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Interaction between a dislocation 
and impurities in KCI single crystals 

Y. KOHZUKI ,  T. OHGAKU,  N. TAKEUCHI  
Faculty o f  Technology, Kanazawa University, Kodatsuno 2-40-20,  Kanazawa 920, Japan 

The strain-rate cycling test during the Blaha effect at 77-220 K has been carried out for three 
kinds of single crystals, KCI, KCI doped with Sr 2+, and KCI doped with various impurities. The 
temperature and impurity dependence of the relation between strain-rate sensitivity and stress 
decrement, as well as the effective stress, rpl, due to only one type of impurity lying on the 
dislocation with the largest separation, has been investigated. From the temperature 
dependence of rpl, the force-distance profile between a dislocation and impurities was 
obtained. The critical temperature, T c, for KCI: Sr 2+ was found to be about 227 K. 

1. In troduct ion  
Interaction between a dislocation and a solute atom 
has been so far investigated by yield stress [1-5], 
internal friction [6-11], or direct observation [12-14]. 
Recently, Ohgaku and Takeuchi have reported that 
the strain-rate cycling test during the Blaha effect 
measurement can separate the effective stress due to a 
weak obstacle such as an impurity, from that due to 
dislocation cutting [15, 16]. The Blaha effect is the 
phenomenon where static flow stress decreases when 
an ultrasonic oscillatory stress is superimposed. 
Ohgaku and Takeuchi reported that strain-rate sensi- 
tivity varies with the stress decrement at a given strain, 
and the relation between the strain-rate sensitivity and 
the stress decrement provides information on the in- 
teraction between a dislocation and an impurity. 
However, the report concerns only room temperature. 

We have measured the strain-rate sensitivity and 
the stress decrement due to oscillation for three kinds 
of KC1 single crystals at lower temperature. The pur- 
pose of this paper was to investigate the temperature 
and impurity dependence of the relation between the 
strain-rate sensitivity and the stress decrement. Fur- 
thermore, we discuss the temperature dependence of 
the effective stress due to only one type of weak 
obstacle. 

2. Experimental procedure 
Three kinds of single crystal used in this work, KC1, 
KC1 doped with Sr a +(0.035, 0.050, 0.065 mol % in the 
melt), and KC1 doped with various impurities sodium, 
calcium, manganese, nickel, strontium, silver, caesium, 
barium, thallium and lead (0.050 mol %, respectively, 
in the melt), were grown from the melt of a superfine 
reagent of powders by the Kyropoulos method in air. 
The specimens, which were obtained from the ingots 
by cleaving to the size 5 x 5 x 15 mm a, were annealed 
at 973 K for 24 h in order to reduce dislocation dens- 
ity as far as possible, followed by cooling to room 

temperature at the rate of 40 K h-  1. Furthermore, the 
specimens were held at 673 K for 30 min, followed by 
quenching to room temperature immediately before 
the test, in order to disperse the impurities into them. 

A schematic illustration of the apparatus is shown 
in Fig. 1. A resonator composed of a vibrator and a 
horn with the resonant frequency of 20 kHz was at- 
tached to the testing machine, Shimadzu DSS-500. 
The specimens were deformed by compression along 
the (1 00)  axis and the ultrasonic oscillatory stress 
was applied by the resonator in the same direction as 
the compression. The amplitude of the oscillatory 
stress was observed by a piezoelectric transducer. 
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Figure 1 Schematic illustration of the apparatus. 
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Because the wavelength, which is 225 ram, is 15 times 
as long as the length of the specimen, the strain of the 
specimen is considered to be homogeneous.  

