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The effects of elemental composition and deposition temperature on W-Ti ion-plasma
condensate structure, substructure characteristics and stress state have been studied. The
crystalline state of all phases formed during deposition has been found to be based on the
o-W bee crystalline lattice. In the initial stages of solid solution formation under relatively
low content of substituting titanium atoms in the lattice (7 to 11 at.%), oriented crystal-
lite growth takes place with (100) planes parallel to the condensate surface. At higher
titanium atomic content in the lattice, strongly strained crystallites of (W,_,, Ti,) solid
solution are formed with light preferential orientation of (110) plane parallel to the
growth surface. In this case, the deposition temperature elevation from 300°C to 800°C
results in concentration stratification of the formed solid solution followed by formation
of two solid solutions with different stable elemental composition. The diffusion coeffi-
cient in nano-crystalline W-Ti condensates has been estimated and models describing the
formed condensate structure state are proposed.

WccnemoBaHo BIUSHNE 9JI€MEHTHOTO COCTABA U TEMIIEPATYPHI OCAMKAEHUNS MOHHO-ILIA3MEH-
HBIX KoOHJeHcaToB cucteMbl W—Ti Ha MX CTPYKTYpPYy, CYyOCTPYKTYpPHBIE XapaKTEPUCTUKU U
HAPSKEHHOe COCTOSHNUE. ¥ CTAHOBJEHO, UTO KPUCTAJJINUYECKOe COCTOSHIE BcexX (pas, ropMu-
PyeMBIX B IIpoliecce ocaskaeHus, 0asupyercsa Ha OIIK xpucramnunueckoiir pemrerxe o—W. Ha
HAYAJBHBIX CTALUSAX (DOPMUPOBAHUS TBEPAOrO PACTBOPA IPU OTHOCHTEJLHO MAJIOM COIEpPKa-
HUHM 3aMeIaloluX aToMoB TuTaHa B pemerke (7—11 ar.%) mMpoucxXomuT OPMEHTUPOBAHHBII
poct KpuctajaauToB ¢ muaockocteio (100), mapannenbHOil moBepxHOCTH KOHAeHcaruu. Ilpu
0ojiee BBLICOKOM COZEP!KAHUM B PeIIeTKe aToMOB THUTAaHA (hOPMUPYIOTCS CHJILHOIe(OPMUPO-
BagHble Kpucramautel (W,_, Ti,) TBepzoro pacTeopa ¢ HeGONBIIOH CTENEHBIO COBEPIIEHCTBA
TeKCTyphl ¢ IIockocThio (110) KpucTaaanuecKoil pelmieTKM, MapajieJbHONA II0BEPXHOCTH
pocra. B sTom ciryuae yBenmuenue remieparypsl ocaxkaenus or 300°C go 800°C mpusBogutr K
KOHIIEHTPAIINOHHOMY PaCCJIOeHHI0 (POPMHUPYEeMOro TBEPAOr0 PACTBOPA, UTO COIIPOBOMKIAETCS
00pasoBaHWeM ABYX TBEPABIX PACTBOPOB C Pa3IMYAOIMMCH CTAOMIbHBIM 9JI€MEHTHBIM COCTA-
BoMm. IIpoBemena oreHka Kos(puiuenrta ruddysuyn B HAHOKPHUCTAJIINUYECKUX KOHAEHCATaX
cucrembl W-Ti 1 IIpeaIosKeHbl MOAEJN AJs ONUCAHUA (POPMUPYEMOT0 CTPYKTYPHOI'O COCTOS-
HUSA KOHIEHCATOB.

© 2006 — Institute for Single Crystals

A high interest in W-Ti film system is
due first of all to the good promises of the
application thereof in microelectronics, for
instance, as diffusion barriers [1-4]. The
best electrical characteristics for the system
(the lowest electrical resistivity of barrier
layer less than 55 uQ-cm) are provided by
condensates containing 70-55 at.% W and
30-45 at.% Ti [5]. Another promising field

Functional materials, 13, 4, 2006

is the application of condensed W-Ti materi-
als as binding layer in multi-layered wear-
resistant coatings [6]. In this case, a sub-
stantial thickness of barrier layers (0.2 to
0.3 um) in combination with W-Ti layer
thickness of the order of micrometers in the
multi-layered wear-resistant coatings imply
a strong dependence of condensate func-
tional characteristics on its structure and
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phase state. It is well known that ion-
plasma condensation results in formation of
structure and phase state different from
those expected for equilibrium formation
conditions [7, 8]. Thus, the aim of this
work was to study the formation regulari-
ties of structure-phase and stress states of
W-Ti condensates as functions of their ele-
mental composition and substrate tempera-
ture under deposition. Those problems are
both of scientific importance in the field of
physical material science of condensed sys-
tems and prectical one for development of a
technique for structure based optimization
of condensate functional characteristics.

