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FLEXIBLE COMPOSITE SCINTILLATORS BASED
ON ZnWO, MICRO- AND NANOPOWDERS

Nano-sized and micro-sized ZnWO,, powders were obtained by different methods: hydrothermal synthesis
with microwave heating, molten salt method, solid-state synthesis and crushing of bulk crystals. Their
morphological features were studied using transmission electron microscope and scanning electron
microscope. The obtained nano- and micro-sized powders were used as fillers for flexible composite
scintillators. The silicon rubber was used as a binder. The luminescent characteristics and scintillation
performance of composite scintillators were measured. The dependence of scintillation performance of
flexible scintillators on the morphological features of ZnWO, nanocrystallites was demonstrated. The
flexible composite scintillator based on zinc tungstate obtained by solid-state synthesis with lithium
nitrate addition was obtained and investigated. Its scintillation performance was close to that of
a ZnWO, single crystal.
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afterglow.

There is now an ongoing research of effective
technological methods for obtaining materials
suitable for use in modern scintillation detectors
(for nondestructive testing, digital radiography
and X-ray, o, B, y and neutron registration). The
creation of composite scintillators based on mi-
cro- and nanoscale crystal powders [1] obtained
by various methods [2—4] is a promising research
direction in this field.

It was expected that using nano-sized materi-
als would allow developing qualitatively new
scintillators with functional characteristics that
would satisfy the modern requirements (spatial,
spectrometric and temporal resolution, sensitiv-
ity, radiation hardness, low afterglow) [5, 6].
The properties of nano-sized scintillation powders
significantly depend on their size and morphology,
and controlling this parameters allows producing
scintillation detectors with high performance [7].

Zinc tungstate (ZnWO,) is a promising mate-
rial that could be a successful replacement for
cadmium tungstate which contains toxic cadmium.
It is possible because ZnWO, has the unique
combination of properties (high density, high
effective atomic number, small radiation length
and scintillation performance) similar to those
of cadmium tungstate. Therefore, ZnWO, can
be used in X-ray, gamma and neutron radiation
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detectors in homeland security systems and for
non-destructive testing.

Thus, the primary task of the work was to
choose the best method to produce ZnWO, pow-
der for development of high performance flexible
composite scintillators.

Research methodology

ZnWO, single crystals grown by Czochralski
method [8] were used to obtain powders with
different grains sizes. The crushing of ZnWO,
single crystals was carried out with laboratory
mechanical mortar Retch RM 200. The following
fractionation was carried out with vibratory sieve
shaker Retch AS 200 using sieves No 0080, 0100,
0140, 0200, 0250.

For the preparation of 0.1 M aqueous solu-
tions Zn(NO,),-6H,0 (99.9%) and Na,WO,-2H,0
(>99.9%) were used. Before the synthesis the
solutions were mixed with a ratio of 1:1. The
pH of the mixture was changed by addition of
30% NH,-H,O solution (99%). ZnWO, powder
was synthesized from the obtained mixture by
microwave-hydrothermal method.

ZnO (99.995%) and WO, (99.995%) were used
as starting materials for the synthesis of ZnWO,
scintillation powder by molten salt and solid-state
methods. LiNO5-6H,0 (99.9%) was used as a low-
temperature solvent and as a mineralizer in molten
salt and solid-state methods, respectively.

Morphology of the nano-sized crystals was de-
termined using transmission electron microscope
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(TEM) EM-125 (SELMA, Ukraine). Electron
accelerating voltage was 125 keV, the survey was
carried out in the bright field mode, and the image
was recorded by CCD matrix. The carbon films
coated with water suspension of the investigated
powders were used for electron microscopy.

Morphology of the micro-sized crystals was
determined using scanning electron microscope
(SEM) REM-100U with energy dispersive attach-
ment EDAR.

X-ray diffraction study (XRD) was carried out
using Siemens D500 automated powder diffrac-
tometer (Cuy,, radiation, Ni filter, 5° <26 <110°,
A20 =0.02°, delay time of 24 s per point). Rietveld
refinement of obtained pattern was carried out
with FullProf and WinPLOTR software packages
[9]. Cell dimensions, anisotropic profile function,
background function and systematic instrumental
errors were taken into account.

