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Mechanism of micropore formation in the area of pulse energy release of the laser focused
radiation in KCI single crystals was studied experimentally at low (77 K) and room (300 K)
temperatures. The pulse duration was varied from 51078 s to 1073 s and pulse energy — from
1 to 20 J. The observed pore sizes were (0.75 + 120)-1078 m. The dislocation structure around
the pores and photo-elastic stress pattern were studied. For the experimental results obtained
the following values were estimated: the initial pressure in the relaxation area (2-109N/m?2),
the heated-up "nucleus” temperature (1100 K), and the laser pulse absorbed energy corre-
sponding to a given pore size. As it is seen from the experiments, the dislocation mechanism
contribution into the substance transport for pore sizes less than 107° m is 2 + 4 %, while the
rest of substance is taken away by crowdion (interstitial atom) mechanism. The diffusion
contribution into the mass transport is found to be negligible.

9KCIepUMeHTATLHO MCCAEJ0BAH MeXaHU3M 00pasoBaHUA MUKPOIIOP B oUare MMIYJIbCHOTO
SHEProBbIJeNeHA CPOKYCUPOBAHHOIO U3JAydeHnudA Jasepa B MoHoKpucranaax KC| mpu rtemme-
parypax 77 K, 300 K (xomuarHas). BapbupoBainuch AIATeNBHOCTb UMIyibca (51078 s, 1073 g)
u osHeprus wummyasea (1 + 20 Ik). Pasmepn mHaGmogasumxes mop: (0.75 + 120)-1076 u.
WsyueHa ANCAOKAIMOHHAS CTPYKTYPa BOKPYT IOP W KAPTUHA (POTOYIPYTUX HAMPIKEHUN.
13 COBOKYITHOCTH TOJIyYEHHBIX 9KCIIEPUMEHTANLHBIX IAHHBIX OIEHEeHBI HAuajbHOE JaBJeHUe B
obmacTy perakcaryy (2-109 H/m2), temmeparypa pasorperoro “sxpa” (1100 K) u morsomieHHasn
SHEPTHA JA3EPHOr0 UMIIYJILCA, COOTBETCTBYIOLIASA JAHHOMY PasMepy II0Pbl. BKIay AMCIIOKAIIMOH-
HOI'0 MEXaHMW3SMa B IIPOIECC IIEPEHOCA BEIeCTBA, CIEAYIONIHN M3 SKCIEPUMEHTA, AJA PasMepoB
mop 1o 1075 m cocraBaser Benumuuny (2 + 4) %; OCTANBHOE BEIECTBO BHIHECEHO KPAYIHOHHBIM
(MeKy3eJbHBIM) MeXaHU3MOM. Brian muddysuu B IePEHOC MACCHl IIPEHEOPEKUMMO MaJl.

© 2012 — STC "Institute for Single Crystals”

1. Introduction

It is known that powerful enough laser
pulses passing through a solid dielectric
cause destructions like macrovoids and
cracks [1, 2]. In super pure materials ab-
sorption of laser radiation can be provoked
either by impact ionization with electrons
generated by photo-ionization of defects or
by multi-photon ionization of lattice atoms,
or by metallization of dielectric with narrow
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enough band gap under high intense radia-
tion [3]. In [4] the mechanism for initial
electron generation by means of cascade
Auger-transitions in alkalie-halide crystals
(AHC) was proposed. In real solids contain-
ing various other-phase inclusions a mecha-
nism of heating followed by plasma forma-
tion may act, initially, in the inclusion
area, and then also in adjacent region of the
crystal. For substances with narrow band
gap this can be stimulated by thermal ioni-
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zation of the adjacent-to-inclusion matrix.
Also, a mechanism of matrix photo-ioniza-
tion by UV irradiation of plasma formed
from nanoinclusion substance is possible
[6]. The fact that the local heating of crys-
tal and plasma formation are activated by
impurity centers, in particular, clusters of
anion and cation dopes, was brought out
clearly enough in [6]. In KCI single crystals
grown in protective phosgene atmosphere
allowed decrease the impurity content to
1076 9%, none of crystal bulk fracture was
observed under similar and even higher in-
tensity of laser irradiation. Experimentally
measured temperatures in the fracture area
are in the range from 0.55-10¢ to 2.7-10%
degrees [1, 6].