In this connection, two characteristic
concentration ranges were studied. The first
is 88-86 at. % W and 12-14 at. % Ti. That
concentration range, on the one hand, al-
lows to obtain intense enough diffraction
lines from solid solution lattice necessary to
study the structure and substructure char-
acteristics, and, on the other hand, allows
to analyze the initial stages of solid solu-
tion formation due to relatively low concen-
tration of titanium impurity atoms in tung-
sten basic bee lattice (tungsten atomic con-
centration was five times so high as
titanium one). The second range (60-52 at.
% W and 40-48 at. % Ti), provides the best
functional properties of the system, as it
was found by several authors [4, 5], thus, it
is of interest from practical point of view.
Moreover, the concentration ranges were
chosen according to phase diagram so that
to get in the first case into solid solution
area stable to spinodal decomposition (up to
14 at. % Ti), while in the second case, to
get into the area of solid solution spinodal
decomposition followed by concentration or-
dering [10].

The films were prepared by magnetron
sputtering the composed target (cast tung-
sten disc (at least 99 % purity) of 55 mm
in diameter and imposed Ti sectors) under
operating pressure of argon atmosphere of
0.4 Pa. Application of composed target
rather than sintered one is explained by the
known fact that it provides purer conden-
sate composition [5]. Before deposition, the
substrates were hold in vacuum of 3-107¢ Pa
at 950°C for an hour to remove gaseous
impurities from the surface. The deposition
rate was near 0.7 nm-s~l. As substrates,
plates of glass ceramics and single-crystal-
line silicon were used. The coating thick-
ness was 0.9 to 1.2 um. The substrate tem-
perature was varied from 200 to 800°C.
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The X-ray diffraction was examined
using a DRON-3 apparatus with Cu-K, ra-
diation in discrete regime of scattering reg-
istration with scanning step in the range
A(28) of 0.01 to 0.05°, depending on the
half-width and intensity of diffraction
lines. Exposure time was 20 to 100 s for a
point. Diffraction profiles were separated
using the software developed at NTU
"KhPI". Volume fractions of phases in the
film was calculated using a standard tech-
nique taking into consideration the integral
intensity and reflectivity of several lines
for each phase [11]. The structure perfec-
tion degree (®) was estimated by measuring
the half-maximum full width of diffraction
line recorded in 6-scanning regime. For the
analysis, diffraction lines from (110) and
(200) crystallographic planes were chosen.

The residual elastic strain level and crys-
talline lattice parameters for non-strained
state were calculated using a — sin?y plots.
The reflections from (321) planes at tilt an-
gles v of 0, 19, 36.7, 41, 55, and 57.7°
were considered. In bee lattice inherent both
to tungsten and tungsten based solid solu-
tion, the 19, 41, and 55° angles correspond
to the angles between (110) and (321) planes
with inversion, while 36.7 and 57.7°, to the
angles between (100) and (321). At corre-
sponding film growth texture, such choice
of y angles allowed to separate the effects
characteristic of different crystallite orien-
tation systems. To study the strain distribu-
tion homogeneity over the condensate vol-
ume, the measurements were made both to
towards +y and —y angles.

The linear approximation of experimen-
tal points in "a—sin?y”-plot gives strain
value ¢ averaged over the coating thickness
from the expression:

_Gy=90" %0 9~ 9
Ao Qg

€

with a, is the lattice parameter in direction
normal to reflecting plane (y = 0°); aj, the
lattice parameter in the film plane (y = 90°);
ag, the lattice parameter in non-stressed
state. From the "a—sin2?y"-plots, the value
ag was determined assuming isotropic sym-
metric plane-stressed state. It was calcu-
lated at y, value corresponding to un-
strained section of straining ellipsoid:

2v
1+v

sin?yg =
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The coating elemental composition was
determined by X-ray fluorescent analysis
using "SPRUT" apparatus (produced by
"Ukrrentgen”, Ukraine). The radiation from
a "shoot-through™ type X-ray tube with Ag
anode at excitation voltage 42 kV was used
as primary exciting radiation.

