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Abstract: Recently, pollution caused by an increasing amount of worldwide plastic waste has become
a global problem. However, these concerns can be alleviated by the use of gamma-ray technology.
Using radiation technology, plastic wastes can be converted into a variety of useful purposes present-
ing powerful opportunities for environmental sustainability and material innovations. Plastics are
strong, durable, waterproof, lightweight, easy to mold, and recyclable. In this study, plastic aggregate
modified by gamma irradiation was mixed into cement composites, and mechanical property evalua-
tion experiments were conducted. As a result, it was confirmed that the physical performance of
cement composites was improved by up to 70% in the case of using the modified plastic aggregates
compared to the general plastic aggregate.

Keywords: modified plastic; lightweight aggregate; gamma-irradiation; cement composites

1. Introduction

Recently, the demand for high strength and lightness of construction members has
been increasing due to the progress of large-scale construction structures. Previous studies
have shown that the strength of cement composites follows by inducing a reduction in the
unit volume mass of the lightweight cement composites [1-4]. In general, in order to induce
the weight of cement composites, there is a method of using lightweight aggregates. Studies
related to methods for weight reduction using lightweight aggregates such as rubber
lightweight aggregates and plastic lightweight aggregates are being actively conducted.
Among them, plastic aggregates seem to need measures to recycle such plastics, as the use
of plastic containers has increased due to the recent spread and prolonged coronavirus,
resulting in more plastic waste. Since waste plastics have relatively high strength and
small unit volume, they appear to have advantageous aggregate properties to produce
lightweight cement composites, but plastic aggregates have disadvantageous surface
properties [5,6]. In order to use plastic aggregates in a more efficient way, it is applied
to various fields such as medicine, bio, industry, environment, and construction. Based
on prior research, gamma-ray irradiation technology was applied to induce and reform
cross-linkage of plastic pellets to be used as aggregates [7,8]. According to Choi et al. (2007),
the method of grafting radiation to a polymer material improves its physical, chemical
and mechanical properties, and it is described as an economical and eco-friendly method.
Moreover, Lee et al. (2008) stated that as the gamma irradiation dose increases, there is an
increase in tensile stress and compressive stress in a plastic region, and Lee et al. (1999)
described an increase in abrasion resistance of an ultra-high molecular weight composite
irradiated with gamma rays.
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The method of using gamma irradiation technology is eco-friendly and can improve
the physical, chemical, and mechanical properties of polymer materials. Conversely, due to
the lack of gamma-ray irradiation facilities domestically and internationally, it is expensive
to irradiate gamma rays. Therefore, it is judged that it is necessary to develop a plan to use
the natural radiation generated from the solar rays and to measure the irradiation dose
for it.

There have been no studies on evaluating physical properties of modified plastic
aggregates using gamma-ray irradiation applied to cement composites. Therefore, gamma
rays were irradiated onto plastic types such as poly propylene (PP), poly ethylene (PE),
and acrylonitrile butadiene styrene (ABS) pellets. As a result, the surface modification
of the plastic aggregates was analyzed. The purpose of this study was to evaluate the
suitability of the modified plastic aggregate technology by conducting unit volume mass
and flexural/compressive strength tests of cement composites that secured strength and
lightness by applying modified plastic aggregates through gamma irradiation.

In this study, poly propylene (PP), poly ethylene (PE), and acrylonitrile butadiene
(ABS) pellets, which are recently most commonly used as plastic containers, were manufac-
tured by extrusion method. By using this, a lightweight cement composite was manufac-
tured to evaluate the physical performance, and in order to determine the cause, the change
in surface properties of plastic aggregate according to gamma ray irradiation was analyzed.

2. Materials and Method
2.1. Material properties
2.1.1. Physical Performance of Plastics

In this study, a cement composite was manufactured by using ISO standard yarn for a
basic aggregate and replacing plastic pellets in the form of aggregate. The plastic aggregates
used for the experiment were shown in Figure 1, and it was supplied by the Korea Plastics
Single Material Association. Based on previous studies, among plastic aggregate types, the
reason of choosing PP is the occurrence of decomposition effects and, in the case of PE, a
crosslinking phenomenon that occurs while there is no change in ABS when gamma-ray
irradiation was applied. Each plastic has the lowest specific gravity of 0.92 in the case of
PP, PE has a specific gravity of 0.94, and ABS has a high specific gravity of 1.04.

