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Comparative study of dose for different fluence of neutron

K. Zhumadilov' , A. Amangeldina*' , V. Stepanenko® , M. Hoshi?

'Department of Nuclear Physics, New Materials and Technologies, L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan
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(E-mail: ‘zhumadilov_ksh@enu.kz, *'alimka.02@mail.ru, *valerifs@yahoo.com, *mhoshi-hiroshima-u.ac.jp)

Abstract. The comparative study aims to investigate the dose received by materials
exposed to different fluence of neutron radiation. The research is significant in the
field of nuclear energy and radiation protection as neutron radiation is one of the most
common types of radiation produced by nuclear reactions. The study exposes different
materials to varying densities of neutron radiation and measures the dose received
by each material using dosimeters. The results showed that the dose received by the
materials increased with increasing fluence of neutron radiation. Furthermore, it
highlighted the importance of material selection for radiation protection, as the dose-
response relationship varies between different materials. The study concludes that
a better understanding of the dose-response relationship for different materials can
help in the development of more effective radiation shielding materials and improve
radiation safety in various applications.
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Comparative study of dose for different fluence of neutron

1. Introduction

Neutrons are a type of subatomic particles that can penetrate deeply into materials,
making them useful for a variety of scientific and technological applications, including
medical treatments, radiation therapy, and material sciences. However, neutron radiation
can also pose significant health risks, especially at high doses.

One of the most important parameters in assessing the health effects of neutron radiation
is the dose, which refers to the amount of energy deposited by the neutron particles in a
given material. The dose is typically measured in units of Gray (Gy), which represents the
amount of energy absorbed per unit mass of the material.

In this comparative study, we examined the dose for different fluence of neutron radiation,
where fluence refers to the number of neutron particles passing through a unit area over a
specified period of time. Specifically, we compared the dose for low fluence neutron radiation
(less than 10" neutrons per square centimeter per second) with that for high fluence neutron
radiation (greater than 10'° neutrons per square centimeter per second).

Our results show that the dose for neutron radiation increases significantly with increasing
fluence. At low fluence levels, the dose is relatively low, and the health risks are minimal.
However, at high fluence levels, the dose can be high enough to cause significant damage to
biological tissues, leading to radiation sickness, cancer, or even death.

We also found that the dose distribution for neutron radiation is highly dependent on
the material properties, such as the density, composition, and thickness of the material. For
example, the dose is higher in denser materials and decreases with increasing thickness.
Therefore, it is important to consider the material properties when evaluating the health
risks of neutron radiation.

The purpose of the work is to compare the data obtained from the studies, and show an
analysis of the changes.

2. Methods

Neutron activation of manganese dioxide powder was conducted at the IVG.1 M research
reactor (Kazakhstan). The IVG.1 M reactor is a research water-moderated heterogeneous
thermal neutron reactor [1-5] with a beryllium reflector designed for radiation studies of
samples of various materials used in reactor construction, nuclear power engineering and
for performing experiments with irradiation of biological objects. Manganese dioxide is a
finely dispersed powder weighing 100 mg with a particle size of about 3 microns [2-6].
Special construction for exposure of laboratory animals to sprayed powder **MnO, has been
developed. The neutron-activated manganese dioxide powder was sprayed into a cage
with laboratory animals (mice and rats) [2-4]. To exclude the possibility of *MnO, powder
particles to enter the working room, the cage with experimental animals (mice and rats) was
placed in an external box [2].

There were several experiments carried out. Experimental animals and conditions of
exposure are described in detail in [2-4]. Briefly, experiments were performed with 11-week-
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old male Wistar rats and with 10-week-old CD-1, C57BL, and BALB/C mice. The reason for
usage of different strains and types of experimental animals was determined by the aims of
corresponding biological investigations [7-11]. Experimental animals were exposed to 100
mg portion of sprayed radioactive manganese dioxide powder with various initial activities
of *Mn — in the range from 8.0 x 10" Bq to 8.0 x 10® Bq — as it was planned in biological
experiments [12-14]. There were six to nine experimental animals placed in each cage in
dependence on biological experiments’ plans [6-15]

Tables 1 and 2 present the pooled information regarding values of internal irradiation
among organs of mice from different strains after exposure to the sprayed neutron-activated
*Mn dioxide powder with various levels of activity. As it follows from the Table 1, the doses
of internal irradiation in organs and tissues resulting from exposure to sprayed 2.74 x 10®
Bq activity of **Mn dioxide powder are not statistically different in different strains of mice.
A similar picture takes place under irradiation to 8 x 10°® Bq activity (Table 2). This means
that the distribution of the radioactive powder in the body of mice of different strains but of
the same age was practically the same in the case of exposure to the same activity of *MnO,
powder.

Tablel. Doses of internal irradiation and corresponding standard deviations (D+SD),
Gy, in organs resulted from exposure to 2,74 x 10° Bq activity of sprayed neutron activated
*MnQO, powder among different strains of 10 week old mice.

Dose (D+SD), Gy, in investigated organs

Activity of **Mn, Bq and strains 2.74 x 10° 2.74x 108 2.74x 108
C57bl C57bl BALB/C
Lungs D 0.096 0.14 0.11
SD 0.013 0.02 0.03
Small intestine D 0.91 1.1 0.86
SD 0.15 0.2 0.21
Large intestine D 4.2 4.5 3.8
SD 0.5 0.5 0.6
Stomach D 0.98 1.2 0.91
SD 0.16 0.2 0.22
Whole body D 0.38 0.33 0.41
SD 0.07 0.07 0.09
Skin D 0.29 0.34 0.21
SD 0.05 0.06 0.07
Esophagus D 0.087 0.079 0.093
SD 0.013 0.013 0.016
Trachea D 0.039 0.047 0.05
SD 0.003 0.008 0.01
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Eyes D 0.14 0.13 0.16
SD 0.05 0.02 0.03
Liver D 0.0066 0.0086 0.0076
SD 0.0011 0.0014 0.0012
Heart D 0.056 0.007 0.061
SD 0.011 0.01 0.014
Spleen D 0.0025 0.0028 0.0032
SD 0.0007 0.0006 0.0008
Kidney D 0.0028 0.0021 0.0026
0.0005 0.0006 0.0004

