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Abstract

:

The interaction between a dislocation and impurities has been investigated by measurements of yield stress and proof stress, micro-hardness tests, direct observations of dislocation, internal friction measurements, or stress relaxation tests so far. A large number of investigations has been carried out by the separation of the flow stress into effective and internal stresses on the basis of the temperature dependence of yield stress, the strain rate dependence of flow stress, and stress relaxation. Nevertheless, it is difficult to investigate the interaction between a dislocation and obstacles during plastic deformation by the mentioned methods. As for the original method which combines strain-rate cycling tests with the Blaha effect measurement, the original method is different from above-mentioned ones and would be possible to clear it up. The strain-rate cycling test during the Blaha effect measurement has successively provided the information on the dislocation motion breaking away from the strain fields around dopant ions with the help of thermal activation, and seems to separate the contributions arising from the interaction between dislocation and the point defects and those from dislocations themselves during plastic deformation of ionic crystals. Such information on dislocation motion in bulk material cannot be obtained by the widely known methods so far. Furthermore, the various deformation characteristics derived from the original method are sensitive to a change in the state of dopant ions in a specimen by heat treatment, e.g., the Gibbs free energy (G0) for overcoming of the strain field around the dopant by a dislocation at absolute zero becomes small for the annealed KCl:Sr2+ single crystal (G0 = 0.26 eV) in comparison with that for the quenched one (G0 = 0.39 eV).
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1. Introduction


The interaction between a dislocation and point defects has been investigated by measurements of yield stress (e.g., [1,2,3,4,5,6,7]) and proof stress (e.g., [8,9]), micro-hardness tests (e.g., [10,11,12,13,14]), direct observations of dislocation (e.g., [15,16,17,18,19,20,21]), internal friction measurements (e.g., [22,23,24,25,26,27]), or stress relaxation tests (e.g., [28,29]) so far. A large number of investigations have been carried out by the separation of the flow stress into effective and internal stresses on the basis of the temperature dependence of yield stress, the strain rate dependence of flow stress, and the stress relaxation. Nevertheless, it is difficult to investigate the interaction between a dislocation and obstacles during plastic deformation by the mentioned methods. This is because yield stress depends on dislocation velocity, dislocation density, and multiplication of dislocations [30] and proof stress is used as a means of assessing the yield stress. On the other hand, the effect of heat treatment on the micro-hardeness is almost insensitive to the change of atomic order of point defects in a specimen. As for direct observations, electron microscopy provides the information on the interaction between a dislocation and obstacles for a thin specimen but not for bulk, and also light scattering method is useful only for a transparent specimen. X-ray topography is the lack of resolution in the photograph, so that the specimen is limited to the low dislocation density below 104 cm−2. Internal friction measurements cannot provide the information on the motion of the dislocation which moves by overcoming the forest dislocations and the weak obstacles such as impurities during plastic deformation, because the measurements concern the motion of the dislocation which breaks away from the weak obstacles between two forest dislocations by vibration [31]. In stress relaxation tests it is generally assumed that internal structure of crystals does not change, i.e., dislocation density and internal stress are constant. In this paper, the study on interaction between a dislocation and dopant ions is made by the strain-rate cycling tests during the Blaha effect measurement.