According to phase diagram [9], the W
solubility in a—Ti does not exceed 0.2 at. %,
while titanium atoms are completely soluble
in tungsten bece lattice by substitution type.
In this connection, predominant formation
of bee lattice based solid solution should be
expected in ion-plasma condensates. Accord-
ing to X-ray phase analysis data, the coat-
ings consisting of almost pure tungsten o—
W and solid solution (W,_,, Ti,) based on
o—W bece lattice are formed in the first con-
centration range (Fig. 1, curves I, ). The
relatively low dissolution of titanium atoms
results in formation of not only texture
with closest packed planes (110) parallel to
growth surface inherent to ion-plasma con-
densates [12], but of another texture with
(100) type planes parallel to growth surface.
The perfection degree of texture with crys-
tallite (100) planes parallel to the growth
surface was substantially higher than that
for (110) one, that is manifested as de-
creased ® (Table 1). The volume content
ratio of (110) to (100) textured crystallites
in the samples varied from 65/10 to 55/31
at the substrate temperature increasing
from 700 to 800°C, respectively (Table 1).

The solid solution line maximum average
positions obtained after separation of com-
plex diffraction profile are close to one an-
other both for T, = 700°C and T, = 800°C.
This position corresponds to the lattice pa-
rameter a; = 0.322 nm. To compare the ob-
tained lattice parameter with concentration
of titanium atoms dissolved in solid solu-
tion lattice, it is necessary to take into ac-
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Fig. 1. Diffraction spectrum fragments for
W-Ti films of the first concentration range
(10 to 14 at. % Ti) prepared at substrate tem-
peratures (T,) 700°C (1); and 800°C (2); and for
the films of the second concentration range
(40 to 48 at.% Ti) prepared at T, = 300°C (3),
500°C (4), 800°C (5). The letters a and b
indicate the positions of two characteristic
maxima for (W,_,, Ti,) solid solution.

count the effect of condensate stress state
on the diffraction line positions. The results
of such investigations will be given in the
second part of the work. It should be noted
that the coating elemental composition ac-
cording to the X-ray fluorescent analysis
data shows that the coating composition
varies from about W/Ti =86/14 to W/Ti =
90/10 as the substrate temperature in-
creases.

Within the second concentration range,
the coating main phase component is (W,_,,
Ti,) solid solution (Fig. 1, curves 3, 4, 5).
The condensation temperature elevation re-
sults in increasing relative volume fraction
of solid solution in the coating, while its
dissociation into two characteristic composi-
tions within the same type of bec lattice

Table 1. Phase composition, crystallite texture degree (®), substructure characteristics (micro-
strain €, and crystallite size L) for W-Ti condensates in the first concentration range (10 to

14 at.% Ti)
T, °C Phase Texture Content, e, % L, nm
plane », degrees vol.%
700 a-W (110) 19 65 0.4 50
(100) 5.5 10 0.15 40
(W,_,Ti) (110) >20 25 0.9 15
800 a-W (110) 21 55 0.5 60
(100) 12 31 0.2 50
(W,_,Ti) (110) >20 14 0.9 20
Functional materials, 13, 4, 2006 579
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becomes just obvious from the diffraction
line separation into two components (in Fig.
1, the positions are marked by arrows a and
b). Such situation is inherent in solid solu-
tions after concentration lamination due to
spinodal dissociation mechanism [13]. The
coherently bonded areas of solid solutions
with different atomic ratios are formed in
this case, this difference enhances then as a
result of dissociation and atomic rearrange-
ment due to ascending diffusion mechanism.
In Fig. 2, one example of complex diffrac-
tion profile separation is shown, where two
pronounced diffraction maxima of solid so-
lution are seen (curves 2, 3 in Fig. 2) in
positions corresponding likely to two metas-
table concentration states. The curve 4 in
Fig. 2 corresponds to a—W (110) diffraction line.

In Table 2, the data obtained by calcula-
tion of volume phase content in the films
depending on condensation temperature are
summarized. It is seen that the condensa-
tion temperature increase results in relative
decrease of the pure a—W phase content and
increasing content of (W,_,, Ti,) solid solu-
tion based thereon. A pronounced separa-
tion of (W,_,, Ti,) solid solution into two
stable components is observed. According to
X-ray fluorescence data, average atomic
ratio changed from W/Ti = 52/48 and 53/47
at T, =300 and 500°C to W/Ti = 60/40 at
T, = 800°C.