Plastic deformation and fracture proc-
esses under optical breakdown remain insuf-
ficiently studied for the time present. In
the work [7] an idea of dislocation mecha-
nism of their generation was developed.
Further investigations have shown that it is
necessary to consider and study the crowdion
and interstitial mechanisms as well [8—-16].

In order to obtain correct and reliable
evaluations of dislocation and crowdion
mechanism contributions, it is necessary to
study physical processes preceded the pore
formation, their parameters, the kinetics of
crystal cooling, and to estimate the role of
diffusion processes in total mass transfer.
Indeed, such problem was set by us during
the experiments described below. This work
is devoted to determination of mechanisms
of local laser influence onto dielectric me-
dium, which is an important problem also
for physics of electromagnetic radiation in-
teraction with substance, and for strength
and plasticity physies.

2. Experimental

As investigation object we used KCI sin-
gle crystals grown from melt by Kiropulos
method; the initial dislocation density was
~5-105 cm~2. Parallelepipeds of (1x1x2) em3
size with {100} type sides were cut off from
a large block. The laser beam was focused in
the bulk of the sample using a lens with
focal distance f =10 cm. The beam direc-
tion coincides with (100) type crystal-
lographic direction.

The main experiments were carried out
using a ruby laser GOR-30 in the regime of
free generation. Pulse duration T = 1073 s,
energy up to 20 J, and the generated radia-
tion wavelength A = 694 nm were used. The
samples were irradiated at 77 K and 300 K.
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Fig. 1. Examples of micrographs of dislocation
structures near pores under different experimen-
tal conditions (x1000): a) Ruby laser, free genera-
tion, T =102 s, T — room temperature; b) Neo-
dymium laser modulated @-factor, T = 5108 s, T
— room temperature; ¢) Ruby laser, free genera-
tion, T =103 s, T = 77 K.

Also, comparative experiments were carried
out at T = 300 K with the samples irradi-
ated using neodymium laser with modulated
Q-factor (t=510% s, A=1054 nm,
W =1 J).

Using pulse duration and temperature
variations during irradiation we influenced
on fractional participation of every mass
transfer mechanism, thus, it gave a possi-
bility to understand, what factors were cru-
cial for realization of one or another mass
transfer mechanism. After the laser irradia-
tion the samples were cleaved by cleavage
planes, and then the dislocation structure
near opened voids and the photo-elastic
stress pattern were studied.

3. Results and discussion

The experimentally observed pore size
varied from 1074 to 1072 e¢m. In Fig. 1 typi-
cal micrographs of dislocation structures
are shown. Dislocation "rays” look like the
intersections of circular dislocation loops or
helical dislocation by the cleavage plane.
This is so-called pencil sliding which was
observed in [17] for the first time. In our
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a

Fig. 2. Schemes of shear dislocation loop generation (a) and prismatic indentation (b) from the
surface of spherical void under pressure (/, and [, — current length of screw and edge parts of the

dislocation loop formed during prismatic indentation (pencil sliding);

| — distance between

generated prismatic loop and pore surface where it was born).

case this is also quite possible, if takes into
consideration that in AHC besides the host
sliding system in {110} type planes there is
also additional one in {100} type [18]. Prac-
tically always, the process of prismatic in-
dentation begins from thermal fluctuation
generation of shear loop on the surface of a
dilating inclusion (or a spherical pore under
pressure) where maximum shear stress acts
(Fig. 2a,b), otherwise for indentation, the
screw parts of growth dislocations near in-
clusions are used (Fig. 3).

When a shear loop bearing by its screw
component on the inclusion surface is gener-
ated, the screw components move towards one
another, run round the inclusion (Fig. 2b),
and generate interstitial prismatic loops and
multiple-turn helicoids.

The estimations and calculations below
are carried out in assumption that each of
mass transfer mechanisms acts inde-
pendently from each other, being deter-
mined only by external conditions and in-
trinsic possibilities of realization.

It is known that if isotropic solid con-
tains a spherical void with radius R much
less than the body size, and pressure P acts
onto internal surface of the void, the shear
stresses, e.g. the components 6, = o,, act-
ing in XOY plane (see Fig. 2b; OY axis is
directed along the direction of easy sliding
and possible prismatic indentation) are de-
scribed by the relationship [19]:

Xy

e -3 p3. Xy
Oyx = O T2 R (x2+y2)5/2

yx xy

P, 1)

where R — radius of spherical void.
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Fig. 3. Scheme of helicoid forming from the
part of a screw dislocation positioned near
the pore under pressure.

