maximum
deformation [35]. For a similar research area, Hoohbor et al. [36]
effectively used HS camera-based digital image correlation to analyze
the stress wave propagation of high-velocity impacts from pressure
Hopkinson bar tests with 3-layered rigid PU foams. They obtained the
axial strains vs. time data to analyze the variation in the densification
process of the structure as a function of the distance from the impact
side. However, there is currently no measurement method available for
the drop weight testing of polymeric foams that can monitor the
deformed area’s shape, size, and variation over time by treating the
layers of different densities separately. While the current study focuses
only on cross-linked polyethylene (XPE) foams used in the sports
equipment industry, the method presented here can also be applied to
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the design of foams for packaging and automotive industrial use.
2. Materials

We investigated discretely graded, three-layer, weakly cross-linked
polyethylene foam structures. The foams had similar average densities
but different densities in each layer. The cell-structural characteristics of
the individual layers are summarized in Table 1. Cell density shows the
number of the cells in a given volume. In general, the higher the cell
density, the better the mechanical properties of the foam.

The foams were provided by Polifoam Ltd. (Budapest, Hungary). All
structures were produced on a flat film production line with an azodi-
carbonamide foaming agent and a dicumyl peroxide cross-linking agent.
The exact layer order of the functionally graded foam structures and
their average densities are summarized in Table 2. The average densities
were calculated from the specimens’ mass and dimensions. In each case,
the multilayer samples were welded together from three 10 mm thick
layers by flame lamination. In the evaluation, all samples were
compared to the uniform-density “50-50-50" sample.

3. Experimental
3.1. Calculation of average density

The average densities of the structures were determined from the
mass and dimensions of the specimens. The mass was measured with an
Ohaus Explorer (Nanikon, Switzerland) balance (accuracy 0.0001 g),
while the volume of the foam blocks was determined with a GOM ATOS
Core 5 M (Gesellschaft fiir Optische Messtechnik GmbH, Germany) 3D
optical measuring system.

3.2. Evaluation of shock absorption

3.2.1. Drop weight impact tests

The dynamic testing of the foams was carried out at four different
impact energy levels with a Ceast 9350 impact tester using a 22 kN load
cell. We varied impact energy by placing extra weights in the dropping
frame. The exact measurement settings are summarized in Table 3.

The 100 x 100 x 30 mm size specimens were placed on a 40 mm
thick steel plate, which functioned as rigid support during the impacts.
When the cylindrical-shaped impactor was dropped down to the center
of the foam, the force versus time data were recorded, from which the
maximum reaction force, the maximum deformation, and the absorbed
energy were calculated. Data was acquired with a Ceast DAS 64k High-
Speed Data Acquisition Unit at 1 MHz.

3.2.2. Deformation analysis with a high-speed camera

A special arrangement was used to analyze the deformed area’s
shape, size, and variation over time. The structural deformation of the
foam during impact testing was recorded with a Keyence VW-9000 high-
speed camera. The schematics of the test setup are presented in Fig. 2.

We positioned the specimens with a dimension of 200 x 200 x 30
mm in such a way that only half of the impactor hits them, so that we can
see the changes in the contours of the layers during deformation. The
schematics shows only that part of the foam sample which is affected
during the impact.

The measurement parameters were determined based on the results
of preliminary tests, in which we varied the drop height and impactor
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Table 2
Layer order of the investigated foam structures.
Sample Nominal Nominal Nominal Average
name density of the density of the density of the density
top layer [kg/ middle layer bottom layer [kg/m>]
m’] [kg/m’] [kg/m’]
50-50-50 50 50 50 47.9 £ 0.5
30-50-70 30 50 70 48.7 + 0.4
40-70-40 40 70 40 51.6 = 0.7
70-30-70 70 30 70 544 +14
70-50-30 70 50 30 48.7 + 0.4
Table 3
Test parameters of the impact tests.
Property Value
Impactor geometry Cylinder
Material of the impactor Steel
Impactor diameter 50 mm
Drop height 400 mm
Impact velocity 2.8 m/s
Impactor mass 2.514 kg 3.514 kg 4.514 kg 5.514 kg
Impact energy 9.862J 13.784J 17.707 J 21.630J

