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Pulse-echo method in the frequency range of 37.5—-232.5 MHz in LiF crystals at T = 800 K
has been used to study the behaviour of dislocation decrement A, (f) at variations of the
residual strain value and X-ray radiation in the range of 0—400 R. It has been found out
that with the increasing doses of radiation the effect of amplitude damping of the
dislocation resonance can be observed which leads to a marked restoration of initial
acoustic characteristics of the crystals. It has been discovered that the effective length of
the dislocation segment L decreases monotonically, while the coefficient of the dynamic
viscosity B retains its value at increasing the crystals irradiation dose. The experimental
results have been discussed in the framework of existing theories.

NMIyALCHBIM 3X0-MeTOAOM B AuamnasoHe uactor 37,5—232,5 MI'm na kpucranaax LiF mpu
T = 300 K usyueHno moBefeHHe ANCIOKAIMOHHOTO AeKpeMeHTa A,(f) B ycIoBHAX BapLUPOBa-
HUS BeJINYMHBI OCTATOUHOMN medopMaliy M PEHreHOBCKOro obayuenus B uarepsaine 0—-400 P.
VeTaHOBIEHO, UTO € POCTOM H03bI 00aydueHus Habmogaerca >pderT raieHus aMILIATYIbI
IUCJIOKAIIMOHHOTO PE30HAHCA, YTO MPUBOIUT K 3aMETHOMY BOCCTAHOBJIECHUIO MCXOTHBIX aKyC-
TUYECKUX XAPaKTEePUCTUE KpucTasaop. O0Hapy:KeHO, uTo sthdheKTrBHAA NJINHA IUCIOKAI-
OHHOI'O cerMeHTa L MOHOTOHHO yMEHbIIaeTcsd, a KO3(PPUIMEeHT AWHAMHYECKOU BasKocTu B
COXpPaHseT CBO€ 3HAUEHNE [PU YBEJIUYEHUH TO03bI OOJYyUEeHNA KPUCTALIOB. Pes3ybpTaThl OIIbI-
TOB OOCYKIE€Hbl B PAMKAX CYIIEeCTBYIOI[HNX TEOPIMH.

Busuennsa énnuey nonepednvoi depopmayii ma onpominenna Ha pyxaueicmes ducno-
rayii y kpucmanax LiF. I O.ITemuenko.

ImnynbcHuM exo-meTomom B miamasoni wactor 37,5-232,5 MI'y ma kpucranax LiF opu
T = 300 K BuBueHo moBeAiHKY aucaoxamiiimoro mexpementa A (f) v ymMoBax BapiroBaHHA
BEJWUNHU 3aJUIIKOBOI medopmariii i penTreniBenrkoro ompominenusa B intepsasi 0-400 P.
Bceranmosmeno, 1m10 i3 3pocTaHHAM 031 ONPOMiHEHHS cHocTepiraeTbesa e@eKT TaciHHa aMILIi-
TYAV AVCIOKAI[IfTHOTO pPe30HaHCY, IO MTPUBBOAUTH 0 TOMITHOTO BiTHOBJEHHA BUXITHUX
aKYCTUYHUX XapaKTepPUCTUK KpUCTaJdiB. BuspieHo, 1Mo edeKTUBHA LOBKUHA AVCIOKAIIHTHO-
TO CeTMeHTYy L MOHOTOHHO 3MEHITYeThCHA, a KoedimieHT aumamiunoi B’sizkocTi B 36epirae
CBO€ BHAUEHHA IpU 30iJbIIeHH] A03U onmpoMiHeHHS Kpuctaiis. Pesyabratu pociaigie obroeo-
PeHo B paMKaX iCHYIOUMX Teopii.