(a)

Figure 1. Plastic pellets: (a) PP (polypropylene); (b) PE (polyethylene); (c) ABS (acrylonitrile butadi-
ene styrene).

2.1.2. Modified Plastics by Gamma Irradiation

In this study, plastic aggregates were modified by gamma irradiation on plastics.
According to the previous study, it was confirmed that gamma irradiation on carbon
composites results in cross-linkage in plastics and changing the properties of carbon
composites, i.e., plastics [9,10]. In addition, the degree of crosslinking reaction varies
depending on the irradiation dose of gamma rays, and some types of plastic may be
resistant, although they may be subjected to cross-sectional decomposition depending on
the type of plastic. Accordingly, the experiment was conducted using plastics such as PP
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(poly propylene) and PE (poly ethylene), which are plastic materials that appear to be
crosslinking or decomposition reactions.

2.2. Gamma Irradiation Procedure

PP (poly propylene), PE (poly ethylene), and ABS (acrylonitrile butadiene styrene)
pellets were used as substitution materials with 50% substitution for each type of plastic
pellet considering the density of the materials. In the case of plastics irradiated with gamma
rays, there was no change in the unit volume mass of plastics; thus, the calculation was
carried out using the unit volume mass of ordinary plastics.

2.3. Subject of the Study

In this study, three types of plastics were used to check whether the modified plastic
aggregates improved the physical performance of cement composites according to the
gamma-irradiation dose for each plastic aggregate, and for the gamma-irradiation dose,
the plastic irradiated with doses of 0, 25, 50, 75 and 100 kGy was substituted for the cement
composite to prepare a specimen. Details of each specimen are shown in Table 1.

Table 1. The list of specimens.

Specimen WI/C (%) B:A Substitution Rate (%) Plastic Type Irradiation Dose (kGy)
Plain 50 3.6 50 N N
PP-50-0 50 3.6 50 PP N
PP-50-25 50 3.6 50 PP 25
PP-50-50 50 3.6 50 PP 50
PP-50-75 50 3.6 50 PP 75
PP-50-100 50 3.6 50 PP 100
PE-50-0 50 3.6 50 PE N
PE-50-25 50 3.6 50 PE 25
PE-50-50 50 3.6 50 PE 50
PE-50-75 50 3.6 50 PE 75
PE-50-100 50 3.6 50 PE 100
ABS-50-0 50 3.6 50 ABS 0
ABS-50-25 50 3.6 50 ABS 25
ABS-50-50 50 3.6 50 ABS 50
ABS-50-75 50 3.6 50 ABS 75
ABS-50-100 50 3.6 50 ABS 100

PP-50-0: PP—substituted for plastic; (PE—substituted for PE, ABS—substituted for ABS); 50— substitution rate; 0—gamma radiation dose
(25—25 kGy, 50—50 kGy, 75—75 kGy, 100—100 kGy); W/C: water-cement ratio.

2.4. Cement Composite Mixing Ratio Design

For the cement composite mixing ratio, the standard formulation of KS L ISO 679 was
applied, and the mixing ratio of this experiment is as shown in Table 2. The water—cement
ratio was 50%, the cement to aggregate ratio was 1:3.6, and the plastic aggregate was mixed
in a volume ratio of 50%.

Table 2. Mixing ratio by substitution of plastic pellets.

Fine Aggregate (kg/m?)
Series Cement (kg/m?) Water (kg/m®) 887°8 5
Sand PP PE ABS
Plain 1524 0 0
PP-50 268.6 0
PE-50 508 254 762 . 272,98

ABS-50 0 303.63
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2.5. Experimental Design and Methods

The specimens were cured for 7 and 28 days after fabrication to compare initial
strength and long-term strength. Compressive strength and flexural strength tests of
cement composites were performed according to KS L ISO 679, and the unit volume mass
of the specimen was evaluated according to KS F 2476.

2.5.1. Flexural Strength Evaluation

In this study, 6 specimens for each type of plastic pellet cured for 7 and 28 days were
produced such for the flexural test in accordance with KSL ISO 679. The size of specimens
was 40 x 40 x 160 mm, and the load was applied to the center of the specimen at a rate
of 3 kN/min by load control method. In order to evaluate the ductile behavior of the
specimens according to the type of plastic pellet and gamma radiation dose, the loading
was continued after the peak load until it decreased to less than 80% of the maximum
strength. Test set-up for the flexural strength evaluation is shown in Figure 2.