Impactor

Thin coating .
(white pigment spray) -~ y ighting

.
T  {S Camera

Top layer - p, ||
Middle layer - p,

Bottom layer - p,

Solid Support

Fig. 2. Schematics of the test setup of impact testing with a high-speed camera
(side view).

mass until the deformation of the samples fell within the range of
80-100%. The finalized measurement settings were set to 400 mm drop
height and 2.514 kg mass, which resulted in an impact energy of 9.86 J
and impact velocity of 2.8 m/s. We investigated the deformation
mechanism of the 3-layer foam structures with a new evaluation method
based on the image analysis of the HS-camera recordings.

In this test, we prepared the samples in a special way, which made
the segmentation of layers easier during image processing. The middle
layer of the foams was masked with a tape, and an AESUB ASW102
white pigment spray was sprayed on the side of the foams. After the
removal of the tape, a white-grey-white layer structure was formed (see
Fig. 3).

Table 1
Cell structural characteristics of the individual layers (based on our former study [13]).
Nominal density [kg/m3] 30 40 50 70
Average cell size [pm] 622 + 151 567 + 163 500 + 138 464 + 108
Cell density [cells/cm®] 2815 4194 4839 6947
Average cell wall thickness [pm] 6.7 8.7 9.1 12.3
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Foam sample

Fig. 3. Photo of the measurement layout with the white-grey-white layer
structured sample (front view taken from the position of the high-
speed camera).
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We recorded the deformation with the high-speed camera during
each impact at 2000 frames per second in 480 x 640 resolution, which
means we took photos of the process every 0.5 ms. After recording, we
extracted the process-related frames from the video files and investi-
gated them. The steps of image processing can be seen in Fig. 4.

The first frame is when the impactor just touches the surface of the
foam (where the Force-Deformation curves of the drop weight impact
tests start). The last frame is when the penetration of the impactor is
maximum (see Fig. 5/a). It is the same point where the Force-
—Deformation curve has a maximum.

The contour of the foam changes as a function of time during the
impact and the deformation zone of the foam is not limited to the area
under the dart. As a first step in defining the shape and the size of the
deformed zone, we identified the pixels which belong to the foam. We

p
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Fig. 4. Image processing flowchart.
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First investigated frame (t = 0 ms)
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Frame corresponding to the maximum deformation

(b)

©

(d)

Bottom layer ¢dge -

Fig. 5. Visualization of the image processing steps for the 70-50-30 sample: (a) original image, (b) noise removal, (c) edge sharpening and histogram equalization,

(d) visualization of the label matrix, (e) labeling process of the edges.

used several image processing techniques to do that. We converted the
extracted frames into grayscale images, where the color of the pixels is
described as a number between 0 and 255, where the dark pixels have
low intensity (Feature extraction step 1). The recorded video and the
extracted frames were noisy, so the next step was noise removal. To
remove noise, we used motion filters, which blur the original image
(Fig. 5/b) The advantage of using the motion filters is that we can
control the direction of blurring on the image so we can more or less
preserve the contours of the layer edges.

The effect of noise removal also worsens the possibility of detecting
the edges on the blurry images, which is why we used other filters on the
frames to sharpen the edges and histogram equalization to increase
contrast (Fig. 5/¢).

It can be seen on the sharpened frames that the contours and the
foam can be easily distinguished from the other part of the images. We
used the so-called “Flood fill” segmentation to identify the pixels that
belong to the foam. Flood fill segmentation requires a seed pixel, and it
will investigate its neighborhood. Suppose the intensity of the neigh-
boring pixel does not differ significantly from that of the seed pixel. In
that case, it will be identified as foam, otherwise it will be background.
The next step will investigate the neighbors connected to the pixels
identified as foam and so on until all the pixels are examined. We used
two seed points per layer on each side of the frame. The result of seg-
mentation is a label matrix, whose size is the same as the frames and only
contains zeros (not foam) and ones (foam). A separate label matrix be-
longs to each different foam layers. The visualization of the label
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matrices can be seen in Fig. 5/d. The area of the layer cross-sections (A1,
A2, A3) in pixels is the total number of pixels.