Flexible scintillation composite samples
(230x2 mm) based on ZnWO, powders obtained
by different methods were prepared. The heat-
resistant low molecular silicone rubber was used as
a binder. The luminescent and scintillation char-
acteristics of the composite samples were investi-
gated. ZnWO, and CAWO, polished plates with
size of 10x10x2 mm were used as references during
the measurements of scintillation performances.
Both reference plates were cut from crystals grown
by Czochralski method. The light yield of CAWO,
was measured in [10] as 19500 ph/MeV.
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Fig. 1. Scheme of light output measurements:

1 — X-ray source; 2 —collimator; 3 —objective table;

4 —protective filter; 5 —photodetector; 6 —amplifier

X-ray luminescence spectra were measured by
spectrometric complex KSVU-23. REIS (U, <40 keV,
I, <50 pA) X-ray source was used for excitation.

Light output of the investigated composite
samples was measured in scanning mode with
respect to ZnWO, and CdWO, single crystals
by the scheme which is presented in Fig. 1. The
objective table 3 with investigated samples moves
between the photodetector 5 and X-ray tube (fo-
cal spot 0.8 mm) in a plane XY with a step of
3 mm, which can be changed in manual mode. X-ray
transmission optical scheme was used during measure-
ments. The different light collection conditions were
considered. X-ray source (U, =100 keV, I =1 mA)
was used for excitation. The measurement error of
the light output was 12%.

The afterglow level was determined by means of
a measuring set up which included a pulsed X-ray
source RAPAN 200,100 (U, =130—180 kV, irra-
diation time 2 s), a control unit, a Si-photodiode
S8594, a current-to-voltage converter, a multiplex-
er, an analog-to-digital converter, and a computer
with an appropriate software. The measurement
error of the afterglow level was 10%.

Experimental results and discussion

Flexible composite scintillators based on ZnWO,
obtained by crushing of bulk crystals

Micro- and nanocrystallites ZnWO, used as
fillers for composite scintillators were obtained by
crushing of bulk crystals [11]. The advantages of
the method are the high speed of the process and
the simplicity of the milling hardware. The feature
of the method is wide particles size distribution
of resulting crystallites (from several nanometers
to hundreds of micrometers).

As aresult of ZnWO, single crystal crushing we
obtained the following ratio of the particle size frac-
tions: more than 280 um was 4.5%; 140 —280 pym
was 33.5%; 80— 140 um was 26%, less than 80 pm
was 36% [12]. The composite sample (further
denoted as ZWO-30) based on as-crushed crystal
was prepared. During the polymerization of the
binder the sedimentation of ZnWO, particles
takes place. Large particles settle on the bottom
of the mold for casting, while particles of several
tens of nanometers remain in suspension forming
a dense composite surface. SEM-evaluation of the
composite scintillator surfaces has shown that
ZnWO, particles about 250 nm in size were located
on the top side and particles with average size of
250 um were on the bottom side of the composite
sample. (Further these surfaces will be denoted as
ZW0-30-250nm and ZWO-30-250um, respectively.)

The light output of the obtained samples was
determined by two methods, i. e. the light output
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was estimated by cathodoluminescence technique
and measured under X-ray excitation.

The technique for measuring light output under
cathode excitation is described in [11]. It should
be noted that the experimental conditions of light
output estimation used in [11] have minimized the
influence of light collection due to reflection-type
optical scheme in the measurements of catodolu-
minescence intensity.

The light output was determined for the
both sides of the sample (ZW0-30-250nm and
ZW0-30-250pm) based on the cathodolumines-
cence results. The penetration depth of the high-
energy electron beam into the surface was very
small and only luminescence of the surface layers
was observed under irradiation. The light output
of the ZWO-30-250nm (97 a. u.) was almost twice
higher than that of the ZWO-30-250um (45 a. u.)
and the ZnWO, single crystal (46 a. u.) [11].

The light output of the ZWO-30 under X-ray
excitation was determined using the optical trans-
mission scheme shown in Fig. 1. The light output
of the ZWO-30 under X-ray excitation was mea-
sured from both top and bottom sides (Table 1).
The ZWO-30 sample and ZnWO, single crystal
reference were placed on a white diffuse reflector.
The relative light outputs of ZW0-30-250um and
ZWO-30-250nm were 280% and 227% of ZnWO,
single crystal, respectively. It could be due to
size gradient distribution of particles through the
thickness of the composite samples (as a conse-
quence of the sedimentation described above) [12].
As a result, the best light collection conditions
for this measurement method were achieved on
ZWO-30-250um. Further in the article it will be
shown that the change of light collection condi-

Table 1
The light output under X-ray excitation of composite
scintillators based on ZnWO, obtained by different

methods
. Light
Method Sample output, %
, Polished ZnWO,
Czochralski single crystal 100
ZW0-30-250pum 280
Crushed crystal
ZW0-30-250nm 227
Hydrothermal ZWO-25g 16
synthesis with Z7WO-100r 23
microwave
heating ZWO-200r 30
Molten salt ZWO-MSM 67
synthesis
Solid-state ZWO-SSS 155
synthesis ZWO-SSS-LiNO4 272

tions shows significant effect on the light output
of composite scintillators.

