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The paper deals with the possibly establishing a hierarchy of phonon mechanisms of dislocations' at-
tenuation at the Debye temperature in the investigated crystal. For the first time, the reproduction tech-
nology of dislocation absorption's frequency spectra of ultrasound in crystals at a known Debye tempera-
ture was demonstrated, as well as an algorithm for switching from thermal to structural, dynamic, acous-
tic, optical and colorimetric characteristics of crystals. There were studied the influence of structural de-
fects of a crystal, in particular, nodes of a dislocation grid and pinning centers in the dislocations of differ-
ent physical nature on the proposed empirical regularities, and the expediency of their use for samples of
ionic crystals with different mechanical states was also grounded.

Keywords: Phonon braking, Dislocation decrement, Deformation, Irradiation, Dislocations, Debye tem-
perature, Attenuation index, Coefficient of dynamic drag, Elastic modules.

DOTI: 10.21272/nep.10(5).05022

1. INTRODUCTION

In paper [1] it is noted that in the high-speed mo-
tion of dislocations in crystals (v > 10-2vs, where vs is
the velocity of sound in the investigated medium), the
mobility of dislocations is limited by their interaction
with elementary excitations in the crystal (electrons,
phonons, etc.). In this case, the action of the viscous
medium is taken into account by the coefficient of
damping B, which includes the total effect of all brak-
ing forces acting on the dislocation. The study of the
effect of various factors on parameter B is a fundamen-
tal scientific problem of plasticity and strength physics,
since studying the mobility of dislocations allows us to
describe and predict the process of plastic deformation
in crystals, which is important for the creation and
modernization of functional elements used in modern
devices and systems.

The authors [1, 2] also noted that ion crystals are
the most convenient in order to study the phonon brak-
ing of the dislocations. Due to the lack of these elec-
tronic crystal components, it is convenient to use them
both for testing existing and constructing new physical
theories, and for the correct study of the phonon com-
ponent in inhibiting dislocations by the gas of elemen-
tary excitations in the pure form.

By analyzing the experimental material obtained
for a number of KBr, NaCl, KCl, Csd, LiF ionic crys-
tals, the author [3] drew our attention to the im-
portance of establishing correlation dependence be-
tween the phenomenological parameter A. of the
Alschitz-Indenbom's theory [1] and the Debye tempera-
ture of the investigated crystal 6.

The mentioned theory [1], operating with experi-
mental data on crystals with different temperatures of
Debye, works in such a way, that to identify the pho-
non mechanisms of inhibition of the dislocations in the
investigated crystal, the experimentally obtained de-
pendence of B(T) was reconstructed in the combined
coordinates B(T)/B(6) — T/6 and compared with the the-
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oretical profile proposed by the authors [1]:
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where fi1(T10), f2(T16), f1(1), f2(1) — the theoretical func-
tions given in paper [1] as a graphical form. The high-
temperature asymptote to the zero temperatures of the
experimental curve B(T)/B(6) — T/60 determines the
value of the dimensionless parameter A.. In fact, this
parameter adapts the theoretical template [1] to the
description of the behavior of a real crystal. By compar-
ing the course of the theoretical and experimental
curves, we conclude that the mechanisms of phonon
wind and the relaxation of "slow" phonons are effective.
The parameters' combination A. and 6 shows the entire
process of phonon braking of dislocations in a crystal
quite clearly. In paper [3], the dependence A.(9) (Fig. 1)
on the basis of which the method of predicting the abso-
lute value and temperature of the dynamic inhibition
coefficient of dislocations B for any similar ionic crys-
tals was proposed for the five previously studied crys-
tals.

As can be seen from Fig. 1, for any non-investigated
crystal (for example, NaF), one can determine the value
Ae, and then a theoretical dependence of B(T)/B(6) — T/6
can be set at a known Debye temperature.