© 20183 — STC "Institute for Single Crystals”

1. Introduction

Currently LiF crystals are widely used as
the element base in various acoustic and optic
devices. In particular, in medicine and radio-
biology dosimeters of radiation have been de-
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veloped on their basis [1]. In X-ray spectros-
copy the crystals of lithium fluoride are used
as monochromator crystals and allowed to
study the atomic and electronic structure of
solids [2]. LiF crystals are also of interest to
electronics, nuclear energy [3] and laser tech-
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nology [4]. Undoubtedly, creation of the
above mentioned devices with the required
service characteristics is possible only on
the basis of the research of the crystals
physical properties, which substantially de-
pend on the state of the defect structure of
the crystal lattice [4]. In particular, defor-
mation of the crystals, as a result of exter-
nal loads, can cause loss of functional char-
acteristics of the structural elements [2].

In this regard, an investigation of pin-
ning processes of "mobile” dislocations by
radiation defects, leading to partial or full
restoration of functional characteristics of
the above mentioned devices is very rele-
vant applied problem.

To conduct such experiments on LiF crys-
tals, as model objects [3, 4] is very interest-
ing scientifically, due to its potential use
for testing the various theories described
over barrier motion of dislocations. Accord-
ing to [5], in the high-speed, damping of
dislocations becomes of dynamic nature and
is limited by the transfer of energy from
the dislocation to the various quasiparticle
excitations in the crystal (electrons, pho-
nons, excitons, other dislocations, etc.). In
particular, these crystals, due to an absence
of the electronic subsystem, are convenient
to study the contribution to the damping of
dislocation of phonons, and, possibly, other
types of excitations. LiF crystals are quite
convenient in comparison with the other
ionic crystals, because they have a high
Debye temperature (6 = 732 K) [6], which
allows at T = 300 K quite correctly investi-
gate the effects of dislocation pinning by
radiation defects, as relaxation processes
(except brief post deformation return) at
this low temperature practically do not no
proceed.

In [7-11], using the high-frequency in-
ternal friction method in the frequency
range 7.5-232.5 MHz, it has been already
partially studied the effect of long-wave-
length X-rays on the dislocations mobility
in LiF single erystals with different residual
deformation. The area of minor preliminary
deformations have been mainly investigated
(0.3 %, 0.4 % and 0.65 %), leading to an
appearance of large numbers of "mobile”
dislocations in the samples, and once under
the deformation € =1.5 %, at which the
"forest” dislocations in the crystal appear,
further restricting the mobility of disloca-
tions of the primary slip planes.

The main results, obtained in these stud-
ies, are the following. For any of the inves-
tigated crystals, the increase in radiation
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dose has always led to a monotonic shift of
the dislocation resonance to higher frequen-
cies and smaller amplitudes. These reso-
nance displacements are accompanied by the
decrease in the average effective length of
the dislocation loop L, which is qualita-
tively explained by the pinning dislocation
of the pinning centers by radiation. In addi-
tion, it has been also found that the abso-
lute value of the damping coefficient does
not depend on the irradiation time in the
range of used doses of 0—400 R.

However, for construction of generalized
experimental curves, there is not enough
previously collected data. They should be
supplemented by new experiment results on
LiF crystals with a residual deformation of
1 %, which is an intermediate in the range
of 0.3-1.5 % strain, which is the purpose
of this work.

