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Abstract

In this study, polymer/glass fiber fabric-based nanocomposite plates were fab-
ricated with 0.01%-0.1% single-walled carbon nanotubes (SWCNTs) and filler
materials (barite, magnetite, and colemanite) using a hand layup process.
Mechanical properties (e.g., tensile strength, flexural strength, and Charpy
impact strength), thermal conductivity, and radiation shielding properties
(e.g., gamma radiation and neutron radiation) of the specimens were deter-
mined. The results revealed that the specimens containing barite and magne-
tite managed to exhibit adequate mechanical properties (especially Charpy
impact strength). Among different filler materials used, barite-filled specimens
outperformed colemanite and magnetite-filled specimens in terms of mechani-
cal properties. The mechanical performance of filler-modified specimens can
be further enhanced by adopting efficient dispersion techniques to disperse
filler material and SWCNTs throughout the composite plates. The thermal
conductivity of barite, magnetite, and colemanite-filled specimens (with/with-
out SWCNTs) increased by 30.56%-60% as compared to specimens only con-
taining SWCNTs and neat polymer, which avoids the accumulation of heat
required for radiation shielding applications. Similar to thermal conductivity,
specimens containing filler materials (with and without SWCNTs) provided
higher gamma and neutron radiation shielding properties as compared to neat
polymer- and SWCNT-modified specimens. In the case of gamma and neutron
radiation shielding, barite- and colemanite-filled specimens provided better

results, respectively.
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1 | INTRODUCTION

The utilization of high-energy radiation (like gamma rays
(y-rays) and neutron rays (N-rays)) is rapidly increasing
in various sectors such as agriculture (to produce and
improve new genetic lines of root and tuber crops,
cereals, and oil seed crops),l’2 biological studies (learn
about the methods to inactivate viruses’ and repair
human lymphocytes*), medical diagnostics (medical
imaging® and radiopharmaceuticals®), and space explora-
tion (understand the laws of physics in the hostile envi-
ronments of distant universes,”® and detect the
concentration of different elements on other planetary
objects).”'!" However, being highly powerful and pene-
trating in nature, unnecessary exposure to the mentioned
radiation may pose a detrimental impact on the environ-
ment, human health, and other materials.'*"* In particu-
lar, in the case of human health, this can cause cancer,
cell mutation, component failure, organ damage, radia-
tion sickness, and other detrimental effects.'* Hence, pro-
tection against the unfavorable effects of inadvertent
radiation on the environment and human health is
essential.

For the past decade, researchers have been investi-
gating affordable and easy-to-produce polymer-based
composites with radiation shielding capabilities and
improved mechanical properties.">'® Some recent
experimental studies evaluated various composite mate-
rials as potential radiation shielding composites, for
example, epoxy/lead composites,'® *" epoxy/gadolinium
(III) oxide composites,” silicon resin/additives
composites,”® epoxy/tungsten composites,”* and nano-
concrete composites.”>>’ Traditional fiber-reinforced
polymer composites (FRPCs) are a broad category of
materials that have been considerably researched for
various applications in different industries like automo-
tive, aviation, deep-sea/space exploration, and energy
harvesting. This can be credited to their low weight,
excellent mechanical properties, improved durability
properties, high fatigue strength, and outstanding sur-
face finishes.”® In addition, FRPCs have the potential to
be used as advanced high-strength multifunctional
materials in high-risk industries for various applications
like radiation shielding.*® In FRPCs, the polymer con-
stituent is flexible and can alter its structural and
mechanical properties®® because when utilizing FRPC
for radiation shielding, specific changes in their struc-
tural and mechanical characteristics become an impor-
tant parameter in evaluating their suitability. One of the
types of FRPC is glass fiber-reinforced polymeric com-
posite (GFRPC), which has been used in a variety of
industrial applications due to its high stiffness, high
strength, excellent resistance against impact loading,

and high durability.’® The excellent properties of
GFRPC are mainly due to the glass fiber having high
chemical stability, high mechanical strength, and mois-
ture insulation.*'

Recently, research institutes and scientific groups have
reported that various polymer matrices can be used for radi-
ation shielding applications, such as boron/polyethylene
modified polymer composites,'’ lead monoxide incorpo-
rated polymer composites,** light-weight bismuth nanopar-
ticles based polymer composites,”® lead (II) chloride
modified polymer composites, boron and wolfram carbide
filled polymer composites,” lead modified polymer
composites,® nanosized lead FRPC,*” silicon polymer
composites,*® lead oxide polymeric nanocomposites,*® nio-
bium incorporated polymer composite,”® lead (II) added
polymer composites.*

Although base materials used to prepare polymer
composites possess necessary electrical properties and are
excellent insulators; however, this property can be
enhanced by incorporating micro/nano-sized filler mate-
rials as they impart special properties to the resins,
reduce cost, and decrease thermal strains due to the vari-
ations in the coefficient of thermal expansion.**** How-
ever, increasing the amount of filler materials may also
increase the cost of composites, especially in resource-
deficient countries. The carbon nanotubes (CNTs) have
an exceptional combination of stiffness and mechanical
properties, high aspect ratio, low density, and negative
thermal expansion coefficient,**® which makes them
perfect multifunctional materials to be added to FRPC. It
is noteworthy that similar shielding levels of filler-
incorporated composites for radiation shielding can be
achieved by the incorporation of a relatively lower quan-
tity of nanosized filler (like CNTs [single/multi-
walled]).*” Considering the benefits of incorporating
micro/nanosized, it is imperative to investigate the opti-
mal mix proportions of composite materials containing
both microsized and nanosized fillers to maximize
radiation-shielding properties without increasing cost.
This can be achieved by incorporating low-cost, abun-
dantly available, easy-to-process micro/nanosized filler
materials.