The substructure characteristics ana-
lyzed wusing two reflection orders from
{110}, {100} planes of tungsten and {110} of
tungsten based solid solution evidenced
micro-strains developed in the direction of
film forming particle incidence (normally to
growth plane): from 0.4 % (for T, = 700°C)
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Fig. 2. The result of profile separation for
X-ray diffraction line (I) into the compo-
nents (2, 3, 4) and overall convolution line
(5) for a condensate prepared at T, = 800°C
(C1~40 at.%).

to 0.5 % (for T,=800°C) for crystallites
with predominant orientation (110), and
from 0.15 % (T, ="700°C) to 0.2 % (T, =
800°C) for crystallites (100) oriented paral-
lel to the growth surface in the samples
with relatively low titanium atomic content
(1st series) (Table 1). For a—W phase, crys-
tallite size was found to be almost the same
(40 to 60 nm) for both texture types. The
solid solution crystallites were more
strained. Their micro-strain level was about
0.9 %, while crystallite size did not exceed
15 to 20 nm. For the second sample series,
it is just the solid solution ecrystallites
(about 1.4 % for T, = 3800 and 500°C, and
1.2 to 1.8% for T, = 800°C) that were most
strained, too, but those had larger average
sizes from 80 to 250 nm (Table 2). In a-W
phase, the micro-strain level was relatively

Table 2. Phase composition, crystallite texture degree (®), substructure characteristics (micro-
strain g, and crystallite size L) for W-Ti condensates in the second concentration range

(40...48 at.% Ti)

T,, °C Phase Texture Content, g, % L, nm
plane », degrees vol.%

300 oa—W (110) >20 15 0.4 6
(W,_,,Ti)), type b” (110) 20 60 1.4 80
(W,_,Ti,), type a (110) >20 25 1.3 45

500 o—W (110) >20 8 0.1 8
(W,_,Ti,), type a (110) 21 92 1.4 150

800 oa—W (110) >20 4 0.2 6
W,_,Ti,), type a (110) 19 81 1.3 180
(W,_,Ti,), type b (110) 19 15 1.2 250

* — the type is indicated according to diffraction line position in Fig. 1.
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low (0.1...0.4 %) for all the samples, while
crystallite size being substantially less and
did not exceed 5 to 8 nm.

Studying the macro-strained state by
"a—sin?y”- method in the condensates of the
first concentration range has shown that o—
W phase crystallites were subjected to com-
pressive macro-strains. The practically sym-
metric form of the plot obtained for macro-
strain calculations by "a—sinZy”- method
using scans both in +y and —y angle ranges
indicates applicability of plane-stressed
state model to the objects under study. The
strain value was —0.5 to —0.7 % (the sign
"—" indicates compressive strain) for (110)
textured crystallites obtained in the 700 to
800°C condensation temperature range,
while for (100) textured crystallites, it was
a little lower (0.2 to —0.5 %). The lattice
parameter calculation for non-strained sec-
tion has shown a value a5 = 0.31638 to
0.31639 nm in o—W phase, that is close to
the reference value for the bulk [12]. The
lattice parameter of tungsten crystallites
with (100) texture was increased a little:
0.3169 nm for T, = 700°C, and 0.3173 nm
for T, = 800°C. According to data of [9] and
assuming Vedard rule to be valid for the
lattice parameter variation, the obtained pa-
rameter change in non-strained section indi-
cates dissolution of 7 and 11 % titanium
atoms, respectively in tungsten lattice.

In the second sample series with high
content of titanium impurity atoms, the
macro-strain could be determined by
"a—-sin?y”- method only for solid solution
component. In the solid solution crystallites
of condensate prepared at T, = 300°C, the
macro-strain was found to be compressive
and to amount —1.8 %. In this case, the
lattice parameter in non-stressed section
was ag = 0.3210 nm that corresponds to
composition Wy 39Tigg¢- In condensates ob-
tained at T, = 500°C, the macro-strain value
was —1.1 %, while parameter a; = 0.3191 nm
corresponding to composition Wy 45Tig 50. At
T, = 800°C, compressive strains about —0.84 %
were developed in a-type crystallites, while
the lattice parameter ay = 0.3180 nm corre-
sponded to Wjg,Tig 33 composition. Estima-
tions made from b-type line positions gives
characteristic composition Wy 4gTiggg for
the second solid solution component.