2. Experimental

In this paper, a pulse-echo method in the
frequency range of 37.5-232.5 MHz at
T = 300 K, the frequency dependence of the
dislocation decrement Ay(f) in LiF crystals,
irradiated with low doses of X-rays in the
range of 0—400 R has been studied. For the
experiments, the samples with a size of
17x17x80 mm3 and purity of 104 wt. %,
obtained through puncturing along the
cleavage planes <100>. After puncturing,
the samples were ground and polished so,
that non-paralellism of their working sur-
faces was within £1 um/cm. The samples
were annealed for about 12 h in a muffle
furnace MP-2UM at ~ 0.8T,, (T, = 870°C),
followed by slow cooling to room tempera-
ture. To put into the crystal "moving” dis-
location, it has been preliminary deformed
to obtain a residual strain € =1 % . Defor-
mation has been performed on compression-
type tensile testing machine "Instron™ at a
deformation rate of ~107° s~1. In this mode
of deformation, slip bands do not occur, and
etching pits uniformly coat the etched crys-
tal surface. This makes possible to count
the number of etch pits accurately and de-
termine the density of dislocations A. Irra-
diation of LiF crystals with X-rays has been
performed on a standard installation URS-
55 (40 kV, 10 mA). The dose rate at the
location of the crystal, determined by do-
simeter KID-2, was ~0.11 R/s. The total ex-
posure time was 60 min, and the total dose
of irradiation was about 400 R.
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Fig. 1. Frequency dependences of the disloca-
tion decrement for LiF crystals with the value
of residual deformation ¢ =1 % at room tem-
perature with the different irradiation time:
1,2,3,4 — theoretical curves [12], straight
lines — their high-frequency asymptotes for
the samples with irradiation time 0, 20, 40
and 60 min, respectively.

3. Results and their discussion

Fig. 1 shows the research results of the
frequency dependence of dislocation decre-
ment Ay(f) for LiF samples with a residual
deformation € = 1 %, measured before irra-
diation (curve 1) and after it (curves 2—4).
It can be noted, that with an increase of the
irradiation time, resonance curves Ay(f), de-
creasing in the height, monotonically
shifted toward the higher frequencies. The
experimental points are well described by
the theoretical frequency profile [12], calcu-
lated for the case of exponential distribu-
tion of the dislocation loops in length. It
also shows, that high-frequency asymptote
for these theoretical profiles 1—4 are almost
identical. It should be particularly noted the
fact that the most noticeable curve shift
A (f) occurs at the initial irradiation stage,
during 20-40 min (curve 2-3). Later on,
with the increasing radiation dose, a dis-
placement of the dislocation resonance be-
comes less pronounced. It should be men-
tioned, that the binding of the theoretical
curves [12] to the experimental data has been
carried out with a focus on the points that lie
on the descending branch of the experimental
curve and in the resonance area.

Fig. 2 demonstrates the shift effect with
irradiation of the resonance peak parame-
ters in amplitude and frequency. The course
of time dependences A, (t) and f,,(f) shows,
that under conditions of the radiation dose
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Fig. 2. Dependences of the irradiation time:
1 — dislocation decrement at the maximum A,
2 — resonance frequency f,, for LiF crystals.

rise up to 396 roentgen, the magnitude of
the dislocation decrement A, in the maxi-
mum dramatically reduces, and its reso-
nance frequency f,, increases at that time.

To get information on the dependence of
the average effective length of the disloca-
tion segment L and the coefficient of dy-
namic damping of dislocations B on the ra-
diation dose, the data shown in Fig. 1 and 2
were processed in the framework of the the-
ory [12] using the equations described the
position of the resonance peak and descend-
ing branch of the dependence A,(f):

0.0847C
_ 2. _ .
A, = 2.20A0AL%; f,, = 9BL2
I 0.084Gb
Bf,,(1-v)’

where Q — an orientation factor, that takes
into account, that the given shift stress in
the slip plane is less than the applied volt-
age; Ay = (8Gb2)/(n3C), C = 2-Gb2%/n(1-v) —
an effective tension of the curved disloca-

tion; A — a dislocation density; v — the
Poisson’s ratio; G — a shift modulus of the
current slip system, b — the Burgers vec-

tor. Borrowing the calculated in [13] values
of Q=0.311; C=2.5102 N; A=
2.51010 m~2; v =0.27; G = 3.533-1010 Pa; b =
2.85:10710 m and Gb2 =28.7.10710 Pa.m?2, in
the present work, grounding on the above
mentioned formulas, the dependence of the
parameters L and B from the time of X-ray
irradiation has been defined. It has been
established, that the value of B retains its
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Fig. 3. Dependences of the dislocation decre-
ment at the maximum A, from the value of
residual deformation €; curve 1 — unirradi-
ated crystal, curves 2—4 for the crystals with
irradiation time 0, 20, 40 and 60 min, re-
spectively.

absolute value, and the segment length L —
monotonically decreases with the rise of the
radiation dose in the range of 0-400 R.