Figure 2. Flexural strength test set-up.

The flexural strength was calculated by Equation (1) in two-point load according to
KS L ISO 679 obtaining up to two significant digits.

1.5 P!
fr= e 1

Here, P: Flexural load (N);
I: Span length (mm);

b: Width of section (mm);
h: Height of section (mm).

2.5.2. Compression Strength Evaluation

Similar to the flexural strength evaluation, 6 specimens for each type of plastic pellet
cured for 7 and 28 days were produced such for the compression test in accordance with
KSL ISO 679. However, the size of specimens was 40 x 40 x 40 mm. The load was applied
at a rate of 90 kN/min by load control method. Test set-up for the compression strength
evaluation is shown in Figure 3.
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Figure 3. Compressive strength test set-up.

The compression strength was calculated by Equation (2) according to KS L ISO 679,
obtaining up to two significant digits.

for = @

Here, P: Compressive load (N);
A: Span length (mm?).

2.5.3. Unit Volume Mass Measurement

The unit volume mass was measured in accordance with KS F 2476, and it was
measured as the average value of two tests in total. Since gamma rays to waste plastic
aggregates do not change the specific gravity of plastic aggregates, the unit volume mass
was measured by proceeding with plastics that were not irradiated with gamma rays.

The unit volume mass was calculated by Equation (3) according to KS F 2476 obtaining

up to three significant digits.
w
M= )
Here, M: Unit volume weight (t/m3);
W: Span length (t);
V: Specimen volume (md).

2.5.4. SEM Analysis

SEM (scanning electron microscopy) is an abbreviation for a scanning electron mi-
croscope with a function of directly observing a three-dimensional structure by scanning
the surface of a sample with electron beams. In this experiment, the effect of gamma ray
irradiation in plastic aggregates was evaluated using 100, 500, and 2000 magnification
analysis conditions, and the cause of physical performance improvement of the plastic
aggregate-substituted cement composite according to the gamma ray irradiation dose
was determined. The samples for SEM analysis are shown in Figure 4, and the analysis
conditions are shown in Table 3.
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Figure 4. Prepared plastic aggregates for SEM analysis.

Table 3. SEM analyzing method of plastic aggregates.

SEM Category Measurement Condition
Acceleration Voltage 15.0kV
. . 9.8 mm, 9.9 mm, 10.0 mm, 10.6 mm, 10.7 mm,
Working Distance
11.2 mm
Magnification x 100, x500, x2000
Spot Size 100 um
Coating Pt

2.5.5. XRD Analysis

XRD is a method of analyzing a crystal structure using X-ray diffraction by X-ray
diffraction analysis. From the X-ray diffraction pattern obtained when the X-ray incident
on the crystalline sample satisfies Bragg’s law, the crystal structure of the compound and
the elements constituting the sample can be identified and quantitatively analyzed. The
analysis conditions used in the experiment are shown in Table 4.

Table 4. XRD analyzing method of plastic aggregates.

XRD Category Measurement Condition

X-ray Generator 18 kW
Tube Power 45 kV, 200 mA

Scanning Speed 4

Scanning Type Continuous

Scanning
Range (0) 5~50°

Monochrometer No Use

The sample used in the XRD analysis was analyzed using a PP plastic sample among
three samples.
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3. Experimental Results and Consideration

3.1. Flexural Strength of Cement Composites According to the Type of Plastic Pellet and Gamma
Irradiation Dose

Flexural Test Results

Table 5 and Figure 5 show the flexural test results of specimens according to the type
of plastic pellet and gamma irradiation dose. As a result of the flexural strength test, as
the curing period increased, the strength increased. However, it seems that only some
samples affected by gamma ray irradiation, and it presents a tendency such as showing
high strength even when a plastic not irradiated with gamma ray is used as a substitute.
From this point of view, it is determined that gamma irradiation does not have a significant
effect on flexural strength.

Table 5. Flexural strength of specimens according to gamma-irradiation.