The results obtained show that in initial
stages of solid solution formation, titanium
addition into tungsten lattice promotes
growing of textured crystallites with (100)
planes parallel to the condensation surface.
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Such arrangement results in less strained
basic bec crystalline lattice, that is mani-
fested in relatively low macro- and miecro-
straining of such crystallites. As the of
atomic titanium content in bce tungsten lat-
tice increases up to 11 % (at T, = 800°C), the
crystallite (100) texture perfection is lost.

In the films containing about 10 to
14 at.% of Ti, the presence of several
phases among which there are both almost
pure tungsten phase and (W,_,, Ti,) solid
solution with titanium content exceeding
the average value for the film as a whole
indicates inhomogeneity of elemental com-
position. The most probable cause of this
fact is the limited titanium atomic diffusion
length during the film growth. The diffu-
sion length can be estimated under assump-
tion that the impurity titanium atoms dif-
fuse from the inter-crystallite area to the
bulk of solid solution crystallite, the situ-
ation being close to reality for the case of
magnetron sputtering from the composed
target. As the substructure analysis has
shown, for condensates prepared in the first
concentration range (10 to 14 at % Ti) at T
= 800°C, the solid solution crystallites had
the average size of 20 nm. Using the esti-
mating equation <L> = (D1)%-% [18], where
<L> is a half of the grain size assuming
equiaxial grains; 1, the diffusion time which
is taken 30 s according to the condensate
growth rate, one can obtain the volume dif-
fusion coefficient D=3.10714 ¢m2s71 for
20 nm size grains. This value agrees well
with other results on atomic diffusion mo-
bility in nano-crystalline condensates [13].
It is worth to note that in bulk microcrys-
talline state, such D value in W-Ti system
may be attained only at temperatures ex-
ceeding 1000°C even for grain boundary dif-
fusion [14]. Such an effect of diffusion co-
efficient increase in nano-materials is well
known and is related to decreasing diffusion
activation energy in the grains smaller than
40 nm as compared to micrometer size ones
[15, 16].

The high diffusion mobility of titanium
atoms in sub-surface layers, as well as sec-
ondary atomic sputtering from the surface
are the main probable causes of atomic ratio
variation in the film as condensation tem-
perature increases. If at condensation tem-
peratures 300 and 500°C, atomic concentra-
tion change does not exceed several per
cent, such variation at T, = 800°C is about
8 % higher that at T, = 300°C (tungsten
relative atomic content increases from 52 to
60 at.%, according to X-ray fluorescence
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analysis). The elemental composition calcu-
lations basing on data on phase volume con-
tent in solid solutions of different composi-
tions at such temperatures results in some-
what lowler (near 7 at.%) but as well
rather high relative tungsten atomic con-
centration in the film under substrate tem-
perature increase.

In the films with higher titanium atomic
content (48 to 40 at. %), variations of both
solid solution volume content and average
concentration of its components are ob-
served depending on the condensation tem-
perature. According to X-ray diffraction
data, two the most stable solid solutions
contained about 60 to 61 % and 38 to 40 %
of titanium, respectively. As these atomic
ratios do not correspond to any special
points in equilibrium phase diagram, ap-
pearance of such stable concentration states
may be caused by concentration ordering
and phase formation peculiarities in non-
equilibrium nano-erystalline structures. To
such processes, first of all, the spinodal type
concentration stratification stimulated by
limited diffusion may be attributed [10, 17].

At high average titanium atomic content
in the film, its limited diffusion length in-
fluences very strongly, that results in for-
mation of the practically impurity-free do-
mains of a—W crystallites. It is of signifi-
cance that as the condensation temperature
increases, both specific volume and average
size of such domains in the material de-
crease. As to the fact of forming such im-
purity-free domains under condensation, it
is favored to a great extent by strong me-
tallic bond inherent in tungsten atoms that
results in development of high micro-strain-
ing in the crystalline lattice due to substi-
tution of tungsten atoms by titanium ones
having much larger atomic radius. As a re-
sult, additional strain energy occurring on
the background of condensation compressive
macro-stresses hinders the impurity tita-
nium atomic diffusion from sub-boundary
area into the crystallite bulk and causes
multi-zone structure of titanium atomic dis-
tribution. The calculation for the conden-
sates of the second concentration range (40
to 48 at.% Ti) deposited at the highest tem-
perature T, = 800°C shows that with ob-
tained D~810714 em2/s and characteristic
growth time of 250 nm size crystallites
172350 s, we obtain diffusion length
<L>~30 nm which corresponds to the size
of an external area (near grain boundary)
with stable composition (Wg,, Tigg) most
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saturated by titanium atoms according to
multi-zone grain structure model.