The term barite is used for a mineral group including
anglesite, barium sulfate, celestite, and anhydrite min-
erals. Barite is abundantly available worldwide, particu-
larly in China, Germany, India, Mexico, Pakistan,
Turkey, and the U.S., accounting for more than 80% of
barite exports worldwide.*® The specific gravity of barite
is very high, making it suitable for industrial, medical,
and manufacturing sectors. Colemanite is similar to dia-
mond in terms of hardness and appearance, and it is
abundantly available worldwide, especially in Turkey,
the U.S., and Russia. Out of 200 different boron
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materials, colemanite is abundantly available in more
than 70% of all boron deposits with Turkey having the
largest deposits in the world.*” Colemanite is used in the
manufacturing of glass, cutting-edge ceramics,” attenua-
tion of y-rays,”" and neutron radiation.> Magnetite is one
of the most abundantly available natural materials as
iron oxide (Fe;0,). Magnetite can also be artificially pro-
duced in nanometric size using chemical synthesis tech-
niques such as the precipitation method and sol-gel
method.”® Nowadays, a wide range of applications of
magnetite can be witnessed in pharmaceuticals,™ cancer
therapy,” radiation shielding,”®>” and magnetic reso-
nance imaging.’®

The investigation of mechanical behavior, thermal
conductivity, and radiation shielding properties of polyes-
ter/glass fiber fabric-based nanocomposites containing
0.01%-0.1% of SWCNTs and micronized filler materials
(such as colemanite, barite, and magnetite) is the novelty
of this experimental study. The emphasis is given to the
comparison and optimization of mechanical properties
(ie., tensile strength, flexural strength, and impact
strength), thermal conductivity, and radiation shielding
properties (i.e., y-radiation and N-radiation) of polymer-
based nanocomposite with different proportions of
SWCNT and the mentioned filler materials.

2 | MATERIALS AND METHODS

2.1 | Materials

2.1.1 | Polymer resin

Terephthalic unsaturated polyester resin with high
mechanical and fiber wetting ability was acquired from
the Turquoise polyester company for this study. The lig-
uid properties of the resin are given in Table S1, and the
pure mechanical properties are given in Table S2.

2.1.2 | Glass fiber fabric

WR 125-500 model E-type bidirectional woven GF was
obtained from Sisecam for this study (see Figure S1). The
technical specifications of the GF used are given in
Table S3.

2.1.3 | SWCNTs

OCSIAL Tuball Matrix-204 model SWCNTs were used as
the nano-reinforcement phase in this study. The

secondary electron microscope (SEM) image of SWCNT
with different magnifications is shown in Figure S2.

2.1.4 | Barite, colemanite, and magnetite

In this study, barite, colemanite, and magnetite were used
as filling materials obtained from Aromel Chemistry Inc.,
Eti Mining, Balikesir, and Erdemir Mining Divrigi, respec-
tively (see Figure S3). The technical properties of barite,
colemanite, and magnetite are given in Table S4. The grade
size analysis of barite, colemanite, and magnetite is shown
in Figure 1. The filling materials obtained after passing
them through a 300-mesh sieve were used in this study.

2.2 | Preparation of nanocomposites

The hand layup method was used to prepare nanocompo-
site plates with the required specifications. In this
method, the matrix material containing the initiator,
accelerator, and reinforcement material was placed in the
mold in layers, and a roller/brush was used to disperse
the matrix material on the reinforcement material. The
following steps were adopted to successfully prepare
nanocomposite plates using the hand layup technique:

1. The GF was cut in the dimensions of 350 x 450 cm®
(see Figure S4). For each composite plate, five layers
of GF were prepared. The total weight of five layers of
GF used for each composite plate is 480 g.

2. To avoid early or late curing problems during the
preparation of composite plates, initiator and
accelerator ratios are determined for each filler
material by measuring the gelling times of 100 g
of trail castings. The gelling times of trail castings
were determined at room temperature (25°C) as
per the specifications mentioned in ISO
2535:2001.>° Cobalt octoate and MEK-P were used
as accelerator and initiator in the trail castings,
respectively, in the following ratios: (0.1%, 0.2%,
0.3%, 0.4%, 0.5%, 1%, and 1.5%) and (1%, 1.5%,
2%). The polyester resin, filler material (barite/
colemanite/magnetite), and accelerator were
mixed for 2-3 min using an ISOLAB magnetic
stirrer, followed by 1 min mixing by adding the
initiator. The gelation times for different mixes
prepared were measured by pouring them into
Petri dishes. Some of the trial castings in the Petri
dishes are shown in Figure 2. The optimal gela-
tion times and accelerator-to-initiator ratios for
different specimens are given in Table 1.
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TABLE 1 Gelation times and accelerator-to-initiator ratios of

different specimens prepared

Accelerator Gelation
Sample type to initiator time (min)
Resin + barite 1.5:1 38
Resin + magnetite 0.5:1 32
Resin + colemanite 0.1:1 26
Raw resin 0.2:1 43

3. The dispersion of SWCNTs was carried out using the
suspension method. The SWCNTs used in this study
were in the form of 10% tri-ethylene glycol di-
methacrylate solution. Thus, 0.01%-0.1% SWCNTs
were calculated from the mentioned solution as given
in Table 2. The calculated amount of SWCNTs was

resin, resin + barite, resin 4+ magnetite,
and resin + colemanite (from left to
right) [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 2 The amount of SWCNTSs taken from the tri-ethylene
glycol di-methacrylate solution according to the usage rate

Desired Amount Amount of SWCNTSs
incorporation of supplemented taken from 10%
SWCNTSs (%) by ratio* (g) solution (g)

0.01 SWCNT 0.05 0.5

0.05 SWCNT 0.25 2.5

01 SWCNT 0.5 5

“The specified SWCNT ratios are calculated for 500 g resin.

mixed with 500 g of raw resin in a mixer at a rota-
tional speed of 2500 rpm for 20 min (see Figure S5a)
followed by degassing using a Bandelin Sonorex ultra-
sonic bath to maintain the temperature and remove
the air bubbles formed after the process (see
Figure S5b). For the specimens containing filler
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TABLE 3 Mix proportions and nomenclature of specimens
Glass fiber SWCNT by resin Magnetite Colemanite
Specimen fabric Resin (Wt%) weight (Wt%) Barite (wWt%) (Wt%) (Wt%)
REF 5 layers 50 — — — —
SC-1 5 layers 49.99 0.01 — — —
SC-2 5 layers 49.95 0.05 — — —
SC-3 5 layers 49.9 0.1 — — —
BREF 5 layers 25 — 50 — —
BSC-1 5 layers 24.99 0.01 50 — —
BSC-2 5 layers 24.95 0.05 50 — —
BSC-3 5 layers 24.9 0.01 50 — —
MREF 5 layers 25 — — 50 —
MSC-1 5 layers 24.99 0.01 = 50 =
MSC-2 5 layers 24.95 0.05 — 50 —
MSC-3 5 layers 24.9 0.01 — 50 —
CREF 5 layers 25 — — — 50
CSC-1 5 layers 24.99 0.01 — — 50
CSC-2 5 layers 24.95 0.05 — — 50

material, filler material (barite/colemanite/magnetite)
was mixed with SWCNT dispersion resin for another
5 min in another mechanical mixer after degassing.
The resin-to-filler ratio used for this study is 1:2.