The measurement results demonstrate that the
described preparation method of scintillation pow-
der allows obtaining composite scintillators based
on ZnWO, with high scintillation performance.
However, mass production of such composite scin-
tillators is expensive. Therefore, it is desirable to
find ways of preparing ZnWO, powder with good
scintillation characteristics by passing the growth
stage and the following crushing of a single crystal.

Flexible composite scintillators based on ZnWO,
obtained by hydrothermal synthesis with micro-
wave heating

Hydrothermal synthesis with microwave heat-
ing allows controlling all parameters of the reac-
tion (time, temperature, pressure), which ensures
homogeneous nucleation process under homoge-
neous heating of the reaction mixture and yields in
dispersion of high purity with a specified narrow
particle size distribution [13]. The method also
allows obtaining specified morphology of nano-
crystals, which directly relates to the electronic
structure, binding energy and surface energy [14].

The hydrothermal synthesis of zinc tungstate
nanocrystals was carried out using microwave heat-
ing of aqueous solutions of Zn(NO,),-6H,O and
Na,WO,-2H,0 (pH = 6.5—9.5) at temperatures of
120 —200°C for 30 min [14]. The results of XRD
(Fig. 2) showed that the nucleation of ZnWO,
nanocrystals with a monoclinic wolframite struc-
ture (JCDPS No 15-0774 [15]) begins at 120°C.
The increase in temperature and pH accelerates
the growth of the crystallites.

The investigation of ZnWO, nanopowders
morphology using TEM showed that samples syn-
thesized at pH = 9.5 and temperature of 120°C,
consisted of “grain” nanoparticles with a size
of 25—50 nm, while those synthesized at 200°C
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Fig. 2. X-ray diffraction patterns of ZnWO, nanocrystals
obtained by hydrothermal synthesis with microwave
heating at pH = 9.5 and different temperature values
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Fig. 3. X-ray luminescence spectra of ZnWO,

nanopowders obtained by hydrothermal synthesis

with microwave heating at pH = 9.5 and different
temperature values:

1 —120°C; 2 — 160°C; 3 — 200°C
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consisted of “rod” nanoparticles of 250 —300 nm
in length and 30 nm in diameter (Fig. 3). Such
a preferential growth along one of the crystallo-
graphic directions is explained by the anisotropic
structure of ZnWO,.

X-ray luminescence spectra investigation of the
obtained powders showed the presence of a band
with A =500 nm. This band is typical for ZnWO,
single crystals and is caused by the emission of self-
trapped excitons in the Wog- oxyanion complex
[16]. Fig. 3 illustrates the dependence of X-ray
luminescence intensity on the morphology (sizes)
of nanopowders synthesized at different conditions.
Emission intensity of the “grains” is nearly zero
(curve 1), while for “rods” the luminescence inten-
sity (curve 3) is typically high for ZnWO,. Similar
dependences were observed in nanocrystals of dif-
ferent oxygen-containing compounds [17 —19].

Such a big difference between curve 7 and curve 3
could be explained by the fact that the decreasing
of nanocrystal sizes leads to an increase in oxygen
vacancies, which in turn causes the formation of
WO octahedra with distorted structure (lumi-
nescence centers with low probability of photon
emission) [20]. It was shown that red luminescence
is associated with the distorted complexes. The
photoluminescence spectra of nano-sized ZnWO,
samples excited by irradiation with a wavelength
of A= 355 nm contain a red emission band at
700 nm (Fig. 4). The intensity of the red band
increases with the decrease of the ZnWO, nano-
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Fig. 4. Photoluminescence spectra of ZnWO, “grains”
before (1) and after annealing in air (2)

crystals size. At the same time the intensity of the
red band for the samples annealed in air decreases,
which indicates the healing of oxygen vacancies
and decrease in concentration of distorted WOy
octahedra.