Based on the label matrices, we can extract the edges of the foam
layers in every time step. We defined three important edges: top layer
edge (top edge of the top layer), middle layer edge (top edge of the
middle layer), and bottom layer edge (top edge of the bottom layer). The
process visualization of the labeling of the edges can be seen in Fig. 5/e.

For example, the position of the top layer edge in the frame is the
indices (vertical and horizontal position) of the first nonzero element in
each column of the label matrix (Fig. 6). We defined the position of the
edges every 0.5 ms for each layer. The changing of the top layer edge as a
function of time can be seen in Fig. 7 in the case of the “70-50-30" foam.

To compare the different foam structures, we calculated two pa-
rameters that can describe deformation behavior. One of the parameters
is the diameter of the deformed zone (Fig. 6) and the other is the
decrease in the cross-sectional area of the foam layers. We calculated the
diameter of the deformed zone from the vertical position of the edges.
The vertical position f(x,t) of the edges is a two-variable function whose
value depends on the horizontal position and the time. For every time
step, we calculated the difference (d(x,t)) between the actual vertical
position and the starting position of the edges according to Equation (1).

Layer composition: 70/50/30

400
T 3504
a 0 Top layer edge (t = 0 ms)
3001 | ————— Top layer edge
& a0 | — Middle layer edge
=)
o —— Bottom layer edge
é’ 2009 | ———— Base plate
8 150-
=
-2 1007
‘B
g 504 .
g 0
§ -50- Diameter >

0 100 200 300 400 500 600
Horizontal position [pixel]

Fig. 6. The position of the edges at a given time.

Layer composition: 70/50/30

3004
2501
2001 fix, 1)
150 Time increasing

-100
-1504

Vertical position of top layer edge [pixel]

0 100 200 300 400 500 600
Horizontal position [pixel]

Fig. 7. The changing of the top layer edge as a function of time.
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If the difference was bigger than 5 pixels, that part of the foam was
deformed (e>5). After we identified the deformed part of the edge, we
extracted the horizontal position for the starting and the end point of the
deformed part. The difference between these two is the diameter of the
deformed part (Equation (2)). As we know the DPI of the frames, we
were able to change the unit from pixels to mm. Each side of a pixel
corresponded to a length of 0.2941 mm in our case. However, we must
highlight that this ratio can vary significantly depending on the mea-
surement setup, such as the distance between the camera and the object,
and the resolution of the video recorder.

d(xv t) :f(x%o) 7f(x= t) 1)
D(t) =max (x|d(x,t) > ¢) — min (x|d(x,1) > ¢) (@3]

where d(x,t) is the difference between the actual and starting vertical
edge positions as a function of time, f(x,0) is the vertical edge position at
the first timestep and f(x,t) is the actual vertical edge position as a
function of time. D(t) is the diameter of the deformed zone as a function
of time and ¢ is a threshold limit, which we defined as 5 pixels.

The decrease in the cross-sectional area of the top layer at any time
step can be calculated as the following (3):

_ Al *
AA,—(I Al) 100 (3)

0

where AA; [%] is the decrease in the cross-sectional area, Alg [mmz] is
the area of the cross-section of the top layer at the first time step, A1,
[mm?] is the cross-sectional area at a given time step. The calculation
was the same for the middle and the bottom layers.

These two values can be used to compare the different foam struc-
tures and their deformation as a function of time.

4. Results and discussion
4.1. Drop weight impact tests

Fig. 8 shows the effect of increasing impact energy on the material
response of the “50-50-50” sample. All other samples had a similar trend
of force-deformation curves.

