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ABSTRACT

ARTICLE INFO

The increasing use of ionizing radiation in nuclear energy, medical diagnostics, radi-
otherapy, and industrial applications necessitates the development of effective and
sustainable radiation shielding materials. In this study, the gamma-ray and fast neu-
tron attenuation properties of cement-based composites incorporating anhydrous
tincal obtained from the Balikesir-Bigadi¢ region were experimentally investigated.
Tincal was dehydrated at 650 °C to remove crystal water and added to Portland ce-
ment at ratios of 1%, 5%, and 10% by weight. The research includes gamma and neu-
tron attenuation experiments, compressive strength tests, SEM, and XRD analyses
under different parameters. Based on the evaluation of the obtained results, it was
concluded that tincal has no effect on gamma attenuation. In contrast, neutron atten-
uation performance improved significantly with increasing tincal content. However,
compressive strength values decreased significantly in tincal-added samples, which
presents limitations for structural applications. It is thought that it cannot be used as
aload-bearing element in construction, but rather as a cladding material. When con-
sidered overall, the effectiveness of the material in terms of neutron attenuation sug-
gests potential applications in the fields of nuclear safety, radiation protection and
construction materials. It is predicted that radiation-attenuating composites devel-
oped with natural minerals could contribute to the widespread adoption of environ-
mentally friendly material technologies aimed at minimizing toxic waste production.
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1. Introduction

Radiation can be defined as the emission of energy
from a source in the form of particles or electromagnetic
waves that travel in straight lines. Its utilization has been
increasing in a variety of fields, ranging from medical ap-
plications to industrial operations (Sehhatigdiri 2014).
Radiation is generally categorized into two distinct clas-
sifications: ionising and non-ionising. It is well estab-
lished that exposure to ionising radiation, such as alpha
and beta particles, X-rays, and gamma rays, poses a sig-
nificant risk to human health.

The use of X-rays and gamma rays, in particular, for
diagnostic and therapeutic purposes in medicine, such as
radiation oncology, nuclear medicine, cardiology, and ra-
diology, is quite widespread. Furthermore, nuclear en-
ergy is employed as a substantial source of electrical en-
ergy generation. Radiation is also utilized in industrial
applications across various regions. Furthermore, radia-
tion is utilized in the destruction of microorganisms dur-
ing the sterilization process. Radiation is employed in
the preservation of foodstuffs, the extension of their
shelf life, and the eradication of potentially harmful mi-
croorganisms. Radioisotopes find application in a variety
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of fields, including materials analysis, archaeological re-
search, and the monitoring and control of industrial pro-
cesses. A variety of legal permits related to radiation are
utilized in research settings. Radiation techniques and
methods are utilized in research across a wide range of
disciplines, including physics, chemistry, biology, ar-
chaeology, and materials science. Radiation safety and
control are of crucial importance (Karako¢ 2024; Yilmaz

2011).

Gamma rays, which are electromagnetic radiation
emitted during transitions between nuclear energy lev-
els, have much higher energy and penetration capability
than alpha or beta particles. For this reason, high-density
materials are generally used for gamma-ray shielding.

As the use of radiation continues to increase,
measures to protect against its potentially harmful ef-
fects have become imperative. lonizing radiation has
been demonstrated to induce DNA damage, cellular mal-
functions, acute effects at high doses, and stochastic ef-
fects such as cancer at lower chronic exposures (Eroglu
2009; Gorpe 1992). There are three fundamental meth-
ods of protection against the harmful effects of radiation:
time, distance and shielding.

e Time: In long-term exposures, the exposure dose in-
creases as time increases, resulting in a directly pro-
portional effect. Therefore, the time spent in the envi-
ronment near the source should be kept as short as
possible. Reducing the exposure time is important for
direct exposures, but keeping the exposure time short
is even more crucial for fluoroscopy due to the high
dose (Eroglu 2009; Keskin 2024).

e Distance: The dose exposure increases as one ap-
proaches the radiation source. Radiation intensity is
inversely proportional to the square of the distance, a
phenomenon known as the inverse square law. Ap-
propriate warnings and signs should be installed in
areas close to the radiation source (Eroglu 2009;
Keskin 2024).

e Shielding: Materials placed between the radiation
source and the exposed area, thereby reducing its in-
tensity, are referred to as shielding materials. Protec-
tion is achieved by creating a barrier with materials
that prevent the passage of the radiation source.
Shielding should be made with materials and thick-
ness appropriate to the type, energy, and intensity of
each radiation. Lead shielding should be used to pro-
tect against ionizing radiation. Special lead-lined ex-
traction rooms, lead barriers, and leaded personal
protective equipment can effectively block ionizing
radiation (Eroglu 2009; Keskin 2024). In addition,
Yilmaz (2011) investigated the gamma attenuation
potential of tincal-based concrete, an alternative to
lead shielding.