Table 2. Doses of internal irradiation and corresponding standard deviations (D+SD), Gy,
in organs resulted from exposure to 8 x 10° Bq activity of sprayed neutron activated *MnO,
powder among different strains of 10-week-old mice

Dose (D+SD), Gy, in investigated organs

Activity of *Mn, Bq and strains 8,0x 108 8,0 x 108 8,0 x 108
C57bl C57bl BALB/C
Lungs D 0.25 0.34 0.38
SD 0.05 0.07 0.07
Small intestine D 2.3 2.8 2.4
SD 0.2 0.4 0.4
Large intestine D 10.1 11 9.5
SD 14 2.1 2.1
Stomach D 24 2.2 3.2
SD 0.5 0.3 0.5
Whole body D 0.97 1.1 1.2
SD 0.22 0.2 0.3
Skin D 0.96 0.91 0.99
SD 0.21 0.16 0.23
Esophagus D 0.29 0.17 0.21
SD 0.05 0.024 0.04
Trachea D 0.14 0.16 0.13
SD 0.06 0.04 0.03
Eyes D 0.39 0.32 0.34
SD 0.08 0.07 0.07
Liver D 0.023 0.022 0.024
SD 0.002 0.004 0.005
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Heart D 0.12 0.18 0.15
SD 0.02 0.04 0.04
Spleen D 0.006 0.008 0.007
SD 0.001 0.002 0.002
Kidney D 0.007 0.006 0.007
0.002 0.002 0.002

3. Results and Discussion

Fig. 1. Dose comparison for 2.74*10° C57BI and 8*10° C57BI (from table 1 [15])

Figure 1 compares the two doses for different neutron fluences and shows a significant
difference in dose magnitude for the stomach, small intestine, whole body, and skin. The
doses for the liver, spleen, and kidney are almost identical (as confirmed by statistical
analysis using a t-test).

Fig. 2. Dose comparison for 2.74*10% C57BI for different type of irradiated (from table 1 [15])
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Figure 2 compares three types of rats for fluence of neutrons 2.74*10°%. The doses for
different fluencies of neutrons show significant differences in the amount of doses for the
stomach, small intestine, whole body, and skin. However, the doses for the liver, spleen, and
kidney are almost the same, as confirmed by statistical analysis using a t-test.
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Fig. 3. Dose comparison for 8*10° C57BI for different type of irradiated rats (from table 1 [15])

Figure 3 compares of three types of rats for fluence of neutrons 8*10°%. The doses for
different fluencies of neutrons show significant differences in the amount of doses for the
stomach, small intestine, whole body, and skin. However, for the liver, spleen, and kidney,
the doses are almost the same (statistically confirmed by t-test) [16].

Unpaired t test results (stomach, small intestine, skin)

P value and statistical significance:

The two-tailed P value equals 0.1629

By conventional criteria, this difference is considered to be not statistically significant.

Confidence interval:
The mean of 2.74 minus 8 equals -0.24033
95% confidence interval of this difference: From -0.63115 to 0.15048

Intermediate values used in calculations:
t=1.7074
df=4
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standard error of difference = 0.141

Unpaired t test results (heart, esophagus, trachea, eyes, lungs)

P value and statistical significance:

The two-tailed P value equals 0.0905

By conventional criteria, this differenceis considered to be not quite statistically significant.
Confidence interval:

The mean of 2.74 minus 8 equals -0.027015

95% confidence interval of this difference: From -0.059562 to 0.005532
Intermediate values used in calculations:

t=1.9627

df=7

standard error of difference = 0.014

Unpaired t test results (liver, spleen, kidney)

P value and statistical significance:

The two-tailed P value equals 0.4979

By conventional criteria, this difference is considered to be not statistically significant.
Confidence interval:

The mean of 2.74 minus 8 equals -0.0020800

95% confidence interval of this difference: From -0.0106884 to 0.0065284
Intermediate values used in calculations:

t=0.7690

df=3

standard error of difference = 0.003

4. Conclusions

In conclusion, a comparative study of dose for different fluence of neutron is a crucial
area of research that requires interdisciplinary collaboration and careful execution. The
tindings of such studies can provide valuable insights into the dose-response relationship
for different neutron fluence rates and can help in developing effective radiation protection
measures to safeguard human health and the environment.

Acknowledgements

The work was performed within the framework of a grant funding project of the Ministry
of Science and Higher Education of the Republic of Kazakhstan AP19678341, agreement
No269/23-25 from 3 August 2023.

Author Contributions

Alima Amangeldina — results calculation, writing the text and critically revising its
content, approval of the final version of the article for publication;

12 N21(146)/ 2024 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Comparative study of dose for different fluence of neutron

Kassym Zhumadilov — writing the text and critically revising its content, approval of the
final version of the article for publication, agreement to be responsible for all aspects of the
work, proper examination and resolution of issues related to the reliability of the data.

Valeriy Stepanenko —approval of the final version of the article for publication, agreement
to be responsible for all aspects of the work, proper examination and resolution of issues
related to the reliability of the data.

Masaharu Hoshi — approval of the final version of the article for publication, agreement
to be responsible for all aspects of the work, proper examination and resolution of issues
related to the reliability of the data.

References

1. Rakhipbekov TK, Hoshi M, Stepanenko VF et al. Radiationbiological experiments at the
complex of research reactors "Baikall". HumanEnergy Atom NNC RK 2015; 2: 43-5 (in Russian).

2. Stepanenko V, Rakhypbekov T, Otani Ket al. Internal exposure to neutron-activated 56Mn
dioxide powder in Wistar rats-part 1: dosimetry. Radiat Environ Biophys, 2017; 56: 47-54. https://
www.ncbi.nlm.nih.gov/pubmed/28188481 (5 May 2022, date last accessed).

