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Interaction between a dislocation and impurities

in KCl doped with Li+ or Na+

Y. KOHZUKI∗
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 in stage I, II
and III of stress-strain curve at 80–300 K. On the basis of the relation curve of strain-rate
sensitivity and stress decrement due to oscillation, the influence of strain on the interaction
between a dislocation and impurities was investigated for KCl : Li+ (0.5 mol% in the melt)
and KCl : Na+ (0.5 mol% in the melt). It has been so far reported that the curve seems to
reflect the influence of ultrasonic oscillation on the dislocation motion on the slip plane
containing many weak obstacles such as impurities and a few strong ones such as forest
dislocations. As a result, it seemed that the Na+ ions in KCl : Na+ contribute to dislocation
multiplication in the three stages, whereas the Li+ ions in KCl : Li+ did not contribute to it.
Furthermore, the effective stress due to the impurities decreased with increasing strain at
almost all the temperatures for KCl : Na+. Accordingly, the critical temperature, at which the
effective stress is zero, was larger in stage I, compared with that in stage II for KCl : Na+

from the dependence of effective stress on the temperature. C© 2000 Kluwer Academic
Publishers

1. Introduction
It has been reported that a strain-rate cycling test during
the Blaha effect measurement can separate the contribu-
tions arising from the interaction between a dislocation
and impurities and between the dislocations themselves
during plastic deformation [1, 2]. Recently, the infor-
mation on the interaction between a mobile dislocation
and impurities has been obtained from the relation be-
tween strain-rate sensitivity and stress decrement due
to oscillation for KCl doped with divalent impurities
[3–5] or monovalent ones [6, 7]. The relation between
strain-rate sensitivity and stress decrement seems to re-
flect the influence of ultrasonic oscillation on the dislo-
cation motion on the slip plane containing many weak
obstacles such as impurities and a few strong ones such
as forest dislocations [3–6].

In this study, the strain-rate cycling test during the
Blaha effect measurement is carried out for KCl doped
with monovalent impurities in stage I, II and III of
stress-strain curve. The purpose of this paper is to in-
vestigate the influence of shear strain on the interaction
between a dislocation and impurities. The study is dis-
cussed on the basis of the variation of the relation curve
of strain-rate sensitivity and stress decrement with shear
strain. The effective stress due to impurities and the crit-
ical temperature, at which the effective stress is zero, are
examined in the different plastic deformation region.

2. Experimental procedure
Three kinds of single crystals, KCl doped with Li+ (0.5
mol% in the melt), KCl doped with Na+ (0.5 mol%
∗ Author to whom all correspondence should be addressed.

in the melt) and KCl, were deformed by compression
along the〈100〉 axis and the ultrasonic oscillatory stress
was applied by a resonator in the same direction as the
compression. The stability of temperature during the
test was kept within 2 K. The size of the specimens was
5×5×15 mm3 and the resonant frequency was 20 kHz.

The stress drop due to superposition of oscillatory
stress during plastic deformation is4τ , which increases
with the stress amplitude at a given temperature and
shear strain [3]. The stress change due to the strain-rate
cycling is4τ ′, when the strain-rate cycling is carried
out keeping the stress amplitude constant.4τ ′/4 ln ε̇
is obtained as the strain-rate sensitivity. The strain-rate
cycling tests made between the crosshead speads of 20
and 100µm min−1 were carried out at temperatures
from 80–300 K. The details of the strain-rate cycling
test during the Blaha effect measurement are described
in the previous papers [3, 7].

3. Results
3.1. Relation between the strain-rate

sensitivity and the stress decrement
Fig. 1 shows the relation between strain-rate sensitivity
and stress decrement during the Blaha effect measure-
ment at various shear strains for KCl : Na+ at 180 K.
The strain-rate sensitivity varies with stress decrement
at a given shear strain and the relation curve of strain-
rate sensitivity and stress decrement shifts upward with
increasing shear strain. The same phenomenon as Fig. 1
is also observed for KCl : Li+. We denote the first bend-
ing point at low stress decrement byτp1 and the second
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Figure 1 Relationship between the strain-rate sensitivity and the stress
decrement for KCl : Na+ (0.5 mol% in the melt) at 180 K.ε: ( h) 6%,
(4) 12%, (∇) 17%, (¤) 20%, (♦) 23%.

one at high stress decrement byτp2. τp1 is considered
to represent the effective stress due to only one type
of the impurities which lie on the dislocation with the
largest separation when the dislocation moves forward
with the help of oscillation [3].τp2 is reported to be
the stress decrement at which the ultrasonic oscillatory
stress helps the dislocation break away from almost all
weak obstacles [2].

