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Influence of various divalent impurities on

dislocation density in KCl:Mg2+, Ca2+, Sr2+

or Ba2+ single crystals

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

Single crystals of nominally pure KCl and KCl doped with Mg2+, Ca2+, Sr2+ or Ba2+ were
deformed by compression at 77–254 K; during the tests strain-rate cycling was conducted
in association with ultrasonic oscillation. The data were analyzed in terms of strain-rate
sensitivity ((�τ ′/�ln ·ε)) versus stress decrement (�τ ). The curve for KCl doped with the
divalent impurities has two bending points and two plateau regions. It is proposed that the
variation of strain-rate sensitivity at the second plateau place on the curve with shear strain
(�(�τ ′/�ln ·ε)/�ε) is due to a change in forest dislocation density with shear strain. The
forest dislocation density for the specimens seemed to increase by the divalent additions in
the compression test on account of the jogs on the screw dislocations. It depended on the
concentration of impurities and also on the size of impurity in the specimens at a given
temperature. Unfortunately, it was not possible to determine whether a change in the size
of impurity influences mobile dislocation density, ρ, from the values of �ρ/�τ ′ for KCl
doped with Ca2+, Sr2+ or Ba2+. C© 2003 Kluwer Academic Publishers

1. Introduction
The measurement of dislocation density in a crystal has
been carried out by the etch pit technique. However, it is
difficult to resolve the individual etch pits for high dis-
location density. X-ray topography has also been used,
but there is lack of resolution in the photograph for large
deformation. Therefore, the specimens for these meth-
ods were limited to low dislocation density. Although
the electron microscopy could be used to detect dislo-
cations, it provided the information for a thin specimen
but not for bulk.

The information on the interaction between a mobile
dislocation and impurities has been obtained from the
relative position of strain-rate sensitivity versus stress
decrement curves due to oscillation for KCl doped with
divalent [1–3] or monovalent impurities [4, 5]. The
curve for KCl doped with the divalent impurities had
two bending points and two plateau regions [1, 3]. Fig. 1
shows the curve for KCl:Ba2+ (0.050 mol% in the melt).
The relative positions of the curves reflected the influ-
ence of ultrasonic oscillation on the dislocation motion
on the slip plane containing many impurities and a few
forest dislocations [1–4]. Furthermore, it was consid-
ered that the variation of strain-rate sensitivity at the
second plateau place on the curve with shear strain,
�(�τ ′/�ln ·ε)/�ε, indicates a change in forest dislo-
cation density with shear strain [6]. In this paper, it is
investigated in more detail whether the forest disloca-
tion density is influenced by divalent impurities in KCl
during plastic deformation. This means seems useful
until the dislocation density is below about 1010 cm−2.
The mobile dislocation density for the specimens is also

considered. KCl is an excellent material for an investi-
gation of mechanical strength, since pure or doped KCl
single crystals are readily available and a large num-
ber of investigations on the mechanical properties have
been made with the crystals [7–12].

2. Experimental procedure
The single crystals used in this study were nominally
pure KCl and KCl doped with Mg2+ (0.035 mol% in the
melt), Ca2+ (0.035 and 0.065 mol% in the melt), Sr2+
(0.035, 0.050 and 0.065 mol% in the melt) or Ba2+
(0.050 and 0.065 mol% in the melt) as divalent impu-
rities. The concentration of divalent impurities, c, in
the specimens was determined by dielectric loss mea-
surement. The measurement at 393 K for KCl:Sr2+ has
already been described in detail [2]. The size of the
specimens was 5 × 5 × 15 mm3. The specimens were
annealed at 973 K for 24 h and were cooled to room tem-
perature at the rate of 40 K h−1 in order to reduce the dis-
location density. Furthermore, the specimens were held
at 673 K for 30 min and then quenched to room tem-
perature immediately before a test in order to disperse
the impurities. The specimens were deformed by com-
pression along the 〈100〉 axis at temperatures from 77–
254 K and an ultrasonic oscillatory stress was applied
by a resonator in the same direction as the compression.
Then, the stress drop due to superposition of oscillatory
stress during plastic deformation is �τ . A strain-rate
cycling between 1.1 × 10−5 and 5.5 × 10−5 s−1 was
carried out keeping the stress amplitude constant. The
stress change due to the strain-rate cycling is �τ ′ and
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Figure 1 Strain-rate sensitivity versus stress decrement curve for
KCl:Ba2+ (0.050 mol%) at 178 K. ε: (◦) 10%, (�) 13%. (�τ ′/�ln ·ε)p

is assumed to be the strain-rate sensitivity due to impurities.

