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Thermal activation analysis of the dislocation unpinning
from stoppers in KCI crystals
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The effect of temperature and elastic static loading on the dislocations unpinning from stoppers in KCl crystals has been studied.
Dependence of the stress of the activation energy on activation volume of the studied process has been determined, value of the energy
of the dislocation binding with the pinning center has been calculated. Based on the comparison of the power law of interaction of
dislocations and the stopper with the existing theoretical laws, there has been made a conclusion about the possible nature of the
dislocation blocking by pinning centers in these crystals.
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BuBYeHO BIUIMB TeMIEpaTypu Ta MPYXKHOrO CTATUYHOTO HABAHTAXKCHHs Ha MPOLEC BiAKPIIUICHHS AMCIIOKAIiN BiJ CTONOPIB y
kpucranax KCl. BusHaueHO 3a1eKHOCTI BiJl HaNpy>KCHHs €HEprii akTHBALlli Ta aKTHBAIIMHOTO 00’€My IOCHIKYBAaHOTO MPOIIECY,
PO3paxoBaHO BEJMYMHY CHEPTii 3B’sI3Ky MUCIIOKAIT 3 IIEHTPOM 3akpiruieHHs. Ha 0CHOBI 3iCTaBICHHS 0JICPKaHOTO CHIIOBOTO 3aKOHY
B3a€MOJIIi IUCIIOKALI1 TA CTOIIOPY 3 ICHYIOYNMHE TEOPETHYHUMU 3aKOHAMH 3POOIICHO BUCHOBOK 111010 MOXKJIMBOTO XapakTepy OJIIOKYBaHHS
JICITOKAIIH [IEHTPaMu 3aKPITUICHHsI Y OCHIPKYBaHUX KPUCTAIax.

KirouboBi ci10Ba: pyxHa nedopmartist, eHeprisl akTHBALlii, aKTHBALIHHUI 00’ €M, eHepris 3B’ A3KY.

I/I3y'—{eH0 BJIMAHHUE TEMIIEPATYPHI U YIIPYTOro CTATUYCCKOI'O HArpy>XCHUsA Ha MPOLECC OTKPEIICHUSA uncnoxauuﬁ OT CTOIIOPOB B
Kpucrauiax KCl. Onpeﬂeneﬂm 3aBUCUMOCTHU OT HAIIPSPKECHUSA DHEPIUU aKTUBAIIUU U aKTUBALIUOHHOI'O o0bema n3y4acMoro mnporecca,
paccurTaHa BEJINYINHA SHEPIrUUu CBA3U NUCIOKAlUHN C LHEHTPOM 3aKPCIUICHUS. Ha ocHoBanuu cormocraBieHus HOJYy4YEHHOTO CUIIOBOTO
3aKOHA B3aMMOJICHCTBHUS OUCIOKALMH K cTonopa € CyHmECTBYHOIIMMHU TCOPETUYCCKUMU 3aKOHAMHU CACJTIAH BBIBOA O BO3MOXHOM

XapakTepe OIOKMPOBAHMS JUCIOKAIMI IEHTPAMHU 3aKPETUICHNS B UCCIIEI0BAaHHBIX KPUCTaIAX.
Koarouessie cioBa: ynpyras aedopmanusi, SHEprys aKTHBAIMH, aKTUBAI[MOHHBIH 00bEM, SHEPTUS CBA3H.

Introduction

The study [1] offered a theory for conducting thermal
activation analysis of the dislocation unpinning from
pinning centers basing on results of acoustic measurements.
These measurements were obtained under simultaneous
influence of temperature and stresses applied to samples in
the elastic strain range. To test this theory [1], authors
studied ultrasonic attenuation o, in high-purity copper
samples on a frequency of 10,17 MHz under the influence
of thermomechanical effects mentioned above. As a result,
temperature dependence of average length of dislocation

segment / (T) was determined as well as an average size
of dislocation cell L and the binding energy of impurity
atom with dislocation. Having analyzed obtained data and
chemical composition of studied samples, authors [1] have
made a conclusion that atoms Fe and Zn are the most
probable centers of dislocation pinning. Note that
previously thermal activation analysis was conducted
basing on data obtained by measuring individual dislocation
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mobility [2,3] or by applying low-frequency internal
friction KHz frequency range [4,5]. But obtained data were
always unreliable. Method [2,3] errors occur due to
difficulties in calculation of stress that secure passage of
individual dislocation on ~ 50 interatomic spacing in
crystal when individual dislocation is under alternate
influence of direct and reverse mechanical impulse. Errors
in the second method [4,5] occur because changes in
dislocation structure of crystal caused by influence of
elastic waves of considerable amplitude are not taken into
consideration. All this leads to distortion of observed
thermal activation processes [6]. The following method [1]
is deprived of these limitations. According to this method
sounding pulse with deformation amplitude in sound wave
€ ~ 107 is passed through the crystal under the external
thermomechanical effects. The acoustic signal allows to get
high accuracy information on subtle processes in crystals at
their loading in the field of quasi-elastic deformation, and
thus does not affect the course of their occurrence. Due to
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certain technical difficulties associated with its
implementation, the method [1] has not received wide
application, although the relevance of its application to the
study of the power laws of interaction of dislocations with
stoppers [7], of course, remains relevant.