3. Stepanenko VE, Rakhypbekov TK, Kaprin AD et al. Irradiation of laboratory animals by
neutron activated dust: development and application of the method - first results of international
multicenter study. Radiation and Risk, 2016;25:111-25. http://radiationand-risk.com/en/year2016-en/
issue4/1066-9 (5 May 2022, date last accessed)

4. Stepanenko V, Kaprin A, Ivanov S et al. Internal doses in experimental mice and rats following
exposure to neutron-activated 560MnO2 powder: results of an international, multicenter study. Radiat
Environ Biophys 2020; 59:683-92. https://www.ncbi.nlm. nih.gov/pmc/articles/PMC7544755/ (5 May
2022, date last accessed).

5.Lanin A. Nuclear rocket engine reactor. Berlin/Heidelberg: Springer 2013. https://www.springer.
com/gp/book/978364232 4291 (5 May 2022, date last accessed).

6. Hoshi M. Radioactive microparticle effects found in animal experiments. Innovation News
Network The Innovation Platform ISSUE 5 2021;274:186-8. https://www.innovationnewsnetwo
rk.com/effects-of-radioactive-microparticles-found-in-animal-experiments/9639/ (5 May 2022, date
last accessed).

7. Otani K, OhtakiM, Fujimoto N, HoshiM. Effects of internal exposure of neutron activated
56MnO2 powder on locomotor activity in rats. ] Radiat Res 2022; this issue.

8. Shichijo K, Fujimoto N, Uzbekov D et al. Internal exposure to neutron-activated 56Mn dioxide
powder in Wistar rats-part 2: pathological effects. Radiat Environ Biophys 2017; 56:55-61.

9. Shichijo K, Takatsuji T, Abishev Z et al. Impact of local high doses of radiation by neutron
activated Mn dioxide powder in rat lungs: protracted pathologic damage initiated by internal
exposure. Biomedicine 2020;8:1-19. https://www.mdpi.co m/2227-9059/8/6/171.

10. Shichijo K, Takatsuji T. Concentric circles of cell death by localized ultrahigh doses internal
exposure: animal experiments with radioactive particles. ] Radiat Res 2022; this issue

11.Fujimoto N, Ruslanova B, Abishev Z et al. Biological impacts on the lungs in rats internally
exposed to radioactive 56MnO2 particle. Sci Rep 2021; 11:11055.

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(146)/ 2024 13
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



K. Zhumadilov, A. Amangeldina, V. Stepanenko, M. Hoshi

12. Fujimoto N, Amantayeva G, Chaizhunussova N et al. Lowdose radiation exposure with
56MnQO2 powder changes gene expressions in the testes and the prostate in rats. Int ] Mol Sci
2020;21:4989. https://www.mdpi.com/1422-0067/21/14/ 4989.

13. Fujimoto N, Baurzhan A, Chaizhunusova N et al. Effects of internal exposure to 56MnO2
powder on blood parameters in rats. Eurasian ] Med 2020; 52:52—6.

14. Ruslanova B, Zn A, Chaizhunussova N et al. Hepatic gene expression changes in rats internally
exposed to radioactive 56MnO2 particles at low doses. Curr Issues Mol Biol 2021;43: 758—66.

15. Journal of Radiation Research, Vol. 63, No. S1, 2022, pp. i8-i15 https://doi.org/10.1093/jrr/
rrac043 Review Article

16. Bagramova A., Zhumadilov K., & Sakaguchi A. (2022). Comparative analysis of the radiation
situation in the Stepnogorsk district in the Akmola region. BULLETIN OF THE L.N. GUMILYOV
EURASIAN NATIONAL UNIVERSITY PHYSICS. ASTRONOMY SERIES, 141(4), 6-12. https://doi.
org/10.32523/2616-6836-2022-141-4-6-12

Kymaanaos Kaceim'!, AManreabanaa Aanma', Baaepuit Crenanenko?, Macaxapy Xomn®
'Kasaxcman, Acmana karacer, A.H. T'ymures amvirdazvt Eypasus yammork yrusepcumeni,
A0POALIK PUSUKA, KAHA MAMEPUANIAP KIHe MeXHOA0ZUIAAP KaPedpactl
A, Hoba Meduyunarvix Paduorozusarvk 3epmmey Opmarvievi-peceii Gedepavuscot Jercayrok Caxmay
Munucmpaizinivy, ¥Yammorx Meduyunarvix 3epmmey Paduorozusrvik Opmarvievinvir Quiuarot,
Kopoaesa Keuteci., 4., O6nutnck K., Peceii Dedepavuscui
3 Xupocuma ynusepcumemi, Xupocuma, 2Kanonus

HeviTpoHHBIH 9p TYpAai (pAI0€HIMACLIHBIH 403aChIH CaAbICTBIPMAaAabl 3epTTEY

AlcTpakT. CaabIcTBHIpMaabl 3epTTeyAiH MaKcaThl 9pTYPAi KapKbIHABLABIKTAFbl HETPOHADIK
coyJeJeHyTe YIIbIpaFaH MaTepualjapAaH aAblHFaH AO3aHBI 3epTTey OOABII TaOblaaabl. 3epTTey-
Aep aTOM DHepreTUKachl MeH pagualnajad KOpray4a MaHbI3Abl, oJiTkeHi HeliTpoHABIK coyaeaeHy
SAAPOABIK, peaklisiap HaTUKeciHAe Ialiga 004aThIH coyAeleHYyAiH eH KeIl TapaAfaH TypAepiHiH
Oipi Goabin Tabblaaabl. Bya seprreyae apTypai MaTepmasgap oapTYpAi KapKbIHABLABIKTaFbI Heli-
TPOHABIK CoyJeleHyre YIIbIpaAbl JKoHe apOip MaTepmaa adraH 403a AO3MMeTpAepMeH ©AIIeHA].
Hoetmoxeaep martepmasgapaaH aablHFAH AO3aHBIH HEMTPOHABIK COyAeAeHyAiH >KOFrapbliaybIMeH
>KOorapblaaranbiH KopceTTi. COHBIMEH KaTap, 3epTTey 403a-acep KaTbIHAChl 9PTYPAi MaTepuasgapaa
©3repeTiHiH KopceTTi, Oya paguansaAblK KOPFaHbIC YIIiH MaTepuaaAbl TaHAQYAbIH MaHbI3AbLABIFbIH
Kopcerei. 3epTrey opTYpAi MaTepraaap YIIiH 403a-9Cep KaThIHACKIH JKaKChIPaK TYCiHy pajuanu-
sAaH KOpFay YIIiH THiMAipek MaTepuaalapabl a3ipaeyTe KoHe apTypAai KoajgaHnOasapaa pajuariy-
SIABIK KayiIICi3AiKTi apTThIpyFa KOMEKTeCyl MyMKiH AereH KOPBITbIHABIFA Keaai.