A third bending point is found on the relation
curves of strain-rate sensitivity and stress decrement
for KCl : Li+ at shear strains of 33, 35 and 38% as
shown in Fig. 2. We denote the third bending point by
τp3. However,τp3 does not appear on the curves at shear
strains of 25 and 30%, because high stress amplitude
could not be applied to the specimen during the com-
pression test. The lengths of second plateau regions on
the curves at shear strains of 33, 35 and 38% are 0.64,
0.69 and 0.75 MPa, respectively. The second plateau
region where the obstacles to the dislocation motion
are considered to be only strong ones such as forest
dislocations [3] increases with increasing shear strain.
The appearance of existence ofτp3 is also observed on
the relation curves of strain-rate sensitivity and stress
decrement at 160 and 192 K for KCl : Li+ in Fig. 3a and
at 147, 251, 279 and 300 K for KCl : Na+ in Fig. 3b.

Figure 2 Relationship between the strain-rate sensitivity and the stress
decrement for KCl : Li+ (0.5 mol% in the melt) at 249 K.ε: ( h) 25%,
(4) 30%, (∇) 33%, (¤) 35%, (♦) 38%.

Figure 3 Relationship between the strain-rate sensitivity and the stress
decrement for (a) KCl : Li+ (0.5 mol% in the melt) at various conditions:
( h) 160 K andε= 17%, (4) 192 K andε= 15% and (b) KCl : Na+ (0.5
mol% in the melt) at various conditions: (h) 147 K andε= 14%, (4)
251 K andε= 19%, (∇) 279 K andε= 20%, (¤) 279 K andε= 26%,
(♦) 300 K andε= 28%.

3.2. Dependence of τp1 and τp2 on
the shear strain

The relation between strain-rate sensitivity and stress
decrement at various shear strains is shown in Fig. 4
for KCl : Na+ at 169 K. Both theτp1 and theτp2 almost
decrease with increasing shear strain. The same phe-
nomenon as Fig. 4 also appears on the relation curves
of strain-rate sensitivity and stress decrement for KCl :
I− (0.5 mol% in the melt) at 205 K [6] and KCl : Sr2+
(0.05 mol% in the melt) at 200 K [3]. The dependence
of τp1 andτp2 on shear strain at various temperatures is
shown in Fig. 5a for KCl : Li+ and Fig. 5b for KCl : Na+.
Theτp1 and theτp2 decrease with increasing shear strain
at almost all the temperatures for KCl :Na+. However,
it can not be discerned for KCl : Li+.

Figure 4 Relationship between the strain-rate sensitivity and the stress
decrement for KCl : Na+ (0.5 mol% in the melt) at 169 K.ε: ( h) 6%,
( x) 8%, (4) 10%, (▲) 12%, (∇) 14%, (▼) 16%, (¤) 18%, (¥) 20%.
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Figure 5 Dependence of (o——o)τp1 and (o– – –o)τp2 on the shear strain
at various temperatures for (a) KCl : Li+ (0.5 mol% in the melt) and
(b) KCl : Na+ (0.5 mol% in the melt).

4. Discussion
4.1. Strain-rate sensitivity at second plateau

region on the relation curve of
strain-rate sensitivity and stress
decrement

The phenomenon that the relation curve of strain-rate
sensitivity and stress decrement shifts upward with in-
creasing shear strain in Fig. 1 may be caused by the
part of the strain-rate sensitivity due to dislocation cut-
ting process as reported for KCl : Sr2+ [3]. Because,
when the waiting time for the thermal activation equals
at two kinds of obstacles such as impurities and forest
dislocations, the reciprocal of the activation volume,v,
is given by [8, 9]

1/v = 1/vp+ 1/vs (1)

where the suffixes of p and s are due to impurities and
dislocation cutting process, respectively. The strain-rate
sensitivity at second plateau region on the relation curve
of strain-rate sensitivity and stress decrement is consid-
ered to be due to dislocation cutting process [3].