In contrast to a typical quasi-static compression test where the whole
specimen is compressed between two platens with a constant strain rate
(see Fig. 1), we performed a dynamic test, in which the diameter of the
impactor was only half of the specimen size. Therefore, the deformation
of the foam in our case is heterogeneous. In addition, the foam’s resis-
tance is negligible compared to the magnitude of the load, so there is no
significant initial elastic region. After an initial pre-loading stage, in the
so-called plateau zone, the force does not remain constant and increases

3500 1
3000 1 ——92862]
2500 1 13.784 ]
= 2000 | —17.707J
P 21.6307J
2 1500 1
&
1000 A1
500 1
(VI T 1

0 20 40 60 80 100
Deformation [% ]

Fig. 8. Force-deformation curves of the “50-50-50” sample for different
impact energies.
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linearly as the high strain rate contributes to the compression of the gas
enclosed in the cells. Furthermore, the resistance to the impactor in-
creases with the indentation depth due to the shear and compression
deformation of the foam around the impactor head, which also increases
the measured force. At larger strains, the nature of deformation changes,
and the slope of the curve increases steadily. At this point, similar to the
densification zone, the foam resists deformation significantly due to air
compression and excessive compression of the cells [10,33].

For the smallest impact energy (9.862 J), the degree of deformation
is optimal, as there is no final densification stage, and the nature of the
deformation remains linear throughout the entire measurement. In this
case, the samples stopped the downward movement of the dart before
the foam structure became excessively compacted. However, as the
impact mass—and hence the impact energy—increased, the last part of
the curves (densification) became more significant. It is also visible that
the increasing impact energy did not affect the slope of the curves at
lower strains since the impact velocity was kept constant (constant drop
height), and the impact energy was varied by modifying the weight of
the impactor dropped onto the sample.

The results for absorbed energy (4), efficiency (5), maximum force,
and maximum deformation derived from the curves are shown in Fig. 9.

&

Eupy = /F(e)de @

0

Eazs
n="2 o100 (5)

imp

where Eg [J] is the absorbed energy, F [N] is the recorded force, € [m] is
the deformation, n [%] is the efficiency, while Ejy, [J] is the impact
energy.

Although the absorbed energy increased, the energy absorption ef-
ficiency (the ratio of absorbed energy to impact energy) decreased
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steadily as the drop weight was increased. The differently layered foam
structures absorbed on average 79 + 1% of the impact energy at the
lowest impact energy level. With growing impact energy levels, this
efficiency gradually decreased to 73 + 1%, 70 + 1%, and finally 67 +
1%. This is due to the fact that the energy absorption efficiency of the
foam decreases above a particular load since the rate of stress increase
exceeds the rate of absorbed energy increase in the last part of the
force-displacement curves [9].

Impact energy also significantly affected the maximum force gener-
ated during the impact. Regardless of the impact energy, the “70-50-30"
and “70-30-70" layer orders showed the lowest maximum force. The
“30-50-70" specimen showed slightly higher maximum forces than the
reference specimen (“50-50-50"), while the “40-70-40" structure gave
the worst results (highest force).

The maximum force results correlated well with the extent of me-
chanical damage in the samples as a result of impact. The samples that
showed better shock absorption (*70-50-30” and “70-30-70”) suffered
negligible residual deformation. In contrast, in the case of the samples
with high maximum force results, the foam suffered not only irreversible
cellular, but external surface damages as well.

The maximum deformation of the tested samples also increased with
increasing impact energy and appeared to approach a threshold limit.
This is caused by more excessive cellular compaction due to higher
impact energy. This assumes that at a given impact energy, the foam
structures are already fully compressed, so further increasing the drop
weight would not increase the maximum deformation but would cause
an increase in the reaction force and produce more irreversible defor-
mation in the cell structure.

Overall, the structures with a higher density foam layer at the side of
the load showed the best shock absorption capacity, presumably due to
the stiffer and more resistant top layer. The comparison of the force-
—deformation curves of the samples at the highest impact energy also
supports this (see Fig. 10.).

15 - - 85
14 4 - 83
= - 81

13 - —_
B S
212- a_’77
= 11 9 St 75
210 - [P
89- |_|_|'71
g - 69

8 1 L 67

7 65

5 25
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Fig. 9. Results of the impact tests for each sample: maximum force (a), absorbed energy (b) and maximum deformation (c).
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Fig. 10. Force-displacement curves of the samples at the impact energy of
21.630 J.

