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ABSTRACT: This study evaluated the effects of lightweight waste plastic (LWP) content on the foaming characteristics,
crosslinking properties, and mechanical performance of EVA (ethylene-vinyl acetate) composite foams. The analysis of
foaming characteristics revealed that as LWP content increased, the foaming ratio decreased and the specific gravity
increased, indicating limitations in the lightweight properties of the foams. Crosslinking property measurements
showed that an increase in LWP content led to higher crosslink density, which contributed to improvements in
mechanical properties such as tensile strength. However, elongation at break and tear strength decreased due to phase
separation, reflecting the complex interactions within the material. Mechanical property analysis indicated that
hardness and rebound resilience increased with higher LWP content, while recovery performance after compression
decreased. The increase in compression set was attributed to reduced network flexibility caused by increased crosslink
density and limitations in recovery performance due to phase separation. Furthermore, microscopic analysis
demonstrated that higher LWP content resulted in smaller cell sizes, denser cell structures, and increased non-
uniformity. These structural changes directly influenced the material properties of the foams, suggesting that phase
separation was a major factor in the deterioration of cell structure and mechanical performance. This study highlights
the recyclability of EVA/LWP composite foams and confirms the potential of using waste plastics for developing
sustainable foam materials. As the LWP blend ratio increases, hardness, resilience, and tensile strength increase, but
tear strength, elongation and compression set decrease. The LWP blend ratio of 20-30 wt% is considered optimal, as

mechanical strength improves while the reduction in compression set is not significant.
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1. INTRODUCTION

EVA (ethylene-vinyl acetate) is a copolymer of ethylene and
vinyl acetate (VA) that offers several advantages, including low
density, excellent thermal insulation, superior soundproofing,
high strength, and corrosion resistance. These properties make
it widely used in various applications such as wires, packaging
films, adhesives, coatings, foams, injection molding, and
extrusion. EVA is typically a polymer with a vinyl acetate con-
tent of 5-45% and is derived from polyethylene (PE) [1].
Compared to PE, EVA has relatively lower processing tem-
peratures and density while providing enhanced flexibility,
excellent thermal insulation, and corrosion resistance [2].
Additionally, the physical properties of EVA can be easily tai-

lored by adjusting the VA content, allowing for versatile appli-
cations [3,4].

EVA's excellent processability enables it to be fabricated into
various forms such as films, vinyl sheets, adhesives, and foams.
It can also be reinforced through crosslinking to produce
stronger materials [5,6]. However, crosslinked EVA transforms
into a thermoset, making it non-reprocessable and necessi-
tating disposal through landfill or incineration [7,8]. Such dis-
posal methods result in severe environmental issues, including
greenhouse gas emissions and microplastic generation. While
research on substituting EVA with biomass-based or biode-
gradable polymers is ongoing to address these challenges, their
practical use remains limited due to processing difficulties and
high costs [9,10]. However, the use of lightweight waste plastic
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(LWP) as the primary polymer component and a functional
filler in EVA-based foam systems has not been extensively
studied.

In this study, EVA resin was blended with LWP, a form of
EVA waste, to produce foams, and their properties were ana-
lyzed. The mechanical properties and microcellular structure
changes of EVA/LWP composite foams were evaluated with
varying LWP content. This research assessed the recyclability
of EVA waste and analyzed the characteristics of EVA foams
containing lightweight waste plastic at different content levels
to determine their commercial viability.

2. EXPERIMENTAL DETAILS

2.1 Experimental Materials and Specimen Fabrication

EVA used in this study was EVA 1315 from Hanwha Chem-
ical, with a vinyl acetate (VA) content of 15%. Lightweight
waste plastic (LWP) scrap was provided by Buyoung Co., Ltd.
VA content of LWP based on EVA foam is 16-18% and density
is 0.9 g/cc.

For the crosslinking agent, Perkadox BC-FF (Dicumyl Per-
oxide, DCP, 99%) from AkzoNobel was used, which plays a
critical role in inducing the crosslinking reaction in EVA and
determining the structure and properties of the foam. The
blowing agent used was Azodicarbonamide-based JTR/D
from Kumyang Co., Ltd., which thermally decomposes at 130-
157°C and releases 160-180 ml/g of gas, contributing to the
formation of a fine cellular structure within the foam.