�τ ′/�ln ·ε was used as a measure of the strain-rate
sensitivity. A schematic illustration of the apparatus de-
vised by Ohgaku was shown in a previous paper [1].

3. Results and discussion
3.1. Influence of the divalent impurities

on the forest dislocation density
3.1.1. Influence of the divalent impurities

on the forest dislocation density in
different plastic deformation regions
of stress versus strain curve

Three-stage strain hardening has been clearly estab-
lished as the characteristic behavior of single crystals
of rock salt structure, deforming predominantly by sin-
gle glide [13]. It is also observed for KCl [6, 14, 15]
and KCl:Mg2+, Ca2+, Sr2+ or Ba2+ single crystals. The
three-stage of KCl:Ba2+ is illustrated in Fig. 2, which is
generally denoted by stage I, II, and III. The relation be-
tween temperature and �(�τ ′/�ln ·ε)/�ε in stage I and
stage II of stress versus strain curve was investigated
for the five kinds of specimens. The results are shown in
Fig. 3 for KCl:Mg2+ and KCl, Fig. 4 for KCl:Ca2+ and
KCl, Fig. 5a and b for KCl:Sr2+ and KCl, and Fig. 6
for KCl:Ba2+ and KCl respectively. The full lines in
these figures are to guide the reader’s eye. Similar phe-
nomena as described previously for KCl doped with
monovalent impurities [6] are also observed for KCl
doped with divalent additions. They are the following
two phenomena. First, �(�τ ′/�ln ·ε)/�ε in stage II is

Figure 2 Stress versus strain curve for KCl:Ba2+ (0.050 mol%) at 145 K.

Figure 3 Dependence of �(�τ ′/�ln ·ε)/�ε on the temperature for
KCl:Mg2+ (0.035 mol%) and KCl in the different plastic deformation
regions: (◦) KCl:Mg2+ and (•) KCl in stage I; (�) KCl:Mg2+ and
(�) KCl in stage II.

Figure 4 Dependence of �(�τ ′/�ln ·ε)/�ε on the temperature for
KCl:Ca2+ and KCl in the different plastic deformation regions:
(◦) KCl:Ca2+ (0.035 mol%), (�) KCl:Ca2+ (0.065 mol%) and (•) KCl
in stage I; (�) KCl:Ca2+ (0.035 mol%) and (�) KCl in stage II.

larger than that in stage I at a given temperature for all
of the specimens. This suggests that the forest disloca-
tion density for the specimens slightly increases with
the shear strain in stage I and then rapidly increases
in stage II. Secondly, the �(�τ ′/�ln ·ε)/�ε in stage I
and stage II increases with decreasing temperature for
KCl and KCl doped with Ca2+, Sr2+ or Ba2+. From the
second phenomenon, the forest dislocation density at a
given shear strain in stage I and stage II may be con-
sidered to increase with decreasing temperature when
the specimens are deformed in compression test. The
dislocation density on the surface of Ge single crystals
also increased with decreasing temperature in the same
deformation region of stage I and stage II during the ten-
sile test [16]. In Figs 3–6, we can additionally observe
that the value of �(�τ ′/�ln ·ε)/�ε for KCl doped with
the divalent impurities is markedly larger as compared
with that for KCl in stage I and stage II. As the divalent
impurities in KCl increase �(�τ ′/�ln ·ε)/�ε, it may
be deduced that the forest dislocation density increases
due to the divalent impurities. Dislocations multiply
through the process of double cross-slip in LiF [17]. It
may be predicted that the addition of divalent impurities
influences the ability of cross slip or the frequency of
cross slips. If it happens in KCl doped with the divalent
impurities, the ability of dislocation multiplication will
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(a)

(b)

Figure 5 Dependence of �(�τ ′/�ln ·ε)/�ε on the temperature for
KCl:Sr2+ and KCl in the different plastic deformation regions:
(a) (�) KCl:Sr2+ (0.035 mol%), (◦) KCl:Sr2+ (0.050 mol%) and
(•) KCl in stage I; (b) (�) KCl:Sr2+ (0.035 mol%), (◦) KCl:Sr2+
(0.050 mol%) and (�) KCl in stage II.