The shear stresses on the void surface
achieve the maximum wvalue in the point
with coordinates x = y = R/V2 and in other
points on the void surface which are visible
from the point of origin at the angle 45° to
OY axis, where dislocation loops should be
generated (Fig. 2b):

3 (2)

(GZx)max 4 P.

In the plane parallel to OY axis (z =
R/\2) far from the pore (at y>>R) the
stresses oy, decrease according to the law:
Oyx™ (R/x)%.

Assuming, as in [19], the dislocation
loops stop at the distance {;;; from the void
where shear stresses drop to Pierls thresh-
old o, stress level we obtain the dislocation
assemblage (ray) length [, as:
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Table. PyV, and other parameters for selected five pore sizes

Points on the| Pore radius, | Pore volume, PyVy, J Py, 109 N/m2 Liiso 106 m dldis/d(R1/4)
curve from R,10%m vV, m3
Fig. 3
1 0.75 1.77-10718 2.1079 1.13 10.5 2.68-10°4
2 1.7 2.08-10717 0.32.1077 1.59 18 4.9.1074
3 13 9.2.10715 2.11-107° 2.29 40 24.8.1074
4 62 9.7.10713 1.7.10°3 1.7 190 74.3.107%
5 120 7.24-10712 1.5:1072 2.0 340 128104
€ 50071 o
l i gp /4 (3) o
dis = . s
(‘“’J L
400
In initial moment when the void is of Ry
size, the pressure in it is P,. As the void 50
expands in the pulse regime, the heat ex- = B /
change can be implied absent, i.e. the swel- 7
ling process is assumed adiabatic. In this
case, PyVy =PV, and the relationship (2)
can be written as: 200 4
o]
o 8y (Yo ) {
ymax — 4“0 y | o 0/
and [, is obtained in the following form: 30/
4 2
(5) o M.
1/4 1/4 1 2 3 (R10°,m
L. = 8 PoRY. piza_ (-9 PoVo\ Ty \ )
dis — | 4 o, T 116 o, ) Fig. 4. Dependence [;_  on R/4 (figures 1-5

In relationship (5) the experimentally
measured values l;, and R are intercon-
nected. For large pores, where the disloca-
tion ray length is difficult to resolve in the
dislocation pattern, the data of stress po-
larization pattern were used, in which, as it
was shown in [7], the ray visible length lopt
in (110) type direction is by a factor of 3.7
larger than ;.. This fact was established by
systematic measurements of [, and {,,, for
the pores in the size range where botlg val-
ues are measurable. When the dependence
l4is versus R1/4 is plotted and the tangent to
the curve is drawn in some point, the slope
ratio for the chosen point is:

dlgs (9 PoVo)l'* (6)
dR/Y |16n o, |

From (6) it is possible to determine the
initial parameters of the heated area (PyV)
for the void corresponding to the point cho-
sen in the curve I, (R1/4) at the known o
value. The dependence I, versus Rl/4 is
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indicate the points for which the slope ratios
were determined and parameters P,V, were
calculated, see Table 1).

shown in Fig. 4, and the calculated P,V
and other parameters for chosen five pore
sizes (marked in Fig. 4) are given in Table.
The following conclusions can be made
from the data above. First, during forma-
tion of the raptures observed only a minor
part of the pulse energy, 1079 + 1072 J, is
absorbed that evidently explains the absence
of any correlation between the pulse energy
and the rapture character. Second, after
changing void size more than by two orders
of value the initial pressure within them
remains practically stable and equal to
shear ultimate stress P=2.0-10°9 N/m? for
crystals. The author of [6] also came to con-
clusion that the formation of plasma at
5500 K under pressure of an order of
109 N/m? precedes to the fractures formation.
Let us estimate the temperature of the
heated area (a nucleus). The nucleus volume
relative variation 8V/V and the pressure
necessary to restrain it are related as:

Functional materials, 19, 3, 2012
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v_P (7
vV K’
where K — volume elasticity modulus (for
KCl ecrystal, K =1.741010 N/m2 [20],
P = 2.109N/m?). On the other hand:
S _ ®)
v - 30AT,
where o — linear expansion coefficient,

which is o = 481076 deg™! for KCI; AT —
the body temperature variation. From (8)
taking (7) into consideration it follows:

_ V/V 9)

AT = 800(K).