To investigate the effect of LWP content on the foaming
characteristics of EVA, experiments were conducted by adjust-
ing the LWP content. EVA and LWP were blended in weight
ratios ranging from 100:0 to 50:50, increasing by 10 wt% incre-
ments, resulting in six different compositions. The composi-
tions are shown in Table 1. For each blend, the same amount
of crosslinking agent and blowing agent was added, and com-
pression molding was performed at 170°C for 10 minutes
under pressure to produce the foam samples, EVA-based recy-
cled foams (EVR).

2.2 Characteristics

The crosslinking characteristics of the samples were mea-
sured using an Oscillating Disk Rheometer (ODR, Curelas-
tometer WR, Nichigo Shoji Co., Japan, Max torque 30 N-m) at
170°C for 20 minutes. The process of measuring the cross-
linking characteristics is essential for determining the optimal

Table 1. Composition of EVA and EVA/LWP blend formulations
EVRO00 | EVR10 | EVR20 | EVR30 | EVR40 | EVR50

EVA 1315 | 100 90 80 70 60 50
LWP - 10 20 30 40 50
DCP 0.6 0.6 0.6 0.6 0.6 0.6

JTR/D 3.5 3.5 3.5 3.5 3.5 3.5

molding time and degree of crosslinking, as these factors
greatly influence the final shape and mechanical properties of
the molded products.

Specific gravity was measured using an electronic densime-
ter (MD-300S, Alfa Mirage), and the foaming ratio was cal-
culated using the following equation:

Foaming raio = (V/V,_) x 100 (1)

where V;and V,, represent the volume of the foamed material
and the mold, respectively.

The tensile properties of the samples were measured using a
dumbbell-shaped specimen with dimensions of 10.0 x 50.0 mm
(width x length) with a Universal Testing Machine (UTM,
Daekyung Engineering, DUT-500CM, South Korea, Max 500
kgf). The test speed was set at 500 mm/min, and the gauge
length was 20 mm. Tensile strength and elongation were mea-
sured simultaneously. Tear strength was also measured under
the same conditions.

Hardness was measured using a Durometer C-type from
Asker. Additionally, the ball rebound resilience of the foam
was recorded according to the KS M ISO 8307 standard by
measuring three times and recording the median value.

The compression set of the foam, which evaluates its dura-
bility, was calculated by measuring the thickness after com-
pressing the sample in a 50°C oven for 6 hours. The formula
for calculating the compression set is as follows:

Compression set (%) = (t, — t)/(t, — t;) x 100 )

where t, represents the initial thickness, t; represents the
thickness after the test, and t, represents the compressed thick-
ness.

To observe the microstructure of the foam, images were cap-
tured using the Xi-cam video microscope from Bestecvision.

3. RESULT AND DISCUSSION

3.1 Crosslinking Characteristics

Fig. 1 and Table 2 present the results of the crosslinking
characteristics of EVA and EVA/LWP foams measured using
an ODR. The scorch time (T10) was approximately 1 minute,
and it showed minimal variation with increasing LWP content,
indicating that the initial crosslinking reaction was not sig-
nificantly affected.

In contrast, The optimum cure time (T90), which represents
the progress of crosslinking, increased from 4.61 minutes to
9.27 minutes as the LWP content increased, nearly doubling.
This suggests that the lower reactivity of LWP compared to
EVA slowed the crosslinking reaction.

Additionally, both the minimum torque (ML) and maxi-
mum torque (MH) values increased with higher LWP content,
and ATorque (MH - ML) also exhibited a gradual increase.
ATorque is generally closely related to crosslink density [11],
indicating that LWP contributes to increasing crosslink density.
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Fig. 1. Crosslinking behaviors of the EVA and EVA/LWP composite

foams

Table 2. Crosslinking behaviors of the EVA and EVA/LWP com-
posite foams

ML MH | ATorque | T, Ty,
(dNm) (dNm) (dNm) (min) (min)

EVR 00 0.023 0.088 0.065 1.29 4.61
EVR 10 0.029 0.106 0.072 1.30 5.24
EVR 20 0.034 0.109 0.075 1.32 5.80
EVR 30 0.039 0.111 0.077 1.34 6.00
EVR 40 0.046 0.134 0.088 1.38 7.93
EVR 50 0.054 0.167 0.113 1.41 9.27

LWP is a previously crosslinked recycled EVA foam, with a
molecular weight distribution and crystallinity differ from
those of neat EVA. In addition this suggests that the residual
cross-linked structure, which was not completely decomposed,
formed microgels, contributing to the increase in ATorque.

