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Based on the density matrix method for a general nonequilibrium system consisted of a number of fluc-
tuating in energy phonon-dressed states weakly coupled to the equilibrium environment, and using the
concept of self-decaying defect states in terms of the three-stage framework for the defect dynamics, the
applied cumulative stress distributions of a failure probability for the non-stationary population of peak
amplitudes of intermediate state of the three-state decaying nonequilibrium system are found. It is shown
that the theoretical cumulative distribution determined for this state in terms of the respective solution of
transcendent equation for the maximum of population is in direct correspondence with the damage proba-
bility of the whole system and therefore should be in agreement with the experimental cumulative distri-
bution of the irreversible failure of the system observed on flexural testing of the brittle solids. In the pro-
posed formalism, it is established that a-plane sapphire is advanced in its brittle performance. As such it is
concluded that a-Al:03 has not only far more strength, but reveals a noticeably higher competitive ad-
vantage as compared to CVD-ZnSe. This conclusion agrees well with the corresponding experimental ob-
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servations provided in respective IR-transmitting window materials for the a-Al:Os and CVD-ZnSe.
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1. INTRODUCTION

All solids, crystalline or amorphous, are not perfect
in structure and have a certain amount of various de-
fects. The types of these are numerous including vacan-
cies and interstitial atoms (point defects), dislocations
(line defects), stacking faults (planar defects), and voids
(volume defects), to name a few. In fact, in any solid, a
defect of every possible type has a non-zero concentra-
tion. Therefore, in order to perform successfully, a solid
must tolerate the low concentration of defects by being
endowed with the capability for its self-decaying irre-
spective of the type. This requires considering the de-
fects in solids that as not the static macroscopic objects
like permanent dislocations or structural imperfections,
whose deleterious behavior scales linearly with the
applied stress, but essentially as the dynamic micro-
scopic objects like local or extended lattice defor-
mations, which can depend on normal vibrational exci-
tations (phonons) and whose behavior scales nonlinear-
ly (exponentially) with the stress. Moreover, in a-Al20Os3
brittle solid, such a nonlinear behavior can at the same
time be stochastic, revealing in itself an irreversible
fracture of a tested solid at a different random value of
a slow ramped stress without any significant plastic
deformation before one-off failure occurs [1, 2].

At the same vein, this means that to make a rigor-
ous consideration of defect dynamics in solids, one needs
to start from a microscopic framework of a defect-state
space defined for a finite state nonequilibrium system
coupled weakly to an infinite state equilibrium envi-
ronment, and then to describe the defect evolution as
the random movement of distorted groups of the sys-
tem’s atoms between the several preferable configura-
tions (the so-called defect states) on the background of
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harmonic vibrations of environmental atoms. Such rai-
son d'étre recognized long ago is formulated consistently
in [3], where the defects are associated with elastic dis-
tortions of nonequilibrium atomic configurations inter-
acting with normal vibrations of the bulk atoms which
form the reservoir of thermally equilibrated phonons.
Because the defect-phonon interaction is introduced
microscopically, this not only allows to nonperturbative-
ly define the renormalized defect states dressed in vir-
tual phonons, but also makes it possible to calculate the
rate constants of relaxation transitions between the
dressed states. In this framework, relaxation processes
are re-assumed to be induced by the defect-phonon in-
teraction. As the latter after renormalization is made
small enough to be taken as a perturbation, this justi-
fies the use of lowest-order-perturbation approximation
(Born approximation) and provides a basis for the ex-
planation of general regularities in the dynamics of var-
ious defects in ceramics as well [4].

