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The work presents study results of the applicability of high-temperature heat treatment (500-700°C) of
nitride ceramics irradiated with protons with an energy of 1.5 MeV and a dose of 10 16 cm −2 . It was
found that heat treatment for 60 minutes at a temperature of 700°C allows us to significantly reduce
the density of radiation-induced defects and distortions in ceramics structure due to partial annihilation
and relaxation of point defects. Dependences of changes in the strength and mechanical characteristics
of ceramics on the temperature of post-irradiation annealing are shown. Based on the data obtained,
a conclusion was made about prospects of using post-irradiation annealing to maintain the strength of
ceramics subjected to loading during operation.

Keywords: proton irradiation, radiation-resistant ceramics, aluminum nitride, deformation, strength
and wear resistance.

1. Introduction

In modern materials science of structural materials, one of the promising tasks
is to find a solution to the problem of wear resistance and strength of materials
during operation under the influence of ionizing radiation [1-3]. The problem is
based on partial destruction of the surface layer; it’s cracking or peeling as a result
of defects accumulation during irradiation, also in the case of friction or sliding.
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For structural materials for nuclear energy of new generation reactors, the use
of ceramic materials based on nitrides, carbides or oxides leads to a significant
increase not only in temperature variations in operating conditions, but also in
a significant increase in the operation life [4, 5]. Interest in ceramic materials
for new generation reactors is caused by their physical-chemical properties,
high melting point, which in most cases exceeds 1500-2500°C, low reactivity to
aggressive media, acids or alkaline solutions, high resistance to various types
of ionizing radiation [6-10]. Particularly, ceramics based on aluminum nitride
showed high resistance to helium swelling and irradiation with ions comparable
in magnitude to fission fragments of uranium nuclei [11-13].

Formation of gas inclusions and regions with an increased concentration of
defects [14, 15] are observed when exposed to light gas ions, such as helium,
carbon or protons, which have poor solubility, high mobility, the ability to implant
and subsequent agglomeration in the structure of surface layer at high irradiation
doses. In this case, the hexagonal type of crystal structure leads to an uneven
distribution of these defective regions in the structure. The uneven distribution
of defects in the structure can lead to an increase in overstrain and distortions in
the structure, which subsequently negatively affects the operation properties of
ceramics [16-18].

One of the ways to control hydrogenation and swelling in ceramics is high-
temperature rapid annealing, which partially reduces the concentration of defects
in the structure due to their temperature relaxation [19, 20].

The AlN ceramics selected as investigated object are one of the promising
ceramic materials in microelectronics and optical devices [21, 22], dosimetry of
ionizing radiation [23, 24], insulating materials with high thermal conductivity
used in nuclear and fusion energy [25, 26]. Aluminium nitride possesses high
values of thermal conductivity, mechanical strength, resistance to degradation
in aggressive environments, and good insulating properties. The high radiation
resistance to various types of ionizing radiation is evidenced by a large number of
scientific works in studying the mechanisms of defect formation in ceramics under
irradiation, including the effect of electrons and gamma radiation [22], neutron
irradiation [27, 28], irradiation with heavy ions [29, 30]. The high resistance to
radiation effects is due to the crystal structure of aluminum nitride, and the
high value of the threshold displacement energy > 34 keV/nm. Also, at the
moment there is no direct evidence of the presence of ion tracks in AlN ceramics
under ion irradiation, which also indicates a high resistance to irradiation of this
type of ceramics, comparable to SiC ceramics [31]. However, there are not so
many works on studying the effect of irradiation with protons, and processes of
hydrogen absorption and subsequent structural changes [32-35]. In most cases,
proton irradiation doses are 10 12 -10 15 ion/cm 2 , which can lead to a significant
change in point defects concentration and their mobility in the structure. The
high penetrating ability of protons and the high energy of protons can lead, firstly,
to a change in the electron density along the trajectories of motion, which leads
to a change in the density of defects, and structural changes [35]. In this case, in
the case of irradiation with protons, the main role in defects creation is played by
point defects, vacancies, dislocations, an increase in the density of which leads to
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structural disordering in ceramics.
The aim of this work is to study the effect of post-radiation annealing on the

change in structural and strength characteristics of AlN ceramics irradiated with
protons at a dose of 10 16 cm −2 , which is characteristic of the overlapping effect
of defect regions, and the creation of significant structural changes. One of the
ways to reduce the concentration of point defects is the method of post-radiation
thermal annealing. Particularly, this method has proven itself well in studies of
changes in the concentration of F centers arising from irradiation with electrons,
neutrons, protons, and heavy ions in ceramics and crystals [36-42].