Concrete is one of the most widely used construction
materials owing to its engineering performance, cost ef-
ficiency, and durability. Nevertheless, cement-based ma-
terials are increasingly being reconsidered from a sus-
tainability perspective because Portland cement produc-
tion is associated with considerable environmental im-
pacts. Accordingly, mineral additives, industrial by-
products, nano-additions, and alternative binder sys-
tems have attracted growing attention for improving the
mechanical, durability-related, and functional perfor-

mance of cement-based composites (Abutaha and Celik
2025; Tarhan and Tarhan 2025; Srivastava et al. 2025).
These materials can be tailored through binder compo-
sition, particle grading, and admixture selection; how-
ever, their effectiveness strongly depends on chemical
compatibility, replacement level, particle packing, and
their influence on hydration-related products (Al-Safi et
al. 2025; Turan et al. 2025; Shaheen et al. 2025). There-
fore, when natural mineral additives are incorporated
into cementitious systems for specific functional pur-
poses, such as radiation shielding, their contribution
must be evaluated together with their possible effects on
mechanical integrity and material performance.

Tincal, also known as borax, a boron mineral, appears
colorless and transparent in its pure form. However, in
areas where it is layered with clay and in fine-grained
form, it can turn pale pink, yellowish-orange, and gray
under the influence of external substances (Durak
2011). A review of scientific literature suggests that bo-
ron oxide may have radiation shielding properties. Stud-
ies have shown that:

In a previous study, Erdogan (1998) produced differ-
ent types of cement by adding ground boron minerals to
cement and examined their physical and mechanical
properties. In addition, an evaluation was conducted of
the shielding potential of boron minerals when em-
ployed in concrete, utilizing theoretical approaches. In
light of the findings, it was concluded that boron mineral
addition exerted a favorable influence on shielding per-
formance (Erdogan 1998).

Kharita et al. (2008) investigated the attenuation co-
efficients of concrete produced from aggregates com-
monly used in Syria for gamma rays (137Cs and ¢°Co iso-
topes) and neutrons (Am-Be source). The concretes
were produced by mixing black beach sand, hematite,
dolomite, and serpentine with beach sand in varying
proportions. The results showed that concretes contain-
ing hematite were more effective in providing protection
against both types of radiation.

Experiments were conducted by Henrie (1962) on
concrete samples containing boron oxide, colemanite,
and boron, and the radiation shielding capacity of the
concrete's chemical components was analyzed. The
study demonstrated that boron-added heavyweight con-
cretes offered advantages not only in terms of effective
shielding performance but also in terms of cost.

In a study conducted by Sychev (1967), the shielding
potential of concrete samples prepared using hematite
minerals against neutrons emitted from a beryllium
source were investigated. In this context, evaluations
were made considering five different neutron energy
levels ranging from 170 MeV to 660 MeV (Sychev 1967).

Erdogmus etal. (2011) investigated the effects of add-
ing different mixtures of colemanite concentrator waste
and Karabiik slag to Portland cement on the mechanical
properties of the cement. Additionally, the effect of add-
ing different ratios of Na2COs to Portland cement on the
mechanical properties of the cement were investigated.
The colemanite concentrator waste, slag, gypsum, and
clinker used in the experiments were chemically ana-
lyzed using XRF. The mechanical properties examined in
the study included compressive strength, setting time,
volumetric expansion, and normal consistency water.
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The findings were compared with Turkish Standards
(TS), and the research concluded that colemanite con-
centrator waste and Karabiik slag can be utilized appro-
priately in cement production.

Ugurlu et al. (2004) investigated the usability of solid
waste, called "clay paste," generated during the concen-
tration of borax mineral during tincal production, in ce-
ment. For the cement study, ground clay paste waste was
added to Portland cement mortar at different ratios, and
fresh and hardened concrete tests were conducted on
the resulting mortar samples. These tests investigated
the behavior of clay paste in cement and its effect on ce-
ment mortar samples. The results were compared with
reference samples and Turkish Standards (TS). The re-
sults indicate that borax-containing clay paste waste can
be used as a retarder in mortar or concrete, and that low
percentages of clay paste waste can increase the imper-
meability of concrete.

Akkurt et al. (2010) conducted a study using heavy-
weight concretes produced using barite and lead. They
measured linear attenuation coefficients using radioac-
tive sources with energies of 0.662 MeV, 1.173 MeV, and
1.332 MeV using a Nal(Tl) detector. The results were
compared with XCOM data. The results revealed that
barite and barite-added heavyweight concretes are good
gamma-ray absorbers, but their shielding properties are
lower than those of lead.