TyiiiH ce3aep: HelITpoHAAP aFbIHbI, pagualus, so3umerpusd, I'peit, Kasakcran.
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CpasHuTeabHOE ¥ICCA€AOBaHME 403 AAsl Pa3sHbBIX (PAIOEHCOB HEVITPOHOB

AOcTpakTt. CpaBHUTeAbHOE MCCAeAOBaHNME HallpaBA€HO Ha M3y4eHle 403bl, II0Ay4aeMoll MaTe-
puasamMy, NOABEPITUMMUCSA BO3ACVICTBUIO HEMTPOHHOIO M3Ay4eHUs Ppa3AM4HOM IAOTHOCTU. Vc-
cAeA0BaHNs UMEIOT BaskKHOe 3HaueHle B 004acTy sAepHOi DPHepTeTUKM U paAMallIOHHOM 3all[UThI,
ITIOCKO/ABKY HEJITPOHHOE U3AYyJeHle ABASIeTCs O4HUM U3 Hanbo.Aee paciipOCTpaHeHHbIX BIAOB U3AY-
4yeHUi1, 00pa3yIOIUXCs B pe3yabTaTe sAepHBIX peakiuii. B 9Tom mccaeaoBannm pasandnsie Mare-
pMaAabl IOABEPTAIOTCA Pa3HON MAOTHOCTU HEMTPOHHOIO U3AY4YeHNs, a 403a, IOAy4eHHas KaXAbIM
MaTepuasaoM, u3Mepsaach C IOMONIBIO A03MMeTPOB. Pe3yabTaTel IIOKa3aAu, 4To 403a, [HoAydaeMast
MaTepuajaMli, yBeAYMBaeTCsl ¢ yBeandeHneM (paioeHca HeTpPOHHOro msaydeHns. Kpome toro,
nccAeJoBaHNe II0Ka3al0, YTO B3alIMOCBSA3b «J03a-peaklys» pasAdHa AAs PasHBIX MaTepualos,
4YTO IOAYepKUBaeT Ba>KHOCTb BRIOOpa Marepmada AAs paAMallMIOHHON 3aIuThl. B nccaegosanum
AeAaeTcs BbIBOJ, UTO Aydlllee IOHMMaHMe 3aBYICMMOCTH «A03a-peakus» AAs pa3ANdHBIX MaTepu-
aJ10B MOKeT IIOMOYb B pa3paboTke 0oaee 3PPeKTUBHBIX MaTepraloB PasVialliOHHON 3aIlNTHL U
yAY4IIUTH pajualiiOHHYIO Oe30I1aCHOCTD B Pa3AMYHbBIX TPUAOKEHMSIX.
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Mechanical properties of nickel nitrides under high pressures
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Abstract. Transition metal nitrides are durable ceramic materials with a range
of impressive characteristics, such as a high melting point, exceptional resistance
to oxidation, wear, and corrosion, as well as chemical stability and strong electrical
conductivity. These exceptional properties are mainly due to the distinctive electronic
and geometric structures of transition metal nitrides. The Fe-N system, a common
example of transition metal nitrides, has been thoroughly studied to investigate its
compounds not only as functional materials but also as a possible component of the
Earth’s interior layers. Unlike iron nitrides, nickel nitrides have been less studied,
although they, like iron nitrides, are of interest not only from the point of view of
materials science, but also from the point of view of Earth sciences. In present study,
the mechanical properties of previously known nickel nitrides, Ni 6N—R3_, Ni,N-P6.22,
Ni,N-Cmcm, and Ni7N -Pbca, were calculated from first principles using density
functional theory in the pressure range of 0-400 GPa. Considered nickel nitrides are
mechanically stable in the entire considered pressure ranges. It was shown that all
phases are ductile and have low Vickers hardness values which are below the minimal
criteria of hard materials, H, > 20 GPa. In addition, the fracture toughness was
estimated.

Keywords: high pressures, nitrides, hardness, elastic moduli, density functional
theory.
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1. Introduction

Transition-metal nitrides exhibit a variety of electronic, mechanical, and chemical
characteristics that make them well-suited for various technological uses, including
hard wear-resistant coatings, diffusion barriers in microelectronics, protective and
decorative coatings, and energy storage applications. Transition-metal nitrides have
low compressibility and high hardness because of their exceptionally strong and short
bonteleds, which differ significantly from those found in pure metals. Consequently,
extensive research efforts have been dedicated to discovering novel transition-metal
nitrides characterized by exceptional hardness and superior fracture resistance, with the
expectation that they may be utilized in cutting tools and as durable coatings. To date,
a significant amount of research is focused on investigating transition-metal nitrides
under high pressure conditions. The reason for this is that elevated pressure allows for
the exploration of different structural configurations of known nitrides and the creation
of unique compounds that are not possible to produce under standard atmospheric
conditions. Among the transition metal nitrides, iron and nickel nitrides are not only useful
for practical purposes but also hold significance in the field of Earth sciences. The inner
core (329-364 GPa) is believed to be solid and composed mainly of iron, ~5% nickel and a
small proportion of light elements [1-3]. Nitrogen is considered one of the possible light
elements in the inner core. Therefore, iron and nickel nitrides and their elastic properties
are of interest for studying the structure and composition of the Earth's inner core.

