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Flow stress decreases by superimposition of ultrasonic oscillatory stress during plastic
deformation. The amplitude dependent internal friction is investigated together with the
stress decrement due to the superimposition of oscillation during the plastic deformation
of KCl single crystals doped with KBr, KI or SrCl2. The relation between the amplitude
dependent internal friction and the stress decrement is divided into three regions for KCI
doped with KBr or KI. The internal friction is proportional to the stress decrement in the first
region up to the first bending point at the lower stress amplitude. The stress decrement at
the first bending point is proportional to the square root of KBr or KI concentration. The
internal friction of KCl–SrCl2 has the amplitude independent part. The stress decrement at
the onset of increasing of internal friction is independent of SrCl2 concentration. The
amplitude dependent internal friction of KCl–KBr and KCl–KI consists of the part due to the
impurity and that due to forest dislocation. The amplitude dependent internal friction of
KCl–SrCl2 is only due to the forest dislocation. C© 2001 Kluwer Academic Publishers

1. Introduction
It is well known that flow stress decreases when oscilla-
tory stress is superimposed during plastic deformation.
The phenomenon is called the Blaha effect in honor of
the discoverer [1] and is principally attributed to the su-
perimposition of oscillatory stress [2–5]. It is however
reported that the cause of the Blaha effect is the increase
in activation volume because the strain rate sensitiv-
ity decrease when the strain rate change test is carried
out under application of the oscillations [6]. Moreover,
the internal friction during the plastic deformation in-
creases proportionally to the stress decrement by the
application of oscillatory stress. This proportional rela-
tion of the internal friction and the stress decrement is
explained by the breakaway of dislocation from weak
obstacles under the application of oscillatory stress. On
the other hand, the stress decrease is mainly reported
to be the decrease in internal stress by application of
oscillation [7].

If the mechanism that flow stress decreases under ap-
plication of oscillatory stress affects the internal friction
during plastic deformation, the impurity concentration
is expected to influence the amplitude dependent in-
ternal friction. In this paper, we will investigate the
influence of impurity concentration on internal friction
during the plastic deformation of KCl single crystals
doped with KBr, KI, or SrCl2.

2. Experimental procedure
The specimens are KCl single crystals containing var-
ious impurity KBr (0.5, 1 and 2 mol% in melt), KI
(0.2, 0.5 and 1 mol% in melt) or SrCl2 (0.035, 0.05 and
0.065 mol% in melt). Br− or I− ion is substituted for Cl−
in KCl crystal. In KCl including higher concentration of
Br− or I− the double kink formation rather than the elas-
tic interaction between the dislocation and Br− controls
the dislocation motion [8]. Those concentrations of Br−
or I− are therefore chosen. Br− or I− in KCl mainly
interacts with edge dislocation while Sr2+ forming
impurity-vacancy dipole interacts with screw as well as
edge dislocations [9]. Accordingly, smaller concentra-
tion of Sr2+ than Br− or I− ion can strengthen KCl crys-
tal. This is one of the reasons why the concentration of
Sr2+ is chosen. The other is that the plastic deformation
region of KCl doped with higher concentration of SrCl2
is too short to carry out the experiment. Specimens
of size of 5 × 5 × 15 mm3 were obtained by cleaving
the ingots grown by the kylopoulos method in air. The
cleaved specimens were annealed immediately below
the melting point for 24 h, followed by cooling to room
temperature at the rate of 40 K/h. The SrCl2 doped spec-
imens were held at 773 K half an hour and quenched to
room temperature immediately before the tests.

The specimens were compressed in the direction
of 〈100〉 along the longest axis at the strain rate of
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1.1 × 10−5/s by the testing machine, Shimadzu DSS-
500. The oscillatory stress with the frequency of 20 kHz
was intermittently superimposed for one or two minutes
in the same direction as the compression. The internal
friction was estimated by the temperature rise due to
the superimposition of oscillatory stress during plas-
tic deformation. The temperature rise was measured
by the copper-constantan thermocouple stuck on the
specimen. The energy loss of oscillation is obtained by
the comparison of the temperature rise of the specimen
with that of the dummy specimen, which includes a
heater inside, and then the internal friction is estimated
by the ratio of the energy loss to the oscillatory en-
ergy. Fig. 1 shows the variation of flow stress and the
temperature when the oscillatory stress is applied inter-
mittently. The stress drop and the temperature rise are
shown to increase with the increasing stress amplitude
in order from the left. The temperature rise is approxi-
mately proportional to a square of the stress decrement.
This square relation indicates that the internal friction
keeps constant because the energy of oscillation is pro-
portional to a square of the stress amplitude and the
stress decrement is roughly proportional to the stress
amplitude [6]. Fig. 2 shows the strain dependence of
the stress decrements and the internal frictions obtained
from the temperature rise. The relations between the in-
ternal friction and the stress decrement at a given strain
were obtained for each specimen from a figure such as
this one.