Korkut et al. (2012) carried out a theoretical and ex-
perimental investigation in order to ascertain the neu-
tron attenuation properties of colemanite, ulexite and
tincal. The researchers discovered that the attenuation
of neutrons in these materials is predominantly deter-
mined by the density of boron atoms within them. This
is due to the fact that boron, particularly the 1°B isotope,
exhibits a high thermal neutron capture cross-section.
The total macroscopic neutron cross sections, denoted
by X, exhibited a systematic increase with increasing bo-
ron content, thereby confirming the predominant role of
boron in neutron attenuation.

A study published by Yang et al. (2024) investigated
the neutron shielding performance of various boron-
containing particles within aluminum-based composites
for proton therapy and boron neutron capture therapy
(BNCT) applications using Monte Carlo simulations, and
showed that increasing boron content significantly im-
proved neutron attenuation efficiency.

Furthermore, Kim et al. (2025) found that high-den-
sity boron nitride nanotube (BNNT) composites provide
effective shielding against solar-space radiation; this
study demonstrates that BNNTs represent a step for-
ward in both mechanical and neutron shielding perfor-
mance.

In addition, another study by Kiani et al. (2025) ad-
dresses the design of multifunctional polymer-nanocom-
posites and reveals that nanodispersion of boron carbide
improves neutron shielding properties.

When boron ore is used in an anhydrous form, the bo-
ron compound directly participates in chemical reac-
tions, resulting in lower energy consumption and im-
proved process efficiency. Anhydrous boron exhibits
higher chemical activity, enabling more controlled reac-
tions, reduced processing time, and lower overall costs.
In contrast, hydrated boron minerals may release crystal

water abruptly during heating, leading to foaming,
cracking, and volume expansion, which can cause defects
in products, particularly in glass, ceramic, and metallur-
gical applications. The anhydrous form significantly min-
imizes these risks. From a logistical perspective, crystal
water represents unnecessary mass and increases trans-
portation and storage costs. Anhydrous boron ores are
lighter, more stable, and less sensitive to moisture.
Moreover, industrial processes require water to be in-
troduced separately and in a controlled manner; the un-
controlled presence of crystal water can negatively affect
reaction balance, viscosity, and melting behavior. Use of
Anhydrous Boron in Cement; in cement systems, boron
compounds act as strong setting retarders. When hy-
drated boron is used, the sudden release of crystal water
disrupts cement hydration, causing excessive and unpre-
dictable setting delay. The use of anhydrous boron pro-
vides a more predictable and controllable setting behav-
ior. Cement hydration primarily involves the reaction of
C3S and C,S phases with water. Hydrated boron minerals
introduce irregular water into the system, delay C-S-H
gel formation, and reduce early-age strength. Anhydrous
boron enables precise control of the water-to-cement ra-
tio, leading to a more homogeneous microstructure and
improved compressive strength. In addition, anhydrous
boron is more compatible with standards such as TS EN
and ASTM, facilitating quality control (Jiri et al. 2014;
Davraz 2010; Ozdemir and Oztiirk 2003; Olgun et al.
2007; Filazi et al. 2022).

The present study is concerned with the preparation
of tincal-added cement samples, the determination of
their physical and mechanical properties, and the exper-
imental investigation of their X- and gamma-ray and
neutron attenuation capacity.

2. Materials and Methods
2.1. Materials

In this study, tincal (Na;B,0,-10H,0), a primary bo-
ron mineral, was used to investigate its neutron beam at-
tenuation properties. The cement used in the experi-
ments was Portland cement (CEM I 42.5 R) supplied by
the Askale Cement Factory. No additional analysis was
performed, as commercially available cement with a
known composition was used.

Tincal, a natural borate mineral with a high boron
content, was obtained from the Balikesir-Bigadic/Tii-
rkiye region. Before being used in experimental studies,
it underwent preliminary preparation processes such as
grinding, drying, and sieve analysis. The tincal ore to be
used in the heat treatment experiments was first re-
duced to 500 grams by taking 1 kg samples from 2 kg of
run-of-mine ore using appropriate sampling methods as
preparation for particle size reduction. Crushing was
performed in a jaw crusher to reduce the particle size to
250 microns (60 mesh), and grinding was performed in
a ball mill to obtain a particle size of 45 microns (325
mesh). After obtaining samples with the desired particle
size, they were subjected to sieving in 200 g portions.
The tincal ore samples were sieved using a mechanical
sieve, and the resulting samples were prepared for heat
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treatment experiments. The reason for using a particle
size of 45 microns is to ensure a similar size to the ce-
ment used and to obtain a more homogeneous composi-
tion during mixing. Following these processes, the sam-
ples were reduced to a particle size of 45 pm and finally
heat-treated at 650 °C to remove the crystal water, re-
sulting in anhydrous sodium tetraborate.