Using the data of the present work and
the results obtained earlier in the [7-11],
dependence of the parameters of the reso-
nance peak on the deformation A, (¢) and
fm(€), shown in Fig. 3 and 4, have been for-
mulated.

Fig. 8 (curve I) shows that the depend-
ence A, (¢) for the non-irradiated crystal is
altered in non-monotonic way. With the de-
formation increase the increase in disloca-
tion decrement is firstly observed, and
then, after passing its peak, the value of A,
starts to decrease. With the onset of the
crystal irradiation the localization of the
experimental curves A, (¢) is changing.
Now, with a higher dose of radiation, they
begin to decline significantly in height. The
most significant decrease is seen during ob-
taining the first dose of irradiation by crys-
tals (Fig. 3, curve 2), and then the rate of
this decrease in amplitude is gradually
slowing down (curves 3, 4). It should be
noted, that although the curves A, (¢) shift
in amplitude, their non-monotonic mode at
different doses of irradiation retains.

The usage of the above mentioned data
set makes it possible to trace the perform-
ance of the group of the experimental
curves f,,(¢).

As it has been expected, the non-mono-
tonic nature of the shift with the deforma-
tion is shown not only for A, (g), but also
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Fig. 4. Dependences of the resonance fre-
quency f,, from the value of residual defor-
mation €; curve I — unirradiated crystal,
curves 2—4 for the crystals with irradiation
time 0, 20, 40 and 60 min, respectively.

for the resonance frequency f,(¢) (Fig. 4,
curve I1). However, it differs — that up to
the value of residual strain € = 0.65 % reso-
nant frequency f,, at first decreases with
increasing ¢, and then, after passing
through a minimum, begins to increase. As
for the behavior of radiation dependence
fm(€), the situation is also different from
that, which was characteristic for the
curves A, (¢). At a dose of irradiation of
132 R (t = 20 min) the experimental curve
fm(€) markedly shift towards higher fre-
quencies. With a further increase in the
dose of irradiation (Fig. 4, curves 3, 4) the
growth tendency of f, value is preserved,
but the rate of increase is gradually de-
creasing. It should be noted, that the non-
monotonic shape of the curve f,(¢) is pre-
served for the irradiated crystals too.

From the analysis of the generalized data
shown in Fig. 38 and 4, it is seen that in-
creasing radiation doses up to ~400 R (¢t =
60 min) leads to a substantial reduction in
the amplitude of the dislocation resonance
and its shift towards the higher frequen-
cies. As a result of the dislocation reso-
nance damping effect, caused by the de-
crease in the dislocations mobility, there is
a noticeable recovery of the original acous-
tic characteristics of the crystals.

Using the resulting data shown in Fig. 3
and 4, in the present study there have been
defined the dependences of parameters L
and B according to the dislocation density
A shown in Fig. 5.
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Fig. 5 (curve 1) shows, that an increase
in the density of dislocations A in the ecrys-
tal, the value of L firstly increases and
then, reaching its maximum value starts to
decrease monotonically. As in [13], its
change, along with changes in the resonance
peak parameters, is well explained by the
model of dislocation interactions [14]. Ac-
cording to [14], together with the start of
the plastic deformation in the crystal, a de-
tachment of the existing "grown-in" dislo-
cation occurs and the new sources appear,
that generate the long dislocation loops,
which increase leads to an increase in the
maximum decrement A, and decrease in the
maximum resonance frequency f, with the
deformation (Figs. 3 and 4). However, start-
ing from the deformation of about 0.65 %,
dislocations occur in other slip planes,
which have a pinning effect on the disloca-
tions, lying in a primary plane. As a result
of this indicated interdislocation interac-
tion, the value of L starts to decrease,
which is manifested in the reduction of dis-
location loss of ultrasound and the shift of
damped dislocation resonance to higher fre-
quencies area. Results for L(A), obtained for
the irradiated crystals (curves 2—-4) are not
qualitatively different from those obtained
for the non-irradiated crystal (curve 1I).
However, it is clear, that, with increasing
the radiation dose, the curves L(A), more
and more reduced in height, which probably
indicates an active interaction of the dislo-
cations with radiation-induced dislocation
pinning centers.