In the similar framework developed in [4] the struc-
tural defects are associated with some kinds of disorder
in nearly periodic amorphous lattices, too, provided that
the emerged defect states interacting with each other
and with lattice phonons are properly (or, at least, con-
sistently) defined. Moreover, the microscopic nature of
these defects can be very different, from the disordered
pattern of molecular bonds in the lattice (like loose at-
oms or dangling bonds) having mainly two alternative
positions in space (the two-state defect) separated by a
particular potential barrier, to the extended structural
configurations of compact disordered regions encom-
passing hundreds of molecular units and forming the
multi-state defects. Analogously, the structure and
properties of Al2Os associated with the deformation of
the lattice in the vicinity of the vacancy can be described
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within the framework described in [5].

In the present paper, based in part on our previous
work [3], we aim at developing the three-stage self-
decaying model able to describe the irreversible dynam-
ics of defects in brittle solids, from a microscopic stand-
point. Our approach is formulated in the framework of
a microscopic defect-state space for a nonequilibrium
nonstationary system coupled to an equilibrium steady-
state environment. But in contrast to [3], we allow the
system'’s eigenenergy levels with random fluctuations
around the stochastic average positions with mean am-
plitudes and frequencies. This allows to use the formal-
ism of calculating the rate constants of transitions be-
tween the fluctuating energy levels developed in [4].

The paper is organized as follows. In Section 2 we
propose the theoretical model for describing the dynam-
ics of a-Al2Os defects in a nonequilibrium system con-
sisted of a number of fluctuating in energy phonon-
dressed states weakly coupled to the environment that
induces relaxation transitions between them in the
one-defect approximation. In Section 3, for the case of a
single transient failure-prone state, we reduce this
model to a three-stage chain of transitions, for which
the solution for the time-dependent population of that
state is obtained in an analytical form in Section 2.
This allows to find the stress dependence of the maxi-
mum of the population that determines the cumulative
failure distribution. The theoretical results are com-
pared with experimental data on flexural testing of a-
plane sapphire in Section 3. Finally, in Section 4, the
consequences thereof are concluded.

2. THEORETICAL MODEL

There are different scales for description of the dy-
namics of defects in a nonequilibrium system. At each
scale, one aims to model the temporal behavior of defects
in the corresponding time and state spaces characteristic
of the required description level. As such it is commonly
assumed that, despite the different types of defects may
occur in the system in all possible occupation numbers,
there is the mean field approximation that replaces an
actual surrounding of a defect by a locally averaged
number of neighboring defects, so that solely a single
defect of the most relevant type will influence one and
only one set of observations [3]. As a consequence, the
many-defect state can be specified in terms of the occu-
pation numbers (populations of defect states) associated
with the small elementary cells in the system defined at
the level of a single-defect state-space scale.

In general, one can indicate three levels of descrip-
tion at which the plausible models for defects may be
defined most accurately. These are microscopic level,
mesoscopic level, and macroscopic level. At the macro-
scopic level, defects are associated with some macro-
scopic particles such as specific atomic and molecular
structures, whose concentrations can vary with time
and behavior of which obeys the generalized continuity
equation in the reactor. However, if to use both the low
concentration limit and an activated state representa-
tion for a single defect species, then equation of contin-
uous diffusion of a defect can easily be reduced to the
master equation for its thermally activated Arrhenius-
type transitions between failure-tolerant and failure-
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prone system states [4]. Analogous reduction of the
dynamics of defects to the master equation for their
between-state transitions is also appropriate for the
mesoscopic level, at which the defects are associated
with the mesoscale faults such as localized cracks,
whose density exponentially depends on the stress.

However, at the microscopic level, one cannot charac-
terize the defects so specifically as in cases of macroscop-
ic and mesoscopic level descriptions. The matter of fact is
that microscopic defects, being numerous, but small in
size, are hidden from direct observations and even unde-
tectable in a brittle solid for causing no harm to it.
Therefore, in order to maintain the defect concentration
at a no damage level avoiding brittle failure of the solid,
there should be a particular mechanism that balances
the process of thermal activation of defects with their
spontaneous self-decaying by matching a difference be-
tween numbers of stationary appearing and disappear-
ing defects at the subthreshold level. Moreover, in this
case, the defects will be associated with the stochastical-
ly fluctuating thermally-excited states of a nonequilibri-
um quantum system weakly coupled with its equilibrium
environment [5, 6]. Remarkably, the kinetic equation for
populations of defect states, found as a result of stochas-
tic averaging of the microscopic Liouville-von Neumann
evolution equation for the density matrix of the whole
system “system + environment + weak interaction” over
fast fluctuations in the states’ energies, being generally
nonlinear and containing also states’ coherences, can
nevertheless be reduced to a linear equation of the popu-
lation balance only [4].

