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Study on the interaction between a dislocation
and impurities in KCI : Sr?* single crystals
by the Blaha effect

Part Il Interaction between a dislocation and aggregates for

various force-distance relations between a
dislocation and an impurity
Y. KOHZUKI, T. OHGAKU

Faculty of Engineering, Kanazawa University, Kodatsuno 2-40-20,
Kanazawa 920-8667, Japan

A strain-rate cycling test during the Blaha effect measurement was carried out at 83-239 K
for the purpose of studying the force-distance relation between a dislocation and the
aggregate for KCI : Sr?* (0.05 mol% in the melt) single crystals. On the basis of the
dependence of strain-rate sensitivity due to the aggregates on temperature, it was found
that the interaction between a dislocation and the aggregate in the specimen can not be
approximated to the Fleischer’'s model taking account of the Friedel relation within the
temperature. The square force-distance relation between a dislocation and an impurity
seemed to be the most suitable model among the three: a square force-distance relation, a
parabolic one and a triangular one, taking account of the Friedel relation for the specimen.
In addition, the values of enthalpy and Gibbs free energy of activation for overcoming of
the aggregate by a dislocation were obtained for the three force-distance relations.
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1. Introduction 2. Experimental procedure

We have reported the information on the interaction2.1. Preparation of specimens

between a moving dislocation and the impurities forThe single crystal of KCI : St (0.05 mol% in the

KCI doped with divalent impurities [1-3] or monova- melt) was cut to the size of about&5 x 15 mn? by

lent ones [4, 5] so far. This is studied on the basis of theleaving technic. The specimens were kept at 973 K

relative curve of strain-rate sensitivity and stress decrefor 24 h and were cooled to room temperature at a

ment. The curve is obtained by the strain-rate cyclingate of 40 Kt in order to reduce dislocation density.

test during the Blaha effect measurement and is conFurthermore, the specimens were held at 673 K for

sidered to reflect the influence of ultrasonic oscillation30 min and were cooled by water quenching in order

on the dislocation motion on the slip plane containingto disperse the impurities. Finally, the specimens were

many impurities and a few forest dislocations [1,4]. prepared by keeping the quenched specimens at 370 K
In earlier paper [2], we have described the influ-for 500 h and gradually cooling in the furnace for the

ence of heat treatment on the relation between tempurpose of aggregating the impurities [6].

perature and the effective stresg;, due to the diva-

lent impurities. Further, the critical temperatufe, at

which the effective stress becomes zero and the activ2.2. Compression test

tion enthalpyAH, for the breakaway of the dislocation The specimens were deformed at temperature range of

from the impurity were also examined for KCI :%r  83-239 K by compression along thE00) axis and the

(0.05 mol% in the melt) single crystal. In this paper, ultrasonic oscillatory stress was applied by a resonator

we investigate the various force-distance relations bein the same direction as the compression during the

tween a dislocation and an aggregate in the specimestrain-rate cycling test. The stress change due to the

The aggregates form at least trimers by heat treatmerstrain-rate cycling is\t’, when the strain-rate cycling

[6]. In addition, the enthalpy and Gibbs free energy ofis carried out keeping the stress amplitude constant. The

activation for overcoming of the aggregate by a dis-strain-rate sensitivity was obtained on the basis of the

location are examined for the various force-distanceAt’. The strain-rate cycling test during the oscillation

relations. has been describedin detail inthe previous papers|[1, 5].
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3. Discussion for the force-distance relation 020
between a dislocation and the aggregate
It was suggested in the foregoing paper [2] that the g5
force-distance relation between a dislocation and the
aggregate for KCI : St (0.05 mol% in the melt) could
not be approximated by the Fleischer's model [7] from
the proportionality ofAH and the temperaturé,H(T),
when the |-V dipoles turn into the aggregates by the g5
heat treatment. In this paper, various force-distance re
lations between a dislocation and an impurity are in-
vestigated for the same specimens as described in th 0005 100 200 300
previous paper [2] on the basis of the dependence or TR
strain-rate sensitivity due to impurities on temperaturerigure 2 Relationship between the strain-rate sensitivity due to the ag-
as follows. Firstly, we assume that the interaction be-gregates and temperature for the specimen. (—) corresponds to the de-
tween a dislocation and the aggregate for the SpeCimé??nfjence_ of temperature_ and the strain-rate sensitivity for the(B)F. (
can be approximated to the Fleischer's model taking®®/4Iné)p for the specimen.
account of the Friedel relation [8]. The model is named
the F-F in this paper. Then, the relative formulargf
and temperature, which will reveal the force-distancetiemperature and the strain-rate sensitivity due to the
relation between a dislocation and an impurity [1], isaggregates for the F-F is represented as a solid line in
given by [9] Fig. 2. The strain-rate sensitivity is calculated from the
following equation [9]:

3T /alnt (MPa
8
o

(tp1/7p0) 2 = 1 — (T/Tc)? (1)
9t/dIné = {(3rp0T)/(2Tc)}(Tc/ T)Y?
The result of Equation 1 is shown in Fig. 1. The values U2
of T¢ andt o obtained from Fig. 1 are given in Table . x{1—(T/Te)"?}" e (2)
Thetpis obtained by extraporating the line@ K and
is considered the effective stress due to the aggregateserex is an arbitrary constant. The open circles repre-
without thermal activation [1]. The relative curve of sentthe A7//AIn &)p Which is given by the difference
between strain-rate sensitivity at first plateau region and
at second one on the relative curve of strain-rate sensi-
TABLE | Values ofTc andtp for various force-distance relations tivity and stress decrement [2, 3, 5]. The open circles
between a dislocation and the aggregate in the specimen seem to be distant from the solid line below 150 K.

The force-distance relation Te (K) 0 (MPa)  Therefore, it is difficult to approximate the interaction
between a dislocation and the aggregate in the specimen
g'F 23(2) 12-?7’ to the F-F. Secondly, we examine the three models [10]:
PS 995 308 a square force-distance relation, a parabolic one and a
TR 208 453 triangular one, which are termed the SQ, the PA and the

TR respectively in this paper, in the similar way. The
three force-distance relations are also taken account of
the Friedel relative [8]. The relative formula gf; and

3 temperature for the SQ is given by
i (tp1/70)”% = 1= (T/Tc) &)
The PA gives
(tp/1p0)7° = 1= (T/Te)?/® (4)

and the TR gives
(tp1/7p0)° = 1 — (T/Tc)"2 (5)

The results of Equations 3-5 are shown in Fig. 3a—c
for the specimen. The slopes of straight lines are

: determined by the method of least squares. Further, the
0 1}9 "2 20 strain-rate sensitivity due to the aggregates for the SQ
TV2(K"?) is obtained as

0 I 1 1 [l

Figure 1 Linear plots of the effective shear stress and the temperature

for the specimen at the F-F. 97/31né = (3tpo/RTHL — (T/Te)}3T/a  (6)
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That for the PA is expressed by
dt/81Iné = (1p0/ T (Te/T)?2 = 12T ja  (7)
and also that for the TR is expressed by

9t/91Iné = {3rp0/ (ATH(Te/T)
— (Te/ V3?7 ja (8)

The values ofTc and tpo, Which are obtained from
Fig. 3a—c, are given in Table I. The process of leading
Equations 6-8 is already described in the previous pa-
per [5]. Fig. 4 shows the strain-rate sensitivity due to
the aggregates for the specimen. The curves for the SQ,
the PA and the TR are derived from the calculations
of Equations 6—8. The open circles correspond to the
(At’/Alng), for the specimen. As can be seen from
Fig. 4, the interaction between a dislocation and the ag-
gregate in the specimen may be approximated to the SQ
withinthe temperature. IftheXz’/ A Ing), for the spec-
imen can be obtained below about 100 K, the most suit-
able force-distance relation between a dislocation and
the aggregate will be distinctly selected among the three
from Fig. 4. However, the values below 100 K could not
be unfortunately obtained.

We attempt to investigate the relation between the
temperature and thaH for the interaction between a
dislocation and the aggregate in the specimen.AHe
for the SQ is calculated from the following relation [5]

AH = KkT#(AlIng/AT)p{3(1 — T/ Tc)Y?1p0/(2Tc)}
9

wherek is Boltzmann'’s constant. Th& H for the PA
is expressed by [5]

AH =KT2(A Ing/ A7) [{(Te/ TY?2 — 1} 100/ Tc]
(10)
and also, that for the TR is expressed by [5]
AH = kT?*(AIne/AT)p[3](Tc/T)
— (Te/ T2} Pr/(aTe)] (1)
015
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Figure 4 Relationship between the strain-rate sensitivity due to the ag-
gregates and temperature for the specimen. (—) corresponds to the de-

Figure 3 Linear plots of the effective shear stress and the temperapendence of temperature and the strain-rate sensitivity for the SQ, (——-)
ture for the specimen at various models: (a) the SQ, (b) the PA andioes that forthe PAand (—-—) does that for the TR):(A 1’/ A Ing) yfor

(c) the TR.

the specimen.

