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Avrticle Info Abstract: Radiation is used in dental applications, both in any tumor treatment
) and oral diagnosis. Especially boron -neutron treatment mostly uses brain and
Received: 22.07.2024 larynx cancer treatment. In recent years, denture restoration has become
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Online August 2024 important in combating tooth decay and tooth loss. Many alloys are used for both

restoration and medical purposes, with cobalt-chromium (Co-Cr) alloys seeing
DOI:10.53433/yyufbed. 1520230 increasing use. These alloys are favored because they offer good resistance to
corrosion and mechanical wear. Toxicity and radiation resistance are crucial

Keywords properties of these alloys in oral applications. Individuals with chrome-coated
Denture, implants and restorations may be exposed to radiation during diagnostic
Implant, procedures while working in nuclear facilities or undergoing radiotherapy
Monte Carlo, treatments like boron neutron therapy. The epithermal and fast neutron interaction
Neutron radiation parameters, including effective removal cross-section, half-value layer, mean free

path, and transmission number, have been determined for dentures used in
medical applications with three types of Co-Cr alloys. These parameters and the
emitted secondary radiation were calculated using the effective semi-
experimental Monte Carlo simulation software, GEANTA4. It was determined that
the first type of alloys are best suited for oral restorations in people exposed to
radiation.

Dental Uygulamalarda Kullanilan Cr-Co-Ni Alasimlarinda Radyasyonun Etkilerinin
Monte Carlo Simiilasyonu ile Arastirilmasi

Makale Bilgileri Oz: Radyasyon dis hekimligi uygulamalarinda hem her tiirlii tiimér tedavisinde
) hem de agiz yoluyla teshiste kullanilmaktadir. Ozellikle bor-nétron tedavisinde
Gelis: 22.07.2024 cogunlukla beyin ve girtlak kanseri tedavisinde kullanilmaktadir. Son yillarda dis

Kabul: 20.08.2024

Online Agustos 2024 ¢lirigii ve dis kaybiyla miicadelede protez restorasyonu 6nem kazanmistir. Birgok

alasim hem restorasyon hem de tibbi amaglar i¢in kullanilmakta 6zellikle kobalt-
DOI:10.53433/yyufbed. 1520230 krom (Co-Cr) alagimlarinm kullanim1 giderek artiyor. Bu alagimlar, korozyona
ve mekanik asinmaya kars1 iyi bir direng sunduklari i¢in tercih ediliyor. Toksite

Anahtar Kelimeler ve radyasyon direnci bunlarin ¢ok onemli 6zellikleridir. Oral uygulamalarda

Implant, alasimlar krom kapli implantlara ve restorasyonlara sahip kisiler, niikleer

Monte Carlo, tesislerde ¢alisirken veya bor nétron tedavisi gibi radyoterapi tedavilerine tabi

Eéttfon radyasyonu, tutulurken teshis prosediirleri sirasinda radyasyona maruz kalabilirler. Ug tip Co-
rotez

Cr alagimi ile tibbi uygulamalarda kullanilan protezler i¢in epitermal ve hizli
nétron etkilesimi parametreleri etkili uzaklagtirma kesiti, yari deger katmani,
ortalama serbest yol ve iletim sayis1 belirlendi. Bu parametreler ve yayilan ikincil
radyasyon, etkili yar1 deneysel Monte Carlo simiilasyonu kullanilarak hesaplandi.
GEANT#4 yazilimi ile radyasyona maruz kalan kisilerde ag1z restorasyonlari igin
birinci tip alagimlarin en uygun oldugu belirlendi.
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1. Introduction

Neutrons are used in various applications such as nuclear medicine diagnosis and treatment,
nuclear power plants, materials science, and space research (Nazarov et al., 2020). Staff working in these
areas can be exposed to neutron leaks. If they have any denture implants or restorative chrome coatings,
neutrons can interact with these materials, producing secondary radiation that may cause health
problems. Cobalt-chromium (Co-Cr) alloys have been used in implant and restorative treatment
applications in dentistry for a long time. These alloys contain Cr and Co, along with other metals such
as nickel (Ni), manganese (Mn), silicon (Si), molybdenum (Mo), iron (Fe), and tungsten (W)
(Kassapidou et al., 2017). These Co-Cr alloys consist of 2-6% Mo, 25-32% Cr, 53-67% Co, and small
amounts of W, Al, Si, and other metals. Cr, Mo, and W enhance the alloy's strength.