In general, the microscopic master equation is too
complicated to treat it precisely. Therefore, to try to in-
tegrate it analytically we need simplifying approxima-
tions dealing with averaging out those irrelevant degrees
of freedom, precise knowledge of which is out of the
question. For doing this, according to Ref. [3], the se-
quence of consecutive averaging approximations can be
proposed as follows. These approximations are: first,
partial averaging over the Bose-distributed normal vi-
brations (phonons) in a thermally equilibrium environ-
ment by eliminating them from explicit consideration;
then, neglecting the fast decaying off-diagonal elements
of the nonequilibrium density matrix (states’ coherences)
and retaining only its ensemble-averaged diagonal ele-
ments (populations of system states); further, averaging
over the random fluctuations in microscopic energies
given the distributions of their mean stochastic ampli-
tude and frequency parameters; and, finally, modulariz-
ing the description of the temporal behavior of the locally
equilibrium state populations by using appropriate
steady-state approximations (for more detail, see, e.g.
[4]). The final result of the above approximations is the
reduced master equation.

Following [7], the resulting kinetic model for the pro-
cess of self-decaying of defects in a brittle solid in the
one-defect approximation is represented in the form of a
three-stage four-state scheme

f, a
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state being the aggregated state of N equipopulated (de-
generate) thermally activated states at equal energy E,

with the initial equilibrium population, |F > 1is the
transient failure-prone state at energy Er, |D > is the
decay failure-tolerant state at energy FEp, and
f..r.a,B,y are the rate constants for between-state
transitions directed with respective arrows in (1). In this

scheme, the activated-state degeneracy, being a function
of T'and applied stress o, scales with these as

N_ =n' =exp[(E, - 0Q)/ kyT]x
x{1+ exp[~(E; —oQ)/ k,T]+ @)
+exp(—E | kgT) +exp(-E}, | kyT)}

Here, Q is the volume of representative volume of a
one-defect cell of the system whose states of applied
stress are uniformly distributed in the cell with activa-
tion energies being much larger than the thermal energy

E, >E;>E, > kT 3

At not very high stresses, the expression in the figure
brackets of (2) is close to unity. Therefore, the steady-
state stress in the one-defect cell is determined by the
condition of chemical potential equilibrium

oQ-kyTIn(n;' /n;,") =0, (4)

where n, =exp[—(E;/kgT)] is the activated-state de-

generacy density at zero stress. However, condition (4) is
well appropriate for a continuous distribution of defect
states ceases to hold at higher stresses in the one-defect
approximation conditioned by a discrete degeneracy rela-
tion N, >> N_>1. Therefore, in this case one must use

the more general expression (2) which reproduces both
the limit of zero stress and the limit of infinite stress
leading to N, >>1 and N__,_ =1, respectively.

The kinetic model (1) comprises the problem of a con-
tinuous-time discrete-state Markov chain. Given the
initial conditions, it can be solved exactly for the time-
dependent populations of states by using standard nu-
merical methods for solving systems of first order linear
differential equations [3].

