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Impulse echo-method was applied to investigate, in the temperature range from 300 to
430 K at 7.5 MGz frequency, the dislocation absorption o;(c) in KCI crystals as a function
of statistic loading in the quasi-elastic strain range. It has been found that the tempera-
ture increase at stresses 6 < o, (0, is the yield strength of a crystal) leads to the intensive
dislocation unpinning). Consequently, concentration of stoppers, controlling their motion,
sharply decreases and the effective length of oscillating dislocation segments increases. As
a result of the experimental data processing the energy of the impurity atom binding with
dislocation U, and quantity L characterizing a mean size of the dislocation cell was
calculated. The experimental results were discussed within the framework of known dislo-
cation theories.
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HUvnynbeHBIM 9X0-MeTOfOM Ha uactore 7,5 MI'm B mHTepBase Temmepatyp 300-430 K
M3yUeHA 3aBHCHMOCTH JIWMCJIOKAI[MOHHOTO IOTJIOMeHNA YIbTPasByKa O,4(0) B kpucramrax KCI
OT BEJMUYMNHBI CTATUYECKOr0 HAIPYKEHHSA B KBAasuylpyroi obsactu medopmanuii. Boigcueno,
UTO HOBBIIIEHIE TEMIEPATYPHl NPH HAIPAMEHHAX 6 < 6, (0, — Ipejies TeKyduecTH KPHCTaJ-
J1a) HPUBOAUT K HMHTEHCUBHOMY PaCKPEILJIEeHMIO AHuCcJIoKaluii. BeaemcTBue »TOr0o KOHIIEHTpPA-
U CTOIOPOB, KOHTPOJIMPYIOIUINX WX ABHKEHINE PE3KO CHUMKAaeTcd, a 9(MeKTUBHASA IJIUHA
KOJIEOJIIINXCHd IHUCIOKAIIMOHHBIX CErMEHTOB yBeaumuuBaerca. [Ipu ob6paborke sKCIepUMEH-
TAJBHBIX PE3YJIbTATOB PACCUMTAHA BEeJIUUYMHA DSHEPrUU CBSA3M IPHUMECHOTO aTOMa ¢ JUCJIOKA-
nmeir Uy, a Takxe permunHa L, xapakTepusymolnas CPeJHHUN pasMep IUCIOKAIUOHHON sueli-
Ku. Pesyabrarsl ONBITOB O0CYK/IEHBI B PAMKAX CYIIECTBYIOIINX AVCIOKAMUOHHBIX TEOPHU.

Bnaus npyskHMX HABAHTAMKEHb i TeMIIEpaTypHM HAa IIPOIECH BigKpiIJIeHHA THCIOKAIIiA
Bix cromopis y kpucramax KCIl. IO.Jlemuenxo, O.M.ITemuenico.

ImmysnncHUM exo-MeTomoM Ha uacToTi 7,5 MI'm B inrepBasi Temmepatyp 300-430 K Bus-
yeHa B3aJIEKHICTH AUCIOKAIINHOrO IOTJIMHAHHA YJIBTPasBYKY 0,;(0) y kpucramax KCl Bix
BEJIMUYMHY CTATHYHOI'O HABAHTAMKEHHA y KBasimpy:kHill obmacti medopmainiii. 3’acosano, Imio
HiTBUINEHHA TeMIIePaTypu Ipu Hanpysi 6 < 0, (0, — TPaHWIA IIMHHOCTI KPHCTAJa) IPU3BO-
IUTH 00 IHTEHCUBHOIO PO3KPIiIlJIeHHs AucioKamiii. BHacaigok 1iboro KOHIIEHTpAIlid CTOIIOPiB,
10 KOHTPOJKIOTH iX PYyX, Pi3KO 3HMIKYETHCA, a e(heKTHBHA NOBMUHA AUCIOKALINHUX cer-
MeHTiB 306inbinyersesa. Ilpu o0pobiii ekcriepuMeHTAIBHUX PE3YALTATIB PO3PAXOBAHO BEeIHUU-
Hy eHeprii s3p’asky momimkosoro aroma 3 guciaoxamiero Uy, a Taxkox seaumuuHy L, mpo
XapakTepusye cepegHii posmip muciaoramiiinol komipru. PesynpraTu mocaigie obrosopero B
paMKax iCHyHRUNX IHUCIOKAIIMHUX Teopii.
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1. Introduction