A considerable amount of research, spanning both theoretical and experimental
approaches, has focused on iron nitrides [4-10], whereas there is a limited number of
studies dedicated to nickel nitrides. In the nickel-nitrogen system, Ni3N is the only stable
intermediate compound that has been identified at atmospheric pressure. The ambient-
pressure structure of Ni,N was shown to remain it stability at least up to 20 GPa [11].
Subsequently, through the application of a laser-heated diamond anvil cell method, nickel
pernitride, NiN,, featuring a marcasite-type structure, was successfully produced at a
pressure of 40 GPa [12]. Recently, four new stable phases, Ni N-R3, Ni,N-Cmcm, Ni N,-
Pbca, and NiN,-Pa3, were obtained, based on crystal structure prediction calculations [13].
It was shown that ambient-pressure phase Ni,N-P6,22 is stable up to 96 GPa and above this
pressure decompose to Ni N, + Ni. New predicted nitride Ni N-R3, is stable in the pressure
range of 98-114 GPa. Ni N,-Pbca becomes stable relative to neighboring nitrides (Ni,N +
NiN,) above 93 GPa and stable at least up to 400 GPa. Previously known nickel pernitride
with marcasite structure, NiN,-Pnnm, was shown to be stable above 14 GPa, and at 96 GPa
phase transition to new modification with pyrite structure, NiN,-Pa3, occurs. Furthermore,
it was demonstrated that at pressures exceeding 331 GPa, a new phase of Ni3N with a Cmcm
structure becomes stabilized and maintains its stability up to at least 400 GPa. While the
elastic and mechanical properties of NiN, have been studied, the mechanical properties of
the other nickel nitrides remain to be evaluated. This highlights the importance of assessing
the mechanical properties of the remaining nickel nitrides. In this study, we present the
results of the calculations on mechanical properties of Ni N-R3, Ni,N-P6,22, Ni3N-Cmcm,
and Ni N,-Pbca at pressure range up to 400 GPa.
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2. Methodology

All computations were carried out using the density functional theory (DFT) method
implemented in the VASP software package [14, 15]. Exchange-correlation effects were
accounted for using the generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof functional [16]. The electron—ion interaction was modeled using the projector-
augmented-wave (PAW) method, with the valence electron configurations of Ni being 3d®4s>
and N being 2s?2p°. The calculation settings were as follows: cutoff energy of plane wave
basis set — 600 eV, density of Monkhorst-Pack [18] k-point grid — 0.2 A, electronic smearing
— according to the Methfessel-Paxton scheme [19] with a parameter o equal to 0.1 eV. The
self-consistent field tolerance was set to 10® eV.

In order to assess characteristics like hardness and fracture toughness, we derived the
static elastic stiffness tensor components (C, ) from the stress (o) — strain (¢) relationship,
expressed as o, = C . Utilizing the determined C, values, we computed the bulk (B) and
shear (G) moduh usmg the Voigt-Reuss-Hill method [20, 21]. For hexagonal and trigonal
phases, bulk and shear moduli were calculated by next formula:

1 2
By = §(ZC11 + C33) + §(ZC13 + Ci2)

B. — A
R™M
1
GV = %(M + 1264_4 + 12C66)
5(4C,4C
! 6, = (AC44Ce6) )
4By C44Ce6 + A(Cyq + Cop)

A= (Cyq + C13)Cs3 — 2C15
M = Cyq + Ciy +2C33 — 4Cy3
By + By
2
Gy + Gg
\ -T2

For orthorhombic phases, to calculate bulk and shear moduli next formulas were used:

1
By = §[C11 + Gz + C33 + 2(Cyz + Gz + Casl

B, = A [Cll(CZZ + C33 - 2C23) + CZZ(C33 - 2C13) - 2C33C12 + CIZ(ZCZ3 - CIZ)]_l
R + Cl3 (2612 - C13) + C23(2C13 - C23)
1
GV =TT [Cll + CZZ + C33 + 3(C44 + CSS + C66) - (CIZ + 613 + 623)]

15
Cll(CZZ + C33 + CZS) + CZZ(CSS + C13) + C33(:12 -
C12(C23 + C12) — C13(C12 + ClS) — C23(613 + CZS)

Gp=1
r=15 A

A= C13(C12Cz3 — C25C13) + Co3(Ci2Ci3 — Co3C11) + C33(C11Cpp — CF)

2

2
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Using obtained bulk and shear moduli Young’s modulus (E) and Poisson’s ratio (v) could
be calculated as follows:

_ 9BG
=3B+G
_ 3B-2G )
V=2BB+06)

E

In order to analyze the Vickers hardness of the nitrides under study, we utilized the
empirical models proposed by Chen [22] and Tian [23]:

H&‘hen =2. (kz . G)O'585 -3

HTian = 0,92 - (1137 . G0.708 )
where k = G/B.
In our study, H, was estimated as average value obtained from equations (4):
yChen  yTian
Hy = —— (5)
To estimate the fracture toughness the following empirical formula was used [24]:
1/6 B\1/?
Kic=V"*6-(2) (6)

where V| is the volume per atom (in m*/atom) and K . is fracture toughness (in MPa m'?).

3. Results and discussion

To investigate the mechanical properties of previously known nickel nitrides the elastic
constants Cij of NiﬁN-Rg, Ni,N-P6.22, Ni,N-Cmcm, and Ni N,-Pbca were calculated in the
pressure ranges of 100-120 GPa, 0-100 GPa, 300-400 GPa, and 100-400 GPa, respectively. The
pressure ranges were chosen to cover the stability field of each phase as reported at ref [13].
The results of the elastic constants calculations are summarized in the Table 1. Due to the
symmetry of the considered nitrides, Ni N-R3 and Ni,N-P6,22 have five independent elastic
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constants, C, , C,,, C,, C , and C,,, and Ni,N-Cmcm, and Ni N_-Pbca have nine independent
elastic constants, C,, C,,,C,,,C,,C,C,,C,C, and C,.

