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HIGHLIGHTS

« Cement concrete specimens with waste PET flakes were elaborated.

« Effects of gamma radiation and waste PET flakes concentrations were studied.

« Improvement of 34% on the compressive strength was obtained.

« Elasticity modulus was improved up to 114% respect to control concrete.

« Structural changes on the waste PET flakes by gamma radiation were evaluated.
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Severe environmental problems are generated by the excessive amount of waste Polyethylene
Terephthalate (PET). A popular way to reuse it is to recycle as filler material in concrete technology.
However, some mechanical properties decrease because of adhesion weakness between cement paste
and waste polymers, when they are added. One alternative solution to deal with it is to use the radiation.
In this respect, the influences of waste Polyethylene Terephthalate (PET) flakes and gamma radiation on
strength, deformation capacity and elasticity modulus of cement based concrete were studied. In produc-
tion, cement, water, gravel and sand were mixed. The sand was replaced with the PET flakes with 0.71,

gg{%ﬁ;‘ﬁéne terephthalate 1.4, 2.8 mm at 1,.2.5 and 5% in \{olume. Then, the specimens were subjected to 100, 159 anq 200 kGy.
Waste Results present higher compressive strength (~34%) and elasticity modulus (~114%) for irradiated con-
Recycling cretes when compared with those values obtained for reference specimen. However, deformation
Sustainability decreases about 88%. Such mechanical results were associated with the physicochemical characteristics
Concrete induced by gamma rays on flakes and cement; which were evaluated by SEM, TGA, DSC and X-ray diffrac-

Gamma radiation

tion (XRD).
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Polyethylene Terephthalate (PET) is preferred in beverage bot-
tles. The PET after its short service-life becomes in a serious envi-
ronmental problem due its non-biodegradability nature. And the
PET bottles present a pollution effect including their final disposal
and by-products generated during its production stage. Because
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their degradation takes long time, an alternative is to incinerate
them. However, by-products like chlorine gas and dioxins which
are highly toxic are left to air. Fortunately for us, PET recycling is
an emergent priority of governments around the world [1].
Recycling of PET bottles produces a variety of products, includ-
ing fibers, flakes or particles; which are used as raw material
instead of the mineral aggregates into cement based composites.
Addition of PET to mortars or concrete produce changes on their
mechanical properties. Such changes are highly sensitive to size,
usage volume or fraction and shape of PET additive. For example:
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a) raising of the mechanical strength and the strain in addition
more efficient crack-resistant are obtained, when adding low con-
centration of small-PET flakes. Nevertheless, the elasticity modulus
values decrease for addition of large-PET flakes [2]; b) improve-
ment on the flexural strength, up to 52%, as well as for compressive
strength, up to 22.65%, were obtained when adding PET fiber (0.5-
3.0% concentrations). However, workability of concrete decrease
with increasing of PET fiber concentrations [3]; c¢) the flexural
toughness and impact resistance increase when adding recycled
PET fibers from bottles (0.05-0.30 vol%) with lengths of 10, 15
and 20 mm; however, no significant effects on properties such as
compressive strength and elasticity modulus were observed, their
rates reduce as fiber fraction increases [4]; d) notable increments
on flexural strength and elasticity modulus were observed for
polymer mortars with waste PET, from drink holders, as raw mate-
rials instead of virgin aggregates (5-20%). Moreover, the flexural
and compressive toughness get improvement in addition to flexu-
ral and compressive strength when the PET fraction increases [5];
e) the ductility increases when adding a low content of recycled
fiber from the PET bottles which are chopped. Fibers in the forms
of lamellar shaped and “O”-shaped significantly increase tough-
ness and also significantly affect post-cracking, such shapes help
to stitch the cracked sections in the body of concrete [6]; f) the
toughness is improved, while splitting tensile and flexural strength
values are lightly large, but those for compressive strength signif-
icantly decrease, for concrete with PET flakes. Such behaviors are
dependent on the three used PET shapes [7]; g) No notable effect
on the strength and elasticity modulus were obtained, for cement
mortars with PET fibers. However, Is, 1o, and I, indexes declined
with time because of degradation of fibers by alkaline hydrolysis
in the body of concrete [8].