As it was shown in [20], that annealing of
ZnWO, nanopowders in air leads to a significant
increase in X-ray luminescence intensity of the
“grains” and has virtually no effect on intensity
of the “rods” (Fig. 5).
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Fig. 5. X-ray luminescence spectra of ZnWO,
nanopowders:

1 [
400 450

1 —“grains”; 2 — “grains” after annealing; 3 — “rods”;
4 —*“rods” after annealing
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Under X-ray excitation, the red luminescence
is absent even in the samples with high oxygen
vacancy concentration. A competing nonradiative
relaxation channel is formed in WOg octahedra
before air annealing, which causes a decrease in
the luminescence intensity of the main emission
band. After air annealing, the concentration of the
distorted WOy octahedra decreases, simultaneously
increasing the main band intensity. This could pos-
sibly explain the increase in the intensity of the
main band in X-ray luminescence spectrum after
annealing the samples in air.

Composite samples with sizes of 10x10x2 mm
were based on the obtained ZnWO, nanopowders.
The light outputs of the composite samples were
measured with reference to the ZnWO, single
crystal (10x10x2 mm). The results of the measure-
ments are shown in Table 1 (ZWO-25¢ contained
“grains” of 25 nm, ZWO-100r — “rods” of 100 nm in
length, ZWO-200r — “rods” of 200 nm in length).

The data in Table 1 show an increase of light
output with the increase in nanoparticles size.
However, the light output of the nanodispersed
samples does not exceed 30% of that of the single
crystal sample. Thus, this method does not ensure
obtaining a scintillation material of the required
quality.

Flexible composite scintillators based on ZnW O,
obtained by molten salt synthesis

Synthesizing nanomaterials using a low-temper-
ature solvent offers the following advantages: the
simplicity of the required equipment and a high
efficiency of the particles obtained at tempera-
tures below the melting point of the synthesized
substance [21].

Single-phase nanocrystalline samples of the
ZnWO, scintillator were obtained by molten salt
method (MSM) using a low-temperature LiNO,
solvent at 270°C for 6 and 16 hours [22]. The
original sample was amorphous ZnWO, obtained
by co-precipitation method. Then, the precipitate

Unit cell parameters of ZnWO, nanocrystals obtained under different synthesis conditions, compared
to the data for zinc tungstate presented in [15]

Fig. 6. TEM image of the nanopowder obtained by

molten salt synthesis at the following conditions:

ZnWO,/LiNO4 ratio of 1:10 after annealing for
16 hours

was mixed with lithium nitrate in a ratio of 1:6
and 1:10.

The investigation of powder morphology using
TEM showed that the largest granules (100 nm)
were synthesized at ZnWO, /LiNO, ratio of 1:10
after synthesizing (annealing) for 16 hours (Fig. 6).
The size of nanocrystals obtained at other synthesis
conditions was less than 100 nm.

Table 2 shows the XRD data and calculated
on their basis unit cell parameters of ZnWO,
nanocrystals obtained under different synthesis
conditions (different ZnWO, /LiNO, ratios and
different synthesis time periods). The crystal
lattice of nanocrystals is markedly distorted in
comparison with the ICDD database data for zinc
tungstate ZnWO, (JCDPS No 15-0774 [15]). This
is particularly noticeable in the changing of the
unit cell volume. There is a tendency for crystal
lattice distortion to reduce (in particular, the
lattice volume parameter V) with the increase
of the synthesis time at the same lithium nitrate
concentration. The similar influence of synthesis
conditions on the crystal lattice parameters was
reported in [23].

Table 2

Ratio ,
ZnWO,:LiINO, / a, A b, A c, A B, Vv, A3

time
1:6 /6h 4.68266(9) 5.75328(12) 4.94864(8) 90.6305(11) 133.311(4)
1:10 / 6 h 4.68258(9) 5.75424(12) 4.94881(8) 90.6352(12) 133.336(4)
1:6 /16 h 4.68341(8) 5.74941(11) 4.94598(88) 90.6362(10) 133.171(4)
1:10 / 16 h 4.68340(9) 5.74908(11) 4.94544(8) 90.6386(10) 133.149(4)
ZnWO, [15] 4.69264 5.71546 4.92691 90.627 132.135
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Fig. 7. The X-ray luminescence spectra of nanopowders
obtained by molten salt synthesis under difference
conditions (ratio ZnWO,:LiNO,, synthesis time):

1 — 1:10,16 h; 2 — 1:6,16 h; 3 —1:6, 6 h; 4 — 1:10, 6 h

400 600

The X-ray luminescence spectra of the obtained
powders show that nanosized crystal samples with
less distorted crystal lattices demonstrate better
scintillation performance. The highest lumines-
cence intensity was demonstrated by the sample
synthesized at the following conditions: ZnWO, /
LiNOy ratio of 1:10 after annealing for 16 hours
(Fig. 7). X-ray luminescence intensity of the
obtained powders decreases with reduction in an-
nealing time and concentration of low-temperature
solvent.