Thus, if the experiment is carried out at
room temperature, T = 300 K, the tempera-
ture of the heated nucleus is about 1100 K
and it is practically the same for all pores
with sizes in the range of the study (from
1074 ecm to 1072 cm).

Plasma cloud size, plasma temperature,
amount of absorbed by it energy from the
laser pulse, and time interval of plasma
burning significantly depend on physical
properties and sizes those extrinsic particles
which fall within the focal area of the laser
pulse in the moment of irradiation. The con-
clusion about plasma extinction follows
from the fact that in all of described experi-
ments, only a minor part of the pulse en-
ergy is found to be utilized for crystal frac-
ture (see Table ). Moreover, according to the
literature data [21, 22], as the pressure rise
exceeds 100 + 200 atm., the radiation losses
increase quickly, thus, result in optical
breakdown threshold increasing that, in
turn, leads to plasma extinction.

Using the micrographs like given in Fig. 1,
it is easy to calculate the number of visible
interstitial dislocation loops, their sizes,
total amount near each pore, and, taking
into account all the easy sliding directions
to estimate the substance volume brought
out by the loops from the void. It turned
out that this is only not more than (2 +
4) % of the generated pore volume. This
fact may signify that either emitted disloca-
tion loops are dissolved by diffusion mean-
while the high temperature exist in the
crystal, or the main volume of substance is
brought out by the mechanism of crowdion
(interstitial) migration of atoms.

To estimate diffusion fluxes, it is neces-
sary to know the temperature distribution
about a pore and its time variation. The
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task is reduced to solution of the heat-con-
ductivity equation for isotropic three-di-
mensional body of radius L with centered
within it heated small spherical nucleus of
radius ro<<L:

a_T= a2AT, (10)

ot

where A is Laplacian. Initial and boundary
conditions are the follows T(r,0)= f(r),
T(L,t) = 0. Temperature conductivity is
a? = k/(c-p), with B — heat conductivity,
p — density, and ¢ — specific heat. Func-
tion f(r) describes the temperature distribu-
tion in the body at the instant of time ¢ = 0.
In our case, the initial condition comes to
the fact that at ¢ = 0 instant, in the sample
center (in the lens focal area) there take
place absorption of a part of the laser pulse
energy and sharp increase of the tempera-
ture up to some value T in the crystal area
of ry radius.

The initial condition is not known ex-
actly. To analyze the temperature distribu-
tion we apply the solution for the case of an
instant point heat source in the center of
the body in which the heat amount @ is
injected at the instant ¢ = 0, at that the
temperature of the crystal heated volume
(v becomes Ty = @/(vcp). The solution of
equation (10) is described as following [23]:

Ty B (r- ro)z} (11)
T(I",T) = m exp |: 402t |

According to (11) in any flock of points
at the distance r from the center the tem-
perature increases in the beginning,
achieves the maximum, and then decreases
with time. This maximum moves from the
crystal center (the center of energy release)
quickly falling by its height. The process
rate is determined by the crystal tempera-
ture conductivity. As it follows from (11)
the distance to some point of observation, r,
the time period, ¢, after which the tempera-
ture maximum will be achieved in this
point, and the temperature conductivity, a2,
are related by the expression:

r2 = 4at. (12)

In the point of a heat pulse injection, at
t > 0 the Gaussian temperature maximum is
formed. During heat propagation in the
crystal the height of the maximum de-

creases with time by the law: T, ~ 1/(Nt)3.
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Radius of the pore surrounded by disloca-
tion loops is equal to the dislocation ray
length I;, corresponding to the pore size.
From equation (12) we find the time period
¢, in which the temperature maximum will
be achieved on the surface of a sphere sur-
rounding the crystal region of ldis radius.
For pores 1-5 given in Table, we obtain the
following evaluations: ¢,,, = 2.8:107% s, ¢,,
=810%s, t,5=410"%s,¢,,=9103 5, ¢
=2.510"2s.

The average temperature in the relaxa-
tion region of radius [;, can be evaluated
using the energy conservation law and data
from Table 1 about the energy absorbed by
the crystal during formation of the pore of
a given size:

m4 mb

Pyv, 18
(T) =" (15)
Vdis - pe

where V= (4/3)n1d;; p = 2.4-103 kg/m3 is

KCl density; c¢ = 5.77-102 J/(kg-deg). Substi-
tuting the values for points 1-5 from Table we
obtain: (T1) =0.85 deg, (T,) =1.11 deg,
(Tg) = 67 deg, (T,) = 50 deg, (T5) = 77 deg.