It can be seen that the second phase of the curves of the “70-50-30"
and “70-30-70" samples (70 kg/m° density top layer), which gave more
favorable results, starts at a higher force due to the steeper initial pre-
loading phase. Hence, they are able to absorb more energy before
densification starts, which results in a smaller increase in the reaction
force. For example, at 70% deformation, the “70-50-30” sample absor-
bed 20 J of energy compared to 15 J absorbed by the “30-50-70” sample.
We assume that due to the higher stiffness of the 70 kg/m? top layer, the
impact deformation mechanisms are less concentrated in the area just
below the dart and the impact energy is distributed over a larger zone.
However, the demonstration of this necessitated the taking of high-
speed camera recordings and the development of a new evaluation
method. Since the difference between the shock absorption capacity of
the samples increased with increasing load, it can be concluded that the
positive effect of the layer order modification appears mainly in the
densification zone. For this reason, we set the measurement settings to
achieve a high degree of deformation for each sample (above 80%
strain) for high-speed camera recording.

4.2. Investigating deformation with a high-speed camera

By changing the variation of the layer order, the layers start to
deform at different times and in a different order, which fundamentally
affects the behavior of the foam. With image processing, we determined
the outer points of the deforming zone for the top, middle and bottom
edges. Plotting these points at the time of maximum deformation and
connecting them gives a good approximation of the total volume
involved in the deformation for the first two layers (see Fig. 11.). We
assume that all cells in the area between the boundary lines are
deformed, while no deformation has occurred outside the lines.

In addition, we determined the temporal variation of the decrease of
the cross-sectional area and the diameter of the deforming zone, which
properties have not been studied in the literature yet. In the following,
the deformation mechanisms of each foam type will be discussed in
detail.
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4.2.1. Homogeneous - density sample (50-50-50)

For the homogeneous-density “50-50-50” sample (Fig. 12.), the
progression of deformation is uniform, so the delay between the
beginning of deformation in the top and middle and in the middle and
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Fig. 12. Cross-sectional area decrease (a) and the diameter of the deforming
zone (b) for the “50-50-50 structure.
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bottom layers are identical. The magnitude of the cross-sectional area
decrease differed noticeably among the top, bottom, and middle layers,
although these differences were relatively small compared to the other
samples with a non-uniform density distribution. Additionally, the
shape of the curves was more similar in this sample. Their variation over
time is initially linear, then the slope gradually decreases, due to the
compaction of the cell structure, and it finally reaches a threshold. The
saturation of the curves occurs simultaneously. The diameter of the
deformation zone gradually decreases downwards from the top surface
of the foam, with the number of cells involved in the deformation
decreasing from layer to layer. Since the deformation zone is narrower in
the bottom layer, the degree of compression in the cell structure is
locally higher, which increases the reaction force recorded during drop
weight testing.

4.2.2. 30-50-70 layered structure

The progression of deformation in the “30-50-70” layered system
(Fig. 13.), which showed worse results in terms of shock absorption
capacity, was different. In the first stage of the collision, the cross-
sectional decrease is clearly the most significant in the top layer. Its
variation over time was non-linear; the slope decreased steadily before
reaching a threshold cross-sectional area reduction limit of around 27%.
The underlying mechanism for this phenomenon is that the top layer’s
area under the impactor undergoes full compaction prior to significant
deformation of the lower layers. This results in the load being initially
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Fig. 13. Cross-sectional area decrease (a) and diameter of the deforming zone
(b) for the “30-50-70” structure.
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concentrated on the top layer and then shifted to the middle layer once
the top layer is fully compacted. Afterward, the cells in the middle layer
also undergo full compaction, which leads to the load being concen-
trated on the densest bottom layer. Since the densification of the low-
density top layer takes less time than the denser middle layer, the
delay between the beginning of deformation in the top and middle layers
is smaller than the delay between the middle and bottom layers. The
diameter of the deformation zone also decreases from top to bottom, but
the magnitude of this decrease is larger than in the uniform-density “50-
50-50” sample.

