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STUDY OF CHANGES IN THE MECHANICAL
AND THERMAL CONDUCTIVE PROPERTIES
OF ALN CERAMICS EXPOSED
TO HEAVY ION IRRADIATION

The paper presents the results of study of the effect of irradiation with heavy Aré+, Kr'>+ and Xe??*
ions with energies of 70, 150 and 230 MeV, respectively, on the stability of mechanical properties, in
particular, hardness and wear resistance, as well as thermal conductivity, depending on irradiation flu-
ence. The interest in this research topic is due to the wide prospects for the use of nitride ceramics as
the basis for structural materials for nuclear and thermonuclear energy, exposed to ionizing radiation, in
particular, particles — fragments of fission of uranium nuclei. During the experiments, dose dependences
of changes in strength, mechanical and heat-thermal conductive properties were obtained. It has been
established that the decrease in thermal conductivity has a pronounced dependence on both the energy
of incident ions and the radiation dose. The obtained dependencies can later be used in the forecast-
ing and design of nuclear power plants, in which it is planned to replace traditional materials with new
classes, including ceramics or composite structures.

Key words: nitride ceramics, radiation defects, strength, thermal conductivity, degradation.
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NccarepoBaHMe M3MEHEHUSI MeXaHUYeCKUX
M TEMAOTNPOBOAHbBIX CBOMCTB Kepamuku AIN
npu 06AYHYeHUU TSHKEABIMU MOHAMMU

B HacTosiwen paboTe npeACTaBAEHbl 3KCMEPUMEHTAAbHbIE PE3YAbTATbl MCCAEAOBAHMS BAUSIHUS
0OAYUEHMS TSXKEABIMM MOHaMM, TakuMm Kak, Ard+, Kr'3+ n Xe??* c sHeprusmm 70, 150 u 230 M3B
COOTBETCTBEHHO Ha CTAOMABHOCTb MEXaHMYECKMX CBOWCTB, B 4YaCTHOCTM, TBEPAOCTM U MU3HOCO-
CTOMKOCTM, a TakXe TernAOMpPOBOAHOCTb B 3aBMCMMOCTM OT (hbAloeHCa OOAydeHus. MHTepec K
AAHHOM TEMe MCCAEeAOBaHUI OOYCAOBAEH LWIMPOKUMM MepCriekTrBamm MCMOAb30BaHUS HUTPUAHOW
KepamMuKM B KayeCTBe OCHOBbl KOHCTPYKLUMOHHbBIX MaTEPUaAOB AAS SAEPHOM M TEPMOSAEPHOM
3HEpPreTMkKun, MOABEPraloWmnXCd BO3AEUCTBUIO MOHU3MPYIOLWMX M3AYYEHUM, B YACTHOCTM YacTul, —
OCKOAKOB AeAeHus siaep ypaHa. CoxpaHeHue CTabMAbHOCTM M HEM3MEHHOCTM TakKuX MokasaTeAen,
KaK TBEPAOCTb, CTOMKOCTb K TpeLllMHaMm, M3HOCOCTOMKOCTb W TEMAOMPOBOAHOCTb MPU AAMTEAbHOM
paAvauMOHHOM BO3AENCTBMM 9BAIETCA OCHOBHOM 3aAayeit, KOTopas CTaBUTCS NepeA HOBbIMM BUAAMM
KOHCTPYKLMOHHbIX MaTEPMAAOB. B XoAe HalLIMX 3KCMepUMEHTOB ObIAM MOAYYEHbI AO30BbIE 3aBUCMMOCTM
M3MEHEHNS MPOYHOCTHBIX, MEXAHUYECKMX W TEMAOMPOBOAHBIX CBOMCTB. YCTAHOBAEHO, UTO CHMXXEHWe
TENAOMNPOBOAHOCTM MMEET 4PKO BblPa’KEHHYIO 3aBMCMMOCTb KakK OT 3HEeprum naAQioWwyx WOHOB,
TaKk U OT A03bl 00AyYeHUs. [OAyUYeHHble 3aBUCMMOCTM B AdAbHEMLIEM MOTYT ObiTb MCMOAb30BaHbI
npy NPOrHO3MPOBaHMM WM MNpoekTpoBaHMnM ADC, B KOTOPbIX MAQHMPYETCH 3aMeHa TPAAMLMOHHbIX
MaTepraAOB Ha HOBblE KAACCbl, B TOM YMCAE KEPAMMKY MAM KOMMO3UTHbIE KOHCTPYKLMM.