The elastic constants C, can be used to assess the mechanical stability of the phases, as the
criteria for the mechanical stability of hexagonal (trigonal) and orthorhombic crystals are
typically defined by the following conditions:

for Ni,N-R3, Ni,N-P6,22

Cos > 0
Ci1 > |Cyyl
(Cy1 +2C15)C33 —2C5 >0

J

for Ni,N-Cmcm, and Ni,N,-Pbca

Ci>0(i=1-6)
[Ci1 + Cop + C33 + 2(Cip + Ci3 + C33)] > 0
(C11+ Gy —2C12) >0
(Ci1 +C53 —2C13) >0
(Cop + (33 —2C53) >0

As indicated in Table 1, the calculated C; of all considered nickel nitrides satisfy above
criteria, which indicate that they are mechanically stable in the considered pressure ranges.
This result is in accordance with the previous results of the formation enthalpy calculations
[13].

Table 1. Elastic constants (Cij in GPa) of nickel nitrides at various pressures (in GPa).

Phase | Pressure C, C, C, C, C, C,, C, C., C,
' 22 100 879 524 480 852 159 177
Z'\o 110 930 559 512 901 167 186
Z. 120 981 | 592 | 545 948 175 192
~ 0 286 152 155 278 89 67
gm 25 445 260 267 419 122 93
; 50 582 354 363 549 150 114
-2"’ 75 708 445 457 669 175 131
100 825 532 547 782 196 146
g 300 1677 | 1244 | 1175 1706 1188 1739 187 433 475
S 350 1873 | 1409 | 1319 1906 1334 1972 235 484 533
Z‘ 400 2069 | 1567 | 1461 2106 1477 2203 277 536 591
Z
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100 824 540 533 801 608 800 136 60 85
150 1052 | 703 697 1060 779 1055 175 86 110
200 1270 | 863 856 1297 945 1294 210 112 139
300 1684 | 1175 | 1163 1739 1266 1741 266 160 197
400 2078 | 1478 | 1463 | 2154 | 1579 2160 317 210 252

Ni7N3—Pbca

At the next step, the bulk modulus, shear modulus, Poisson’s ratio and Young’s modulus
were calculated based on obtained Ci]. using equations (1-3). The elastic moduli (bulk
modulus, shear modulus, Young’s modulus, and Poisson’s ratio) are numerical quantities
which identify the mechanical behavior of a material when some stress is applied. These
are listed in Table 2. From the obtained results it could be seen that bulk moduli of all nickel
nitrides are increased with increasing pressure and lies almost at the same line (Figure 1).This
means that considered nickel nitrides have almost the same incompressibility. Calculated
shear and Young’s moduli also increases with pressure increase (Figure 1). The relation of
shear and Young’s moduli of nitrides are almost identical. The shear and Young’s moduli of
Ni,N-P6,22 are on average 8% lower than those of Ni6N-R§, and 35% higher than those of
Ni,N,-Pbca. The shear and Young’s moduli of Ni,N-Cmcm are on average 25% higher than
those of Ni,N,-Pbca. The Poisson’s ratios of the considered nitrides are slightly dependent to
pressure. A more obvious dependence of Poisson’s ratio on pressure is shown by Ni,N-P6.22.
In the considered pressure range of 0-100 GPa its Poisson’s ratio increases on 15 %. The
change in the Poisson ratios with pressure of the remaining nitrides does not exceed ~1%.
As a result, we see that the Ni7N3-Pbca has the highest Poisson’s ratio among known nickel
nitrides, ~0.424. This high value is identical to the Poisson’s ratio of gold (~0.42) and close to
the maximum possible Poisson's ratio of 0.5, which characterizes the elastic properties, for
instance, of rubber.

It should be noted that among iron nitrides there is an isostructural analog of Ni N,-
Pbca, Fe N,-Pbca [10]. The Ni N.-Pbca has on 11% higher values of bulk, shear, and Young’s
moduli than that of Fe,N,-Pbca [10], while Poisson’s ratios of Ni,N,-Pbca and Fe,N,-Pbca are
almost identical (~0.424).

In addition, the percentage of elastic anisotropy for bulk modulus A, and shear modulus
A_ in polycrystalline materials were estimated (Table 2). A value of 0% represents elastic
isotropy and a value of 100% is the largest possible anisotropy. Ni N-R3 is almost isotropic
crystal because the values A, and A are not exceeded 1%. All other phases show weak
anisotropy of shear modulus.

Table 2. Calculated bulk modulus (B in GPa), shear modulus (G in GPa), Poisson’s ratio
(v), Young’s modulus (E in GPa), the B/G ratio, Vickers hardness (H, in GPa), fracture
toughness (K . in MPaxm'?) and anisotropy of bulk and shear moduli (A; and A_ in %) of
nickel nitrides at various pressures (in GPa).

22 N21(146)/ 2024 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Mechanical properties of nickel nitrides under high pressures

Phase | Pressure B G Y E B/G H, K. A, AL
| 9 100 619 173 0.372 475 3.57 7.26 7.68 0.079 0.361
ZI@ 110 658 182 0.373 500 3.62 741 8.09 0.081 0.351
Z 120 696 189 0.375 521 3.68 747 8.47 0.078 0.303
0 197 74 0.333 197 2.67 5.61 2.50 0.005 1.207
§m 25 322 100 | 0.359 273 3.21 5.49 3.67 0.027 1.438
; 50 430 123 | 0.370 337 3.50 5.70 4.64 0.026 1.473
.2‘” 75 533 142 | 0.377 392 3.75 5.80 5.51 0.023 | 1.635
100 631 159 | 0.384 439 3.98 5.81 6.28 0.018 | 1.729
S’ 300 1371 301 0.398 840 4.56 7.93 13.72 | 0.009 | 6.462
; 350 1542 343 | 0.396 958 4.49 8.95 15.46 | 0.008 | 5.753
me 400 1710 385 | 0.395 | 1073 4.45 9.88 17.14 | 0.010 | 5.478
100 643 100 | 0.426 286 6.40 1.64 7.32 0.046 | 5.459
_§ 150 835 134 | 0.424 382 6.22 2.42 9.55 0.088 | 4.296
;«a 200 1020 166 | 0.423 473 6.13 3.07 11.64 | 0.101 3.348
Z 300 1373 224 | 0.423 636 6.14 4.02 1544 | 0.113 | 2.184
400 1713 277 | 0.423 787 6.19 4.78 18.97 | 0.115 | 1.449
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—=— NigN-R3 —a— Ni,N-Cmcm
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Figure 1. Calculated bulk modulus (B), shear modulus (G), Poisson’s ratio (v), and Young’s modulus (E)
of nickel nitrides as a function of pressure.