However, it should be noted that thermal annealing allows annealing of
defects in the entire volume of the sample, which for some cases is technically
impossible or unacceptable. In this case, methods of laser destruction of defects
are used, which makes it possible to anneal the defects locally [43-45].

2. Experimental part

2.1 Initial samples

Polycrystalline aluminum nitride ceramics with a wurtzite-type crystal struc-
ture manufactured by Shenzhen JRFT were used as investiagted samples. These
ceramics have a high melting point and thermal conductivity, a degree of struc-
tural ordering in the initial state of 97.6%, according to X-ray diffraction analysis.
Before the irradiation, the ceramics were subjected to a series of successive grind-
ing and polishing operations using grinding wheels with different grain sizes,
and a polishing diamond paste. The average value of the degree of roughness in
1-3 nm was determined by evaluating the ceramic surface from various places
and subsequent averaging.

2.2 Samples irradiation

Simulation of hydrogenation processes as a result of implantation of protons
into the structure of surface layer was conducted by irradiating ceramics with
protons with an energy of 1.5 MeV and a dose of 10 16 cm −2 at the UKP-2-
1 electrostatic accelerator (Almaty, Kazakhstan) [46]. Irradiation was done in
vacuum, on a water-cooled target to reduce the posibility of thermal annealing
of defects as a result of heating of the target during irradiation. Targets of 25
µm thick were fabricated for irradiation. The choice of the target thickness for
irradiation is based on the maximum path length of protons with a given energy
determined using the SRIM Pro 2013 program. In this case, the use of a target
thickness of 25 µm makes it possible to evaluate structural changes along the
entire proton path. The projected range in the case of protons with an energy of
1.5 MeV in AlN ceramics with a density of 3.26 g/cm 3 according to calculations
of the SRIM Pro 2013 program code was 20.5 µm, energy losses dE/dx electr =
47.8 keV/µm, dE/dx nucl. =0.03 keV/µm. The calculation was conducted using
the quick KP model, the displacement energies were selected according to the
model used for calculations [47-49].

2.3 Isochronous thermal annealing of irradiated samples

An analysis of the influence of the possibility of using high-temperature
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annealing on the partial annihilation and relaxation of defects arising during
irradiation and subsequent accumulation of defects in ceramics structure, and
the possibility of simulating annealing processes under real conditions of reactor
materials was conducted in a muffle furnace. Isochronous annealing temperatures
were 500, 600, and 700°C, and the heating rate was 20°C/min. The annealing
time is 1 hour, after which the samples were cooled down together with the
oven to room temperature for 8-10 hours. The choice of annealing temperatures
was based on standard techniques for annealing defects at temperatures of 0.2-
0.3 T melting . In our case, for AlN ceramics, the value T melting =2200°C. Also,
the annealing temperatures were 500°C = 0.22 T melting , 600°C=0.27 T melting ,
700°C=0.31 T melting . For annealing, a series of samples were selected, which were
irradiated under the same conditions.

2.4 Study of the dynamics of changes in samples deformation

Assessment of structural changes, including density, porosity, degree of struc-
tural ordering, and deformation of the crystal lattice was carried out by changing
and fully profile analyzing X-ray diffraction patterns obtained using the X-ray
diffraction method performed on a D8 Advance Eco (Bruker, Karlsruhe, Germany)
instrument. X-ray diffraction patterns: Cu-k λ =1.54 Å, 2 θ =20-75°, in increments
of 0.01°, standing time at the point 1 sec.

The crystal lattice parameters were determined using the DiffracEVA and
TOPAS v.4 software codes, which are used to interpret X-ray diffraction patterns,
and to determine changes in structural parameters.

The determination of the crystallite sizes ( L ) was carried out using the
Williamson-Hall method [50].

