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Abstract

High-density polyethylene (HDPE) materials are widely used in many places in our daily life. These materials are preferred
due to their recyclability, product variety, variety of production types, and low cost per unit production. Besides all these
features, it is also important that the material can be produced with high mechanical properties by applying different
production methods or processes. The investigation of its mechanical properties is becoming also an important issue. In this
study, deformation of 1%, 5%, 10%, 15%, 30%, 40%, and 50% ratios were realized by applying a compression process to
high-density polyethylene materials. Strip samples were taken out of the compressed samples and subjected to the tensile
test process. After the tensile test, the tensile strength values showed differences with increasing deformation rates, and it
was observed that the highest value was realized at 10% deformation rate.
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1. Introduction

Polymers are important materials used in many different fields and industries. They have a wide range of
uses from the automotive to the food industry, from the cable industry to chemical and detergent containers,
from household and kitchenware to the marine and shipping industry, from the toy industry to the electronics
industry, from the packaging industry to the space industry, and from pressure fluid and water pipes to various
food containers. These usage areas can be expanded more and more.

When the polymer word is analyzed, poly means multiple, mer means structure, so polymer means multiple
structure. Polymers can be classified into three main topics: thermosets, thermoplastics and elastomers [1].
Polyethylene (PE) is a semi-crystalline commercial material in thermoplastic polymers. Besides, polyethylene
is a semi-crystalline material obtained by the polymerization of straight-chain hydrocarbons [2]. These
hydrocarbons are formed as a result of n repetitions of CH, monomers.

HDPE materials are the most used polyethylene materials with a high crystalline rate [3]. HDPE material,
which is defined as crystalline or semi-crystalline (with 80% - 90% crystallinity), has a much more regular
polymer structure than amorphous polymers. The long and unbranched carbon chains fold to form lamellae
called spherulites. Different material particles can be added to semi-crystalline polymers, as well as to crystalline
metals. This is done to prevent the dislocation movement in the material and increase the material strength.
However, the addition of particulate filler reduces the strength of the material for some polymers. This situation
is explained by the fact that the interparticle matrix bond thickness must be less than a certain value. Strength
increase is achieved with the addition of appropriate particles in polypropylene (PP) and polyethylene (PE)
materials from crystalline polymers [4, 5].
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However, on HDPE material, which has a crystalline structure, dislocations can be prevented by increasing
the strain, as in metals. In metals, this can be achieved by traditional methods such as forging and rolling, while
it can also be achieved with new methods called severe plastic deformation (SPD), which has some advantages
over these [6, 7]. With the effect of the force applied on the material, the polymers become more regular and
thus the dislocations are reduced. This situation positively affects the yield and ultimate tensile strength values
of the material.

Physically, HDPE materials exhibit both fluidities like liquid and elastic properties like solid together [2].
These two characteristics affect the mechanical properties of HDPE material. It is very important to reveal the
mechanical properties of these materials. Mechanical experiments are being done to predict the behavior of
materials against static or dynamic loads. These experiments are also performed to see the effect of a process
on the material (heat treatment, rolling, forging, etc.) or changes in the material composition (such as alloying)
on the material properties. The most frequently used mechanical tests are tensile, compression, hardness,
bending, impact, creep, and fatigue tests [3-12].

Akdogan, 2022, investigated the changes in the mechanical properties of HDPE materials according to the
compression state after being subjected to deformation at varying percentages with unidirectional compression.
Hardness measurements were made according to the Shore-D hardness test standards and different results were
obtained according to the shape change. As a result of the study, the hardness values increase slightly at 10% to
50% compression ratios, while this value decreases at 70% and 80% compression ratios [12].

In this study, different from previous work the changes in the mechanical properties of the HDPE materials
were investigated according to the tensile state after being subjected to changing percentages by unidirectional
compression.

2. Materials and Methods

In this study, Petkim company's 1668 commercial product was used as a granule form. The melt flow rate of
HDPE material is 5.5 g/min (190 °C / 2.16 kg). 1668 granule raw material is shown in Fig. 1(a). The granules
were dried in an oven (Fig. 1(b)) at 60 °C for 4 hours before production to remove moisture from the raw
material. Then samples were produced in a 35 mm diameter plastic injection machine with an L/D ratio of 30
by melting at temperatures of 170-180-190-200 °C from the feeding area to the nozzle area. The clamping force
of the plastic injection machine is 70 tons. The plastic injection machine is shown in Fig. 1(c). All produced
samples were kept in the Niive TK252 conditioning unit (Fig. 1(d)) at 23 °C and 50% relative humidity for 40
hours according to the ASTM D618 standard. The dimensions of the samples are given in Fig 2. Compression
samples were produced by cutting 3+0.2 mm x 134+0.5 mm x 254+0.5 mm size samples as in Fig 2.
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Fig. 1. (a) HDPE granule; (b) oven; (c) plastic injection machine; (d) conditioning unit [12].

3 mm thick materials in the form of flat plates obtained from HDPE were pressed at a constant speed (1.3
mm/min) according to the ASTM D695 standard with a 10% increase in deformation up to 80%. The
uncompressed and 80% compressed sample is shown in Fig. 3(a) and Fig. 3(b). The load on the material has
been removed, some rebound has occurred due to elastic deformation. After the plastic deformation, which
remains constant on the material after this reversal, is measured, it has been observed that it is between 1% and
50%. As a result of this study, changes in hardness values were observed depending on the deformation of the
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materials [12]. Tensile test specimens were cut from these flat plate-shaped specimens (Fig. 3(c)). The sizes of
the tensile test specimens are approximately 4+0.4 mm x 3.2+1.5 mm x 25+2 mm.