The increase in T90 demonstrates the slower reactivity of
LWP compared to EVA, while the increase in ATorque sug-
gests that, despite the delayed reaction, more crosslinking
bonds were formed, or the network structure was strength-
ened.

Since the torque values of all samples stabilized after 10 min-
utes, a foaming time of approximately 10 minutes was set for
foam production in this study.

3.2 Foaming Characteristics

The specific gravity and foaming ratio are important indi-
cators of the lightweight characteristics and foaming proper-
ties of polymeric foams. Fig. 2 presents the foaming ratio and
specific gravity of EVA and EVA/LWP composite foams.

The foaming ratio of pure EVA foam (EVRO00) was mea-
sured at 164%, and as the LWP content increased, the foaming
ratio gradually decreased. EVR 10, 20, 30, 40 and 50 were 162,
160, 159, 155 and 151%, respectively. This indicates that the
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Fig. 2. Foaming ratio and Density of EVA and EVA/LWP foams

Fig. 3. Morphologies on the cross section of the EVA and EVA/
LWP composite foams; (a) EVR 00, (b) EVR 10, (c) EVR 20,
(d) EVR 30, (e) EVR 40, (f) EVR 50. The scale bar is 100 um

foaming properties deteriorated with the addition of LWP.

The specific gravity of the foams showed an opposite trend.
The specific gravity of EVR 00 was the lowest at 0.155, and as
the LWP content increased, it has increased gradually. EVR 10,
20, 30, 40 and 50 were 0.166, 0.172, 0.180, 0.190, and 0.208,
respectively.

The specific gravity and foaming ratio exhibited an inverse
relationship, with the specific gravity increasing as the foaming
ratio decreased. This trend highlights the impact of LWP addi-
tion on the foaming characteristics and the lightweight prop-
erties of the foams.

Fig. 3 illustrates the changes in cell structure with increasing
LWP content, as observed in cross-sectional images of the
foams taken with an optical microscope.

As the IWP content increased, the cell size gradually
decreased, the cell wall thickness reduced, and the non-uniformity
in cell size and shape increased. Along with the previous ODR
results, it suggests that LWP can act as a nucleating agent. The
crystalline particles remaining in LWP serve as hetero-nucleating
sites, facilitating foam density control.

These structural changes contributed to the increase in
specific gravity, ultimately limiting the lightweight properties
of the foams.
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Fig. 4. Strain-stress curves of EVA and EVA/LWP composite foams

40 300

W Tensile strength
s Tear strength
—&— Eongation r 250

30

20

Tensile strength(kgf/<t), Tear strength(kgf/cm)
Elongation(%)

0 10 20 30 40 50
LWP contents (wi%)

Fig. 5. Tensile strength, Tear strength and Elongation of EVA and
EVA/LWP composite foams

3.3 Mechanical Properties

Figs. 4 and 5 present the S-S curve, tensile strength, elon-
gation at break, and tear strength of EVA and EVA/LWP com-
posite foams.

As the LWP content increased, the tensile strength showed a
tendency to increase by up to approximately 25%. This can be
attributed to the increased crosslink density of the EVA/LWP
composite foams as the LWP content increased, as confirmed
by the crosslinking characteristics analysis.

Conversely, the elongation at break decreased from 240% for
EVR 00 to 170% for EVR 50, representing a reduction of about
30%. Tear strength also showed a decreasing trend, with a
maximum reduction of 20%. These tendencies appear to be
caused by phase separation between LWP and EVA. Phase
separation disrupts the uniform formation of cells during the
foaming process, resulting in smaller cell sizes or non-uniform
structures. These changes in cell structure are corroborated by
the microscopic images.