The dislocation density ( δ ) was calculated by the formula (1) [35, 46]:

δ =
1
L2 , (1)

Study of changes in surface deformation, and kinetics of changes in structural
defects and surface roughness as a result of irradiation and subsequent annealing,
was conducted using the atomic force microscopy method performed using the
AIST-NT SPM microscope.

2.5 The study of mechanical and strength properties

The microhardness was assessed using the microindentation method with
a variable load varying from 10 to 1000 N. The Vickers pyramid (a tetrahedral
diamond pyramid with an angle of 136° between opposite faces) was used as
an indenter. The samples were polished to reduce the ceramics thickness to
determine the change in microhardness values at a depth of more than 10-15
microns.

The study of resistance to cracking and deformation of ceramics before and
after external influences (irradiation, thermal annealing) was carried out by tests
for wear resistance at a load of 100 N, bending strength and impact strength
before and after irradiation.

Determination of strength properties was carried out using standard three-
point bending strength and impact toughness test methods. For flexure tests,
ASTM D790 was used to determine the modulus of elasticity and shear. The tests
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were carried out at room temperature. Impact strength was determined using
Charpy Impact Impact Test Method according to ASTM E23.

3. Results and discussion

3.1 Study of changes in structural parameters

Figure 1 shows the X-ray diffraction data of the studied ceramics before and
after irradiation, and after thermal annealing.

Figure 1. X-ray diffraction pattern of the AlN ceramic samples.

According to the presented data, the ceramic structure is characteristic of the
hexagonal type of crystal lattice, similar to wurtzite, with the three most intense
peaks at 2 θ =33.4°, 2 θ =36.2° and 2 θ =38.1° to which the Miller indices (100), (002)
and (101) correspond respectively. In this case, a change in the position and
shape of the (100) and (101) diffraction maxima corresponds to deformation or
structural changes along the crystallographic axis a, and a change in the (002)
diffraction maximum reflects changes along the c axis in the hexagonal lattice
[15, 52]. The general view of X-ray diffractograms of irradiated and subsequently
annealed samples indicates the absence of any phase transformations or the
nucleation of new phases as a result of external influences. The main changes
are associated with changes in intensities and positions of the diffraction lines,
which indicates a distortion of the crystal structure after irradiation.

As previously shown [15, 51], the main structural changes are most pro-
nounced in data change in the diffraction reflections. Therefore, Figure 2 shows
the dynamics of change in these reflections depending on external influences.
The choice of a detailed analysis of the three reflections (100), (002) and (101)
presented in Figure 2 is based on the fact that these reflections most fully reflect
the change in parameters of the crystal lattice as a result of external influences.
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A change in their intensities, and reflections shape, indicates not only a change
in defects concentration and distortions in the lattice, but also the orientation of
grains (degree of texturing).

According to the technological process for producing aluminum nitride ceram-
ics by sintering from powders, stabilizers based on powders of aluminum oxide
(Al 2 O 3 ) or yttrium oxide (Y 2 O 3 ) in a percentage ratio of not more than 3-4%
are used to stabilize ceramics and increase its resistance to external influences.
According to the results of X-ray diffraction, low-intensity peaks at 2 θ =34.8°,
2 θ =42.1° and 2 θ =43.1° are characteristic of the Al 2 O 3 phase, the content of
which is no more than 3.7% in the structure (inset in Figure 1), which is in good
agreement with passport data of the studied samples taken from the manufac-
turer’s website [52]. We also previously established [15, 51] that the distribution
of the impurity stabilizing phase in structure is isotropic over the entire volume
of the ceramic.

Figure 1. a) Dynamics of the main diffraction reflections (100), (002) and (101) in case of irradiation and subsequent
thermal annealing; b) Graph of changes in the intensities of the main reflections (100), (002) and (101) as a result of

external influences; c) Plotting angular dependencies of FWHM according to the Williamson-Hall method.

