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NaNd(WOs), and NaNd(MoOs), ceramics irradiated with high-energy ions. The possibilities and applicability
limits of the technique for the analysis of such samples are shown. Estimates of the degree of amorphization in
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ceramics to external radiation exposure as compared to NaNd(WO,), has been demonstrated.

Keywords: X-ray diffraction, Parallel beam method, Grazing incidence geometry, lon irradiation, Ceramics,

Radiation resistance, Amorphization, Damaged layer.

DOIL: 10.21883/TP.2022.08.54556.69-22
Introduction

One of the main non-destructive methods of studying
the crystal structure of solids is X-ray diffraction anal-
ysis. A special technique of X-ray diffraction analysis
requiring the use of a parallel primary beam (,,parallel
beam method”) is X-ray diffractometry in the geometry
of grazing incidence (grazing incident x-ray diffractometry,
GIXRD). The spread of multilayer X-ray optics of the
primary beam has led to the widespread use of this
technique not only on synchrotrons [1,2], but also on
laboratory diffractometers [3]. An important feature of
the method is that the angle of incidence of radiation
on the sample throughout the experiment, in contrast to
the ,classical® analysis in the Bragg—Brentano geometry
remains unchanged. At the same time, the information
depth of the analysis is determined by the photoelectronic
absorption of X-ray radiation in the sample and the
phenomenon of total external reflection (TER). Near the
TER angle, the depth of penetration depends very sharply
on the magnitude of the angle of grazing incidence a.
Thus, varying the angle of incidence of X-ray radiation
on a sample in the method of X-ray diffractometry in the
geometry of sliding incidence makes it possible to control
the effective information depth of diffraction analysis in
the range from units of nanometers to units of microns.
It becomes possible to analyze the distribution of crystal
phases in depth, to investigate deformations and structural
defects in the near-surface layers of [3-5]. Such analysis
capabilities are becoming in demand in the diagnosis of thin
polycrystalline films [6], as well as near-surface disturbed
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layers in polycrystalline materials caused by the peculiarities
of mechanical processing, ion etching and implantation
or radiation exposure [7,8]. When solving the problem
of searching for radiation-resistant materials, a diagnostic
technique is required that allows obtaining quantitative
estimates of the thickness of the disturbed layers and
the degree of amorphization of crystalline phases in them
caused by radiation exposure. This paper is devoted to the
adaptation and application of the GIXRD technique for the
analysis of disturbed layers in ceramics exposed to high-
energy ions.

1. Experimental

Ceramics based on mineral-like compounds [9,10], in-
cluding those with the structure of the mineral scheel-
ite [11,12], are being studied as promising materials for
the immobilization of components of radioactive waste.
Isostructured scheelite-like compounds can contain many
elements in their composition, the isotopes of which are
present in the waste of radiochemical technologies [13,14].
In this paper, two series of ceramic samples NaNd(WOy4);
(NNW) and NaNd(MoOj4), (NNMo) with the structure of
the mineral scheelite [15-17] were studied. For the synthesis
of such tungstates and molybdates, a method based on
the precipitation reaction from solutions of metal salts was
used. To obtain ceramics, the method of electropulse plasma
sintering was used, which consists in high-speed heating of
powder materials by passing successive DC pulses through
the sintered material and graphite mold with simultaneous
application of pressure [10,15-18]. The sintering process
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Figure 1. Diffractogram of the original NNW ceramics before irradiation, taken in symmetrical geometry.