125+0.5 mm 3+0.2 mm
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Fig. 3. (a) uncompressed; (b) compressed test specimen; (c) tensile test specimens cut from the specimens

Tensile tests were performed with Shimadzu AGS-X electromechanical tensile tester with 100 kN load cell
unit (Fig. 4). The tensile test speed was determined in accordance with the ASTM D638 standard and applied
as 50 mm/min. The tests were carried out under room conditions (23 °C and 50% relative humidity). The tensile
tests were repeated at least 3 times for each compression state, and the highest, lowest, average and standard
deviation values of the results were presented. Plastic deformation rates of compressed HDPE specimens are
given in Table 1.

Fig. 4. Shimadzu AGS-X 100 kN universal testing machine [12]

Table 1. Plastic deformation rates of compressed HDPE specimens

Plastic Deformation Rate (%) 0 1 5 10 15 30 40 50
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3. Results and Discussions

The tensile graphs of the HDPE samples are given in Fig. 5. It was observed that the elongation at break
values increased with increasing compression ratios. Tensile strength, toughness and elongation at break values
were calculated. The average (Avg.), maximum (Max.), minimum (Min.) and standard deviation (S.D.) values
of the samples were given in Table 2.

30 —0 —1 —5 10 %0

28 ‘ 28 A
—15 30 —40 —50
26

24 A 24 A
22 A 22 A
20 20 1
F18 1 & 18 |
216 S 16
§14 1 g 14 A
F12 1 312 1
10 A 10 14
8 Ry —0 —1 —5 10
6 6 —15 30 —40 —50
4 4 \ 4
2 1 2
0 T T T T T T T T T T T T T 0+ T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 0 5 10 15 20 25 30 35 40 45 50
Strain (%) Strain (%)

Fig. 5. Stress (MPa) - Strain (%) curves of HDPE materials

In crystalline materials, the dislocation motion is directly related to the deformation of the crystalline regions
of the material. Dislocations cause coarse or fine shifts in the polymer, which leads to fragmentation and flow
in the crystal structure [16]. Thin slip is defined as a small amount of slip that occurs in many planes. On the
other hand, coarse slip is a large amount of slip that occurs in several planes. The yield stress in crystalline
polymer materials is determined by the formation of dislocations and their resistance to movement [17].

Table 2. Tensile test results of compressed HDPE materials

Plastic Tensile Strength (MPa) Toughness (J/mm?) Elongation at Break (%)
Deformation ] ] ]
Rate (%) Avg. Max. Min. S.D. Avg. Max. Min. S.D. Avg. Max. Min. S.D.
0 23.2 238 226 0.6 1.689 1921 1515 0.209 124 133 111 11
1 235 249 225 12 2111 2.462 1.810 0.221 147 167 127 15
5 23.7 248 23 1 1735 1926 1.627 0.166 143 164 129 18
10 26.4 274 257 0.9 2.022 2392 1769 0.327 138 146 131 8
15 25.3 259 246 09 1.660 1.778 1558 0.111 116 126 111 8
30 253 259 247 0.6 3.097 3,557 2439 0.584 255 270 242 14
40 244 25 24 05 8.387 8.88 7.856 0.513 427 473 379 47
50 25 251 249 0.1 12.445 13.212 11.909 0.681 627 660 590 35

When the mechanical test results of the materials exposed to compression at different rates are examined,
the similarities between the hardness values and the tensile values are remarkable. It is seen that the compression
process increases the hardness and tensile values up to a certain extent, then these values decrease (Fig 6). This
decrease is related to changes in the crystalline structure of the polymer material matrix. The level at which the
dislocation density reaches its maximum level with the effect of compression is the optimum rate for this
process. Since the material reaches saturation after this stage, continuing the pressing process causes
deterioration in the internal structure and adversely affects the strength and hardness values of the material.
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Fig. 6. Comparison of (a) hardness [12]; (b) tensile strength

There is a continuous increase in the toughness values obtained from the stress-strain graphs of the tensile
test results, and it is seen that this increase much more after the compression values of 30% (Fig 7(a)). It is seen
in Fig 7(b) that this situation is compatible with the elongation at break values. The reason for this can be shown
as the deformations that occur in the internal structure of the material with high compression. As a result of the
high rate of deformation, the resistance of the dislocations against shear was broken and the situation called
coarse slip was realized. This situation, which causes the polymers to slide over each other, has increased the
ductility of the material by decreasing the yield strength.
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Fig. 7. Comparison of (a) toughness; (b) elongation at break

4. Conclusion

In this study, tensile tests were carried out and compared with the deformations that occur as a result of
permanent deformation of HDPE polymer according to the compression state. In general, these materials, elastic
deformation and plastic deformation occur as a result of any deformation. Plastic deformation applied up to a
certain extent caused an increase in strength in the material with a semi-crystalline internal structure. The most
important factors in this increase were explained as the polymer chains becoming more regular as a result of
the increase in strain, increasing the dislocation density and preventing the shifts in the internal structure.

As a result of the study, the maximum strength increase in the tensile test was obtained after 10% plastic
deformation, and then a partial decrease was observed.

In hardness measurements, the highest value corresponds to 1% deformation. The reason for this can be
explained as the surface reaching the optimum strain more quickly as a result of excessive stresses occurring
on the material surface after the compression process.
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When the tensile and hardness test results are examined, it is seen that the optimum value for the strain rate
in this study is 10%. In the case of increasing the deformation, although these values decrease, the toughness
values increase as a result of the ductility (elongation at break from 124% to 627%) in the material.

According to the application area of the material, if a high toughness value is desired, it has been shown that
the toughness value can be increased approximately 5 times (from 1.689 J/mm?® to 12.445 J/mm3) with
deformation of up to 50%.
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