As can be seen from the data presented in Figure 2, the change in the main
diffraction peaks as a result of irradiation is associated with a decrease in re-
flections intensity, and their shift to the region of small angles, which indicates
deformation and an increase in interplanar distances. Figure 2b shows the data
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on changes in intensities of the main reflections after irradiation and subsequent
annealing. According to the data presented, irradiation with protons with a dose
of 10 16 cm −2 leads to a decrease in intensities by 25-30% of the initial value,
while thermal annealing leads to a restoration of the intensity value within 84-88%
of the initial value. A change in intensities indicates a change in structural distor-
tions and deformations during annealing. The evaluation of the size factor and
deformation factor affecting the distortion of diffraction reflections was carried
out using the Williamson-Hall method [50], by plotting the angular dependence
of the change in the width at half maximum (FWHM) of diffraction reflections
in the entire considered range. Figure 2c shows the obtained dependences for
all observed samples. According to the data presented, a small change in the
initial position indicates a small contribution of the size factor associated with a
change in the crystallite size as a result of external influences, while a change in
the tilt angle for an irradiated sample is caused by an increase in distortions of
the crystal structure. A decrease in the tilt angle for irradiated samples indicates
a decrease and partial relaxation of distorting factors in the lattice structure.

In this case, the largest changes are observed for the (002) reflection, which
indicates a large lattice deformation along the c crystallographic axis (see the
data in Table 1, Distortion parameters along the a and c axis). In the case
of annealed samples, with an increase in the annealing temperature, a partial
structural ordering is observed, and an increase in reflections intensities and
their shift toward large angles. That indicates the annihilation of radiation
defects and partial relaxation of distortions. It is worth noting that all changes in
diffraction reflections are mainly associated with the deformation and distortion
of interplanar spacings and the crystal lattice, since the change in grain size as a
result of irradiation and subsequent annealing is no more than 1-3%, which is
within the margin of error. In this case, the dislocation density also has small
changes, both as a result of irradiation and during subsequent annealing.

The degree of structural ordering (degree of crystallinity) was determined by
approximating X-ray diffractograms using pseudo-Voigt functions, followed by
determining the background contribution and calculating the area of reflections
and amorphous halos. The value is presented in Table 1. According to the data
obtained, the change in the degree of crystallinity in the case of irradiation was
no more than 4-5%, while isochronous thermal annealing at a temperature of
700°C made it possible to reduce the contribution of defect regions by 4 times
and to increase the degree of structural ordering by 2%.

Figure 3a shows the dynamics of changes in macrostresses resulting from dis-
tortion and deformation of interplanar spacings. The magnitudes of macrostresses
were estimated on the basis of an analysis of the displacement of the three most in-
tense diffraction reflections characterizing a change in the positions of interplanar
spacings in the structure of ceramics (2) [53]:

macrostrain =
dexp − dpristine

dpristine
, (2)

where dpristine, dexp are the values of the interplanar distances of the initial
sample and subject to external influences. The bond length in the Al-N crystal
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lattice was determined using formulas (3-4) [54]:

L =

√

a2

3
+

(

1
2
− u

)2

c, (3)

u =
a2

3c2 + 0.25, (4)

where a , c are the lattice parameters. Figure 3b shows the results of changes in
the density of ceramics and Al-N bond lengths as a result of external influences.

Figure 3. a) Macrostress dynamics of interplanar distances for reflections (100), (002) and (101); b) The dynamics of
changes in the density and length of the Al-N bond as a result of external influences (irradiation and subsequent

thermal annealing).

According to the data presented, an increase in the annealing temperature
leads to a decrease in macrostresses and strain in the structure, with the largest
change being observed for the (002) and (101) planes. The formation of distortions
and deformations in structure leads to the appearance of porous inclusions, and
gas-filled regions with implanted hydrogen [55, 56], which leads to a decrease in
density and an increase in Al-N bond lengths. However, temperature annealing
leads to partial relaxation of defects, which has a positive effect on the increase
in ceramics density, which amounted to 99.7 and 99.8% of the initial value for
annealed at 600 and 700°C, respectively.

3.2 Research of strength characteristics

One of the important characteristics of ceramics considered as candidates for
structural materials is not only the stability of the crystal structure to radiation,
but also strength characteristics such as microhardness, bending strength, dry
friction coefficient, etc. Irradiation can initiate degradation processes of the
structure, which have a significant effect on the strength characteristics, and the
dynamics of their change indicates ceramics resistance to irradiation.