In addition, it is possible to determine the absolute
value of B for any fixed temperature, using another
ratio of authors [1]:

B=[4+(2 <
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where n — Murnagan's module, &= h/27z (h — Plank's
constant), xp ~5/b (where b — vector module of Burg-

ers), 2, =A,-f(/1-A,-£,@), |n|/G =30 [1].
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Fig. 1 — Correlation between the phenomenological parameter
A. and the Debye temperature 6 for ionic crystals [3]. Dashed
lines show the determination of the value of 4. for the crystal
NaF unexplored experimentally
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Thus, the method proposed in [3] enables to predict
the level of dynamic drag of dislocations due to the De-
bye temperature in a wide temperature range (from
T/6 ~ 10 and above [1]).

The purpose of this work is a comprehensive con-
sideration of factors that can limit the effectiveness of
this methodology utilizing. It is also aimed to analyze
some new possibilities for the most convenient evaluat-
ing and predicting the behavior of fundamental physi-
cal characteristics and seeking links between them.

2. EXPERIMENTS, RESULTS AND DISCUSSION

The generation basis for the mentioned methods [3]
was an array of experimental data obtained for five
ionic crystals — KBr, NaCl, KCl, Csd, LiF, for which by
means of the amplitude-independent viscosity method
for the frequency range 7,5-232,5 MHz, the systematic
studies were performed on the influence of temperature
(in the range 77-300 K) and residual deformation of
samples (up to £~ 2 %) on the localization of frequency
spectra Aq(f) the dislocation decrement of ultrasonic
attenuation in crystals.

The technological cycle of preparing all the men-
tioned crystalline samples was as follows. The compari-
son specimens under investigation after breaking off
were subjected to fine polishing so that the non-
parallelism of their working surfaces became approxi-
mately 1 pm/cm, which was controlled by means of an
IKV-type optimeter. An independent evaluation of the
degree of non-parallelism in the system "piezoquartz-
gluing-sample" was carried out additionally by means
of applying a reference signal of the exponential form
to a series of reflected pulses observed on an oscillo-
scope when the crystal was sounded. To remove the
internal strain that could result from mechanical pro-
cessing of samples, they were annealed for 12 hours in
a muffle furnace MP-2UM at a temperature of ~ 0,8 Thu
(where Tm: — melting temperature), then they are ex-
posed to a subsequent slow cooling to room tempera-
ture. For implanting of "light-moving" dislocations into
the crystal, it was preliminarily deformed to obtain the
required degree of prestrain £. The output to the re-
quired value £ was provided by the accurate fixing of
the crystals' flow boundary on the tape of the recorder
KSP-4. The working length of the crystal before and
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after the deformation was controlled by means of IZA-
2, the comparator with accuracy to 1 um. The defor-
mation of the samples was carried out by compressing
them with an Instron machine at a speed of ~ 10-5s-1,
In this mode, the deformation of the slip line did not
occur, and the pockets of etching evenly covered the
surface of the crystal, that allowed using the computer
program Photoshop CS3 to clearly determine the value
of the dislocations' density in the crystal A.

According to the Granato-Lucke's [2] theory, in the
amplitude-independent area, the dislocation (A and L),
and the dynamic (B) characteristic for the downstream
branch and the resonance region of the curves Aq(f) are
tied by the correlations:

0,0847C 4QGbHA
A, =220A, AIZ; f, = 5 A, =— 3)
2BL z*Bf

where A, — the value of the decrement for frequencies
f>>fm; Q — the orientation factor, which takes into ac-
count that provided reduced shear stress in the slip
plane is less than the applied stress; L — average effec-
tive length of the dislocation segment; Ao = (8Gb?2) /(73(C),
C— effective tension of a curved dislocation
(C=2-Gb¥n(1 —v)); A — the dislocation density; v— the
Poisson's ratio; G — shear module of the active slip sys-
tems; b — the magnitude of the Burgers’ vector [2].