Furthermore, Cr reacts with O, to form a Cr,O3 layer that is 1-5 nm thick (Mohamed et al.,
2023). Co-Cr alloys are commonly used for patients with missing teeth in new removable dental
implants or as chrome coatings (Al-Imam et al., 2016). Co-Cr alloys are inexpensive compared to other
gold or palladium alloys, additionally, these alloys have good resistance to corrosion and stretching,
making them suitable for long-term use in dental applications. Moreover, these alloys can be used in
orthodontics for bands, brackets, and archwires (Han et al., 2018). Co-Cr alloys typically cause low-
level allergic effects and irritation, while other metal alloys have a higher risk of causing allergic
reactions in oral applications (Kim et al., 2015). Cobalt-chromium (Co-Cr) alloys are coated with a layer
of porcelain to enhance their strength and ability to withstand chewing pressure in dental applications
(\Vaicelyte et al., 2020). Ti alloys are used in implant applications, according to other Co-Cr alloys and
stainless steel because Ti alloys have high strength, good corrosion resistance, and no toxicity effects
(Abd-Elaziem et al., 2024). Ti6Al4V alloys were produced with the powder metallurgy method for
dental applications and cylindrical shapes were characterized by the space holder method. It determined
that this implant exhibited almost 40% contact trabecular bone area 200 um diameter and 120° angle
porosity (Robau-Porrua et al., 2024). Ti-6Al-4V alloy has low density, good corrosion resistance, and
excellent compatibility with bones, making it the most preferred alloy in dental applications (Chung,
2017). New titanium alloys, such as Ti-2.8Nb-15Mo and Ti-13Zr-13Nb, have been developed with a
low density of 4.5 g/cm® and good corrosion resistance, making them compatible with complex tooth
bone structures (Ananth et al., 2015). Neutron and gamma radiation effects were investigated for medical
applications of some Ti alloys using the EpiXS, ESTAR, NGCal, and SRIM programs. Neutron
interaction studies were conducted on 25.4 MeV energy thermal and 4 MeV energy fast neutrons of the
investigated alloys and cortical bone. Gamma radiation interaction parameters were compared to those
of cortical bone with Ti-6Al-4V-2.5Cu and Ti-6Al-4V. As a result, these alloys can be used in
biomedical applications such as knee, tooth, elbow joints, and hip, for biomedical applications such as
knee, hip, and elbow joints (Hiremath et al., 2023). Radioactive, micro, and mechanical properties of Ti,
Ti alloys, and different elements were investigated using alloys made with Al, Sn, V, Ni, Mo, Pb, Zr,
Cr, Nb, Fe, and Co through simulation studies. It was determined that Ti alloys containing Mo and Nb
have good mechanical, electrical, elastic, tensile stretch, and gamma-ray attenuation properties (Tasgin,
2021).

In neutron areas, working staff who use oral implants, chrome coatings, or tooth wires can
experience interactions between these materials and neutrons, resulting in secondary radiation. This
radiation can have hazardous effects and may cause various health problems such as tissue destruction,
oral infections, and tooth decay. Neutrons are electrically neutral, but they have a spin and magnetic
moment, which allows them to affect a material's magnetic structure. Because of their neutral charge,
neutrons can penetrate materials and produce secondary radiation such as gamma, alpha, and beta
particles, or new radioisotope elements (Apte & Bhide, 2024). Neutron radiation has high penetrating
properties in target materials, so neutron damage was investigated on some zirconium alloys. This
damage may affect the microstructure and point defect development, as well as change mechanical
properties and cause deformations. As a result, neutron radiation affected the interacting zirconium
alloys and changed some microstructural and mechanical properties (Onimus et al., 2020).