Figure 4 presents the results of a study of changes in strength characteristics,
such as depth microhardness and dry friction coefficient as a result of cyclic
friction tests.

According to the obtained data, proton irradiation with a dose of 1× 10 16

ion/cm −2 leads to a decrease in the microhardness down to a depth of 22-23
µm. That slightly exceeds the calculated value of the maximum path length
of protons in ceramics. Such a discrepancy may be due to cascading effects of
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Figure 4. a) Dynamics of changes in the microhardness along the depth of studied ceramics before and after external
influences; b) Dynamics of the dry friction coefficient.

defects accumulation in the structure at high radiation doses and their subsequent
migration in the ceramic structure to a greater depth exceeding the maximum path
depth. In the case of annealed samples, not only an increase in the microhardness
is observed. But also a decrease in the damage thickness is observed that indicates
the relaxation nature of removal of distortions and deformations in the structure.
In the case of wear tests, changes in the coefficient of dry friction for the initial
sample are a slight increase (not more than 10-15%) after 10,000 test cycles, which
is due to slight damage to surface layer structure as a result of friction. For
irradiated samples, an increase in the dry friction coefficient is observed after
5000-7000 test cycles, which is due to the degradation of the surface layer as
a result of swelling and degradation. In this case, irradiation leads to surface
wear and partial cracking after testing, as evidenced by the results of Figure 5a.
For annealed samples, the change in the value of the dry friction coefficient a
decreases, and at a temperature of 700°C, the value of the coefficient is comparable
with the value for the initial sample.

Figure 5. a) Diagram of changes in ceramics wear for all considered cases; b) Dynamics of change of fracture viscosity
coefficient and crack resistance coefficient of ceramics.

Figure 5b presents the results of changes in values of the fracture toughness
coefficient and the Griffiths criterion. Determination of the fracture toughness
coefficient of the surface layer subjected to irradiation and subsequent thermal
annealing was carried out using formula (5) [57, 58]:



Eurasian Journal of Physics and Functional Materials, Vol.4(4). 301

KIC = 0.016
(

E

H

)0.5 P

c1.5 , (5)

where E is Young’s modulus (Y=308 GPa [59] ), H is microhardness, P is load
force, c is crack size.

The study of the criterion of resistance to fracture was determined using the
Griffith criterion, which characterizes the degree of structural deformation and
resistance to cracking as a result of external influences (6) [57, 58]:

Kcr = S2L, (6)

where S is the average stress, L is the crystallite size.
According to the data presented in Figure 5b, thermal annealing leads to a

significant decrease in the effect of radiation damage, and an increase in the crack
resistance of ceramics to external influences.

Table 2 presents the results of changes in strength characteristics, such as
bending strength and viscosity parameters, according to which it is clear that
thermal annealing leads to a partial recovery of strength characteristics at a
temperature of 500-600°C, and in the case of 700°C, the strength parameters are
close to the original values within the error. The positive dynamics of changes in
the strength characteristics of annealed ceramics indicates the promise of using
thermal annealing for partial relaxation and removal of deformations in the
structure, which can significantly increase the time of ceramic exploitation in the
future.

Table 2.
Data of strength parameters.

Parameter Initial sam-
ple

1016

ion/cm2
Annealing

500°C 600°C 700°C
Three-point
bending
strength (MPa)

164±3 155±2 157±3 160±1 163±2

Impact tough-
ness (kJ/mm2)

1.41±0.09 1.32±0.04 1.35±0.03 1.38±0.04 1.40±0.02

3.3 Study of changes in surface morphology

Figure 6 shows the dynamics of surface morphology of studied ceramic
samples before and after irradiation and subsequent thermal annealing obtained
using the atomic force microscopy method by constructing 3D images of the
surface morphology. Small defects in the form of scratches and small tubercles on
the initial sample surface are due to sample preparation in the form of grinding
using abrasive materials.