Figure 6 Dependence of �(�τ ′/�ln ·ε)/�ε on the temperature for
KCl:Ba2+ and KCl in the different plastic deformation regions:
(◦) KCl:Ba2+ (0.050 mol%) and (•) KCl in stage I; (�) KCl:Ba2+
(0.050 mol%), (�) KCl:Ba2+ (0.065 mol%) and (�) KCl in stage II.

be changed by the impurities. When a dislocation in
ionic crystal moves under an applied stress, the screw
segments can cross slip, especially if they become held
up by an obstacle [18]. The segments that then lie in
the cross-slip plane have edge character and cannot slip
conservatively in the direction of the Burgers vector.
Hence these jogs on screw dislocations, which are pro-
duced by the cross slips, act as pinning points tending to
restrain the forward motion of the screw segments [18].

The pinning points may act as dislocation sources. Con-
sequently, the forest dislocation density would depend
on the divalent additions. Etch pit technique revealed
that there are screw dislocations on all possible active
slip planes in a crystal of rock salt structure [19]. The
ability of cross slip is generally governed also by the
Peierls stress in the cross-slip plane. This, however, is
not taken into account in this study, because the mobile
dislocations in KCl are impeded by it below several
tens K [11, 20].

The screw segments can cross slip with the aid of
thermal fluctuations, where the activation volume is ap-
proximately 10 to 102 b3 [21], so that the frequency of
cross slips seems to be higher at high temperature. This
may lead to multiply the forest dislocation density, i.e.
�(�τ ′/�ln ·ε)/�ε. But the results shown in Figs 3–6
are contrary to the above expectation. It may be con-
sidered that the screw segments can more easily move
forward by breaking away from the impurities on the
slip plane, where the activation volume seems to be on
the order of 102 b3 [22], rather than the cross slips with
increasing temperature.

3.1.2. Influence of the concentration of
divalent impurities on the forest
dislocation density

In Figs 5a, b and 6, �(�τ ′/�ln ·ε)/�ε at a given tem-
perature increases with the concentration of divalent
impurities. That is, the forest dislocation density be-
comes high with the concentration of divalent impu-
rities in the compression test. Similar result has been
found for NaC1:Ca2+ single crystals at the beginning
of deformation (ε = 1%, T = 222.5 K) [23]. As can be
seen from Fig. 5a and b, this is clear in the two stages
for KCl:Sr2+ and further becomes more clearly at low
temperature. The mobility of jogs on the screw disloca-
tions, where the activation volume for non-conservative
motion of jogs is approximately 102 to 104 b3 [21],
would become low with the addition of divalent im-
purities. This may give rise to multiply jogs on the
screw dislocations with increasing the impurity con-
centration. Therefore, the dislocation density seems to
be higher with the concentration in accordance with
the dislocation behavior mentioned in the preceding
section. Unfortunately, �(�τ ′/�ln ·ε)/�ε in stage I
for KCl:Ba2+ (0.065 mol% in the melt) could not be
derived on the basis of strain-rate sensitivity versus
stress decrement curves. In Fig. 4, no difference be-
tween �(�τ ′/�ln ·ε)/�ε for KCl:Ca2+ (0.035 mol% in
the melt) and for KCl:Ca2+ (0.065 mol% in the melt)
can be observed in stage I at 125 K. This is because
the concentration of divalent impurities in KCl:Ca2+
(0.035 mol% in the melt), of which c is determined to
be 43.1 p.p.m., is nearly equal to that for KCl:Ca2+
(0.065 mol% in the melt), of which c is 43.5 p.p.m.