Flexural Strength (MPa) Increase Rate Compared to Nonirradiated

Specimen Irradiation Dose (kGy) Specimen (%)
7 Days 28 Days 7 Days 28 Days
Plain - 7.27 9.93 - -
PP-50-0 0 3.16 4.10 - -
PP-50-25 25 3.52 3.98 11.39 -2.93
PP-50-50 50 3.87 4.31 2247 5.12
PP-50-75 75 4.38 4.80 38.61 17.07
PP-50-100 100 4.14 4.50 31.01 9.76
PE-50-0 0 3.67 4.70 - -
PE-50-25 25 3.67 413 - -12.13
PE-50-50 50 3.91 4.03 6.54 -14.26
PE-50-75 75 4.53 4.31 24.43 -8.30
PE-50-100 100 414 6.28 12.81 33.62
ABS-50-0 0 3.44 3.75 - -
ABS-50-25 25 3.67 4.59 6.69 224
ABS-50-50 50 422 5.72 22.67 52.53
ABS-50-75 75 4.30 5.25 25 40.00
ABS-50-100 100 414 4.69 20.35 25.07
12

N Plain B PP @ PE @ ABS

'y
o
1

7 Days
28 Days

(o]
L

Flexural Strength (MPa)
»

4
2
0 -
25 50 75

100
Irradiation Dose (kGy)

Figure 5. Flexural strength of specimens according to plastic pellets.
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Table 6. Compressive strength of specimens according to gamma-irradiation.

3.2. Compressive Strength of Cement Composites According to the Type of Plastic Pellet and
Gamma Irradiation Dose

Compressive Test Results

Table 6 and Figure 6 show the compressive strength test results of cement composites
according to the type of plastic pellets and the amount of gamma irradiation.

Compressive Strength (MPa)

Increase Rate Compared to
Nonirradiated Specimen (%)

Specimen Irradiation Dose (kGy)
7 Days 28 Days 7 Days 28 Days
Plain - 33.81 39.5 - -
PP-50-0 0 16.15 20.48 - -
PP-50-25 25 17.04 23.32 5.51 13.87
PP-50-50 50 17.94 25.69 11.08 25.44
PP-50-75 75 20.56 30.00 27.31 46.48
PP-50-100 100 18.77 29.90 16.22 46.00
PE-50-0 0 16.08 20.63 - -
PE-50-25 25 16.65 25.53 3.54 23.75
PE-50-50 50 17.23 25.76 7.15 24.87
PE-50-75 75 18.31 35.84 13.87 73.73
PE-50-100 100 17.65 29.7 9.76 43.97
ABS-50-0 0 19.00 22.60 - -
ABS-50-25 25 19.17 30.98 0.89 37.08
ABS-50-50 50 20.06 29.81 5.58 31.90
ABS-50-75 75 22.94 31.76 20.74 40.53
ABS-50-100 100 22.23 29.56 17.00 30.80
50
N Plain mm PP s PE B ABS
©
% 40 A ,,/ 7 Days
= 28 Days
= d
i
2
Q 30 B
—_
i
w
Q
=
o 20 4
n
O
—
Q
g 10
@)
0 -

Figure 6.

Compressive strength of specimens according to plastic pellets.

25

50

75

Irradiation Dose (kGy)

100
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As a result of the compressive strength test, it was confirmed that the strength de-
creased in the plastic-substituted cement composite compared to the cement composite in
which the sand was not replaced with plastic.

In the case of the 7-day curing period, it was confirmed that the overall compressive
strength increased moderately with the increase in the irradiation dose, and in the case of
the 28-day curing period, the compressive strength of some specimens increased rapidly
according to the increase in the irradiation dose.

In addition, in the case of PP and PE aggregates, the compressive strength gradually
increased up to the irradiation dose of 75 kGy, but it was found that the strength decreased
at 100 kGy. Conversely, in the case of ABS, the overall compressive strength increased
according to gamma irradiation, but it was found to increase randomly without any
particular trend according to the increase in irradiation dose.