Analysis of changes in the surface morphology showed that in the case of
irradiated samples, the formation of defective regions is observed. These are
hillocks or gas-filled sphere-like inclusions, the presence of which is characteristic
of structural defects caused by irradiation. The formation of such areas is due
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Figure 6. Dynamics of changes in the surface morphology of ceramics [the image data for the initial and irradiated
sample were taken from [46].

to the partial extrusion of defects and gas inclusions to defects sinks and their
subsequent migration to the surface. An increase in defects near drains and
grain boundaries, and poor solubility of hydrogen, leads to the formation of
highly disordered regions containing a large number of structural stresses that
can squeeze the defective volume to the surface. Also, a change in defects
concentration in the structure of the surface layer, and an increase in overstresses
and deformations, can lead to partial cracking and peeling of the surface layer.
This also negatively affects the operation properties of ceramics. Moreover, in
the case of irradiated samples, the formation of clusters of hillocks consisting
of several sublayers is observed. The presence of such a complex structure of
hillocks is due to the effects of overlapping of defective regions at high radiation
doses.

Paper [60] proposed a detailed scheme for the formation of hillocks in films
based on zirconium, aluminum, and chromium nitrides, according to which the
formation of hillocks or gas-filled blisters occurs as a result of defects accumula-
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tion near defect sinks and grain boundaries. In the case of prolonged irradiation
leading to distortion and deformation of the crystal structure, which leads to
the formation of cavities, which in the layer can be filled with intercalated ions
capable of forming cluster inclusions with excess pressure. An increase in excess
pressure can lead to partial swelling, and squeezing out the volume to the surface,
which leads to hillocks or blisters formation.

The second reason for the change in the surface as a result of irradiation
is processes of partial sputtering and peeling of the near-surface layer after
irradiation. These effects are mainly observed at irradiation with low-energy
gas ions or fast heavy ions [51, 60-62]. In this case, deformation occurs as a
result of a large amount of transferred kinetic energy into the electronic and
nuclear subsystem of the target, which leads to the appearance of a large number
of initially knocked-out atoms, and electron cascades capable of significantly
deforming the structure.

For annealed ceramics, a decrease in the density of defective inclusions and
their size is observed, which indicates partial relaxation of defects as a result of
annealing. Moreover, the greatest smoothing of the surface occurs at an annealing
temperature of 700°C. At this temperature, a decrease in the area and size of
hillocks is observed, and the main surface damage remains only in the form of
exfoliation of the surface layers.

The maximum stress arising in defective areas on the surface of irradiated
and subsequently annealed ceramics was calculated as a function of pressure
using formula (7) [16]:

σ2D =

√

prE

2
, (7)

where E is Young’s modulus [60], r is the radius of the hillock, p = ρ RT
pressure. The results of magnitude change of stresses arising in hillocks, and the
percentage of the damaged surface area are presented in Figure 7.

According to the data presented, temperature annealing leads to partial stress
relief, and relaxation of the most defects in surface layer, which leads to relaxation
of distortions and partial ordering. The presented data on the degree of surface
erosion in Figure 7a indicate that irradiation leads to damage to about 80% of
the entire ceramic surface, due to hillocks formation, and partial swelling of
sample after of defects accumulation. Thermal annealing leads to a decrease in
the degree of surface erosion; however, according to the data of atomic force
microscopy, large craters and hollows are formed on ceramic surface, which
are characteristic of the processes of peeling off damaged layers. The processes
of peeling off the damaged surface during thermal heating can be due to the
fact that, if the annealing temperature is increased, additional thermal vacancies
appear in the structure, which can cluster with radiation defects and intercalated
hydrogen. The formed clusters can dramatically increase the pressure in cavities,
which leads to their destruction and flaking. The migration of thermal vacancies
and clusters formation, followed by exfoliation, leads to a decrease in defects
concentration and stabilization of the crystal structure throughout the sample.
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Figure 7. a) Graph of changes in the stress value in defective areas and the area of the damaged surface of ceramics; b)
Graph of changes in defects density on ceramics surface.

3.4 Discussion of the obtained results and mechanisms of defects annealing

As a rule, post-radiation annealing of defects is used to anneal point defects
and vacancies, and partial relaxation of defects in steels, crystals, and ceramics
exposed to irradiation. A change in structural and mechanical properties occurs
as a result of the emergence in material structure of non-equilibrium processes
associated with the formation and subsequent accumulation of vacancies and
point defects. In this case, the annealing temperature is selected so that the
thermal energy is sufficient for annealing the defects, but at the same time
insufficient for the formation of new defects as a result of thermal heating.