925



TABLE 1l Values of AH(Tc) for various force-distance relations 05
between a dislocation and the aggregate in the specimen ’
The force-distance relation AH(Tc) (eV) O
04
SQ 0.43
PA 0.41
TR 0.41 =03
@ 3
T o°
The results of calculations foAH(T) are shown in “0 n
Fig. 5a atthe SQ, Fig. 5b at the PA and Fig. 5c atthe TR
respectively. The lines okH(T) are determined by the
method of least squares. However, it is difficult to se- |
lect the most suitable force-distance relation among the
three from the proportionality akH(T) within the tem-
perature as shown in Fig. 5a—c. The valuentd(T¢) 00 . . L
obtained from these figures is given in Table Il. The -0 100 200
value of AH(T¢) is almost the same for the three force- T(K)
distance relations from Table II. @
: . 05
4. The Gibbs free energy for overcoming of
the aggregate by dislocation
The thermally activated deformation rate, iS ex- 04 F 0
pressed by an Arrhenius equation )
& = g9 eXpPAG/ET) (12) %0.3 R
wheregy is a frequency factorAG is the change in ;E © oY
Gibbs free energy of activation for overcoming of lo- QOZ |
cal barriers by dislocations. The change in Gibbs free
energy is expressed for square force-distance relatiol
between a dislocation and an impurity as follows o1
AG = AGg —tLhd (13)
1 i 1
wherer is the effective shear streds,is the length of 0'00 100 200
dislocation,b is the magnitude of the Burgers vector T(K)
andd is an activation distance. From the Friedel rela- )
tion [8], the average spacinl, of impurities along the
dislocation is 05
L = [2L2E/(zb)}*° (14)
{2Lo } sk .
wherel is the average spacing of impurities on the
slip plane E is the line tension of the dislocations. Sub-
stituting of Equation 14 in Equation 13, the Gibbs free %0-3 B
energy for the SQ is given by - o
I 4o
<
AG = AGq — Bt?/3 0.2}
(8 = (2ub*dL2)"") (15)
. : - O1F
wherep is the shear modulus. Differentiating the sub-
stitutional equation of Equation 15 in Equation 12 with
respect to the shear stress, we find 00 1 ! 1
-0 100 200
Tp1(0 INng/97) = {2AGo/(3KT)} + (2/3) In(e /o) T(K)

(16)

Two other models, namely the PA and the TR, will be

©

Figure 5 Proportional relationship between the temperature and the ac-
tivation enthalpy for the interaction between a dislocation and the ag-

exam_ined- The Toer?’ aCteq on the dislocation as & gregate in the specimen at various models: (a) the SQ, (b) the PA and
function of the distance, until the obstacle on the slip (c) the TR.
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plane is 10

F(x) = Fo(1—[x|"/a"), [x| <a

a7) 5
where triangularF(x) is for the case oih=1 and
parabolicF(x) for n=2 [10]. Integrating Equation 17
with respect tok, the Gibbs free energy is given by

(o]
T

o~
1

AG = 2Fsa{n/(n + 1)}{1 — (F/Fo)}™/"  (18)

Toi(AINE/4T)o

The Gibbs free energy for the PA obtained from Equa-
tions 14 and 18 is expressed by

N
T

AG = AGo{1 — (tpa/1p0) %3} 7? (19)

Differentiating the substitutional equation of Equa- 1/T (xX1I0°YK)
tion 19 in Equation 12 with respect to the shear stress, @
we find

dlng/ot = (AGo/k){(TgoTpl)_Z/3 - f&)z}l/z/-r
+ (9 Ingo/d7) (20)

H
o
T

From Equations 14 and 18, the Gibbs free energy fo
the TR yields

AG = (B/8)(1ay’ — 20 + 150 ) (21)

N
o
T

(4n€/4T" ) (MP3)

Similarly from Equations 12 and 21, we find

dIng/dt = {4AG0/(3k)}{(T§oTpl)_l/3

— (550) ) /T + (9 Ineo/o7) (22)

o A 1 1 1 A 1 1
The results of calculations for Equations 16, 20 anc 0 % 23 4 22 6 " 8
22 are shown as the open circles in Fig. 6a, b and {(Too” TeV*°-To0 V'Y T (x10/MPaK)
respectively. The Gibbs free energy for the interactior (b)
between a dislocation and the aggregate in the speci-
men, which is obtained from the slopes of straight lines
in Fig. 6a—c, is given in Table III.

Because the SQ seems to be the most suitable forc
distance relation among the three from Fig. 4, we at-1:~40 i
tempt to investigate the width of force-distance curve a.
for the SQ without applied stress from the following £
equation:

4T’

d = {AGo/(tpob)}{Tpob/ (2L3E) } ° (23) }C, ol &
where the line tension of the dislocations is calculatecw (@)
by ub?. The shear modulug;, for [110] direction is

TABLE 111 Values ofAGq for various force-distance relations be-
tween a dislocation and the aggregate in the specimen 0 1 n 1 " L L L 8

0 2 4 6
The force-distance relation AGg (eV) {(Tpoz’tpl).m‘(m"‘cpl)m} /T (x10-3/MpaK)

SQ 0.26 ©
PA 0.18

TR 0.17 Figure 6 Linear plots of (a) Equation 16 for the SQ, (b) Equation 20 for

the PA and (c) Equation 22 for the TR in the specimen.
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assumed to be 1.0 10'° Pa at 0 K [11]. The average the SQ, the PA and the TR. TheH(Tc) is almost the
spacing of the aggregates on the slip plane is given bygame for the three force-distance relations.

Lo = b/cY? (24)
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