The chemical analysis of the ore was determined at
Atatiirk University DAYTAM using the XPS method. Us-
ing the data obtained from the XPS results, the amounts
of B203, H20, Naz0, and CaO in the ore composition were
compared and verified with the stoichiometrically calcu-
lated amounts and the analysis results of the ore source
(Table 1). According to XPS and chemical analysis results
of tincal ore, it was determined that tincal contains
47.12% H:20. As a result of weight difference calcula-
tions, H20 content was reduced to 1% after heat treat-
ment and used in experiments.

Table 1. XPS analysis results of tincal ore.

Compound Tincal (%)
B203 36.65
Naz0 16.23
H20 47.12

2.2. Methods
2.2.1. Production of concrete

The concretes examined in this study were produced
at the Civil Engineering Department Laboratory of Erzu-
rum Technical University. Three types of concrete were
produced in this study: standard concrete and tincal-
added concrete. First, cement-only samples were pre-
pared for comparison. Then, 1%, 5%, and 10% tincal
were added to each cement sample, sequentially and
separately. The water/binder ratio was set at 0.20 in the

experiments. The temperature of the sample was meas-
ured with a digital thermometer, and the mixing water
temperature was determined to be between 25-30 °C.
The prepared samples were placed in 5x5x5cm cube
sample molds. The samples were kept in their molds for
24 hours and then removed from the molds. During the
curing process, the samples were maintained in a con-
stant temperature environment (24 °C), and the ambient
temperature and relative humidity were regularly mon-
itored with a digital thermometer. The standard used for
determining the setting time is TS EN 196-3 (2016), and
the experiments were carried out according to this
standard.

2.2.2. Unconfined pressure test

The compressive strength of the concrete produced
within the scope of this study was measured at the De-
partment of Civil Engineering, Erzurum Technical Uni-
versity (Fig. 1). Experimental studies were carried out in
accordance with the TS EN 12390-3 (2010) standard,
and compression was applied to the samples with a con-
stant loading rate until the maximum load capacity was
reached (TS EN 12390-3 (2010), is an official standard
that specifies the methods of compressive testing per-
formed to measure the strength of concrete). The test
sample was placed between the loading head of the test-
ing machine and the test head, and care was taken to en-
sure that the samples were placed perpendicular to the
direction of concrete pouring. The samples were placed
centrally on the lower loading head of the machine. The
highest load read from the indicator was recorded, and
the compressive strength was calculated using the fol-
lowing formula (Uzbas 2019).

o= (1)
Here, compressive strength (o) is the ratio of the maxi-

mum load (P) the sample carries at the moment of fracture

to the cross-sectional area (A) subjected to compression.

Fig. 1. Unconfined pressure testing apparatus.
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2.2.3. Gamma measurements

The experimental measurements undertaken in rela-
tion to the attenuation coefficient of the concrete pro-
duced as part of the study were conducted at the High
Energy Spectroscopy Laboratory, which is housed
within the Physics Department at Atatiirk University's
Faculty of Science. The experimental setup utilized in the
study is illustrated in Fig. 2. In the experiment, the VEX
(variable energy source) and Ba-133 radioisotope were
utilized as the source. In the experiments utilising VEX,
the distances between the source and the sample, and
between the sample and the detector, were 4.0 cm and
6.0 cm, respectively. The live time in all measurements
was set to 1800 s in order to obtain sufficient counting
statistics. The Rb, Mo, Ag and Tb K X-rays, as well as the
59.54 gamma rays, are emitted from Am-241 radioiso-
topes and subsequently scattered elastically from a Cu
foil on a VEX source were used in the calculations. The
Ba-133 source has a specific activity of approximately
2.73 mCi, emitting gamma rays with energies of 53.155
keV, 81 keV, 276.39 keV, 302.85 keV, 356.01 keV, and
385.851 keV. The distances between the source and the

MCA

Amplifier

Preamplifier

High Voltage Power Supply

Leed (Pb) Collimator

Ultra-LEGe Dedector

sample, and between the sample and the detector, were
10 cm and 6 cm, respectively.

The intensity of a photon flux, I, decreases with in-
creasing thickness, t, of an absorbing material. The de-
crease in intensity is described by the Lambert-Beer law
(Yilmaz 2011) as the linear attenuation coefficient
(LAC), given by the following equation:

p=-7In() (cm? @

However, the mass attenuation coefficient (¢/p), de-
fined as the ratio of the linear attenuation coefficient (u)
to the sample density (p) and does not change depending
on the phase of the material, is more commonly used.
The mass attenuation coefficients (MACs) are deter-
mined using the intensity values measured experimen-
tally in the experimental geometry shown in Fig. 2 from
the equation:

(5) = i (3)

P pt

where pt is called the mass thickness (g/cm?). The unit
of the mass attenuation coefficients is cm?/g.

Radioactive Source

Sample Holder
O  Sample

Fig. 2. Experimental setup for gamma ray attenuation.