3.1.3. Influence of the size of divalent
impurity on the forest dislocation
density

It was investigated whether the forest dislocation
density is influenced by a change in the size of
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Figure 7 �(�τ ′/�ln ·ε)/�ε for (◦) KCl:Mg2+, (�) KCl:Ca2+,
(�) KCl:Sr2+ and (�) KCl:Ba2+ at various conditions: (a) stage I and
171 K, (b) stage I and 172 K and (c) stage II and 171 K. The concentration
of divalent impurities, c, is obtained by dielectric loss measurement.

divalent impurity in the specimens. Fig. 7a–c shows
the �(�τ ′/�ln ·ε)/�ε at almost the same concen-
tration of divalent impurities around 171 K. The
�(�τ ′/�ln ·ε)/�ε in Fig. 7a and b is in stage I and that
in Fig. 7c is in stage II. �(�τ ′/�ln ·ε)/�ε, i.e. the for-
est dislocation density, in the two stages increases with
the size of divalent addition. Therefore, it is considered
that the frequency of cross slips grow higher when the
divalent cation size approaches to the K+ ionic size at
the temperature.

3.2. Influence of the divalent impurities
on mobile dislocation density

In this section, it was investigated whether the dif-
ference in size of divalent impurity influences mobile
dislocation density for KCl doped with Ca2+, Sr2+ or
Ba2+. As the mobile dislocation density cannot be de-
termined directly, the density was investigated from
pre-exponential factor, ·ε0, by reason of the descrip-
tion [23]: the most probable variable in ·ε0 is due to the
density of mobile dislocations.

If the interaction between a dislocation and an impu-
rity can be approximated to the Fleischer’s model [24]
taking account of the Friedel relation [25], the Gibbs
free energy, �G0, for the breakaway of the disloca-
tion from the impurity is calculated from the following
equation [26]:

∂ln ·ε/∂τ = {2�G0/(3kT τ0)}{1 − (T/Tc)1/2}−2

× (T/Tc)1/2 + ∂ln ·ε0/∂τ (1)

where kT has the usual meaning, τ0 is the effective
shear stress due to the impurities at 0 K , Tc is the criti-
cal temperature T , at which the effective shear stress is
zero. The model is hereafter termed the F–F. The results
of Equation 1 are shown in Fig. 8a [27] for KCl:Ca2+,
b [26] for KCl:Sr2+, and c [27] for KCl:Ba2+ respec-
tively. In Fig. 8a–c, τ0 is replaced by τp0. τp0 is the
effective shear stress due to impurities without ther-
mal activation [1, 4] and is re-tabulated in Table I. In
addition, the ∂ln ·ε/∂τ in Equation 1 is represented by
(�ln ·ε/�τ ′)p. The (�τ ′/�ln ·ε)p , which is given by

TABLE I Values of τp0 for the F–F

Specimen (mol% in the melt) τp0 (MPa)

KCl:Ca2+ (0.035) 15.34 [27]
(0.065) 14.11 [27]

KCl:Sr2+ (0.035) 11.44 [26]
(0.050) 25.47 [26]
(0.065) 36.31 [26]

KCl:Ba2+ (0.050) 5.34 [27]
(0.065) 7.27 [27]

(a)

(b)

(c)

Figure 8 Linear plots of Equation 1 for (a) KCl:Ca2+ (◦) 0.035
mol% and (�) 0.065 mol% [27], for (b) KCl:Sr2+ (◦) 0.035 mol%,
(�) 0.050 mol% and (�) 0.065 mol% [26] and for (c) KCl:Ba2+
(◦) 0.050 mol% and (�) 0.065 mol% [27].
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T ABL E I I Values of �ln ·ε0/�τ ′

Specimen �ln ·ε0/�τ ′ (MPa−1)

KCl:Ca2+ 13.1
KCl:Sr2+ 9.0
KCl:Ba2+ 12.5

the difference between strain-rate sensitivity at first
plateau place and at second one on the strain-rate sen-
sitivity versus stress decrement curve as presented in
Fig. 1, is assumed to be the strain-rate sensitivity due
to impurities [2, 3, 5]. Accordingly, the ∂ln ·ε0/∂τ in
Equation 1 can be represented by �ln ·ε0/�τ ′. Then,
the values of �ln ·ε0/�τ ′, at which the solid lines in-
tersect the ordinate in Fig. 8a–c, are given in Table II.
·ε0 is expressed by [28, 29]