3. Results and discussion
3.1. Concentration dependence of KBr or KI
The average dislocation velocity is 5 × 10−6 cm/s in
our tests, if the dislocation density is 108/cm2. The dif-

Figure 1 Variation of flow stress and temperature of the specimen under
intermittently application of ultrasonic oscillation.

Figure 2 Dependence of the stress decrement and the internal friction
on the strain with various stress amplitude τv.

fusion velocity of Cl−, Br− and I− in KCl at the room
temperature is of the order of 10−26–10−25 cm/s when it
is estimated from the data of Refs [10] and [11]. This is
much smaller than the dislocation velocity. Therefore,
the impurities, Br− or I− ion in KCl single crystal are
considered to be an immobile obstacle for dislocation
motion and not to form atmospheres around the mobile
dislocation.

The relations of the internal friction with the stress
decrement for KCl single crystals doped with KBr or
KI are shown in Figs 3 and 4. The curves shift down
with increasing strain. This is probably because the av-
erage separation between forest dislocations, which act
as a strong obstacle, decreases with increasing strain.
And the curves also shift down with increasing impurity
concentration because of the decreasing average sepa-
ration between impurities which act as weak obstacles.
There seem to be an amplitude independent part of in-
ternal friction for KCl–KBr (0.5 mol%) at the strain of
5%. The amplitude independent internal friction is too
small to appear for the other curves.

The curves may be divided into three regions by two
‘bending points.’ This is also shown in Fig. 5 for the
undoped KCl crystal and other crystals [12]. The three
regions are designated I, II and III in the figure. The
relations between the internal friction and flow stress at
a given stress decrement in region I and III are shown,
using logarithmic scale, in Fig. 6. In region III the re-
lations have straight lines with a slope of about minus
two for the three types of crystal. The plots can be put
on the curves for KCl–KBr (0.5%), multiplying both
the internal friction and the flow stress by an appro-
priate value, as shown in Fig. 7. There are two curves
for region I and region III respectively. This suggests
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Figure 3 Relation between the internal friction and the stress decrement
at several strains for KCl–KBr (0.5 mol%), KCl–KBr (1.0 mol%) and
KCl–KBr (2.0 mol%).

that the mechanism in region I is different from that in
region III.

The proportionality between the internal friction and
the stress decrement is shown in region I up to the
first bending point τp (see Figs 3 and 4). In this re-
gion, it is considered that the dislocation overcome the
weak obstacles such as impurities lying on a disloca-
tion segment between two strong obstacles such as for-
est dislocations with the aid of oscillation and begins
to oscillate between the two strong obstacles. The frac-
tion of dislocation segments that they break away from
weak obstacles and oscillate between strong obstacles
increases proportionally to amplitude dependent inter-
nal friction with increasing stress amplitude [13]. This
means that the average length of dislocation segment in-
creases with increasing stress amplitude. And it is seen
that the internal friction is proportional to the stress
decrement [6]. The fraction is saturated at the bending
point τp, where all the weak obstacles are overcome
by the oscillating dislocations and they are no longer
obstacles to dislocation motion. Therefore, the value τp
must be inversely proportional to the average separa-
tion between weak obstacles. That is to say, τp should be
proportional to the square root of impurity concentra-
tion. This is shown in Fig. 8a and b by the logarithmic
scale. The figures include the impurity concentration
dependence of yield stress and half of σp in Fig. 6 of
Ref. [14]. When the oscillation is applied to the spec-
imen during deformation the average length of dislo-

Figure 4 Relation between the internal friction and the stress decrement
at several strains for KCl–KI (0.2 mol%), KCl–KI (0.5 mol%) and KCl–
KI (1.0 mol%).

Figure 5 Relation between the internal friction and the stress decrement
at several strains for undoped KCl single crystal.

cation segment increases and the strain rate sensitivity
decreases. And when the fraction of dislocation seg-
ments that they break away from weak obstacles and
oscillate between strong obstacles saturates the strain
rate sensitivity stops to decrease at the applied stress
decrement σp and become to be constant with increas-
ing stress decrement. Every relation lies on the straight
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(a)

(b)

(c)

Figure 6 Relation between the internal friction and flow stress in region I
and III for (a) KCl–KBr, (b) KCl–KI and (c) undoped KCl.

Figure 7 Superposition of the curves on the one for KCl–KBr
(0.5 mol%) by translation.

line with the slope of 1/2. The line shift upward with
increasing strain. This is provably because the sepa-
ration between weak obstacles slightly decreases with
increasing strain. The dependence of τp on impurity
concentration indicates that the impurity affects the in-
ternal friction during plastic deformation as well as the
Blah effect [14].