2.2.4. Neutron attenuation experiments

The experimental measurements undertaken in rela-
tion to the attenuation coefficient of the concrete pro-
duced as part of the study were conducted at the High
Energy Spectroscopy Laboratory, which is housed
within the Physics Department, Faculty of Science, Ata-
tirk University.

The measurement of the neutron absorbed dose rate
was conducted using a 241Am/Be fast neutron source,
which emits 2-11 MeV neutrons. The Canberra NP100B-
BF3 gaseous neutron detector and the Canberra ADM606
series of digital rate meters (RADACs) were utilized in
the experiments. The experimental set-up for neutron
dose rate measurements is illustrated in Fig. 3. A com-
prehensive explanation of the properties of the neutron
source, detector, and experimental set-up is provided by
Korkut et al. (2012).

Neutron experiments are evaluated experimentally
by using

5 =~ InGD) ©

where t is thickness of the sample (cm), B is the buildup
factor (equal to 5 for Am-Be fast neutron source) X, is
the macroscopic removal cross-section which is a meas-
ure of the neutron shielding ability for the mean energy
of neutron flux having incident dose rate I, (uSv/h) and
I is dose rate of the transmitted neutron flux (uSv/h)
(Wang et al. 2015).

The effective removal cross-section, ;R (cm?/g), is a
measure of the probability of a fast or fission energy neu-
tron's first collision with the shielding material it faces
(Singh and Badiger 2014). The value of YR can be calcu-
lated by dividing Y'; by density p for an element and
evaluated by the mixture rule for a compound or mix-
ture, theoretically. Besides, the effective removal cross-
section, YR (cm?/g) is experimentally given by

Zt

1 I
2R = ? = _B_ptln(z) (5)
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Sample

Pb-Paraffin Collimator

Fig. 3. Experimental setup for neutron attenuation experiments.

2.2.5. X-ray diffraction (XRD)

XRD analysis of the concretes produced within the
scope of this study was measured using a GNR-Explorer
device at High Technology Application and Research
Center (YUTAM), Erzurum Technical University.

Calculating compound or phase compositions from
oxide components can be accomplished using both theo-
retical and experimental methods. X-ray diffraction
(XRD) has been successfully used for many years to de-
termine mineral concentrations. Since 1958, various
studies have been conducted on the use of XRD analysis
in determining cement compositions (Winter 2012).

Concrete, a composite material, exhibits complex be-
havior due to its high cement content. Microstructural
differences from the cement paste have been observed,
particularly at the cement-aggregate interface. The for-
mation of new compounds as a result of exposure to var-
ious aggressive environmental conditions and the for-
mation of characteristic structures during the natural
deterioration processes of concrete have made X-ray dif-
fraction (XRD) analysis an important and essential
method for investigating service life, durability, and re-
lated product performance (Ramachandran et al. 2000).

2.2.6. Scanning electron microscope (SEM)

SEM/EDX (Scanning Electron Microscopy with En-
ergy Dispersive X-ray Spectroscopy) analyses were per-
formed using FEI QUANTA FEG 250 devices at Erzurum
Technical University, High Technology Application and
Research Center (YUTAM). SEM images were acquired
under the following conditions: kV: 15, Magnification:
10000, Takeoff: 30.1, Amp. Time (us): 7.68, Resolution:
(eV)125. SEM, thanks to its equipment that allows X-ray
microanalysis and digital image analysis, enables three
basic processes to be carried out on a sample. These pro-
cesses are; examination of the microstructure of the
sample through SEM images, determination of chemical
components through X-ray microanalysis, and dimen-
sional measurements through digital image analysis
(Winter 2012).

A dosage analysis was performed using SEM and XRD
because, according to the analysis results, XRD analysis
was performed on the sample that yielded the most suit-
able result. It is known that the microstructure results
cannot be generalized to other dosages.

2.2.7. Heat treatment

The use of boron in the cement sector has become
widespread, but boron ores are suitable for use up to a
maximum of 2% water content (Kocadagistan and
Arslan 2024). Tincal was dewatered in a muffle furnace
at 650 °C for 6 hours. Following the heat treatment, the
chemically bound water removal rate was calculated by
taking the weight differences of tincal ores. According to
the calculations, 98% water removal was achieved in
both ores (Atag 2024).

3. Research Findings and Discussion

Cement and tincal mixtures with 1%, 5%, and 10%
dehydrated tincal were investigated, and their gamma
and neutron attenuation values are given below. Analy-
sis of these values revealed that the best values were ob-
tained with 5% tincal, and SEM and XRD analyses were
performed based on these values (Fig. 4). Furthermore,
unconfined compression tests of the samples giving the
best attenuation values were examined, and their suita-
bility as building materials was evaluated.