4.2.3. 70-50-30 layered structure

The sample “70-50-30” (Fig. 14.), which has the highest density on
the impact side and then decreasing density downwards, showed a
deformation response opposite to the “30-50-70”. The stiffer top layer
immediately transfers the load to the underlying lower density middle
layer, which is less resistant to mechanical loads, then this layer trans-
mits it to the bottom least dense layer. Accordingly, all the layers start to
be compressed at almost the same time without significant delay once
the deformation process begins. For this reason, the degree of cross-
sectional area reduction in the layers correlates with their density. The
lowest-density bottom layer is compressed the most and the highest
density top layer the least. A significant difference is that the diameter of
the deformation zone is larger than in the “50-50-50” structure, and the
width of the zone does not decrease from top to bottom. It results in far
more cells being involved in energy absorption, so the degree of defor-
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Fig. 14. Cross-sectional area decrease (a) and diameter of the deforming zone
(b) for the “70-50-30” structure.
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mation in each cell is smaller. Due to the typical nature of the
compressive stress—strain curves of polymeric foams, this lower level of
deformation results in a smaller maximum reaction force.

4.2.4. 70-30-70 layered structure

In the “70-30-70” sample (see Fig. 15.), the top high-density layer
transmits the load to the less dense middle layer, causing both layers to
undergo compression simultaneously. The deformation of the bottom,
also dense layer, becomes more noticeable only after a relatively long
time delay. Due to its lower density, the rate of the cross-sectional area
decrease is clearly the greatest in the middle layer during the initial
phase of the collision. Still, the upper layer also gradually loses its cross-
sectional area. The variation in the cross-sectional area reduction over
time in these layers is also similar to a saturation curve, with the low-
density middle layer reaching a threshold value first (at about 8 ms),
followed by the complete compaction of the top layer (at about 9 ms).
The diameter of the deformation zone is the largest in the top layer, but
the width of the zone decreases strongly from the top downwards. As the
top and middle layers are deformed over a wide zone during the initial
phase of the impact, this results in a higher stress plateau, similar to the
“70-50-30” sample, which helps to absorb the impact energy at a rela-
tively low maximum reaction force.

4.2.5. 40-70-40 layered structure
In the “40-70-40” sample (Fig. 16.), the striker impacted on a low-
density layer with a denser layer located underneath. Thus, the top

45 -

—&— Top layer
40 A

—&— Middle layer
35 4

—&— Bottom layer

=

—

7}

© 30

s

= 25

=

.E 20

D15

@

2 10

£ s

Q
0

(a) 0 2 4 6 8 10 12

Time [ms]

120 4
100 4

E 80 4

e

8 60 4

£

g 40 —e— Top layer
20 —&— Middle layer

—@— Bottom layer

0 r T T T

(b) 0 2 4 6 8 10 12

Time [ms]
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Fig. 16. Cross-sectional area decrease (a) and diameter of the deforming zone
(b) for the “40-70-40” structure.

layer distributes most of the load to the middle layer only after the cell
structure is compacted, with a time delay of about 1.5 ms. As the middle
layer is compressed, it pushes down the bottom layer, resulting in
simultaneous but varying rates of deformation in these two layers.
Initially, the compression of the bottom layer is far more dominant, but
once it reaches a threshold value, deformation progresses through the
cellular compaction of the middle layer. The diameter of the deforma-
tion zone decreases from top to bottom at approximately the same rate
as in the uniform-density “50-50-50" sample, which explains the similar
magnitude of the maximum force results obtained in the regular drop
weight tests.

4.2.6. Summary of deformation characteristics

In summary, we can conclude that the variation of the layer order
significantly affected the deformation response of the foam structures
(see Table 4.). The use of layers with decreasing density from top to
bottom contributes to the simultaneous deformation of the layers below
each other. In contrast, if a low density layer is followed by a denser one,
most of the deformation is concentrated in the top layer, and the
deformation of the lower denser layers only becomes dominant after the
densification of the top one. A high-density layer on the side receiving
the impact also increases the diameter of the deformation zone. The time
order of layer compaction depends mainly on foam density. As low-
density layers have a less resistant structure (larger cells, thinner cell
walls) to loads, full cellular compaction takes less time compared to
higher density layers with smaller cells.
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Table 4

Polymer Testing 122 (2023) 108014

Summary of the deformation characteristics of foam structures with different density variation.

