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USE OF THE DETERMINED PROPERTIES OF AROUGHNESS OF ASURFACE
INMEASUREMENT OFA GEOMETRICAL FORM OF OBJECT

M.IL. Dzubenko, S.N. Kolpakov, I.V. Popov, A.A. Pryyomko
Usikov institute of radiophysics and electronics NAS of Ukraine (Kharkiv)
Ukraine
Received 01.07.2013

Classification of surfaces as roughness is carried out. The roughness can have the determined, sto-
chastic or chaotic character, depending on a method of their forming. In the work the problem of fin-
ding of normal vector to a surface and coordinates of a point of lighting by a laser beam for the case
of approximation of a roughness by a flat reflective diffraction grating is solved.

Keywords: surface, roughness, diffraction grating, coherent radiation.

UCIOJb30BAHUE JETEPMUHUPOBAHHBIX CBOMCTB INEPOXOBATOCTH
MOBEPXHOCTH B U3MEPEHUU TEOMETPUYECKON ®OPMbI OFBEKTA
M.J. [3100enko, C.H. Koanakos, U.B. Ilonos, A.A. IIpuémko
IIpoBenena kinaccuuKalys IOBEPXHOCTEN 1O THUILY epoxoBarocTel. LllepoxoBaTtocTh B 3aBUCUMOCTH
OT METOJ]a BO3HUKHOBEHHS MOKET UIMETh AETEPMUHUPOBAHHBIN, CTOXaCTHUECKUI T Xa0THIECKUI
xapakTtep. B pabote pemena 3agaya HaX0XI€HHUSI BEKTOpa HOPMaJIM K TOBEPXHOCTH M KOOPAMHATHI
TOYKHM OCBEILEHHS Jy4OM Jiazepa AJIs ciiydasl allllpOKCHMAIMK LIEPOXOBATOCTH IJIOCKON OTpaxa-

TENBHOW TUPPAKITUOHHON PEIIETKOM.
KirudeBble ci10Ba: MOBEPXHOCTh, LIEPOXOBATOCTh, AU(PPAKLIMOHHAS PEIIETKa, KOTEPEHTHOE
U3ITyYeHue.

BUKOPUCTAHHSA JETEPMIHOBAHUX BJACTUBOCTEM HIOPCTKOCTI
MOBEPXHI Y BUMIPI TEOMETPUYHOI ®OPMH OB’EKTY
ML.I. J3w6enko, C.H. Koarnakos, 1.B. Ilonos, A.A. Ilpuemko
[MpoBeneHa knacudikalis TOBEpXOHb 3a THIIOM mIopcTkocTei. LIlopcTKicTh 3a1eKHO BiJf METOY BU-
HUKHEHHS MOXE MaTU JICTePMIHOBAaHUH, CTOXaCTUUHUM a00 XaoTU4YHMI Xapaktep. Y poOoTi BUpiiie-
HO 3aBJIaHHS 3HAXOJKCHHsI BEKTOPa HOPMaJIi 10 IIOBEPXHi 1 KOOPIUHATH TOUYKH OCBITICHHS IPOMEHEM
Jazepa sl BUMAIKy alpoKCHMAIlii HIOPCTKOCTI MIOCKUMH BiIOMBHIUMHU JUPPaKIiTHUMHU IpaTKaMH.

KarouoBi ci1oBa: moBepxHsi, IIOPCTKICTh, TUPPaKIiiiHI IrpaTH, KOTEPSHTHE BUIPOMIHIOBAHHSI.

Surface of objects can have various character of
aroughness (fig. 1). The roughness, as arule, is for-
med as a result of external mechanical (or another)
impacts on object, for example, polishing. The sur-
face with the determined roughness turns out by im-
pact on object of the determined process. For
example, diffraction gratings possess such surface.
The surface with a stochastic roughness is formed
at action on object of several processes some of
which are determined, and others are casual. The
surface with a chaotic roughness turns out at impact
on object of chaotic process, for example, a polis-
hing by a sand stream. In many cases it is possible

Object surface

— v

The surface with
determined
roughness

The surface with
a stochastic
roughness

The surface with
a chaotic
roughness

Fig. 1. Object surfaces classification.

to present a roughness of surfaces of the first two
types as a combination of several diffraction gratings
with various options of their relative positioning

(fig. 2).

The approximation of the roughness of
polished surface by gratings

/\

The approximation by The approximation by several
one gratings gratings

- ¥

The interface of The interface of
parallel gratings nonparallel gratings|

Fig. 2. The approximation of the roughness of polished
surfaces by gratings.

The simplest case — one diffraction grating use.
At approximation by several gratings there are
options of their relative positions, there is need to
enter concept of conjugation of gratings. Conjugation
defines mechanical ways of their imposing at each
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other. So, the diffraction pattern, received at in-
teraction of coherent radiation with similar surfaces,
represents quite determined structure (fig. 3) [1].

Fig. 3. Diffraction patterns received from surfaces after
mechanical machining. a) — one polishing direction,
b) — polishing was made in two directions.

Diffraction maxima from each of gratings form a
diffraction curve. The quantity of diffraction curves
in a diffraction pattern corresponds to the quantity
of the diffraction gratings which have taken part in
formation of a roughness of this surface. The
considered model of roughness gives the grounds
to apply the diffraction methods based on approach
of Fresnel-Kirchhoff [2, 3]. For the solution of a
number of tasks, as well, the geometrical theory of
diffraction is used [4].

The result of diffraction depends on a ratio of
the spatial sizes of a beam and object. When a
diameter of a beam is much smaller then the spatial
extent of object, the result of section of a beam and
a surface represents the tangent plane to this surface.
In this case the object surface unambiguously is
defined by a set of the tangent planes in each point
of a surface. For this case the primary measuring
information in the analysis of a geometrical form are

parameters of a normal to a surface in a point of
lighting and coordinate of this point.

In this work the theoretical and experimental
research of the diffraction picture, received as a result
of interaction of coherent radiation with a surface,
was made for the purpose of measurement of
parameters of a normal and coordinates of a point
of lighting,

Two options of the achievement of objective point
are possible. The first: the diffraction picture in the
aperture plane of the receiver is analyzed. In this
case the contradiction between the sizes of the
receiver and the picture demands permission. The
second option assumes formation of a diffraction
picture on the coordinate screen. In this work the
second case, as more interesting from the practical
point of view, is considered.

Let’s consider diffraction of coherent radiation
on one-dimensional reflecting grating for inclined
falling of a beam. Thus, the beam is focused arbitrarily
in relation to strokes of a grating (fig. 4). The flat
wave, which direction of distribution is defined by
corners 0 and @, falls on a grating. The angular
spectrum of diffracted light is described by the
following expression [5]:

Flk,.k

)= (m ;s Opexpl-ith e +h ey

(1)
There u(x, y, 0)—an intensity of electric field in
apoint (x, y, 0);
k_= kldos6, k, = kldos¢, k= 2[VA,;

A — wave length of the used radiation.
The angular range of a falling flat wave looks like:

F(k, k) =0k )B(k). )

The angular spectrum of a field after diffraction
on a grating is equal to convolution of an angular
spectrum of a falling wave F, and function of
reflection amplitude coefficient of a grating P(x) [5]:

(k, —&k, —n)dgdn

3)
For infinite uniform periodic structure the range
of coefficient of reflection is:

ofkk)= S ol )dk 2I0),

n=—oo

(k. k,) = O]IE(E,n)CD

where n —anumber of a diffraction order; d — a
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Fig. 4. Diffraction on a grating.

grating period; a, — coefficient of Fourier num-
ber of amplitude coefficient of reflection of a grating:

dj2
a, =1 j R(x)exp[—iw}dx
d_;, d '

R(x)—1is defined by concrete model of diffraction
structure of a surface and the direction of beam falling
on it. Substituting (2) and (4) in (3) and carrying out
integration, we will receive an angular spectrum of a
field after diffraction on a grating [6]:

Flk,k)= iana(ky —k(oos ¢—2%@Doos(kx Hoos §

From the last expression we define directing
cosines of diffraction orders:
cosB = cosb, cosp = cosd —nA/d,

A 2
cosn, = \/sinz 6—(cos¢—%j NS

Apparently from (5), next ratio is true for any
orders: there k — a single vector of n — order of
diffraction in the direction of distribution, #(1, 0, 0)
— ortin the direction of the OX axis (fig. 4).

Thus, at normal falling of a beam on a surface the

diffraction maxima lie on a straight line. In this case
formation of diffraction orders is described by
classical laws of diffraction of a beam on a grating
[7, 8]. At diffraction of randomly focused beam all
diffraction orders lie on a surface of the circular angle,
which axis coincides with the OX axis, and the
corner at top is equal 2[B (fig. 5). It was confirmed
completely by experimental check [9].

Section of a similar surface by the plane of the
screen leads to that diffraction orders on the plane

Fig. 5. Surface, formed by diffraction orders.

of the receiver form diffraction maxima as the curve
of'the second order (fig. 6).

Fig. 6. Diffraction maxima at arbitrary falling of a beam on
a grating.

The third formula in (5) defines the quantity of
diffraction orders at a beam assumed position
concerning grating strokes. Recognizing that a
radicand shouldn’t be negative, the maximum number
of diffraction orders is defined by the following
expression:

N= %(sine + cosd)) .

The system of coordinates, in which it is necessary
to define the position of a normal to a surface and
coordinates of a point of lighting, is formed by the
plane of the screen, on which the diffraction pattern
is formed, and a perpendicular to it. The position of
a beam in this system of coordinates is described
by the straight line equation:

256
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X=X, _ Y=Y _Z7Z,

Uy U, u, °

there x,, y,, z, — coordinates of a point of the falling
of a beam on the screen; u ,, Uy Uy — directing
cosines of the straight line, containing a beam.

The perpendicular to the screen forms an axis X,
the beginning of coordinate lies on the screen.
Therefore x, = 0. Directing cosines of diffraction
orders (5) are found in the system of coordinates
formed by a diffraction grating. The analysis of a
diffraction pattern is kept in system of coordinates
formed by the screen. The equations of the plane,
that is tangent to a surface, also are in this coordinate
system. Therefore for the processing of a diffraction
pattern it is necessary to find coordinates of directing
vectors of diffraction orders in screen system of
coordinates.

The solution of this task assumes the definition
of a matrix of transition from one system of co-
ordinates to another. Thus, some properties of the
diffraction curves should be noted, allowing connect
coordinates of diffraction maxima on the screen with
coordinates of a point of lighting and parameters of
the tangent plane to a surface. As it was already
noted, diffraction orders form a circular conic surface
in space. As aresult of a section of this surface by a
flat screen diffraction curves represent second order
curves. In this task the spatial position of a beam
was set so that diffraction curves have ellipse forms.
Cases of a parabola, hyperbole and straight line are
almost unrealizable. The parabolic form turns out in
case of a screen arrangement strictly parallel to a
forming conic surface, hyperbolic —strictly parallel
to a cone axis, the straight line turns out only when
the projection of an incident beam to a grating is
parallel to its strokes.

For transformation of coordinates of directing
vectors of diffraction orders the oblique-angled
system of coordinates formed by the screen and a
beam of the laser was interpolated. At first coor-
dinates were transformed from the system of coor-
dinates connected with a grating in system of coor-
dinates, connected with a beam, and then from this
system of coordinates to system of coordinates for-
med by the screen. Such two-level approaching
allowed us considerably reduce time of computing
procedures.

The matrix of transition 7, from the oblique-
angled system of coordinates, formed by a beam
and the screen, in rectangular system, formed by
the screen and a perpendicular to it, is:

0 1 0

cosd, cosd, cosd,
I Y R O £

There d, 8, 8~ the angles between a falling
beam and axes of rectangular system of coordinates.

The following step is calculation of a matrix of
transition T from system of coordinates of a grating
in system of coordinates of a beam. For this purpose
itis necessary to find the equation of the straight line
containing diameter of an ellipse on the screen. The
ellipse, as a second order curve, unambiguously is
defined by coordinates of five points. The beam is
generator of conic surface. Therefore its point of
intersection with the screen lies on a considered
ellipse. Thus, for a complete definition of an ellipse
itis necessary to measure coordinates of four maxima
on a diffraction curve. The equation of the ellipse
passing through five points with coordinates (v, z,),

0 2), 05, 23), 7,5 2,), (v, 2,) looks like [10]:

y2 vz z* y z 1
2 2
y12 Yz le » oz 1
y% V22, Z% y, oz, 1 =0
y32 V323 Zs2 yyozy 1
y‘é Yazy Zé Yo zy 1
Vs VsZs zs ys zZs 1

Calculation of determinant of this matrix gives
the ellipse equation.

There 4, B, C, D, E — equation coefficients.
Passing simple, but quite bulky mathematical calcu-
lations, we will write down a matrix of transition 7’
from rectangular system of coordinates of a grating
to the oblique-angled system of coordinates formed
by a beam and the plane of the screen, consisting of
directing cosines of the axes, that form system of
coordinates, connected with a grating, in the system
of coordinates, connected with a beam:

uxx uxy uxz
Tgb = Uy W vz
uzx zy zz

To find coordinates of directing vectors of
diffraction orders in the system of coordinates,
formed by the plane of the screen and a
perpendicular to it, the following equation must be
solved

X =11, X, ]. (6)

There X(u,,u,u)-a required directing vector;

OITDUITPSE, 2013, . 11, Ne3,vol. 11, No. 3
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X, (uxg, U, uzg) —a directing vector of diffraction
orders in system of grating coordinates, it is defined
by expressions (5).

Angles 0 and ¢, which define the position of a
normal to a surface in a lighting point, are in the
equation (6). Knowing coordinates (y , z,) of n-th
diffraction maximum on the screen, it is possible to
write down the equation of n-th diffraction order

X _ Y-y, _ z-z,

u, ((I),G,n) u, (¢,G,n) u, (d),e,n) - ()

The point of illumination of a surface with coor-

dinates (x,, y,, z,) belongs to a straight line (7),

therefore the following equalities have to be carried
out

b - W ™Ve _ % TZE,
u, (¢,9,n) - u, (d),e,n) B u, (¢,6,n) - (®)
From expression (8) it follows that coordinates
of three diffraction maxima completely define the
equation of the plane tangent to a surface in a lighting

point, and coordinates of this point. I.e. the system
decision

b —_ "V

u, (¢,9,n) u, (d),e,n) ’
X —_%"2%

u, ((I),e,n) - u, ((I),G,n) ’
Xp N R

u, (¢,9,m) u, (d),e,m) ’
Yo "Vm  —_Zp T Zm

u, ((I),e,m) u, ((I),G,m) ’
Yo"V %%,

o (08.0) (6.0

there n, m, h —the numbers of diffraction maxima,
allows to calculate (x,, y,, z,) and ¢, 6 — angles.

Substituting the found values of 8 and ¢ angles
in the equation (6) we find coordinates (u , Uyl
of directing vector of a normal to the tangent plane.
The required equation of the tangent plane is.

Thus, the measured coordinates of three diffrac-
tion maxima in a diffraction pattern allow calculate
the coordinates of laser lighting point on a surface
and directing cosines of a vector of a normal to a
surface in a lighting point.

The roughness of a surface is approximated by a
reflective diffraction grating. As model the reflective
diffraction grating with the period of 5 microns was

used. Ne-Ne LG-208 laser forms a beam with a
diameter of 1.5 mm and divergence 1.2 mrad. Wave
length of the laser radiation is 0.6328 microns. The
screen represents diffusely reflecting plane, with the
coordinate grid put on it. In the experiment the graph
paper pasted on glass was used. The screen size is
350 to 280 mm.

The laser beam incidence was normal to the
screen. It allowed create in space three-dimensional
system of coordinates in which all measurements
have been carried out. The point of a beam inciden-
ce on the screen corresponded to the origin of co-
ordinates (fig. 7).

Normal vector
Incident beam

Fig. 7. Scheme of experiment.

The diffraction grating was located on a small
rotary table perpendicular to the XOY plane. The
angle r was fixed by means of indication of a small
rotary table. It allowed install a grating with exact
knowledge of'its spatial parameters. At this relative
positioning of a beam and the screen the attitude of
apoint of lighting is defined completely by distance
1 from the origin of coordinates to it. Thus, the point
of lighting has coordinates (1, 0, 0).

The true attitude of the grating plane is defined
by the equation.

True coordinates of a point of illumination on a
grating surface B(141.5, 0, 0).

As aresult of diffraction the diffraction curve is
formed on the screen. The measured coordinates
of diffraction maxima are specified in tab. 1.

Table 1
Y, mm 144.5 203.7 210 142.5
Z, mm 825 315 0 -82.5

On the basis of these points coordinates and a
point of intersection of a beam with the screen the
equation of the ellipse approximating a diffraction
curve (fig.8) was received
-0.444y°+ 0.018yz-0.623z*+ 93.32y-2.236z=0.

The algorithm of restoration of the equation of
the plane is based on theoretical conclusions pro-
duced above.

258

OITPUITPSE, 2013, T. 11, Ne 3, vol. 11, No. 3



M.I. DZUBENKO, S.N. KOLPAKOV, I.V. POPOV,A.A. PRYYOMKO

Fig. 8. Diffraction curve.

As aresult the following equation of the plane of
a grating (fig. 9) has turned out. The values of the
measured coordinates of a point of lighting are
(139.2,0,0). So, the relative error of measurement
of coordinates was 1,6%. For the estimation of an
error of the restored plane position next corners
were calculated:

— between the true position of the plane and
measured one —0.36, 0;

— between the restored plane and the plane of
coordinates XOY (the true plane is perpendicular
to XOY plane)—90.29, 0.

300
250
200
1503
1004

100

Fig. 9. Restored plane.

The made experiments on restoration of the
equation of the plane in space completely confirmed
theoretical conclusions. Distinctions in spatial
positions of the true and restored planes are caused
by the following factors:

—inaccuracy of measurement of coordinates of
diffraction maxima on the screen because of their
ellipticity;

—divergence of laser radiation wasn’t considered
in calculations;

— intensity distribution in diffraction maxima
wasn’t considered in calculations;

—inaccuracy of measurement of true position of
a grating.

CONCLUSION

Approximation of roughness of a surface by in-
tegration of reflective diffraction gratings allowed to
measure normal parameters in a point of lighting by
a beam of the laser and coordinate of this point.
Measurements were made on the basis of the ana-
lysis of the diffraction field, received as a result of
interaction of coherent radiation with a surface. These
data from all surface of object allow measure its
geometrical form unambiguously.

The material presented in article can be of interest
for developers of monitoring systems of a geometrical
form of products of mechanical engineering, for
example shovels of gas-turbine engines.
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It is shown that the nSi-nCdS-n*CdS heterostructures in operative (carrying) direction of current,
while being exposed to low intensity radiation, operate as injection photodiodes. Their current sensitivity
is §,=2.12 A/W at A = 0.625 um, which effectively represents a 4.2 increase in compare to spectral
sensitivity of the ideal photo receiver at small wavelength of irradiation.

Keywords: heterostructure, film, spectrum, injection.

VWHXEKIMOHHBIN ®OTOJUO HA OCHOBE nSi-nCdS-n*CdS
TETEPOCTPYKTYPbI
N.b. Canaesn

[Mokazano, uto rerepocTpykTypbl nSi-nCdS-n*CdS B nmpomycKHOM HAINPaBJICHUU TOKA MPU MAJIbIX
YPOBHSIX OCBELICHHUS pa0OTAIOT KaK HHKEKIIMOHHBIN poToanon. OHu 061aar0T TOKOBOH 4yBCTBUTE-
nbHOCTBIO S, = 2.12 A/W nipu A = 0.625 pum, uTo B 4.2 pa3a peBbIIIAET CHEKTPaTbHYIO UyBCTBUTEb-
HOCTb UJICAILHOTO (POTONPUEMHMKA NIPH STOH JJIMHE BOIHBI M3/Ty4eHus. Boicokue 3Ha4eHus S, o0e-
CTEYHMBAIOT BHICOKYIO 3()(EeKTHBHOCTH MIPEBPAIIICHUS CBETOBON SHEPTHUH B 3JICKTPUIECKYIO MIPH MaJIBIX
YPOBHSX OCBEIIEHHOCTH.

KuroueBble cj10Ba: reTepoCTpyKTypa, MIIEHKA, CIIEKTP, HHKEKIIMOHHBIH.

THXXEKIIMHAN ®OTOAIOA HA OCHOBI nSi-nCdS-n*CdS TETEPOCTPYKTYPHU
L.b. Canaes
[Toxazano, mo rerepocTpykTypu nSi-nCdS-n"CdS y nponycKkHOMY HampsIMKy CTPyMY IPH MaJlix
PIBHAX OCBITJICHHS NPALIOIOTH K IHKEKUIHHKMEA poTonion. Bin Mae cTpyMOBy uyTiuBicTh S, = 2.12
A/W nipu A = 0.625 pum, mio B 4.2 pasiB MepeBHUIILY€e CICKTPAIbHY YyTIMBICTh i1€aIbHOTO (HOTO-
npuiMaYa IpH i JTOBKMHI XBUII BUIIPOMiHIOBaHHS. BHCOKI 3HaueHHs S| 3a0€3Me4y 0Th BUCOKY €ek-

THBHICTb [TEPETBOPEHHS CBITIIOBOI €HEPTii B EJIEKTPUIHY ITPH MAITUX PiBHAX OCBITIEHOCTI.
KuarouoBi ci1oBa: reTepocTpyKTypa, MITiBKa, CIIEKTpP, HHKEKIIHHUH.

Injection photodiodes based on n*-n transitions
or Schottky barrier are normally made of high re-
sistance semiconductors characterized by large
length of diffusive displacement, whereas thickness
of'the base area (distance from the injected contact
to the second one) tremendously exceeds (several
times) the diffusive displacement length — “long dio-
des” [1]. Such type photodiodes operate in the mo-
de of high levels of injection. The carrying capacity
of their base area is determined by injected carriers.
The injection photodiodes are developed and inve-
stigated on various types of semiconductors (doped
Germanium and Silicon, Gallium Arsenide and In-
dium Antimonide, solid alloys of 4°B° compounds
and other materials) [2]. However, there is virtually
no information in the literature on how to develop
injection photodiodes based on Si-CdS hetero-
structures. Such structures are characterized by
astonishing interrelation of electrical and photo-

electrical properties both of pertinent Si and CdS.
Such structures are characterized also by direct
optical transitions that help to obtain a high efficiency
of generation of electron-hole pairs.