One alternative option for polymer recycling is the usage of ion-
izing radiation like gamma rays. It is well-known that ionizing
radiation like gamma rays leads to both cross-linking and scission
of polymer chains. Also crystalline structure is modified. When the
degree of crystallinity increases the polymer gets a tougher, stiffer
and harder than that for non-irradiated one. Moreover, whether
cross-linking and scission form in the same fractions, or whether
one or more controllers, relies on chemical composition of polymer
[9].

In the case of polyethylene terephthalate (PET), gamma rays
produce electrons in addition to the photons with low energy that
are managing the alteration of its structure. At ~10 kGy, molecular
changes are because of process of chain scission, caused by free
radicals. Then, scission chains can be started again in order to pro-
duce cross-linking with contiguous molecules, which rise that no
chemical degradation happens up to 200 kGy. For higher dose, at
900 kGy, up to 35% cross-linking of polymer chains is obtained,
such change produces stability on its mechanical and physico-
chemical properties. Different results have been obtained in inves-
tigations concerning to PET irradiated with gamma rays, for
example: a) it was possible to measure the radical stability against
oxygen permeation as well as aromatic density of PET irradiated
with gamma rays in an air atmosphere, by using EPR analysis
[10]; b) the crystallinity degree in addition to activation energy
improve. However, optical band gap (Eg) declines when the irradi-
ation level is raised; which was corroborated by XRD and UV-vis
spectroscopy [11]. A similar study was carried out for the PET from
drink bottles, crystallinity increase (evaluated by XRD), yet direct
and indirect band gap decrease, while the gamma rays rise [12];
c) improvements on the thermal stability were obtained for both
raw and waste irradiated PET, according to the evaluation by ther-
mogravimetric analysis (TGA) and differential scanning calorime-
try (DSC) [13]; d) in a similar study, improvements on the
thermal stability and the dye dispersion in point of the intensity
of color were obtained for the virgin and the waste PET as well
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as blends of it. According to the evaluations by TGA, DSC and IR
spectroscopy. In particular, 98% improvement on the dye skill with
spread dye (in respect to the intensity of color), was obtained for
the 80 virgin/20% waste PET mix irradiated at 50 kGy [13].

Information about the addition of PET to mortar or cement con-
crete for improvement of their strength characteristics like com-
pressive, flexural and splitting tensile. Nevertheless, not too
much information is reported about adding irradiated materials
into concrete or to irradiate the concrete as a whole. The current
studies of concrete with added polymers as fillers have focused
mainly on the physicochemical evolution of the added polymers
as well as on the structural deterioration of the concrete, as a
whole or on their components [14]. Nevertheless, some studies
involve gamma irradiation and modifications on the physical prop-
erties, for example: a) improvement of the compressive strength in
cement paste by using irradiated recycled PET powder and fly-ash;
which is possible because gamma rays increase the degree of crys-
tallinity of recycled PET [15]. High compressive strength and
diminution on the porosity and water absorption were obtained,
when the irradiation level reaches from 10 kGy to 50 kGy for the
mortar containing white sand and styrene-acrylic ester (SAE)
(10 wt%) [16].

Alternative studies have contemplated influences of gamma ray
and lead on concrete. lonizing radiation produces improvement on
the strength during solidification of the concrete, because gamma
rays removed the micropores. Moreover, produced concretes with
or without sand were subjected to gamma rays. Findings show that
there were the increments up to 76% of the strength for irradiated
concrete with sand, and 66% for those without sand [17]. Thus,
physicochemical characteristics of mineral aggregates may be
changed by gamma radiation. For instance, the carbonated samples
increase their bending strength values when they are submitted to
gamma irradiation. Moreover, irradiation causes that calcium car-
bonate polymorph near the calcium silica hydrate (C-S-H). It
results in the filling characteristic pores. Such formation allows
that the ordinary structure of carbonate be maintained [18].

Due to scare knowledge about the usage of the ionizing radia-
tion and waste polymers for development of strength characteris-
tics cement based composites, in the present study, influences of
gamma ray irradiations and waste PET flakes (from drink holders),
on strength, deformation capacity and elasticity modulus proper-
ties of cement based mixtures were investigated. Different PET
flake sizes (0.71, 1.4 and 2.8 mm) at different concentrations
(1.0, 2.5 and 5.0 vol%), were evaluated, as well as irradiated doses
of 100, 150 and 200 kGy.