It is well known that in crystals the mo-
bility of dislocations is limited by presence
of stoppers slowing down their motion
under applied external stresses. Dislocation
network nodes refer to strong pinning cen-
ters, while individual impurity atoms, ra-
diation damage centers refer to the weaker
pinning centers. Reviews [1-4] show that
processes of the dislocation unpinning due
to the stress ¢ and temperature T changing
have been studied usually by method of the
amplitude-dependent internal friction in the
kilohertz frequency band, as well as, by
considering the individual dislocation mobil-
ity [3] or by measuring the plastic strain
rate in the sample under different loading
conditions [4]. Further the measured char-
acteristics were used to evaluate activation
energy U and activation volume Yy and their
dependences on 6 and T and to reveal the
mechanisms determining the plastic strain
process. As the data obtained by these
methods have been processed without taking
into account the dislocation structure
change, in particular, intensive nucleation
and motion of the new dislocations, the de-
rived results are insufficiently correct [4].
To obtain reliable experimental results the
mobile dislocation density should be un-
changeable during measuring the parame-
ters of U and y. Note, that dislocation sepa-
ration from the weak stoppers is possible
even under the light external actions. It
means that the weak stopper counteractions
to the dislocation motion should be investi-
gated in the quasi-elastic strain range.

In this connection for solving such prob-
lems the urgency of the method of high-fre-
quency amplitude-independent internal fric-
tion is obvious. Here acoustic signal of the
low amplitude (¢ ~ 10°7), passing through
the elastically strained crystal only controls
the changes in its dislocation structure but
has no influence on the appearance and be-
havior of the processes themselves [5].

Such a high-sensitivity method is suit-
able for investigation of processes of the
dislocation separation from the stoppers di-
rectly in the elastic strain range, where the
dislocation density invariability in crystals
is provided.

Note that idea of conducting experiments
in the elastic strain range was first realized
in [5] on the high-purity copper samples. By
checking the own model of thermoactivated
dislocation separation from the stoppers the
authors of [5] have succeeded in determin-
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ing the temperature dependence of the dis-
location segment length and pinning point
concentrations, as well as, in evaluating the
energy of dislocation binding with the pin-
ning center etc. Later the similar precision
investigations were carried out only two
times — on the Csl [6] and KBr [7] crystals.
However, experimentally obtained data are
insufficient to make a generalized analysis
on the problem under consideration.

The purpose of this study is to continue
similar investigations on the KCI| single
crystals. We suppose that due to the low
Debye temperature (© = 235 K) the disloca-
tion pinning effect can clearly reveal them-
selves at relatively low test temperatures.

2. Experimental

In this study the acoustic impulse echo-
method was applied to investigate the dislo-
cation ultrasonic o, absorption in KCI single
crystals as a function of the statistic load-
ing o in 300—430 K temperature range. The
value of o; was measured by the superim-
posed exponent method on 7.5 MHz longitu-
dinal wave using the original measuring de-
vice applied in [6, 7]. The test samples of
1074 wt % purity and size of 17x17x28 mm3
were obtained by chipping them along the
cleavage plane <100>. The samples obtained
were treated by grinding and polishing to
achieve nonparallelism of the work surfaces
of about +1 um/cm. Then the prepared sam-
ples were annealed in the muffle furnace
MP-2UM for ~12 h at temperature of 0.8
T et (Thery = 770°C) with subsequent slow
cooling up to the room temperature. High-
temperature liquid VKJ-94 was applied as a
transition layer between the piezoelectric
transducer and the sample.

Experiments were carried out by the fol-
lowing scheme. Using a specially designed
furnace with electronic control a given test
temperature of the samples was set and
strictly maintained. The temperature was
measured with a differential copper-con-
stantan thermocouple. After reaching the
required temperature an initial attenuation
0y at 0 = 0 was measured. Then the sample
was step-by-step loaded by compression in
the tensile-testing machine of "Instron”
type at strain rate of ~107° s71 in the range
of stresses o = (0+7)-105 Pa. To avoid the
point defect redistribution under applied
load action the time of each loading was ~
15 s. After each stop of the machine rod the
quantities o; and o were measured. The
sample was unloaded when the indicated
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loading range was over. It was found that
after the sample unloading the quantity oy
returned to its initial value at the given
temperature that evidence on the elastic
character of the sample loading. This has
been confirmed by absence of strain stress
on the chart of the recorder KSP-4 at each
stop of machine movable clamps in the indi-
cated range of temperatures and stresses.