The photosensitive n*CdS-nCdS-nSi structure
has been created by dusting of CdS-powders (in
quasi-closed system in vacuum 10~°torr) on the sur-
face of silicon plate of n-type with the specific res-
istance p = 15 Ohmldm and thickness of 300 —
400 mm. Thus the source temperature was (CdS)
T, ...=800—=850°C, and on the substrate (nSi) it
was supported in limits =250 —270 °C. The carried
out researches by means of microscope MII-4 have
shown, that films CdS consist of columnar grains to
be focused in the direction of the films growth and
disarranged on an azimuth. It has been established,
that the size of crystallites strongly depends on
technological modes and first of all on temperature

of Si substrate. For example, made at =

substrate _

260 USapaev [.B., 2013



I.B. SAPAEV

250 °C films CdS had the size of crystallites =0,8 —
1 mm which completely penetrated all thickness of
films d=1 pm. Thus, grown up CdS films were high-
resistant with specific resistance p = 10* Ohm[dm.
Further, on CdS film was formed n*CdS layer by
thickness [500 A and current-collecting “IT” —
figurative contact by means of vacuum evaporation
In.

The spectral distribution of the photocurrent of
such structure consists of two parts and its spectral
range stretches from A =460 nm to A = 1200 nm
(fig. 1). In the first and the second parts of spectral
distribution the photocurrent has different polarity
that is caused with return inclusion of the barriers
created between n*CdS-nCdS and nCdS-nSi.
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Fig. 1. Spectral distribution of a photocurrent of #*CdS-
nCdS-nSi heterostructure.

Besides the curve of spectral distribution of
photosensitivity shows, that between sulphide of
cadmium and of silicon with electronic conductivity
is available an isotype heterojunction containing a
small density of superficial conditions on section
border. Acknowledgement to that is that the structure
has the straightening factor of more than two orders,
and occurrence of maximum in curve dependence
I/I, \ at A =955 nm; and tangent, made to it on re-
cession in long-wave area of the spectrum cuts on
abscissa axis the length of the wave, corresponding
to width of the forbidden zone of silicon.

The developed n*CdS-nCdS-nSi — hetero-
structure is characterized by rectification properties,
whereas the rectification coefficient defined as a ratio
of direct and reverse current at fixed voltage —
K=1I /.. (V=5V)makesup 2 orders (refer
to fig. 2). The direct direction of current in the struc-
ture is deemed to occur when “+” potential is applied
on the contact of Silicon surface whereas “—” pote-
ntial is applied on the reverse surface. The analysis
of'the direct line of dark current-voltage of n"CdS-

10° 2t
d"ﬂ’.‘f_
10° //"
<§. ./ ”F‘“_....-l..--'Z
~ / .-"".
10" /..--""
’_..-»'
-
0 -l/
10 j.,-
10 +—— —
0 2 4y 6 8 10

Fig. 2. Conventional direct (1) and reverse (2) sections of
current-voltage characteristics of #Si-nCdS-#"CdS hetero-
structure in semi-log scale at room temperatures.

nCdS-nSi heterostructures [3] clearly demonstrates
that the base of the structure is of high-resistance
and the ratio of thickness of base to the length of
diffusion of the minority current carriers amounts
[# atbase thickness of (nCdS) []1 pm, that corres-
ponds to the diffusive length of minor carriers —
electrons 0.26 pm. Thus, it is determined that
n*CdS-nCdS-nSi —heterostructures meet the re-
quirements set out for injection photodiodes [4].
Besides, the structure investigated is photo-sensitive.
Research of their current-voltage characteristics
in direct and reverse directions shows that there is
the strengthening of photocurrent. As one can judge
from fig. 3, the direct line of current-voltage cha-
racteristics obtained in darkness and while exposed
to light, practically do not differ from one another
judging by the shape of the line. However, the values
of photocurrent and dark current do indeed differ.

401 /,/'"5
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30 1 /
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Fig. 3. Dark and light current-voltage line of nSi-nCdS-
n"CdS heterostructure.: 1—dark, 2 —0.05 Lux,3-1.25 Lux,
4—-4 Lux, 5-20mW/cm?.

Comparing values of photocurrent and dark
current was done at the same voltage (V=10 V).
They are reflected in tabl. 1. This table also reflects
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Table 1

Dependences of the photocurrent (/,,) and

integrated sensitivity (S, ivity) from light
exposure (E, )
E, Idark’ 1 Ph’ S current sensitivity” | current sensitivity”
102 lux cm? | mA/cm?

0 091 - - -

5 - 18.6 3720 4.1-10°
125 - 20.5 164 1.8-10%
400 — 2 55 610°

the photocurrent values and the current sensitivity
(S rent sensitivit y) at different levels of illumination
(E, lux). The data in the tabl. 1 clearly demonstrates
that the integrated sensitivity in the investigated
heterostructures has a high value. Moreover, it has
amaximum value at luminous flux of £=0.05 Lux,
wherby S ensiivity— 3 120 A/Lm. For comparison
we should mark that the best industrial photo
receivers FD-7, FD-11 are characterized by
current sensitivity (4 = 5) mA/Im [5].

Nevertheless, the current sensitivity still remains
high even at illumination with monochromatic light
of laser with the wavelength of A = 0.625 pum and
power of 20 mW/cm? , reaching [2.1 A/W. One
can incidentally conclude that we are actually
witnessing the photocurrent strengthening. This is
further evidenced by the fact that the current sen-

sitivity of such structure tends to be =2.1 A/W,
whereas the ideal photo receiver at similar wave-
length has the current sensitivity of =0.5 A/W [5].
Under the ideal photo device, we understand the
one, which is free of effect of reflection from surface,
has the internal quantum efficiency =1 and all gene-
rated carriers participate in the process of photo-
current formation. Usually such photo receivers are
absent as they are idealized. That is why it is possible
to think that #Si-nCdS-n"CdS — heterostructure has
high spectrum sensitivity in the result of inner stren-
gthening of photocurrent.
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The work presents a comparative analysis of results obtained from samples of nanostructured
Ti-Si-N coatings. Element composition, defect structure, concentration of elements throughout the
depth of coating and morphology of films were studied using the techniques of slow positron beam
(SPB), X-ray photoelectron spectroscopy (XPS), Rutherford backscattering spectrometry (RBS),
proton microbeam (U-PIXE), X-ray diffraction (XRD), scanning electron microscopy with energy —
dispersive analysis (SEM with EDS). Results of mentioned above experiments showed that changing
the substrate potential during deposition of coatings the stoichiometry and morphology of obtained
coatings changes too. After thermal treatment up to 600 °C the formation of two phases: solid solution
of TiN, and amorphous or quasi-amorphous 0-SiN_(Si,N,) envelope was observed. During experiments
the grain size did not change significantly, while the extra energy was used for the completion of the
spinodal (phase) segregation.

CTPYKTYPA, CBOUCTBA U MOP®OJIOTUS TBEPABIX
HAHOCTPYKTYPUPOBAHHBIX MOKPBITHM Ti-Si-N
M.B. KagepuHn, b. Kos1b106exoB

B pabote npezacraBieH cpaBHUTEIBHBIIN aHATH3 PE3yJIbTaTOB, TOJYYCHHBIX Ha 00pa3ax HaHOCTPYK-
TypUpOBaHHBIX MOKPBITHI Ti-Si-N. DneMeHTHBIN cocTaB, nepeKTHas CTPYKTYpa, KOHIICHTPAITHSI 2J1e-
MEHTOB I10 [TyOHHE MOKPBITHS K MOP(OIIOTHs IFIEHOK OBLIIM N3YYEHBI C UCTIOIB30BAaHUEM TAKHX METO-
JIOB KaK IIy40K MEIJICHHBIX TO3UTPOHOB (SPB), peHTreHoBCcKoi ()OTONEKTPOHHOMN CIIEKTPOCKOIUH
(P®IC), pezepdopmorckoro odparnoro paccesuus (RBS), mpororHoro mukponyuka (U-PIXE), pert-
reHocTpykrypHoro aHanusa (PCA), ckaHupyrolei 31eKTpOHHON MUKPOCKOIIMY C SHEPTOAUCIIEPCH-
oHHBIM aHann3oM (SEM c EDS). Pe3ynsraTsl yka3aHHBIX BBIIIE SKCIIEPUMEHTOB MTOKA3aJIH, YTO U3-
MEHEHHUE MMOTEeHIMAaa MTOIJIOKKH BO BpEMsI HAHECEHUS! TOKPBITUH PUBOJUT K U3MEHEHHUIO CTEXHO-
METpUHM U MOP(OIIOTUH MOMy4YaeMbIX MOKpBITHH. KpoMe Toro mocne TepMudeckoil 00paboTKH 10
600 °C nabmomaercs obpazoBanue 1Byx (a3: TBepaoro pacteopa TiN u amopHOI Wi KBa3UaMop-
¢uoii paser a-SiN (Si,N,). B xone sxkcriepuMeHTOB pasMep 3epHa HE M3MEHMIICS, & JIOTIONTHUTENbHAS
TepMHUecKas 00paboTKa CrocOOCTBOBAJIA 3aBEPIICHUIO CITMHOAANIbHBIN ((pa30Boi) cerperaiuu.

CTPYKTYPA, BJACTUBOCTI TA MOP®OJIOI'ISI TBEPAUX

HAHOCTPYKTYPOBAHUX NNOKPUTTIB Ti-Si-N
M.B. Kagepin, b. Kosniubdexon
Y po6oTi npeacrapiaeHnii MOPiBHSIBHAN aHAI3 pe3yNbTaTiB, OTpPUMAaHUX Ha 3pa3kax HAaHOCTPYKTY-
poBanux mokputTiB Ti-Si-N. EnementHuii ckiaz, nedeKTHa CTPYKTypa, KOHIIEHTpALlisl eJIeMEHTIB 32
DIMOMHOIOMOKPUTTS Ta MOP(OJIOTis TUTIBOK OYJIH JOCHIKEH] 3 BUKOPUCTAHHSIM TaKUX METOJIB SIK
MY4OK MOBUIEHUX TO3UTPOHIB (SPB), pentreniBebkoi Goroenexkrponnoi cnekrpockorii (POEC), pesep-
(hopmiBcekoro 3BopoTHROTO po3citoBanHs (RBS), mporornoro mikpomyuka (U-PIXE), perTreHocTpyk-
typHoro ananizy (PCA), ckaHyiou0i eeKTpOHHOI MIKpOCKOITii 3 eHeproaucnepciitanM anaiizom (SEM
3 EDS). Pesynsraru 3a3Ha4eHNX BUIIIE EKCTIEPUMEHTIB MTOKa3aJIH, 10 3MiHIOBAHHS MTOTEHITI ATy ITi KA~
KH ITi]] 9aC HAHECEHHS IOKPHUTTIB MTPU3BOANTS JI0 3MiHIOBaHHS CTeXiOMeTpii Ta Mopdororii ogepKkannx
mokputTiB. Kpim Toro micis TepmiuHoi 06pooku mpu 600 °C crioctepiraeTscsi yTBOpEeHHS TBOX (as:
tBepaoro posyuny TiN Ta amoproi abo kaziamopduoi pasu a-SiN (Si,N,). V xomi ekcriepumMeHTiB
po3Mip 3epHa HE 3MIHMBCS, a J0JAaTKOBAa TepMiuHa 00pOOKa CIpHsia 3aBEPIICHHIO CITIHOAATBHOL
(da3oBoi) cerperartii.

INTRODUCTION new materials with unique functional properties [ 1—
One of the most important problems of modern 8], Nanostructure materials with high hardness, ela-
materials science is fabrication and construction of  sticity modulus, thermal stability, wear and corrosion
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resistance belongs to such materials [9— 11]. There
is a large variety of different coating’s systems, but
Ti-Si-N coatings stand separately due to its unique
properties and characteristics. That is why it is very
important to study such nanostructure coatings and
to obtain new information about structure of defects,
phase composition, physical and mechanical pro-
perties, and this task seems to be an actual problem
of modern physics of solids.

It is well known from literature [3, 5], that adding
of Si to the TiN coating leads to increasing of the
coating’s hardness and temperature resistance. Ata
specified concentration of Si, which equals to (5 +
12)% it also leads to forming of two-phases com-
posite with TiN and a-SiNx phases.

EXPERIMENT DETAILS

We used a Cathodic-Arc-Vapor-Deposition device
“Bulat—3T" with HF generator 3, 5]. Potential bias
was applied to the substrate from HF generator of
pulsed damped oscillations, it frequency was less
than 1 MHz. The duration of each pulse was 60 [s;
repetition rate was about 10 kHz. The amount of
negative self-bias potential of the substrate caused
by HF diode effect was 2 + 3 kV. Using steel 3
samples (2 mm thickness, 20 mm diameter, polished
surface), we deposited coatings on the device with
cathodic vacuum-arc vaporizer in high-frequency
discharge (two cathodes, made of Ti and Si). Atomic
Nitrogen was injected into the chamber. Thickness
ofthe obtained coating was near 2.2 um.

For TiN coatings fabrication we used Ti of the
grade BT-1-00. Thickness of all coatings was
2.2 pm. Deposition parameters are presented in the
tabl. 1.

Table 1
Physical and technical parameters of
deposition of coatings
Deposited| coating | 1,A Py | Uy |Up Bl Remarks
material Pa | vV

. _ Pulse high-
Ti TiN 90 |03 [200 | 200 frequency
technology

- Pulse high-

Ti+Si Ti-Si-N | 100 | 03 {200 | — |frequency
technology

o Pulse high-

Ti+Si Ti-Si-N | 100 | 0.7 {200 | — |frequency
technology

Phase composition and structure researching
were provided on the X-ray diffractometer DRON-
3M in CuKa irradiation using graphite monochro-

mator in secondary beam. Diffraction spectrums
were obtained in pointwise regime with a scanning
step2=0.05 ... 0.10. For stress analysis, we used
X-ray tensometry (“0-sin? P”-method) and its mo-
difications, which are valid for coatings with strong
axial type texture [12, 13].

Elementary composition of the coatings was stu-
died using Rutherford backscattering of “He" ions
with 1.7 MeV energy, detector resolution E=13
keV, dispersion angle =1700. Also we used scan-
ning electron microscopy (SEM) with energy dis-
persion analysis (Jeol 7000F microscope, Japan) in
contrast of electrons and in direct and backscattering
electron reflection. For surface morphology inves-
tigations, we used atomic-force microscopy AFM
Objective to obtain 3D image of surface topography,
electron-ion scanning microscope Quanta 200 3D
with roentgen-fluorescent microanalyzer EDAX with
appropriate software, and automatic contact preci-
sion profilometer SURTRONIC 25.

Nanohardness and elastic modulus measure-
ments were done using trihedral Berkovich indentor
(Nano Indenter G200, TN, USA, Oak Ridge, Nano
Instruments Innovation Center). For analysis of
vacancy-type defects in the coating we used slow
positron beam (Halle, Germany). We measured S-
parameter of the Doppler broadening annihilation
peak (DBAP) by changing energy of the fallen po-
sitron beam from 1 KeV to 30 KeV, and that allo-
wed us to change the analysis depth [14,15].

The bonding states were determined using pho-
toelectron spectroscopy (XPS, Kratos AXIS Ultra)
with a monochromatic AIK (1486.71 eV, X-ray ra-
diation 15 kV/10 mA).

EXPERIMENTAL RESULTS AND
DISCUSSION

Fragments of diffraction spectrums for Ti-Si-N
samples (as deposited and after annealing under the
temperature 600 °C for 30 min) are presented on
fig. 1. We calculated lattice parameter a, = 0.42462
A and found strong texture (111) (Ti, Si) N and
(222) (Ti, Si) N (see curves 1 and 2).

In addition, we detected small peaks from TiO,
(JCPDS-19-370). Volume fraction of oxides after
thermal annealing in the chamber is low and it is not
higher than 5%.

Stresses analysis showed, that there is high
compression deformation in (Ti, Si)N hard solution
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Fig. 1. Ti-Si-N coating’s X-ray diffraction patterns: 1) as
deposited; 2) after annealing under the temperature
600 °C for 30 min, vacuum P = 50 mbar.

(equals to —2.6%) and it is reduced to the value of
—2.3% after annealing.

Coherent-scattering region evaluation (using
Sherrer methodic) showed that size of nanograins
increased from 12.5 nmto 13 nm, and when initial
size of nanograins is 25 nm, it increased to (28 +
30) nm. In other words, due to annealing under the
temperature of 600 °C for 30 minutes, insignificant
changing of grain size is observed, and rest part of
energy was used on finishing of spinodal segregation
process, forming of monolayer a-Si,N,.

We can make an interim conclusion, that when
compression deformation and order of structuring
are high, annealing under the temperature of
600 °C for 30 minutes do not lead to catastrophic
changes both in phase composition, structure and
mode of deformation. Layer, made of (Ti, Si)N solid
solution, is formed, and silicon-nitrogen phase is also
formed around nanograins. In according to it, Si
concentration is reduced in solid solution; some
amount of Ti atoms creates TiO, film on the coating’s
surface. Ti-Si-N coatings structure is characterized
by high level of microdeformations of lattice (more
than 1%) [9]. High value of microdeformations of
lattice probably indicates on inhomogeneity of
chemical structure in every phase of the coating.
Coatings have strong texture [6]. Condensation
compressive stresses leads to (111) texture forming
in (T4, Si)N solid solution films. Using approximation
methods we defined average crystallites sizes of the
(Ti, Si)N solid solution, and it varies from 12.5 to
25 nm. The obtained coatings have next hardness:
TiN (H =28 GPa, E =312 GPa); Ti-Si-N (H =38
+ 39 GPa, E =356 GPa).

In tabl. 2, we summarized results of tribological
investigations. It is clearly seen from this results, that

Table 2
Tribological properties of nanocomposite
coatings

Wear fac- - ..

Coning 1| Soegs” |Vemconr] prition

ture, °C ting, mmY/om coefficient
mm’/nm

30 7.69000° | 3.28[0°° 0.88
Ti-Si-N [300 | 2.63M0° | 3.4900° 0.82
600 1.95000° | 2.7500°° 0.69
30 6.7500° | 3.30000° 0.81
TiN 300 | 3.6200° | 3.5100° 087
600 5.16000° | 3.83[0° 091

wear coefficient for TiN coating increases with tem-
perature increasing, but for Ti-Si-N coating wear
coefficient decreases to 0.69 (T =500 °C), which
is approximately on 25% less, than under room
temperature.

Elementary analysis results are presented on
fig. 2, it was obtained using RBS method and EDS
(energy-dispersion spectroscopy). As it is clearly
seen from fig. 2a), Si concentration is less than 5
at.%, N concentration = (35 +40) at.%, rest one is
Ti, and for fig. 2b) N concentration = 50 at.%, Ti=
44 at.%, Si=5.5 at.%. Coating’s thickness equals
t02.18 £0.01 pm in according to RBS data.
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TiKa
Element Wt % At % K-Ratio
N K 27.49 55.92 0.1252
SiK 2.59 2.62 0.0084
TiK 68.41 40.69 0.6722
FeK 1.51 0.77 0.0087
Total 100.00 100.00
¢)
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Fig. 2. Energy spectrums for samples with Ti-Si-N coa-
tings; (a) bias potential =50 V, PN = 0.5 Pa (RBS), second
curve corresponds to etalon SiW curve (for comparing);
(b) bias potential -100 V, PN = 0.7 Pa (RBS); (c) bias po-
tential =50 V, PN = 0.5 Pa (EDX); (d) XPS spectra obtained
from Ti-Si-N coating.

RBS data confirms by EDX results, see fig. 2¢).
Concentration of Si in the coating is 2.62 at.%, Ti
=40.69 at.%, N = 55.92 at.%. For another series
of samples (with Si concentration = 5.8 at.%) we
provided investigations of Si-Nx connection using
XPS analysis. It showed high peak on 101.9 eV,
and it points directly on forming of Si-Nx connection
in this sample. But also we had a small peak, which
points on forming of a very few amount of Si-O on
103.9 eV (after annealing in the air under the tem-
perature of 600 °C for 30 min). Additional p-PIXE
investigations showed SiN forming on TiN nano-
grains borders.

Images of the coating’s surface before and after
annealing, under the temperature 600 °C (for 30
min.) are presented on fig. 3. We can observe flat
“drops” of melted phase, no matter of HF stimu-
lation. We should note that part of plasma jet con-
sists of drop fractions, and we did not make analysis
of such fractions.

To obtain a real thickness of Ti-Si-N nanostruc-
ture coating and to norm the depth of slow positron
beam analysis, we cut a circle hole, through the coa-

Fig. 3. Surface topography of the Ti-Si-N coating; (a) as
deposited state; (b) after annealing under the temperature
of 600 °C; (c) SEM-analysis of circle cross-section, which
was obtained using ion beam cutting.

ting thickness. As it is seen from fig. 3¢), coating’s
thickness equals to 2.39 +2.41 pm. Calculation of
positrons penetration depth shows that E_ =
20 keV, it corresponds to 2.11 pm of thickness.
Even if we will take into account diffusion of ther-
malized positrons (it length is L = 100 nm), we will
see that positron beam cannot reach interface
between coating and substrate. That is why profiles
of mean positron’s penetration depths give us in-
formation about vacancy-type defects on the whole
thickness of Ti-Si-N coating, but the interface border
is notreally achieved by them.
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Positron annihilation method is the most effective,
responsive and reliable method of analysis of free
volumes in nanocrystalline materials (it has possible
interval of defect’s analysis in the range 10°+ 103
defects per atom) [14, 15]. Part of positrons can
be captured on the interface of two neighboring
nanograins or on boundary junction of three neigh-
boring nanocrystals. It gives us good opportunity to
solve one of the most complicated and interesting
problems of nanomaterials to understand structure
(including electron structure) of the interfaces bet-
ween nanograins, because length (volume) of such
interfaces influences a lot on properties of nano-
composite coatings [1 —9].

Fig. 4 shows dependence of S-parameter on
energy, in other words, we can see profiles of defects
in Ti-Si-N coating before (black curve) and after
(red curve) thermal annealing under the temperature
of 600 °C (30 min).

0.584 —8—TiSiN as deposited
——TiSiN annealed

0.56-

s

g 0.54

3

3

i

wn 0.524
0-50- w
0.48 T r T

0 57 T T s 20
positron implantaion energy, keV
Fig. 4. Dependence of S-parameter on energy of positron
microbeam (black curve as deposited coating, red curve
annealed coating).

Significant changes in electron and defect struc-
ture of the coating is clearly seen from this figure.
We should note, that defects concentration increases
on the whole thickness of the coating, all positrons
locates and annihilates on defects, which are situated
on the boundaries of nanograins. Depth of diffusion
of thermalized positrons is =100 nm, size of nano-
grains is (12.5 + 13) nm, so we can say that almost
all positrons are captured on interface’s defects. As
approaching to the interface between coating and
substrate, S-parameter significantly increases, i.e.
defects also migrate to the interface between coating
and substrate due to thermal diffusion. Thickness
of this transition layer of defects is no more than
250 nm. Calculation of vacancy defects concentra-
tion was done using positron capture model with

two types of vacancy defects [12], and it showed
that defects concentration increases after annealing
from 5000 to 7.500'” cm™3, thermally activated
vacancies concentration also increases from 110
to 500" cm™ (see red curve).