The light output under X-ray excitation and
the afterglow level of composite scintillator based
on the ZnWO, powder obtained by the molten
salt method (ZnWO,/LiNO; = 1:10, 16 h) are
shown in Table 1 (ZWO-MSM) and Table 3,
respectively.

The light output of the ZWO-MSM sample
was 67% of that of the ZnWO, single crystal (see
Table 1). However, the afterglow level of ZWO-
MSM is almost 2 times lower in the time range of
3—35 ms than that of the ZW0O-30-250um, which
is very important for using these scintillators in
computer tomography.

The afterglow level of ZnWO, composite scintillators under

X-ray excitation

30.00kV  x1.00k

WD=12.4mm

30.00kV

x1.00k

Fig. 8. SEM images of ZnWO, crystallites synthesized
at 950°C for 50 hours without a mineralizer («) and
with LiNO, (b)

The improvement of the afterglow level of
the scintillators can be explained by the entry of
lithium ions from the solvent into the ZnWO,
crystal lattice, thus compensating the uncontrolled
impurities charge (in particular, trivalent metal
ions). This leads to changes in the defect structure
and, as a result, to disappearing of deep charge
traps. A similar effect of the lithium impurities on
the afterglow was observed for cadmium tungstate
crystals [24].

Flexible composite scintillators based on ZnWO,
obtained by solid-state synthesis

The most commonly used method for prepar-
ing of micro-sized oxide powders is solid-state
synthesis (SSS), which is quite simple
in technical realization. The use of a
low-melting salt as a mineralizer (up
to 10 wt. %) is one of the ways to ac-

Table 3

Afterglow level, %, after different celerate solid-state reactions. The min-

Sample Granule periods of time eralizer reduces synthesis temperature,

S1zes 3ms | 5ms | 10 ms | 20 ms forms a melt, improves the diffusion of

Polished ZnWO reagents and accelerates the growth of
single erystal |~ 0.19 | 01 | 043 | 0.07 | grains [25, 26].

ZWO0-30-250um | 250 um | 0.14 | 0.103 | 0.068 | 0.045 As can be seen in the SEM images in

ZWO-MSM 100 nm | 0.072 | 0.064 | 0.055 | 0.047 | Fig.8, after 50 h long synthesis without
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Fig. 9. The location scheme of samples on an objective table when measuring light output under X-ray excitation:
a — all samples are placed on a white diffusion reflector; b — all sides of the samples, except the top, are covered
with a white diffusion reflector; ¢ — only the crystals are covered with a white diffusion reflector (all sides except
the top); d — only the crystals are covered with a white diffusion reflector (bottom side only)
1 — ZnWOy single crystal (10x10x2 mm); 2 —CdWO, single crystal (10x10x2 mm); 3— ZWO-30-250pum;
4—7ZWO-SSS; 5 —ZWO-SSS-LiNO;,

the mineralizer, the sizes of the obtained ZnWO,
grains were 0.5—2 pum, while after the synthesis
under the same conditions but with the addition
of lithium nitrate the sizes were 20 —30 pm.

Fig. 9 shows the samples location on the objec-
tive table when measuring the light output under
X-ray excitation. For clarity, the white diffuse
reflector is shown in dark gray. The light output of
the composite samples (estimated under X-ray exci-
tation using the optical transmission scheme shown

Lenght

M 400 —500; M 500 — 600; ™ 600 — 700 The samples were placed on the objective table
Fig. 10. Light output area distribution of different and the light output throughout the scintillation
samples: sample was measured at 3 mm step. The light out-

1 — single crystal ZnWO,; 2 — single crystal CAWO,; put of the sample was determined as the average
3 — ZWO-30-250um; 4 —ZWO-SSS; 5 —ZWO-SSS-LiNO, | value over the entire area.

Table 4

The light output under X-ray excitation of scintillation samples under different light collection conditions

Light output, %

Light output collection CdWO ZaWO ZWO- 7WO-
e 4 4 .
conditions single single' | 30250 | 360 | sss-
crystal crystal pm LiNO,
All samples placed on white diffusion reflector 288 100 280 155 272

All the sides of the samples except the top were

covered by white diffusion reflector 130 100 121 60 107
iffasion refector (all sides except.top side) 133 100 84 | o1 | #
iffasion refiector (st the bottom side) 136 100 8 | 4 | 8
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As can be seen from Table 1, the light output
of the composite sample based on the powder
prepared by solid state synthesis with addition
of the mineralizer (ZWO-SSS-LiNO,) is twice as
high as that of the sample synthesized without the
mineralizer (ZWO-SSS).