Hence, it is appropriate to restrict further considera-
tion of defect evolution to only the one failure-prone state
| F >, staying with a defect which appears for the sys-
tem to be a single cause for failure. However, this state
is a transient one. So, transiting a defect to the pre-decay
state | D> makes the system failure-tolerant and hence
creates the possibility for ultimate self-decaying of it to
the ground defect state. The resulting system of master
equations in the case (1) for the respective state popula-
tion p; () takes the form of the system of three ki-

netic equations

bp@) ==(B+7)pp@) +app®);
br@®) =Bpp)—(r+a)pp®)+f, p;@); 6))
p[(t) = rpF(t) _fo—pl(t)§

However, even for the given initial conditions, the
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analytical solution of system (5) remains still complicat-
ed. Nevertheless, we can use an exact analytical solution
to the similar simpler system obtained in [3] and find an
approximate analytical solution for population

p;?)(t)z prp(t;o) of failure-prone state |F > (the sta-

tionary level that is always small at all o). By so doing,
we can obtain

_ Brr—4
pr(t) —fnc@ =)

J#]

eXp(—/”ijt) . (6)

Here, the exponents A;.,;_,,; under summation and

product signs are the system eigenvalues which are
associated with the non-negative Debye relaxation
rates obeying the characteristic equation

A= 2%(fn, +r+a+f+y)+

7
+A(fn, +r)(B+y)+a(fn, +1)]-fnay =0 @
Given the simple initial conditions, analytical solu-
tion (6) coincides with the analogous solution of [3] at

N_=1. Moreover, Eq. (7) corresponds to the third or-

der equation

Pr@O)+(fn, +r+a+ B+ y)bp)+

‘ ®
H(fn, +1)(B+7) +alfr, + DIpr(®) + fn,aypp(t) =0

This equation represents an exponential temporal
rise and the decay pattern that consists of the failure
relaxation modes. This mode adds its particular contri-
bution, differing in eigenvalue (7), as well as amplitude

and sign (8). As expected, the time dependence of p%") @)

is transient and shows an increase, peak and decline
without oscillations to the equilibrium as ¢ —oo0. This

allows us to find the maximum of the population
By = o G ©)
being a nontrivial solution

at the peak time moment
of the transcendent equation

PP =0. (10)

Since the maximum failure probability is associated
with just a maximum of population (6) of failure-prone

state f)gf)(t)zﬁF(t;G), expression (9) represents the

stress dependence of failure cumulative distribution
function of the system. Populations pg}(t) of other

states can be obtained similarly (cf. [3]) and are not pre-
sented here for reasons of space.

In general, there is no analytical solution to the prob-
lem (6)-(10). Therefore, in the next section we use a nu-
merical method to simulate the behavior of failure cumu-
lative distribution based on available experimental data
for brittle ceramic materials.

3. COMPARISON WITH EXPERIMENT

In the previous section, we propose a three-stage
kinetic scheme (1) to model the self-decaying of defects
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in brittle solids under the applied stress. In the one-
defect approximation, we consider the time behavior of
four defect states, that is, the ground state, decay state
| D>, failure-prone state |F >, and aggregated acti-
vated state | I >, populations of which obey the system
of kinetic equations (3). We assume that in this system
the initially populated is only activated state and the
responsibility for failure lies with only failure-prone
state. In approximations of the high degeneracy of acti-
vated state and the large energy of activated, failure-
prone and decay states as compared to the energy of
the ground state, we obtain the stress dependence for
the failure cumulative distribution function (9) associ-

ated with the maximum Z)E,i’) of population p;’)(t) of
failure-prone state | F' > .

In order to make a comparison of theoretical cumu-
lative distribution ﬁ%") (9) with experimental data we