2. Materials and methods
2.1. Mixture designs and production

It was Portland cement CPC-30R used as binder. Granulometry
of sand in Table 1 and Granulometry of gravel in Table 2 are pre-
sented according to the ASTM sieve charts. Both mineral aggre-
gates were obtained from a local company, located at Calimaya,
Mexico. Cement concrete specimens (10 cm-long and 5 cm-
diameter) were manufactured. The mixture proportions were pre-
sented in 3.

In the mix composition of the specimens, the cement/aggregate
ratio was 1/2.75. Water/cement ratio was 0.485. The specific grav-
ity of cement as 3.15 g/cm?, gravel as 2.67 g/cm® and silica sand as
2.55 g/cm?® were specified according to ASTM C-305 standard.

PET flakes were obtained from the body of the waste beverage
bottles in order to achieve a homogeneous size. Is to say, neither
finish-shoulder part of the top nor heel-base on the bottom were
not used. The first prepared size of 50 x 5 mm in average, while
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Table 1
Size of the sand (Fineness modulus = 1.59).
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Mesh Size (um) Retained weight (g) Retained weight (%) Retained accumulated weight (%)
30 600 79.0 29.0 29.0
50 300 74.9 27.0 56.0
100 150 524 19.0 75.0
200 75 36.9 13.0 88.0
Bottom tray Bottom tray 33.7 12.0 100.0
Table 2
Size of the gravel.
Mesh Size (um) Retained weight (g) Retained weight (%) Retained accumulated weight (%)
3/8 9.5 20.3 2.0 2.0
4 4.75 902.8 91.0 93.0
8 2.36 57.8 6.0 99.0
Bottom tray Bottom tray 7.0 1.0 100.0

second one shortened them five times (10 x 1 mm). After, the
obtained flakes were subjected to the mechanical cutting process
for 1 h. Finally, they were sieved during 50 min, for to obtain sizes
of 0.71 mm, 1.4 mm and 2.8 mm. The objective was to have a size
ratio of 1:2:3 between them, for a better distribution of them into
concrete mix.

For producing cement concrete specimens with waste PET
flakes, silica sand was partially replaced with 1.0, 2.5 and 5.0 vol
% of waste PET flakes. Thus, three sizes and three concentrations
of PET flakes were used. For each size and concentration of PET
flakes five concrete specimens were elaborated. The quantities of
each component of the cement concrete with waste PET flakes
are shown in the Table 3. Now, the total volume of the cement con-
crete considers the specific gravity of PET (1.45 g/cm?).

Finally, after curing for 24 h, concretes were left to the curing
room with 23.0 £ 2.0 °C according to ASTM C/192 M-00 and 95%
of relative humidity and their surface exposed to moisture, accord-
ing to ASTM C-51.

2.2. Gamma irradiation procedure

Concretes with waste PET flakes cured at 28 days, were irradi-
ated at doses of 100, 150 and 200 kGy. The dose rate was applied
as 3 kGy/h in a gamma irradiator Transelektro™LGI-01 1ZOTOP
with pencils of °Co at the National Institute of Nuclear Research
Mexico (ININ).

2.3. Morphology and mechanical testing

Surface morphology of non-irradiated and irradiated concrete
specimens were investigated by SEM. SEM device (JSM-6510LV)
has max resolution of 5 nm and an acceleration voltage 30 kV in
secondary electron mode. Compressive strength tests were done
by using Universal Testing Machine model 70-S17C2 (Controls™,
Cernusco, Italy) in accordance with ASTM C-39 M-01. Testing toler-
ance was 28 days * 20 h according to ASTM C39/C39M-14.

Table 3

Quantities of each component of the concrete with waste PET flakes.
Component PET (g)

1.0% 2.5% 5.0%

Portland cement 420 420 420
Water 413 413 413
Gravel 1,152 1,152 1,152
Silica Sand 914.70 909.80 901.60
PET 3.26 8.17 16.33

2.4. Morphology and crystallinity of cement

The surface morphologies of both non-irradiated and irradiated
cements were also investigated by SEM by using the same elec-
tronic microscope mentioned in the section 2.3. The XRD is a typ-
ical technique that is utilized to clarify the phases in the crystalline
material. In this work, both amorphous and crystalline structure of
cement may take role to get a decision about the mechanical
behavior of the concrete. Crystallinity was clarified by XRD with
Cu-Ko radiation detector at 35 kV voltage and 30 mA current.