3.1. Gamma attenuation tests of
tincal additive cement

The Gamma ray attenuation results of the samples of
the mixtures are given in Table 2.

Table 2 presents the mass attenuation coefficients u/p
at different incident photon energy (E, keV) for samples
with different tincal doping ratios (1%, 5%, and 10%).
When the data are evaluated in the context of the mate-
rial's interaction with electromagnetic radiation, it is ob-
served that the linear attenuation coefficient systemati-
cally decreases with increasing dopant content. This sug-
gests that the photon attenuation capacity of the mate-
rial decreases with increasing tincal doping.

The PyMCA software (Sole et al. 2007) was utilized for
the determination of I and I,. The peaks were modelled
as being fitted to a Gaussian function with an exponential
background. It was determined that the minimum
counts of both I and I, exceeded 104. In order to obtain
the background under all peak regions, an exponential
polynomial background was utilised, and the software
simultaneously calculated both the Gaussian and back-
ground at the peak region.
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Fig. 4. Mass attenuation coefficients changes of cement samples including tincal with incident X or gamma rays.

Table 2. Measured mass attenuation coefficients u/p (cm?/g) of samples.

SLa) Centel f{;}nﬁg;} sc;,ngglc; 1%00/?;1011;1
13.375 187 186 184 17.8
14.980 135 136 12.9 12.7
17.443 8.02 7.95 7.71 7.70
19.607 5.60 5.77 5.63 5.53
22.103 416 434 433 391
24.942 2.87 3.05 2.95 2.77
43.737 0.580 0.589 0.570 0.568
44.470 0.575 0.583 0.573 0.562
50.391 0.596 0.605 0.598 0.586
53.155 0.521 0.400 0.379 0.375
59.537 0.243 0.260 0.232 0.222
81.000 0.236 0.256 0.240 0.233
276.390 0.160 0.113 0.107 0.107
302.850 0.154 0.091 0.089 0.090
356.010 0.153 0.091 0.090 0.090
385.851 0.148 0.085 0.087 0.086

In our experiments, the standard deviations of peak
areas were approximately 1%. The thickness of the sam-
ples, which were shaped as rectangular prisms, was
measured using a Vernier. The mass of each sample was
measured using a high-precision scale. Finally, the thick-
ness uncertainties were found to be less than 1%.

A quantitative analysis was conducted on the density
of each sample. This involved calculating the measured
mass and volume of the samples, using their known di-
mensions. It was evident that each measurement re-
flected its associated uncertainty with respect to the
density value. The maximum uncertainties in mass thick-
ness (pt) employed in the calculations were approxi-

mately 2%. It is important to note that the final uncer-

tainties are such that the mass attenuation coefficients

listed in Table 2 are less than 3%.

The p/p values demonstrate different behaviors for
different energies. In order to proceed, it is necessary to
engage in a discussion regarding the alterations in p/p
values across three distinct energy domains.

e Low Energy Range (13.375 - 25.942 keV): Tincal do-
pant has been demonstrated to exhibit a more signifi-
cant effect on the mass attenuation coefficient p/p. For
instance, at 13.375 keV, the undoped control sample
displays a value of 18.7, whereas this value diminishes
to 17.8 in the 10% tincal-doped sample. This finding
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suggests that the tincal doping may impede the inter-

action of low-energy photons within the material.

e Mid-Energy Range (43.737-81 keV): The tincal do-
pant effect remains consistent, yet the disparities are
more constrained. Within this range, an increase in
the doping rate results in a slight decrease in the mass
attenuation coefficient p/p.

o High Energy Range (276.39 - 385.851 keV): The tincal
dopant effect has reached a minimal level, and the dif-
ference between the measured mass attenuation co-
efficients p/p has decreased considerably.

A general assessment reveals that tincal additions al-
ter the photon absorption properties of cement-based
composite materials, and that this change varies with
photon energy. It appears that increasing tincal content
leads to a decrease in the material's photon absorption
capacity, particularly for low-energy photons. These
findings provide important insights into the potential
role of tincal additions in radiation permeability and
structural shielding applications.

3.2. Neutron experiments

The results of the neutron attenuation experiments
are given in Table 3 and Fig. 5. The detector measures
the dose rate for 100 seconds (one measurement per
second and 100 measurement). We repeat the measure-
ments ten times for each sample. We then calculate the

mean values of I and [, and their standard deviations,
which are used as uncertainties. These uncertainties are
less than 1% for each sample. The uncertainties at the
macroscopic and effective removal cross sections are 2%
and 3%, respectively.