The strain-rate cycling test during the Blaha effect 
measurement  is illustrated in Fig. 2. Superposit ion of 
oscillatory stress, %, during plastic deformation causes 
a stress drop, Az. Keeping the stress amplitude, z~, 
constant,  strain-rate cycling between the strain rates of 
~ and ~2 is carried out, Then, the stress change due to 
the strain-rate cycling is Az'. The strain-rate cycling 
tests made between the crosshead speeds of 20 and 
100 I~m rain -* were performed at temperatures from 
77 220 K. The strain-rate sensitivity, Az ' /A lng ,  is 
given by A'(/1.609 Az'. 

Fig. 3 shows the variation of the strain-rate sensitiv- 
ity and the stress decrement with the shear strain for 
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Figure 2 Variation of applied shear stress, "q, when the strain-rate 
cycling between the strain rate, g~ and g2, is carried out under 
superposition of ultrasonic oscillatory shear stress, %. 
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KCl: Sr2+(0 .050mol%)  at 200 K. The relation be- 
tween the strain-rate sensitivity and the stress decre- 
ment at a given strain, which is shown in Fig. 4, is 
obtained from Fig. 3. 

3 .  R e s u l t s  

3.1 .  R e l a t i o n  b e t w e e n  t h e  s t r a i n - r a t e  
s e n s i t i v i t y  a n d  t h e  s t ress d e c r e m e n t  

The relation between the strain-rate sensitivity and the 
stress decrement obtained by the method mentioned 
above is shown in Figs 4 and 5 for KCI: 
Sr 2 +(0,050 tool %). Fig. 4 corresponds to the case of 
one specimen at several strains. Fig. 5 concerns several 
temperatures. As can be seen from Figs 4 and 5, there 
are two bending points on each curve, and there are 
two plateau regions: the first plateau region ranges 
below the first bending point, Zpl, at low stress decre- 
ment and the second one extends from the second 
bending point, %> at high stress decrement. The 
second plateau region is considered to correspond to 
the plateau region reported by Ohgaku  and Takeuchi 
1-16]. The strain-rate sensitivity decreases with the 
stress decrement between the two bending points. 
Furthermore,  Fig. 4 shows the influence of the shear 
strain on the relation between the strain-rate sensitiv- 
ity and the stress decrement, The curve shifts upwards 
with increasing shear strain. This phenomenon  is 
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Figure 4 Relation between the strain-rate sensitivity and the stress 
decrement for KCI: Sr 2+ (0.050 tool %) a t 200 K. a: (O) t0%, (~) 
]4%, (D) 18%. 
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Figure 3 Variation of the strain-rate sensitivity, A-C'/A ink, and the 
stress decrement, A'c, with shear strain for KCI: Sr 2 + (0.050 mol %) 
at 200 K. % (arb. units) : (�9 0, (O) 10, (A) 25, (V) 35, (V) 45, (~) 50. 

Figure 5 Relation between the strain-rate sensitivity and the stress 
decrement for KCI: Sr ~+ (0.050 tool %) at various temperatures: 
(O) 103 K, c = 9% (&) 133 K, e = 8% (~) 200 K, e = 10%. 
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caused by that part  of the strain-rate sensitivity which 
depends on dislocation cuttings. Because the disloc- 
ation cuttings increase with increasing strain, the 
strain-rate sensitivity increases [16]. Fig. 5 shows the 
influence of temperature on the relation between 
the strain-rate sensitivity and the stress decrement. As 
the temperature is lower, ~pl is larger. 

Fig. 6 shows the relation between the strain-rate 
sensitivity and the stress decrement for nominally pure 
KC1. In contrast  to KCI: Sr 2+, there is only one 
bending point on each curve which is considered to 
correspond to ~p2- The bending point shifts in the 
direction of higher stress decrement with decreasing 
temperature. 

It is shown in Fig. 7 that no bending point appears 
for KC1 containing various impurities. The strain-rate 
sensitivity only decreases with increasing stress dec- 
rement. 
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Figure 6 Relation between the strain-rate sensitivity and the stress 
decrement for KCI at various temperatures: (Q) 77 K, (A) 94 K, 
([3) 168 K. 