Loading and unloading curves are presented on
fig. 5.
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Fig. 5. Loading and unloading curves, obtained for

Ti-Si-N coating (U=-100 V, Pn= 0.7 Pa), indentation on

50, 100 and 150 nm depth.

Nanoindentor penetrates on the surface layer of
the Ti-Si-N coating (three different loadings). As it
is seen from calculations, based on Oliver-Pharr
methodic, an average hardness for such deposition
regimes is 38.7 GPa, elasticity modulus is 370
12 GPa. Annealing under the temperature of 600
°C in vacuum leads to increasing of elasticity modulus
to values (430 — 448) GPa, it is connected with
finishing of process of spinodal segregation on the
boundaries of nanograins, i.e. with forming of thin
SiN (Si,N,) interlayer (amorphous and quasi
amorphous phases).
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Fig. 6. An image of the surface topography of Ti-Si-N
coating: a) — the surface area of 25%25 mm; b) — profilo-
gram of Ti-Si-N coating from 100 to 900 nm roughness.
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Fig. 6 shows a surface topography of Ti-Si-N
nanostructured coatings. On the surface region of
25x%25 pm can be seen a variation in depths.

Moreover, thermal annealing under the tempe-
rature of 600 °C in vacuum also changes Ti-Si-N
coating’s surface morphology (fig. 7).

Fig. 7. Ti-Si-N coating’s surface morphology: (a) 3d AFM
image; (b) after annealing under the temperature of
600 °C.

We observed decreasing of an average rough-
ness size, increasing of amount of defects (it is
obvious from fig. 6).

After analysis we can say, that structure of defects
changes on nanograins interfaces due to annealing,
average roughness size decreases, nanohardness
increases on 20% (in comparison with as deposited
state) and it correlates with our previous works [13,
16]. Friction ratio decreases on 25% it is the main
difference as opposed to works [17—19].
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Data on the influence content of interstitial impurities on the mechanical properties of hafnium are
presented in this work. Investigations the purification of hafnium from oxygen at added of aluminum
on the melting reduction stage with subsequent refining electron beam melting were performed. It is
shown that vacuum thermal treatment of hafnium tetrafluoride before carrying out melting reduction
reduces the nitrogen content in hafnium less than 0.005 wt.%.

Keywords: hafnium, reactor, refining, impurities, properties.

OUUCTKA TA®OHHUSA OT KUCJTOPOJIA U A3OTA
H.H. IInaunenko, A.A. JIpoObieBcKast

B pabore npuBeneHsI TaHHBIC 110 BIHSHUIO COJIEpKaHUS MprUMecel BHEAPEHUS HA MEXaHUIECKUE
cBoiicTBa radHUA. BEIOTHEHB! HCCIeTOBaHUS 110 OYHCTKE TaQHMS OT KACIOPO/a IIPH BBEIEHUHU
ATFOMHUHS Ha CTa/INA BOCCTAHOBHUTEIHHOMW IUIABKH C TIOCTIEAYIONIeH paMHUPYIOMIEH AIeKTPOHHO-
mydeBoi maBkoii. [lokazano, 4to BakyyM-TepMudeckas o0paboTka Terpadropuaa radHuUS mepen
MPOBEIeHNEM BOCCTAHOBUTEIHHOH TNIABKH 00eCIIeYrBaeT CHIYKEHNE COJIEpyKaHMs a30Ta B TaHUU
menbmre 0,005 mac.%.

KuaroueBsle cioBa: radhHui, peaktop, paQuHAIPOBaHHUE, IPUMECH, CBOICTBA.

OUUCTKA TA®HIIO BIJIl KUHCHIO TA A30TY
M.M. IInannenko, A.O. /IpodumeBcbka
B po6ori npuBeseHi faHi 1010 BILTUBY BMICTY JOMIIIOK MPOHUKHECHHS HA MEXaHIUHI BJIACTUBOCTI
radHiro. BUkoHaHO OCIIPKEHHS 3 OUUIIICHHS Fa(HII0 BiJ] KUCHIO ITPH BBEICHHI AJTFOMIHIIO Ha CTaIi1
BiJTHOBJTFOBAJILHOT TUIABKH 3 MOJIAJIBIIION SJIEKTPOHHO-ITPOMEHEBOIO I1aBKot0. [Toka3aHo, 1110 BakyyM-
TepMiuHa 00poOKa TeTpadropuay radHilo epe/] MPOBEISHHIM BiTHOBIIOBAIBHOI IJIaBKU 3a0e31edye

3HWKEHHS BMicTy a3oTy B raduii menme 0,005 mac.%.
KuarouoBi ciioBa: radwiii, peaktop, padiHyBaHHS, JOMIIIKH, BTACTHBOCTI.

INTRODUCTION

In WWER reactors as in similar foreign reactors
PWR the clustered assemblies of absorber elements
of control protection system (CPS) serve as re-
gulators [1]. The clustered assemblies can be ope-
rated in automatic control regime of reactor power
and in the emergency protection regime. In the
standard absorber elements vibrocompacted boron
carbide powder (B,C) with a natural abundance of
the '°B isotope used as an absorbent material.
Cladding of absorber element diameter of 8.2 mm
and a wall thickness of 0.6 mm is made of steel
06X18H10T. Immersion depth in the core of auto
regulation rods is from 1500 mm at the beginning of
the campaign to 300 mm at the end of the campaign
and emergency protection rods during normal
operation of the reactor are in the raised position at
a distance of 80 — 100 mm from the upper edge of
the core. Thus during reactor operation all the rods
of control protection system are in non-uniform

neutron field resulting in an uneven burnup of the
1B isotope in boron carbide range adjustment of
the absorber element. Their lower parts are at
greatest irradiation.

Rather small term the service of the standard
absorber elements of WWER-1000 (2 years in
automatic regime and 5 years in the emergency
protection regime) is connected both with significant
embrittlement of the steel cladding 06X18H10T and
a swelling of the absorber due to the reaction '°B +
+!n - 7Li +*He. At a burnup of the !°B isotope
mo-re than 40% the appreciable yield of free helium
occurs and swelling of boron carbide particles and
its force effect on cladding is beginning to affect.
Containing '’B isotopes (N, 0)-absorbers are cha-
racterized by relatively low radiation resistance due
to the accumulation of large amount of gas products
and do not provide the operability in emergency
situations related to overheating.

270 U Pylypenko M.M., Drobyshevskaya A.A., 2013



M.M. PYLYPENKO, A.A. DROBYSHEVSKAYA

Visible progress in increasing service life the
clustered assemblies of CPS can be achieved when
using a combined (n,a)-(Nn,y)-absorber in the
absorber elements of CPS of pressurized water
reactors [2, 3]. As aresult developed an interest to
hafnium relating to the number of (n, y)-absorbers.
Hafnium in the absorber elements of CPS can
simultaneously perform functions the neutron
absorber and construction material. Fig. 1 shows
the absorber elements of various types.

b)
Fig. 1. Absorber elements with boron carbide (a) and com-
bined (n, a)-(n, y)-absorber (b).

Pure hafhium has a complex of physical-chemi-
cal and mechanical properties [4, 5] that allow using
it for the production of regulators intended for long-
term maintenance-free operation of nuclear reactors.

The cross-section of thermal neutron absorption
of hafhium is slowly reduced when operating in the
conditions of irradiation due to isotopic composition
of natural hafnium. According to preliminary esti-
mates service life of hafnium rods can be extended
to 15 years or more due to the peculiarities of haf-
nium isotopes transmutation in the neutron flux [2].
The relative physical efficiency of Hf inrespect to
the core of WWER-1000 is [B0% of the efficiency
of' boron carbide [6].

According to foreign and domestic researchers
[1, 6, 7] hafnium is an ideal material for control rods
in pressurized water reactors and can be successfully
used as an absorber rods of CPS WWER-1000
reactors.

In Ukraine the technology for obtaining of
hafnium including hydrometallurgical repartition
(the production of pure hafnium tetrafluoride — HfF,)
and metallurgical repartition (calcium thermal re-
duction of hafnium tetrafluoride and subsequent elec-
tron-beam melting (EBM)) is developed [8]. This
technology allows getting a metal with low content
of undesirable impurities influencing the metal plas-
ticity, its corrosive and radiation properties. Howe-
ver in some cases there is also some local nonuni-
formity in content nitrogen, iron, oxygen and silicon.

On the hafhium properties influence the impurity
contained therein. In particular this applies to the
interstitial impurities especially oxygen and nitrogen.
The data on the effect of oxygen content on the me-

chanical properties of hafnium are given in fig. 2 and
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Fig. 2. The values of microhardness H  and Brinell hard-
ness HB for hafnium with different oxygen content.

0.06

intabl. 1 [9].
Table 1

The data of mechanical researches of hathium
with different oxygen content

Oxygf;lt .cé/(zntent, o, MPa | o, MPa 5.%
0.005 440.0 290.0 36.0
0.010 445.0 305.0 345
0.030 487.0 3550 30.0
0.045 520.0 370.0 275

The necessary degree of hafnium purification
from metal impurities is achieved within 2 —3 EBM.
Great difficulty in obtaining of nuclear grade haf-
nium is purification from interstitial impurities —
nitrogen and oxygen.

Athigh oxygen and nitrogen content in hafhium it
is almost impossible to mechanical treatment which
greatly limits its application in the form of products
for the nuclear power industry (rod, band, tube,
wire).

OIIT DUTIPSE, 2013, 1. 11, Ne 3, vol. 11, No. 3

271



PURIFICATION OF HAFNIUM FROM OXYGEN AND NITROGEN

PURIFICATION FROM OXYGEN
To remove oxygen from hafhium during EBM was
suggested at a stage of reduction melting added into
metal a third component which would formed a vo-
latile oxide. This component should have a greater
affinity for oxygen than hafnium and its gaseous
suboxide should have greater volatility at the melting
temperature of hafhium than hafnium monoxide.
Based on the analysis of literature data and taking
into account obtained results of laboratory studies
aluminum was chosen as a hafnium deoxidizer [ 10,
11]. The calculation of deoxidizing ability of aluminum
showed that aluminum forms a volatile oxide which
then desorbed from the hafhium at EBM by reaction
2A1, +[O] - (A120)gas. Aluminum was added into
hafnium on the reduction melting stage in an amount
0f 0.2 —0.25 wt.% and then roughing metal subjec-
ted to remelting by electron beam in vacuum 100>
— 3007 Pa. According to the experimental results
(tabl. 2) lower oxygen content is observed already
on the reduction stage and significantly — after elec-
tron beam melting [ 10, 11]. The oxygen content is
decreased almost three times (from 0.11 —0.12 to
0.03 — 0.04 wt.%). The aluminum content in all
samples of hafnium obtained after electron beam
melting was (2 — 3)0~* wt.% regardless of the
aluminum additives were added or no.

Table 2
Oxygen content in hafnium after electron
beam melting
Aluminum additive, | Ogen contentin hafnium,

wt.% roughing ingot| after EBM
_ 0.15 0.045
_ 0.17 0.050
_ 0.18 0.055
0.20 0.10 0.035
0.20 0.11 0.030
0.25 0.12 0.030

Using the parameters obtained in laboratory
researches in factory conditions the hafhium ingots
purity of more than 99.94 wt.% were obtained at
the addition of aluminum on the reduction melting
stage after EBM with an impurity content: nitrogen
—3.00007 wt.%.; aluminum — 3.000 wt.%.; tung-
sten— 1.0007° wt.%.; iron — 3.00010° wt.%.; oxy-
gen—4.00072 wt.%.; silicon — 310~ wt.%.; man-
ganese —3.0000* wt.%.; copper —2.0000-3 wt.%.;
nickel —3.00107 wt.%.; niobium —2.00073 wt.%.;

carbon —3.0007 wt.%.; chrome — 1.00107 wt.%.
Hafnium obtained by using of aluminum additives
on the reduction stage after refining by EBM can
be successfully used as the construction material
of'a nuclear reactor core.

REDUCING THE CONCENTRATION OF
NITROGEN IN HAFNIUM

One of the undesirable rigidly limited impurities at
obtaining hafnium is nitrogen. Its content in the metal
in accordance with the technical conditions should
not exceed 0.005 wt.%. Analysis of statistical data
about the behavior of nitrogen at obtaining hafnium
indicates that nitrogen content in the melting products
is always higher of its content in the starting materials
[12].

Comparison of the nitrogen content in the starting
materials and melting products allows concluding that
to 30% of nitrogen adsorbed goes into hafnium from
the unsublimated hafnium tetrafluoride. This fact
dictates the need for reduce the amount of nitrogen
adsorbed by hafnium tetrafluoride. To determine of
the character process of gas separation from the
sublimated and unsublimated hafhium tetrafluoride
experiments were carried out in the temperature
range 20 — 700 °C at a residual pressure 1.300" -
1.30° Pa.

Analysis of the residual gases spectra showed
that the main gases which desorbed during heating
hafnium tetrafluoride are nitrogen, carbon oxide,
water vapor, hydrogen fluoride and other gases [13,
14]. Change of the general pressure in the chamber
during heating of the unsublimated and sublimed
hafnium tetrafluoride is shown in fig. 3. It is noted
that amount of the gases desorbed from the sub-
limated and unsublimated hafnium tetrafluoride is
significantly different. From unsublimated hafnium
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Fig. 3. Change of the total pressure in the chamber during

heating of unsublimated (1) and sublimed (2) hafnium

tetrafluoride.
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tetrafluoride a greater number of gaseous impurities
is desorbed (up to 3 wt.%) than from sublimated
(up to 0.5 wt.%). With increasing temperature the
maximum on curves of the total pressure change of
unsublimated hafnium tetrafluoride approximately
one hundred degree higher than of the sublimated.
The process of gas separation from unsublimated
hafnium tetrafluoride is more complex due to the
high content of the gas impurities in it and desorption
of gas impurities with mass numbers 36 (HFO) and
38 (HF H,0) (fig. 4). A comparison of the normali-
zed composition of gases desorbed from unsubli-
mated hafnium tetrafluoride with the composition of
gases desorbed from of sublimated hafnium tetra-
fluoride shows that content of water, nitrogen, car-
bon oxide and fluorine-containing impurities of the
unsublimated products is about 25%. The main gas
impurity desorbed from sublimated hafnium tetra-

fluoride is water.
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Fig. 4. Percentage of the desorbed gases with different
masses from the unsublimated hafnium tetrafluoride in
the temperature range 20 — 600 °C.

2 18

The results obtained allow to conclude that for
reducing the nitrogen content in hafnium when using
sublimed hafnium tetrafluoride the preliminary
operation of vacuum thermal treatment in the tem-
perature range 300 — 600 °C is desirable and for
unsublimated hafnium tetrafluoride is necessarily.

Efficiency the use of vacuum thermal treatment
was shown in practice during the laboratory melting.
Nitrogen content in the obtained hafnium ingots
without the use of vacuum thermal treatment of haf-
nium tetrafluoride was varied in the range 0.005 —
0.019 wt.%. After vacuum thermal treatment the nit-
rogen content in alloys does not exceed 0.005 wt.%.

CONCLUSION

The results of studies on the hafnium refining pre-
sented in this paper show that the developed me-
thods of refining are highly effective for reducing the

amount of gas impurities. The use of aluminum as a
deoxidizing component on the reduction melting stage
of hafthium results in essential decrease the oxygen
content in the metal (to 0.03 — 0.04 wt.%) on the
electron beam melting stage. Carrying out of vacuum
thermal treatment of hathium tetrafluoride before the
reduction melting in the temperature range of 300 —
600 °C provides a nitrogen content in the metal less
than 0.005 wt.%.

Thus the research results of refining hathium allow
carrying out the scientific approach to obtaining of
hafnium with low oxygen and nitrogen content for
modern technologies and creating of construction
materials for nuclear reactors of the new generation
and other responsible applications.
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DEFINITIONS OF LOCALIZED ENERGY STATES ON THE QUASI-FERMI LEVEL
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Studies of the generation-recombination process of electrons from the filled localized surface states
at the time of their lives. The applicability of the derivative of the Dirac distribution as &-function at
low temperatures in order to study the temperature dependence of the spectrum of the density of sur-
face states. To improve the accuracy of the results in the paper, a method of discrete states spectroscopy
on quasi-Fermi level with the changing times.
Keywords: low temperature localized state spectroscopy of discrete states, increasing the accuracy
of the results, the discrete spectrum of the density of states.

ONPEJEJIEHUE JIOKAJMU30BAHHBIX SHEPTETUUYECKHX COCTOSHHUI MO
KBA3BUYPOBHAM ®EPMU C UBMEHEHUEM BPEMEHHU
I. T'yasmos, H.IO. lllapubaen, Y.U. Dpkadoen

HUccnenoBan reHepalinOHHO-PEKOMOMHAIIMOHHBIH MTPOIECC JICKTPOHOB U3 3aMI0JTHEHHBIX JIOKAIN30-
BaHHBIX TIOBEPXHOCTHBIX COCTOSIHUM O MX BpeMEHH *U3HH. [lokazaHa MpUMEHUMOCTh TPOU3BOTHOM
¢bynkiuu pactpenenenus Jupaka kak O-QpyHKINU OPU HU3KUX TEMIIEpaTypax JUls HCCIICA0BaHUS
TeMIIepaTypHON 3aBUCUMOCTH CIIEKTPa IUIOTHOCTH MOBEPXHOCTHBIX COCTOSTHUMN. C EIbIO MTOBBIIEHUS
TOYHOCTH TMOITy4YaeMbIX Pe3yIbTaToB B paboTe NMPEeAIokKeH METO/ CIEKTPOCKOINH AUCKPETHBIX COC-
TOSIHUH 110 KBa3nypOoBHIM DepMU ¢ U3BMEHEHUEM BPEMEHH.

Ki1roueBble cj10Ba: HU3KOTEMIIEpaTypHOE JIOKATU30BAaHHOE COCTOSHUE, CTIEKTPOCKOTIHNS JUCKPETHBIX
COCTOSTHU, TIOBBIIIEHNE TOYHOCTH PE3yJIbTaToOB, AMCKPETHBIN CIIEKTP MIOTHOCTH COCTOSIHUIA.

BU3HAYEHHS JIOKAJII3OBAHUX EHEPTETUYHUX CTAHIB 3A
KBA3IPIBHAMMU ®EPMI 31 3SMIHIOBAHHSAM YACY

I'. T'ynamos, H.FIO. Illapidaes, Y.I. EpkaGoes
JocmimpkeHo reHepaniftHo-peKoMOTHAIII THII TPOTIeC eIEKTPOHIB i3 3aIIOBHEHUX JIOKATI30BaHUX T10-
BEPXHEBHX CTaHIB 3a 4acoM ixX kuTTs. [lokazaHo 3acTocoBHICT MoXinHOI PyHKIT po3noniny [ipaka
siK O-(DYHKIIIT 32 HU3BKHX TEMIIEPATYP TSl TOCIIDKSHHS TEMITepaTypHOT 3aJIeKHOCTI CIIEKTPY T'yCTHHU
ITOBEPXHEBHX CTaHIB. 3 METOIO MiIBUIIIEHHS TOYHOCTI O/IEPIKAHNX PE3YIBTATIiB y pOOOTI 3aIIPONIOHOBAHO
METOJI CIIEKTPOCKOTIii IUCKPETHUX CTaHIB 3a KBa3ipiBHAMU Depmi 31 3MIHIOBAaHHSIM UacCy.
Ku11040Bi cj10Ba: HU3pKOTEMIIEPATYPHUH JIOKATi30BaHUH CTaH, CHEKTPOCKOIISI IUCKPETHUX CTAHIB,
I IBUIIIEHHS TOYHOCTI PE3yAbTaTiB, JUCKPETHUH CIIEKTP IIITPHOCTI CTaHIB.

INTRODUCTION (£) =1-exp| -

Standard relaxation spectroscopy density of surface ~ Where PLE)=1=¢exp 1 [4] T - the electron
states is based on the generation of thermal electrons,
which can be easily observed only at high
temperatures. This and the limited resolution of the T ( E.T t) =1, exp ( ki j .

lifetime in the place he used the relation

method. To improve the resolution of the used 2)
method of expanding the range of density of surface As aresult. it was found that when
states in a row, the derivative of the ionization of an ’
electron from the surface level of energy [1 — 3]. % = 5( E - Eo) 3)
0
Nss ( ) Z Nss.(E ) (E t) (1) The resulting delta function is asymmetric, so in
(T t) this situation, it took into account the additional

requirements [5].
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The purpose of this paper to show the suitability
of'the derivative of the Fermi-Dirac distribution for
quasi-Fermi level from time to time as a delta func-
tion for the discrete spectrum of the density of surface
states and thus increase the resolution of the method.

QUASI-FERMI TIME

The density of surface states can be determined from
the loss of charge in a charge-coupled device [1,
2]. Attime ¢ =0 from the surface layer completely
go all the free electrons. After starting generation of
thermal trapped electrons. Given the statistics of the
Shockley-Read-Hall process can be described as
follows [1, 2, 4]:

and p(t, 1) =1 — exp(-t/1), 4)
where T=1YN, (5)
electron lifetime. Equation (4) can be represented
as follows:

of)=1-eo| oy TRATOLG)

kT

If we consider that in this process each time the
surface layer is cleaned from the released electrons
generated from the traps, the changes over time
energy of the Fermi level £, In the future, this value
depends on the time tis denoted as the quasi-Fermi
level.

We introduce the notation:

E_ = kTIn(T) (7)
electron energy of the lifetime T and
E, = kTIn(t) (8)

quasi-Fermi energy by the time 7.
Considering (7) and (8) may be (6) in the form:

p(E E) 1 —exp| —ex Ey =
fi> p 4 —r . (9

One can easily imagine the derivative p(£
onk, asa delta functionat 7 - 0

' ED)

ap( /[ b '[)
. =OERE). a0
SPECTROSCOPY OF QUASI-FERMI
CHANGE IN TIME

The distributions function of the Fermi-Dirac
distribution for the generation of electrons:

f=|exp By, )
kT

(11)

step function is known energy [6]. It is also known
that the derivative of the energy function of speed is
the Dirac delta function (see fig. 1)in 7 - 0[6]. In
this case, the delta function is as follows:

el o EaE E,-
=—=cX - €X _—
iR\ T Plr

Sl

(12)
The resulting function (12) we substitute in (1)
and get:

Nss( ) ZNSS(E)—eXp(ﬂjx

p kT
E, —E N
fti Ly
x| exp| <" | +1 13
1407
120
] e T=300K
1004 T2 77K
] B
80'5 7= 20 K
60
40] |
20] k
o I, "."“,'TZFJ ..... =S
02 03 04 05 06
E, eV

Fig. 1. The derivative of a step function at the Fermi-Dirac
distribution of energy at different temperatures.