The Blaha effect is the phenomenon that static flow stress decreases when an ultrasonic oscillatory stress is superimposed [32]. Blaha and Langenecker found it when the ultrasonic oscillatory stress of 800 kHz was superimposed during plastic deformation of Zn single crystals. Figure 1 shows the variation of the stress-strain curve by superimposed ultrasonic vibrations as an example of their experimental results [20]. The curve represents the intermittent addition of ultrasonic vibrations in a solid line and the continued addition in a broken line. This phenomenon is the so-called the Blaha effect. The same phenomena have been confirmed in many metals (e.g., [33,34,35]) and have been widely made to apply to the plastic working technique for industrial purpose such as wire drawing, deep drawing, rolling, and another metal forming techniques, since this phenomenon has an industrial significance (e.g., [36,37,38,39,40,41,42,43,44]). The Blaha effect has been explained by a temperature rise of materials [45], an abrupt increase in mobile dislocation density [46], a reduction in internal stress [47,48,49], or a stress superposition mechanism [50,51,52,53,54,55] so far. The temperature rise is not so high as to influence the flow stress in this test (the strain-rate cycling test during the Blaha effect measurement). It is also improbable that the mobile dislocation density markedly increases immediately after the application of oscillations. If the Blaha effect is explained by itself, the mobile dislocation density has to increase by a factor of tens or hundreds. The reduction in internal stress should be valid only for the particular case that the amplitude of oscillatory stress is so large as to change the internal structure, where a redistribution of the dislocations may occur. The stress superposition mechanism, where the internal friction due to application of oscillations is neglected and the amplitude dependent region (QH−1) of internal friction is not considered, has been regarded as the most important one to interpret the Blaha effect. However, Lebedev et al. [49,56] reported that the stress decrement (∆τ) due to the application of ultrasonic oscillatory stress appears at the moment when measurements of the amplitude dependence of internal friction were made. Ohgaku and Takeuchi [57] also concluded that ∆τ is proportional to QH−1 at small amplitude for NaCl and KCl single crystals. The relation between ln∆τ and lnQH−1 is shown in Figure 2, which is drawn from the experimental results for single crystals of KCl, NaCl, NaBr, and KBr. The relation is divided into three regions denoted by I, II, and III. It was furthermore found that the average length of dislocation segments become long when the internal friction measurement was carried out [58]. Therefore, it could be considered that ∆τ of alkali halide is attributed to the increase in activation volume for dislocation motion when dislocations move with the aid of thermal activation [57,59]. Assuming that the mobile dislocation density and the enthalpy at zero effective stress keep constant before and after application of oscillatory stress, this can be interpreted on the basis of the following discussion. The activation volume (V0) and the effective stress (τe) will change into V and τ, respectively, when an oscillation is applied. Then, we can obtain


    V 0   τ e  = V τ   



(1)




because the strain rate keeps constant before and after application of oscillations. Equation (1) directly gives


   Δ τ =  τ e  − τ =  (  1 −    V 0   V   )   τ e    



(2)







Accordingly, the increment in activation volume, namely the increment in the average length of dislocation segments (∆L) as given by Equation (3), causes ∆τ of alkali halide.


   Δ V = b Δ L d   



(3)




where   b   is the magnitude of Burgers vector and   d   is the activation distance.



The ∆τ increases with increasing stress amplitude and slightly increases with strain rate (   ε ˙   ) [59]. The strain rate dependence of the ∆τ may suggest that the stress change (∆τ′) due to the strain-rate cycling depend on the stress amplitude and on the ∆τ. Then, Ohgaku and Takeuchi [59] carried out the strain-rate cycling tests under superposition of an oscillatory stress.



The strain-rate cycling test during the Blaha effect measurement is illustrated in Figure 3. The stress drop ∆τ is caused by superposition of oscillatory stress (τv) during plastic deformation. When strain-rate cycling between the strain rates of      ε ˙  1     and      ε ˙  2     is carried out keeping the stress amplitude of τv constant, the stress change due to the strain-rate cycling is ∆τ′. Figure 4 shows the result at room temperature for single crystals of nominally pure alkali halide such as NaCl, KCl, NaBr, and KBr. The relative curve between ∆τ′ and ∆τ shifts upward with strain and bends at a critical ∆τ. The critical ∆τ corresponds to the point which separates region I and region II in Figure 2. They identified the small ∆τ region in Figure 4 with region I in Figure 2 and the larger ∆τ region with regions II and III. The relations between ∆τ and QH−1 as well as ∆τ and ∆τ′ are essentially divided into two regions, where different mechanisms are considered to dominate. In region III, it concerns the dislocation density, because QH−1 linearly decreases as applied shear stress, which is generally proportional to the square root of the dislocation density [60,61,62], becomes large in region III [63]. When the tests are carried out, ∆τ′ can be expressed by