It is well known that the measured ultra-
sonic attenuation o in crystals-dielectrics
includes, besides the dislocation loss o, the
apparent loss o;j,,,- Among them the main
are the diffraction loss and the loss caused
by the non-parallelism of the sample work
surfaces.

In this connection a need has arisen to
derive correctly the dislocation component
from the measured attenuation. Analysis
performed within the framework of the the-
ory [8] has shown that the dominant contri-
bution in the apparent loss is made by the
diffraction loss O ;4.0 = 0.15 Db/us and
the contribution from other above-men-
tioned losses is negligibly low.

3. Results and discussion

Experimental dependences o,(c), ob-
tained at temperatures 300, 340, 385 and
430 K are presented in Fig. 1. The curves
for temperatures 320, 365 and 400 K hav-
ing similar shapes are not shown.

It is seen from Fig. 1 that the load
changing at T = 300 K has a weak influence
on the oy value increase. However, as the
sample is heated (curves 2—4) the same ap-
plied loads lead to the significant increase
of the acoustic loss. It has been found that
the experimental curves o4(c), the ampli-
tudes of which increase with temperature
rising, are shifting into the region of low
statistic stresses. The effect of curves o (o)
shift can be explained qualitatively within
the framework of the dislocation theory [9].
The dislocation absorption increase in the
lower megahertz frequency band is related
with the increase of the length I(c, T) of
dislocation segments oscillating in the ul-
trasonic wave field. For the dislocation be
separated from the stoppers it should over-
come a potential barrier, the value of which
is determined by the activation energy de-
pending on the energy of dislocation bind-
ing with its pinning center. As the tempera-
ture increases the barrier value decreases
and, as a result, the action of the external
statistic load becomes more and more effi-
cient.
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Fig. 1. Dislocation ultrasonic absorption in
KCl as a function of the elastic statistic load-
ing at different temperatures T' K: I — 300,
2 — 340, 33— 385, 4 — 430; f = 7.5 MHz.

Under conditions of elastic statistic
stresses the probability W of the dislocation
segment separation from one of the pinning
stoppers, number of which N = L/I (L is the
Frank network dimension), is expressed in
the following form [9]

W(,T) = N - ex{—%} 1)

where U is activation energy of dislocation
unpinning from the pinning centers which
can be written as U(c,T) = Uy — (QY)t. Here
U, is energy of the dislocation binding with
the pinning center in the absence of exter-
nal stresses; T = Q- o is the reduced shear
stress provoking the dislocation slipping;
Q — orientation factor taking into account
that the reduced shift stress in the slip
plane is less than the applied stress;
Y = b-dl — the activation volume [10],
where d ~ (1 + 3)b [11] is distance of the
effective dislocation binding with the stop-
per, b — the Burger vector.

According to [5] increased probability of
the dislocation separation from the stoppers
under the external stress leads to change in
the mean length of the dislocation segment
that is written as

(o, T)=LW +1(1-W). (2)

As the dislocation resonance ascending
branch attenuation is varying by the law o ~ I4
[9], it permits, on opinion of the authors of
[5], to take, with close approximation, the
expression
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Fig. 2. Reduced dislocation absorption in KCI
as a function of the external statistic load-
ing: 1—-4 the same as in Fig. 1.
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Basing on equations (1)—(3) in [5] the
relation between the measured dislocation
absorption and the external statistic stress
was obtained in the form

1/4
o) 2T HT T [

Formula (4) determines relation between
the dislocation absorption change under the
homogeneous stress and the dislocation
structure parameters. It has been derived
under the assumption of catastrophic sepa-
ration of the dislocation segments at values
of o exceeding the conventional critical oy,
when probability of the segment separation
significantly exceeds the probability of the
segment repinning. For experimental data
processing it is convenient to present for-
mula (4) in logarithmic form [5]

1/4 (5)
||~ |- k- Yo, Qbdlo
o, T2 kT ORT

According to (5) by writing the results
shown in Fig. 1 in coordinates
ln[(ocd/oco)l/4—1]—0 at the given temperature
it is possible to determine the mean segment
length by the slope tgo = (Qbdl/ET). The re-
sults of the experimental data rearrange-
ment are given in Fig. 2. It is seen that in
each of the curves after reaching the stress
0;, the linear sections appear from which the
dependence I(T) can be reproduced by the
formula
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Fig. 3. Temperature dependences of the mean
effective length of the dislocation segment 1
and impurity concentration on dislocations 2 in
KCI crystals.
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Using the data given in Fig. 2 and values
of Q=0.42 and b=4.46-10"10 m, taken
from [12, 18], d = 8b [5], £ = 1.38:10723 J/K
dependence of the dislocation segment
length I(T) was obtained (see Fig. 3,
curve 1). It is evident that I(T) increases
with the temperature increasing, and taking
into account equation (3) the dislocation ab-
sorption o, should increase too, that is ob-
served experimentally (see Fig. 1).