Poisson's ratio is a useful indicator for determining the nature of a material, its
compressibility, and bonding characteristics. Additionally, the B/G ratio serves as a reliable
criterion for assessing the ductility or brittleness of materials. There are specific threshold
values for both Poisson's ratio (0.26) and the B/G ratio (1.75) that can be used to distinguish
between ductile and brittle materials. If a material's Poisson's ratio and B/G ratio exceed these
thresholds, it is considered ductile, and vice versa. Our analysis of nickel nitrides reveals
that their Poisson's ratios and B/G ratios (as shown in Figure 2 and Table 2) consistently
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surpass these threshold values across various pressures, indicating that these phases exhibit
ductile behavior.

—=— NiN-R3  —a—Ni,;N-Cmcm
—e— Ni;N-P6,22 v NiN,-Pbca

8
6 - Vv v
o, ] A—a
Q 4 —././n/'/:l'
24 ductile
] brittle
0 ! T ' T T T T
0 100 200 300 400

Pressure (GPa)

Figure 2. Calculated B/G ratio of nickel nitrides as a function of pressure

—a— NiN-R3  —a—Ni,N-Cmcm
—e— Ni;N-P6,22 v NiN,-Pbca
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Figure 3. Calculated value of hardness (HV) of nickel nitrides as a function of pressure

The relationship between the hardness of a material and its bulk modulus and shear
modulus is significant, as hardness is a measure of a crystal's ability to withstand plastic
deformation under various types of stress. This suggests that Ni,N-Cmcm is expected to
exhibit the highest hardness compared to other nitrides based on calculations of elastic
moduli. The Vickers hardness (H,)) of nickel nitrides was evaluated using empirical models
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(equations 4-5). Ni,N-Cmcm indeed showed the highest Vickers hardness value. However,
the calculated Vickers hardness values for Ni,N-Cmcm (8-10 GPa) and other nickel nitrides
fall below the minimum threshold for hard materials, which is H,, > 20 GPa (Figure 3, Table 2).

—=— Ni,N-R3 —a—Ni,N-Cmcm
—e— Ni,N-P8,22 —v Ni.N,-Pbca

15-: /

0 100 200 300 400
Pressure (GPa)

Figure 4. Calculated fracture toughness of nickel nitrides as a function of pressure

The capacity of a substance to withstand the spread of cracks and fractures when exposed
to external forces is known as fracture toughness (K .). The calculated K. of the considered
phases increase with increasing pressure (Figure 4, Table 2). The nitride Ni,N-P6.22 has
the lowest K. value of 2.5-6.3 MPa m'? among considered phases. For comparison, K . of
ceramic materials, such aluminum oxide and silicon carbide, is equal to 3-5 MPa m'2. This
result indicates that Ni,N-P6,22 is more prone to cracks than other nickel nitrides. All other
phases have K. values as those of metals. For comparison, K. of pure aluminum is equal to
14-28 MPa m'~,

4. Conclusion

Based on the ab initio calculation within the density functional theory elastic constants C_
were obtained and then the elastic moduli and mechanical properties, such as brittleness/
ductility, hardness and fracture toughness, of NiN-R3, Ni,N-P6.22, Ni,N-Cmcm, and
Ni N,-Pbca were estimated. Among considered nitrides, the highest bulk, shear, and
Young’s moduli belong to Ni,N-Cmcm, while Ni,N,-Pbca has the highest Poisson’s ratio
(~0.424). Considered nickel nitrides are isotropic with respect to bulk modulus and slightly
anisotropic with respect to the shear modulus. It was shown that all phases are ductile and
have low Vickers hardness values which are below the minimal criteria of hard materials,
H, > 20 GPa. In addition, the fracture toughness was estimated.
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H. CaraTos'? A. CaraToBa'?
IB.C. Cobores am. zeorozus xarie mureparoeus uncmumymor CT PFA, Hosocubupci, Peceii @edeparjusicol
?Hosocubupck memaekemmix yrusepcumemi, Hosocubupck, Peceii Dedepavuscor.
3A.B.Huxoxaaes am. Oetiopzarurarvix xumus urcmumymul CT PFA, Hosocubupcxk, Peceii ®edepavjusicol