For the convenience of the transition
from the values of the preliminary deforma-
tion ¢ to the densities of dislocations A in
Fig. 5 (in the form of an insert page), it has
been shown the dependence A(g), which we
have obtained earlier for LiF in paper [13].

Fig. 5 (curve 5) shows the obtained func-
tional relationship between the parameters
B and A for LiF crystals. Note, that each of
the experimental data points, related to the
deformation of 0.3 %, 0.4 %, 0.65 %, 1 %
and 1.5 % is the average result of all the B
values, obtained before and after irradiation
in the dose range of 0—400 R. It can be seen
that the results presented in B(A) for LiF,
do not only correlate well with the similar
data obtained on KBr crystals [15], KCI [16],
and NaCl [17], indicating the independence
of the damping coefficient B from value of
A, but also show the independence of the
parameter B from the time of irradiation in
the dose range of 0—400 R. And this means
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Fig. 5. Dependences of the average effective
length of the dislocation segment L — 1-4
and the coefficient of dynamic damping of B
— 5 from the dislocation density A. No inter-
rupted line I — for the unirradiated crystal,
dotted curves 2—4 — for the crystals with
irradiation time 0, 20, 40 and 60 min respec-
tively; insert page — dependence A(g), taken
from [13].

that the values of B at these experimental
conditions are determined only by the inter-
action of dislocations with the phonon gas,
which correlates with the conclusions of the
research [18]. As for the other mechanisms,
stipulated by the interaction “dislocation-
dislocation”™ [19] and "dislocation-impurity
(radiation) center”, their contribution into
the damping, as well as in the electronic
component in metals [5], is small, and at
room temperature due to masking of the
phonon component can not be shown.

4. Conclusions

Using pulse-echo method in the fre-
quency range of 37.5—-232.5 MHz on LiF
crystals with the magnitude of the residual
deformation of 1 % at T = 300 K, the per-
formance of the frequency spectra of the
dislocational ultrasonic absorption Ay(f)
under conditions of changes of X-ray irra-
diation dose in the range of 0-400 R has
been studied. It has been shown, that an
increase of the radiation dose causes a
change in the frequency and amplitude lo-
calization of the curves Ay(f). The influence
of the preliminary deformation in the range
of ¢=0.3-1.5 % and small doses of X-ray
irradiation in the range of 0—-400 R on the
run of the resonance parameters A, (¢) and
fm(€) for LiF crystals has been analyzed. It
has been found out that with an increase of
the doses up to ~400 R, there is a signifi-
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cant suppression of the amplitude of the
dislocation resonance which leads to a
marked recovery of initial acoustic charac-
teristics of the crystals. The behavior of the
average effective length of the dislocation
segment L at the changes in the dislocations
density in LiF crystals has been studied
under conditions of varying the dose of X-
rays in the range of 0-400 R at T = 300 K.
The mode of the obtained dependences L(A)
is explained in the framework of the model
of dislocation interactions and the processes
of dislocation pinning radiation-induced de-
fects. It has been shown that the coefficient
of the dynamic viscosity B remains in its
value, as at the variation of dislocation den-
sity and at the irradiation time in the dos-
age range of 0—400 R. This means, that the
values of B at the stated experiment condi-
tions, are determined only by the phonon-
dislocation interaction. Contribution to the
damping of other mechanisms, caused by
the interaction of the moving dislocation
with other dislocations, impurity and radia-
tion centers, as well as the electronic com-
ponent in metals, is small, and at room tem-
perature can not be shown due to the mask-
ing of the phonon component.
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