The data in Table 3 demonstrate the effects of tincal
addition on the neutron attenuation behavior of cement-
based samples. As tincal addition increases, a decrease
in transmitted light intensity is observed, indicating that
the material becomes more effective attenuator against
neutrons. Particularly with 5% and 10% tincal additions,
the macroscopic and effective removal cross sections in-
crease significantly. This phenomenon is the result of in-
teractions between neutrons and boron nuclei, particu-
larly those of the 1°B isotopes. Consequently, in addition
to cement, tincal has the potential to enhance the atten-
uation performance of cement-based composites against
neutron radiation.

3.3. XRD analysis evaluation
(5% tincal added sample)

The X-ray diffraction (XRD) pattern of a tincal-added
cement sample allows the determination of its crystal
structure and mineralogical composition. The graph pre-
sents intensity values corresponding to the 26 angle, and
these data are used to identify the crystalline phases
within the sample (Fig. 6).

Table 3. Tincal neutron attenuation experiment results.

Sample ¢ P 5 s
(cm) (g/cm?) (cm™) (cm?/g)
Control 0.540 1.8245 0.248 0.136
Control + Tincal 1% 0.540 1.8087 0.313 0.173
Control + Tincal 5% 0.540 2.1424 0.381 0.178
Control + Tincal 10% 0.540 1.8476 0.373 0.202
=2 = macroscobic removal cross-section (1/cm)
0.55 - . .
—O - effective removal cross-section (cm.cm/g)
= 0.40 A
9 % — —
g - i
P ‘é/
A ~
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Fig. 5. Neutron experiment results. On the horizontal axis, 1 represents plain cement, and 2, 3, and 4 represent
cement with 1%, 5%, and 10% tincal additive, respectively.
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Fig. 6. XRD analysis of the 5% tincal added sample.

Tincal, dolomite, smectite, and calcite are observed in
the planes corresponding to the prominent peaks in the
XRD spectrum of tincal ore. The high-intensity peak ob-
served at approximately 29° 20 in the obtained diffrac-
togram reveals the dominant presence of tincal
(NazB407.10H20) and calcite (CaCO3) phases in the sam-
ple. Calcite is a common component in the cement ma-
trix, and its presence may be due to either the clinker
structure or the carbonation process of the cement ma-
trix. In addition, other intense peaks observed in the 32-
34° 20 range indicate the presence of calcium silicate hy-
drate (C-S-H) and ettringite phases, which are cement
hydration products.

Some intense peaks detected in the graph with low in-
tensity but distinct levels can be associated with X-ray
reflections of the crystal structure of the mineral tincal
(Na;B407:10H,0), which is used as an additive. This sug-
gests that the additive is preserved either physically or
chemically within the cement matrix and integrated into
the structure. However, diffraction intense peaks ap-
pearing between 40° and 50° 20 suggest that tincal may
have interacted with cement hydration products, trig-
gering the formation of new mineral phases.

These data indicate that a 5% tincal addition can lead
to the formation of specific crystalline phases in the ce-
ment matrix, thereby inducing structural changes in the
cement microstructure. Such structural changes have
the potential to directly affect the mechanical and physi-
cal properties (e.g., compressive strength, durability, and
impermeability) of cement-based composites.

3.4. SEM analysis findings (5% tincal added sample)

The SEM image of a cement sample containing 5%
Tincal additive, obtained after a 7-day curing period,
provides important data about the microstructural char-
acteristics of the material. Images a) were obtained at
1000x magnification with a 100 um scale bar, b) at 2500x
magnification with a 50 um scale bar, ¢) at 5000x magni-
fication with a 20 pm scale bar, and d) at 10000x magni-

fication with a 10 pm scale bar. The SEM images show
that the the tincal ore structure generally consists of
short prismatic crystals, partly platy and flat crystals,
and the grains have smooth surfaces (Fig. 7).

Table 4. Average compressive strengths
of the mixtures.

Ty G e S

(MPa) (MPa)

1 Control-1 31.54

2 Control-2 33.14 32.4

3 Control-3 32.53

4 Control + Tincal 5% 2.01

5 Control + Tincal 5% 2.02 2.02

6 Control + Tincal 5% 2.03

3.5. Unconfined compression test of
tincal-added cement

After a 7-day curing period in saturated water, 3 sam-
ples were taken from each mixture and subjected to
compressive strength testing. The average compressive
strength values of the samples from the mixtures are
given in Table 4 and Fig. 8.

The data in Table 4 allows for the comparative evalu-
ation of the compressive strength performance of ce-
ment-based concrete samples containing 5% Tincal ad-
ditive with the control group. While the average com-
pressive strength in the control group samples was de-
termined as 32.4 MPa, this value remained at only 2.02
MPa in the Tincal-added concrete samples prepared un-
der the same conditions. This result shows that Tincal
additive has a significantly adverse effect on mechanical
strength at early ages.
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This significant loss of strength suggests that Tincal = the development of hydration products. The findings in-

interferes with the cement hydration process or nega- dicate that Tincal should be investigated comprehen-
tively affects the formation of the binder matrix. Possible  sively, not only in terms of its photon or neutron attenu-
causes include reactive incompatibility of Tincal's chem- ating potential, but also in terms of its effects on the

ical composition with the cement or its role in inhibiting structural performance of concrete.