In order to confirm the ductile behavior of specimens, Figure 7 describes the compres-
sive stress—strain graph analyses. When the plastic aggregates irradiated with gamma ray
is mixed into the specimen, it shows a lower strain rate and high compressive strength
compared to the specimen substituted with the plastic aggregate that is not irradiated
with gamma ray. In the case of PP, it was confirmed that the specimen substituted with
modified plastic aggregate through 75 kGy gamma-ray irradiation exhibited the compres-
sive strength of 30.02 MPa. There was an increase by about 15 MPa for the specimen
substituted with PE modified plastic aggregate through 75 kGy gamma-ray. Moreover,
the compressive strength reached to 31.76 MPa when the ABS modified plastic aggregate,
which is irradiated with 75 kGy gamma-ray irradiation, was mixed into the specimen.
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Figure 7. Cont.
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Figure 7. Compressive strength strain curve of cement composites according to plastic aggregates type and gamma
irradiation dose: (a) Plain; (b) PP-50-0 kGy; (c) PP-50-25 kGy; (d) PP-50-50 kGy; (e) PP-50-75 kGy; (f) PP-50-100 kGy;
(g) PE-50-0 kGy; (h) PE-50-25 kGy; (i) PE-50-50 kGy; (j) PE-50-75 kGy; (k) PE-50-100 kGy; (1) ABS-50-kGy; (m) ABS-50-25 kGy;
(n) ABS-50-50 kGy; (0) ABS-50-75 kGy; (p) ABS-50-100 kGy.

3.3. Unit Volume Mass of Cement Composites According to the Type of Plastic Pellet

When the plastic pellets were irradiated with gamma rays, there was no change in
the mass of the unit volume. Therefore, the plastic pellets that were not irradiated with
gamma rays were substituted to produce a specimen, and the mass of the unit volume
of the specimen was measured. As a result, the unit volume mass was reduced by 20%
compared to the Plain test specimen, which seems to have a definite effect on the weight
reduction of the construction member. The unit volume weight of each specimen was
measured, and they are shown in Figure 8 and Table 7.

Table 7. Unit volume weight of specimens according to plastic type.

Series Plain PP-50 PE-50 ABS-50
Unit volume weight (t/ m?) 2.148 1.711 1.663 1.708
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Figure 8. SEM images of polypropylene (PP) aggregate: (a) 0 kGy; (b) 25 kGy; (c) 50 kGy; (d) 75 kGy; (e) 100 kGy.

3.4. SEM Analysis Results

The result of SEM analysis, as shown in Figures 8-10, is that a surface of the aggregate
itself changed depending on gamma ray irradiation dose, in which a surface change was
found through SEM photography. In the case of PP aggregates, a surface change verified
through SEM photography was found that as the irradiation dose increased, the surface
properties changed more. PE aggregates also showed changes in their surface properties,
although they are not as good as PP aggregates. It could be verified changed, but there
was no significant change in the surface of ABS aggregate, and it seems that this surface
modification was not enough to have an effect on the cement composite. Through this,
it was possible to determine why ABS aggregates were not greatly affected by gamma
irradiation. According to previous studies, PP and PE among plastic materials were
decomposed and crosslinked, respectively, to modify the properties of plastic. However, it
was confirmed that PET (polyethylene—terephthalate) or PC (poly-carbonate) was resistant
to gamma irradiation effects [11-21]. In the case of ABS, there is no case of gamma
irradiation effect; thus, as a result of conducting the experiment, it is judged that PC or PE
plastics are resistant to gamma irradiation effects.
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Figure 10. SEM images of acrylonitrile butadiene styrene (ABS) aggregate: (a) 0 kGy; (b) 25 kGy; (c) 50 kGy; (d) 75 kGy;
(e) 100 kGy.

3.5. XRD Analysis Results

Figure 11 shows the results of XRD analysis of PP materials. As a result of the analysis,
it was confirmed that the diffraction intensity increased according to the amount of gamma
ray irradiation, which is due to the chain cleavage reaction according to the gamma ray
irradiation. In addition, as shown in Figure 12, the crystallinity increased linearly according
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to the gamma radiation dose, but at 100 kGy, the crystallinity was rather decreased. In
conclusion, it was confirmed that the crystallinity of the plastic material was increased and
the strength of the cement composite including the gamma irradiation was improved.
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Figure 11. Results of XRD analysis of PP aggregates according to gamma dose.
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Figure 12. Comparison of crystallinity of PP aggregate according to gamma irradiation dose.
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4. Conclusions

In this study, plastic pellets (PP, PE and ABS) induced by crosslinking through gamma-

irradiation technology were substituted to produce cement composites, and their physical
performance was evaluated. As a result of the experiment, it was confirmed that there
was no significant impact on flexural strength; conversely, it had a significant effect in
achieving weight reduction by showing a significant decrease in the unit volume mass. It
was determined that there was an effect of gamma irradiation on compressive strength,
which increased and decreased according to the irradiation dose.