3.2 Dependence of ~pl and ~p2 on the yield 
stress for KCI: Sr 2+ 

It is clear from Figs 4-7 that the curve of the strain- 
rate sensitivity and the stress decrement has two 
bending points and two plateau regions only for KCI: 
Sr 2+, which is considered to have only one type of 
impurity. Thus, ~pl and '12p2 may depend on impurity 
concentration. Fig. 8 shows the dependence of ~pl and 
~p2 on the yield stress for KCI: Sr 2 + at 150 K. The 
plots correspond to the case when the Sr 2 + concentra- 
tion is 0.035, 0.050, and 0.065 mol % from the bottom. 
It can be seen from this figure that both ~pl and ~p2 are 
approximately proportional to the yield stress. This 
means that ~p, and "~p2 increase, depending on the 
impurity concentration, because the yield stress gen- 
erally increases with increasing impurity concentra- 
tion [1 5]. 

4.  D i s c u s s i o n  
4.1. Relation between the strain-rate 

sensitivity and the stress decrement for 
KCI: Sr 2+ 

The above experimental facts that the curve of the 
strain-rate sensitivity and stress decrement for only 
KCI: Sr 2 + has two bending points and two plateau 
regions, and both ~p~ and Tp2 depend on Sr 2 + concen- 
tration, suggest that the phenomena shown in Figs 4 
and 5 are attributable to the interaction between a 
dislocation and only one type of obstacle. The reason 
for this is discussed below. 

The strain-rate sensitivity relates to the activation 
volume, i.e. the average length of dislocation segment. 
In addition, it is reported that the length of the 
dislocation segment increases and the strain-rate sen- 
sitivity decreases when the ultrasonic oscillatory stress 
is applied at room temperature during plastic defor- 
mation and that the plateau region is due to the 
dislocation cuttings when oscillations cause the disloc- 
ation to break away from all weak obstacles [16]. 
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Figure 7 Relation between the strain-rate sensitivity and the stress 
decrement for KC1 doped with various impurities at various temper- 
atures: (O) 151 K, (~) 159, (D) 195 K. 
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Figure 8 Dependence of "~pl and "l~p2 on the yield stress, ~r, for KCI: 
Sr 2+ at 150 K. (O, ~) Concentration of Sr2+= 0.035, 0.050, 
0.065 mol % from the left. 



Therefore, the first plateau region, as well as the 
second one, indicates that the average length of the 
dislocation segment remains constant there. Thus, 
application of oscillations with low stress amplitude 
cannot influence the average length of the dislocation 
segment at low temperature, but it can do so at high 
temperature, such as room temperature. Therefore, 
the plateau region appears at low stress decrement in 
Figs 4 and 5. Now we imagine a dislocation pinned by 
many weak obstacles and bowing by applied stress 
between a few strong obstacles during stationary plas- 
tic deformation. When the stress amplitude increases, 
the dislocation begins to break away from weak ob- 
stacles by oscillation between the strong ones and the 
average length of the dislocation begins to increase. 
The strain-rate sensitivity starts to decrease at the 
stress decrement of rp~. This ~pl should depend on 
temperature, and on type and density of the obstacle. 
Consequently, the phenomena shown in Figs 4-7 re- 
flect the influence of ultrasonic oscillation on the 
dislocation motion on the slip plane containing many 
weak obstacles and a few strong ones, during plastic 
deformation. Furthermore, rpl is considered to repre- 
sent the effective stress due to the weak obstacles 
which lie on the dislocation with the largest separa- 
tion, because the dislocation begins to break away 
from these weak obstacles with the help of oscillation. 
The stress decrement at which the ultrasonic oscil- 
latory stress helps the dislocation break away from all 
weak obstacles is ~p2, as reported by Ohgaku and 
Takeuchi [16]. At a stress decrement more than ~p2 
the obstacles to the dislocation motion are only strong 
ones such as dislocation, cuttings. 