KArtoueBble cAOBa: HUTPUAHAS KepaMmKa, PaAnaumoHHble AedheKTbl, MPOYHOCTb, TEMAONPOBOAHOCTD,
Aerpapaums.
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AybIp MIOHAAQPMEH COYAEAEHY Ke3iHAe
AIN KepaMMKaCbIHbIH, MEXaHMKAABIK, XKoHe
XKbIAY OTKI3rilUTIK KaCMeTTepiHiH e3repyiH 3eprTrey

ByA >kymbicTa aHeprudcbl 70, 150 xaHe 230 M3aB cerkeciHwe ayblp Aré*, Kr'>* xaHe Xe??* noHAa-
PbIMEH CBYAEAEHYAIH MEXaHUKAAbIK KACMeTTepAiH TYPAKTbIAbIFbIHA, aTan amMTKAHAQ KATTbIAbIK, MeH
TO3yFa TO3IMAIAIrIHE, KoHE Ae COYAeAeHY (PAIOEHUMACbIHA GaMAAHBICTbI XKbIAY OTKI3rilTiriHE aCepiH
IKCMEPUMEHTTIK 3epTTey HaTMXeAepi GepiareH. ByA 3epTTey TakplpbiObiHa KbI3bIFYLIbIAbIK, HUTPUATI
KepaMMKaHbIH SIAPOAbIK, XKOHE TEPMOSIAPOAbIK, SHEPIrMSFa apHAAFaH KYPbIAbIMABIK, MaTeprUaAAAPAbIH
Herisi peTiHAe MOHAQYLLbI COYAEAEHYAIH 9CepiHe ylliblparaH, atan anTKaHAQ, ypaHHbIH, OBAIHYiHiH
GoeAlekTepi — parMeHTTepi peTiHAe ManAaAaHyAblH KeH KeAelleriMeH TYCiHAIpiAeAi. ¥3aK, yakbIT
pPaAMaLMSIABIK, B8CEP eTY KE3IHAE KATTbIAbIK, XapbIKLUaKTapFa TO3IMAIAIK, TO3yFa TO3IMAIAIK )KOHE XKbIAY
OTKI3rWTIK CUAKTbl KOPCETKILLTEPAIH TYPAKThIAbIFbI MEH ©3rePMENTIHAIMH CakTay — 6YA KYPbIABIMAbIK,
MaTepuaAsapAbIH >KaHa TypAepiHe KOMbIAATbIH Herisri MiHAeTTEpAiH 6ipi. bi3aiH >kyprisiareH
ToXipube 6apbiCbiHAQ OEPIKTIK, MEXaHUKaAbIK, >K8HE >bIAY OTKI3riluTiK KacMeTTepiHiH, e3repyiHiH
AO3ara TayeAAiAiKTepi aAblHAbL. XKbIAy OTKI3rilWTIKTIH, TOMEHAEYI TYCKEH MOHAAPAbIH 3HEPruscbiHa
A, COYAGAEHY AO3aCbiHA AQ alKbIH TOYEAA] 60AATbIHbI aHbIKTaAAbl. AAbIHFAH TOYEAAIAIKTEP KeiHipek
ABCTYPAI MaTepuraspapAbl >KaHa CbIHbINTAPMEH, COHbIH iWIHAE KepamMuKa Hemece KOMMO3MUTTIK
KYPbIABIMAAPMEH aybICTbIPY >KOCMAapPAaHaTbiH aTOM JAEKTP CTaHUMSAAPbIH GOAXKay >KoHe >kobaAay

Ke3iHAE naiAaAaHbIAYbl MYMKIH.

TyHiH ce3Aep: HUTPUATI Kepamuka, PaAMaUMsAbIK akayAap, 6epikTiK, >KbIAy OTKi3riwTik,

Aerpapaums.

Introduction

One of the key requirements for new generation
structural materials, including ceramics, used in
nuclear power engineering in the development of
new types of high-temperature nuclear reactors
and thermonuclear installations, is to maintain their
resistance to radiation damage and the accumulation
of radiation-induced defects for quite a long time
[1,2]. Maintaining the stability and invariance of
such indicators as hardness, crack resistance, wear
resistance and thermal conductivity during long-
term radiation exposure is the main task set for new
types of structural materials [3-5].