If we imagine that the quasi-Fermi £, level
changes throughout the segment gap in each relevant
electron energy £ generated from the trap life time
T, we geta peak delta function. Scanning energy £,
for each specific temperature, perhaps because it is
theoretically possible to set the appropriate time T
ELLE, E] Fig. 2 shows a range where the
shaded area are 10 discrete levels at different
temperatures. It is easy to notice that for the discrete
spectrum as in [1 —4], we can use the derivative of
the Fermi-Dirac distribution on £, a delta function.

TEMPERATURE DEPENDENCE OF THE
DENSITY OF SURFACE STATES AND
DISCRETE SPECTRA

We turn to the treatment of the density of surface
states. Fig. 3 shows the density of surface states of
[7], which shows the graphs of experimental and
theoretical fitting the density of states N_(E, T)
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Fig. 2. The spectrum of the density of surface states at
different temperatures.

obtained by the decomposition of the experimental
curve in a series of functions (12).

Analysis of fig. 3 N (E, T) shows that the
experimental plot at 7=300 K is easily decomposed
into a series of functions (12). Fig. 4 is a graph
theoretical model density of states that for 7=15 K.
From these figures one can see that even at a low
temperature in the graph clearly distinguish the
individual peaks.

1013_
a

£ 1- model
™ 2 - experiment

>

L]

= !

2

1012

0 01 02 03 04 05 06 07 08 09 1.0
E, eV

Fig. 3. Experimental [7] and the model spectrum density
of surface states at 7= 300 K.

When the temperature tends to zero, these peaks
are transformed into discrete levels, and the
continuous line N_(E, T) in the discrete energy
spectrum (see fig. 4). These changes N (E, T) are
due to the fact that the temperature is lowered by
reducing the thermal broadening of the energy levels
(12) becomes the Dirac delta function &£ - E, ).

Based on the study, it can be concluded that the
experimental continuous spectrum density of surface
states N (E, T) at a certain high temperature
relaxation method at low temperatures becomes a
discrete energy spectrum. Such a strong temperature
dependence of the density of surface states due to

3
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>
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10" . Il | 1) I
0 01 0203 04 05 06 07 08 09 10
— model E, eV

Fig. 4. Model discrete spectrum of the density of surface
states at 7'=5 K.

the fact that the derivative of the Fermi-Dirac
distribution becomes a Dirac delta function.

The present method of determining the density
of the surface low-temperature conditions increases
the resolution of the transient spectroscopy and
surface levels of relaxation techniques used to
measure the energy spectrum of the density of states.

CONCLUSION

According to the study of surface electrons recharge
levels in their lifetime based on the principle of CCD
determined that the derivative of the ionization energy
of the electron is a r-function at 7 — 0. The
applicability of the derivative of the Dirac distribution
function of the energy of the quasi-Fermi level with
the time change as a &-function at low temperatures
in order to study the temperature dependence of
the spectrum of the density of surface states. This
was possible because the derivative of a step function
is a O-function. We propose a method of
spectroscopy of discrete states by quasi-Fermi level
with the change of time to improve the accuracy of
the results.
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At the present study the possibility of obtaining two compositions of Ca, (PO,) F, and Ca Sr(PO,) F,
fluoroapatites by both chemical deposition from solutions of the initial components and reaction in the
solid phase was investigated. Using X-ray diffraction (XRD) method was shown that the fluorapatite
synthesis based on calcium pyrophosphate with the addition of strontium takes place at lower tem-
peratures. Fluoroapatite formation obtained by precipitation process is the result of the reaction between
initial component solutions. At the process of heat treatment of obtained powders by XRD method
was found that compared with fluorapatite obtained by solid phase reaction, fluorapatite obtained by
precipitation method include less content of TCP phase. Maximum density ([B2 % of the theoretical
value) is reached for the sample heat treated at 1250 °C with the exposure time up to 6 hours for
fluorapatite obtained by precipitation and at a temperature 1200 °C with the exposure time up to 10
hours for fluorapatite prepared by reaction in the solid phase.

Keywords: structure modification, fluorapatite, X-ray diffraction, differential thermal analysis,
radioactive wastes immobilization

AHAJIN3 ®TOPAIIATUTA, IOJYYEHHOI'O METOJAMU XUMHNYECKOI'O
OCAXKJIEHUA U TBEPIO®A3ZHOM PEAKIIUA
C.10. Caenko, B.A. llIkyponarenko, P.B. Tapacos, E.A. IIpyabiByc,
C.A. CaBuHa, A.B. 3nikoBa

B nmanno#l paboTe uccienoBasack BO3MOXKHOCTh HOJYYEHHS (TOpamaTUTa JByX COCTaBOB
Ca (PO, F,u Ca,Sr(PO,)F, METOMOM XMMHUYECKOTO OCAXKICHHUS PACTBOPOB UCXOIHBIX KOMIIO-
HEHTOB W peaknmel B TBepaon ¢aze. C momomsto peHtrenodazoBoro ananmmsza (POA) mokazaHo,
YTO ¢ J00aBIEHHMEM CTPOHIMS CHHTE3 (TOpanaTuTa Ha OCHOBe Iupodocdara KaJbLus MPOXOAUT
pu OoJiee HU3KKUX Temneparypax. O0pa3zoBaHue ropanariuta, HOIy4YeHHOTO OCaKACHUEM ITPOHCXO-
IUT B pe3yabTaTe peaklUH MEXAY PacTBOPaMM MCXOIHBIX KOMIOHEHTOB. Ilpu tepmoobOpaborke
ITOJTyYEHHBIX OPOIIKOB MeToJ0M PMDA yCcTaHOBIEHO, UYTO [0 CPABHEHUIO C (hTOPANaTUTOM, IIOJY-
YEHHBIM C IIOMOIIBIO TBepAo(]a3HOil peakunu, GTOpanaTuT, MOITyYEHHBIH OCAKICHUEM COAEPXKUT
Menbinee konudecTBo TK®D. MakcumansHoe 3HaueHre ioTHOCTH ([D2% oT TeopeTudeckoir)
JOCTUTHYTO 1151 00pa3LoB TepMooOpaboTanHbIX pu Temieparype 1250 °C u BpeMeHH BBILICP)KKU
6 gacoB s prOpanaTrUTa, MOMyIEeHHOTO OcakaeHrneM 1 ripH Temmeparype 1200 °C 1 BpeMeHU BELICPIKKA
10 wacoB ains ropanaTuTa, MOTYYEHHOTO peakineil B TBepoi hase.

KaroueBble cjioBa: pagloakTUBHBIE OTXOIbI, UMMOOMIN3ALUS, (PTOPANIATUT, PEHTICHO(A30BbII
aHanu3, IuQQepeHnnanTbHO-TEPMUIECKUI aHAIN3.

AHAJII3 ®TOPAITATUTY, OTPUMAHOI'O METOAAMHU XIMIYHOT O
OCAJIKEHHS TA TBEPIO®A3HOI PEAKIIII
C.10. Caenko, B.A. llIkyponarenko, P.B. Tapacos, C.O. Cagina,
K.A. IIpynuByc, A.B. 3uxkoBa

V nauiii po6oTi D0CIHKYBaNIacs MOXKJIMBICTL OTpUManHs ¢propanaruty asox ckiauais Ca, (PO,)F,
Ta Ca9Sr(PO 4)6F2 METOJIOM XiIMiYHOTO OCaJ[KCHHS PO3YMHIB BUXITHUX KOMIIOHEHTIB 1 peakIli€lo B
TBepii (azi. 3a momomororo peaTrenoda3oporo ananizy (PMA) mokaszano, 110 3 J0AaBaHHSIM CTPOH-
1if0 cHHTE3 (TOpaaTuTy Ha 0CHOBI IipodocdaTa KaJIbIlifo MPOXOIUTH IPY HIKIUX TEMIIepaTypax.
YTBOpeHHS PTOpanaTUTy, OTPAMAHOTO OCA/KEHHS BiI0OYBAETHCS B pe3yibTaTi peakilii Mi>k pO34rnHAMH
BHXiJHUX KOMITOHEHTIB. [Ipu TepMo0OpoO1Ii OTprMaHUX MOPOIIKiB MeTooM PDA BcTaHOBIIGHO, IO
y HOPiBHSIHHI 3 TOpaNaTUTOM, OTPIMaHUM PEaKIIi€ro B TBepAii (asi, propamarut, orpumaHuii oca-
YKEHHSIM MIiCTUTh MeHIITy KiTbKicTh TK®. Makcumanbhe 3Ha9eHHs minbHOCTI ([D2% Bifg TeopeTHyHO1)
JIOCSTHYTE IS 3pa3KiB TepMooOpodinenux mpu Temrepatypi 1250 °C i gaci BUTpUMKH 6 TOIUH IS
(hropanaruTy, OTpEMaHOTO OcaKeHHAM 1 pu Temreparypi 1200 °C i gaci Butpumku 10 rogus ams
(hropanaruTy, OTPUMaHOTO PEaKIIi€ro B TBepAiil hasi.

KuarouoBi cioBa: pagioakTuBHI Bigxomu, iMMoOimizaiis, ¢gropanarut, peHTreHO(])A30BHIA aHAI3,
TUQepeHIiaTbHO-TePMITHIH aHaTi3.
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INTRODUCTION

The surface and bulk material structure modifications
are effective methods of modern innovative material
development. Various technologies such as sintering,
hot pressing, chemical precipitation and others are
used for obtaining new materials with tailored
properties.

The problem of radioactive waste accumulation
is one of the long-term and hazardous consequences
of nuclear programs. The most dangerous for the
biosphere are high-level wastes (HLW). The concept
of fractionation of HLW is developed according to
the fact that the half-life, biological hazards and
chemical properties of the HLW components vary
greatly. The concept of radioactive waste
immobilization into the crystalline matrices is based
on a matrices using such as mineral phases, which
have a natural analogs stable over long geological
time.

Recently experts from different countries carried
out multidisciplinary research of more than 30 such
crystalline compounds for immobilization of HLW.
There are durable and chemical stable minerals such
as zircon, pyrochlore, magnesium-aluminum spinel,
rare earth garnets, zirconolite, apatite, monazite, etc.
[1]. In different countries, the application of a variety
of rocks for geological disposal of the immobilized
HLW is expected, so often, for the same radionuc-
lides different waste forms were used for next com-
patibility with the disposal mineral phases and the
immobilization matrices.

The immobilization waste forms based on apatite
ceramic are considered as promising materials for
the immobilization of high-level waste due to a wide
range of iso- and heterovalent substitutions, high che-
mical and radiation resistance. Minerals and synthetic
compounds with apatite structure type form a large
family: A (BO,) X, (A—Ca, Sr, Ba, Pb, Na, Cd,
Fe, K, Li, rare earth elements; B—P, Si, As, Cr, V,
S; X ~F, Cl, OH, O, Br, CO,) [2].

One of the famous examples showing the che-
mical and radiation resistance of apatite in nature is
uranium deposit in Oklo (Gabon, Aftica). The chain
reaction of uranium fission in the mineral formation
took place some two billion years ago. The crystals
of apatite are located in this place, characterized by
abnormal enrichment of 23U and fission products.
Consequently, the apatite-like compounds can
maintain the crystalline structure within a very long
time.

Apatite materials have also found an application
in many other fields, including biology, medicine,
electronics, etc. There are various technologies of
fluorapatite synthesis such as solid phase reactions,
precipitation from solution, sol-gel, hydrothermal
methods, and others. The aim of the present study
was to obtain calcium fluorapatite and fluorapatite
with strontium content by means of the solid phase
reaction and the precipitation of initial components
solutions

MATERIALS AND METHODS

For fluoroapatite Ca, (PO,)F, preparation by
means of the solid phase reaction the following com-
ponents such as calcium pyrophosphate Ca,P,O.,
calcium fluoride, CaF , calcium carbonate CaCO,,
phosphoric acid H,PO, were taken in the required
stoichiometry. Process of preparation of fluorapatite
was made by the following reaction [3]:

2Ca,P O, + CaF, + 2H,PO, + 35aS0O, -

- Ca, (PO, F,+3H,0 +580,1. (1)

To obtain fine powder of calcium pyrophosphate
grinding carried out in a planetary mill Mono
“Pulverisette 6” with isopropyl alcohol.

Calcium pyrophosphate, calcium carbonate and
calcium fluoride were mixed in a mill environment in
isopropyl alcohol and dried at a temperature of
100 °C to aresidual moisture content 3 —5%. Fluo-
roapatite dried mixture was screened through a sieve
with a mesh size of 100 microns. For strontium
adding in the fluorapatite mixture the strontium nitrate
Sr(NO,), as an aqueous solution was used. Thus,
an uniform distribution of strontium nitrate in the
fluorapatite mixture was provided. Strontium
fluorapatite Ca,Sr(PO,),F, was obtained by
reaction:

2Ca,P,O, + CaF, + 2H,PO, + 4CaCO, +

+Sr(NO,), » Ca,Sr(PO,) F,+3CO,1+ 4H,0 +
+2NO, +(1/2)0,. )

For fluorapatite preparation by solutions pre-
cipitation method the following components such
as calcium nitrate Ca(NO,),-4H,0, disodium hyd-
rogen phosphate (NH, ),HPO,, ammonium fluoride
NH,F were taken in the required stoichiometry. The
preparation of Ca, (PO,)F, was performed accor-
ding to the following reaction:

10Ca(NO,), + 6(NH,), HPO, + 2NH F +
NH,OH + (1/2)0, - Ca, (PO,)F, +
+ 14NN,NO, + +5,5H,0 + 7NO, 1. 3)
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The process of calcium fluoroapatite preparation
by chemical precipitation method comprises the
following steps [4]:

— Preparing of the aqueous solutions of the initial
components required concentration. A sample of
Ca(NO,),[dH,0 in distilled water was dissolved.
Separately, the samples of (NH,) ,HPO, and NH,F
in distilled water were dissolved.

— Mixing the initial solutions. A solution of
(NH,),HPO, (0.3 M) and NH,F by drops, with
constant stirring, was poured in warm
Ca(NO,),4H,0 (0,5 M) (50 °C) solution with
pH =9 — 9.5 adjusted by adding ammonium
hydroxide NH,OH.

— Preparing of a calcium fluorapatite powder.
Flushing the precipitate, drying in air, grinding and
heat-treating of the obtained powder was carried
out in the temperature range 900 — 1250 °C for
1 hour.

The strontium incorporation into fluorapatite
structure was made by strontium nitrate Sr(NO,),
adding to a solution of Ca(NO,),-4H,O. The prepa-
ration of strontium containing fluorapatite was carried
out analogously to the preparation of calcium fluo-
rapatite:

9Ca(NO,), + Sr(NO,), + 6(NH,),HPO, +

+2NH,F + NH,OH + (1/2)0, -

- Ca,Sr(PO,),F, + 14NN,NO, + 5.5 H,O +

+7NO,1. 4)

The heat treatment of the powders was made in
air furnaces SUOL-0.25.1/12—-M1 and MP —2U.
Thermogravimetric and differential thermal analysis
(TGA/DTA) was performed on derivatograph
Q—D 1500 at a temperature range 20— 1000 °C,
with heating rate about 12 °C/min and termoana-
lizatore SDT Q600 V20.9 Build 20 in the tempe-
rature range 50 — 1300 °C, with heating rate about
10 °C/min. The phase analysis was made by the
phase X-ray diffraction method (XRD) (DRON —
1.5 with Cu radiation using a nickel selective filter).
Samples were prepared in the form of tablets with
diameter of 14 mm and height of 5 — 7 mm by doub-
le-side axial fluorapatite powder cold pressing
method in a hydraulic press. Pressing was carried
out in the pressure range 124 — 247 MPa.

The sintering of synthesized fluorapatite samples
in air was performed in the temperature range 900
— 1250 °C. The apparent bulk density ®,) ofthe
samples after sintering was determined by hydrostatic
GOST 2409 —95.

RESULTS AND DISCUSSION

Fluoroapatite obtained by solid phase reacti-
on.According to results of XRD analysis, only lines
of calcium pyrophosphate Ca P O, after mixing of
the initial components were found (fig. 1a).

a)
2
= .
2 - Ca,P,0,
g .
\&M“‘“~—i--_ka&.~\ AN A e
P ‘.\A— - L34 B -
10 20 30 40 S0
20, grad
® — Ca,,(POL)eF> b)
Y — Cay(PO,),
= "
IS \\\4\‘\)[ RDR] 1 p. !
iR e _l . .' . seet
A AU AL R
10 20 30 40 S0

20, grad

Fig. 1. Diffraction peaks of Ca, (PO,) F, obtained by solid
phase reaction: a) — initial mixture; b) — termal treatment
at: 7=1000 °C,t=1 hour.

The results of thermal analysis of the fluoroapatite
Ca  (PO,),F, mixture are shown in fig. 2.
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Fig. 2. TG/DTA analysis of Ca, (PO,) F,.

Heat treatment of the original mixture up to
500 °C, according to X-ray studies, does not chan-
ge the phase composition. According to TG/DTA
analysis in the temperature range 120—280 °C there
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is a strong endothermic effect, which is associated
with the removal of adsorbed water and evidenced
by weight loss in the TG curves, and also lack of
visible change in the phase composition. Second
small endothermic peak in the DTA curve in the
temperature range 440 — 520 °C, apparently
associated with the start of decomposition of calcium
carbonate which is in a small amount in the mixture.
Atthe difractogram of the powder, which was heat-
treated at 600 °C, there is the appearance of lines
fluorapatite. At temperature about 700 °C, there is
a significant number of lines of fluorapatite, and
reducing the intensity of the lines Ca,P,O.. Total
synthesis of the fluorapatite with Ca,P,O,
destruction proceeds in the temperature range 900
— 1000 °C (fig. 1b). On the DTA curve at such
temperature range there is a fairly strong endothermic
effect. Furthermore the line of tricalcium phosphate
Ca,(PO,), (TCP) appears in addition to the lines of
the synthesized fluorapatite in the diffraction peaks.

The research of phase formation of fluorapatite
with strontium content demonstrate that heat
treatment of fluorapatite mixture up to 500 °C similar
to the case of the calcium fluoroapatite, does not
affect on the mixture phase composition. Also, similar
to the case of calcium fluoroapatite, on the DTA
curve endothermic peaks were observed, which
associated with removal of adsorbed water and the
start of decomposition of calcium carbonate.
Intensive synthesis of fluorapatite runs at 600 °C.
Total synthesis of fluorapatite with the initial phases
destruction occurs in the temperature range 800 —
900 °C (fig. 4) and is accompanied by the endother-
mic effect at the DTA curve. Similar to the calcium
fluoroapatite case the diffraction lines of TCP appear,
and its intensity decreases with increasing tempe-
rature up to 1000 °C (fig. 3).

The sintering in air at the temperature range 1100
— 1200 °C for 600 minutes residence time is

® _ Ca,Sr(PO,)F,

v -capo),

=1

Q \_\ [ vi{e

E - L?.':{f l‘v‘ 4 . of 0o
i * 0

“\Jv"ww.}\ \N\M‘-’\a
10 20 30 40 50

26, grad

Fig. 3. Diffraction peaks of Ca,Sr(PO,) F, obtained by solid
phase reaction 7= 1000 °C, 1= 1 hour.

performed. The data of the relative density
measurements of the sintered samples in air are
shown in fig. 4.

== — Ca;o(PO,)F,
== — Ca,Sr(PO, >

95 1
90 4
85 4

80

754

<

704 0

65

1100 7.°C 1150 1200

Fig. 4. The dependence of relative density of fluorapatite
samples obtained by solid phase reaction on sintering
temperature (T =600 min).

The results demonstrate that the sintering
temperature increasing in air leads to increase in
density and there is the maximum value of relative
density for all investigated fluorapatite compositions
at the temperature 1200 °C.

Fluoroapatite obtained by chemical precipita-
tions method. Fig. 5 shows XRD data of powders
obtained by co-precipitation of solutions of the ini-
tial components, Ca, (PO,)F, calcium and
Ca,Sr(PO,) F, with strontium content fluorapatites.
Atall diffraction lines are present only one phase —
Ca, (PO,)F, (fig. 1a) and Ca,Sr(PO,) F, (fig. 1b),
respectively. Previously the necessity of heat
treatment of resulting powder at 800 — 1000 °C for
1 hour for fluorapatite solid-phase synthesis by
calcium pyrophosphate Ca,P O, using, as a main
component, was shown. In contrast to fluorapatite,
obtained by reaction in the solid phase, the formation

s - Can(POF,

* — CagSr(PO,)sF,

Intensity

25 30 35 40 45 50
20, grad

Fig. 5. Diffraction peaks of initial powders Ca (PO, F, (a)
and Ca,Sr(PO,),F, (b) obtained by chemical precipitation
method.
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of fluorapatite by chemical precipitation is directly
resulting of the reaction of the initial component
solutions.

The only endothermic peaks with minimum at
100 °C which correspond to remove adsorbed wa-
ter was observed at the DTA curve obtained by
chemical precipitation of powders Ca, (PO,)F,
and Ca,Sr(PO,)F,.

A small endothermic peak at the temperature
range 900 — 1000 °C in fig. 6 is observed and pro-
bably associated with the start of thermal decom-
position reaction for fluoroapatite [5]:

Ca (PO)F, - 3Ca,(PO,), + CaF,. (5)

DTA data are confirmed by XRD data of fluo-
rapatite heat-treated powders obtained by chemical
precipitation from solutions The line of tricalcium
phosphate with low intensity was observed after heat
treatment of the powder of calcium fluoroapatite at

900 °C.
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Fig. 6. TG/DTA analysis of Ca (PO,)F, (a) and
Ca,Sr(PO,) F, (b).

The increasing of the thermal treatment tem-
perature up to 1150 °C does not affect on the phase
composition of calcium fluoroapatite. In contrast to
the diffractogram of strontium containing fluorapatite
which has demonstrated the increasing of the
Ca,(PO,), lines number as compared to
Ca,Sr(PO,)F,, heat-treated at 900 °C. The next

6 2°
temperature increasing up to 1250 °C leads to the

disappearance of the tricalcium phosphate lines in
the diffraction pattern of calcium fluorapatite and the
reducing of intensity and number of lines in the
diffraction pattern of strontium containing fluorapatite
(fig. 7). It is known that chemical durability of phos-
phate materials decreases during process of fluo-
roapatite — hydroxyapatite — tricalcium phosp-
hate transformation [6].

e — Ca;(PO,)sF,
* — Ca Sr(PO,)F,
+ — Cay(PO,),

Intensity, rel. unit
®

A A

20 30 40 50 60 70
20, grad

Fig. 7. Diffraction peaks of Ca, (PO,)F, (a) and
Ca,Sr(PO)),F, (b) T=1250 °C,1=1 hour.