∆τ′ = ∆τ′i + ∆τ′p + ∆τ′s



(4)




where the suffixes of stress variation, i, p, and s, mean the internal stress, the part of the effective stress due to impurities, and the strain-dependent part of the effective stress, respectively. They considered Figure 4 on the basis of Equation (4) as follows. ∆τ′p corresponds to the linearly decreasing part of ∆τ′ at small stress amplitude in Figure 4 and is given by the difference between ∆τ′ at ∆τ of zero and ∆τ′ at the critical point which distinguishes regions I and II. ∆τ′s dominates in regions II and III, where ∆τ′p is zero. ∆τ′s increases with increasing strain and dislocation density. Li reported that the effective internal stress depends on the flow stress [64]. When a dislocation velocity-stress exponent is nearly 30 and the maximum internal stress is close to the flow stress, the effective internal stress approaches the maximum internal stress [64]. With regard to ∆τ′i, it was considered by the results in the paper [64] that the influence of internal stress during the strain-rate cycling under the oscillation is negligible. This can be examined also from the experimental result in Section 3.4 (i.e., λp is almost constant independently of the strain). Therefore, the strain-rate cycling tests during the Blaha effect measurement seems to separate the contributions arising from the interaction between a dislocation and dopant ions and those from dislocations themselves during plastic deformation.



Ohgaku and Takeuchi [57,63] reported that the strain-rate cycling tests associated with the ultrasonic oscillation can separate the contributions arising from the interaction between a dislocation and dopant ions and from the dislocations themselves during plastic deformation at room temperature. Then, they discussed the temperature dependence of the effective stress due to monovalent dopants (i.e., Br− or I−) in KCl:Br− (0.5, 1.0, and 2.0 mol.% in the melt) or I− (0.2, 0.5, and 1.0 mol.% in the melt) single crystals at 77 to 420 K [65] and NaCl:Br− (0.1, 0.5, and 1.0 mol.% in the melt) single crystals at 77 to 253 K [66]. They found that the measurement of strain-rate sensitivity under the application of ultrasonic oscillatory stress provides useful information on the interaction between a mobile dislocation and the dopant ions [65,66]. It has been reported so far through the combination method that the information on the dislocation motion can be obtained in terms of various ionic crystals. The details are reviewed mainly for KCl:Sr2+ single crystals.



As compared with metals, the ionic crystals used here have some advantages: A small number of glide systems, low dislocation density in grown crystal (e.g., 104 cm−2 order for NaCl single crystal [67]) as against that of annealed metals (e.g., 1 to 5 × 106 cm−2 in pure Cu single crystal [68] and 107 cm−2 order for pure Fe single crystal [69]), transparency and readiness for single crystal preparation, etc. Pure or impurity-doped alkali halide crystals, therefore, are excellent materials for an investigation on mechanical properties of crystals. A large number of investigations on strength of materials have been made with alkali halide crystals (e.g., [19,70,71]).




2. Experimental Procedure


2.1. Preparation of Specimens


Two kinds of single crystals used in this work, nominally pure KCl, KCl doped with SrCl2 (0.035, 0.050, 0.065 mol.% in melt) were grown from the melt of reagent-grade powders by the Kyropoulos method in air. The specimens, which were prepared by cleaving out of single crystalline ingots to the size of 5 × 5 × 15 mm3, were kept immediately below the melting point for 24 h in order to reduce dislocation density as much as possible, followed by cooling to room temperature at the rate of 40 Kh−1. This is termed the specimen A. The additive Sr2+ ions are supposed to aggregate owing to the gradual cooling in the specimen A. Accordingly, the specimens A were held at 673 K for 30 min, followed by quenching to room temperature immediately before the test, in order to disperse the additive Sr2+ ions into them. The temperature (i.e., 673 K) of this heat treatment was determined on the basis of the below experimental results.