Table 4 shows that the light output of compos-
ite samples significantly depends on the light col-
lection conditions. The light output of ZW O-SSS-
LiNO, is comparable with the light output of the
composite based on a crushed ZnWO, crystal and
is close to a 10x10x2 mm CdWO, single crystal for
all samples placed on a white diffusion reflector. In
the case when the single crystals were covered with
a white diffusion reflector, the light collection
in single crystal samples improved, and the light
output of ZW0O-30-250um and ZWO-SSS-LiNO,
is comparable to the ZnWO, single crystal. Also,
in comparison with the single crystal, the com-
posite scintillators demonstrate a good uniformity
of scintillation parameters through the area of the
sample. The results demonstrated in Fig. 10 were
measured using the same light collection condi-
tions for crystals and composite scintillators (all
the sides of the samples except the top ones were
covered by white diffusion reflector, see Fig. 9, b).

As was shown above, a significant increase
in the light output of the composite scintillators
made from crushed single crystals may be caused
by better light collection conditions, which is
obviously characteristic of ZWO-SSS-LiNO; com-
posites as well.

Conclusions

Research of the scintillation and luminescence
characteristics of flexible composite scintillators
made of micro- and nano-sized ZnWO, powders ob-
tained by different methods showed the following.

The light output of the composite made of the
ZnWO, powder obtained by grinding a ZnWO,
bulk crystal is 84—280% of that of the ZnWO,
single crystal and depends on the light collection
conditions. Such a scintillator can be used in vari-
ous X-ray and gamma-ray detectors. Composite
samples of nano-sized ZnWO, powders obtained
by the hydrothermal-microwave and molten salt
methods are inferior to crushed crystal composite
in terms of their scintillation characteristics.

The solid-state synthesis method using the lith-
ium nitrate mineralizer makes it possible to obtain
a ZnWO, micron powder with high scintillation
characteristics, bypassing the single crystal growth
stage. Under certain conditions of light collection,
the parameters of a composite scintillator prepared
from such a powder are comparable to those of a
single crystal. Such composite scintillator can be

an alternative to a composite made of a powder
obtained by grinding crystal.

Moreover, the manufactured flexible composite
scintillators have a high uniformity of light output
through the area, which makes them promising for
digital radiography.
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MIKPO- TA HAHOIIOPOIIKIB ZnWO,

THYUKI KOMIO3UIINHI CHUHTUJIATOPU HA OCHOBI

B. C. TIHBKOBA, I. I. AKYBOBCbKA',
I. A. TVIIIIIUHA', C. JI. ABAIIIUH?,
I. H. [IY3AH?, C. O. TPETBAK'
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s ompumanns mamepianie, npudamnux 051 GUKOPUCTRANHS 6 CYUACHUX CyuHmursyiunux demexmopax (0as
HePYUHIEHO20 KOHMPOLIO, Uuppoeoi padiozpadii i penmeenozpadii, o-, B-, y- ma nelimponnoi peecmpauii), ee-
0Yymvcs NOWYKU eherxmusHux mexnHon02iunux memodie. OOHUM 3 NePCNeKMUSHUX HANPAMKIE 00CAi0KeHb 6
uit obaacmi € cmeopenHs: KOMROSUYTUHUX CUUHIMULIMOPIE HA OCHOBT MIKPO- i HAHOPOIMIPHUX KPUCTNANTUHUX
nopowkie. Baacmueocmi maxux CUUNMUASIUHUYX NOPOWKIE ICINOMHO 3ANeKAMb 8i0 POIMIPY CKAAOOBUX TXHIX
YACMUHOK T MOPPOL0ZIT, omoKke, Kepyouu YuMu nApamMempamu, MOKXHA CIEOPUMU CUUHMULAYITUHT JemeKkmopu 3
BUCOKUMU CUUHMULAUYTUHUMU XAPAKMEPUCIUKAMU.