Specimen Progression of Starting time of layer deformation® for top, Deforming zone diameter at the time of maximum Time order of layer
type deformation middle, and bottom layers [ms] deflection for top, middle and bottom layers [mm] compaction
50-50-50 Stepwise (uniform time 0 92.4 Simultaneous
steps) 1.5 86.8
3.0 77.4
70-50-30 Alllayers start to deform at 0 105.7 1. Bottom
the same time 0 112.0 2. Middle
0.5 106.5 3. Top
30-50-70 Stepwise (increasing time 0 89.9 1. Top
steps) 2.0 82.1 2. Middle
5.0 69.3 3. Bottom
70-30-70 Stepwise (increasing time 0 123.6 1. Middle
steps) 0.5 100.3 2. Top
4.5 67.4 3. Bottom
40-70-40 Stepwise (decreasing time 0 94.3 1. Top
steps) 1.5 91.6 2. Bottom
2.0 81.0 3. Middle

@ (Starting time of layer deformation is calculated based on the temporal variation of the diameter of the deforming zone).

5. Conclusions

This study investigated functionally graded, three-layer, 30 mm
thick weakly cross-linked polyethylene foam structures with the same
average density (50 kg/m>) but different densities in each layer. Based
on the results of drop weight impact tests performed with a 50 mm
diameter cylindrical impactor in the impact energy range of ~10-22 J,
we showed that increasing the impact energy from 9.862 J to 21.630 J
decreases the energy absorption efficiency of the foam structures from
79 + 1% to 67 + 1%. We also showed that the shock absorption of the
foams could be improved by modifying the density distribution along
the thickness. By applying a decreasing density variation from top to
bottom, the maximum reaction force of the impact tests decreased by
7.09% compared to the foam structure with uniform density.

In order to analyze the deformation mechanism of each layer, we
developed a new evaluation method based on an image processing al-
gorithm, which can be used to quantify the size of the deformed area and
its variation over time, and the number of cells involved in the defor-
mation, by analyzing high-speed camera recordings in a MATLAB
environment. Using the evaluation method, we demonstrated the posi-
tive effect of modifying the layer order on shock absorption capability.
Decreasing density from top to bottom causes the top layer to transfer
the load to the layer below, which transmits it to the bottom layer so that
the cells in all three layers start to compress at the same time. In contrast,
in the case of the uniform-density foam structure, there was a 1.5 ms
time delay between the beginning of successive layer deformation. The
high-density top layer is also more resistant to the impact and distributes
the load over a 27.1% larger area, so cellular deformation takes place in
a larger volume. The wider impact zone and the simultaneous defor-
mation of the layers significantly increase the energy absorption ca-
pacity in the initial stage of deformation, as the ratio of volume fraction
deforming under the densification strain is higher. As more cells absorb
the load, the structure becomes more resistant, and the plateau of the
force-deformation curve is shifted upwards by approximately 10%. This
will increase the amount of energy absorbed by the end of the plateau
zone, and the dart will have a lower velocity at the start of the densifi-
cation zone. The downward movement of the dart stops sooner, thus
reducing the degree of critical cell compaction, which would cause a
significant increase in the reaction force.

As the test parameters in our study were limited to a narrow range of
impact energies and the drop height was kept constant at 400 mm,
further improvements may include extending the test parameters to
higher impact energies and velocities where the whole cellular structure
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collapses irreversibly. The accuracy of the current measurement method
can be further improved by using a higher-resolution high-speed cam-
era. Additionally, the use of pressure measurement films positioned
between the foam and support plate would allow us to also investigate
the energy transferred to the plate. With the implementation of these
improvements, further studies can contribute to a more comprehensive
understanding of the deformation response of functionally graded foam
structures.
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