2.5. Morphology, chemical structure and thermal analysis PET flakes

Surface morphologies of both non-irradiated and irradiated PET
flakes were investigated by the same electronic microscope men-
tioned in the section 2.3. Their chemical structure analyzes were
analyzed by Raman spectroscopy in a spectrophotometer
Shimadzu-IR Prestige-21. The PET flakes were recorded between
3800 and 800 cm~! range, with resolution of 8 cm™! and 32 scans.
While, the thermal analysis was done by DSC, Perkin Elmer DSC-6.
In testing, nitrogen gas (30 °C-450 °C) was used. The heating rate
was 10 °C/min. Finally, TGA (Perkin Elmer TGA-7) investigations
were fulfilled. It was surrounded at (30 °C —450 °C) and subjected
to heating regime 10 °C/min under nitrogen media.

3. Experimental results and discussion
3.1. Compressive strengths of concretes

Compressive strengths of concrete specimens were given in
Fig. 1. For clarifying the behavior of the concrete specimens when
compared to the control one that does not contain the waste PET
flakes and is not irradiated, the horizontal strip was add beginning
from value of the control specimen. Experimental observations are
evaluated in respect to three factors: I) radiation dose, II) PET flakes
size, and III) PET flakes concentration.

For non-irradiated concrete specimens, the strength variation is
from 12.6 MPa to 23.1 MPa. That are less than that of the control
which has 26.7 MPa. a) Considering the size of waste PET flakes,
the strengths decrease gradually while increasing the size of PET
flakes. They have a reduction up to 52% respect to the control
one. In particular, the strengths of concretes containing 0.71 mm
PET were 83% higher than those with 2.8 mm PET; b) considering
the concentration of waste PET flakes, values had maximum value
when using 2.5 vol% of PET.

Compressive strengths of concretes which were not subjected
to gamma radiation were highly related to the size and concentra-
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Fig. 1. Variations of compressive strength.

tion of PET flakes. Such behaviors may be attributed to the mor-
phology observed for fractured concrete after compression test,
as it is shown in Fig. 2. Regarding to PET particle size, for concrete
with small PET flakes (0.71 mm), homogeneous surfaces with com-
pact areas are observed. As it is known, small particle sizes have
lower surface area compared to the large ones, thus compressive
strength values increase. Nevertheless, with medium size PET
(1.4 mm), the surfaces show detached particles (indicated by a cir-
cle), and some cracks (indicate by arrows), which produce decrease
on the values of strength. Detrimental values were observed when
the size of the PET (2.8 mm) was used. The surfaces are roughness
with pronounced cracks (indicated by arrows), and cement does
not surround some PET particles.

In the case of irradiated concrete: all strengths were higher than
that the control specimen. The values ranging from 29.8 MPa to
36.0 MPa, the highest means a maximal improvement of 34%,
which was acquired for concrete containing 1% of 0.71 mm waste
PET flakes and subjection of 100 kGy. According to the parameters:
a) Respect to the PET sizes, the values have a well-defined behavior
at 100 kGy, and they decrease progressively when PET size
increase. But at higher dose, they have variations between them.
Nevertheless, their values have minimal differences. Finally, b)
respect to the PET concentration, the values have a well-defined
behavior at 100 kGy, they decrease progressively when increasing
waste PET concentration. Nevertheless, at higher doses, minimal
differences are obtained on the values.

Improvements on strength of concrete are because of the
gamma irradiation influences on concrete components as well as
on the PET flakes. As it is known, PET is a semi-crystalline polyester
with microstructural isotropic properties and both glassy and
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amorphous morphologies. When this is irradiated with gamma
rays, scissions on their polymer chains are produced, generating
decrease on the molecular weight, in addition to allow more
molecular mobility and arrangement of its molecular structural,
such changes promote increase on its crystallinity. Then, several
of their mechanical properties are modified, for example, the elas-
ticity modulus, toughness, stiffness, strength and hardness. Such
modifications contribute to develop the bond between PET flakes
and cement paste, thus improvement on the compressive strength
is obtained.