For the preparation of composite plates via the hand
layup method, the wooden laths of 10 x 20 mm?® were
glued together to form a 400 x 500 mm? rectangular frame,
and the molds were prepared by gluing the frames to the
glass counter. Then, the upper mold glass was prepared
beforehand by cutting to 300 x 400 mm* dimensions, and
the glass counter, Frekote 770-NC mold release agent was
applied 3 times with a 15-min drying time. After the mold
release application, since there were five layers of GF on
each plate, the resin was weighed for six layers and divided
into six parts and was applied to the matrix material equally
to each layer. After the matrix material was poured and
spread for the first layer, the GF layer was placed, and the
matrix material was poured on it again so that the GF was
completely wet with the help of an aluminum fiber-
crushing roller. This application was repeated until the end
of the process, and after the top layer was laid, the upper
mold glass was closed in such a way that the surface on
which the release agent was applied was placed on the
material, and 50 kg weight was placed on it for curing at
room temperature as shown in Figure S6a. Some of the
composite plate plates prepared by this process are dis-
played in Figure Séb.

2.3 | Preparation of test specimens

The test specimens were obtained by cutting the compos-
ite plates prepared according to the standards listed in
Table S5. The cutting process was carried out in a vac-
uum computer numerical control (CNC) router machine,
which is a fully automatic machine and provides precise
control of the processing bench with computer support.
Some of the test specimens prepared for this study are
shown in Figure S7.

For this study, 15 specimens were initially planned,
but owing to the higher viscosity and increase in temper-
ature of SWCNT reinformed composites containing cole-
manite, flexural strength, tensile strength, and impact
strength tests were only conducted on composites con-
taining SWCNT and barite/magnetite. The mix propor-
tions and nomenclature of specimens prepared for this
study are given in Table 3.

24 | Methods

241 | Viscosity

Before starting the production of composite plates, viscos-
ity measurements of all resins prepared were made by
following ISO 2555°° with Brookfield Method VISCO-
TECH VR 3000 dynamic viscosity tester.
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242 | Tensile strength, flexural strength,
and charpy impact strength

The tensile strength test was carried out as per ISO
527-4°" at a loading speed of 1 mm/min. The length and
width of all specimens subjected to the tensile test were
measured with the help of a digital caliper.

The flexural strength test of the composite samples
was carried out as per ASTM D7264-21.°* For this test,
the distance between the supports was 128 mm, and the
loading speed was adjusted to 1 mm/min.

The Charpy impact strength tests of the composite
samples were carried out as per ISO 179.° The height,
length, and width values of all samples were measured
with a digital caliper.

2.4.3 | Thermal conductivity, y-radiation
shielding, and N-radiation shielding

Thermal conductivity was measured with a TCi-Thermal
Conductivity Analyzer on 20 x 20 mm® specimens. The
y-attenuation performance of the composite plates was
carried out at the Turkish Energy, Nuclear, and Mining
Research Institute with the help of the experimental setup
shown in Figure S8. The y-radiation shielding potential of
composite specimens can be determined via linear attenu-
ation coefficient (LAC) and mass attenuation coefficient
(MAC). The value of LAC was evaluated using ®°Co as a
y-ray energy source. Technical information about the mea-
surement system is shown in Table S6. Generally, the
y-rays interact with the materials either by scattering away
or absorption, which can be expressed as per Equation (1).
The MAC was measured by diving LAC by the density of
the specimen as per Equation (2). Thickness of the mate-
rial required to decrease the initial radiation intensity to
50% after passing through the material is known as the
half-value layer (HVL) and can be determined by
Equation (3). The thickness of the material required to
decrease the initial radiation intensity to 10% after passing
through the material is known as the tenth-value layer
(TVL) and can be determined by Equation (4).

I=Te ™ (1)
LAC
MAC = - (2)
Density
0.693
HVL=— (3)
U
2.303
VL=—— 4)
U

Where, I, I, X, and p is intensity of the passing photon
beam, intensity of the incident photon beam, thickness of
specimens, and LAC, respectively.

The Turkish Energy, Nuclear, and Mining Research
Institute’s laboratory tested the N-attenuation perfor-
mance of composite plates. Table S7 shows the measure-
ment system's technical data. Because there is always
some N-radiation around the howitzer, background
counts of N-dose in the medium were conducted before
starting specimen irradiation. Then, with a total of
225 counts, each specimen with three different thick-
nesses was analyzed against N-radiation. The experimen-
tal setup to determine the performance of N-rays
attenuation by composite plates is shown in Figure S9.

3 | RESULTS AND DISCUSSION

3.1 | Viscosity

The viscosity of the matrix with varying quantities of
SWCNT and filler materials (barite/magnetite/coleman-
ite) is shown in Figure 3. As can be observed from the
figure, the viscosity values of specimens vary in a wide
range, with SC-1 and CREF experiencing the lowest and
highest viscosity, respectively. Though the incorporation
of filler materials and SWCNTs increased the viscosity
of the specimens, the filler materials had a more nega-
tive impact on the viscosity as compared to the addition
of SWCNTs, which is contrary to the fact that the incor-
poration of material with a higher specific area
(or smaller particle size) decreases viscosity. For exam-
ple, the SC-1 experienced 765%, 1869%, and 4592% lower
viscosity as compared to BREF, MREF, and CREF,
respectively. The high viscosity of specimens containing
filler materials as compared to SWCNTs can be attrib-
uted to a higher percentage of filler materials as com-
pared to the SWCNTs. The addition of filler materials
may lead to agglomeration due to the interaction
between the filler material and polymer matrix, leading
to increased viscosity. Moreover, the higher viscosity of
composites containing filler materials can also be
ascribed to the transition from liquid-like to solid-like
viscoelastic response.®*®> On the other hand, the lower
viscosity of specimens containing SWCNTSs can be cred-
ited to the shearing thinning property of SWCNT owing
to its unidimensional chain structure. To some extent,
SWCNTs might have been oriented at a high shearing
rate, leading to a decrease in Viscosity.66 Moreover, the
addition of SWCNT may increase the disentanglement
of polymer chains because SWCNTSs act as streamliners
for the flow of polymer chains, which is consistent with
the previous studies on multiwalled CNTs-
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polypropylene composite sheets®” and multiwalled
CNTs-polypropylene composite.®®