Three-stage strain hardening has been clearly estab-
lished as the characteristic behaviour of rock salt struc-
ture single crystals deforming predominantly by single
glide [10]. The three-stage strain hardening is also ob-
tained for KCl [11, 12]. In this study, it is observed at
above 124 K for KCl : Li+ and at above 105 K for KCl :
Na+. The strain hardening curves are shown in Fig.
6a for KCl : Li+ at 160 K, b for KCl : Na+ at 169
K and c for KCl at 142 K. We investigate the strain-
rate sensitivity at second plateau region on the relation
curve of strain-rate sensitivity and stress decrement at
the following two shear strains. One is the boundary
between stage I and II, namely, A in Fig. 6. The other
is that between stage II and III, namely, B in Fig. 6.
The former strain-rate sensitivity is hereafter termed
(4τ ′/4 ln ε̇)I−II and the latter one (4τ ′/4 ln ε̇)II−III . The
result for the strain-rate sensitivity is shown in Fig. 7a

Figure 6 Shear stress-shear strain curves for (a) KCl : Li+ (0.5 mol% in
the melt) at 160 K, (b) KCl : Na+ (0.5 mol% in the melt) at 169 K and
(c) KCl at 142 K.
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Figure 7 Dependence of (4τ ′/4 ln ε̇)I−II and (4τ ′/4 ln ε̇)II−III on the
temperature for (a) KCl : Li+ (0.5 mol% in the melt) and KCl and
(b) KCl : Na+ (0.5 mol% in the melt) and KCl. (4τ ′/4 ln ε̇)I−II : ( h)
for KCl : Li+ and KCl : Na+ and (x) for KCl. (4τ ′/4 ln ε̇)II−III : (4) for
KCl : Li+ and KCl : Na+ and (▲) for KCl.

for KCl : Li+ and KCl and b for KCl : Na+ and KCl.
The open symbols correspond to that for KCl : Li+ and
KCl : Na+ and the solid ones that for KCl. The curves in
Fig. 7a and b are to guide the reader’s eye. Comparing
the (4τ ′/4 ln ε̇)I−II and the (4τ ′/4 ln ε̇)II−III for KCl :
Li+ and KCl : Na+ with those for KCl, great difference
is not seen between KCl : Li+ and KCl, however those
for KCl : Na+ are obviously large as against those for
KCl. That is, the Li+ ions in KCl : Li+ have no influence
on both (4τ ′/4 ln ε̇)I−II and (4τ ′/4 ln ε̇)II−III . However,
the Na+ ions in KCl : Na+ seem to make those large.
Therefore, the forest dislocation density seems to in-
crease by the Na+ ions in KCl : Na+ within the temper-
ature. But the Li+ ions in KCl : Li+ do not influence
it. Furthermore, the variation of strain-rate sensitivity at
the second plateau region on the relation curve of strain-
rate sensitivity and stress decrement with shear strain,
4(4τ ′/4 ln ε̇)/4ε, is investigated for the three kinds of
specimens in Fig. 8a and b. The relations of temper-

Figure 8 Dependence of4(4τ ′/4 ln ε̇)/4ε on the temperature for (a)
KCl : Li+ (0.5 mol% in the melt) and KCl and (b) KCl : Na+ (0.5 mol%
in the melt) and KCl in the different plastic deformation region: (h) for
KCl : Li+ and KCl : Na+ and (x) for KCl in stage I; (4) for KCl : Li+
and KCl : Na+ and (▲) for KCl in stage II; (¤) for KCl : Li+ and KCl :
Na+ and (¥) for KCl in stage III.