Until recently, there were only two works, performed
on CsJ [8] and KBr [9] single crystals, in which the thermal
activation analysis was conducted in the framework of the
theory [1]. Taking into account the recommendations
provided in the study [1], authors [8-9] have received a
similar array of experimental data but applied theoretical
patterns of power laws for their analysis [3]. As a result, the
process of identifying the type of pinning centers in KBr
and CsJ crystals has become more simple and informative.
More recently, results of a new study [10] were published.
The paper studied the temperature dependence of the

average length of a dislocation segment / (T) and the
concentration of the stoppers C(7), as well as the binding
energy of a dislocation with a stopper in KCl single crystals
was evaluated.

The purpose of this study is to continue similar
investigations on the KCI single crystals, initiated in paper
[10]. These investigations are aimed to determine the
dependence of activation energy U(c) and activation
volume ) (o) from stress and further comparison with
theoretical curves [3], calculated for the most probable for
our crystals dislocation pinning centers.

Methodology of the experiment

In this study, as in [10], the dislocation ultrasonic o,
absorption in KCI single crystals was studied as a function
of the statistic loading value of & in 300-430 K temperature
range. The value of o, was measured by the superimposed
exponent method on 7,5 MHz longitudinal wave. KCI
crystal was chosen as the object of the study due to its low
Debye temperature (® = 235K), which made it possible
to observe the effects of the breakout of dislocations at
a sufficiently low temperature tests. The test samples of
10* wt % purity and size of 17x17x23 mm® 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 mkm/cm. Then the prepared samples were annealed in
the muffle furnace MP-2UM for ~12 h at temperature of
08T , (T ., = 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 following 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-
constantan thermocouple. After reaching the required
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temperature an initial attenuation o, at ¢ = 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 ~107s" in the range of stresses ¢ = (0+7)x10°
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 ¢ were
measured. The sample was unloaded when the indicated
loading range was over. It was found that after the sample
unloading the quantity o, 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 indicated range of
temperatures and stresses. The corresponding estimates
were carried out to exclude apparent losses as well as losses
caused by the nonparallelism of the working surfaces of
the sample from the measured ultrasound attenuation [11].
Analysis has shown that the dominant contribution in the
apparent loss is made by the diffraction loss o, = 0,15
Db/mks and the contribution from other above-mentioned
losses is negligibly low.

Results and discussion

Experimental dependences o, (o), obtained at
temperatures 300, 340, 385 and 430 K are presented in Fig.
1. The curves for temperature range 300 — 400 K are
presented in paper [10]. As it is shown in Fig. 1, the
importance of stress value applied to samples ¢ at increase
in acoustic losses o, becomes more considerable when the
temperature of experiment increases. According to the
authors [10], this is explained by lower level of potential
barrier for dislocations that try to unpin from pinning
centers when crystals are heated. We have used theory [1]
to make preliminary analysis of the distraction unpinning
from stoppers under simultaneous influence of temperature
and elastic static loading. The theory is based on the
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Fig.1. Dislocation ultrasonic absorption o, in KCI as
a function of the elastic statistic loading at different
temperatures.
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expression [7] for probability W of dislocation segment
unpinning from one of point stoppers of total number N =
vl under external static loading

_U(o,T)
kT

W(o,T)=~ N -exp( ). Here U, T) =

U,— Yt is energy of activation of the dislocation unpinning
from the pinning centers, U, is energy of the dislocation
binding with the pinning center in the absence of external
stresses; T = Q- is the reduced shear stress provoking the
dislocation slipping; Q is orientation factor taking into
account that the reduced shift stress in the slip plane is less

than the applied stress; Y = b-d- 0 s the activation volume,
where d ~ (1<-3) b is distance of the effective dislocation
binding with the stopper, b is the Burger vector. In the
approximation of the catastrophic dislocations unpinning
from stoppers authors [1] have accepted the relation that
takes into account the change of the dislocation segment

length when the external stress changes in the form of: 14

(c,=LWw+ L (1-w.

Taking into account that o ~ /¢ [7] the relation is

, where

a,(o) %N {(o)
T

used for low frequencies (
(04
0

a, = a,(o =0) . The resulting relation, appropriate for
thermal activated analysis based on experiment data, looks
like [1]:

1
" >
In|| £ | —1 zlnL—z—ﬂ+M. 1)
/= kT kT

4
Using dependences In Ya -1|-o for
&,
different T within 300 — 430 K range, authors [10] have
determined the temperature dependence of average length

of dislocation segment 14 (7) and stoppers concentration
C(T). The diagram C(T7) allows to determine energy of the
dislocation binding with stoppers U, In accordance to [1]:

nCrn|| 2o |.c, |-LBu=5) Yo
B, k kT

where , and B, are numbers of equivalent free positions of
interstitials or substitutions in the unit cell of the dislocation
atmosphere, C, — atomic fraction of impurity atoms in the
matrix dimension, S, and S — vibrational entropies of
matrix atoms and dislocation atmosphere. It is seen that
having the dependence In C - f(1/7) it is easy to determine
U, by the slope. In the paper [10], we have found value U,
~ 0,35 eV for KCI crystals that is in good agreement with
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the results of [1,8-9]. In addition, the average size of
dislocation cell was determined L = 4,2x10° m, that is in
good accord with the data of [12]. This paper generalizes
the experimental data presented in [1] and those listed in
Figure 1 After processing the entire array of data for KCl in
the framework of relation (1) we can determine the
dependence on the activation energy of the voltage U (o)
and the activation volume ) (o). For this purpose a series

a. )
of cross-sections was made In|| =~ | —1|—o for all
Q,
the studied temperatures in 300 - 430 K range for different
values of loading. The stress value at which the section of

a.
curve was made In (—d] —1|—0o for each of the
@,
temperatures, was selected from the linear portion of the
given dependence where the condition of the catastrophic
dislocations unpinning from stoppers was fulfilled [1]. The
higher the temperature of the experiment was, the smaller
the critical stress value ¢ was needed for passage to the
linear area. The results are shown in Fig. 2. It can be seen
that for all stresses in the 0,5 — 6 x10° Pa all the experimental
points fit well a straight line from the slope of which the
function U (o) can be easily obtained. Using the values of

Q =042, b = 446x10"° m, and data ¥ (7) [10], the
activation energy as a function of the stress U(c), shown in
Fig. 3 as curve 1, was obtained. The curve extrapolation at
zero stress of the curve gives energy of the dislocation
binding with the stoppers. Continuing dotted experimental
curve U(o) to o =0, we obtain U,= 0.35 eV, which agrees
well with the value U, calculated from the slope of the
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Fig.2.  The logarithm of the dislocation ultrasonic
absorption o, in KCI as a function of converse
temperature at different values of elastic static loading
c,Pa:1-0,5x10% 2 - 1x10% 3 —2x10°; 4 — 3x10°;
5—-4x10% 6 —5%x10% 7 — 6x10°.
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Fig.3. The activation energy (1) and activation volume
(2) in KCI crystals as a function of the value elastic
static loading.

curve InC-f(1/T)[10]. Further, by graphical differentiation
of the curve U (o) we obtain the dependence of the
activation volume of the voltage for the dislocations
unpinning from stoppers (Figure 3, curve 2). It can be seen
thatboth Uand )/ characteristics decrease with increase of
o, this indicates a decrease in the level of the potential
barrier for dislocation under such conditions and explains
the behavior of the temperature curves 1-3 shown in Figure
1. Indeed, with an increase in stress the value of the
activation energy of thermal dislocations unpinning from
stoppers reduces, so the long dislocation loops appear, and
by law o~/ # ultrasonic absorption increases that is observed
in the experiment. To compare the data obtained with
known from literature power laws of interaction of
dislocations with pinning centers reconstruct
dependence y(c) in the reduced coordinates In (c/c") — In
(y/y"). As ¢ was taken the maximum stress of studied
interval 7x10° Pa and the corresponding value y" on the
curve y(o). Fig. 4 shows a comparison of experimental data
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Fig.4. The change in the reduced activation volume de-
pending on the reduced stress. Points - the results of the
present study, 1 and 2 - power laws [3] of interaction
[211] of edge dislocations with <100> tetragonal defects
and [101] screw dislocations with <110> tetragonal de-
fects respectively.
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with the theoretical profiles 1 and 2 [3] (where 1 - interaction
[211] of edge dislocations with <100> tetragonal defects,
and 2 - interaction [101] of screw dislocations with <110>
tetragonal defects). It can be seen that both interaction
mechanisms are effective and it is likely that dislocation in
the investigated KCl crystals interact with both types of
stoppers.

Conclusion

1. The acoustic impulse method was applied to
investigate, in the temperature range from 300 to 430 K
at 7,5 MHz frequency, the dislocation absorption o, (c) in
KCI crystals as a function of the elastic statistic loading.

2. The dependence of the activation energy and
activation volume of the external static loading have been
determined. It has been found that when stress increases
both mentioned characteristics decrease, this means that the
value of energy barrier for thermal dislocation unpinning
from stoppers decreases. The data obtained explain the
behavior of curves o, (o) at a fixed value of the loading
under conditions of temperature increase. The amount of
energy U, of the dislocation binding with the stoppers was
calculated 0,35 eV. This result is in good accord with the
value U, [10] found in a different way.

3. A comparison of the power law of the dislocations
binding with stoppers, obtained by experiment and
theoretical profiles [3] calculated for the case of interaction
[211] of edge dislocations with <100> tetragonal defects
and [101] screw dislocations with <110> tetragonal defects.
It is shown that both interaction mechanisms are effective
and it is likely that the dislocations in the investigated KCl
crystals interact with both types of stoppers.
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