must select a structural material that is brittle and
hence prone to fracture. In this regard, the most appro-
priate materials are infrared window materials, such as
CVD ZnSe and sapphire, widely used in automobile,
aerospace and space structures and electronic devices
[8-10]. These materials are tough to resist fracture un-
der sudden impact, but produce a brittle fracture re-
sponse with little to no deformation. Therefore, it is
natural and interesting to test those materials in the
conditions that could imitate the effects of flexural
stresses on deleterious strains in them. Such a testing
has actually been carried out by Klein in a number of
his papers e.g. [6, 8, 10]. It was shown that the Weibull
statistics of brittle ceramics do not always well describe
the experimental cumulative distributions and should
be endowed with additional parameters to better fit the
data [11]. On the other hand, these distributions can
successfully be described by the use of statistics of de-
caying defect states in the framework of three-stage
kinetic model coincident with (9) and considered in de-
tail in [3]. Consequently, we may use here the results
obtained in [3] to illustrate that, in the one-defect ap-
proximation, the applicability of a kinetic model consid-
ering only three decaying states, and one absorbing
state to the description of experimental data can serve
as the evidence for thermal creation and spontaneous
self-decaying of defects in brittle solids. The very similar
effects of thermal creation and spontaneous decaying of
defects have also been observed in polyethylene crystals.

Usually, different brittle materials have different
margins of safety with respect to flexural stress [8-10].
Therefore, using two different strength parameters and
two different shape parameters to describe the depend-
ence of measured cumulative failure distributions on
the applied stress in terms of the five parameter bi-
modal Weibull distribution model [10] is almost insuffi-
cient for the possibility of a significant stress depend-
ence of all those parameters. On the other hand, the
use of five parameter rate constant space of the kinetic
model (1) in the one-defect approximation (cf. [3]) in-
stead of two-strengths-two-shapes-one-weight parame-
ter space of bimodal Weibull model noted above ap-
pears to be fully independent of the stress scale. The
main reason for this is that, in a thermodynamic model
(5), the stress is assumed to change only degeneracy of
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aggregated activated state f =fn_, but not influence

microscopic rate constants of transitions between
different states in the kinetic model (1).

It 1s known that the system (6) with M +1 states
generally has M(M+1)/2 rate constants with only

2M -1 of them be linearly independent in the leading-
order approximation. As the set of microscopic rate
constants is scale independent, it can therefore be con-
sidered as a complete set of independent parameters in
a rate constant space of scheme (1). Moreover, we can
introduce:

f=flwr=rlwpf=plwa=alwy=ylw.(11)

The set of transformed parameters becomes dimension-
less, with w being the failure rate constant correspond-
ing to the median of cumulative failure distribution func-

%)

tion py’ (9) measured at the stress o =o,,., where o,

is the median strength characteristic of the material.

1,0 17— T T T

B CVDZnSe _  _ -
r=0.3, a=2, =6, y=0.5

(@)

0,8

0,6

= (o)

k,
Q
0,4

0,24

0 —
log(f )
1,0 . . - :

b 3 T T T T T
(b) V¥ a-plane sapphire  _
r=03, a=2.5, =3, y=0.001

log(f )
Fig. 1 — The cumulative failure distribution p,(:") (curve) sim-

ulated with (6)-(10) for (a) CVD ZnSe and (b) sapphire with
the rate constant parameters (given in the inset in dimension-
less units) as a function of dimensionless reduced stress loga-
rithmically scaled as (o-o,.)Q/(K,T IN10)=log( f,) (12). The

experimental data for both materials (squares and triangles)
are adapted from [8]

This allows to give a description of experimental da-
ta on the flexural load testing of the two different brit-
tle solids, that is, CVD ZnSe and sapphire, in a unified
manner. In such a description, the transformed failure

rate constant f =fn_ is considered as a running pa-
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rameter that can change with stress due to (2) in the
wide limits by satisfying the relation

o—-0,.=(ksT/1)In(df,), (12)

whereas the other transformed rate constants are re-
garded as the adjusting parameters specific to a brittle

solid examined with o, =(k;T/Q)In(1/f,) being a

nuisance
strength.