Therefore, the content of TCP in the fluorapatite
matrices materials for next HLW immobilization
should be minimal. The samples were sintered in
the temperature range 1000 — 1250 °C for 6 hours
inair. Fig. 8 shows the relative density fluoroapatite
Ca, (PO,)F, (a)and Ca,Sr(PO,) F, depending on
the sintering temperature.

The density measurement results found that at
the temperature 1250 °C the maximum value of the
relative density (90 —92%) was observed both for
calcium fluoroapatite and fluorapatite containing
strontium.
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Fig. 8. The dependence of relative density of Ca, (PO,) F,
(a) and Ca,Sr(PO,) F, on the sintering temperature.

CONCLUSIONS

1.

2.

3.

4,

The fluoroapatite compositions Ca, (PO,) F,
and Ca Sr(PO,) F, were prepared by both the
reaction in the solid phase and chemical pre-
cipitation methods.
Found that in contrast to solid phase synthesis,
the formation of fluorapatite by chemical pre-
cipitation method is directly resulted on the initial
component solutions reaction.
According to XRD and DTA/TG analysis using
was shown that heat treatment of obtained by
precipitation from solutions fluorapatite at a tem-
perature above 900 °C leads to formation ofa
small amount of TCP.
By sintering in air at temperatures of 1200 —
1250 °C the samples of calcium fluoroapatite
and strontium containing fluoroapatite with low

content of TCP and acceptable relative density
of 90 — 92% both in the case of solid phase
reaction and chemical precipitation were
prepared.

The resulting material based on fluoroapatite
structures may be used as effective matrices for
strontium radionuclide immobilization.
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APPLICATION OF ELECTROCONSOLIDATION OF POWDER COMPONENTS
FOR PRODUCTION OF ULTRADENCED CERAMICS ALLO,AND ZrO, (3% Y,0,)
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The possibility of application of electroconsolidation for production of ultradenced ceramics based on
AlO, and ZrO, (3% Y,0,) compounds is studied. As a result of the conducted researches optimum
values of process temperature at which the best parameters of Al,O, and ZrO, (3% Y,0,) ceramic
properties are reached: the apparent density — 3.98 and 6.08 g/cm?, bending strength — 350 and
800 MPa, fracture toughness — 4.0 and 8.0 MPalth®*® respectively are established. The researches of
a ceramics microstructure are found that high parameters of Al,O, and ZrO, (3% Y,0,) properties
are defined by dense and fine-crystalline structure.

Keywords: electroconsolidation, ceramic materials, mechanical properties, thermal shock resistance,
microstructure, SEM analysis.

NPUMEHEHHUE 3JEKTPOKOHCOJUIALNUHU MMOPOIIKOBBIX
KOMITIOHEHTOB JIJIS1 HOJIYYEHUSA OCOBOILUIOTHOM KEPAMUKHA
ALO, u ZrO, 3% Y,0,)

C.10. Caenko, E.A. CBeraanunbliii, K.B. JIo0au
Hzy4ena BO3MOKHOCTh IPUMEHEHHUSI SNIEKTPOKOHCOIHIAIINH JJIS IOy YE€HHST 0COOOIIIOTHOM KepaMHUKH
Ha ocuose ALO, u ZrO, (3% Y,0,). B pe3ysnbrare NpoBeI€HHBIX UCCIIEAOBAHNN YCTaHOBIIEHBI OII-
TUMaJIbHBIE 3HAYCHUSI TEMIIEpaTyphl poIiecca, IPH KOTOPBIX TOCTUTAIOTCSI HANOOIbIINE TIOKa3aTeH
cBoiicTB kepamuku Ha ocHoBe AL O, n ZrO, (3% Y,0,) kaxymascs miotHocTh 3.98 u 6.08 r/cm’,
npezaen npounocty npu u3rude 350 u 800 MIla, koadduureHT nHTeHCHBHOCTH HanpsbkeHuid 4.0 n
8.0 MITal’ cooTBeTcTBeHHO. MCClieOBaHUSIME MUKPOCTPYKTYPbI KEPAMHUKH YCTaHOBJICHO, YTO
BbICOKHME TIoKa3arenu cBOoKCTB AlLO, u ZrO, (3% Y,0,) Onpenensiorcs mIOTHOH M METKOKPUCTAI-

JMYECKOM CTPYKTYPOH.
KnioueBsble cjioBa: 3IEKTPOKOHCOMUAAINS, KEpAMUIECKUE MaTepHallbl, MEXaHUUYECKHE CBOICTBA,
TEPMOCTOMKOCTh, MUKPOCTPYKTypa, SEM ananuza.

3ACTYCOBAHHS EJIEKTPOKOHCOJIJALIl MOPOIIKOBAUX KOMIIOHEHTIB
JIJIA OTPUMAHHSA OCOBJUBOIIIJIBHOI KEPAMIKH ALO, Ta ZrO, (3% Y,0,)
C.J0. Caenko, €.0. Cpitauunmnii, K.B. Jlo6au

BuBueHa MOXIUBICTD 00 BUKOPUCTAHHS €IEKTPOKOHCOINALi1 A1 OTPUMaHHS 0COOIMBOIIIIBHOT
KepaMiKH Ha OCHOBI A1203 Ta Zr0, (3% Y203). 3a pesynpraraMy HaBeIeHUX JOCIiPKEHh BCTAHOBIIEHO
ONTUMAJIbHI 3HAYEHHS TEMIIepaTypH MPOLECY, IPH SIKUX OCITaloThCs HAO1IbII MOKa3HUKH Biac-
THUBOCTEH Kepamiku A1203 Ta Z10, (3% Y203): ysIBHA IIITbHICTE 3.98 Ta 6.08 r/cM?, MiIIHICTh Ha BH-
ruH 350 Ta 800 MIla, koedinient inTencuBHOCTI Hanpyr 4.0 Ta 8.0 MITal®® BignosigHo. J{ocmiz-
KEHHSIMH MIKPOCTPYKTYpH OyJIO JOBEIEHO, IO BUCOKI TMOKa3HUKK BractuBocted AL O, ta ZrO,
(3% Y ,0,) Bu3HAYaIOTHCS MIILHOKO Ta IPIOHOKPUCTAIIIYHOK CTPYKTYPOKO KEPAMIKH.

Kuamo4oBi cioBa: exexTpOKOHCONIIAIlisA, KepaMidHi Marepiaid, MeXaHiuHi BIACTHBOCTi, TEPMO-
CTiHKiCTB, MiKpOCTPYKTYpa, SEM anamizy.

INTRODUCTION
Recently the technologies of constructional ceramics
production for the solution of various technical tasks
are widely developed all over the world. One of
leading position among studied materials possess
ceramic materials based on Al,O, and ZrO,
(3% Y,0,) compounds [1 —4].

Traditionally ceramic materials are produced
from powder materials by various methods using

such as formation and sintering. Depending on a
form and the size of products, their purpose and the
set properties apply different types of pressing, slip
casting in plaster molds, extrusion, casting under
pressure from thermoplastic slips, etc. [5].

The last operation of ceramics production is high-
temperature sintering at which there is a process of
consolidation of the formed samples. This process
is accompanied by density increase, and also shrin-
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kage of a green body. The kinetics of sintering and
final properties of the solid body significantly depends
on both properties of original powder from which
the product was formed and technology factors such
as temperature of sintering, speed of temperature
raising, exposure time at the maximum temperature
[6].

Last time for production ceramics with high
physicomechanical characteristics are using high-
disperse powders and ways of high-speed heating
which allow to optimize a combination of processes
of the maximum consolidation and the minimum
growth of grain during sintering process. There are
new methods of consolidation of powder materials:
the activated sintering under the influence of an
external field, high-speed hot isostatic pressing,
electropulse sintering under pressure, etc. [7, 8].

Among progressive methods of producing ce-
ramic materials one of perspective is electrocon-
solidation process. At electroconsolidation heating
is carried out by a direct transmission of an electric
current through the graphite elastic squeezed medium
in which one or several samples are placed. Purpose
of the medium is transfer of pressure created by
punches, and ensuring heating of preparations due
to heat allocated at passing of current. The speed of
heating of preparations can reach 200 °C/min. Thus
this process allows to carry out quasiisostatic hot
pressing of powder compositions for minimum short
terms with necessary isothermal endurance at the
maximum temperature up to 3000 °C. Means of ef-
fective control of process are necessary for the tech-
nology using.

In National science center Kharkov Institute of
Physics & Technology the equipment for realization
of process of electroconsolidation is developed. The
equipment provides opportunity to realize techno-
logical process of sintering of powder materials of
different structure, in the medium of inert gases and
in vacuum [9].

The purpose of this work is studying the possibi-
lity of application of electroconsolidation for pro-
duction of ultradenced ceramics on the basis of
Al O, and ZrO, (3% Y,0,).

EXPERIMENTAL PROCEDURE

As the main raw materials were used powder of
alumina (3000 SDP, ““Almatis”, Germany) with a size
of particles of 0.5 microns; and the powder ZrO,
(3% Y,0,) (PSZ-5.2 YB, Stanford Materials Cor-

poration, USA), with a size of particles of 0.04 —
0.07 microns.

For research carrying out the powders were filled
up in forms and formed samples by a method of
unaxial cold pressing under pressure of 100 MPa.
After formation alumina samples were sintered
(electroconsolidation) at a temperature 1500 and
1600 °C, with a speed of heating 100 °C/min and
endurance 30 minutes, and zirconia samples were
sintered at a temperature 1400 and 1500 °C with
similar values of speed of heating and exposure time.

Open porosity and apparent density of samples
were defined according to GOST 2409-95.

Bending strength was determined by a standard
method in compliance with DSTU 3716-98.
Determination of fracture toughness k, was carried
out according to ASTM Standard C 1421-99.

For determination of thermal shock resistance
the EN 820-3:2004 standard was used, according
to which thermal stability characterized by difference
of temperatures /17, at which there was an emer-
gence of cracks in samples.

The researches of microstructure were con-
ducted on an electronic microscope of the trans-
lucent type.

RESULTS AND DISCUSSION

Properties of ceramic samples ALO, and ZrO,
(3% Y,0,) produced at various temperatures, in
comparison with analogous properties of import
analogs are given in the table. From the provided
data it is clear that the samples of Al,O, produced
at a temperature 1500 °C, possess open porosity —
3 —5%, their density makes 3.78 —3.80 g/cm’. The
samples of AL O, produced at a temperature
1600 °C, are characterized by smaller porosity and
higher values of the density — 3.96 — 3.98 g/cm®
that conforms to requirements for ultradenced
ceramics.

The A1, O, samples produced at a temperature
of 1500 °C, possess rather high parameters of
the main properties: 0 = 260 — 290 MPa,
k,,= 3.0 MPalth®?, AT = 300 °C, however is not
compared well with parameters of the samples pro-
duced at a temperature 1600 °C. The Al,O, samples
produced at a temperature 1600 °C, possess pro-
perties which are compared well with the parameters
ofthe samples of import ceramics: 0=350 MPa,
k,.,=3.5—4.0 MPalth®, AT = 300 °C.
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Table
Properties of ceramic samples Al,O, and ZrO,
(3% Y,0,) in comparison with import analogs
Properties of ceramic

ApparentBending| Fracture | Thermal
density, [strengthtoughness| shock
g/em’ |y, MPa Iclql\/[PaWres1stan-
ce 17, °C

Ceramic
brand

Open
poro-
sity, %

ALO,
(1500°C)
NSC
Kharkov
AlLO,
(1600°C)| 0
NSC
Kharkov
AlLO,
Dynamic |
ceramic
(Eng.)
NSC
Kharkov
710,
(3%Y,0,)
(1400°C)
NSC
Kharkov 0

ZrO,
3%Y.,0,)
(1500%C)

ZrO,
(B%Y,0)l 0
Kyocera

(Japan)

3-5 B.78-3.80260-290| 3.0 300

3.96 —3.98 350 |3.6—4.0] 300

395 350 40 -

5.80—-5.86| 680 6.0 -6.4

6.04—6.08 800 |7.6 —8.0

6.00 750 7.0 -8.0

Similarly properties of ZrO, (3% Y ,0,) samples
are changed. With increase in temperature of
electroconsolidation from 1400 to 1500 °C, open
porosity of samples disappears, their density
increases to 6.04 — 6.08 g/cm’, and the main
parameters of properties correspond to level of
import ceramics: 0 = 800 MPa, k,_ = 7.6 —
8.0 MPali®, AT = 400 °C.

As properties of ceramics, substantially are
defined by its structure, for an explanation of the
received results the corresponding researches were
carried out.

In fig. 1 and fig. 2 the microstructure of ultraden-
ced ceramic Al O, and ZrO, (3% Y,0,) is respecti-
vely shown.

From fig. 1 itis visible that the ceramics Al O,
represents very fine-crystalline structure, with a
prevailing size of grains of 1 — 3 pm. Thus the
minimum size of grains of corundum makes 0.5 pm
and maximum—6 pm. Grains have a crystallographic
facet that testifies about completion of process of
crystallization at a temperature of 1600 °C. Borders

Fig. 1. Microstructure of ultradenced ceramic AL O,.

of grains of corundum are very dense, thus on all
volume of a ceramic sample are noticed fine-
crystalline grains of spinel (MgO[Al,O,) with size <
0,5 pm.

From fig. 2 it is visible that the ceramic sample of
Zr0, (3% Y,0,) also has fine-crystalline structure
which consists of well crystal grains of 0.2 —2.6 pmin
size, with a prevailing size of grains of 1.5 microns.

Fig. 2. Microstructure of ultradenced ceramic ZrO,
(3%Y,0,).

As aresult of the carried out researches, the pos-
sibility of application of electroconsolidation for
production ultradenced ceramics Al,O, and ZrO,
(3% Y,0,) is established.

CONCLUSIONS

The possibility of application of electroconsolidation
for production of ultradenced ceramics on the basis
of ALO,and ZrO, (3% Y,0,) is studied. As aresult
of the conducted researches optimum values of
process temperature at which the best parameters
of properties of AlO, and ZrO, (3% Y ,0,) cera-
mics are reached: the apparent density — 3.98 and
6.08 g/cm?, bending strength —350 and 800 MPa,

OIIT OUIT PSE, 2013, 1. 11, Ne 3, vol. 11, No. 3
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fracture toughness — 4.0 and 8.0 MPalh® res-
pectively are established. The researches of a micro-
structure of ceramics demonstrate that high para-
meters of properties Al,O, and ZrO, (3% Y,0,)
ceramics are defined by dense and fine-crystalline
structure.

Developed ceramics are perspective for ap-

plication as constructional materials for various
spheres of science and engineering.
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With the help of mathematical modeling of the thermal broadening of the energy levels studied the
temperature dependence of the band gap semiconductors. In view of the temperature dependence of
the effective mass of the density of states obtained graphs temperature dependence of the band gap.
Investigated the effect of changes in the effective mass of charge carriers on the temperature de-
pendence of the band gap semiconductors. The theoretical results of mathematical modeling are
compared with experimental data for Si. The theoretical results satisfactorily explain the experimental
results for Si.

Keywords: band gap, the effective density of states, the energy spectrum, the numerical
simulation and experiment.

O TEMIIEPATYPHOM 3ABUCUMOCTH IINAPUHBI 3ANTPEIIIEHHOM 30HBI Si
I. 'ynamos, Y.U. Jpkadoes, H.IO. lllapudaen

C moMo1IIpI0 MaTeMaTHYECKOT0 MOJIETMPOBAHUS IPOIIECCa TEPMUYECKOTO YITUPEHHS SHEPTeTHUECKUX
YPOBHEM HCCIIEI0BAHA TEMIIEPATypHAs 3aBUCUMOCTb HIMPUHBI 3AIIPEILEHHOMN 30HbI IOITYIIPOBOJHHUKOB.
C ydyeroMm TemrepaTypHOH 3aBUCUMOCTH 3()(HEKTUBHON MAacChl INIOTHOCTH COCTOSIHUH MOTyYEeHBI
rpaduky TemMrnepaTypHOW 3aBUCHMOCTH IIMPHUHBI 3alpelleHHoi 30Hbl. VccnenoBaHo BiIHMsSHHE
n3MeHeHus1 () (HEeKTUBHONH MacChl HOCUTEINEH 3apsiIoB Ha TEMIIEPAaTypHYIO 3aBHCHUMOCTh ITHPUHBI
3apelIeHHON 30HbI B [TOJIYIIPOBOIHUKAX. TeopeTnyeckue pe3ybTarbl MaTeMaTH4eCKOIO MOJIEIUPO-
BaHUS CPAaBHUBAIOTCS C DKCIIEPUMEHTAIBHBIMUA JaHHBIMH sl Si. Pe3ynbrarel Teopun yaoBieT-
BOPUTEIILHO OOBSCHSIOT KCIIEPUMEHTAIBHBIE PEe3YIbTaThl st Si.

KaroueBble ciioBa: mupuHa 3anpenieHHON 30HBI, YQQeKTHBHAS Macca MIIOTHOCTH COCTOSHHIA,
SHEPreTHUYECKUI CIIEKTP, YUCIEHHBIM SKCIIEPUMEHT U MOJCITUPOBAHHUE.

PO TEMIIEPATYPHY 3AJIEXXHICTH IIUPUHU 3ABOPOHEHOI 30HM Si

I. T'yasimos, V.I. €pkadoes, H.IO. llapidoaes
3a 10TIOMOT0I0 MATEMaTHYHOTO MOJISITIOBAHHS MPOILECY TEPMIYHOTO PO3MINPEHHS CHEPreTHIHUX
PIBHIB JIOCII)KEHA TEMIIEpaTypHa 3aJIe)KHICTh MTUPUHN 3a00pOHEHOI 30HU HaliBIPOBITHUKIB. 3
ypaxyBaHHSM TEMIIEPaTypHOi 3aJeKHOCTI e(heKTHBHOI Macu TYCTHHH CTaHIB OTpuUMaHi rpadiku
TEMIIEPaTypPHOT 3JISKHOCTI IMPUHU 3a00pOHEHOT 30HH. [I0CITiPKEHO BIUIMB 3MiHIOBaHHS €PEKTHBHOT
MacH HOCIiB 3apsIiB Ha TEMITepaTypHY 3aJIeKHICTh ITUPUHHU 3200pOHEHOT 30HH B HAITIBIPOBIAHUKAX.
TeopeTnuHi pe3ynbTaTH MaTeMaTHYHOTO MOJICIIOBAHHS MOPIBHIOIOTHCS 3 €KCHEPHUMEHTAIBHUMH
naHuMH Juta Si. Pesynerarn Teopii 3a0BUTEHO TTOSICHIOIOTE €KCIIEPUMEHTAJIbHI Pe3yIbTaTh IS Si.
Kutro4oBi ciioBa: mmprHa 3a00poHEHOT 30HH, epEeKTHBHA Maca T'YCTHHH CTaHIB, GHEPITETHYHHI CIIEKTP,
YHUCENFHUN eKCIIEPHMEHT 1 MOJICTTFOBAHHS.

INTRODUCTION

In [1 — 5] the temperature dependence of the density
of states determined by relaxation spectroscopy of
energy levels in semiconductors. It is shown that the
surface state density is temperature dependent. The
technique of determining the density of surface states.
It is shown that due to the thermal broadening of the
levels, the discrete spectrum with hanging tempe-
rature becomes a continuous energy spectrum. With

the expansion of the energy spectrum of the density
of states GN derivative function of the probability
of energy required energy levels, it was shown that
the magnitude of energy gap is temperature depen-
dent. The temperature dependence of the band gap
is determined by the temperature dependence of the
density of the energy state of the conduction band
and valence band of the semiconductor. Due to the
thermal broadening of the density of states near the
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bottom of the conduction band and valence band is
reduced band gap. In the calculation of the tempe-
rature dependence of the forbidden assumed for
simplicity that the density of states in the areas of
constant edge of the conduction band and valence
band are sharp and have a stepped shape. In these
studies it was assumed that the effective mass of the
density of states does not depend on the tempera-
ture. However, as shown by experiments [6], the
effective mass of the density of states depends on
the temperature. These changes are effective mass
changes the temperature dependence of the band-
gap.

However, in the real state of the semiconductor
density is a function of speed and energy band
structure of the sample is determined. Moreover,
the density of states is so general that it can be used
even when there is no Brillouin zone and sharp
boundaries of permitted and prohibited zones [7,
8].

Thus, for analysis of experimental results for
comparison between theory and experiment is
necessary to consider the specific form of the band
structure of the semiconductor and the dependence
of the effective mass of the charge carriers of the
temperature.

The aim of'this work is to study the temperature
dependence of the band gap semiconductor with
the band structure and temperature dependence of
the effective mass of carriers and comparison of
theory with experiment.

THE TEMPERATURE DEPENDENCE OF
THE DENSITY OF STATES

In determining the band gap values ofthe density
of states corresponding to the energy band gap
edges £ and E denote by N, the temperature de-
pendence of the density of states can be studied by
expanding the density of states in a series of GME,
E, T)-functions of the derivative of the ionization
energy of discrete states. The expansion has the
following form: [1 —5]

N, (E.T)= Y. N(E)GN(E.ET). (1)

This is derived in turn from the integral expression:

N(E,T)= jN(E)p(EO,E,T)dE @)

MN(E;, T) — the number of electrons generated from
quantum states with energy less than £, with a con-
tinuous distribution in energy levels. We apply this
method of expansion for the density of states in the
conduction band of the semiconductor. For a qua-
dratic dispersion law for the density of states of the
conduction band is given by [9]

. 2\32
N(E)=N,,JE-E,, N, =4n(2m, /n*) "
3)

Similarly, for the valence band

N(E)=N,,JE, =E, N, =4n(2m’ /1?)".
“
As in the theory of non-crystalline semicon-
ductors [7, 8] to determine the allowed and for-
bidden energy bands, we use the concept of density
of states. Formulation (3) and (4) into (2) we obtain
amodel that describes the temperature dependence
of' the density of states near the band edges. With
this in mind, we expand N (E, T) in a series of
GN(E,, E, T)-functions. In the following form:
for the conduction band:

N, (ET)= iNnO E —E.GN(E,E,T)AE
i=1

at E>E | %)
for the valence band:
N, (E.T)=>.N,.JE, —E,GN(E,E,T)AE
i=1
at E>E; (6)
for the gap:
N(E)=0at E>E>E, AE=1/n.  (7)

The values of the density of states corresponding
to the energy band gap edges £ and £ is denoted
by N,. Then the energy position of the edges of the
gap are determined by solving the following tran-
scendental equations

Zn:NM(Ei)GN(Ei,E,T)AE =N,,
i=1

iNSp(Ei)GN(Ei,E,T)AE =N, (8)

where AE = 1/n.