3.2. Strain behaviors of concrete specimens

The strain values of all specimens studied at 28 days are shown
in Fig. 3. For the concretes which were not irradiated, the strain
values were in the range of 0.003-0.006 mm/mm. This last with
the same value observed on the control concrete. With exception
of the value for concrete specimen containing 1% of PET flakes in
0.71 mm size, all concrete specimens present less strain perfor-
mance than that of the control specimen. According to the param-
eters: a) for the PET flake size, the values decrease progressively
when increasing PET size, having a diminution up to 50%; b)
respect to the PET flakes concentration, the values had the highest
values when adding 1.0 vol% of PET.

In the case of concrete with gamma radiation subjection: all
compressive strain capacities are less than that of control specimen
and non-irradiated ones. Values obtained is in the range of 0.0007-
0.0032 mm/mm. The lowest strains were observed on the concrete
specimen which was subjected to 200 kGy gamma radiation. That
presents a diminution of 88% when compared to the control one.
According to parameters: a) for the PET sizes, the values have a
well-defined behavior at 100 and 150 kGy, they increase progres-
sively when the PET size increase too. Yet, at 200 kGy, the higher
strain capacities were observed on the concrete containing PET
with 1.4 mm size. Finally, b) respect to PET fraction, a well-
defined characteristic is observed, the values increase progres-
sively when increasing PET concentration.

Diminution on the strain capacities are because of the irradia-
tion influences raised on both PET flakes and matrix. In the case
of the PET flakes, irradiation cause scission of polymer chains,
higher crystallinity and surface modifications. Such changes gener-
ate more contact points between PET flakes and the concrete com-
ponents, as it is shown in Fig. 4, for the fracture zone of concrete
with lowest compressive strain values (concrete with 0.71 mm
PET size and irradiated at 200 kGy). At the lowest PET flakes con-
centration, 1.0%, a compact surface with hydrated cement areas
is obtained, is to say, PET flakes are bonding with the hydrated
cement paste, in consequence a more ductile concrete is produced
than that control concrete. More added PET flakes, produces a less
compact surface with less hydrated areas (indicated by arrows),
thus compressive strain values decrease.

Fig. 2. Microstructures of non-irradiated specimens with different size of PET flakes.

4
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Fig. 3. Compressive strain capacities of the concrete specimens.

3.3. Elasticity modulus of concretes

Elasticity modulus of specimens were presented in Fig. 5. For
non-irradiated concrete specimens, values ranging from 2.5 to
5.2GPa, which are bigger than that of the control one with 1.3
GPa. According to the parameters: a) for PET flakes sizes, the high-
est modulus was observed as 5.2 GPa on specimen containing PET
flakes with 1.4 mm size. That presents increment of 285% when
compared to the control one; b) according to PET flakes concentra-
tion, the highest modulus was observed on specimens containing
2.5% PET flakes. So, to produce hardest concrete, the appropriate
mix contains 2.5% PET with 0.71 mm size.

When looked at the irradiated concrete, the elasticity modulus
was higher than that of the control one. Values ranging from 2.2
to 2.8 GPa. The highest elasticity modulus was observed on the
concrete specimen containing 2.5% of PET flakes with 1.4 mm
and irradiation of 100 kGy, namely 2.8 GPa. That presents a maxi-
mal increment of 114%. According to the parameters: a) for PET
sizes, the highest one was observed on specimen containing PET
size with 1.4 mm size. The lowest with 0.71 mm PET size; while
b) respect to the PET concentration, the highest one was observed
on specimen containing 2.5% PET flakes.

It is notable, that irradiated concretes at 150 and 200 kGy have
minimal differences between them, is to say, around 114%
improvement for elasticity modulus can be kept when dose 150
or 200 kGy are applied, independently of the particle size and con-
centrations of PET flakes. Moreover, such behavior is consequence
of both effects scission and cross-linking cause by the irradiation
on the PET flakes.

The increments in the strength and elasticity, as well as diminu-
tion on the deformation of the concrete specimens, may be associ-
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Fig. 5. Elasticity modulus of concretes.

ated with variations induced by the irradiation procedure on
physicochemical properties of both cement and PET flakes, which
are describe in the follow sections, according to the results
observed by the analytical techniques.