was carried out on the DR installation. SINTER model
SPS-625 Spark Plasma Sintering System (SPS SYNTEX
INC. Ltd, Japan). As a result of sintering, cylindrical
samples with a diameter of d = 12mm and a thickness of
h = 2mm were obtained. To test the radiation resistance of
ceramics, the samples were irradiated with heavy ions Ar
(E =46MeV), Kr (E = 107 MeV) and Xe (E = 160 MeV)
with four different doses of 6-10'9, 2.10!!, 6 cdot10!,
2 cdot10'2cm~2, the temperature of the samples during
irradiation did not exceed 50°C. This approach to the
simulation of radiation exposure is traditionally used to
assess the radiation resistance of materials, as it simulates
the conditions of irradiation by fission products of nuclear
fuel. It is known that the range of ions with the
energies of fission fragments does not exceed 10um.
In this case, radiation defects created by the electronic
braking channel are formed in the near-surface layer of the
material [19]. Such structural changes can be effectively
investigated by X-ray diffractometry in the geometry of
grazing incidence.

X-ray diffractometry in the geometry of grazing incidence
was carried out on a Bruker D8 Discover laboratory X-ray
diffractometer (vacuum X-ray tube, CuK,radiation) in the
geometry of a parallel beam [20] with a parabolic Goebel
mirror, a round collimator Il mm on the primary beam
and a slit Soller 0.2° in front of the detector. In each
series of GIXRD experiments, the angle of incidence The «
of the primary beam per sample ranged from 1 to 10°,
scanning in each experiment was carried out by a de-
tector at angle 20. Before the GIXRD measurements,
an X-ray diffraction experiment was performed in the
»classical® Bragg—Brentano geometry for non-irradiated
samples.
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2. Results and discussion

A characteristic view of the diffractogram taken in
symmetrical geometry for the NNW ceramic sample is
shown in Fig. 1. One crystal phase of NaNd(WOs),
with a scheelite structure was registered in the sample.
Similar results were obtained for ceramics of the NNMo
series. Based on the obtained diffractograms, the most
intense diffraction reflections of the (112) phases NNW
and NNMo, located near the angle 20 = 28.3°, were
selected for GIXRD analysis.

Then, for each sample exposed to different types of ions
with different doses, a series of GIXRD experiments with
different angles of incidence were performed «, varying in
the limit from 1 to 10°. Typical experimental results for
NNW ceramics before and after irradiation with Kr ions
(107 MeV, 6 - 10!! textcm~2) are shown in Fig. 2.

The processing of the measurement results consisted
in analyzing the dependence of the integral intensity of
the diffraction peak on the angle of incidence @ using
theoretical calculations and a broken layer model in samples.
The following expression was used to construct theoretical
dependencies (1) [21]:

h
I(a, 26):/|T(a, n)[*A(z, @, 20)G(a, AV)dz, (1)
0

where A(z, a, 20) — coefficient describing the absorption
of an X-ray beam at a depth of z, G(a, AV) — coefficient
taking into account the geometric and other characteristics
of the sample, h — sample thickness (taken as infinity due
to the smallness of the penetration depth of the X-ray beam
compared to the thickness of the sample), @ — angle of
incidence, T (@) — Fresnel radiation penetration coefficient
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Figure 2. Results of X-ray diffraction GIXRD analysis of NNW ceramics at angles of incidence a from 1 to 10°: a — 26-reflection
scans (112) of the original sample; b — similar scans for ceramics exposed to irradiation ions Kr (107 MeV, 6 - 10" em~2).

Table 1. The degree of amorphization of the near-surface layer
for a series of NNMo and NNW ceramics exposed to different
doses of Kr ions (E = 107 MeV)

Fluence, Degree of amorphization of the near-surface layer, %
cm™? NNMo NNW
6-10%° 2545 2345
2. 101 3745 45 +5
6- 10" 40+5 57+5
2.10" 48+ 5 7245

into the film, refractive index n = 1—§ + i 8, where (8, 8) —
dispersion and absorption corrections specific to a particular
material [22]. In our case, the coefficient G(a, AV)
includes a model of an amorphized layer near the surface.
The desired parameters of the model are the degree of
amorphization and thickness. The remaining parameters
determining the geometry of the experiment and the sample
material in the case of NNW ceramics were fixed: the length
of the sample in the diffraction plane L = 12 mm, the width
of the slit on the primary beam w = 1 mm, § = 9.55 - 107¢,
B=7.67-10"".