The SWCNT-reinforced polymer resin containing dif-
ferent filler materials showcased a further increase in vis-
cosity. SWCNT incorporation increased specimen
viscosity, which can be attributed to supramolecular
interaction between SWCNTs due to van der Waals
forces, making them difficult to disperse in the polymer
matrix, resulting in the agglomeration and increased vis-
cosity.””’® The SWCNT-reinforced polymer resin con-
taining barite has the lowest viscosity as compared to the
specimens containing magnetite and colemanite.

However, the addition of 0.01% SWCNTs decreased the
viscosity of a specimen containing 50% magnetite, which
was not observed in the case of barite or colemanite-filled
composites. In the case of composites filled with cole-
manite, viscosity reaches 12,200 mPa.s and the incorpora-
tion of SWCNTs in colemanite-filled specimens further
increases the viscosity, making it difficult to measure.
This indicates that the incorporation of colemanite leads
to the transition of polymer resin from viscous liquid to
solid-like behavior. In other words, the rheology of poly-
mer resin containing colemanite experiences a transition
from a rheological state (where viscosity alters
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considerably with increasing filler quantity) to solid-like
behavior (where viscosity is insensitive to increasing filler
quantity), which is known as the rheological percolation
threshold.””> To decrease the viscosity, SWCNT-
reinforced polymer resin containing filler materials was
modified with a viscosity-reducing admixture followed by
mixing for 4-5 min. However, it did not help significantly
in reducing viscosity, particularly in the case of speci-
mens containing colemanite. Therefore, the fabrication
of colemanite-incorporated composite plates to prepare
test specimens and investigate their performance was not
possible.

SEM images also give an idea of the viscosity of speci-
mens prepared as shown in Figure 4a-d. Figure 4a shows
the SEM image of REF with no or negligible voids, which
indicates that neat polymer resin effectively wets the sur-
face of GF. On the other hand, specimens containing bar-
ite, magnetite, and colemanite have small, medium, and
large sized voids (see Figure 4b-d), respectively. In other
words, the most successful homogenous distribution and
matrix-reinforced interface can be observed in REF and
specimens containing barite, which is consistent with the
previous study on barite-filled acrylonitrile butadiene sty-
rene composites.”” Therefore, based on the dispersion
homogeneity, specimens can be ordered as net poly-
mer > barite-filled specimens > magnetite-filled speci-
mens > colemanite-filled specimens along with a few
exceptions, particularly for the specimens containing both
SWCNT and filler materials. This also impacts the

mechanical and radiation shielding properties of speci-
mens as discussed in the later sections.

3.2 | Mechanical properties

The tensile strength of specimens with different filler
materials and amount of SWCNTSs is shown in Figure 5.
As per the figure, specimens containing neat polymer
and SWCNT exhibited higher strength as compared to
the specimens containing filler materials. The addition
of SWCNT showed variable impacts on the composite
with and without filler materials. For example, the
incorporation of 0.01%-0.05% SWCNTs (SC-1 and SC-
2) decreased the tensile strength of the specimen as
compared to REF, while increasing the incorporation
of SWCNT to 0.1% increased the tensile strength by
11.59% as compared to REF. The increase in the tensile
strength of SWCNT-reinforced specimens can be cred-
ited to the alteration of chemical and mechanical prop-
erties of polymer resin via SWCNT, leading to the
strengthening of interfacial properties of GF, which is
aligned with the results reported by previous stud-
ies.>1"7* Moreover, the accumulation of SWCNT in the
polymer resin acts as a rigid body, prevents crack
growth in the direct path, and prolongs the crack path,
leading to increased tensile strength of SWCNT-rein-
forced polymer composites.”® Previous studies con-
ducted on SWCNT/polymer composites’>’® revealed
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that three main factors affect the reinforcement of
SWCNT/polymer composites: (1) dispersion of
SWCNTs in the polymer matrix; (2) strong interfacial
bonding between SWCNTSs and polymer; and (3) appro-
priate alignment of SWCNTs in the polymer matrix.
For the study, the most suitable attribution for the
increase in tensile strength of SWCNT/polymer com-
posites is the effective dispersion of SWCNTs in the
polymer matrix that negates any possibility for the for-
mation of agglomerates and consequential voids.

On the other hand, SWCNT did not help in increasing
the tensile strength of specimens containing filler mate-
rials. For example, BREF, BSC-1, BSC-2, and BSC-3
exhibited 33.08%, 43.08%, 47.02%, and 51.17% lower ten-
sile strength as compared to REF, respectively. Similarly,
MREF, MSC-1, MSC-2, and MSC-3 experienced 51.13%,
64.96%, 55.64%, and 55.83% lower tensile strength as
compared to REF, respectively. The decrease in tensile
strength of specimens containing filler materials can be
attributed to poor dispersion of barite and magnetite in
the polymer matrix, leading to agglomeration and voids
as revealed by SEM images shown in Figure 4. Moreover,
the tensile strength of barite-filled specimens superseded
the specimens containing magnetite, which is justified by
the greater number of voids in the magnetite-filled speci-
mens (see Figure 4c). The addition of SWCNTSs in the
specimens containing filler materials decreased the ten-
sile strength because SWCNTSs aggravated the process of

agglomeration, leading to the weak interaction between
SWCNTs and the polymer matrix. Previously published
studies”*”® on nanomaterial reinforced polymer compos-
ites containing filler materials reported that incorpora-
tion of 5% filler material can improve the tensile strength
while further increase in filler material leads to agglom-
eration. As in this study, the usability of 50% filler mate-
rial makes it an obvious reduction in the tensile strength.