As is known, the decrease in the mechanical
and strength properties of ceramics occurs due to
the accumulation of radiation-induced damage
and vacancy defects in the structure of the near-
surface damaged layer, the thickness of which can
vary from 0.2 pm to 15-30 pm. At the same time,
accumulation of defects occurs unevenly in the
damaged layer structure and is non-linear with the
dose of radiation, since in the case of low doses
of radiation, the formed defects and defective
areas are isolated from each other and do not
have an accumulative effect, which consists in the
formation of areas of disorder and amorphization.
structures [6-9]. In the case when these areas
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overlap, distortions and deformations occur in the
structure of irradiated near-surface layer, caused
both by structural damage associated with swelling
and deformation of the crystal lattice, and by gas
swelling effects caused by implantation effect
and further agglomeration of ions in the crystal
structure cavities [10-13]. Both of these factors
have a negative effect on the mechanical and wear
resistance of ceramics. Radiation defects also
make an important contribution to the mechanisms
of heat transfer, which consists in creating
obstacles to heat removal from ceramics due to
the deterioration of the thermal conductivity [14-
16]. However, despite the general understanding
of the problems associated with the accumulation
of radiation damage in the structure of ceramics
on mechanical, strength and thermal conductive
properties, several issues still need to be clarified
and studied in detail [17-20].

The aim of this work is to obtain new data
on the kinetics of changes in the mechanical and
conductive properties of nitride ceramics exposed to
irradiation with heavy ions, which are comparable
in mass and energy to uranium fission fragments
in a reactor. Interest in this study is due to the
prospects of using nitride ceramics as the basis for
first wall materials, as well as inert nuclear fuel
matrices in new generation reactors, which require
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the possibility of operating not only in conditions
of increased radiation background, but also high
temperatures of the core and coolant.

Experimental part

Polycrystalline ceramics, which have a high
degree of crystallinity and structure ordering, as
well as high hardness and resistance to external
influences, were chosen as objects of study. The
choice of nitride ceramics as objects of study is
due to their thermal conductivity, resistance to
mechanical damage, and melting temperature,
which classify them as refractory high-temperature
ceramics. According to previous studies, these
ceramics are highly resistant to radiation swelling
processes associated with the accumulation of
helium and carbon in the structure during high-
dose irradiation.

Simulations of radiation damage by heavy
Ar¥, Kr®" and Xe*' ions with energies of 70,
150 and 230 MeV, respectively, was carried out
at the DC-60 heavy ion accelerator (Nur-Sultan,
Kazakhstan), located on the basis of the Astana
branch of the Institute of Nuclear Physics of the
Ministry of Energy of the Republic of Kazakhstan.
The irradiation doses were 10'°-10'5 ions/cm?, the
ion flux was 10° ions/cm**s. The exposure dose
set was monitored using an integrated particle
flux estimation system based on Faraday cups.
The temperature of the samples during the entire
irradiation process was maintained in the range
of 30-50°C using a special water-cooled holder.
The control over the irradiation temperature
was necessary to avoid the processes of thermal
overheating of the samples and partial annealing of
radiation-induced defects in the structure.

The study of changes in the strength properties
of ceramics before and after irradiation was
carried out using the indentation method, where
the Vickers pyramid was used as an indenter at a
load of 500 N. The surface layer microhardness
was determined by 25 successive measurements
from different parts of the damaged surface and
subsequent determination of the standard deviation
of the microhardness value.

Results and discussion

Figure 1 shows the results of measurements of
the surface microhardness of ceramics exposed to
irradiation with various types of ions, depending on
irradiation fluence. In the initial state, ceramics have
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high strength values (more than 1850 HV), which
makes them promising materials for structural
materials that are subjected to high mechanical
loads.
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Figure 1 — Results of change in microhardness
value depending on type of external effects

The general trend of changes in the hardness of
the surface layer subjected to irradiation consists of
two characteristic stages, which are associated with
the effect of radiation damage and their accumulation.
At the same time, it should be noted that a change
in the type of irradiation ions leads to a change in
the microhardness value, while the general trend of
changes for each stage is preserved, which indicates
a single mechanism of structural changes affecting
the strength properties of ceramics.

The first stage is typical for irradiation doses
of 10"-10" ion/cm? for which the change in
microhardness values is minimal, which indicates a
high degree of resistance of ceramics to irradiation
with these fluences. Small changes in hardness can
be due to the effect of single interactions of incident
ions with the crystal structure of ceramics, as well as
the isolation of damaged areas caused by irradiation.
The isolation effect is explained by the fact that the
diameter of the damaged region that appears along
the trajectory of ions in the material is, according
to calculations, no more than 10-20 nm, and the
dimensions of this region have a pronounced
dependence on the type of incident ions. The greater
the mass and energy of the incident ion, the more
destructive effect it has on the properties of materials.
In this case, the main changes in the damaged areas
are caused by two factors.
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The first factor is associated with a change in the
electron density along the trajectory of ions, which
arises as a result of the passage of ions and elastic
interactions of ions with electron shells. At the same
time, in the case of ceramics, in contrast to metals
that are dielectrics, the change in electron density
does not have a return mechanism as in metals. In
this connection, the change in the electron density
in ceramics is associated with the occurrence of an
anisotropic electron distribution along the trajectory
of ions in the material, as well as near the defect
region formed as a result of the ion passage.