The solution of equation (8) determines the values
ata given border gap £ (7) and E (T), as a function
of temperature 7. N, parameter of the problem and
is determined experimentally. Then the band gap
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E (T) at a given temperature is defined as the dif-
ference between the values of £ (T) and £ (7) (9).
Here E (T) energy of the bottom of the conduction
band, E (T) — the energy of the valence band. It
follows that the method of determining the accuracy
of the experiment and the important factors in de-
termining the width of the gap. Indeed the band gap,
determined by optical methods — “optical width” of
the band gap can not match the value of the band
gap, determined by the temperature dependence of
the resistance of the semiconductor. One of the rea-
sons is that different values for N, optical and elect-
rical measuring techniques.

THE TEMPERATURE DEPENDENCE OF
THE BAND GAPAND TO COMPARE
THEORY WITH EXPERIMENT
In [6] established that the Si effective mass density
of states depends on the temperature. Fig. 1 shows
the temperature dependence of the effective mass
of the density of states in Si m/m, from [6]. Using
the data of fig. 1 using the model calculated the chan-
ge in the band gap as a function of temperature.

| 3 [t et

o o = = 4
o © o = N
T T T T

Normalized effective mass

o
\l

o
[2)

05

0 S50 100 150 200 250 300 350 400 450 500
Temperature (K)

Fig. 1. The temperature dependence of the effective mass
of the density of states in m/m, Si. [6]. ¢ —experiment [6];
— calculations for m" =m(T), m*p =m(T); — — calculations
for m" = const; m*p = const.

Fig. 2 shows plots of the temperature depen-
dence of the band gap of Si for the changes in the
effective mass of the density of states taken from
fig. 1 [6]. Fig. 2 shows that taking into account the
temperature dependence of the effective mass
significantly affect the results of the calculations.

Fig. 2 shows the results of the broken linear
calculations and taking into account the temperature
dependence of the electron effective mass. The same
figure shows the theoretical linear continuous

1.190

1 '17Oi

1.150
> 1.130
@
' 110 |

1.090

1.070 7

1.050 T T T T T T T T T 1

0 50 100 150 200 250 300 350 400 450 500
7, K

Fig. 2. Schedule - the temperature dependence of the band
gap for Si. ¢ — experiment [6]; —— calculations for
m’ = m(T), m*p =m(T); — — calculations for m", = const;

*
m = const.
P

temperature dependence of the band gap, taking
into account the change in the effective mass of the
electron and hole in the temperature range (0 K —
500 K). Experimental results for silicon taken from
[6] are represented by dots. As can be seen from
fig. 2 records the temperature dependence of the
effective mass of electrons and holes are properly
explain the temperature dependence of the band gap
of silicon in the given temperature range. Thus,
changes in the effective mass of the density of states
with temperature can greatly affect the temperature
dependence of the bandgap.

CONCLUSION

In this temperature range (0 K; 500 K) mathematical
modeling of the temperature dependence of the band
gap 1is satisfactorily described by a parabolic
dispersion law. Experimental results of changing
bandgap silicon [6] within the precision of the
measurements with the theoretical calculations.
Comparison of theory and experiment shows that
the thermal broadening of the energy levels described
by a GN-function satisfactorily describes the process
of the temperature dependence of the band gap in
Si. The temperature dependence of the energy
spectrum of the density of states of semiconductors,
taking into account the temperature dependence of
the effective mass of the density of states. The
temperature dependence of the band gap for the
changes in the effective mass of the density of states.
With the help of numerical experiments show that at
temperatures 7> 50 K change in the effective mass
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This paper is an attempt to apply the multi-scale approach to the study of silicide coatings on
molybdenum. Macro- and microstructure of silicide coatings largely determines mechanical and cor-
rosion properties of molybdenum-protective coating composites. To prevent unacceptable changes, it
is necessary to foresee the evolution of structure during formation of the coating and during operation
of the composite. This paper analyzes the factors that determine degradation of properties of the
coatings at different hierarchical levels. The requirements for the macro- and microstructure of the
silicides with a view to achieving better thermal properties of the protective coating have been for-
mulated.

Keywords: molybdenum, coatings, silicides, micro- and macrostructure

ONITUMU3BALIUA CTPYKTYPbI CUJINIUIHBIX NOKPBITUII HA OCHOBE
MYJBTUMACHITABHOI'O IMMOJAXOJA
C.B. JIutoBuenko, B.M. BepecneB, B.A. Uumkaua, A.E. /Imurpenko,
V.C. Hemuenko, B.B. BypkoBckas

B pabote mpenmpuHATa MONBITKA TPUMEHEHHUS MYJIBTHMACIITaA0HOTO TOAX0Ja K U3YYECHHIO CH-
JTUIAIHBIX TOKPBITHI HAa MOJTHOIeHe. MaKpo- 1 MUKPOCTPYKTYPa CHITHITAIHOTO MOKPBITHS BO MHOTOM
OTIpe/IeNsieT MEXaHNIECKHe H KOPPO3UOHHBIE CBOHCTBA KOMITO3UTOB MOJIMO/ICH — 3aIIUTHOE TIOKPHITHE.
Jnst mpepoTBpaleHus HeOMYCTUMBIX U3MEHEHN HEOOX0IMMO MPEABUAETH SBOIOLINIO CTPYKTYPHI
ipu (hOPMHUPOBAHHH MOKPBITHS H B ITPOIIECCE HKCIUTyaTal[iu KoMIo3nuTa. B pabote nmpoaHann3npoBaHbl
(haKTOPEI, ONPEIENSIONINEe AeTPAIaIlNI0 3aIIUTHHIX CBOWCTB MOKPHITHS Ha PA3HBIX HEPAPXHUUECKUX
ypoBHAX. CPopMynrpoBaHbl TpeOOBaHMS K MAKPO- © MEKPOCTPYKTYpPE CHITUITIIOB C ENBI0 JOCTH-
XKeHHsI 00Jiee COBEPIIEHHBIX TEPMUYECKIX CBOMCTB 3alIUTHOTO TOKPBITHSL.

KuaroueBsle ci10Ba: MOMHOIEH, TOKPHITHS, CHITHIIAIBI, MUKPOCTPYKTYpa, MAKPOCTPYKTYpa.

ONTUMIBALIA CTPYKTYPU CUJINUIHUX MOKPUTTIB HA OCHOBI
MYJIBTUMACIHITABHOTO NIAXOOY
C.B. JlutoBuenko, B.M. Bepecnes, B.O. Uumkana, O.€. Imurpenko,
VY.C. Hemuenko, B.B. BypkoBcbka

Y po6oTi 3pobieHa cripoba 3aCTOCYBaHHS MYJIBTUMACIITA0HOTO ITIX0TY /10 BUBYCHHS CHUIIIUIHUX
MOKPUTTIB HA MOMiOIeH1. Makpo- i MIKpOCTPYKTypa CHIIIIUAHUX MOKPUTTIB Oararo y YoMy BU3Ha4Yae
MEXaHIYHI Ta KOPO3iliHi BJIACTUBOCTI KOMIIO3HUTIB MONIOACH — 3aXUCHE TOKPUTTS. 1)1 3armo0iranHs
HETMPUITYCTHUMUX 3MiH HEOOX1THO Tepe0aunTH €BOJIOLII0 CTPYKTYPH IPH (OPMYBaHHI MTOKPUTTS i B
MpoIieci eKcIuTyaTalii KOMIo3uTy. Y poOoTi MpoaHalli3oBaHO YHHHHUKH, 0 BU3HAYAIOTh JACTPaAalliio
3aXHMCHHX BJIACTHBOCTEH MMOKPUTTS HA PI3HUX iepapXiuHuX piBHAX. CPOpMYITEOBaHI BUMOTH JI0 MAaKpO-
1 MIKDOCTPYKTYPH CHITIIIUIB 3 METOIO JIOCATHEHHS IOCKOHAJIIINX TEPMiYHHX BIIACTUBOCTEH 3aXHCHOTO
TOKPHTTSL.

Kirouogi ciioBa: MoniOieH, IOKPUTTS, CUITILIUAN, MiIKPOCTPYKTYpa, MaKpOCTPYKTYypa.

INTRODUCTION

Investigations of fundamental principles and basic
mechanisms of structural phase transitions in solids
are the most important component in development
of new materials for use in modern high technology.
Currently, a variety of composite materials, including
those containing silicides of refractory metals, are
increasingly replacing traditional structural and func-

tional materials for the creation of new technologies,
machines, mechanisms and devices in various fields
of science and technology [1, 2]. This is largely due
to the implementation of previously unattainable
complex and/or the level of physical and mechanical,
electro-physical, thermal, and other properties in
such materials, which allows us to solve relevant
technical and consumer problems: from reducing
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weight and intake of metals to enhancing their dura-
bility, performance and efficiency.

Development of new and improvement of known
materials is based on the results of two related areas
of work — experimental and theoretical. In theo-
retical studies, the so-called cybernetic (experi-
mental-statistical) and multilevel or multiscale
approaches are distinguished. In the latter case, the
material is represented in the form of a complex
system — design, where the individual elements of
the structure play a role of subordinate components
(sub-systems, sub-structures), and conduct a direct
simulation of the behavior of the material under the
combined influence of external damaging factors
including the internal geometry, properties, and
interaction of elements. In this simulation, various
approaches of continuum mechanics involving
numerical or discrete techniques are used [3, 4].

In experimental studies of the mechanisms of
formation and evolution of the structure of materials
as well as structural phase transitions in them, it is of
high importance to take into account the full range
of external influences arising during operation (heat
treatment, irradiation, corrosion, etc.). Combined
external impact initiates the interference processes
in materials, which can lead to the formation of quasi-
stable states and can influence the formation of
defects or other local irregularities in the original
structure of the material [5, 6].

In this paper, a multiscale hierarchical approach
is applied to the experimental studies of the possibility
of raising long-term operational stability of the
molybdenum-silicide coating composite material.

GENERAL CHARACTERISTICS OF
SILICIDE COATINGS AND MULTI-SCALE
ELEMENTS IN THEM

Silicide coatings are the most effective means of
protection of refractory metals, particularly molybd-
enum from high-temperature oxidation [7, 8].
Silicides are used due to their heat resistance, ability
to retain sufficient mechanical properties within a
wide temperature range, higher conductivity and
compatibility of silicide obtaining operation with a
total production technology of the final products.
Furthermore, silicides have a number of advantages,
e.g. a high melting point, a wide range of resistivity,
ability to form epitaxial layers forming the Schottky
barrier of the predetermined value, possibility to
grow the oxide film on the silicide. [9] At tempe-
ratures above 1500 °C in oxygenated atmospheres

on the surface of the silicides the oxide film consisting
of practically pure silicon dioxide SiO, is formed.
This film provides a high heat resistance of silici-
de coatings, preventing penetration of oxygen to the
metal surface.

Increased use of silicide coatings is constrained
by a number of negative factors, significant of which
is the lack of stability at high temperatures. This
instability is caused by the initial thermodynamic
instability of the substrate-coating system and its
tendency for chemical reactions [10].

To achieve the best performance characteristics
of molybdenum products with coatings, it is impor-
tant to fully define the connection between the com-
position, structure and properties of the coatings,
to simulate the optimal coating and develop a tech-
nology of its formation. At the same time, the si-
mulation should take a large scale of object into ac-
count — from the macro-scale of the whole coating
and its individual layers (with the size of hundreds of
micrometers, fig. 1) to sub-micron elements (crys-

Fig. 1. Macroscale elements of the molybdenum substrate
— two-phase silicide coating composition: 1 — MoSi,;
2 — Mo Si,, 3 —Mo.
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Fig. 2. Submicron elements of the MoSi,-Mo,Si, eutectic
mixture.

tallites of eutectic mixtures, fig. 2) and the smallest
nanoscale objects (pores, microcracks nucleus,

interstitial atoms and molecules, vacancy clusters,
fig. 3).

e sl mnadte byacs) v e :
Fig. 3. Elements of the smallest scale in the silicide coating:
a) — cluster of pores, b) — impurity.

It is known that the best coating from the
perspective of uniform stress distribution, bonding
strength and the greatest thermodynamic stability is
adiffusion layer which is a continuous series of solid
solutions [11]. Such a layer, for example, is formed
in a place of contact of molybdenum and tungsten
under high annealing (about 2000 °C) in vacuum.
The same is observed while chromium-plating of
molybdenum, tungsten and other metals. However,
there is a relatively small amount of systems where
due to the counter diffusion the monophase layer
with continuously varying concentration of the do-
ping component is implemented. This concentration
continuously varies from the boundary value (at one
boundary) to zero (at the other boundary).

OPTIMIZATION OF MACRO-AND
MICROSTRUCTURE OF SILICIDE
COATINGS

In many cases, including molybdenum siliconizing,
multiphase compositions consisting of the layers of
chemical compounds and sequentially arranged
bounded solid solutions are formed.

When modeling a coating at macro level in sys-
tems with intermediate compounds (namely Mo-Si
relates to such systems, where there are stable com-
pounds of MoSi,, Mo Si,, Mo,Si [12, 13]) it is
necessary to strive for creating a composition the
structure of which is very close to continuos series
of solutions. This can be is achieved through me-
eting several requirements simultaneously.

Firstly, the greatest concentration of silicon must
be on the surface of the coating. Implementation of
this condition ensures rapid formation of an oxide
film of Si0O, and achievement of the desired pro-
tective effect.

Secondly, the concentration of silicon from the
side of the molybdenum substrate should be the
lowest, this will slow down the diffusive dissolution
of the silicides inside it.

Thirdly, to achieve and maintain a reliable ad-
hesive interaction between the coating and the sub-
strate, it is necessary to relieve the mechanical stress
in the system during formation of the coating as well
as during the operation of the substrate-coating
composite as much as possible.

Meeting the above requirements for the molyb-
denum-silicon system means that the silicide coating
must be multiphase, and it is preferable to carry out
its formation sequentially, starting from the lowest

OIIT DPUITPSE, 2013, 1. 11, Ne 3, vol. 11, No. 3
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silicide phases (phases with the less silicon atoms in
the molecules of silicides).

The implementation of the proposed scheme to
form a coating provides minimal changes in specific
volumes on the phase boundaries and the lowest
difference between the thermal expansion coef-
ficients of the individual layers with a common
boundary.

It should be noted that during the establishment
of diffusion coatings the phase composition is often
determined by the rate of their formation. In most
cases, due to economic considerations, they tradi-
tionally tend to maximize the saturation velocity [ 14].
During siliconizing at high saturation speeds, the
coating consists mostly from the higher silicide phase,
i.e. the phase richest in silicon. In the studied system
itis molybdenum disilicide MoSi,. Since the specific
volume ratio of this phase and the base metal
(molybdenum) are significantly different, in the
process of saturation, the coating is exposed to
significant stresses relaxation of which leads to the
formation of micro-and macro-cracks, pores and
other defects. During operation of the coating, the
amount of defects increases, they combine into larger
formations, which leads to a rapid loss of protective
effect of the coating. It is therefore extremely
important to organize the technological process of
coating deposition in a way to provide a gradual
decrease of stress by the thickness of the coating.
The stated comments also lead us to conclusion
about the reasonability of forming a coating through
the lower silicide phases [15].

Currently, lower molybdenum silicides are used
mainly as individual additives in composite materials
[16, 17], which is a consequence of rather
widespread belief of their insufficient heat resistance.
The standard approach to the formation of silicide
coatings is the formation of sufficiently thick (500
microns or more) layers, the significant (most
frequently — the major) part of which is represented
by disilicide (fig. 4).

During the further use of the product with such
coating, only its minor part is used as intended (i. e.,
to form an oxide layer of SiO, on the surface), and
the rest turns into lower silicides as a result of diffusion
reaction, which is activated by the high performance
temperatures [ 18]. The process of redistribution of
silicide phases in the coating is accompanied with
the mechanical stress of alternating sign (tensile stress

a) — almost entirely disilicide coating with the thickness
of 450 microns, MIM-8 microscope; b) — complex coating
on molybdenum (1) with an inner layer of silicide Mo,Si,
(2) and an outer layer of about 200 microns of molybdenum
disilicide (3), Quanta 200 SEM.

and compressive stress), which is due to the natural
thermodynamic and structural properties of individual
silicide phases [19]. These stresses can lead to a
failure of uniformity of the coating.

The specific list of macroscale factors may be
adjusted depending on the actual operating
conditions (e.g., the case of coatings with different
configuration and structure on different parts of the
same product can be implemented in the presence
of a temperature gradient on the surface of a product
or different curvature of the surface on different
areas).

Optimal modeling of the structure of the silicide
coating on the microscale primarily requires creation
of such a crystallite composition which can reduce
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the grain boundary flow of silicon, slow down the
diffusion phase dissolution and increase efficiency
of the coating without significant phase
transformations in it. In this sense, a coating with a
fine-grained structure of the silicide formed by
equiaxed (spherical or polyhedral) grains has the best
potential. In our view, the better stability would be
provided by a microstructure with grains elongated
along the phase boundaries, and not oriented
perpendicular to them (fig. 5).

o

.1\1 2
@R 1
\ ."i :"-—

100 pum
—.
Fig. 5. Large-block silicide
(1), Quanta 200.

I . ;
coating (2) on molybdenum

Much attention is paid to the fight against diffuse
dissolving of disilicide phase and increase of the
protective effect of the coating [20]. Attempts of
insertion of additional elements to the composition
of'the coating, which form the barrier layers from
the foreign substances to slow the diffusive disso-
lution of the higher phase, gave some positive result
at moderate temperatures (up to 1650 — 1700 °C).
At higher temperatures, the material of the barrier
layer rapidly pollutes the protective film of silicon
dioxide, and the heat resistance of the coating is
sharply reduced [21].

Point insertion of additional chemical elements in
the form of individual embedded or substituted atoms
with formation of sub-micron inclusions of third
phases of nanoscale inclusions of individual atoms
will eliminate the negative factors that are inherent in
conventional barrier layers, but the experimental data
of such modification of the coating are practically
absent. There is another model approach, viz. crea-
tion of chemically-related barrier layers in the coat
submicron scale ing, which are obtained without the

insertion of additional chemical elements. Examples
of such layers are eutectic mixtures of nano- and
submicron particles of various molybdenum silicides,
as well as their solid solutions [22]. One of the op-
tions to obtain such compositions (fig. 6) can be
contact melting of different silicide layers [23], co-
sputtering of elements, f ollowed by condensation
and reactionary diffusion or there can be some other
methods.

Fig. 6. The result of contact melting of silicides: MoSi, -
Mo,Si, eutectic layer in silicide coatings on molybdenum,
Quanta 200.

CONCLUSION

Multi-level hierarchical approach (multiscale
approach) is an important tool for optimizing the
structure of composite materials. To achieve the best
performance of materials in different operational
conditions it is necessary to know the full range of
both structural characteristics of the composite
material, and environmental factors, which initiate
evolution of the structure at each hierarchical level.
Such knowledge allows to choose the acceptable
level of degradation for each structural level and
thereby simulate a coating with optimal structure-
phase state.

The factors determining the implementation and
changes in the structure of molybdenum silicides,
are the initial structure of the substrate, material
defect, stress-strain state of the material, method of
processing, temperature, composition and the source
of diffusion impurities. The requirements to the
chemical composition of individual areas of the
coating, to the sequence of phase layers and to the
microstructure of the layers have been formulated.
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The options of the construction of the coating with
improved stability have been proposed.

For a system of molybdenum-silicide coating,
practically in all cases, the best combination is a multi-
layer multi-phase silicide coating with a gradual
decrease in the concentration of silicon from the
surface to the substrate.
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By means of the magnetron sputtering method using the DC and pulsed voltages applied to the target,
the coatings based on AIN-TiB,-TiSi, ceramics were obtained. An amorphous-like structure of the
obtained coatings was revealed. It had the area of ordering ~ 1 nm and the viscoplasticity coefficient
of 0.07. The hardness of the coatings reaches 15.3 GPa, and the modulus of elasticity is 206 GPa.
The coatings are characterized by high adhesion strength to the substrate.

Keywords: ceramics, composite coatings, magnetron sputtering method, physical and mechanical
properties.

MATHETPOHHOE PACHIBIJIEHUE BHICOKOTEMIIEPATYPHOM
KOMITO3UIIMOHHOM KEPAMUKHA AIN-TiB,-TiSi,
HU.H. Topsauuk, B.M. bepecnesn, A./l. Ilorpeonsik, O.B. Co6oab, E.B. bepecnena,
N.A. ITonuepusieBa, A.}O. Kponoros, H.I'. CtepBoenos, I1.B. Typoun,

d.A. Konecunkon, C.C. I'pankun, ¥.C. Hemuenko, I1.A. Cpedniok, B.FO. HoBukos
MarHeTpoHHBIM METOAOM PaCTIbUICHHS, C TIPUMEHEHHEM MOCTOSHHOTO M UMITYJILCHOTO HAPSKCHUH
Ha MHILEHb, IOy YeHbI OKPHITHs Ha 0cHOBE kepamuku AIN-TiB -TiSi,. Beisisnieno avopgrononobuyro
CTPYKTYPY COPMUPOBAHHBIX TIOKPBITHH C 00IACTHIO YIOPSA0USHHUS ~ | HM U KO DUIIMEHTOM BsI3-
koractuyHocTH 0,07. TBepaocTs mokpeITHii octuraet 15,3 I'Tla, a Moy YIIpyTrOCTH COCTaBIsAET
206 I'Tla. ITokpeITHS XapaKTEPU3YIOTCS BBICOKON aIre€3MOHHOM MPOYHOCTHIO MO OTHOIICHHIO K
TIOJITTOXKKE.

KioueBsble ci10Ba: kepaMuKa, KOMITIO3UIIMOHHBIE TIOKPBITHSI, MATHETPOHHBIN METO/ pacIbUICHHS,
(U3NKO-MEeXaHUYECKHE CBOIMCTBA.
MATHETPOHHE PO3IUJEHHA BUCOKOTEMIIEPATYPHOI
KOMIIO3UIINHOI KEPAMIKH AIN-TiB,-TiSi,

I.M. Topsinuk, B.M. bepecnes, O./A. Ilorpednsk, O.B. Coboasb, €.B. bepecHeBa,
1.O. IloguensieBa, O.F0. Kponoro, M.I. CtepBoenon, I1.B. Typoin, /1.0O. Kosecnikos,
C.C. I'pankin, Y.C. Hemuenko, II.A. Cpedniok, B.JO. HoBikoB
MaraeTpoHHIM METOJOM PO3NMJICHHS, i3 3aCTOCYBaHHSM HOCTIHHOI Ta iIMITY/IECHOT HAIIPYT HA MiLIIEHb,
OTpHUMaHi MOKpUTTs Ha ocHOBI kepamiku AIN-TiB -TiSi,. Bussneno amopprononiony crpykrypy
cthopMOBaHMX MOKPHUTTIB i3 OONACTIO BIOPSIIKYBaHHS ~1 HM i KOe(illi€HTOM B’S3KOILTACTUYHOCTI
0,07. Teepaicts mokputtiB mocsrae 15,3 I'Tla, a mogymne npyxHocTi cknagae 206 I'Tla. I[Hokpurts

XapaKTePHU3YIOTHCS BUCOKOIO are31ifHO0 MIITHICTIO 110 BiTHOIIIEHHFO JI0 T KIaTHHKH.
KuarouoBi ciioBa: xepamika, KOMITO3UITIIHI TOKPUTTS, MATHETPOHHHA METOJ PO3MUIICHHS, (Pi3uKO-
MeXaHi4Hi BIaCTHBOCTI.