Thus, basing on the results of structure
and substructure analysis of the conden-
sates with high content of impurity atoms,
the most likely scheme of grain structure is
three-layered one including a 6 to 8 nm cen-
ter area of almost pure a—W, followed by
two periphery tungsten lattice based stable
(Wy_y, Tiy) solid solution areas with lower
and higher titanium content, respectively.
The zone of high titanium saturation is po-
sitioned closer to grain boundary, while the
titanium-depleted zone being nearer to cen-
tral grain part. In the last case, due to
lesser micro-strain caused by impurity
atoms, the diffusion length may be in-
creased.

Thus, studies of the two concentration
ranges of W-Ti system have shown that
both at low (10 to 14 %) titanium atomic
content and at about 1:1 W/Ti ratio, the
phases based on a—W bec crystalline lattice
are formed in the condensate. The presence
of few substituting titanium atoms in tung-
sten lattice (7 to 11 at.%) results in forma-
tion of predominantly oriented crystallites
with (100) planes parallel to the condensate
growth surface. The formation of (W,_,, Ti,)
solid solution with a high content of tita-
nium substituted tungsten sites in the lat-
tice results in higher disorientation of crys-
tallites and development of strong micro-
strains up to 1.4 %. Though the
condensation temperature elevation up to
800°C results in relative increase of (W,_,,
Ti,) solid solution specific volume content as
compared to pure a—W phase, however, this
does not allow avoiding multi-zone struc-
ture inhomogeneity of the grains due to
concentration stratification caused by lim-
ited diffusion mobility of titanium atoms.
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®da30BUM CKJIAZ, CTPYKTYypa
Ta HANPY:KeHU# cTaH KoHmeHcatiB cucremu W-Ti,
Ooep:KaHNX MATHETPOHHUM PO3MHJICHHAM

0O.B.Co6onw

JociimKeHO BIJIMB €JIeMEHTHOTO CKJIaZy Ta TeMIepaTypu OCaAKeHHSA iOHHO-TIJIa3MOBUX
rouzgencaris cucremu W-Ti Ha iX CTPYKTYpy, CyGCTPYKTYPHI XapaKTEPUCTUKHU Ta HAIPYKe-
HUY craH. BeranoBieHo, 110 KpuctadiuHmii ctalH ycix ¢as, AKi GopMyoOThCA IPU OCAAMKEHHI,
6asyerbea Ha OILK kpucrtamiuniii pemritii Boabppamy. Ha mouatkoBux craxiax GopmyBaHHA
TBEPJOTO PO3YMHY [PU BigHOCHO Masomy BMmicTi aromiB turamy y pemritmi (7...11 art.%)
BizbyBaeThcs opieHTOBaHWII picT KpucranitiB 3 maomwmuHamu tuny (100) mapangensHO mO-
BepxHi migkmagku. [Ipm 6igbIl BuCOKOMY BMicTi aToMiB TuTaHy BimdyBaerhcad (popMyBaHHA
curpaOgeopmoBanux Kpucraririe (W,_,, Ti,) TBepgoro posumHy 3 HEBEIMKHM CTyIEHEM
nockoHasocTi Tekerypu 3 momuuoio (110) Kpucramiunol pemriTKu, mapajejsbHO IIOBEPXHIi
spocty. B nromy Bunmagky s6inbineHHa TeMmieparypu ocamkeHHsa Big 300°C mo 800°C mpu-
3BOAUTH 0 KOHIIEHTPAIillHOrO pO3MIapyBaHHSA TBEPAOTO PA3UUHY 1 YTBOPEHHA JBOX TBEPIUX
PO3UMHIB 3 PisHUM cTabiIbHUM ejleMeHTHUM cKJagoM. IIpoBemeHo OLiHKY KoedirmieHTa mu-
dysii y manokpucramriuaux Kougencarax cucremu W-Ti i s8anpomoHoBaHO MOJeNb IS OMUCY
CTPYKTYPHOTO CTaHy KOHJEHCAaTiB, mo (GopMyioThCA.
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