The second factor of changes is associated with
inelastic collisions of incident ions with atoms or
nuclei, which leads to the appearance of primary
knocked-out atoms, as well as vacancy defects in
the structure. It should be noted that the formation
of primary knocked-out atoms is greatly affected
by the energy losses of ions, which directly depend
on the initial energy of incident ions. However, it
should be clarified that in the case of irradiation with
heavy high-energy ions, the ratio of energy losses
during interactions with electron shells and nuclei
is approximately 1000:1, with great dominance
of electronic interactions. As a result, the main
contribution in the case of structural changes at
low doses of irradiation, when all defective regions
are isolated, is made by changes in the electronic
structure, as well as by the appearance of electron
density anisotropy. At the same time, most of the
emerging point defects annihilate as a result of
irradiation, and the proportion of surviving point
defects is no more than 1-5 %.

As a result of such structural changes caused
by isolated defective regions, the microhardness
value changes insignificantly, and the decrease
is associated with the occurrence of structural
deformations and a change in the electron density,
which forms disordered regions in the structure.

The second stage of changes in the values of
microhardness is typical for irradiation doses of
10" — 10" ion/cm? and has a strong dependence of
the decrease in microhardness on the dose. Such
changes may be due to the effect of overlapping
defective regions, as well as defective fractions and
disordered regions resulting from such overlapping,
leading to strong deformation of the crystal structure
and partial destruction of chemical and crystalline
bonds. With an increase in the irradiation fluence,
the number of defective regions in the structure
increases, and the probability of their overlap
becomes close to unity at a fluence above 10'? ion/
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cm?, and in the case of irradiation doses of 10'4-10"
ion/cm?, the overlap probability is more than 100
and a deep overlap region is observed. This leads
to the fact that previously isolated point defects that
have arisen during irradiation are able to interact
with each other when defective regions overlap, and
in this case the effect of their mutual annihilation
is leveled due to the formation of complex defects
in the form of cluster defects. The result of such
overlaps is the accumulation of a defective fraction
in the structure of the damaged layer, swelling
and deformation of the crystal lattice due to the
knocking out of atoms from the lattice sites, as well
as their subsequent migration and the formation of
vacancies. In this case, part of the defective volume
can be squeezed out from the inner damaged area
onto the surface in the form of hillocks or blisters,
the occurrence of which leads to embrittlement of
the surface layer and a decrease in its strength.

Figure 2 shows the results of change in the near-
surface layer softening degree, which reflects the
strength degradation degree as a result of external
influences. The calculations were made using the
calculation formula (1):

H,-H
SD:(O]XIOO%, (1)
HO

where H, and H are the microhardness values in the
initial and irradiated states.

—u— |radiated A*** ions
1 |—e— Irradiated K™ ions
8 | —a— Irradiated Xe*" ions

Degree of softening, %

0 1 '|/ /' N A S B B R R —
Inial 10 10" 10% 10" 10" 10®
Fluence, ion/cn

Figure 2 — Results of change in the softening degree
depending on irradiation fluence
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An analysis of the obtained dependences of
softening degree change shows reverse trend of
changes in the value of microhardness and reflects the
degree of degradation of the strength characteristics
of ceramics. As can be seen from the data presented,
the greatest changes in softening degree are
observed for irradiation fluences above 10" ion/
cm?, which, as mentioned earlier, corresponds to
the effect of accumulation of radiation damage
of ceramics as a result of increased probability of
overlapping damaged areas in the near-surface layer
of ceramics. At the same time, it can be seen from
the presented dependences that the change in the
ion type, and, consequently, the energy and energy
losses of incident ions in the material, the surface
layer degradation degree increases. It is also worth
noting that, in contrast to the samples irradiated
with Ar®" and Kr'>* ions, for which the change in
the softening degree at fluences of 10'* — 105 has
a dependence close to linear, for samples irradiated
with Xe?' ions at an irradiation fluence of 10"
ion/cm?, a sharp increase in surface degradation
is observed. This behavior can be explained by a
more destructive effect due to an increase in the
interactions of incident ions with the electronic and
nuclear subsystems.