Bonvgppanam wunxy (ZnWO,) — ue nepcnexmuenuii mamepian, axui 3a60axu ynikaivHii komOinauii eéaa-
crmusocmetl MoXe Cmamu YcniuHoo 3aMiHo0 CdWO4, wo Micmume moxcuunutl kaomig. Y danii pobomi
npoeedeni 00CAI0KeHHS, CNPAMOGAHT HA NOWYK edheKxmuenozo cnocoby ompumanns nopowxy ZnWo, ora pos-
POOKU 2HYUKUX KOMROSUUTUHUX CUUHMUIAMOPIE 3 GUCOKUMU (DPYHKUTOHAILHUMU XAPAKMEPUCTRUKAMU, TAKUMU
K c8imaosuli 6uxio i pieenv NICAACEIMINHSL.

HAocridxysanru nopowru éonvgppanamy yunxy (ZnWo,), cunme3oeani mpooma cnocobamu: ziopomepmaronum
3 MIKPOXBUNLOBUM HAZPIBOM, POIUUH-POINAASHUM MemOOoM i memodom meepdogha3oeozo cunmesy. Ompumani
HAMO- MA MIKPONOPOWKU CAY2YBANU HANOBHIOBAUEM OJlst CMEOPEHHS ZHYUKUX KOMNOSUYTUHUX Cyunmusmopie. Ax
cnoayune 6ye guKopucmanull curixonosutl kayuyx. Mopgooziio 3paskie eusuaiu 3a 0onoM0z010 MPaArHCMICitiHOT
ma cKanyouoi eiekmporHoi MIKpocKkonii. [ocaioxeno AoMIHeCyeHmHi XapaKmepucmury i CUuHmMUIYitni na-
pamempu ompumanux Komnozumie. IIpooemoncmposano 3anex Hicmo CYUHMUAAYLLNUX NAPAMEmPI8 KOMNOIUMIE
610 mopghonoziunux ocobrusocmeti nano- ma mikpoxpucmarimie ZnWo,,.

Ceimaosuii 6uxio KOMROUMY 3 NOPOWKY, 8ULOMOEEH0Z0 3 hoOPiOHEH020 00'emHno20 kpucmary ZnWO,, cma-
Hoeumv 84—280% e6id ceimnoeozo euxody monokpucmania ZnWO, i sarexumsv 6id ymos 300py ceimid.
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Komnosuyiiuni spasku 3 nanoposmipnux nopowxic ZnWO,, ompumanux z2i0pomepmarvho-MiKpPOXEULbOGUM i
PO3UUNH-POINIAAGHUM MEMOOAMU, 34 CE0IMU CUUHMUIAUIIHUMU XAPAKMEPUCTNUKAMU NOCMYNAIOMbCA KOMNOIU-
my 3 nodpionenozo kpucmana. Teepdoghazoeuii memod cunmesy 3 6UKOPUCTRAHHAM MIHEPANI3AMOPA HA OCHOBT
Himpamy aimito 0036019 ompumyeamu Mikponnui nopoutok ZnWo,, 3 6UCoOKUM 3HAUEHHAM CEIMA06020 GUX00Y,
MUHAIOUU CMAOTIO BUPOUYEAHHS MOHOKpUcmany. Ilapamempu KoMno3umie na 0CHOBL MAK0ZO NOPOWKY ONU3bKE
00 napamempie MOHOKPUCMALA BOJbDPAMAY KAOMIIO.

Kniouogi crosa: eorvppamam yunky, HaHOPOIMIpHI KPUCTRAIU, MIKPOPOSMIPHI KPUCMANU, KOMNOSUYIUHT CUUH-
MUASAMOPU, CEIMA06UL 6UXT0, PiGeHb NICAACEIMIHHSL
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I'MBKUE KOMITOSUIIMOHHBIE CHUHTNJIJIATOPDBI
HA OCHOBE MHIKPO- 1 HAHOIIOPOHIKOB ZnWO,

Ans noryuenus mamepuanos, npuzo0Huix 08 UCNOALI0BAHUSL 8 COBPEMEHHBIX CUUHMUILAUUOHHBIX 0emeKmopax
(015 nepaspywaiowezo Konmpoas, yugposoil paduozpaduu u penmeenozpadpuu, O-, B-, ¥ u netmponnoi pe-
eucmpayuu), 6e0ymcs NOUCKU IPHexmueHvix MexHoL0ZuUeckux memodos. OOHuM U3 NePCneKmuUGHvIX HANPAG-
AEHUT UCCAeO08ANHUTL 68 IMOU 00ACMU ABASLEMCS CO30aHUEe KOMNOSUUUOHHBIY CUUHMUTILAMOPOS HA OCHOB8E MuU-
KPO- U HAHOPASMEPHBIX KPUCTAAIUYECKUX hopoukog. Ceolicmed maxux CUUHMUAISUUOHHIX NOPOUKO8 CYule-
CMBEHHO 3ABUCAM OM PA3MEPd COCMABASIIOUUX UX YACTRUY, U MOPPOL0ZUL, d 3HAUUM, YNPABLSS IMUMU NApaAMe-
MPAMU, MOXKHO CO30aMb CUUHMULISUUOHHDLE 0eMEKMOPbL C LICOKUMU DYHKUUOHATLHOIMU XAPAKMEPUCTIUKAMU.