Figure 5 shows the dependence of initial dislocation density (  ρ  ), the dielectric loss peak due to the I-V pairs (tan  δ  ), and yield stress (τy) on the temperature from which KCl:Sr2+ (0.3 and 1.0 mol.% in the melt) single crystals were quenched [72]. Etch pits technique was used to detect the density of dislocations in KCl:Sr2+ (0.3 mol.% in the melt) with a corrosive liquid (saturated solution of PbCl2 + ethyl alcohol added two drops of water). The etching was carried out at room temperature for 30 min. The dielectric loss factor tan  δ   as a function of frequency was measured for KCl:Sr2+ (1.0 mol.% in the melt) in thermostatic bath within 300 to 873 K. The height of the loss peak is related to the concentration of isolated I-V dipole (see Equation (7)). The τy values were obtained at room temperature for KCl:Sr2+ (1.0 mol.% in the melt) compressed along the <100> axis at the crosshead speed of 20 µm min−1. As a result, it was found that the dislocation density and the yield stress remarkably increase for the crystals quenched from the temperature (T) above 673 K. While the value of tan  δ   does not vary by quenching from the temperature below 573 K or above 673 K. In Figure 5, the values of   ρ  , tan  δ  , and τy at about 300 K correspond to the specimen A and those at 673 K the specimen A quenched from 673 K. When alkali halide crystals are doped with divalent cations, the dopant cations induce positive ion vacancies in order to conserve the electrical neutrality and are expected to be paired with the vacancies. They are often at the nearest neighbor sites forming a divalent impurity-vacancy (I-V) dipole, which attract them strongly [73], for crystals quenched from a high temperature. Then asymmetrical distortions (tetragonal lattice distortions) are produced around the I-V dipoles. Mobile dislocations on a slip plane interact strongly only with these defects lying within one atom spacing of the glide plane [74]. The concentration of isolated I-V dipoles affects the yield stress, as reported in the papers [75,76,77,78]. The difference in dislocation density is slight and the tan  δ   obviously becomes larger with higher quenching temperature between 573 and 673 K as shown in Figure 5. Therefore, the specimens are determined to be quenched from 673 K to room temperature immediately before the compression tests mentioned below.




2.2. Strain-Rate Cycling Test during the Blaha Effect


The schematic illustration of apparatus is shown in Figure 6a. A resonator composed of a vibrator and a horn was attached to an Instron-type testing machine DSS-500 (Shimadzu Corp., Kyoto, Japan), in Figure 6b. The specimens, of which the upper and bottom sides were coated with molybdenum disulfide as a lubricant to prevent from barrel shape deformation during the test, were lightly fixed on a piezoelectric transducer and then cooled down to a test temperature. The specimens were deformed by compression along the <100> axis, and the ultrasonic oscillatory stress with the signal of 20 kHz from a multifunction synthesizer was intermittently superimposed for one or two minutes by the resonator in the same direction as the compression. The amplitude of the oscillatory stress was monitored by the output voltage from the piezoelectric transducer set on the bottom side of specimen (i.e., between a specimen and the support rod), which was observed by an a.c. voltmeter or an oscilloscope. The strain of the specimen is considered to be homogeneous, because the wavelength, which is 196 mm by calculating from the data of reference [79], is 13 times as long as the length of the specimen. Strain-rate cycling test during the Blaha effect measurement was already illustrated in Figure 3. Superposition of oscillatory stress (τv) during plastic deformation causes a stress drop (as ∆τ, in MPa). Keeping the stress amplitude of τv constant, strain-rate cycling between the strain rates of      ε ˙  1     (2.2 × 10−5 s−1) and      ε ˙  2     (1.1 × 10−4 s−1) was carried out. Then, the stress change due to the strain-rate cycling is ∆τ′. Slip system for rock-salt structure such as KCl crystal is {110}    < 1  1 ¯  0 >    so that shear stress (τ) and shear strain (ε) calculated for the slip system were used in this study. The strain-rate cycling tests made between the crosshead speeds of 20 and 100 µm min−1 were performed at 77 K up to the room temperature as shown in Figure 6c. For the tests at 77 K, the specimen was immersed in the liquid nitrogen. The other temperature measurements were made by heater controlled using thermocouples of Ni-55%Cu vs. Cu, in Figure 6d. Each specimen was held at the test temperature for 30 min prior to the compression test, and the stability of temperature during the test was kept within 2 K. The strain-rate sensitivity (∆τ′/∆ln   ε ˙   ) of the flow stress, which is given by ∆τ′/1.609, was used as a measurement of the strain-rate sensitivity (as λ = ∆τ′/∆ln   ε ˙   , in MPa).