3.4. Analysis of morphology and crystallinity of non-irradiated and
irradiated cement

Gamma irradiation influences on irradiated cement were quan-
tified by SEM as presented in Fig. 6. For non-irradiated cement par-
ticles, various particle sizes were observed, while for those
subjected to 100 kGy and 150 kGy a more quantity of detached
particles are observed. Finally, at 200 kGy less space between
cement particles are observed, an in consequence a more compact
surface is obtained, which is result of the ionizing radiation.

Assessment of crystallinity of cement particles was provided.
Spectra for non-irradiated and irradiated cement were presented
in Fig. 7. Data were obtained between 5° and 55° (20). The pattern
presents six main peaks at 26 = 29.4° corresponding to alite (mon-
oclinic) (Ca3Si05); at 32.2° for ferrite (Ca2(AlxFe1-x)205); at 32.6°
and 34.3° for aluminate (Ca3AI206); at 41.3° for periclase (MgO),
and at 51.7° for alite (Ca3SiO5). The alite is associated with the
crystallographic planes (101), while ferrite to planes (100) and
aluminate to (02 3) planes.

The crystalline alignment was kept in cement after subjection
to gamma radiation since peaks were placed in the same standing
(26 degree) than those of ones which were not subjected to irradi-
ation. However, the degree of crystallinity decrease or increase
depending of the choose peak. In Fig. 8 are shown the changes
for the intensity for each peak.

Fig. 4. SEM images of concrete with 0.71 mm PET size and irradiated at 200 kGy.

5
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Fig. 6. Microstructure views of cement.
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Fig. 7. XRD pattern of the cement.

For four peaks the crystallinity decreases according to the irra-
diation dose increases, at 26 = 32.2°, 29.4°, 34.3° and 32.6°, corre-
sponding to ferrite, alite and aluminate. The most intense peaks
are for ferrite (32.2°) and alite (29.4°), whose intensity values
diminished up to 28% and 29%, respectively, when cement was
irradiated at 200 kGy. The other two peaks that decreased, corre-
sponding to aluminate, had minimal differences on their intensi-
ties according to the irradiation doses. In the contrary case, the
less intense peaks at 41.3° and 51.7° corresponding to periclase
and alite had lightly increments according to irradiation dose
increase. Both crystallinity behaviors in the cement (increment
and diminution), contribute for having higher compressive
strength and elasticity modulus as well as lower strain values for
irradiated concretes.
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Fig. 8. The intensities for each diffraction peak of concretes.

3.5. Analysis of the morphology, chemical structure and thermal
behavior of non-irradiated and irradiated PET flakes

Mechanical properties of concrete specimens are associated
with changes in the microstructure of the waste PET flakes after
irradiation as seen from Fig. 9. Smooth surface on the non-
irradiated PET was observed. The deterioration on the surface
starts when the gamma radiation was used. Some lines appear at
100 kGy. Nevertheless, at 150 kGy the rough surface is obtained,
with the unbounded particles (indicated by circles) and some cav-
ities (by arrows). Above 200 kGy, rougher surface structure with
the unbounded particles (indicated by circles) and well-defined
lines (by arrows) was observed.

Changes on the morphology were result of interrupting of the
polymer chains of the waste PET. On the PET surfaces more touch-
ing places are formed. So higher superficial areas are developed.
Thus, these altered PET flakes connecting to surfaces of hydrated
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100 kGy

+50pm

Fig. 9. Microstructures of waste PET flakes.

paste (included cement and mineral aggregates), and to improve
the strength and elasticity modulus.

Respect to chemical structure of the PET flakes, analyzed by
Raman spectroscopy, in Fig. 10 several bands are shown. The most
intense sets were placed at 1618 cm™! that was corresponding to
the C = C ring increasing vibrations. Other less intense band is
located at 1731 cm™! related to the C = O mode. This carbonyl band
combined with the C-O-C ester bands at 1293 cm™! represents the
features of the terephthalate ester. Finally, a band attributed to the
CH2 groups in the O-CH2CH2-0- sequence, is located at 863 cm ™.
Intensities and frequencies of these CH2-related bands are fre-
quently discussed in terms of the trans- and gauche-rotational iso-
mers of the O-CH2CH20- groups, related with the crystallinity and
orientation of polymer chains of PET.