ature and4(4τ ′/4 ln ε̇)/4ε in stage I, II and III are
represented by a circle, a triangle and a square, respec-
tively. The4(4τ ′/4 ln ε̇)/4ε in stage II is obviously
larger than that in stage I at a given temperature. This
phenomenon may suggest that there is only a slight in-
crease in forest dislocation density with the shear strain
in stage I but there is a rapid increase with that in stage
II. The4(4τ ′/4 ln ε̇)/4ε in stage III is larger than that
in stage II at a given temperature. The4(4τ ′/4 ln ε̇)/4ε
in stage I and II increases with decreasing temperature
for the three kinds of specimens. Both (4τ ′/4 ln ε̇)I−II
and (4τ ′/4 ln ε̇)II−III also increase with decreasing tem-
perature for KCl : Li+ and KCl : Na+. Thus, when
the specimens are deformed by the compression test
in stage I and II within the temperature, it will be pre-
dicted that the forest dislocation density at a given shear
strain increases with decreasing temperature. When Ge
single crystals were deformed by tensile test at a con-
stant strain rate of 1.1× 10−4 s−1 at 873–993 K, the
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dislocation density on the surface of specimens in-
creases with decreasing temperature in the same de-
formation region of stage I and II [13]. The exper-
imental result for Ge single crystals agrees with the
above-mentioned prediction. According to Fig. 8a and
b, 4(4τ ′/4 ln ε̇)/4ε depends greatly on the tempera-
ture in stage II in contrast to that in stage I for the three
kinds of specimens. We can also observe that the value
of4(4τ ′/4 ln ε̇)/4ε for KCl : Li+ is almost the same as
that for KCl but the value of4(4τ ′/4 ln ε̇)/4ε for KCl :
Na+ is remarkably large as compared with that for KCl
in stage I, II and III. Consequently, it seems that the
Na+ ions in KCl : Na+ contribute to dislocation mul-
tiplication in the three stages within the temperature,
whereas the Li+ ions in KCl : Li+ do not contribute
to it.

4.2. Critical temperature
In the previous paper [7], the force-distance relation
between a dislocation and the impurity was investigated
for KCl : Li+ and KCl : Na+. As a result, the square
force-distance relation seemed to be the most suitable
of the three [14], which are a square one, a parabolic
one and a triangular one, taking account of the Friedel
relation [15] for KCl : Na+. Then, the relation formula
of τp1 and temperature, which reveals the force-distance
relation between a dislocation and an impurity [3, 6],
is given by [7]

(τp1/τp0)
2/3 = 1− (T/Tc) (2)

whereτp0 is the effective stress due to the impurities
without thermal activation andTc is the critical tem-
perature at whichτp1 is zero. The values ofτp0 andTc
can be obtained through the research on the linear plots
of Equation 2.τp0 is determined by extrapolating the
linear relationship ofτp1 and temperature to 0 K. Since
theτp1 for KCl : Na+ decreases with increasing shear
strain at almost all the temperatures in Fig. 5b, we in-
vestigate the values ofTc andτp0 for KCl : Na+ on the
basis of the relation betweenτp1 and temperature in the
different plastic deformation region. Theτp1 in stage I is
got from the relation curve of strain-rate sensitivity and
stress decrement at the smallest shear strain in stage I
and theτp1 in stage II from the curve at the largest shear
strain in stage II. The results forTc andτp0 are given

TABLE I Values ofTc andτp0 in the different plastic deformation
region for KCl : Na+ (0.5 mol% in the melt)

Plastic deformation region Tc (K) τp0 (MPa)

Stage I 269 1.36
Stage II 260 1.34

in Table I. TheTc in stage I is larger than that in stage
II and theτp0 in stage I is slightly larger than that in
stage II.

5. Conclusion
1. Comparing the (4τ ′/4 ln ε̇)I−II and the (4τ ′/
4 ln ε̇)II−III for KCl : Li+ with those for KCl, great
difference is not seen. The value of4(4τ ′/4 ln ε̇)/4ε
for KCl : Li+ is also almost the same as that for
KCl. However, both the (4τ ′/4 ln ε̇)I−II and the
(4τ ′/4 ln ε̇)II−III for KCl : Na+ are obviously large as
against those for KCl within the temperature. The value
of 4(4τ ′/4 ln ε̇)/4ε for KCl : Na+ is also larger than
that for KCl in stage I, II and III. Therefore, it seems
that the Na+ ions in KCl : Na+ make the forest dislo-
cation density increased and contribute to dislocation
multiplication in the three stages within the tempera-
ture. But the Li+ ions in KCl : Li+ do not influence the
forest dislocation density.

2. The phenomenon that bothτp1 andτp2 decrease
with increasing shear strain is observed at almost all
the temperatures for KCl : Na+. However, it can not be
discerned for KCl : Li+. As a result, theTc in stage I
is larger than that in stage II and theτp0 in stage I is
slightly larger than that in stage II for KCl : Na+.
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