In general, the process of defects thermal annealing can be described by the
following formula (8) [63]:

dn

dt
= −nv(−∆Ea/kT), (8)

where n is defects concentration in the structure, v is the frequency of thermal
vibrations of atoms in the crystal lattice, ∆Ea is the activation energy of defects
annealing, k is the Boltzmann constant, and T is the annealing temperature. In
this case, when the value of ∆Ea is sufficiently small, annealing of defects does
not occur, and the formed defects remain stable, despite the fact that they are
in a non-equilibrium state. An increase in the annealing temperature leads not
only to an increase in thermal vibrations, but also to an increase in the degree of
mobility of point defects and vacancies in the structure. In the case of isochronous
annealing at low temperatures, only the processes of recombination of interstitial
sites and vacancies located close to each other are possible, which leads to a
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small annealing effect. The main process of recombination in this case is due
only to the mobility of interstitial atoms over small distances. An increase in
the annealing temperature can lead to the fact that interstitial atoms go to more
sinks to the grain boundaries. In this case, dislocations in the structure can be
annealed, and the grain size can also change. A further increase in the annealing
temperature, as a rule, leads to the processes of decay of cluster defects, and the
liberation of interstitial atoms from traps with subsequent recrystallization and
phase transformations. In our case, according to the data obtained, the presence of
new phases, and processes of recrystallization associated with an abrupt change
in grain sizes, was not observed. That indicates that the main processes during
post-radiation annealing in a given temperature range are associated with the
recombination of point defects, and their annealing of dislocations. A change
in defects concentration as a result of an increase in the annealing temperature
leads to a decrease in the anisotropic distortion of the crystal lattice, and to an
increase in the degree of perfection of the crystal structure.

In most cases, thermal annealing is used to restore radiation damage, in
order to increase the operation life, and to preserve the characteristics of the
material. For example, in [64] it was shown that in the case of post-radiation
annealing of AlN ceramic samples irradiated with neutron fluxes, an increase
in the annealing temperature led to a decrease in the anisotropy of the crystal
lattice swelling. Also, the authors showed that the level of ceramics swelling
a result of irradiation at higher temperatures becomes less, which is due to
the partial annihilation of point defects during irradiation. The behavior of
changes in structural parameters, particularly, the parameters of the crystal
lattice and its anisotropy, obtained in [64], are similar to the obtained temperature
dependences of changes in parameters of the crystal lattice in this work.The use of
isochronous annealing of radiation defects arising from neutron irradiation of AlN
ceramics is shown in [65]. The authors of the work have shown that the greatest
decrease in defects concentration arising during irradiation is observed when the
annealing temperature exceeds 600°C. In this case, an increase in the annealing
temperature above 900°C leads to an increase in linear dimensions of the samples
as a result of swelling. Structural changes caused at temperatures above 900°C
indicate that the selected annealing temperature range of 500-700°C in this work
avoids structural changes associated with a change in linear dimensions, and in
recrystallization processes. The effect of isothermal annealing of AlN ceramics
samples irradiated with neutrons is considered in [66], where the authors showed
that the greatest changes occur in the time period from 0 to 30–80 minutes,
depending on the annealing temperature. This also has good agreement with the
chosen isochronous annealing time in this work.

Conclusion

The paper presents the results of studying of the applicability of high-temperature
heat treatment (500-700°C) of nitride ceramics exposed to irradiation with protons
with an energy of 1.5 MeV and a dose of 10 16 cm −2 . During studies, it was found
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that heat treatment for 60 minutes at a temperature of 700°C can significantly
reduce the density of radiation-induced defects and distortions in ceramics
structure, due to partial annihilation and relaxation of point defects. Dependences
of changes in the strength and mechanical characteristics of ceramics on the
temperature of post-irradiation annealing are shown. Based on the data obtained,
a conclusion was made on the prospects of using post-irradiation annealing to
maintain the strength of ceramics exposed to loading during operation.
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