Neutron attenuation properties such as mean free path, effective removal cross-section, half-
value layer, and neutron transmission factor (NTF) were investigated for some high entropy alloys
containing elements like Ta, Ti, Nb, Hf, and Zr using Monte Carlo simulation with the GEANT4 code.
It was reported that the Nb25Ti25Hf25Ta25 high entropy alloy has better fast neutron absorption
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capacity than other alloys. According to the results, this alloy can be used in various neutron applications
such as nuclear reactors, nuclear waste storage, and medical applications (Aygiin & Karabulut, 2022).
Newly developed superalloys were produced using metals such as rhenium (Re), nickel (Ni), iron (Fe),
boron carbide (B4C), boron (B), chromium (Cr), copper (Cu), tantalum (Ta), and tungsten (W). Both
gamma and neutron absorption properties were determined using the GEANTA4 code, Phy-X/PSD, and
WinXcom software. In addition, experimental dose measurements were made to determine the
absorption ability. As a result, it was reported that these superalloys can be used in gamma and neutron
applications in nuclear medicine (Aygiin, 2021). In this study, epithermal and fast neutron interaction
parameters, secondary radiation, and newly formed particles were determined for the most commonly
used dental applications in five different implant samples. It was found which of these implants is best
suited for neutron applications

2. Material and Methods
2.1. Monte Carlo simulation Geant code

The Geant4 (GEometry ANd Tracking) code can be used to simulate any particle or radiation
passing through a target material to determine possible interactions. The applications included in Geant
4 can be made at any point radiation source and detector geometry designs. Additionally, new particle
isotopes and secondary radiations that may occur during these interactions can be detected. Geant4
includes many different particles with energy levels ranging from low (milli-eV) to high (GeV-TeV),
such as hadrons, electrons, and wave or particle radiation, and their interactions with any materials and
detectors. Geant4 is used in many areas such as high energy physics, medical physics, nuclear physics,
space research, accelerator devices, and the study of the effects of cosmic radiation on satellites. In
addition, it is commonly used to design new samples for radiation shielding and to conduct research on
new protective drugs (Agostinelli et al., 2003).

Figure 1. Geant4 simiilation geometry.
2.2. Principles of neutron radiation protection

Neutrons have no electrical charge, so they can enter the nucleus of any target material and
initiate nuclear reactions such as fission or fusion. These interactions depend on the neutron's energy
levels and the type of target nucleus. Neutrons interact with the nucleus of any material, unlike X-rays,
which interact with the electron shells of atoms. Therefore, neutrons are very sensitive to light element
atoms such as oxygen and hydrogen, and their interaction probability is higher than that of X-rays
(Podgorsak, 2009). Neutrons can make interactions such as absorption or energy transfer, elastic,
inelastic scattering, neutron capture, fission, or at heavy atoms target materials which high atom
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numbers. These interaction possibilities can be expressed with total macroscopic cross-sections as
follows:

OT=0¢lastic scattering + Oinelastic scattering + Gproton + Galpha + O2neutron + 0-neutron+proton (1)
+ Ggamma + Ofission

where ¢ represents the microscopic cross-section, which expresses the probability of any neutron
interaction with the nuclei of target material atoms.

N, =5, 2)
A

oy = H/p (N_o) 3)

u=Nyo, (4)

u= %NOJA (5)

Na is the number of atoms of the interaction nuclide per (atom/cm?®), N, is the Avogadro's
number (6.02.10%), p is the density of the interaction matter, A is the interaction atom molecular weight,
u is the mass attenuation coefficient, and o, is the atomic cross-section (cm?/atom).

If neutrons interact with heavy materials such as concrete or alloys, this interaction can be
expressed with a macroscopic cross-section (3)).

ZTotal = Zcoherent scattering + Zincoherent scattering + Zabsorption cross section (6)

+ anptureabsorption cross section + Zfission absorption cross section + o

The removal cross-section XR is like a macroscopic cross-section and can be used for neutron
attenuation properties, but it doesn't give the neutron-nucleus interaction probability. This parameter can
indicate fast neutron energy loss, scattering, and capture interactions, and it is lower than the
macroscopic cross-section (El-Khayatt, 2010). This parameter is important for neutron protective
studies, moreover, it can be used for composites, alloys, and mixture samples, and it can be calculated
as follows.

YR = Z(ZR/p)i (7)

pi = Wip (8)
w; is the weight percentage and p; is the density of protective material i.

When neutrons pass through any protective material, they may lose half of their numbers or
energy. The material thickness at this point is expressed by the Half VValue Layer (HVL), which can be
calculated as follows.

HVL = In2/YR 9)

The mean free path expresses the average distance traveled by a neutron before colliding with any atoms
in the target material and it can be calculated as follows.