3. Results and Discussion


3.1. Relations between ∆τ and Strain-Rate Sensitivity (λ) for KCl:Sr2+ and KCl


The variation of λ with shear strain is shown in Figure 7a for KCl:Sr2+ (0.050 mol.%) single crystal at 200 K. Figure 7b concerns ∆τ for the same specimen. ∆τ does not largely change with shear strain and is almost constant independently of the strain. This means that the process of plastic deformation does not affect the decrease of flow stress due to superposition of oscillatory stress. However, ∆τ increases with increasing stress amplitude at a given temperature and shear strain. λ tends to increase with shear strain at all stress amplitude (except for τv = 45 below the strain of about 9%) and decrease with stress amplitude at a given shear strain. The increase of λ with shear strain is caused by the increase of the forest dislocation density. The value of (∆λ/∆τv)T, ε seems to be small at low and high stress amplitude as can be seen in Figure 7a. The values of ∆τ and λ, which is obtained from Figure 7 at the shear strains of 10%, 14% and 18%, are plotted in Figure 8. The figure provides the relationship between ∆τ and λ for a fixed internal structure of the KCl:Sr2+ (0.050 mol.%) single crystal at 200 K. As can be seen from Figure 8, the variation of λ with ∆τ has stair-like shape. That is to say, there are two bending points on the each curve, and there are two plateau regions: The first plateau region ranges below the first bending point at low ∆τ and the second one extends from the second bending point at high ∆τ. The second plateau place is considered to correspond to the regions II and III in Figure 4, as reported by Ohgaku and Takeuchi [63]. The λ gradually decreases with ∆τ between the two bending points. λp denoted in Figure 8 is introduced later (Section 3.4). The values of ∆τ at the first and the second bending points are referred to as τp1 and τp2 in MPa, respectively. However, no first bending point (i.e., τp1) is on the relative curve of ∆τ and λ for nominally pure KCl single crystal. This is revealed in Figure 9 represented the relationship of ∆τ and λ for the KCl at several temperatures. As for KCl, the first plateau region does not appear on each curve and λ decreases with increasing ∆τ at low stress decrement. In contrast to KCl:Sr2+ single crystals, there is only one bending point on each curve, which is considered to correspond to τp2. Therefore, τp1 is due to the additive ions (Sr2+) in the crystals. Figure 8 shows also the influence of shear strain on the relation between ∆τ and λ. The curve shifts upwards with increasing shear strain. This phenomenon is caused by the part of the strain-rate sensitivity which depends on dislocation cuttings as well as KCl. Since the dislocation cuttings increase with increasing strain, the λ increases [63]. Stair-like relation curve of ∆τ vs. λ is obtained for KCl:Sr2+ at any other temperature. Figure 10 shows the influence of temperature on the ∆τ vs. λ curve for the crystal at strain 10%, which is obtained by the above-mentioned method. Similar result as Figure 8 is also obtained at low temperature. As the temperature is higher, τp1 and τp2 tend to be lower, and τp1 disappears at 225 K. If τp1 is the effective stress due to the weak obstacles (i.e., the additive Sr2+ ions) on the mobile dislocation during plastic deformation of KCl:Sr2+ single crystals, it should depend on temperature and Sr2+ concentration. Figure 11a–c shows the dependence of τp1, τp2, and yield stress τy on temperature for KCl:Sr2+ (0.065, 0.050, and 0.035 mol.%, respectively) single crystals, where the curves for these stresses are to guide the reader’s eye. It is clear from the figure that τp1 and τp2 tend to increase with decreasing temperature as the variation of τy in the temperature range applied for the three specimens. Both τp1 and τp2 seem to depend on Sr2+ concentration at a given temperature. τp1 may increase with the solute concentration (c0) as below


    τ  p 1   =      F 3   c 0    2 μ  b 6        



(5)




where F is the force acted on the dislocation and μ is the shear modulus. Equation (5) is derived from the Friedel relation [80] between the effective stress and the average length of dislocation segments. Figure 12 shows the dependence of τp1 and τp2 on the yield stress for KCl:Sr2+ at 150 K. The plots correspond to the case when the Sr2+ concentration is 0.035, 0.050, and 0.065 mol.% from the bottom. It can be seen from this figure that both τp1 and τp2 are approximately proportional to the yield stress. This means that τp1 and τp2 increase, depending on the Sr2+ concentration, because the yield stress generally increases with increasing impurity concentration [1,2,3,75,81].



The critical temperature (Tc), at which the T-τp1 curves intersect the abscissa and τp1 is zero, may be determined from Figure 11. Then, Tc appears to be constant independently of the Sr2+ concentration and τy seems to approach a constant value above the Tc.