·ε0 = ρb2νD(L0/L)2 (2)

where ρ is the density of mobile dislocations, b is the
magnitude of the Burgers vector, νD is the Debye fre-
quency, L0 is the average spacing of impurities on the
slip plane and L is the average length of dislocation
segments at 0 K. The L may be given by the Friedel
relation [25]:

L = {
2L2

0 E/(τ0b)
}1/3

(3)

where E is the line tension of the dislocations and
is calculated by µb2. µ is the shear modulus at 0 K.
Substituting Equation 3 in Equation 2, we find

·ε0 = ρνD
{
b8L2

0τ
2
0

/
(2E)2}1/3

(4)

Differentiating the natural logarithmic equation of
Equation 4 with respect to the effective shear stress
gives

∂ln ·ε0/∂τ = (∂lnρ/∂τ ) + 2/(3τp0) (5)

where τ0 is replaced by τp0. Substituting the values of
�ln ·ε0/�τ ′ and τp0 into Equation 5, (�lnρ/�τ ′) can
be obtained for the three kinds of specimens. The re-
sults are listed in Table III. The values of (�ρ/�τ ′)
are within stage II of stress versus strain curve, since
almost all of the (�ln ·ε/�τ ′)p in Fig. 8a–c are obtained
on the basis of the strain-rate sensitivity versus stress
decrement curve at the shear strain in stage II. How-
ever, (�lnρ/�τ ′) for KCl:Mg2+ could not be obtained
according to the above-mentioned process, because the

T ABL E I I I Values of (�ρ/�τ ′) at 0 K

Specimen (mol% in the melt) (�ρ/�τ ′) (cm−2 MPa−1)

KCl:Ca2+ (0.035) 46.84
(0.065) 46.65

KCl:Sr2+ (0.035) 0.76
(0.050) 0.79
(0.065) 0.80

KCl:Ba2+ (0.050) 23.68
(0.065) 24.48

F–F seemed not to be appropriate for the interaction be-
tween a dislocation and the impurity in KCl:Mg2+ [27].
As given in Table III, no great difference of (�ρ/�τ ′)
between the three kinds of specimens can be unfor-
tunately discriminated on account of scattered the ex-
perimental data in Fig. 8a–c. The values of (�ρ/�τ ′)
for the specimens, however, seem to be less than about
50 cm−2 MPa−1.

4. Conclusions
When the specimens are deformed in compression test,
the following five phenomena are found on the basis of
�(�τ ′/�ln ·ε)/�ε.

1. The forest dislocation density for the specimens
slightly increases with the shear strain in stage I and
then rapidly increases in stage II.

2. The forest dislocation density increases with de-
creasing temperature at a given shear strain in stage I
and stage II.

3. In the two stages, the forest dislocation density
increases due to the divalent impurities in the speci-
mens. It may be predicted that the addition of divalent
impurities influences the ability of cross slip or the fre-
quency of cross slips. We can image that the screw
segments can cross slip under an applied stress, espe-
cially if they become held up by the impurity. These
jogs on screw dislocations, which are produced by the
cross slips, seem to act as pinning points tending to re-
strain the forward motion of the screw segments and
further as dislocation sources. Consequently, the for-
est dislocation density would depend on the divalent
additions.

4. The forest dislocation density becomes high with
the concentration of the divalent impurities which may
result in a large number of jogs on the screw disloca-
tions. This becomes more clearly at low temperature.

5. When the divalent cation size approaches to the
K+ ionic size, the forest dislocation density increases
around 171 K. This suggests that the frequency of cross
slips grow higher with larger size of divalent impurity.

It is not found whether the change in the size of diva-
lent impurity influences mobile dislocation density for
the three kinds of specimens by reason of scattered the
experimental data in Fig. 8a–c. However, (�ρ/�τ ′) in
stage II seems to be less than about 50 cm−2 MPa−1 in
the compression test.
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