=1, (10)

Neutrons are a type of particle radiation that can be captured, elastically or inelastically scattered by a
moderator material, thereby stopping them. The stopping power of moderator materials depends on the
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number of neutrons passing through the material. If this number is low, the material has a high stopping
power because many collisions occur within it. Therefore, the number of incoming and passing neutrons
is an important property of a moderator material. This ratio can be expressed as transmission, shown as
1/To, where o is the number of incoming neutrons on the material, and I is the number of neutrons passing
through the material.

2.3.Sample preparation
Dental alloys consist of Co-Cr metals in a high ratio. These alloys can also contain other metals
such as nickel (Ni), iron (Fe), molybdenum (Mo), tungsten (W), silicon (Si), manganese (Mn), titanium

(Ti), and sulfur (S). Multi-metal alloys commonly used in dentistry applications are shown in Table 1.

Table 1. Chemical composition ratios and density of the alloy used in dentistry (%)

Element DALl p=8.27 DA2(p=9.61 DA3(p=8.03 DA4(p=8.88 DA5(p=7.22
(g/cm3) g/cmd) g/cmd) g/cmd) g/cmd)

Co 62.0 58.3 35.0 35.7 61.65
Cr 30.0 32.2 32.0 22.0 27.75
Mo 5.0 6.5 4.0 5.0 -

Si 1.0 1.0 0.5 0.3 1.60
Mn 15 - 0.5 0.7 0.5

C 0.5 0.5 0.3 0.2 -

Fe - - 27.7 6.0 0.5

W - 15 - 5.0 8.45
Ni - - - 23.0 -

Ti - - - 2.0 -

S - - - 0.1 -

DA: Dentistry alloys

Co and Cr metals have specific properties, and these metals are found in the human body in
small quantities and are used in biochemical regulations. However, when these metals are used in
implants, these metal alloys can release metal ions, which can cause toxic effects on the body (Scharf et
al., 2014).

3. Results and Discussion

Any implant intended for use in dental and biomedical applications must have some critical
properties such as nontoxicity, strong mechanical strength, corrosion resistance, and no dangerous
interactions with radiation. Important parameters such as effective removal cross-section, half-value
layer, mean free path and transmission number were calculated using the GEANT4 code according to
the geometry in Figure 1 for the implant alloys shown in Table 1 to understand epithermal and fast
neutron interactions, and the obtained results are given in Table 2-3. In addition, Table 4-8 presents the
secondary radiation and new particles resulting from these neutron interactions.

The effective removal cross-section values for fast neutrons (4.5 MeV) were calculated for all
alloy materials, and the results are shown in Table 2 and Figure 2. As seen in Table 2 and Figure 2, all
alloy materials have effective removal cross-section values for fast neutrons, meaning that these alloys
have the potential to interact with fast neutrons and can stop them. When looking at all the materials,
they have effective removal cross-section values in the order of DA2 > DA4 > DA3 > DAL > DAGS.
Accordingly, the material with the best neutron stopping capability is the DA2 alloy.

The half-value layer for fast neutrons was calculated using Equation 9, and the mean free path
was calculated using Equation 10. The results are given in Table 2.

In neutron shielding studies, it is desired for the material to have a low half-thickness value.
This is because materials that provide good shielding should be thin, which is important both
volumetrically and in terms of durability (Durna et al., 2023). Especially for implants to be used inside
the mouth, having the ability to stop neutrons will be advantageous for patients and individuals exposed
to any neutron application. Looking at the half-thickness values given in Table 2, it is seen that the
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examined alloys have the ability to stop fast neutrons. It is observed that the alloy with the lowest HVL
value for fast neutrons is the DA2 material. The high ERCS value of this material also supports this
result. The sample with the highest HVL value is DAS5, and its ERCS value is the lowest. According to
these HVL values, it was found that DA2 is the best at stopping fast neutrons. A low MFP value of a
material indicates that the path neutrons can take within the material before their first collision is short,
which also means that the material has good neutron stopping power (Bayram et al., 2023). Looking at
the MFP values given in Table 2, it is seen that the DA2 sample has the lowest MFP value, and the DA5
sample has the highest MFP value. According to these values, it can be concluded that the DA2 sample
has the best fast neutron stopping power. The ratio of neutrons that interact or pass through a material,
NTR, is a guiding factor in neutron shielding studies. Again, looking at Table 2, it is seen that the DA2
sample has the lowest NTR, while the DA5 sample has the highest value. Accordingly, fewer neutrons
pass through the DA2 sample, indicating that this material absorbs neutrons better. However, the high
value of the DA5 sample shows that its neutron stopping potential is low. The ratio of neutrons that
interact with or pass through a material, NTR, is a guiding factor in neutron shielding studies. Again,
looking at Table 2, it is seen that the DA2 sample has the lowest NTR, while the DA5 sample has the
highest value. Accordingly, fewer neutrons pass through the DA2 sample, indicating that this material
absorbs neutrons better. However, the high value of the DA5 sample shows that its neutron stopping
potential is low.