Very likely, that the dislocation segment
length ! increasing with temperature is re-
lated with gradual decrease of the pinning
center concentration C on the dislocations.
It is convenient to verify such an assumption
with the use of the expression from [11]

co_ O (7)

28kTIN

Substituting in formula (7) the values of b, 6,
T, k and Ny = 8/a3, where a = 6.295.10710 m
[14] is the lattice constant, as well as, the
results for IKT), dependence C(T) was ob-
tained (see Fig. 3, curve 2). It is obvious,
that the temperature increase promotes
processes of the dislocation separation from
the stoppers that leads to concentration
C(T) decrease and, subsequently, to (T) in-
crease. Using equation [5]

C = L&] - Cy - exp(Uo _ TZS}’” _ Sa)J (8)
B '
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where B, and f,, are the numbers of equiva-

lent free positions of interstitials or substi-
tutions in the unit cell of the dislocation
atmosphere, C; — atomic fraction of impu-
rity atoms in the matrix volume, S, and S,,
— oscillatory entropies of matrix atoms and
dislocation atmosphere it is easy to find en-
ergy of the dislocation binding with the pin-
ning center. By taking the logarithm of
equation (8) we obtain

By S, -S,) U 9
InC = 1{[@] . CO:| - T + ﬁ’

It is seen from equation [9] that by plot-
ting the dependence InC — f(1/T) it is easy
to determine U, by the slope. Fig. 4 pre-
sents the dependence InC — (1/T) calculated
with taking into account the curve C(T).
According to recommendations of [6] by
plotting the linear dependence we oriented
ourselves onto the points related to the
high-temperature regions where the mecha-
nisms of dislocation thermal unpinning
from the impurity atoms prevail over purely
mechanical separation. After determination
of the temperature behavior of the indicated
line we have found value of the energy of
the dislocation binding with the stoppers U,
~0.35 eV that is in good agreement with
the results of [5-7, 11]. Then, using the
found value of U, curve {(T) and the values
of intercepts on Y-axis (Fig. 2) we have de-
termined by formula (5) an average size of
the dislocation cell L. It has been estab-
lished that the quantity L does not depend
on the temperature and its average value is
4.2.107% m, that is in good accord with the
data of [9, 12, 14].

4. Conclusions

The acoustic impulse method was applied
to investigate, in the temperature range
from 300 to 430 K at 7.5 MGz frequency,
the dislocation absorption 0(0) in KCI crys-
tals as a function of the statistic load in the
quasi-elastic strain range. It has been found
that at T = 8300 K the loading change has a
weak effect on the quantity o increase.
However, after the rise in temperature the
same loads lead to significant acoustic loss
increasing. The effect of experimental
curves 0,,(0) displacement was observed, i.e.
by increasing their amplitudes, they were
shifting into the region of low statistic
stresses.

As a result of the experimental data
processing within the framework of the
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Fig. 4. Temperature dependence of the pin-
ning centers on dislocations in KCI crystals.

known theories the temperature depend-
ences of the dislocation segment length I(T)
and the point pinning center concentration
on dislocations C(T) were determined. It is
shown that the temperature increase under
the stresses 0 <o, (0, denote the yield
strength of a crystal) leads to the intensive
dislocation unpinning. Consequently, con-
centration of the stoppers controlling the
dislocation motion sharply decreases and
the effective length of oscillating disloca-
tion segments increases.

The value of energy of impurity atom
binding with the dislocation is was calcu-
lated, which equals about 0.85 eV for KCI
crystal. Besides, it has been found that the
quantity L, being characteristic of the dislo-
cation cell, does not depend on the tempera-
ture and its average value is of about
4.2.106 m. Analysis has shown that the
values of mentioned dislocation charac-
teristics are in close agreement with the
theoretical estimates, as well as, with the
experimental data obtained by the same
method for ion crystals Csl and KBr.
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