The flexural strength of specimens with different
filler materials and amount of SWCNTs is shown in
Figure 6. As shown in the figure, SC-2 experienced the
highest flexural strength while BSC-2 exhibited the
lowest flexural strength. The flexural strength of SC-1
and SC-2 showed 8.95% and 22.25% higher flexural
strength as compared to REF, respectively. On the
other hand, SC-3 exhibited a 4.07% lower flexural
strength as compared to REF. The higher flexural
strength of specimens containing 0.01% and 0.05%
SWCNTs can be ascribed to the dispersion of SWCNTSs
that restrict the movement of polymer chains under
loadings. The high modulus, aspect ratio, and strength
of SWCNTs and good interfacial adhesion between the
matrix and SWCNTs also improved the flexural
strength of SWCNT-modified specimens,*® which is
consistent with the previous studies.”®*'** The lower
strength of REF is due to the greater speed of crack
motion, when the poor interfacial bond between the
two phases of the GF and matrix, the cracks can easily
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grow in the respective direction. Conversely, the addi-
tion of SWCNTs can considerably contribute to the
strength of specimen joints that may limit the growth
of cracks. As a result, with the occurrence of such a
phenomenon, much more energy is required to move
the crack, leading to an increase in the amount of
energy absorption in the specimens referred to as the
crack bridging effect.®*®°

The specimens containing filler materials exhibited
reduced strength as compared to neat polymer compos-
ite and SWCNT-modified specimens. For example,
BREF, BSC-1, BSC-2, and BSE-3 experienced 24.87%,
63.17%, 9.04%, and 64.93% lower flexural strength as
compared to REF, respectively. Similarly, the flexural
strength of MREF, MSC-1, MSC-2, and MSC-3 was
reduced by 27.12%, 42.15%, 24.79%, and 34.81%, respec-
tively, as compared to REF. The negative influence of
filler materials on the flexural strength of composite
specimens is in accordance with a previous study.®’
However, in the previous studies, the decrease in the
flexural strength of polymer composites containing filler
materials was lower as compared to this study, which
can be attributed to different specimen thicknesses,
incorporation levels of filler materials, dispersion tech-
niques used to disperse nanomaterials, and so forth.
Compared to the specimens containing SWCNTs (with-
out filler materials), the percentage decrease in the flex-
ural strength of specimens containing barite and

Specimens

Charpy impact strength of specimens with different filler materials and amount of SWCNTs [Color figure can be viewed at

magnetite was more pronounced. The decrease in flex-
ural strength of specimens containing filler materials
can be attributed to high incorporation levels, which
generally results in filler agglomeration, that is, the filler
particles arrange themselves in very close proximity to
one another making particle size significantly larger,
leading to an increase in flaw size. However, it is debat-
able whether the decrease in flexural strength is due to
this phenomenon.®® The decrease in flexural strength of
filler-incorporated specimens was slightly increased by
adding 0.05% SWCNTs, which can be attributed to the
elasticity and flexibility provided by SWCNTs to the
specimen. It is interesting to note that the flexural
strength of different magnetite-filled specimens experi-
enced smooth increasing/decreasing variation while the
variation in flexural strength of barite-filled specimens
was abrupt. For example, the flexural strength of
magnetite-filled and barite-filled specimens ranged
between 164-213.2 MPa and 99.4-229.5 MPa, respec-
tively. Moreover, the flexural strength of BREF and
BSC-2 is 3.09% and 7.64% higher than that of MREF and
MSC-2, respectively. On the other hand, the flexural
strength of BSC-1 and BSC-3 is 36.34% and 45.98% lower
as compared to MSC-1 and MSC-3, respectively.

Figure 7 shows the Charpy impact strength of speci-
mens with different filler materials and amount of
SWCNTs. As per the figure, BREF showed the highest
impact strength, while the minimum impact strength
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was observed for MSC-3. Unlike tensile strength and flex-
ural strength, SWCNTSs do not provide a significant posi-
tive impact on the impact strength of specimens. For
instance, the impact strength of SC-1 and SC-2 is 19.77%
and 7.56% lower than REF, while SC-3 experienced
slightly higher (1.16%) impact strength as compared to
REF. In the previous studies, the higher impact strength
of polymer composite specimens was achieved by incor-
porating CNTs greater than 0.1%, which justifies the
lower impact strength of SC-1 and SC-2 and the slightly
higher impact strength of SC-3 as compared to REF.

The barite and magnetite-filled specimens with or
without SWCNTs show a variable effect on the impact
strength. For example, the impact strength of BREF is
32.56%, 65.22%, 43.4%, and 9.43% higher than REF, SC-1,
SC-2, and SC-3, respectively. The increase in impact
strength of BREF can be credited to considerable interfa-
cial adhesion between barite and polymer matrix, which
effectively transfers stress from the polymer matrix to the
filling material. This observation is aligned with the pre-
vious studies on barite-filled polymer composites.”>* For
example, Huang et al.*° revealed that the incorporation
of 10%, 20%, 30%, and 40% barite reduced the impact
strength of polymer composite by 43.47%, 11.33%, 9.48%,
and —0.98%, which indicates that the incorporation of
10% barite significantly decreased the impact strength
while increasing amounts of barite showed an increasing
trend and finally superseded the control mix at 40%

TCC of specimens with different filler materials and amount of SWCNTs [Color figure can be viewed at

barite content. Figure 7 shows that the incorporation of
SWCNTs led to a sudden decrease in the impact strength
as compared to BREF but increasing the percentage of
SWCNTs in BSC-2 and BSC-3 resulted in increasing
impact strength, which is similar to the trend observed in
SC-1, SC-2, and SC-3. On the other hand, the addition of
magnetite significantly reduced the impact strength of
specimens; for example, the impact strength of MREF is
38.37% lower than REF. This can be credited to the for-
mation of stress-failure zones on the interface between
magnetite and polymer matrix. However, the incorpora-
tion of SWCNTs in magnetite-filled specimens exhibited
different results as compared to the addition of SWCNTs
in neat polymer and barite-filled specimens. For example,
MSC-1 experienced 16.98%, 15.88%, and 19.23% higher
impact strength as compared to MREF, MSC-2, and
MSC-3, respectively, which can be credited to the bridg-
ing effect provided by SWCNTs while further increase in
SWCNTs led to agglomeration.