Of course, the errors in these evaluations
are rather high, especially for estimations
of the average temperature in the relaxa-
tion zone. The equation (18) contains two
measured values which errors are added up.
Nevertheless, these evaluations allow quite
logical conclusions. First, if the energy ab-
sorbed is bigger, the relaxation region heat-
ing temperature is higher; and second, if
the relaxation region is bigger, the more
time is needed for it heating and the longer
time is required for its cooling. Thus, the
contribution of diffusion processes under
high local energy release when a large pore
is formed will be evidently larger.

Let us evaluate the diffusion flux from
the loops being dissolved. Based on the esti-
mations above the temperature can be taken
as not more than 100 degrees higher than
room value (i.e. T = 400 K) in the crystal
relaxation region. The loop dissolution flux
can be calculated using the relationship for
the interstitial loop collapse [24]:

ar, _ (14)
dt
_ on | Gb(n(R,/b) + &)D,Cio
bln(SRl/b)L 4n(1 - V)ETR,

+ DyAC, |,

where D,, D; are diffusion coefficients for
vacancies and interstitials, respectively, at

294

temperature T; G is shear modulus; v is
Poisson coefficient; b is Burgers vector; R,
is loop radius; £ — Boltzmann; ® — atomic
volume; AC,, — vacancy supersaturation far
from the loop; C; — equilibrium concentration
of interstitials far from the loop; g= 2+ 3
takes into account the energy of dislocation
nucleus.

The loop volume is V;, = nR;?b. Taking into
consideration only the first summand in the
equation (14) and the fact that (In (R;/b) + 2)
and In(8R;/b) are of the same order of value
for the flux of atoms from the dislocation
loop, we obtain:

4V, _nGbDw (15)
dt (1 - VET’

Substituting the appropriate values: G =
1010 N/m?2, b = 810710 m, ® = 8-10729 m3,
B =1.8810"23 J/deg, T =400 K, v=0.3,
and the activation energy of KCI self-diffu-
sion E, = 2.1+ 2.4(eV) [20, 25] we obtain
dv;/dt = 4-10735(m3/s). Thus, the diffusion
flux of the loop dissolution is negligible.

The question is: why the dislocation
transfer mechanism being quite perfect en-
ergetically becomes less effective than the
crowdion one in the experimental case de-
scribed? Perhaps, the point is that the
mechanisms discussed have substantially
different specific relaxation times. In order
to form a loop, it is necessary to shift one
crystal part relative to another by Burgers
vector. For a crowdion to be formed, only
one atom should be shifted to the required
position. That’s why in pulse processes the
crowdion mechanism becomes more prefer-
able. At that the crowdion turns into a mo-
bile particle with low effective mass [26].
So, in [27] it is shown that crowdion in
copper, for instance, has effective mass only
0.23 of atom mass, while its localization
level overlaps 38—4 lattice parameters along
the close-packed row. These parameters pre-
determine high mobility and "inertial-less”
ability of crowdions in the mass transfer
mechanism. Additionally, in [28] it was
shown that the crowdion high dynamies is
stimulated by strongly non-uniform field of
elastic strains with high gradients that is in
our case.

At temperature 77 K the dislocation
structure exists near pores, but it substan-
tially differs qualitatively. At "nitrogen”
temperatures the dislocation "rays” end, as
a rule, by a "cap” of scattered etching pits.
Schematically, this phenomenon can be ex-
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plained as follows. As the temperature de-
creases crowdion mobility rises sharply, and
being under the stress field they rather easy
(without conversion) move away from the
pore at the identical distance (and in the
same direction) that the dislocation loops
move. Due to low temperature the super-
saturation of lattice by interstitial atoms
takes place. Under heating to room tem-
perature this supersaturation is partially re-
laxed at the expense of occurring intersti-
tial dislocation loops which are revealed
under etching as the "caps” of etching pits
in specific crystallographic directions. This
also supports the fact that under conditions
described it is the crowdions were substance
carriers which generated and moved in
close-packed directions.