Fig. 3 shows the characteristic results of processing
experimental data, together with the adjusted theoretical
dependence in the case of NNW ceramics irradiated with Kr
(107 MeV, 6 - 10" cm~2) and initial.

The differences between the dependencies for non-
irradiated and irradiated ceramics could be described by
changing only one parameter — intensity multiplier. For
the results shown in Fig. 3, b, its value was 0.57 compared
to non-irradiated ceramics. The decrease in intensity was
interpreted as ,,amorphization“ of the near-surface layer
of irradiated ceramics, and the value itself was defined

Table 2. The value of the depth of the disturbed layer calculated
in SRIM for NNMo and NNW ceramics irradiated with ions of
different energies

Ion penetration depth, um
Type of ions and their energy
NNMo NNW
Ar (E = 46 MeV) 8.7 83
Kr (E = 107 MeV) 11.3 10.8
Xe (E = 160 MeV) 11.7 11.1

as ,,degree of amorphization®, integrally characterizing the
violation of crystallinity in the irradiated sample. There
was no change in the type of dependence on the angle
of incidence, which suggests the homogeneity of the
amorphization of the crystalline phase in depth within the
depth range of the analysis. The estimate of the information
depth of X-ray penetration into the NNW sample is 2 um
at an angle of incidence of 10° [22]. This allows us
to give an experimental estimate of the thickness of the
disturbed layer in these samples > 2 um. Processing of the
entire array of experimental data showed an increase in the
degree of amorphization with an increase in the radiation
dose from 20% at a dose of 6-10!° for NNMo ceramics
to 70% at a dose of 2-10'? for ceramics NNW. NNMo
ceramics have shown greater resistance of the crystalline
phase to external radiation compared with NNW at the same
radiation doses. The formation of new crystalline phases
in the irradiated samples was not observed. Estimates
of the degree of amorphization for each of the ceramics
when irradiated with Kr ions (E = 107 MeV) are given in
Table 1.

In addition to the X-ray diffraction experiment, the
ion implantation process was simulated for each series of
ceramics in the SRIM [23,24] software package. As a result
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Figure 3. Dependences of the reflection intensity (112) of the NW phase on the angle of incidence @: a — for non-irradiated ceramics;
b — for irradiated ceramics (Kr, 107 MeV, 6 - 10" cm~2). Experiment and calculation.
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Figure 4. The result of modeling in SRIM the density of the
depth distribution of vacancies caused by the action of primary
ions and recoil atoms for NNMo and NNW materials irradiated
with Kr ions (E = 107 MeV).

of the simulation, estimates of the penetration depths of ions
into NNM and NNMo materials were made, the results are
given in Table 2. The result of SRIM simulation of the
density of the depth distribution of vacancies caused by
the action of primary ions and recoil atoms for NNMo
and NNW materials irradiated with Kr ions (E = 107
MeV) is shown in Fig. 4.

The estimation of the thickness of the disturbed layers
turned out to be greater than the depth of penetration of
X-ray radiation into the samples (2um) in our series of
experiments. The conducted modeling (Fig. 4) qualitatively
confirms the relatively homogeneous distribution of the
defect concentration within the investigated depth range and
does not contradict the experimental results obtained.
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Conclusion

The GIXRD analysis technique was adapted to diag-
nose disturbed layers in polycrystalline ceramics NNMo
and NNW irradiated with high-energy ions. Estimates
of the degree of amorphization in the near-surface layers
of ceramics depending on the radiation dose are given.
The greater resistance of the near-surface layers of NNMo
ceramics to external radiation exposure compared with
NNW at the same radiation doses has been experimentally
demonstrated. The experimental results do not contradict
the estimates made by modeling the ion implantation
process in the SRIM software package.
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