Thus, experimental data for CVD ZnSe and sap-
phire, adapted from [8], can be compared with the cor-
responding cumulative failure distribution functions (9)
numerically simulated using the equations (6)-(10). The
result of this comparison is depicted in Fig. 1. As it is
seen, adjusting the dimensionless rate constant param-
eters (9) with accuracy to the arbitrary failure rate con-

parameter characteristic of its median

stant }70 that is generally unknown provides a good

agreement between the theory and the experiment.
Moreover, both the nearly unimodal cumulative failure
distribution in Fig. 1a and the clearly bimodal cumula-
tive failure distribution in Fig. 1b are described equally
well. This means that the unification of rate constant
space for the description of evolution of self-decaying
defect states in a simple three-stage kinetic model (1)
can form a helpful framework for insights into the
stress behavior of brittle solids whose cumulative fail-
ure distributions are sigmoidal with different steepness
slopes and modality shapes, but detailed information
on the median strengths of which is hardly accessible
or almost inaccessible for cost or technical reasons.

The first reason is associated with the relatively
simple problem of unifying the description of cumula-
tive distributions far distanced in their strengths on
the stress scale. To represent these distributions on a
single stress scale, that problem is approached with
numerical simulations of equations (6)-(10) on a re-
duced rate constant space. This allows to provide a
comparison of experimental failure cumulative distri-
butions and theoretical ones without taking into ac-
count the strengths of the materials and without speci-
fying their failure rate constants. A result of a compari-
son is shown in Fig. 1.

The second reason is related to the complicated
problem: resolving the sensitivity of the response of
different materials to the stress loading. Obtaining the
density distribution functions from the cumulative dis-

tribution functions ]3;5’) as d{ﬁg?)[ln(fa)]}/d[ln(fg)] and

plotting them in Fig. 2 as two curves labeled as (1) and
(2), respectively, we see that they are indeed very dif-
ferent. Thus, the highest slope steepness of cumulative
distribution functions manifested in the largest maxi-
mum of the density distribution function curves ap-
pears to be bigger in curve (1) than in curve (2) of
Fig. 2, while the modality feature is more apparent in
curve (2) than in curve (1).

The explanation of this effect is that a-plane sap-
phire is more advanced in its performance than ZnSe
and hence shows the far more strength and a higher
competitive advantage regarding to it (cf. [3]). This ful-
ly corresponds to the well-known maximizing perfor-
mance while minimizing sensitivity-to-failure objective
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very typical of high-energy systems, such as missile
window materials [6]. On the other hand, this implies
that, given the tolerances with respect to the cumulative

response of maximum population 13;5’) of failure-prone

state | F> on the limiting stimulus actions, such as
flexural or tensile stress, the brittle material with the
larger margin of safety in the log of stimulus rate con-
stant space, such as a-plane sapphire (a-Al2O3) with den-
sity distribution curve (2) in Fig. 2, i.e., with the lower
sensitivity (the slope of the cumulative stimulus-
response curve in Fig. 1b) exhibits lower sensibility to
failure and therefore a higher competitive advantage as
compared to the other brittle material, say ZnSe, with
the smaller margin of safety on the density distribution
curve (1) in Fig. 2 and the higher slope of cumulative
stimulus-response curve in Fig. 1a, if these materials are
regarded as rivals or competitors [6].

0,20 T T T T T
m CVD ZnSe (1) A a-plane sapphire (2)
' 0,15 ) ]
5 s
s 010 ]
s . @
0,05 J
0 T T T T T
2 1 0 1 2
log(f )

Fig. 2 — The cumulative failure distribution p;?) (curve) sim-
ulated with (6)-(10) for (a) CVD ZnSe and (b) sapphire with

the rate constant parameters (given in the inset in dimension-
less units) as a function of dimensionless reduced stress loga-

rithmically scaled as (o -o0,,)Q/ (kT In10)=1og(f,) (12). The

experimental data for both materials (squares and triangles)
are adapted from [8]