Table 2. Dentistry alloy (DA) fast neutron (4.5 MeV) attenuation parameters for 1mm thick, 10°

neutron
Sample code Fast Neutron Fast Neutron Fast Neutron Fast Neutron
Half value layer Mean free path A transmission ratio  ERCS (cm™)
(cm) (mm) (NTR)
DAl 22.42 +0.204 32.35+0.33 0.96956 0.0309
DA2 18.88 £0.186 27.20+0.26 0.96390 0.0367
DA3 21.32+0.221 30.74 £ 0.30 0.96799 0.0325
DA4 20.68 = 0.207 29.77 £0.276 0.96697 0.0335
DA5 25.29 £0.252 36.49 £0.354 0.97294 0.0274
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Figure 2. Theoretical 4.5 MeV fast Neutron Effective Removal Cross Sections.

A small half-value layer (HVL) value of a material is related to its ability to stop neutrons.
Materials with a small HVL value absorb neutrons more effectively (Mansouri et al., 2020). According
to the HVL values given in Table 3, these alloys' resistance to stopping epithermal neutrons is
demonstrated. Based on these values, the DA4 sample, which has the lowest HVL value, has the best
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stopping performance, while the DA5 sample, which has the highest HVL value, has the lowest stopping
power.

The neutron transmission ratio (NTR) is a useful parameter, like other absorption parameters,
in neutron shielding studies and predicting interactions. When examining the NTR values in Table 3, it
is clear that a low ratio of the number of neutrons passing through the material to the number of neutrons
sent onto the material is closely related to the material's ability to stop neutrons. According to the NTR
values, the DA4 sample has the lowest NTR value, while the DAS5 sample has the highest. Based on this
parameter, it is determined that the material that absorbs epithermal neutrons the best is DA4, and the
material that absorbs them the least is DAS5.

Table 3. Dentistry alloy (DA) epithermal neutron (0.25 eV) attenuation parameters for 1mm thick, 10°

neutron
Sample code Epithermal Epithermal Epithermal Neutron Epithermal
Neutron Half Neutron Mean free Transmission Ratio Neutron ERCS
value layer (cm) path A (mm) NTR (1/1o) (cm?b
DA1 7.21£0.78 10.41£0.13 0.90846 0.0960
DA2 6.45 £ 0.64 9.31+£0.93 0.89821 0.1073
DA3 7.86£0.76 11.35+£0.59 0.91563 0.0881
DA4 6.12+£0.61 8.84+£0.89 0.89303 0.1131
DA5 8.27+0.82 11.94+0.11 0.91970 0.0837
0,115 | i i i |
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Figure 3. Theoretical 0.25 eV epithermal neutron effective removal cross sections.

Based on the results presented in Table 3 and Figure 3, it has been determined that all DA
alloys possess ERCS values. Accordingly, it is observed that these alloys have the potential to interact
with epithermal neutrons, meaning they have the capability to stop epithermal neutrons. The material
with a higher ERCS value has a greater power to stop neutrons (Kursun et al., 2023). Accordingly, there
is a relationship among the ERCS values of all materials, specifically between DA4 > DA2 > DAL >
DA3 >DAb5. Based on this, the DA4 alloy has the highest stopping power against epithermal neutrons,
while the DAS alloy has the lowest stopping power.

The mean free path facilitates material selection in neutron shielding studies. A small value of
this parameter for a material indicates its capacity to stop neutrons. When examining the values given
in Table 3, it is evident that the short distances traveled by epithermal neutrons through the alloys
without interaction demonstrate these materials' ability to stop epithermal neutrons. The fact that the
DA4 sample has the lowest MFP value in the table clearly proves that this alloy has the highest capacity
to stop epithermal neutrons. Conversely, the DA5 sample, which has the highest MFP value in the table,
has the lowest capacity to stop epithermal neutrons compared to the other alloys.