In ion crystals the crowdions must be
generated and move simultaneously in cat-
ion and anion sublattices, and, obviously,
there should exist a self-regulation mecha-
nism inhibiting the charge space separation
in macroscale and the dielectric polariza-
tion. One of the possibilities to avoid polari-
zation is the formation of crowdion dipole
consisting of an anion and a cation being
connected with each other and moving as a
single whole. If to a zero approximation,
the crowdion dipole is taken as an "electri-
cally neutral” formation moving in a "tube”
of an electrically neutral crystal and inter-
acting with nearest neighbors only without
taking into account the long-range Coulomb
forces, all the conclusions of [26—29] con-
cerning the crowdion effective mass, its lo-
calization extent, character of influence of
crystal stress state type and its evolution on
the crowdion dynamics which are valid for
cryogenic crystals and metals can be applied
to ion crystals as well.

The experiments do not contradict such
conclusion and even indicate high activity
of the crowdion mass transfer mechanism
during pore formation under conditions of
optical breakdown of ion crystals.

4. Conclusions

The micropore formation in KCI single
crystals was studied in the area of pulse
energy release of laser focused radiation at
the crystal temperatures 77 K and 300 K
and the laser pulse durations 1078 s and
51078 s. The range of observed pore sizes
overlaps the area by (0.75 + 120)-107% m.

Using the experimental results the in-
itial pressure in the dilation area was
evaluated ~2-109 N/m?2 found to be practi-
cally similar for all the pore sizes, the
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temperature of the crystal heated area (nu-
cleus) being T, + 800 K (T,, is the crystal
temperature in the experiment). The value
of absorbed laser pulse energy depending on
the formed pore radius was estimated.
Based on the solution analysis of the heat
conductivity equation describing the crystal
cooling after a local temperature outburst,
the diffusion contribution into substance
transfer process was estimated and found to
be negligible.

From the experimental data and the
theoretical estimation it is follows that
under conditions described during pore for-
mation up to the sizes of the order 107® m,
the main substance transport mechanism is
the crowdion one (96-98 9%). The leading
role of the crowdion mechanism becomes ap-
parent also in formation of etching pit
"caps” on dislocation "rays” at low tempera-
tures as a result of relaxing the supersatu-
ration of the lattice by interstitial atoms in
these zones of the crystal. The predominant
role of the crowdion mechanism under ex-
perimental conditions described, evidently,
is caused by combination of such facts as
high impulsivity of the stress relaxation
process around the heated region of the
crystal, purely shear character of deforma-
tion in stressed area, highly inhomogeneous
strains (high gradients), and low tempera-
tures of the experiments.

Authors express their thanks to Prof.
V.D.Natsik for collaboration in discussion
on the work.
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MexaniamMu (popMyBaHHA MIKPOMOPOKHUH
y mounokpucraaax KCIl B ouary
IMIIyJIbCHOTO €HEepProBUAiJIeHHA c(POKYCOBAHOTO
J1a3epHOTO BUIIPOMiHIOBAHHSA

I10.1.Boiiko, M.A.Bonocrwxk, B.I' 'Kononenko

ExcnepumMeHTaIbHO [TOCIHiIMKEHO MeXaHi3sM YTBOPEHHS MIKpOmOp B ouYary iMIIyJIBCHOI'O
eHeproBUILIeHHA c()OKYCOBAHOr0 BUIPOMiHIOBAHHS Jiasepa y MoHokpucragax KCl mpu Temme-
patypax 77 K, 300 K (ximuarua). BapiooBamuca Tpusamicrs immynney (5:1078 ¢, 1078 ¢) i enep-
rig immynsey (1 + 20 Hox). Posmipu nop, mo cmocrepirammes: (0.75 + 120)-1076 m. Busueno
IUCJIOKAI[IAHY CTPYKTYPY HABKOJIO HOP 1 KapTuHY (POTONPYIKHUX HAIIPYKeHb. I3 cyKymHOCTL
OTPUMAHNX EKCIEePUMEHTAJbHUX [JAaHNX OI[IHEeHO MOYaTKOBHII THCK B obJuacri pemaxcariii
(2-10% H/m?), remueparypy posirpitoro "sgpa” (1100 K) i moriuHeHy eHepriio iasepHOIo
iMnyabscy, BiimoBiAHY maHoMy posMipy mopu. BHecok gucnokalifinoro mexanHismy B mpoillec
[epeHeceHHsA PEeUYOBHHE, IO CALAYE 8 eKCIepUMEHTY, AJAd posMipis mop zo 107° M ckiazae

BeanuvHy (2 +4) %; peuiTa peuoBMHU BUHECEHA KPayTlOHHUM (MiKBY3€JbHUM) MeXaHis-
moM. Brecok audysii y nmepeneceHHss Macu HeXTOBHO MaJuii.
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