For all the above ionic crystals, the value of the De-
bye temperature was determined by performing the
calculations according to the Launay's method [3]. The
basis for the calculations 6, as well as for Q(T), G(T),
C(D, A1), B(T) and L(T) were the temperature de-
pendences of the elastic modules Cix(T) of the crystals,
which in turn, were based on the data of the tempera-
ture dependences' measurements of the longitudinal
and transverse ultrasound waves' velocity in the direc-
tions of <100>, <110> and <100> respectively. The den-
sity of the dislocations was determined independently —
by the method of etching pits.

From the correlations (3) it can be vividly seen that,
in the presence of data on A in unexplored crystals, the
method [3] allows not only to reproduce the curve B(7),
but also to reveal the frequency spectra family of the
dislocation decrement of ultrasonic attenuation in crys-
tals, having corresponding rapper points of resonance
and the decaying branches of the curves Aq(f). In addi-
tion, the temperature parameter L is clearly estab-
lished.

That is, we must state that the work [3] gives us the
possibilities not only to establish a hierarchy of the
existing phonon braking mechanisms of the disloca-
tions in the crystals, but also allows to reproduce the
acoustic and structural characteristics of them.

As it is well known, the string dislocation theory [2]
operates with two types of pinning centers at disloca-
tions. First, these are the nodes of the dislocation grid
(Mott's stoppers) — strong pitch points, the separation
of which the model does not allow, and weak blocking
centers (Friedel's stoppers) — impurity atoms, pinning
centers of radiation and magnetic origin, etc., the rejec-
tion of which is possible and is activated, for example,
by the magnification of the crystalline temperature, or
by an increase in the level of external mechanical
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stress. Since the frequency spectra of the dislocation
decrement of ultrasonic attenuation in crystals are very
sensitive [2] to the existing structural defects of the
real researched objects, so, they are crucial for all the
characteristics that cause the real working of the tech-
nique [3], though remained some doubt about its effec-
tive application for various objects.

In paper [4], it was shown that the coefficient of dy-
namic braking of dislocations B, as suggested by the
authors [1], is a fundamental characteristic of a crystal
that is independent of the investigated object's mechan-
ical state and is determined only by dissipative pro-
cesses in the phonon subsystem of the crystal. In Fig. 2
one can see that the value of B does not depend either
on strong stoppers on dislocations (A), or on weak stop-
pers — defects of radiation origin in a wide range of X-
ray irradiation 0-1057 R. Each of the experimental
points on straight line 5 is averaging over all values of
B, obtained before and after irradiation in the entire
range of radiation doses.
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Fig. 2 — Dependences of the parameters L (curves 1-4) and B
(5) on the density of dislocations for LiF crystals of different
irradiation time ¢, min: 1 — 0; 2 — 20; 3 — 40; 4 — 60

Fig. 3 demonstrate a qualitatively similar results
obtained on the same crystals in another way by study-
ing the dispersion of the ultrasonic waves' velocities in
samples.
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Fig. 3 — Dependence of the density of dislocations (1), the
length of the dislocation segment (2) and the coefficient of
phonon braking of the dislocations (3) on the time of LiF crys-
tals' irradiation
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The above data suggest that the presence of struc-
tural defects in crystals does not in any way limit the
effectiveness of the method's application [3]. This is
clearly illustrated by the independence of the curve
B(DIB(O — T/6 on the density of dislocations in sam-
ples obtained for KBr crystals (see Fig. 4).
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Fig. 4 — Comparison of the combined temperature course
B(T)/B(6) — T/ with experimental data for crystal KBr (o — &=
0,23 %, V,X, ¢ — data for crystals with deformations &= 0,5,
0,75 and 1% respectively); the curve 1 is the Alschyts-
Indenbom's theoretical curve calculated according to the ex-
perimentally determined phenomenological parameter of the
theory A, line 2 is the high-temperature asymptote through
which A.is determined