3.3 | Thermal conductivity

Figure 8 shows the thermal conductivity coefficient (TCC)
of specimens with different filler materials (barite, cole-
manite, and magnetite) and amount of SWCNTs. The TCC
is an important parameter for the composites to be used
for radiation shielding applications because it helps release
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heat generated during the nuclear reactions.’® The TCC of
REF is 0.5 W/m.K, which is consistent with previous stud-
ies reporting that the TCC of neat polymer is between 0.2
and 0.5 W/m.K. The low TCC of REF can be attributed to
the scattering of inherent phonons between the polymer
chain ends and impurities, making it challenging to expe-
dite heat transfer.””®’ The addition of SWCNTs did not
have a positive influence on the TCC of specimens, for
example, the TCC of SC-1, SC-2, and SC-3 is 28.1%,
10.03%, and 12% lower than the REF, respectively. As per
previous studies, this can be credited to high contact resis-
tance between CNTs and high interfacial resistance
between polymer resin and CNTs. The transport of pho-
nons in CNTs is restricted by contact resistance, while the
interfacial resistance detrimentally impacts the transfer of
phonons between polymer resin and CNTs.”>** For the
mentioned reasons, SC-1 experienced a significant drop in
TCC, whereas increasing the percentage incorporation of
SWCNTs to 0.05% improved the TCC of SC-2 by 25% as
compared to SC-1. However, further increasing the
amount of SWCNTs to 0.1% reduced TCC by 2.22% com-
pared to SC-3. This indicates that different factors affect
the TCC of CNT-reinforced polymer composites, including
the length of CNTs, dispersion of CNTs, percentage incor-
poration of CNTs, type of polymer, the addition of micro-
sized filler, and so forth. For example, as compared to this
study, previous studies reporting higher TCC of SWCNT-
reinforced polymer composites as compared to neat resin
can either be attributed to the utilization of better disper-
sion techniques or a higher incorporation percentage of
SWCNTs.”*%° Nonetheless, even at a higher incorporation
percentage of SWCNTs, the TCC reported by some of the
previous studies (e.g., reference 96) is low as compared to
this study, which can be attributed to the interdependence
of the mentioned parameters on the TCC of CNT-polymer
composites.

Figure 8 shows that the addition of filler materials
has a beneficial effect on the TCC of specimens. For
example, BREF, MREF, and CREF increased TCC by
26.01%, 70.03%, and 46.02% as compared to REF, respec-
tively. The increase in TCC of filler-incorporated poly-
mer composites can be ascribed to the formation of
bridges among filler particles within a polymer matrix
referred to as conductive networks. The development of
random networks or bridges from filler particles aids the
transfer of phonons or electrons, leading to high thermal
conductivity.”” By comparing the effectiveness of filler
materials in increasing the TCC of polymer composites,
MREF has a higher TCC as compared to BREF and
CREF, which can be attributed to the larger particle size
of magnetite. Based on the particle size (or surface area)
of filler materials used in this study (see Table S4), the
TCC of specimens containing filler materials (without

SWCNTs) can be ordered as MREF > CREF > BREF
(see Figure 8). This is because the utilization of filler
materials with larger particles forms a thicker conduc-
tive network, leading to a decrease in the scattering of
interfacial phonons between filler and polymer matrix
and higher TCC of polymer composites.”® However, the
incorporation of larger sizes may also cause problems
such as difficulty in fabrication and inferior mechanical
properties,”® which can be countered by minimizing the
scattering of phonons at the interface either via improv-
ing the interface or dispersion by filler surface
treatment.”®

The incorporation of 0.01%-0.05% SWCNTs in speci-
mens containing filler materials increases TCC, particu-
larly in the specimens containing barite and magnetite.
For example, BSC-1 and BSC-2 increased TCC by 31.75%
and 38.09% as compared to BREF, respectively. Similarly,
MSC-1 and MSC-2 increased TCC by 5.88% and 3.52% as
compared to MREF, respectively. The improvement of
TCC in the SWCNT-reinforced specimens containing bar-
ite and magnetite can be attributed to further enhance-
ment of interaction between the filler materials and
polymer matrix, leading to the development of a more
conductive network. On the other hand, the incorpora-
tion of SWCNTs in specimens containing colemanite
caused no influence on the TCC. It is important to note
that the TCC of specimens achieved in this study (even
without implementing any special dispersion technique)
is either equal to or more than previous studies with dif-

ferent polymer composites containing nano/micro
ﬁuers 92,94,95,100

3.4 | y-Radiation shielding

Table 4 shows the density, LAC, MAC, HVL, and TVL
of specimens with different filler materials and the
amount of SWCNTs. As per the Table, the addition of
SWCNTs decreases the density of most specimens. For
example, the density of SC-1, SC-2, and SC-3 are 9.61%,
6.21%, and 2.25% lower as compared to REF, respec-
tively, which can be attributed to the lower density of
SWCNT (~0.07 g/cm3). However, the incorporation of
filler materials increased the density of specimens owing
to the greater density of filler materials as compared to
polymer resin. For instance, BREF, MREF, and CREF
have 25.43%, 34.46%, and 6.21% higher density as com-
pared to REF, respectively. The addition of SWCNTs
decreases the density of specimens containing filler
materials is similar to the specimens without filler mate-
rials. However, 0.1% and 0.05% incorporation of barite
and colemanite increases the density of respective refer-
ence specimens.
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TABLE 4 Density of specimens and their LAC, MAC, HVL, and TVL
Linear attenuation Mass attenuation TVL
Specimen Density (g/cm?) coefficient (n cm %) coefficient (4, cm?/g) HVL (cm) (cm)
REF 1.77 0.061 0.034 11.37 37.18
SC-1 1.6 0.04 0.025 17.38 57.74
SC-2 1.66 0.047 0.028 14.64 48.63
SC-3 1.73 0.057 0.032 12.05 40.05
BREF 2.22 0.079 0.035 8.749 29.064
BSC-1 2.21 0.059 0.026 11.725 38.949
BSC-2 2.17 0.079 0.036 8.824 29.312
BSC-3 2.29 0.101 0.044 6.871 22.825
MREF 2.38 0.084 0.035 8.239 27.369
MSC-1 2.34 0.084 0.035 8.244 27.387
MSC-2 2.36 0.085 0.036 8.131 27.011
MSC-3 2.17 0.083 0.038 8.351 27.740
CREF 1.88 0.069 0.036 9.983 33.162
CSC-1 1.88 0.069 0.036 10.051 33.388
CSC-2 1.89 0.070 0.037 9.915 32.936
FIGURE 9 Density versus 0.12 0.05
LAC/MAC of specimens with different -
filler materials and amount of SWCNTSs = F
[Color figure can be viewed at il L 0.04
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Based on the data listed in Table 4, Figure 9 shows
the LAC and MAC vs density of the specimens. As per
the figure, a direct relationship exists between density
and LAC/MAC, which aligns with previous studies.'*"'%*
Figure 9 shows that SC-1 has the lowest LAC and MAC,
while BSC-3 has the highest LAC and MAC. The vulnera-
bility of neat polymer to irradiation can be attributed to
the generation of free radicals in the polymer matrix,
which leads to the degradation of the crosslinking net-
work and microstructure, allowing y-rays to penetrate.'*®
The addition of SWCNTs in the polymer leads to lower