INTRODUCTION

Ion-plasma deposition methods by means of sput-
tering targets, which consist of metals or their ni-
trides, carbides and borides, can generate a wide
range of multi-component coatings. In many papers

[1 —3] various variants of such structures and their
properties have been considered.

Prospects for the use of multi-component coat-
ings containing wear-resisting and antifriction com-
ponents are associated with the possibility of ob-

OTorianik IN., Beresnev V.M., Pogrebnjak A.D., Sobol O.V., Beresneva Ye.V., Podcherniaieva 1.A., Kropotov A.Yu., Tur-
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taining a new composite structures having the de-
sired physical and mechanical properties. The most
common and effective systems of coatings forma-
tion are systems based on magnetron sputtering tech-
niques [4, 5]. During the deposition process, the
amorphous structure can be formed along with the
reduction of the size of the grain and obtaining new
chemical compounds. This promotes a significant
improve to the physical and mechanical properties
of'the coatings.

In the current work, the possibility of applying
the method of magnetron sputtering of high-temper-
ature composite ceramics and formation of coat-
ings on their basis have been explored. The physi-
cal and mechanical properties of the coatings have
been studied.

EQUIPMENT AND METHODS OF
INVESTIGATION

Operational volume was a vacuum chamber made
of stainless steel with a diameter of 75 cm and a
volume of [D6 liters. The scheme of the installa-
tion is shown in fig. 1.

ZE 13

14 =

15 -
IT— 16 —

Fig. 1. Scheme of the installation for magnetron sputtering
of multicomponent systems: 1 —vacuum chamber, 2 — planar
magnetron, 3 — sputtering target, 4 — substrate holder, 5 —
substrate, 6 — Langmuir probe, 7 — quartz thickness and
the deposition rate measuring instrument, 8 — pumping, 9
—observation window, 10 —water cooling, 11 — operational
gas buffing, 12 — system of control and data acquisition,
13 — photometer, 14 —ignition block, 15 —impulse power
supply unit, 16 — constant power supply unit.

As the sputtered material we used ceramics
(AIN-TiB,-TiSi,) with a diameter [180 mm and
thickness of 4 mm.

The coatings were deposited on the polished
surface of the samples of steel 45 and on the sur-
face of the silicon samples. Samples were fixed on
the substrate, which was located above on a dis-

tance of 70 mm from the surface of the sputtering
target. For comparison of the results of research,
two modes of deposition have been used: at a con-
stant voltage applied to the target and in pulsed
mode.

DEPOSITION PARAMETERS

The DC voltage applied to the sputtering target was
400V, current [ 200 mA; deposition time 95 min;
bias potential on the substrate was [200 V. The
partial pressure in the chamber during the coating
deposition was P, =0.1 Pa. Before the deposition
of the coatings, the cleaning of the samples in a glow
discharge for 15 minutes at P, =0.08 Pa has been
implemented.

The pulse voltage applied to the sputtering tar-
get was 700 V, current [2.0 A; deposition time
35 min; potential bias on the substrate was (200 V.
The partial pressure in the chamber during coating
deposition was P, =0.1 Pa. Before the deposition
of coatings, the cleaning of the samples in a glow
discharge for 15 minutes at P, =0.08 Pa has been
implemented.

The surface morphology of the coated samples
was studied using a scanning electron microscope
FEI Quanta 600 FEG. Nanohardness measurements
were carried out using NanoIndenter I1 (MTS Sys-
tems, USA) installation. It was equipped with a
three-sided Berkovich pyramid. To study the
structural elements, the method of atomic force mi-
croscopy (AFM) was used.

EXPERIMENTAL RESULTS AND DIS-
CUSSION

Fig. 2 and fig. 3 show microphotographs of the sur-
face of the coatings, as well as the fractorgaphy im-
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Fig. 2. Image of the surface topography of the AIN-TiB,-
TiSi, coating: a) —under DC, b) — pulsed magnetron sput-
tering.

Fig. 3. Fractography images of the fractures of the AIN-
TiB,-TiSi,coatings: a) — obtained ata DC (t o 95 min),
b) — impulse magnetron sputtering (t o 35 min).

ages of the fracture. The analysis of the images shows
that the use of magnetron sputtering for the evapo-
ration of the ceramic targets of compound compo-
sition leads to the fact of presence of a drop com-
ponent in a small amount on the surface. The analy-
sis of the published data suggests that the main fac-
tor determining the presence of the drop compo-
nent is the low thermal conductivity of the vapor-
ized components composing the target [6].

Even with intensive cooling of the target, the tem-
perature of the evaporating surface increases be-
cause of the low thermal conductivity of the eva-
porable components: A, = 160 — 250 W/(m[K)
[71; Ay, = 64,4 W/(mEK) [7]; A, = 45,9W/(mIK)
[8], which leads to the generation of microdrops
fraction [9]. Fig. 4 shows the results of energy dis-
persion microanalysis of the surface of the coatings
based on AIN-TiB,-TiSi,.

Element Wt, % At, %
BK 2411 399
CK 415 7619
NK 819 1048
OK 1226 1374
AK 3010 1999
SIK 646 412
TK 1474 552
Total 100.00 100.00
Ti
Ti
0,50 150 250 350 450 keV
b) Al Element Wt, % At %
BK 2387 39.23
CK 1195 1768
NK 796 1009
OK 388 431
AK 2819 1856
SK 452 286
TiK 1963 728
Total 100.00 100°00
Ti
Ti
-
0.60 1,80 3.00 4.20 540 keV

Fig. 4. The elemental composition of coatings based on
AIN-TiB,-TiSi,: a) —in a DC voltage conditions, b) —ina
pulsed voltage conditions.

The results of elemental microanalysis of the coat-
ing show that when applying a pulsed voltage to the
sputtering target, the reduction of content boron,
nitrogen, aluminum and silicon takes place (see fig.
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5b). As for titanium, the selective sputtering of tita-
nium atoms is less apparent compared with the coat-
ings produced under conditions of DC applied to
the target. The presence of oxygen and carbon in
the coating is apparently due to the presence of the
residual atmosphere in the vacuum system.

AIN-TiB,-TiSi, coatings, obtained in this work,
had an amorphous structure with a broad “halo” on
the XRD spectra after the deposition. It had a
center in the area of the diffraction angle 26 =38°.
The size of the ordering area was aboutR_=10 A
=1 nm, i.e., the obtained structure can be attribut-
ed to the amorphous cluster class.

Electron microscopy studies of the surface of the
coating using reflection and transmission, confirm the
presence of the ultrafine structure which is close to
amorphous. This is evidenced by the nature of the
diffraction pattern (fig. 5).

Fig. 5. Electron microscopic image of the coating AIN-
TiB,-TiSi,.

Analysis of the mechanical characteristics, car-
ried out by the nanoindentation method showed that
in the initial state the obtained coatings have
nanohardness H=15.3 GPa and the elasticity mod-
ulus E =206 GPa. The index of viscoplasticity [ 10]
for the system we obtained the system was [10.07,
thus striving to the amorphous state of the material.

To obtain a high adhesive strength of the coating
to the substrate, according to the literature [ 11], two
factors are required: 1 —mechanical contact between
the coating and the substrate, 2 — the chemical in-
teraction on the border of two contacting surfaces.
Mechanical interaction is determined by the rough-
ness of the contacting surfaces, and the chemical
interaction is determined by the interatomic interac-
tion on the border of the contacting bodies. The high
degree of activation can be obtained by surface
treatment by the glow discharge and pulse process-
ing before the deposition, which leads to the activa-

tion of the atoms interacting at the boundary of'the
contacting materials.

The adhesion of coatings based on ceramic sys-
tem AIN-TiB_-TiSi,, obtained by the pulse magne-
tron sputtering, to a steel substrate is estimated [12]
by the area of the chop which was obtained during
the joint local plastic deformation of the coating and
its substrate through the penetration of Rockwell
indenter at a load of 1470 N. The quality of adhe-
sion determined by this method indicates the pres-
ence of chops and peeling around the imprint (see
fig. 6).

Fig. 6. Image of the area of the indenter imprint on samples
of steel with a coating: a) — general view, b) — fragment of
the imprint.

Coatings of the system AIN-TiB,_-TiSi,, formed
on a steel substrate, are characterized by the suffi-
cient quality (see Fig. 6a) in the area around the
imprint after the penetration of the indenter into the
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deep. Peeling the coating from the substrate was
not revealed. The obtained coatings based on ce-
ramics AIN-TiB,-TiSi,, which have amorphous-like
structure [ 13] can be effectively used to protect the
surfaces of the rubbing details from the oxidation
wear.

SUMMARY

1. Inconditions of applying DC voltage and pulse
voltage to the target, the composite coatings
based on ceramic compounds AIN-TiB,-TiSi,
weredeveloped.

2. X-ray diffraction analysis revealed an amor-
phous-like structure of the coating with the area
of ordering about 1 nm and viscoplasticity co-
efficient of 0.07.

3. The mechanical properties of the coatings are
characterized by the hardness of 15.3 GPa,
modulus of elasticity of 206 GPa and a high
adhesive strength with respect to the substrate.

4. Tribological properties of the obtained amor-
phous-like coatings based on the ceramic com-
pounds AIN-TiB _-TiSi, are promising for using
them as protective coatings for the rubbing sur-
faces of machine details.
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ed by the Ministry of Education and Science of
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National Research University, “Diagnostics of
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der the state contract number 16 55211 7087
with the financial support of the Ministry of Ed-
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OPTICAL PROPERTIES OF DYSPROSIUM MONOANTIMONIDE THIN FILMS
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A process has been developed for the growth of thin crystalline DySb films by thermal evaporation
using Dy and Sb separate sourses. The room-temperature optical spectra (reflection and absorption,
the real and the imaginary part of the dielectric constant, loss function) of DySb films have been
studied at photon energies from 0.05 to 5.5 eV. The behavior and energy position of features in the
spectra have been analyzed.

Keywords: film, substrate, the optical spectra, reflection, absorption, dielectric constant, loss function.

ONTUYECKHUE CBOMCTBA JUCIIO3UU TOHKHUX IVIEHOK
MOHOAHTUMOHUIOB
N.I. Tabdaranze, 3.Y. :xxalya, A.B. I'urnneidmBuin

PazpaboTana TeXHONOTUsI TPUTOTOBIICHNS TOHKUX KPUCTAJUINYECKHUX MJIEHOK MOHOAHTHUMOHH 1A TUCTI-
PO3HSI METOOM BaKy yMHO-TEPMHYECKOT0 HCIIAPEHUS U3 ABYX HE3aBUCUMBIX HCTOUHUKOB Dy u Sb.
[Ipu xomHaTHO# TeMiiepatype B obnactu sHepruu ¢potoHoB 0.05 — 5.5 5B uccnenoBans! onTuyeckre
CHEKTPHI (OTpakeHHUE U MOMIOLICHNUE, IeHCTBUTENbHASI U MHUMAs YaCTH AUIIEKTPUIECKHUX IOCTOSH-
HBIX, QYHKLMS IOTEPh) NPUTOTOBIEHHBIX IUIEHOK. [Ipoanann3npoBaHo MoBeeHNE H SHEPTETHUECKOE
COCTOSIHUE CIIEKTPAJIbHBIX 3aBUCHMOCTEH.

KiroueBble ci1oBa: mi¢HKa, IOAJIOXKKA, ONITHYECKHE CIIEKTPBI, OTPAKEHHUE, OITIOIIEHUE, AUIIICKT-
puyecKasi HOCTOSAHHAs, QyHKIUS IOTEPb.

OIITUYHI BJACTUBOCTI JUCHO3Ii TOHKUX IJIIBOK MOHOAHTUMOHI/IIB
LI. TabaTan3e, 3.Y. [A:xxa0ya, A.B. I'irineiimsisii

Po3pobnena TexXHOOTisl MPUTOTYBaHHS TOHKUX KPUCTATIYHUX TUTIBOK MOHOAHTHMOHILy JUCTIPO3ii
METO/IOM BaKyyMHO-TEPMIYHOTO BUIAPY 13 IBOX He3anexkHux jokepen Dy 1 Sb. [Ipu kiMHaTHIN TeM-
neparypi B obnacti eneprii ¢oronis 0.05 — 5.5 eB mocmimkeHi onTuuHi criekTpu (BiAOUTTS Ta
NOIIMHAHHS, JIICHA Ta YSIBHA YaCTHHU JieIEKTPUYHHUX NOCTIHHUX, PYHKIIisl BTPAT) MPUTOTOBICHUX
wiBoK. [IpoanasizoBaHo MOBOKCHHS Ta EHEPTETUUHUH CTaH CIIEKTPATbHUX 3AJIC)KHOCTEH.
KurouoBi ci1oBa: miBka, miaKIauHKa, ONTHYHI CICKTPH, BIIOUTTS, OTJIMHAHHS, JieJIEKTPUYHA 10-

CTii{Ha, QYHKIIis BTpAT.

INTRODUCTION

Rare-eart (RE) monoantimonides continue to
receive a great deal of attention owing to their
interesting properties which have not yet studied in
sufficient detal [1 —8]. These little-studied materials
include dysprosium monoantimonide. In this work
are presented the technology of preparation of
DySb crystalline thin films and study of the optical
properties at room temperature in the photon energy
range 0.05 —5.5¢eV.

EXPERIMENT

Single-phase films DySb have been prepared by
vacuum-thermal evaporation from two independent
sources of Dy and Sb. As substrates we used glass-
ceramic, fused silicaand (111) oriented single-crystal
Siplates. The sourse materials used were 99.9%

DyM-1 dysprosium and 99.9999% antimony. Du-
ring the growth process the vacuum in the deposition
chamber was [107° Pa. In the all of the growth
runs, the substrate temperature was maintained from
1050 to 1110 K. The axis of the Dy and Sb eva-
porators made an angle of [B5° with the normal
to the substrate surface. The source-substrate
separation was 42 mm for Dy and 56 mm for Sb.
Angles evaporators Dy and Sb against the normal
of the substrate are the same and composes [ B5°.
The thickness of the prepared films varied in the
range 1.2 — 2.1 pum, the deposition rate was
68 A/s

The phase composition and crystallinite of the
films were cheked by by X-ray diffraction (XRD).
XRD pattern were taken at CuKa radiation with
a nickel filter, in the mode of recording a rate of
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41107 deg/s and eleqtron diffraction. Electron
diffraction patterns were obtained in reflection at an
accelerating voltage of (75 — 100)[10* V. The sur-
face of the films was examined by X-ray fluores-
cence analysis (Camebax-Microbeam system).
Their elemental analysis was determined by electron
X-ray microanalysis.

Optical properties of dysprosium monoanti-
monide are studied poorly. In[9], only are resear-
ched reflection spectra of crystals and powder of
DySb. In this paper, at room temperature in the
photon energy of 0.05 eV — 5.5, reflection and
absorption spectra are studied. By the Kramers-
Kronig relations were calculated spectra of the main
optical parameters such as real and imaginary parts
of the dielectric constant, the loss function.

RESULTS AND DISCUSSION
By XRD and electron diffraction methods were
investigated influence of temperature of a substrate
in the range of 1050 to 1110 K and also the material
of a substrate on crystallinity and phase structure of
prefared films. Experiments have shown that the
substrate material have no effect on the crystallinite
and phase composition of the films. Films stay in the
open air for 4 — 6 days causes change of color of
films and the appearance of additional peaks on
XRD pattern, not belong DySb, indicating the
instability of films in air.

Fig.1 shows atypical the electronogramm and

Fig. 1. Electron diffraction pattern of a thin DySb film
(fused silica substrate, film thickness of 1.9 mm).

fig. 2 XRD pattern of an DySb film. Analysis of
XRD and electron diffraction data indicated that
the film grown at this temperature consisted DySb
(cubic structure of NaCl-type ) with lattice para-
meters 6.14 A in good agreement with those of
bulk DySb crystals 6.150 A [9].

200

220

222

400

k 111

420

1 1 | i ]

70 60 50 40 30
- 20

Fig. 2. XRD pattern of a thin DySb film (glass ceramic
substrate, film thickness of 1.8 microns).

X-ray microanalysis showed that the film
contained 49.8% Dy and 52.2% Sb.

In secondary X —rays the surface of the prepared
films has been removed. The atoms of Dy and Sb
are distributed on a surface of films in regular intervals
enough at visible from fig. 3 (1) an (2) accordingly.

Fig. 3. The image of distribution of Dy (1) and Sb (2) atoms
on a surface of a thin DySb film in secondary X-rays
(*400).
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On the reflection spectrum (fig. 4) are some
features, such as: a deep minimum of about
0.28 eV which is accompanied with a pronounced
long-wavelength edge of the reflection, well-formed
reflection band with a maximum at 0.50 eV, a mi-
nimum at 0.22 eV and the structure at 1.67 eV. De-
pending on the spectral absorption coefficient
(fig. 4.) strong absorption is observed in the re-
gion of relative transparency proximity 0.46 eV,
0.23 eV for the structure and the sharp increase in
the absorption coefficient at energies below
0.12eV.
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Fig. 4. Spectra of the reflection (R) and absorption (0) of
a thin DySb film.

The interpretation of the optical spectra of DySb
is difficult because there are no data on the energy
band structure. It is possible to say only that a deep
minimum of reflection and the associated increase
in long-wave reflection is undoubtedly associated
with plasma oscillations of charge carriers. Very
difficultis interpret of the structural features of the
spectra at energies close to 0.5 eV. On the one hand,
we can assume that the same reflection spectra of
crystals SmSb [10], in this region of the spectrum a
decisive role plays the fundamental absorption with
interband transition energy 0.50 eV. For an
assessment of width of the forbidden zone it is
necessary to consider the amendment connected
with an arrangement of level of Fermi which
corresponds to full regeneration. On the other hand,

there are several objections to this explanation: when
the carrier concentration is high [B0?' cm™ and
the effective mass of the order of the free charge
carrier is M, (at X point of Brilyuen zone exists
conduction d zone), the Fermi energy (0.75 eV)
1.5 times are more than energy of interzonal tran-
sitions and if inthe trivalent rare earth elements
compounds it is observed the reflection strip with
awidth few eV, inthe DySb films half-width of
the reflection strip which can be attributed with the
electron interband transitions, is only 0.41 eV.

These remarks to some extent, may be rejected
if interpretation of the optical spectra in the vicinity
of the Fermi level admit the possibility of the
existence of subbands d, f and f-d with very high
density of states. In this case, apparently, the
structure of the optical spectra of about 0.5 eV
determined transitions of f and f-d nature.

On the basis of the spectral dependence of the
coefficients of reflection and absorption spectra were
calculated real p, and imaginary p, part of the per-
mittivity (fig. 5) and the refractiven and absorp-
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Fig. 5. Spectra of the real (¢,) and imaginary (€,) part of the
dielectric permitivity of a thin DySb films.

tion k index (fig. 6) and the loss function Img™!
(fig. 7).

Fig. 5 shows that in the deep infrared region
€, aspires to very large negative values, which means
that in the optical processes essential role played
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Fig. 6. Spectra of the reflectance (n) and absorption (K) of
athin DySb film.

free charge carriers. After that € changes a sign
three times: twice with a positive slope (de,/dw> 0)
at(0.15 eV and 0.38 eV, that will well be coordina-
ted with position of the maximum energy loss
function accordingly, the energy of 0.38 eV probably
corresponds to a plasma resonance. Inthe DySb
films because of the proximity of this energy and
energy of the band absorption, damping is large,
excited plasma oscillations damped and the “true”
plasma frequency should be higher than the estimated
frequency.
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Fig. 7. Spectra of the loss function of a thin DySb film.

Characterized by relatively low-energy position
of the main absorption band is clearly seen in the
spectra of the absorption coefficient and the
imaginary part of permittivity. In a place with that
three factors: very sharp increase of the k and €,
in the long-wavelength part of the spectrum; the
existence of a well-formed structure in spectrum

of nand¢, the change of the sign of €, with negative
slope (de /dw<0) at energy 0.18 eV suggesta
significant contribution of intraband transitions and
complex structure of the zone of DySb thin films.

CONCLUSION

The first process has been developed for the growth
of thin crystalline DySb fiLms (cubic symmetry,
NaCl structure, lattice parameters a=6.14 A) by
vacuum-thermal evaporation of the two independent
components. At room temperature in the photon
energy range 0.05 — 5.5 eV spectra of reflection
and absorption are measured. Are calculated spect-
ra of the real and imaginary part of the dielectric
constant, the loss function, the coefficient of reflection
and absorption. It is shown that deep minimum on
the reflection spectrum at 0.28 eV corresponds to
the plasma energy minimum. It is suggested that the
formation of the spectral dependence is dominated
by intraband transitions.
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ITPABUJIA O®POPMJIEHUS
PYKOIIMCEH

B mpenocrapnsiemoii paboTe 4ETKO U MOCIENOBa-
TENIFHO M3JIaratoTCsi OpUTHHAIBHBIE, HE ITyOJTKOBAB-
HIMecsl paHee Pe3yabTaThbl, OJyUYEeHHbIE aBTOPOM
(aBTOpamn). Pykonuchk He MOMKHA HAXOAUTHCS Ha
paccMOTpEeHHH K MyOJMKallMy B IPYyTOM H3Ja-
TENbCTBE.

1. PacrieuaranHast pyKOIUCh, C IIOANUCSAMH BCEX aB-
TOPOB, IPEAOCTABIACTCS B | 9K3. HA OAHOM U3 clie-
IYIOLIUX S3bIKOB: YKPAUHCKUH, pyCCKUU, aHITIHIIC-
KUil. DNEKTPOHHBIA BAPUAHT PyKOIUCH IIPEIOCTAB-
JsieTCsl HA MAarHUTHOM WJIN ONITHYECKOM HOCHUTEJIE,
60 (YTO MPEANOUYTUTENbHEE) HAMPaBIsSeTCs M0
E-mail.

2. K pyxonucu npuiararoTcs CIeIyOIne T0KyMeH-
ThI: HaNpaBJICHHUE OT YUPEXKACHNUs, TJe BHINOIHEHA
paborta; 3asBJICHHE HAa UM ITIABHOTO PEaKTOpa co
CBEJICHUSIMH 00 aBTOpax; SKCIEPTHOE 3aKII0UCHHE
0 BO3MOKHOCTH OITyOITMKOBaHHUS pabOTHI B OTKPBITOH
nevaTty (Ui rpakaaH YKparuHbl); BHEUTHSS peLeH-
3W, NOANKUCAHHAS JOKTOPOM HayK.