Bonvgppamam yunxa (ZnWO,) — amo nepcnexmusnuiiic mamepud.i, Komopuiii 6.1az00aps. YyHuKa1oHotl KoMouna-
yuu ceoticme moxem Ovimo ycnewnoti samenoti CAWO,, codepixaujezo moxcuunoli Kadmui. B nacmoswei pa-
bome npoeedennl UCCLe008AHUS, HANPABIEHHbIE HA NOUCK IhpexmusHozo cnocoba noryuenus nopouxa ZnWo,
051 Pa3padomru 2uOKUX KOMNOSUUUOHHBIX CUUHMUTLATNOPOS C GLICOKUMU (DYHKUUOHATLHOIMU XAPAKMEPUCTIU-
Kamu, maxumu Kax c6emosol 6vix00 U YPoseHb NOCL1eCEeUeHUs.

Hecenedosanu nopowxu eonvgppanama yunxa (ZnWoO,), cunmesupoeanivie mpems cnocobami: 2udpomepmaivHoLm
€ MUKPOBOJIHOBLIM HAZPEEOM, PACMBOP-PACNIABHBIM MEMOOOM U Memodom meepdogasiozo cunmesa. Ilonyyenivie
HAHO- U MUKPOROPOULKU CAYKUIU HANOTHUMENCM 015t CO30ANUS 2UOKUX KOMNOSUUUOHHBIX CYUHMULAIMOPOS. B ka-
yecmee c6s3Y10uezo Oblll UCNOIL308AH CUIUKOHOBVI Kayuyk. Mopgonoeuio 06pasuos usyuaiu ¢ noMowsio mpamc-
MUCCUOHHOU U CKAHUpYIowel 31eKmpornotl Muxpockonuu. Hccaedosanvl noMunecyenmmvie Xapaxmepucmuxu u
CUUHMUNTLAYUOHHIE NAPAMEMPbL NOAYUEHHBLY KOMNO3umos. lIpodemoncmpuposana 3a8ucuMocms CUUHMULLAUU-
OHHBIX NAPAMEMPOE KOMNOZUMOE O MOPPON02UMECKUX 0COOEHHOCMel HAHO- U MUKpokpucmariumos ZnWo,,.

Ceemosoii 6b1X00 KOMNO3UMA U3 NOPOULKA, NPUZOMOBIEHHOZO U3 USMEbUEH020 006eMHO020 Kpucmarra ZnWO,,
cocmasnsiem 84—280% om ceemoeozo evixoda monoxpucmarra ZnWO, u 3asucum om ycioeuti c6emocoou-
panus. Komnosuuuonnvie obpasyvt u3 nanopasmepuvix nopouxos ZnWO,, noiyueHHvlx zudpomepmaivHo-
MUKPOBOSHOBHIM U PACEOP-PACNAABHHIM METOOAMU, NO CEOUM CUUNMULIAUUOHHBIM XAPAKMEPUCTIUKAM YCY-
naom KoMno3umy u3 uamenvuentozo kpucmaiia. Teepooghasnviii memod cunmesa ¢ UCnOLbIOBAHUECM MUHEPATU-
3amopa na ocHoe HUMPAma Lumus NO36oAsem NoiYuums Muxponnviil nopouox ZnWao, ¢ 6vicoxum snavenuem
C6EMOB020 GLIXOOA, MUHYS CMAOUIO BLIPAUUBAHUS MOHOKpUCALLd. Komnosumol na ocnoee maxozo nopowka o6-
A40a0m napamempan, OJUKUMU K NApamMempam MOHOKPUCIALILA 801bphpamama KaoMus.

Karoueswvie crosa: 6’0/lb(i)pCZMdm UUHKA, HAHOpA3MepHble KPUCMAJLIbl, MUKPOPA3IMEePHble KPUCAIbL, KOMNO3UUU-
OHHbBlE CUUHTMUNIATMOPDL, €8emoBoIl ebzxoa, Yypoesenv nocieceeuenus.
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