50 ym
ETU-YUTAM

SE | 10000x 50Pa |5 ).7 ETU-YUTAM

(c) 5000x magnification (d) 10000x magnification

ETU-YUTAM

Fig. 7. SEM image of the tincal-doped sample at different scales.
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Fig. 8. Compressive strength according to mix type.
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4., Conclusions

In this study, the gamma and neutron attenuation
properties of tincal ores obtained from the Balikesir-Big-
adi¢ region were investigated using various experi-
mental methods. The experimental studies included
gamma and neutron attenuation experiments under dif-
ferent parameters, compressive strength tests, and scan-
ning electron microscopy (SEM) and X-ray diffraction
(XRD) analyses. The results of these analyses provided a
detailed evaluation of the gamma and neutron attenua-
tion properties of the tincal ore, and the findings are pre-
sented below.
¢ The mass attenuation coefficients (u/p) of composite

samples formed by doping tincal ore at different rates
were investigated experimentally. As a result of meas-
urements carried out at energy range of 13.375 keV
and 385.851 keV, it was determined that the additives
had significant effects on radiation permeability, es-
pecially in the low and medium energy ranges.

e Tincal-doped samples were found to generally have
higher gamma ray transmittance, leading to lower at-
tenuation performance. A decreasing trend in the
mass attenuation coefficient of the sample was ob-
served with increasing doping ratio, and this was par-
ticularly evident in the high-energy gamma rays.

e The neutron attenuation properties of composite
samples formed by adding tincal ore at different rates
were experimentally investigated. It was observed
that as the tincal addition rate increased, the trans-
mitted radiation intensity decreased, while at the
same time, the attenuation properties became more
effective against neutrons. This obviously attribute to
high nuclear reaction cross sections between boron
nuclei, especially 1°B isotopes, and fast neutrons. It is
the result of interactions between neutrons and bo-
ron nuclei.

e Demonstrating the attenuation performance of tincal
ore against neutron radiation with varying amounts
of additives suggests that these natural minerals can
be considered alternative shielding materials in radi-
ation protection applications. As a result, the utiliza-
tion of tincal ore obtained from the Bigadi¢ region,
one of Tiirkiye's important boron reserves, allows for
the transformation of domestic mineral resources
into value-added products. This contributes to eco-
nomic sustainability and provides a strategic contri-
bution to reducing external dependence.

¢ The attenuation coefficients obtained over a wide en-
ergy range constitute an important database that can
be used in the design and development of next-gener-
ation radiation shielding materials. These data are a
reference for the scientific literature as they form the
basis for advanced research.

e The development of attenuating composites using
natural minerals minimizes the production of toxic
waste, contributing to the widespread adoption of en-
vironmentally friendly material technologies. In this
respect, the study can be evaluated within the scope
of sustainable engineering practices.

e The neutron attenuation coefficients obtained in this
study were quantitatively compared with boron-
based materials commonly used in the literature. The
mass neutron attenuation coefficients (0.095-0.110
cm?/g) of cement samples containing 5% tincal addi-

tive are found to be of the same order of magnitude as

the values reported for concrete containing coleman-

ite and ulexite additives (Erdogan et al. 1998;

Erdogmus et al. 2011; Kharita et al. 2008).

e Boron carbide (B4C) offers higher neutron removal
coefficient due to its high boron content; however, its
high cost, processing difficulties, and problems with
homogeneous distribution in the cement matrix limit
its use in building materials (Henrie 1962). In con-
trast, natural boron minerals such as tincal represent
an important alternative for concrete and cement-
based radiation shielding applications due to their
economic, environmental, and sustainable properties.

¢ In this context, the neutron attenuation performance
of tincal-modified cement is competitive with boron-
based systems in the literature, not only in terms of
absolute values but also in terms of applicability and
cost-effectiveness criteria.

Consequently, unless new evidence is provided
demonstrating that tincal or similar boron mineral addi-
tives can match or exceed the neutron attenuation per-
formance of these more effective boron compounds un-
der comparable conditions, the suitability of the tested
material for structural applications remains questionable.
This conclusion is of particular pertinence when consider-
ing design criteria that must balance radiation shielding
efficacy with mechanical integrity and durability in load-
bearing concrete structures. After evaluating all the data,
it was concluded that the developed structural material
would be more suitable as a surface coating material ra-
ther than for use in load-bearing elements.

Since the aim of this study was to investigate the radi-
ation permeability of cement-boron mixtures, mechani-
cal strength was not investigated in detail. While other
studies are being conducted on that topic, this infor-
mation is not included in this work.
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