3. [locnemoBaTenbHOCTh pa3MeILEHUs] MaTeprana
CTaThbU: MHJICKC 110 YHUBEPCAJIbHOW NECATUYHOU
knaccudukanuu (VJK); HazBanwe crarbu; WHU-
Maibel U paMuius aBTopa (aBTOPOB); MOJTHEIE TI0Y-
TOBBIC aJipeca yUpeKICHUH, B KOTOPBIX BHIIIOJIHEHA
paboTa; aHHOTaNHs; KIIOYEBBIE CIIOBA; TEKCT; CITH-
COK LIMTHPYEMOH JIUTEPaTypbl; HAOOP WILTIOCTPALIHIL;
MOJIIHICH K PUCYHKaM U TaOJUIaM.

4. HazaHue cTaThu, MHALIUAIBI ¥ (paMHIIHSI aBTOPA
(aBTOPOB), aHHOTAIIMH U KJIIOYEBBIE CJIOBA MTOJAIOT-
s Ha TpeX A3bIKaX: aHNIMHCKOM (1 BCEX aBTOPOB),
pycckoMm (st rpakaad CHI') m ykpamHckoMm (st
rpaxiaaH yKpanHsl). O0beM aHHOTALMHU HE IPEBbI-
maet 100 cnos.

5. TekcT pyKONHUCH KeJTaTeIbHO CTPYKTypHUPOBATh
pasnenamu: BBEJIEHUE, kpaTtko dpopmynupyromee
IPEOBICTOPHIO TIPOOIEMBI U LIENb AaHHOI'O HCCie-
noBanusi. OCHOBHAS YacTh My OIMKaLNK, COlepIKa-
11as TOCTAaHOBKY 3a/1a4H, SKCIIEPUMEHTAJIbHO W/HIIH
TEOPETUUECKOE ONHMCAHHUE HMCCIIelOBaHUM. 3aKiro-
YeHHe, B KOTOPOM NPUBOJATCS PE3yJIbTaThl HCcie-
JIOBaHMI, BBIBOJIBI, IEPCTIEKTUBBI pa3BUTHS UCCIIE0-
BaHUH U X BO3MOKHbIE IPUMEHEHH.

6. IlomHbIi 06beM 0030pHOW CTaThU HE JOJKEH
npeBbIaTh 60-TU CTpaHULl, OPUTHHATBHOU CTAThU
— 20 cTpaHHIIl, KpaTKOTO COOOIIEHHS — 5-TH CTPaHHII.
7. Bee dusnyeckue BeTUUUHBI CIEyeT MPEICTaB-
JIATh B equHunax cucreMmol CU.

8. TpeboBanmst k opopmiieHnto pykomucu. Ilapa-
MeTpbI cTpaHuIbl: hopmat — A4 (210%297 mm). [lo-
ns: cripaBa — 10 MM, octanbable — 20 M. Lpudrt:
Times New Roman, MeXaycTpouHBI HHTEPBAT —
noJiyTopHbslii. HazBaHue cTaTbd — MNPOMUCHBIMHU,
Kkerib 14. ABTOPBI, aHHOTAIUS, TEKCT PYKOIUCH,
(OpMYITBI, CIUCOK JUTEPATypPhl, MOANHUCH K PHU-
CyHKaM ¥ TabiuiaMm — Kerab 12.

9. OnexTpoHHas BepCHsI pyKOIHUCH IPEACTABIAETCS
B ¢opmare Microsoft Office Word (Bepcun — He
Beire MS Word 2003). Jlns 3anmcu dhopmyn cre-
IyeT UCIIOJIb30BaTh BCTPOEHHBIH peaakTop Micro-

soft Equation ¢ napameTpamMu: OCHOBHOH MaTeMaTH-

yeckuil cuMmBog — 12 nt, uaaexc — 6 nt. @opmar mne-

PEMEHHBIX B TEKCTE 1 (popMyriax 10IKEH ObITh HICH-

THYHBIM (KEJIaTeNbHO KYPCHBOM, TPEUCCKHE CHUM-

BOJIBI — TIPSIMBIE).

10. DnexTpoHHBIM BapHaHT WILTIOCTpaLKi IpecTaB-

JsieTcs B OTACTBHBIX (aiax B OJHOM U3 CIeIyro-

mmx popmaros: tif, cdr (CorelDraw 11) yepno-6esnbie

WITU ¢ Tpajalueii ceporo, IoMMEeHOBaHHbIC (haMHIIAeH

MIEPBOTO aBTOPA.

11. MmmrocTpannu K pyKormucH (pUCYHKH, GoTo, Ta0-

JIMLIBL), IO KAaKOH-TMOO0 MPUUYMHE HE IPEe10oCTaBIIsie-

MBIE B 3JIEKTPOHHOM BH/IE, JOJKHBI OBITH aKKYPaTHO

BBINOJIHEHBI Ha 0eJ10i Oymare Wi MpecTaBIeHbI B

BUJIe KauyecTBeHHBIX (otorpaduii. Ux pasmeps! He

JIOJDKHBI TIpeBbImaTh Gopmar A4. Ha oGopoTHoi

CTOpPOHE KaXXJOW HIUTIOCTPAIIMU YKa3bIBAeTCs €e

MOPSAIKOBBIA HOMEp, MOJAPUCYHOUYHAs! HAAMUCh U

(amuITs IEpBOTO aBTOpA.

12. IlepeueHb CCHUIOK IMOAAETCS SI3BIKOM OpUTHHAIIA,

COCTaBJISICTCS B MOPSAKE YIOMUHAHUS B TEKCTE U B

cootBeTcTBUU ¢ TpeboBanmsamMu BAK Ykpaunst Ha

oubmmorpaduieckoe onrcanue (CM. MPUIOKEHHE).

13. ABTOpEHI cO0O0IIAalOT 0 cede CleqyrIIne CBee-

HUS: aMIIINIO, UMSI, OTYECTBO, CIYKEOHBIH U J10-

MaIrHui aapec, TenedoH, ¢pakc, e-mail, ykassiBaroT

C KeM U3 aBTOPOB IPEAIOYTUTENbHEE BECTH MEpe-

TTHICKY.

Pyxomnuicu HanpaBisIOTCS 10 aApecy:

Hayunsrii puznko-rexnonormyeckuii uearp MOH u

HAH Vkpaunsi, i CBo6osl, 6, T. XapbkoB, 61022,

a/1 4499, YkpauHa,

E-mail: journal pse@ukr.net
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INPABHUJIA O®OPMJIEHHA PYKOIIUCIB

VY monaniit poOOTi YiTKO ¥ TTOCIITOBHO BUKIJIAIAI0-
ThCS OPHTIHANBHI, OTPAMaHi aBTOPOM (aBTOpaMH)
pe3ynbTaTy, o paHime He myOriKyBatucs. Pykommc
He He Mae nepedyBaTy Ha pO3IJIsAl 10 myOmikarlii B
IHIIIOMY BUIaBHUIITBI.

1. Po3npyxoBanwmii pyKOTMHC, 3 ITiITUCAMH BCiX aBTO-
piB, HagaeThCs B 1 IpUM. OZIHIEIO 3 MOB: YKpaiHCh-
KO0, pOCifiChKO0 ab0 aHTIMilChKOI0. EnekrpoHHnit
BapiaHT PYKOIIKCY MOJAETHCS HA MArHITHOMY 200 OII-
TAYHOMY HOCI1, 200 (110 3py4Hillle) HaICHITA€THCS
o E-mail.

2. Jlo pyKomucy O0AArOThCs Taki JOKYMEHTHU: Ha-
MpaBJICHHS BiJ] yCTaHOBH, Jic BUKOHaHA po0OTa; 3as1Ba
Ha iM’s TOJIOBHOI'O PEAAaKTOpa 3 BiZOMOCTSIMH PO
ABTOPIB; EKCIEPTHUM BHUCHOBOK PO MOKJIHMBICTb
omyOIiKyBaHHS POOOTH Y BIIKpUTIi mpeci (1i1s Tpo-
MaJIsTH YKpaiHu); 30BHIIIHS pereH3is, miamicana T0K-
TOPOM HayK.

3. [ocimoBHICTE PO3MIIIIEHHS MaTepialy PyKOIHICY:
IHJIEKC 3a YHIBEpCaJIHHOIO JIECATKOBOIO Kiacudika-
uiero (YIK); Ha3Ba crarTi; iHiIiagu i mpi3BUIIe aB-
Topa (aBTOpIB); MOBHI MOMITOBI apPeCH YCTAHOB, Y
SKMX BUKOHAHa po00Ta; aHOTAaIlisl Ta KITFOYOBI CTIOBA;
TEKCT; TEPENTiK MOCHIIaHb; 1TFOCTPAIlii; M IMUCH 0
PUCYHKIB i TaOIHIIB.

4. HasBa crarTi, iHiIianm Ta mpi3Buile aBTopa (aB-
TOpiB), aHOTAIliSA Ta KIFOYOBI CIIOBA MOJAETHCS VK-
paiHCBKOO (ISt TPOMAISH YKpaiHH), pOCIHCHKOIO
(mns rpomansa CHJI) i aHDTiiichKORO (IUIS BCiX aB-
TopiB) MmoBamu. ObcAT aHoTari1 He epeBumrye 100
CIB.

5. Tekct pykonucy 0askaHO CTPYKTYypyBaTH PO3Ii-
mamu: BCTVYII, ne KopoTko GOpMYIIOIOTHCS TIepe-
icTopist mpobeMu Ta MeTa JAaHOTO JOCHIKEHHS.
OcHoBHA YacTHHA ITyOJIiKaIlii, MICTHTh IOCTAHOBKY
3a/a4i, eKCIIepUMEHTAIbHUN 1/a00 TeopeTHYHUH
OIHKC JOCTiIKeHb. BUCHOBOK, y SIKOMY BHKJIQJIECHO
Pe3ynbTaT AOCTiIKEHb, BUCHOBKH, IEPCIIEKTUBU
PO3BUTKY JOCIIIKEHb 1 MOIIHBI 3aCTOCYBaHHS.

6. [ToBHUI1 0OCST OIIIAIOBOT CTATTI HE TIOBUHEH TIepe-
BumyBatu 60-TH CTOPIHOK, OPUTiHANBHOT CTATTi —
20 cTOpiHOK, KOPOTKOTO MOBiJOMIICHHS — 5-TH CTO-
PIHOK.

7. Bci ¢hi3uuHi BETMYWHU MMOAAIOTHCS B OJMHUIIX
cuctemu CL.

8. Bumoru no odopmienns pykorucy. [lapamerpu
cropiaku: dopmar — A4 (210%297 mwm). Ilous:
mpaBopyd — 10 mm, iHmm — 20 mm. Hlpudt: Times
New Roman, MixpsaKOBHIA iHTEPBaT — IOy TOPHUH.
Haszga crarTi — nporimcHUMH, Keritb 14. ABTOpH, aHO-
TaIlis, TEKCT PyKOMHCY, (DOPMYITH, TEPETiK ITOCHIIaHb,
MiIUCY IO PUCYHKIB 1 TAOIHUIh — KeTh 12.

9. EnexTpoHHa Bepcisi pyKONUCy noAaeTscs y Gop-
Mari Microsoft Office Word (Bepcii — He Buie MS
Word 2003). st 3anucy Gpopmyr 6akaHo 3aCTOCO-
ByBaTH BOyIOoBaHUH pemakTop dopmyn Microsoft
Equation 3 mapamerpamu: OCHOBHUI MaTeMaTUIHUI
cumBol — 12 nit; iHgeke — 6 nT. @opMar 3MIHHHX Y

TEKCT1 1 popMynax MaroTh OyTH iieHTHYHIMH (Oa-
YKaHO KYPCHUBOM, I'PEIbKi CHMBOJIH — MPSIM).

10. EnexTpoHHMIT BapiaHT LIFOCTpAIlili TOTa€THCS B
okpeMux Qainax ogHum i3 ¢popmaris: tif, cdr
(CorelDraw 11) uepHo-6i1i a00 3 rpajalii€ro ciporo,
MPOHYMEpPOBaHi Ta TOWMEHOBaHi IPi3BUILIEM ITEPIIIOTO
aBTopa.

11. LmtocTpanuii go pykonucy (pucyHkH, poTo, Tad-
JIMIII ), IO SIKOICh MPUYHMHY HE MOXKYTh OyTH Ha/laHi B
eJIEKTPOHHOMY BUTJISI, MalOTh OyTH aKypaTHO
BUKOHAHI Ha Oiomy manepi abo MmogaHi y BUIIIAAI
skicaux Qororpadiit. Ixni posmipu He moBuHHI
nepesunryBatu Gopmar A4. Ha 3BopoTHOMY Oo1i
KOXKHOT UTFoCTpallii BKa3yeThesl i MOpsAKOBUIT HOMED,
MiANKC 0 PUCYHKY 1 TPi3BHUIIE MIEPIIOTO aBTOPA.
12. TTepenik mocuaaHb MOJAETHCS MOBOO OPUTIHAIY,
CKJIQJIA€ThCS B MOPSJIKY TOCUJIAHHS B TEKCTI i BijI-
noBinHO A0 BUMor BAK VYkpainu Ha 6i06miorpadiu-
HUH onMc (IUB. J0JATOK).

13. ABTOpH MOBIIOMIISIOTH MPO cebe Taki BiJo-
MOCTI: Tmpi3BHIIE, iM’s, IO OAaThKOBI, CiIyx)00Ba i
JOMaIlHs aapecu, TenedoH, pakc, E-mail, ykazyoTs
aBTOpa 3 KUM 3 3pYYHIIIE BECTH IIEPETHCKY.
Pyxonucu HaacunaroThes Ha aapecy:

HayxoBuit ¢izuko-texHonoriunuii nearp MOH i
HAH VYxpainu, M. CBOomu, 6, M. Xapkis, 61022,
a/c 4499, Ykpaina
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TemMaTHU4YHiI HAIPAMKH:
(hi3rka moBepxHi — MOIU(IKAIIIT, TOKPUTTSI, TUTIBKH, TIPUIIOBEPXHI 1 MepeXi/IHi IITIapH Pi3HUX
BU/IIB, SIK PE3yJIBTaT BIUTUBY IJ1a3MH, KOPITYCKYJIIPHO-(POTOHHMX TTOTOKIB 1 BUTIPOMIHIOBAHHST;
B3a€MO/IisS PI3HOMAHITHUX BH/IIB BUITPOMIHIOBAHHS 3 TOBEPXHSIMH METAJIIB, HAITIBIIPO-
BIJTHHIKIB, JII€TICKTPHKIB;
(hi3MKa 1 TeXHIKa HU3bKOTEMIIepaTypHOI IJ1a3MH;
(hi3uKa 1 TeXHIKa JIa3epiB;
(h1314H1 BJJAaCTUBOCTI IUTIBOK 1 TIOKPUTTIB;
HaHO(]131Ka, MIKPO- 1 HAHOTEXHOJIOT11, MIKpO- 1 HAHOEJIEKTPOHIKA;
(h1314HI Ta TEXHIYHI ACTIEKTH CYYaCHUX TEXHOJIOT1H 00pOOKH MTOBEPXHi, TIAarHOCTUKHM 1 KOH-
TPOJIFO TEXHOJIOTTYHUX TTPOIIECIB.

Temarn4eckue HANPABJICHUS:
¢bu3HMKa MOBEPXHOCTH — MOJAU(DUKAIUY, TTOKPBITHS, TUICHKH, TPUIIOBEPXHOCTHBIE U
MIEPEXO/IHBIE CIIOU PA3IMUHBIX BUJIOB, KAK PE3YJIbTaT BO3ACUCTBHS IU1a3Mbl, KOPITY CKYJISIPHO-
(hOTOHHBIX MOTOKOB U M3ITyYCHUS;
B3aMMOJIEUCTBUE Pa3HOOOPA3HBIX BUJIOB U3ITYUYEHHUS C TOBEPXHOCTSIMHU METAJLIIOB, MOJTY-
MIPOBOJHUKOB, JMAJIEKTPHUKOB;
(bu3MKa ¥ TEXHUKA HU3KOTEMITEPaTyPHOM T1a3MBl,
(bu3MKa U TEXHUKA JIa3€POB;
(bu3nuecKrie CBOMCTBA IIEHOK U MTOKPHITHIA,
HaHO(PU3KKA, MUKPO- K HAHOTEXHOJIOTUH, MUKPO- M HAHORJIEKTPOHHKA,;
(bu3HYecKre U TEXHUUECKHE ACTIEKThI COBPEMEHHBIX TEXHOJIOT I 00pabOTKH MOBEPXHOCTH,
JIMArHOCTUKU U KOHTPOJISI TEXHOJIOTMUECKUX IPOLIECCOB.

Topic directions:
surface physics - modification, coating, film, near-surface and transient layers of different
kinds, as outcome of influencing of plasma, corpuscular - photon flows and radiation;
interaction of miscellaneous kinds of radiation with surfaces of metals, semiconductors,
dielectrics;
physics and engineering of low-temperature plasma;
physics and engineering of lasers;
physical characteristics of films and coatings;
nanophysics, micro and nanoelectronics, micro and nanotechnologies;
physical and engineering aspects of modern technologies of surfacing, diagnostic and
control of technological processes.
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XapkiBcpkuii Gizuko-rexHigunit inctutyT (XOTI, paniure HasuBaBcs YkpaiHCBKHUM

@TI), : crapiux i HaiOinbwmit nentp ¢isnynol Hayku B YkpaiHi, Oys
ctBOpeHuit y 1928 poui 3 MeTOI0 PO3BUTKY AKEyaNbHHX HAYKOBHX HarnpsmiB (y Toit yac -
AnepHoi pizuky Ta $i3nku TBEpAOLO TiNa). Bike uepes worupu pokw, 10 xo8THs 1932 poky,
GyB qzwmaﬂnﬁ BUJIATHUH pe3ynsTar - 3M1HCHEHO POSLICIUICHHS SiApa aToOMa MITIO.
HaCTyTlHl poku y X®TI orpumani piaki BOAeHb 1 renii, noﬁy,uoaaﬂa nepima
pamono ALiHA YCTaHOBKA. [HCTUTYT CTaB pogoHay KOM BUCOKOBAKYYMH iKu,
gHOBI AKOI 3roz0M Oyno poO3BHHYTO HOBW%O—TGXHWTHHHH MpsAMOK -
jyMHa Mmetanypria. Tyt npawioBany BitoMi pansuceki isuku 1B, OGpeimos,
A'K. Bansrep, K.JI. Cunensuuke, O.1. Jleiinyncekuii, I /1. Jlarumes, JI.B. Llly6unxos,
.B. KypliaTOB JLI. JIaH.nay,€ M. ﬂldmmub LM. Jlidpumus, B.€.IBaHOBTa 1H1Li.

BUKOPHCTAaHHA aTOMHOI eHeprii B CPCP. Y npow MHCJIOBICTh Bnpoaalmceui HOBI Marepiau,
MacwTabHi TEXHOJOriYHI Mpouecu | YyCTaHOBKH » 30Kpema: TEXHOJIOr1s BHTOTOBJICHHA
TEIUIOBUAUIAIOUNX ENEeMEHTIB /Ui aTOMHMX peaicropla HOBOIO THITY; TEXHQUQLLS
- Bupoﬁﬂnmna BHCOKOTEMIIEPATYPHHX HarpiBa4iB; TEXHONOTs HAHECEHHs HKAPOMI
TBEPAUX 1 H UX [OKPUTTIB Ha Mareplaﬂu AKI [pauioTh E

cepefoBHIIaX; TEXHONIONT 3MiLHEHHST METAIOPi3alIbHOTO IHCTPYMEHTY | ietanei MalliH;
BaKyyMHi NPOKaTHi CTaHM i TexHOnoris rapsyoi npokarku GaratomapoBs i
BAKyyMi; BUCOKOYHCTI MaTepiaiu Ta CMJIaBH Ha iX OCHOBI; HAANPOBiIHUKH; KOMIO3ULIHHI
-BYIJICLIEBI MaTepiain; MajoraGapuTHi NPUCKOPIOBaYi 3apsi/UKEHHX YaCTHHOK Ta
1HILI. - ;
Iicna posnany GPCP iHCTHTYT aKTMBHO BKJIOYMBCS B MPOLEC CTaHOBICHHSA
HAYKOBO-TEXHIYHOTO KOMIUIeKCYy VYkpainv, a Ta (dopMyBaHHA NOJITHKH Ta
BiINOBIAHMX iIHCTHTYTIB YKpaiHH y ramy3i aToMHOI HPOMMCIIOBOCTI, S/IEPHOI EHEPreTHKH,
y BU3HAUYEHHS NOAANBIIOT A0 AAepHOi 30poi, fka AucIoKyBanacs B YkpaiHi, y po3BUTOK
MaTrepiano3HaBCTBA, MPUCKOPIOBAIBHOT TEXHIKH 1 HOBMX JDKepesn eHepril aus norped
nepxau. Y XODTI € Benuka KiIbKICTh YHIKAIbHHX €KCMEPHMEHTANIBHUX YCTaHOBOK, Y
TOMY YHCIIi PsiJi CIEKTPOHHHX Ta IOHHHX NMPHCKOPIOBAYiB, BKJIIOYAIOUH HaHOLIbLINA Ha
MOCTPAaASHCHKOMY NpOCTOpi AiHiHHNHA JAPHCKOPIOBAY eJIEKTPOHIB, CiMelcTBO
TEPMOAECPHUX yCTaHOBﬁl"‘«YPaFaH KpYNHEe J0CHiIHO-eKCHepUMEHTAallbHe
mpoﬁﬂnurso

T'opaictio HHI] XCI)TI 3aBKIH 6ﬁu Haylcom ILIKOJIH, AIKi 3 TIOKOIIHHA B ;lﬂ!!mum
nepeAaBau Oe3uinHe HanOaHHA - HAyKOBi 3HaHHA i J0CBiA. BcboMy CBiTY BUIOMI LIKONH
akazemikis JLJL. Jlannay, K.JI. Cunensauxosa, A.K. Bansrepa, I M. Jlipunns, B.€. Isa-
HOBa, b.L. fasapesayO.1. Ax1e3epa SB. (Dauuﬁepra,ﬂ B. Bosikosa. Best Bunie3a3sHaueHa

iCTh nana MOXKIMBICTH 30eperTd Li HayKoBi WIKOAM iCTBOPHTH npuBabnuBy
DEpY IUIA BYEHHX, IO € HEOOXIAHO YMOBOKO MOJANILIIOrO PO3BUTKY HAyKOBHX i
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