Tables 4 provide the secondary radiations and radioactive particles resulting from the
interaction of the DA1 alloy with both fast and epithermal neutrons. According to these results, it is
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understood that the particles produced when this alloy sample interacts with both fast and epithermal
neutrons will not have very high energies.

Table 4. Secondary particles and radiations emerge from the DA1 sample by fast and epithermal

neutrons
Emerge isotopes fast neutrons epithermal neutrons

anfafieizcl(t)il:)(ri;ry Quantity Energy Quantity Energy
(core/cm?) (keV) (core/cm?) (keV)

Cl12 24 379.36 - -

C13 1 274.78 - -
Co59 1807 71.77 3009 0.0500
Co60 2 72.76 4740 257.64
Cr50 50 72.66 24 0.0506
Cr51 - - 57 831.24
Cr52 857 80.04 677 0.0517
Cr53 91 58.23 251 203.91
Cr54 27 89.37 127 801.13

Fe59 3 103.2 - -
Mn55 52 88.15 27 0.0598
Mn56 - - 50 558.01
Mo101 - - 2 156.55
Mo100 15 28.84 12 0.0716
Mo92 19 44.96 20 0.0406
Mo9%4 10 43.03 13 0.0255
Mo95 17 60.28 24 0.0331
Mo96 10 26.31 39 81.132
Mo97 7 65.164 15 0.0625
Mo98 23 49.70 37 0.0444
Si28 31 135.25 29 0.0755
Si29 1 10.88 1 0.0502

Si30 2 302.4 - -

V50 5 163.3 - -

e- - - 2 10.623
gamma 3512 1.019 12810 3.0202
neutron 1224 1.499 - -
proton 8 3.572 - -

Tables 5 present the secondary radiations and radioactive particles that can result from the
interactions of the DA?2 alloy with both fast and epithermal neutrons. According to the calculations, the
DA2 sample has the best absorption capability against fast neutrons among all alloy materials. It has
been determined that no high-energy radiation or radioactive particles will form as a result of the
interaction of this material with fast and epithermal neutrons.
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Table 5. Secondary particles and radiations emerge from the DA2 sample by fast and epithermal

neutrons
Emerge isotopes fast neutrons epithermal neutrons
anl(’iafl(;zcl(t)il(l)cll:;ry Quantity Energy Quantity Energy
(core/cm?) (keV) (core/cm?) (keV)
Cl12 33 373.17 105 0.1008
C13 1 544.72 3 0.0750
Co59 2020 73.284 3280 0.0505
Co60 1 81.86 5061 255.23
Cr50 55 55.755 35 0.0590
Cr51 - - 69 798.63
Cr52 1121 74.167 883 0.0518
Cr53 111 71.393 288 229.93
Cr54 27 86.271 159 943.33
Cr55 - - 1 385.36
Fe59 2 122 - -
Mo100 25 39.177 17 0.0430
Mo101 - - 1 150.71
Mo92 21 46.055 31 0.0425
Mo94 21 72.274 25 0.0437
Mo95 15 51.542 38 0.3511
Mo96 24 53.562 43 55.183
Mo97 15 30.694 20 0.1253
Mo98 37 48.616 50 0.0584
Si28 41 187.49 31 0.0603
Si29 1 10.887 1 0.1251
Si30 2 329.93 1 0.0755
V50 8 166.03 - -
W182 10 17.874 10 0.0293
W183 2 329.93 7 70.591
w184 7 23.015 7 0.0482
W185 - - 1 314.89
W186 10 26.892 - -
W187 - - 12 37.865
e- - - 1 12.991
gamma 4061 1.0194 13643 3.0477
neutron 1432 1.5291 - -
proton 10 3.5823 - -