LAC and MAC due to a reduction in the density of speci-
mens. It is interesting to note that a few fluctuations can
also be observed between the density and LAC/MAC, for
example, though the density of MREF is greater than
BSC-3, the LAC and MAC of BSC-3 are greater than
MREF. This is because the higher weight/density (see
Table 4) of magnetite restricts its movement and creates
agglomerates and voids (see Figure 11), which aids pene-
tration of y-rays. Moreover, these fluctuations can also be
attributed to limitations owing to the accuracy of appara-
tuses and other sources of uncertainties like
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inhomogeneities of the specimens at various points, MAC of specimens containing barite and magnetite. For
which is consistent with previously published experimen- instance, the LAC of BSC-1 and BSC-2 is 0.45% and 2.25%
tal works.'®*'% It can be observed from Table 4 that the  lower than that of BREF, respectively; however, BSC-3
addition of SWCNTs significantly affects the LAC and superseded the LAC of BREF by 3.15%. A similar trend
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TABLE 5

Percentage absorption of N-rays of specimens with

different thickness, filler materials, and amount of SWCNTSs

Specimen

REF

SC-1

SC-2

SC-3

BREF

BSC-1

BSC-2

BSC-3

MREF

MSC-1

MSC-2

MSC-3

CREF

CSC-1

Thickness (mm)

3.7
6.95
10.5
4.15
8.25
12.4
4.1
7.65
11.45
3.7
7.6
11.3
4.65
8.8
13.5
5.9
11.95
17.8
5.5
10.9
16.6
4.6
9.3
14.9
5.25
10.5
15.9
6.3
12.5
18.9
5.55
11.6
16.85
5.35
10.6
16.5
7.7
159
23.7
8.9
17.1
25.45

N-absorption (%)

36.97
59.01
70.29
42.01
62.94
71.39
40.43
59.18
72.59
38.58
60.65
71.11
36.82
60.34
72.31
43.3

61.54
75.76
39.37
61.35
71.31
37.10
58.06
72.03
43.78
62.68
76.3

47.09
66.06
78.40
41.68
62.98
75.69
43.41
64.66
75.45
89.23
92.7

93.11
90.43
93.07
94.07

(Continues)
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TABLE 5 (Continued)

Specimen Thickness (mm) N-absorption (%)
CSC-2 8.6 89.36

17.6 92.72

26.8 94.09

was observed for the MAC of SWCNT-reinforced speci-
mens containing barite. The positive impact of SWCNTs on
the attenuation of y-radiation of barite-filled specimens can
be credited to the scavenging of free radicals via SWCNTs
produced during irradiation.'® On the other hand, in the
case of magnetite-filled specimens, the addition of SWCNTSs
could not surpass the LAC/MAC of REF. Furthermore, the
incorporation of SWCNTs did not impact the LAC and
MAC of specimens containing colemanite.

Table 4 shows that HVL and TVL values are inversely
proportional to LAC, that is, the lowest HVL and TVL
values correspond to the highest LAC, which can be
regarded as another considerable pattern for the excellent
attenuation performance of respective specimens. HVL
and TVL values of specimens listed in Table 4 are graphi-
cally presented in Figure 10. As per the figure, the deter-
mination of HVL and TVL values is supported by the
thickness of specimens required to stop 50% and 90% of
the incoming y-rays. The incorporation of filler materials
led to a significant decrease in the TVL and HVL values
as compared to neat polymer and specimens only con-
taining SWCNTSs, indicating their better performance
against incoming y-rays. When compared to neat poly-
mer and specimens only containing SWCNTSs, the incor-
poration of filler materials resulted in a significant
decrease in TVL and HVL values, indicating their supe-
rior performance against incoming y -rays. By comparing
the HVL/TVL values of specimens containing different
filler materials, it can be observed that barite-filled speci-
mens, due to their minimum HVL/TVL values, exhibited
better performance in terms of y-radiation shielding
attenuation. Furthermore, the addition of SWCNTs in
barite-filled specimens further reduced TVL and HVL
values, which is not the case for SWCNT-reinforced spec-
imens containing magnetite and colemanite.

3.5 | N-radiation shielding

Table 5 shows the N-absorption of specimens of different
thicknesses, filler materials, and amount of SWCNTSs. As
per the Table, for a given type of filler material and amount
of SWCNTs, N-rays absorption increased by increasing the
thickness of the specimen because it is difficult for the
N-rays to penetrate through the specimens with greater
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FIGURE 12 Thickness of the specimens required to absorb 100% of N-radiation [Color figure can be viewed at wileyonlinelibrary.com]

thickness. It is important to note that some specimens hav-
ing greater thickness still possess lower N-absorption,
which can be attributed to the presence of voids aiding the
penetration of N-rays. The neat polymer (REF) has the
lowest N-absorption as compared to other specimens with
or without SWCNTs and filler materials. However, the
addition of SWCNTs exhibited higher N-absorption as
compared to the REF owing to the increase in the thick-
ness of the specimen. Based on the N-absorption, the speci-
mens only containing SWCNTs can be ordered as
SC-1 > SC-2 > SC-3. The direct relationship between
N-radiation absorption and the thickness of the specimen
is consistent with the previous studies on polyethylene/boron
composites,'”” nanoengineered polymer composites,'”® and
polyimide/boron carbide composites.'”