The paper [5] presents the results of systematic in-
vestigations of the radiation defects' nature that arise
under the action of X-ray irradiation in the range of
doses 0-1057 R. The authors [5] aimed to determine the
type of radiation defects, track the dynamics of their
formation in irradiated specimens and determine the
effect of the samples' dislocation structure on the type
and number of radiation defects. For this purpose the
authors used the optical absorption method, widely
utilized in optical radiation material science, as an in-
strument for the identification of radiation defects in
solids [6-10]. Its essence is to study and analyze the
spectral dependences of the transmission coefficient
7;(4) for irradiated crystals. In the presence of typical
radiation defects, the absorption bands of optical radia-
tion appear on the curves (1) in their form and loca-
tion on the wavelength axis, qualitative and quantita-
tive characteristics of radiation defects can be estab-
lished. The authors of [5] performed a complex of stud-
ies of the dependences on LiF samples that were de-
formed in the range of 0,155-3,3 % and irradiated to
doses in the range of 0-1057 R. The analysis of the
curves 7;(4) showed that all absorption bands fixed by
the authors [5], localized only near Amax #248 nm, and
in other sections 7;(1) no else bands were detected. The
researches demonstrated that in all studied crystals of
lithium fluoride in the range of radiation doses 0-1057
R radiation defects were exclusively F-centers. The
possibility of presence in samples Fa-centers
(Amax » 443 nm) and Fs-centers (Amax ~ 307 and 377 nm)
the experiment excluded [5]. In order to establish the
number of F centers in the samples, the authors [5]
used the dispersion ratio of Smakula, which makes it
possible to determine the volumetric density of the
F-centers of the Nr for the parameters of the absorp-
tion band. To do this, the curves 7;(1) for crystals with
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different values of ¢ were determined by the depend-
ence of the wavelength of the spectral attenuation in-
dex K;(1). Typical K,;(1) dependencies are shown in
Fig. 5.
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Fig. 5 — Effect of deformation on the spectral index of attenu-
ation in the maximum in LiF crystals

It 1s clear that dependence Ki(g) is non-monotone.
At the same time, the maximum of the curve is ob-
served at the area ~ 0,7-0,8 %. From work [4] one can
learn that the indicated values of & for LiF characterize
the special state of the deformed crystal, in which dis-
locations under the action of mechanical stress are
maximally detached from their holding stoppers, and
the process of their re-attachment, caused by the inter-
action of the initial dislocations with dislocations of the
"forest", has not begun yet. In Fig. 5 for the conven-
ience of comparing the optical and acoustic experi-
mental data, the dependences of the dislocation de-
creasing decrement of attenuation Ag4(¢) for non-
irradiated (1) and irradiated (2-4) LiF crystals are giv-
en in the form of an insert. Attention is drawn to the
obvious analogy observed in the course of dependencies
Kn(e) and Ad(e). This may indicate that the sound and
electromagnetic waves react to the dislocation struc-
ture of the crystals in a similar manner, which is quite
permissible thing, for the equations of propagation of
these waves in the mediums are indeed qualitatively
identical. From the results shown in Fig. 5 it follows
that the greater is the average effective length of the
dislocation segment, the more perceptible are the ul-
trasonic losses and also the loss of the radiation of the
optical range passage through the crystal.
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The data, that we obtained in [5] provide a unique
opportunity of the transition from acoustic characteris-
tics to optical ones and allow to enhance the technique
[3] substantially.

Due to the fact that the optical experiment [5] was
carried out on the same irradiated and diffused LiF
crystals, as the acoustic studies of dynamic and struc-
tural characteristics [4], it is possible to compare the
data of the dislocation decrement of ultrasonic attenua-
tion in the maximum with the maximal value of the
spectral attenuation index for the crystal.

Accordingly, knowing just two parameters — 6 and A
for any unexplored ionic crystal, one can establish a
hierarchy of phonon braking mechanisms of disloca-
tions in a crystal, and can also predict the course of the
temperature dependences of the B crystal's dynamic
characteristic and structural L, can reproduce the fre-
quency spectra of the dislocation decrement of the ul-
trasonic attenuation in a crystal and, using the data of
Fig. 5, can switch from acoustic to optical characteris-
tics. By reproducing the dependence K;(A) it is possible
to list it in the curve (1), which can be directly used
for colorimetric studies of the spectrum of radiation
passing through the crystal.