4. CONCLUSIONS

Based on the above results, we come to the conclu-
sion that the concept of self-decaying of defect states in
brittle solids can be considered as a consistent and
physically well-substantiated framework helpful in
understanding a variety of failure factors that influence
the performance and competitiveness of different mate-
rials at various levels of fracture. Thus, among two IR-
transmitting window materials analyzed in this work,
the a-plane sapphire exhibits advanced performance
revealing a higher competitive advantage regarding the
CVD ZnSe, which has much lower strength (see Fig. 1)
and moreover performs poorly compared to the a-Al2O3
(see Fig. 2). This conclusion agrees completely with the
experimental observations provided in [8].
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Tpu-cragiiina KiHeTuuyHa MO1€JIb IJIA caMO3aracadux 1edeKTiB B KPUXKHUX TBEPAUX Tijgax

B.I. Tecnenro, O.JI. Kamitanuyx

Inecmumym meopemuunoi gisuru imeni M.M. Bozoniwbosa, Hayionanvha arxademisa nayx Yepainu,
8ysi. Memponoeiuna 14-6, 03680 Kuie, Yrxpaina

I pyHTyOUYHCH HA METOJi MATPHUIIl TYCTHHH [JIf 3aTaIbHOI HEPIBHOBAMKHOI CHCTEMH, AKa PO3IJIANAE IIeB-
He 4ncio QIIYKTYIOYNX, OJATHeHNX (POHOHAMU, CTAHIB, 3B'A3aHNUX 3 PIBHOBAKHUM OTOYEHHSIM, Ta BUKODPUC-
TOBYIOUM CAMO03aracaiodl CTaHH, 34 JOIOMOTOI TPH-CTAMIMHOrO MiAXOMY J0 OWHAMIKK AedeKTiB, 3HAWIEHO
KyMYJISTABHI PO3IIOIIIN MMOBIPHOCTEN PYMHYBAHHS B 3aJI€/KHOCTI BiJ MPHUKJIAIEHOr0 HAIPYKEHHSA BlIHOC-
HO HIKIB aMILTITY,I HECTAI[IOHAPHOI 3aCeJIeHOCTI IIPOMIsKHOTO CTAHy CHCTeMH, 1o 3aracae. [lokasamo, 1o Te-
OpEeTUYHI KyMyJISSTUBHI PO3IOMILIIHN, 3HANAEH] 3 PO3B'AI3Ky TPAHCIIEHIEHTHOIO PIBHIHHS JJIs aMILIITY/]] 3ace-
JIEHOCTE IIPOMIKHOTO CTAHY, 3HAXOISITHCSA Y IPSAMIN BIAIIOBIIHOCTI 3 IPOIECOM HEOOOPOTHOTO PYHHYBAHHS
Bciel cucTeMu 1 TOMy MAlOTh CIIBIIAJATH 3 €KCIePUMEHTAIbHUMY PO3MOALIaMy PYyHHYBAHHS, SK1 CIIOCTepi-
TalThCA ¥ TeCTaX 3THHAHHS KPUXKUX TBepAuX TLI. Y dopmasriami, KM IPOIOHYETHCS, BCTAHOBJIEHO, IO
candip B a-IJIOIIWHI BIAPI3HSIETHCS II€peBaroo y cBoiil srocTi mono kpuxkocti. [Ipm npomy 3pobieHo Bu-
CHOBOK, 110 a-Al:O3 Mae He TIIBKY OLIBIILY CTIfKY CTablIBHICTD, a MPOSABJISE W IMIOMITHO OLJIBII BHCOKY KOH-
kypenTHy nepesary BigHocHo 10 CVD-ZnSe. Ieit BuCHOBOK 100pe Y3roKyeThCS 3 €KCIePUMEHTAIbHIMI
crocTepeskeHHAMHY mpo3opux B [U-mianasoni BignoBiguux Mmarepiamis, ak-1o a-AleOs ra CVD-ZnSe.

Knrouogi ciosa: Kpuxki teepmi tista, Camosaracatoui crauu, Biqmosa cucremu, fdxricts a-Al2Os.
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