In region III the relation between the internal fric-
tion and flow stress have a slop of about minus two by
the logarithmic scale, irrespectively of specimen (see
Fig. 6 and Ref. [12]). This means that the internal fric-
tion in region III is in principle independent of impurity
and type of crystal but is considered to depend on de-
formation, i.e. forest dislocation density. The internal
friction in region II and III correspond to the amplitude
dependent part and saturated one of internal friction
due to forest dislocation. Consequently the amplitude
dependent internal friction during deformation of KCl
crystals consists of the part due to the impurity and that
due to forest dislocation.

3.2. KCl doped with SrCl2
The diffusion coefficient of Sr2+ in KCl is estimated
to be 1 × 10−7 cm2/s at room temperature [15]. This
means that the diffusion velocity of Sr2+ in KCl is
2 × 10−10 cm/s. The velocity is thus much smaller than
the dislocation velocity in our tests. Hence, Sr2+ in KCl
is regarded as an immobile obstacle as well as Br− or
I−. However, Sr2+ in KCl forms the I–V dipole com-
bining the cation vacancy. Then, the I–V dipole may
rotate by a dislocation moving near.

Fig. 9 shows the amplitude dependent internal fric-
tion for KCl–SrCl2 (0.035, 0.05 and 0.065 mol%). It
seems that there are amplitude independent parts of
internal friction, except that the internal friction at the
small strain and smaller stress amplitude decreases with
amplitude. The curves shift downward parallel to the
ordinate axis with increasing strain. The curves were
also observed to shift down with SrCl2 concentration.
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(a)

(b)

Figure 8 Impurity concentration dependence of τp obtained from strain
rate sensitivity measurement and from internal friction one, and the yield
stress. Impurities are (a) KBr and (b) KI.

The internal friction begins to increase at the stress
decrement of about 1 MPa independently of strain
and impurity concentration. The curves for KCl–SrCl2
(0.035 mol%) are considered to have region II and III.
The other curves have only region II. No region I is
shown in the figures. The relations between internal
friction and the flow stress in amplitude independent
region and in region III are shown by the logarithmic
scale in Fig. 10. The plots for each region lie on the
straight line with a slope of minus two. This means that
the internal friction of KCl–SrCl2 is mainly related to
deformation. These phenomena are explained as fol-
lows.

The strain rate cycling tests of KCl–SrCl2, which is
carried out under superimposition of ultrasonic oscilla-
tory stress, indicates that the strain rate sensitivity due

(a)

(b)

(c)

Figure 9 Relation between the internal friction and the stress decre-
ment at several strains for KCl–SrCl2. The concentrations of SrCl2 are
(a) 0.035 mol%, (b) 0.05 mol%, and (c) 0.065 mol%.
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Figure 10 Relation of the internal friction (Q−1
i ) in the amplitude inde-

pendent region and (Q−1
III ) in region III with the flow stress for KCl–SrCl2

crystals with the Sr2+ concentration of 0.035, 0.05 and 0.065 mol%.

to SrCl2 impurity does not appear at room tempera-
ture [16]. This should lead to the result that the am-
plitude dependent internal friction due to Sr2+ which
corresponds to region I does not appear, as seen in
Fig. 9. That is to say, it means that Sr2+ does not act as
a short range obstacle to the oscillating dislocation at
room temperature. Then, the amplitude dependence in-
ternal friction of KCl–SrCl2 is chiefly attributed to the
forest dislocation multiplying during deformation. The
decrease of internal friction in amplitude independent
region at the small strain and smaller amplitude may
concern the rotation of I–V dipole by moving disloca-
tion. Consequently, the influence of impurity concen-
tration on internal friction during plastic deformation
of KCl single crystals is dependent on type of impurity.

4. Conclusion
It is found that the amplitude dependent internal friction
decreases with increasing strain and impurity concen-
tration. The decrease concerning the strain is due to
forest dislocations. The relation between the amplitude

dependent internal friction and the stress decrement is
divided into three regions for KCl doped with KBr or
KI. The first bending point τp is proportional to the
square root of impurity concentration. Therefore, the
amplitude dependent internal friction in region I is due
to an impurity. The amplitude dependent internal fric-
tion in region II and III is due to forest dislocation. And
it is also found that the amplitude dependent internal
friction of KCl–SrCl2 is chiefly attributed to forest dis-
location. This corresponds to the situation that the strain
rate sensitivity due to impurity does not appear at room
temperature. The influence of impurity concentration
on internal friction during plastic deformation of KCl
single crystals is dependent on type of impurity.
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