In the case of specimens containing filler materials,
N-absorption further increased owing to the increase in the
thickness of the specimen. By comparing the N-absorption
of filler-modified specimens, colemanite-containing speci-
mens superseded the N-absorption of barite and magnetite-
filled specimens. Based on the N-absorption efficiency,
specimens containing filler materials can be ordered as
CREF > MREF > BREF. However, the addition of
SWCNTSs poses a variable impact on the N-absorption of
filler material added specimens. For instance, based on the
N-absorption efficiency, SWCNT-reinforced specimens
containing colemanite and magnetite can be ordered as
CSC1 > CSC-2 and MSC-1 > MSC-2 > MSC-3,

respectively. On the other hand, based on the N-absorption
efficiency, SWCNT-reinforced specimens containing barite
can be ordered as BSC-1 > BSC-2 > BSC-3.

To better estimate the N-absorption efficiency of speci-
mens, the data listed in Table 5 was used to calculate the
N-absorption of specimens with a constant thickness of
5, 7.5, and 10 mm. Figure 11 shows the percentage absorp-
tion of specimens with different thicknesses, filler mate-
rials, and amount of SWCNTSs. As per the figure, for a given
type of filler material and amount of SWCNTs, N-rays
absorption increased by increasing the thickness of the
specimen. At different thicknesses, The N-absorption of
neat polymer (REF) is higher in most specimens only con-
taining SWCNTSs (SC-1, SC-2, and SC-3). In addition, barite-
and magnetite-filled specimens with 5, 7.5, and 10 mm
reduced the N-absorption, which may be attributed to poor
interfacial adhesion between polymer resin and filler mate-
rials (barite and magnetite). For example, 5, 7.5, and 10 mm
thick BREF specimens exhibited 10.54%, 12.19%, and
13.28% as compared to REF with similar thickness. MREF,
like BREF, experienced a decreasing trend in N-absorption;
however, MREF's N-absorption was greater than BREF's.
The colemanite-filled specimens with or without SWCNTs
considerably superseded the N-absorption as compared to
other specimens prepared, which can be ascribed to strong
interfacial adhesion between colemanite and polymer resin.
The N-radiation results obtained for this study are consis-
tent with previous studies in which N-radiation shielding
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for poly(methyl methacrylate) composites containing
10%-40% colemanite was evaluated.''*

Based on the data listed in Table 5, the average thick-
ness for specimens to absorb 100% of N-rays was calculated
and graphically illustrated in Figure 12. As per the figure, to
ensure 100% absorption of N-radiation, REF and CSC-2
require the minimum and maximum thickness, respec-
tively. The specimen thickness requirement for specimens
containing only SWCNTs is slightly increased as compared
to REF. Comparing the required thickness of the specimens
containing barite and magnetite, thickness required for
barite-filled specimens (with or without SWCNTSs) is
slightly greater than magnetite-filled specimens. Similar to
the substantial increase in the N-absorption of colemanite-
filled specimens (see Figure 11), the required thickness of
100% N-absorption of colemanite-filled specimens is also
greater as compared to other specimens.

4 | CONCLUSIONS

In this study, mechanical and radiation shielding proper-
ties of polyester/GF-based composites containing differ-
ent filler materials and amount of SWCNTs were
investigated. The specimens were evaluated against ten-
sile strength, flexural strength, Charpy impact strength,
y-radiation shielding, and N-radiation shielding. Based
on the results and discussion, the following conclusions
can be deduced:

1. The incorporation of SWCNTs and filler materials
increases the viscosity of polymer resin. This can be cred-
ited to the strong van der Waals forces between SWCNTSs
and the high density/weight of filler materials leading to
agglomeration. Colemanite-filled specimens experienced
a substantial increase in viscosity (12,200 mPa.s) due to
the transition from a liquid state to a solid state, making
it difficult to cast specimens containing colemanite and
evaluate their mechanical properties.

2. The addition of SWCNTSs is beneficial to increase the
tensile strength and flexural strength of the specimens
because of the strong interfacial adhesion between
SWCNTs and polymer resin, which prevents the
growth of cracks. However, the incorporation of barite
and magnetite reduced the tensile strength and flex-
ural strength by approximately 50% as compared to
REF and SWCNT-reinforced specimens. Nonetheless,
barite-filled specimens experienced higher tensile
strength and flexural strength as compared to
magnetite-filled specimens.

3. Unlike tensile/flexural strength, the impact strength
of specimens containing filler materials performed
well, that is, most of the barite and magnetite-added
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specimens exhibited slightly lower impact strength
than the neat polymer and SWCNT-added specimens.
In addition, BREF experienced 32.56%, 65.22%, 43.4%,
and 9.43% higher impact strength as compared to
REF, SC-1, SC-2, and SC-3, respectively.

4. In the case of TCC, specimens containing both filler
materials and SWCNTSs performed exceptionally well.
Specimens like BSC-1, BSC-2, MREF, MSC-1, MSC-2,
CREF, CSC-1, and CSC-3 showed 30.56%-60% higher
TCC as compared to REF and SWCNT reinforced
specimens. This is because filler materials and
SWCNTs aid in the formation of conduction paths
throughout the specimens, making them suitable for
radiation shielding applications where the accumula-
tion of heat is a critical problem.

5. The specimens containing only barite and magne-
tite exhibited the highest LAC and MAC due to the
increase in the density of the specimen. In addition,
SWCNT-reinforced specimens (such as BSC-3,
MSC-2, and MSC-3) also exhibited better results for
LAC and MAC, which can be ascribed to the scav-
enging of free radicals via SWCNTs produced dur-
ing irradiation.

6. The N-absorption of specimens containing filler materials
is higher than the neat polymer and specimens containing
SWCNTs owing to the greater thickness. By keeping the
thickness constant at 5, 7.5, and 10 mm, the difference in
N-absorption of specimens with and without filler mate-
rials (except colemanite) is not significant. Either with
constant or variable thickness of specimens, colemanite-
filled specimens outperformed other specimens in absorb-
ing N-rays, which can be attributed to strong interfacial
adhesion between colemanite and polymer resin.

The findings of this study are encouraging, revealing
that it is possible to develop SWCNT-reinforced polyes-
ter/GF-based composite plates with adequate mechanical
strength and excellent radiation shielding properties
using readily available filler materials.
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