Tables 6 present the secondary radiations and radioactive particles that may result from the
interactions of the DA3 alloy sample with both fast and epithermal neutrons. According to these tables,
the radiation emitted after the interaction of this material with fast and epithermal neutrons does not
pose a significant threat to human health. However, prolonged exposure to this level of radiation may
still pose health risks.
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Table 6. Secondary particles and radiations emerge from the DA3 sample by fast and epithermal

neutrons
Emerge isotopes and fast neutrons epithermal neutrons
secondary - -
radiations Quantity Energy Quantity Energy
(core/cm®) (keV) (core/cm?®) (keV)
C12 7 491.36 58 0.0876
C13 2 129.89 - -
Co59 1028 70.415 1718 0.0513
Co60 1 76.972 2624 260.48
Cr50 52 63.749 32 0.0629
Cr51 - - 55 842.19
Cr52 927 82.074 736 0.0520
Crs3 121 75.384 266 201.97
Cr54 28 74.088 139 902.08
Fe54 48 64.384 28 0.0463
Fe55 - - 4 950.7
Fe56 823 67.85 2478 0.0507
Fe57 21 77.844 146 614.35
Fes8 6 75.941 5 271.8
Fe59 5 138.35 - -
Mn54 8 189.86 - -
Mn55 14 62.91 9 0.0334
Mn56 - - 16 811.66
Mo100 8 41.187 11 0.0337
Mo92 14 41.187 18 0.0433
Mo94 6 22.696 5 0.0397
Mo95 6 26.468 16 0.0570
Mo96 12 55.785 26 75.176
Mo97 11 50.471 15 0.0826
Mo98 25 47.667 17 0.7033
Si28 20 171.59 14 0.0683
Si29 1 76.4 - -
Si30 1 62.334 1 0.1699
V50 6 241.98 - -
gamma 3027 1.0985 7598 3.2063
neutron 1173 1.5816 - -
proton 19 4.0003 - -

In Table 7, the secondary radiations and particles that will occur for both fast and epithermal
neutrons are given for the DA4 alloy, which has the best epithermal neutron stopping capability
compared to other alloys. According to these results, the energies of the particles and radiations that
will occur are not very high. Especially in epithermal neutron interactions, gamma rays are the only
secondary radiation produced, and their energies are very low. According to these results, the DA4
alloy can be easily used in epithermal neutron applications.
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Table 7. Secondary particles and radiations emerge from the DA4 sample by fast and epithermal

neutrons
Emerge isotopes fast neutrons epithermal neutrons
and secondary B .
radiations Quantity Energy Quantity Energy
(core/cm?®) (keV) (core/cm?®) (keV)
C12 11 314.26 36 0.0884
C13 - - 1 0.0431
Co58 54 150.63 - -
Co59 1175 69.387 1835 0.0498
Co60 - - 2947 273.29
Cr50 46 57.537 20 0.0464
Cr51 - - 47 827.5
Cr52 667 82.078 547 0.0537
Cr53 77 68.961 195 156.13
Cr54 21 50.772 105 876.11
Fe54 9 115.48 8 0.0652
Fe55 3 252.57 1 958.61
Fe56 221 70.988 610 0.0528
Fe57 7 40.92 42 568.07
Fe58 - - 1 527.96
Fe59 2 79.886 - -
Mn55 29 72.463 11 0.0665
Mn56 9 56.162 20 538.68
Mo100 - - 9 0.0225
Mo092 13 53.151 28 0.0509
Mo94 5 59.79 15 0.0364
Mo95 22 36.441 29 2.3321
Mo96 18 45.886 25 75.683
Mo97 12 40.697 16 0.0353
Mo98 19 43.497 40 1.9996
Ni58 477 68.079 3482 0.0497
Ni59 - - 153 865.86
Ni60 186 67.73 64 0.0498
Ni6l 11 61.623 56 325.37
Ni62 12 45.92 79 0.0423
Ni63 - - 23 446.16
Ni64 3 88.897 1 0.0295
S32 4 118.56 1 0.1014
Si28 6 120.51 5 0.0504
Si30 - - 1 0.0130
Ti46 - - 2 0.0369
Ti47 - - 3 0.0341
Ti48 53 81.701 53 22.022
Ti49 - - 28 385.65
Ti50 - - 6 0.0637
V50 4 127.36 - -
W182 - - 45 0.0426
W183 - - 33 62.41
W184 - - 24 21.11
W185 - - 1 98.09
W186 30 21.463 - -
W187 - - 49 64.66
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Table 7. Secondary particles and radiations emerge from the DA4 sample by fast and epithermal
neutrons (continued)