Meanwhile, the increase in tensile strength seems to be pri-
marily influenced by the rise in crosslink density, with the

B Hardness
BN Resilience

LWP contents (wi%)

Fig. 6. Hardness and Resilience of EVA and EVA/LWP composite
foams

increase in specific gravity also likely playing an additional
role. The higher crosslink density strengthened the internal
bonds within the material during the foaming process, leading
to improved tensile strength. However, phase separation
caused by the increased LWP content weakened the material’s
continuity, resulting in a reduction in elongation at break and
tear strength. This explains the contrasting trend of increasing
tensile strength alongside decreasing elongation at break and
tear strength.

Additionally, the hardness and rebound resilience (ball
rebound resilience) of each foam were measured, and the
results are shown in Fig. 6. The experimental results revealed
that both hardness and rebound resilience increased as the
LWP content increased. This trend is attributed to the rigid
properties of LWP compared to EVA, which made the mate-
rial overall stiffer as the LWP content increased. Moreover, the
addition of LWP contributed to an increase in crosslink den-
sity, which is interpreted as a key factor in the improvements
in hardness and rebound resilience.

The increase in hardness can be explained by the rein-
forcement of the polymer network caused by the rigid char-
acteristics of LWP and the higher crosslink density, enabling
the foam to resist external deformation more effectively.
Meanwhile, the increase in rebound resilience is attributed to
the well-formed crosslinking structure within the EVA/LWP
blend, allowing for efficient recovery of impact energy.

Furthermore, the phase separation between LWP and EVA
appears to play a role, with the rigid phase (LWP) acting as the
primary contributor, promoting the simultaneous increase in
hardness and rebound resilience. However, these positive
changes in properties are accompanied by negative effects,
such as reductions in elongation at break and tear strength,
indicating that the material properties of the foam have
changed in a complex manner.
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Fig. 7. Compression Set of EVA and EVA/LWP composite foams

The permanent compression set of each foam was mea-
sured, and the results are presented in Fig. 7. The data showed
that as the LWP content increased, the permanent compres-
sion set value also increased. This indicates a deterioration in
the foam’s recovery performance and an increase in perma-
nent deformation after compression.

The increase in LWP content likely resulted in higher cross-
link density, which reduced the material's flexibility and limited
its ability to adapt to compressive deformation. These changes
made the material stiffer but simultaneously weakened its
recovery capacity under external loads, leading to more pro-
nounced permanent deformation.

In conclusion, the recovery performance of EVA/LWP
composite foams decreased with increasing LWP content,
which is interpreted as the result of structural changes and
non-uniformity within the material.

4. CONCLUSIONS

This study evaluated the effects of lightweight waste plastic
(LWP) content on the foaming characteristics, crosslinking
properties, and mechanical performance of EVA (ethylene-
vinyl acetate) blend foams. The experimental results showed
that as the LWP content increased, the foaming ratio
decreased while the specific gravity of the foam increased,
indicating a deterioration in foaming properties. This suggests
that the lightweight characteristics of the foam are limited by
the addition of LWP, which was accompanied by observations
of denser cell structures and reduced cell sizes.

According to ODR measurements, the crosslink density
increased with higher LWP content, contributing to improved
tensile strength and mechanical stability. However, phase sep-
aration between EVA and LWP appeared to reduce elongation
at break and tear strength, reflecting the complex interplay
between increased crosslink density and phase separation.

Mechanical property analysis revealed that hardness and
rebound resilience improved with increasing LZWP content,
which aligned with the observed increase in tensile strength.
However, the permanent compression set also increased,
indicating a decline in recovery performance after compres-
sion. This is attributed to reduced material flexibility as LWP
content increased, thereby limiting the foam's recovery capacity.

In conclusion, while the addition of LWP enhances certain
mechanical properties such as tensile strength and hardness, it
is accompanied by issues such as reduced foaming perfor-
mance and recovery ability. Nevertheless, the recyclability of
EVA/LWP blends and the potential application of waste plastics
in foam production present a promising avenue for the devel-
opment of sustainable materials. In addition, through the
appropriate mixing ratio of LWP (10-20 wt%), it might func-
tion as a functional filler.
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