The curve of the strain-rate sensitivity and the stress 
decrement for the specimen containing many types of 
obstacle should be obtained by superimposition of 
various curves for each obstacle. Therefore, the 
bending points and plateaus should not be clear. The 
curve shown in Fig. 7 corresponds to this case. KC1 
crystal may contain a small amount of various impu- 
rities, although none were added. As a result, the first 
bending point does not appear. The second bending 
point, however, appears because the amount of impu- 
rities is small. 

4.2. Dependence of zpl and rp2 on the 
temperature for KCI: Sr 2+ 

If rpl is the effective stress due to the weak obstacles 
with the largest separation, it should depend on tem- 
perature and impurity concentration. Fig. 9a c show 
the dependence of Zpl and Zp2 on temperature for KCI: 
Sr 2 + (0.065, 0.050 and 0.035 tool %, respectively). It is 
clear from the figures that zp~ and rp2 tend to increase 
with decreasing temperature for three specimens. Both 
rpl and Tp2 increase with increasing concentration of 
Sr 2 + at a given temperature. The critical temperature, 
T o, at which the curves intersect the abscissa and Zpl is 
zero, may be determined from these figures. Then, To 
appears to be constant independently of the Sr z+ 
concentration. It is clear from these phenomena that 
~p~ corresponds to the effective stress due to the weak 
obstacles which lie on the dislocation with the largest 
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Figure 9 Dependence of rpl and "['p2 on  temperature for KCI: Sr 2 +. 

The Sr 2 + concentration is (a) 0.065, (b) 0.050, and (c) 0.035 mol %. 
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Figure 10 Linear plots of  ('I'pl?Cp0) 1/2 and T 1'2 for KCI: Sr2+: 
(• 0.035 tool %, (�9 0.050 mol %, (1~) 0.065 mol %. 

separation when the dislocation moves forward. Ob- 
servation of %1, therefore, provides information on 
the interaction between a dislocation and weak ob- 
stacles. That is, the temperature dependence of rpl 
reveals the force-distance profile which expresses the 
interaction between a dislocation and weak obstacles. 

The tetragonal distortion resulting from the in- 
troduction of the divalent cations into alkali halides is 
generally formed in the lattice, and it is well known 
that the Fleischer's model, which is the most successful 
one for the dramatic hardening of divalent cations, is 
suitable for the interaction between a dislocation and 
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T A B L E  I Values Of~po 

KCl: Sr 2+ (tool %) "~p0(MPa) 

0.035 9.01 
0.050 14.52 
0.065 16.71 

obstacles [17]. Then, the relation between the effective 
stress and the temperature can be approximated as 

( ' cp l / 'CpO)  1/'2 = 1 - (T/Tc) 1/2 ( l )  

where ~po is the effective stress due to the weak 
obstacles without thermal activation. Fig. 10 shows 
that the relation between ~pl and temperature for KCl: 
Sr 2 + agrees with the above equation. 

We can also determine the critical temperature. The 
value of the critical temperature, To, is about 227 K for 
KCI: Sr 2 +, and Zp0, which is obtained by extrapora- 
ting the curve to 0 K, increases with Sr 2 + concentra- 
tion. The values of "Cpo are given in Table I. 

5. Conclusion 
When the strain-rate cycling test during the Blaha 
effect measurement is carried out, the dependence of 
the strain-rate sensitivity on the stress decrement pro- 
vides information on the interaction between a disloc- 
ation and weak obstacles. The plots of the strain-rate 
sensitivity and stress decrement for KCI: Sr 2 + have 
two bending points and two plateau regions, as shown 
in Figs 4 and 5. The first bending point, ~pl, corres- 
ponds to the effective stress due to weak obstacles 

which have the largest separation on the mobile dis- 
location. The temperature dependence of ~pl reveals 
the force-distance profile between a dislocation and 
obstacles, and Tc is 227 K for KCI: Sr 2 +. 
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