1.

Comparing the compressive strength test results of the cement composites with
substitution of PP (poly propylene) pellets induced by crosslinking through gamma-
irradiation technology and PP (poly propylene) pellets without gamma irradiation,
it was confirmed that the compressive strength of the PP pellets substituted cement
composites increased when PP pellets were irradiated with gamma irradiation dose of
25, 50, 75 and 100 kGy. The compression strength of the cement composite increased
due to the change in the properties of the surface of the plastic pellet where the
crosslinking reaction occurred through gamma irradiation resulting in increased
adhesion to cement paste. The compressive strength increases further as the strength
of the plastic aggregate irradiated with gamma increases, compared to the strength of
the plastic aggregate that is not irradiated with gamma rays.

Comparing the compressive strength test results of the cement composites with
substitution of PE (poly ethylene) pellets induced by crosslinking through gamma-
irradiation technology and PE (poly ethylene) pellets without gamma irradiation,
the compressive stress of the cement composite produced by substitution of the
plastic pellets irradiated with gamma rays increased as the irradiation dose increased
and the compressive stress decreased at 100 kGy as in PP. It is determined that
the surface properties of PE aggregates irradiated with gamma rays are modified
through crosslinking, which improves the performance between aggregates and
pastes, thereby increasing compressive stress and improving the strength of the
cement composite.

ABS (acrylonitrile butadiene styrene) pellets were found to vary in compressive stress
of cement composites when the pellets through gamma irradiation were substituted
as aggregates of cement composites. In this case, it is found that the plastic properties
of ABS are resistant to gamma irradiation rather than to crosslinking through gamma
irradiation. Conversely, compared to ABS that non-investigated gamma rays, an
increase in strength occurred when ABS that irradiated with gamma rays was used,
which is considered to require further study.

When the cause of the increase in strength of the modified plastic aggregate-substituted
cement composite was confirmed through SEM analyzing, in the case of PP or PE,
there is the surface change according to gamma irradiation. However, in the case of
ABS, no significant change in the surface due to gamma ray irradiation was found.
Accordingly, it affects the strength properties, as the surface of the cement composites
are modified. Based on the case of ABS, it seems that when gamma-ray irradiation is
irradiated, not only the effect of surface modification but also the internal reaction
occurs, and through these results, it is considered that further research is necessary.
When the flexural strength was analyzed for cement composites using the plastic
aggregate modified by gamma ray irradiation, the variables of PP and PE showed a
decrease or no tendency. For ABS plastic aggregates, it was possible to confirm the
highest bending stress when non-irradiated plastic aggregate was used. In the case
of flexural strength compared to the compressive strength, it was confirmed that the
results were different from those of the previous experiments. Thus, it is judged that
additional experiments are needed.

It was confirmed that the crystallinity increased when gamma rays were irradiated to
the PP aggregate from an irradiation dose of 0 kGy to an irradiation dose of 75 kGy.
However, it was confirmed that the crystallinity decreased when the irradiation was



Appl. Sci. 2021, 11, 11982 16 of 17

carried out with an irradiation dose of 100 kGy. Conversely, as a result of evaluating
the physical properties of the cement composite, it was confirmed that the compressive
strength was increased up to 100 kGy as the gamma ray irradiation dose irradiated to
the plastic aggregate increased. When compared with the decrease in the crystallinity
of aggregates at an irradiation dose of 100 kGy, it was judged that additional research
is needed on the increase in compressive strength.

7. Asaresult of conducting a study to modify plastic aggregates using gamma rays, it
was confirmed that using gamma ray irradiation technology costs a lot and requires
considerable energy. In addition, an investigation was organized and conducted on
a method of generating radiation such as gamma rays. Representatively, natural
radiation generated from the sun is exemplified; however, there have been several
problems. First, there is a need for a device that transmits only gamma rays among
radiation. Second, it is difficult to determine the irradiation dose even if gamma rays
can be irradiated. For the above two reasons, it is judged that additional research is
needed on the method of irradiating gamma rays and measuring irradiation dose.
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