An important factor determining the scope of
ceramics, as well as their service life, is preservation
of the stability of thermal conductive properties of
irradiated ceramics. At the same time, for materials
of inert matrices or walls of nuclear reactors, the
values of thermal conductivity play a very important
role in determining the efficiency of heat removal
from the core, as well as heat transfer from fuel to
coolant. Figure 3 shows the results of determining
the ceramic thermal conductivity coefficient
depending on various influences. The coefficient
was determined using formula (2):

qo
A=—""— )

tcl - Zlc2 ’

where g is the heat flux density, W/m* ¢  and ¢, are
the temperatures on both sides of the sample, K; 6 is
the sample thickness, m.
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In the case of irradiation with Ar®" heavy ions,
the change in thermal conductivity coefficient
occurs at fluences above 10" ion/cm?, while
according to the estimate of thermal conductivity
coefficient losses shown in Figure 4, the decrease is
no more than 0.5 — 3.2 %, depending on irradiation
fluence. It should be noted that for the majority of
structural materials, the permissible reduction in
thermal conductive properties is no more than 10 %
of the nominal value. At the same time, irradiation
with Ar® ions, which leads to a decrease by 3.2 % at
the maximum irradiation fluence, indicates a weak
irradiation effect on thermal conductivity even at
high irradiation fluences.

215+
210—-
205—-
200—-
195—-

190

1859 | —a— Irradiated Ar™ ions

1 |—e— Irradiated Kr*™" ions

180 _ .
| |—a— Irradiated Xe™ ions

175 T T T T T T T T T T T T T
Iniial 10 10" 10% 10® 10" 10"
Fluence, ion/cm’

Thermal conductivity, W/m*K

Figure 3 — Results of change in the thermal conductivity
coefficient depending on the type of external influences

In the case of irradiation with heavy Kr'>*
ions, a change in thermal conductivity coefficient
is observed at a fluence of 10! ions/cm? and
higher, which indicates earlier changes in the heat-
conducting properties than in the case of irradiation
with Ar® ions. At the same time, the decrease in
thermal conductivity coefficient at the maximum
irradiation fluence by 7.1 % also falls within the
permissible limits, which indicates that ceramics are
more resistant to changes in thermal conductivity
than mechanical strength and hardness at high
irradiation fluences.
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Figure 4 — Results of change in losses
of thermal conductivity coefficient

The most pronounced changes in thermal
conductivity coefficient are observed for ceramic
samples irradiated with Xe*** heavy ions, for which
the change in thermal conductivity coefficient
depending on irradiation fluence is exponential
and reaches a maximum loss of 13.8% at an
irradiation fluence of 10" ion/cm? which exceeds
the permissible limits.

Such behavior of the change in thermal
conductivity coefficient, as well as the dependence
of the change in thermal conductive properties on
irradiation fluence, as well as the ion types, indicates
that the main mechanism affecting the change in
thermal conductive properties, in addition to the
deformation contribution to structural changes,
is the anisotropy of electron density. As shown
above, a change in the energy and type of incident
ions leads to large energy losses during elastic
and inelastic interactions, as well as an increase in
the diameters of damaged regions [21-23]. At the
same time, the dominance of electron energy losses
of incident ions, which leads to large changes in

electron distribution along the ion trajectory, leads
to an increase in anisotropy, which was stated earlier
in [24,25]. In the case of irradiation with Xe*** heavy
ions, the diameters of the damaged regions are more
than 20 nm, which, at high irradiation fluences,
leads to overlapping of the defective regions and the
formation of an anisotropic change in the electron
density, with the formation of regions with a
depleted electron density.

Conclusion

The paper presents the results of changes in the
mechanical, strength and heat-conducting properties
of ceramics depending on the type of external
action and the irradiation fluence. Based on the
results obtained, the dependences of change in the
near-surface layer hardness are established. It has
been determined that the main changes in strength
have a pronounced dependence on the irradiation
fluence, while at low irradiation fluences, changes
in the strength properties are due to the effects of
changes in electron density, while with an increase
in the irradiation fluence, deformation contributions
dominate, leading to disordering of the structure and
a decrease in the strength of the near-surface layer.
It has been established that the decrease in thermal
conductivity has a pronounced dependence on both
the energy of incident ions and the radiation dose.
The obtained dependencies can later be used in the
forecasting and design of nuclear power plants, in
which it is planned to replace traditional materials
with new classes, including ceramics or composite
structures.
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