Thus, this work gives us rather wide opportunities
for future research of ionic crystals, as well as for mu-
tually agreed physical interpretations and comparisons
of new findings.

CONCLUSION

1. The factors that influence on the effectiveness of
the method in order to predict the level of dislocations'
phonon braking in crystals are analyzed in our work. It
is vividly shown that structural defects of different
physical nature in no way complicate the practical use
of this method.

2. For the first time, the capacity of the frequency
spectra reproduction of the dislocation absorption in
crystals at a known Debye temperature was presented.

3. The possibility of transition from thermal (6) to
structural (A, L, Nr), dynamic (B), acoustic (Aq), optical
(Km, 7;) and colorimetric characteristics was firstly
demonstrated. The indicated analytical-calculation
algorithms can be useful for the development of ele-
ments, devices and systems on their basis.

Emnipuuni sakomomipHocTi 3aMiHenHs 3 temmeparyporo Jledas
OUHAMIYHUX, aKy CTUIHUX, CTPYKTYPHHUX, OIITUIHHUX 1 KOJIOPUMETPUIHHUX
XapaKTePUCTHUK iIOHHUX KPHUCTAJIIB

O.M. Iletuenko!, I'.O. Iletuenxo!, C.M. Boiiko?

1 XapkiecbKkuli HAUIOHAIbHUL YHIGepcumem Micvko2o eocnodapemea imeri O.M. Berxemosa,
eysi. Mapwana Bascarnosa, 17, 61002 Xapkis, Yipaina
2 XapriecoKuli HAulOHAJIbHUL aepoKocmMivHuil yHisepcumem imerni M.€. JKyroacvroeo,
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¥V po6oTi PO3rIsTHYTO MOYKJIMBICTH BCTAHOBJIEHHS lepapxii (POHOHHMX MEXaHi3MIB raJIbMyBaHHS JIHCIIO-
Kalriif 3a temieparypoio Jlebas mociiaxyBaHOro Kpucrasia. YIepiie IIpoJeMOHCTPOBAHO TEXHOJIOTII0 BiIT-
BOPEHHSI YaCTOTHUX CIIEKTPIB JUCJIOKAI[IMHOIO IMOTJIMHAHHS yJIBTPA3BYKy Y KPHUCTAJIAX 34 BIIOMOIO TeMIIe-
parypomo Jlebast, a TaK0k MOKA3aHO AJTOPUTM II€PEX0Jy BiJ TEIIOBUX JO0 CTPYKTYPHUX, TUHAMIUHUX, aKyC-
TUYHUX, ONTUYHUX 1 KOJIOPUMETPUYHUX XAPAKTEPUCTHK KpHCTAJIB. [IpoaHasizoBaHO BIUIMB CTPYKTYPHUX
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nedeKTiB KpUCTaia, 30KpeMa, BY3JIiB JUCIOKATIINHOI CITKH 1 IEHTPIB 3aKPIIUIEHHS Ha JUCIOKAIIAX PI3HOI
disruHOT TpPUPOAM, HA 3ANPOTIOHOBAHI eMITIPHYHI 3aKOHOMIPHOCT] 1 0OIPYHTOBAHO JOIIIBHICTD iX BUKOPHC-
TaHHSA JIJI 3PA3KIB I0HHUX KPUCTAJIB 3 PI3HUM MEXaHIYHUM CTAHOM.

Knousori cnosa: ®omonne rampmyBamus, Jwcnoramivinmit mexpement, Jledopmairis, OmpominenHs,
Jucnorarii, Temmeparypa Jlebas, Ilokasuur ocnabnenns, Koedirient quramivyaoro raasMmyBaHHsA, [Ipy:k-

HI MOy JIi.
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