As it is shown in Fig. 11, the intensity of each band gradually
decreases according to the irradiation dose increases. Such inten-
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Fig. 10. Raman spectra of waste PET flakes.

Raman band
(em™)
—a— 863
2000 4
e e 1293
—A— 1618
1800 4 —v— 1731
> 1600
3
| =
5]
£ 1400
1200 4 ‘\*\-K‘ °
1000 1—

50 1(IJO 150 200
Radiation Dose (kGy)

Fig. 11. Raman bands intensities of waste PET flakes.

sity diminutions mean lower degree of crystallinity and they also
are related with the orientation of polymer chains of PET. The high-
est diminution, 31.1%, is obtained for PET irradiated at 200 kGy,
which correspond to the most intense band with at 1618 cm ™! that
is associated with C = C ring stretching vibrations. While 19.8% of
reduction, is obtained the band for 1731 cm™! that is correspond-
ing carbonyl stretching vibration. Other bands (1293 cm~' and
863 cm~!) have intensity reductions of 11.9% and 8.8%,
respectively.

For to know which of the two behaviors happen, scission or
cross-linking of polymer chains in PET flakes after irradiation, the
thermal analysis is adequate for such purpose. In Fig. 12, the ther-
mogravimetric curves of both waste PET flakes were presented.
The waste PET is a hydrophobic polymer. So the water cannot pre-
sent on its surface. For non-irradiated PET flakes the mass loss at
the start of degradation T0.5 (5% of mass loss), is located at
425.7 °C. Such temperature decreases 7.2 °C at 150 kGy of irradia-
tion dose, but increases 15.3 °C at 200 kGy, in regards of the tem-
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Fig. 12. TGA curves of the waste PET flakes.

perature for PET which was not irradiated. Thus, temperature
diminution at 150 kGy is associated with the polymer chain scis-
sions. Then less heat is necessary for beginning of degradation.
Although, cross-linking is obtained at 200 kGy, thus more heat is
necessary for its disintegration.

In case of the DSC analysis, the curves of both waste PET flakes,
irradiated and not, are presented in Fig. 13. It is possible to evalu-
ate crystallinity and degradation according to temperature
increase. As it is known PET is a thermoplastic polymer that has
a semi-crystalline structure. In the DSC thermograms, non-
irradiated PET flakes show degradation at 243.5 °C, corresponding
to melting temperature (Tm, an endothermic peak). For irradiated
PET, such degradation temperature has a lightly increment up to
6 °C as well as an improvement of 12% on the heat flow, is to say
more energy is required for degradation of the PET flakes.

Following the DSC curves, other endothermic peak occurred at
442 °C for non-irradiated PET flakes, such temperature is almost
constant for irradiated PET flakes, with minimal variations around
3 °C. Nevertheless, the irradiated PET flakes show increase up to
30% on the heat flow. Thus, gamma radiation produces cross-
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Fig. 13. DSC curves of the waste PET flakes.
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linking of the chains, which needs more energy for their
degradation.

4. Conclusions

The waste PET flakes and gamma radiation are sufficient
options in order to increase the mechanical performance of cement
based concrete. Moreover, gamma radiation may be a useful appli-
cation and method in point of the recycling of the waste PET.
According to the results, all irradiated concrete specimens have
much strength and elasticity modulus than that of the control
specimen, namely up to 34% and 114%, respectively. Nevertheless,
in regards of the strain capacity, all irradiated specimens have an
opposite behavior, they are less values than that of the control
specimens, namely up to 88%. They increase progressively when
increasing PET concentration. Such mechanical characteristics are
bond with the alterations induced by irradiation on physicochem-
ical properties of both cement and PET flakes. The compressive
strength values of concretes subjected to gamma radiation were
less than that of the control concrete, they decrease progressively
when increasing PET size and have a maximum value when adding
2.5% PET flakes. Moreover, the compressive strain values of all con-
crete specimens have less strain capacity than that of the control
specimen, they decrease progressively when increasing PET size.
Not so for elasticity modulus, which are higher.
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