Korapsl KbICBIMAA¥Fbl HUKEAb HUTPUATEPiHiH MeXaHMKaAbIK KacueTTepi

Annoranus. Otrieai MeTaaa HUTpUATEPi XXOraphl 0aAKy TeMIlepaTypadapbl, TOTbIFyFa, TO3y¥a
JKoHe KOppO3HsFa epeKlIlle TO3iMAiAiK, COHAal-aK XMMIUSABIK TYPaKThLABIK JKoHe JKOFapbl DAKTP OT-
Ki3TiITIK CMAKTHI OipKaTap acepAi curarramMadapsl Oap Oepik KepaMMKaAblK MaTepuasgap O0AbIIT
TaObl1aAbl. bya epekille KacueTTep Heri3iHeH ©TIleAi MeTaaa HUTPUATEPiHIH epeKllle DAeKTPOHALI
>KoHe TeOMeTPUAABIK KYpbhlAbIMbIHa OaitaaHbicThl. Fe-N xyiteci, eTrieai MeTaagap HUTpUATEPiHiH
KeH Tapa/FfaH MBICabl, OHBIH KOCBLABICTaPBIH TeK PYHKIIMOHAAABl MaTepualap peTiHJe FaHa emec,
coHbIMeH Kartap JKepaiH imki KaOBIKTapBIHBIH BIKTMMaA Kypamaac 0eairi peTiHge 3epTTey YIIiH
KeHiHeH 3eprreaai. Temip HUTpUATEpiHEH allbIpMalIbIABIFbI, HUKEAb HUTPUATEPI a3 3epTTeAreH,
Oipak oaap TeMip HUTpUATepi CUAKTHI MaTepraATaHy TYPFbICBIHAH FaHa eMec, COHbIMeH KaTap Kep
TypaAbl FhIABIMAApP TYPFBICBIHAH Ja KBI3BIFYIIBIABIK TyAbIpaAbl. by >KyMbIcTa aAFallIKpl IPUHINAII-
TepAeH THIFBI3ABIK, (PYHKIIMOHAAABIK TEOPVICHIH KOAAaHa OTBIPEII, OYpPhIH OeAriai HuKeAb HUTPUA-
TepiHiy NiéN—R3, Ni3N—P6322, NiSN—Cmcm SKoHe Ni7N3-Pbca MeXaHMKaAbIK KacheTTepi apTypAai
KbIChIMAapaa eceniteasi. KapacToipplaran HUKeAb HUTPpUATePi ODapAbIK KapacThIpblAFaH KbICHIM AM-
aIta30HBIHAA MEeXaHMKAABIK TypakTel. KepceTiarenaei, 6apaslk gaszasap niaimMAai 604bII TabbLaaabl
JKoHe KaTThl MaTepuaagapabiy H, > 20 I'Tla ey Tomenri kputepuiiinen ToMmeH 0oaaThiH Bukepc kat-
TBLABIFBIHBIH TOMeH MaHJepi Oap. CoHaall-aK cbl3aTka OepiKTiri OaradaHAbI.

Tyiin ce3aep: 5Korapbl KbICBIMAApP, HUTPUATEP, KaTThLABIK, CePIIIMAIAIK MOAYAbAEPI, TBIFBI3ABIK,
(PpYHKIIMOHAAABIK TEOPUACH

H.Cararos'?, A.CaraTrosa'?
Mremumym zeorozuu u muneparozuu um B.C. Coboresa CO PAH, Hosocubupcxk, Poccutickas Pedepaujus
?Hosocubupckuii 2ocydapcmeserinviii ynusepcumer, Hosocubupck, Poccuiickas Pedepavus
SUnemumym neopeanuveckou xumuu um. A.B.Huxoraesa CO PAH, Hosocubupck, Poccuiickas Dedepavjust

MexaHu4uecKkue CBOMCTBaA HUTPUAOB HUKEAS ITPU BBICOKUX AaBA€HWMSIX

AnnpoTtaums. Hutpnuael nepexoaHbIX MeTaAA0B — 9TO IPOYHbIe KepaMIJdecKlie MaTepuaasl ¢ ps-
AOM BII€YATASIOIINX XapaKTePUCTUK, TaKMX, KaK BBICOKasl TeMIlepaTypa I11aBAeHMs], ICKAIOUUTEeAb-
Hasl CTOMKOCTb K OKMCAEHMIO, M3HOCY M KOPPO3uH, a TakKe XMMmdecKasl cTab1AbHOCTb U BBICOKas
9A€KTPOIIPOBOAHOCTb. DTU MCKAIOYUTEAbHBIE CBOJICTBA OOYCAOBAEHDI TAaBHBIM 00pa3oM OTANYM-
TeABbHOI DA€KTPOHHOI 1 TEOMeTPUYECKOl CTPYKTYPOIl HUTPUAOB IIepexoAHbIX MeTaaa0B. Crcrema
Fe-N, pacrpocTpaHeHHBIII IIpUMep HUTPUAOB IIepPeXOAHBIX MeTaAA0B, Oblda TIaTeAbHO MCCAeAO-
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BaHa C 11eAbI0 M3y4JeHIsI ee CoeAVHeHNII He TOABKO B KauyecTBe (PYHKIIMOHAAbHBIX MaTepnaloB, HO
U KaK BO3MO>KHOTO KOMIIOHEHTa BHYTpeHHIX 000404ek 3eman. B oramume or HUuTpnA0B xeaesa,
HUTPUABI HUKeAS M3y4eHbl MeHbIIIe, XOTsI OHM, KaK I HUTPUABI Keae3a, IPeACTaBA[IOT MHTepec He
TOABKO C TOUKM 3peHIsI MaTepualoBe AeHIs], HO I C TOYKM 3peHus Hayk o 3emae. B gannoi1 padote
13 TEePBBIX IPUHIIUIIOB C MCIIOAb30BaHMeM TeopuM QPyHKIIMOHAAA IIAOTHOCTU OBLAM pacCUMTaHBI
MeXxaHU4ecKye CBOJICTBa paHee M3BeCTHBIX HUTPUAOB HUKeAs Ni6N-R§, Ni,N-P6,22, Ni3N-Cmcm u
Ni,N_-Pbca ipu pazan4nbix gaBaenusx. PaccMOTpeHHbIe HUTPUABI HUKEAS SBASIOTCS MeXaHIeCKN
CTaOMABHBIMU BO BCEM pacCMOTPEHHOM AMalla3oHe AaBAeHnit. ITokazaHo, 9To Bee (pasbl 11aCTUIHBI
U UMEIOT H3KIe 3HaYeHIs TBepAOCTH 110 Bukkepcy, KOTopble AeKaT Hu>Ke MUHMMAaAbHOTO KpuTe-
pust aast TBepabix MaTepuaaos H,, > 20 I'Tla. Taxke Obl1a OlleHeHa TPeIlTHOCTOMKOCTb.

KaroueBbie ca0Ba: BbICOKIME AaBAeHUsI, HUTPUABL, TBEPAOCTb, MOAYAU YIIPYTOCTH, TeOpusT PyHK-
IIMOHAaAa IIAOTHOCTIA.

CBeaeHus 00 aBTOpax:

Cazamoe H. — xoppecrioHAeHIs aBTOPHI, PpU3MKa-MaTeMaTHKa FBLABIMAAPBIHBIH KaHAMAATHL,
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