Emerge isotopes fast neutrons epithermal neutrons
anl('iafi?;(t)il(l)(lllzry Quantity Energy Quantity Energy
(core/cm?) (keV) (core/cm?) (keV)
alpha 6 5.925 - -
gamma 3495 1.0275 8455 3.312
neutron 1262 1.5949 - -
proton 60 4.1402 - -

In Table 8, the secondary radiations and radioactive particles that will occur as a result of the
interaction of the DAS alloy sample with fast and epithermal neutrons are given. According to this,
gamma rays, neutrons, and protons are formed due to the interaction of the DAS alloy with fast neutrons,
but their energies are also low. It has been determined that only gamma rays with low energy levels are
formed due to the interaction of the DAS alloy with epithermal neutrons, and new radioactive particles
with low energies are also formed.

Table 8. Secondary particles and radiations emerge from the DA5 sample by fast and epithermal

neutrons
Emerge isotopes fast neutrons epithermal neutrons
and secondary - -
radiations Quantity Energy Quantity Energy
(core/cm?) (keV) (core/cm?) (keV)
Co59 1631 72.506 2667 0.0504
Co60 - - 4122 256.5
Cr50 34 89.198 20 0.0474
Cr51 - - 36 796.95
Cr52 729 74.746 560 0.0523
Cr53 81 73.332 232 165.2
Cr54 13 91.719 111 871.78
Fe56 8 69.234 40 0.0544
Fe57 1 135.45 1 654.47
Fe59 3 171.92 - -
Mn55 11 47.772 9 0.0395
Mn56 - - 40 420.22
Si28 68 172.87 52 0.0605
Si29 2 102.72 2 0.0438
Si30 1 99.703 - -
V50 3 280 - -
W180 - - 1 0.0378
W182 37 17.813 44 0.0343
W183 17 14.407 41 67.554
W184 38 19.405 24 10.897
W185 - - 3 124.9
W186 29 14.781 - -
W187 - - 51 60.847
gamma 3183 997.18 11227 2.9973
neutron 1107 1.5368 - -
proton 6 3.5969 - -
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All results indicated that all DA alloys have absorption capacities against fast and epithermal
neutrons. Among all DA alloys, the DA2 alloy sample has the best absorption performance for fast
neutrons. When examining the chemical composition of this alloy given in Table 1, it is seen that it has
both the highest density and a higher content of Co and Cr compared to the other alloys. This is because
Co and Cr elements have an effective absorption coefficient against fast neutrons (Sriwongsa et al.,
2020). Similarly, the DA4 alloy sample has the best absorption capacity against epithermal neutrons.
The probable reason for this, when looking at Table 1, is that it has the highest density after the DA2
sample and, unlike the other samples, contains Ni and Ti elements because Ni and Ti elements have an
effective absorption capability for epithermal neutrons (Aygiin & Karabulut, 2022).

4, Conclusion

In this study, particularly in the field of dentistry, the interactions of implant alloys, used to
replace decayed and completely lost teeth, with fast and epithermal neutrons and the secondary
radiations and particles formed during these interactions were examined. Important attenuation
parameters such as HVL, NTR, ERCS, and MFP, which are neutron interaction parameters, were
theoretically calculated using the Geant4 code. It was determined that all dental alloy samples have
absorption ability against both epithermal and neutron radiation. These alloys are used in both dentistry
and many medical applications. If a person uses these alloy implants or prostheses, and is in an area
where neutron radiation applications are located, these interactions may occur, leading to new radiation
and radioactive particles, which can have hazardous effects on health. So, the interactions of these alloys
with neutrons and the new radiation produced with radioactive particles must be understood. According
to these results, it was found that the DA2 alloy sample has better absorption capacity against fast
neutron radiation, while the DA4 alloy sample has better absorption capacity against epithermal neutron
radiation compared to the other alloys. In addition to these absorption parameters, it was determined that
none of the alloy samples produced or contained any high-energy secondary radiation or radioactive
particles that could be harmful to people's health. Radiation absorption dose limits vary depending on
the type and energy of the radiation. Every organ has specific radiation dose limits for acute radiation
effects, for instance, 1 Sv (1000 mSv). This is a high dose level, but in this study, the second radiation
dose value was lower than this level. It is suggested that the DA2 alloy sample can be used for implants
and other medical therapies in any neutron applications.
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