3.2. Discussion for the ∆τ vs. λ Curve


The preceding experimental facts that the ∆τ vs. λ curve for KCl:Sr2+ has two bending points and two plateau regions, and both τp1 and τp2 depend on Sr2+ concentration, suggest that the phenomena shown in Figure 8 and Figure 10 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 of effective stress (τ*) is inversely proportional to the activation volume, i.e., the average length of dislocation segment, as given by


       (    Δ  τ *    Δ ln  ε ˙     )   T  =   k T  V  ,     ( V = b L d )    



(6)




where   k   is the Boltzmann constant. In addition, it is reported that the length of the dislocation segment increases and the strain-rate sensitivity decreases when the ultrasonic oscillatory stress is applied at room temperature during plastic deformation and that the plateau region is due to the dislocation cuttings when oscillations cause the dislocation to break away from all weak obstacles [84]. Therefore, the first plateau region, as well as the second one, indicates that the average length of the dislocation segments remains constant there. In other words, application of oscillations with low stress amplitude cannot influence the average length of the dislocation segments 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 Figure 8 and Figure 10. Now it is imaged that a dislocation is pinned by many weak obstacles and is bowing by applied stress between a few strong obstacles such as forest dislocations during stationary plastic deformation. When the stress amplitude increases, the dislocation begins to break away from weak obstacles by oscillation between the strong ones and the average length of the dislocation begins to increase. The λ starts to decrease at the stress decrement of τp1. This τp1 should depend on temperature and on density of the obstacle. τp1 is considered to represent the effective stress due to the weak obstacles which lie on the dislocation when the dislocation begins to break away from these weak obstacles with the help of oscillation. Observation of τp1, therefore, provides information on the interaction between a dislocation and weak obstacles. Consequently, the phenomena shown in Figure 8, Figure 9 and Figure 10 seem to reflect 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. The weak obstacles are considered to be the dopant ions and not to be vacancies here, because the vacancies in the specimen have low density in contrast to the dopants. For example, the concentration of vacancies at thermal equilibrium state is about 1.2 × 10−7 % for KCl single crystal quenched from 673 K to room temperature. As the stress amplitude increases further, oscillating dislocations overcome all Sr2+ ions (i.e., Sr2+ ions do not act as obstacles to the translational motion of dislocations) and the λ becomes constant. The ∆τ value at which the ultrasonic oscillatory stress helps the dislocation break away from all weak obstacles is τp2. At a stress decrement more than τp2, forest dislocations remain as the obstacles to the mobile dislocation.



KCl crystal (nominal pure KCl crystal) may contain a small amount of various impurities (e.g., Cu max.2ppm, Pb max.2ppm, Fe max.2ppm, etc. in the reagent-grade powders), although none were added. As a result, the first bending point does not appear. The second bending point, however, appears because the amount of impurities is small.




3.3. Influence of the State of Sr2+ Ions on ∆τ vs. λ Curve by Heat Treatment


Here is clarified the state of impurities in the specimen and is referred to the influence of the state of dopant ions on the interaction between a dislocation and the dopants, especially on the relation between temperature and the effective stress. The specimens used here are two kinds of single crystals. The first is KCl:Sr2+ (0.050 mol.% in the melt) in the preceding Section 2.1 and is hereafter named the quenched specimen. The second was prepared by keeping the quenched specimen at 370 K for 500 h and gradually cooling in a furnace for the purpose of aggregating dopants in it [85]. This is termed the annealed specimen here.



Dielectric absorption of an I-V dipole causes a peak on the tan  δ  -frequency relation. The relative formula which gives the proportionality between the concentration of I-V dipoles and a Debye peak height is expressed by [86]


   tan δ =   2 π  e 2  c   3  ε ′  a k T   ,   ( maximum )   



(7)




where e is the elementary electric charge, c is the concentration of the I-V dipole,    ε ′    is the dielectric constant in the matrix, and a is the lattice constant. Figure 13 shows the influence of this heat treatment on the tan  δ  -frequency curves for KCl:Sr2+ at 393 K. The upper solid and dotted curves correspond to the quenched specimen and the lower curves the annealed specimen. Dotted lines show Debye peaks obtained by subtracting the d.c. part which is obtained by extrapolating the linear part of the solid curves in the low-frequency region to the high-frequency region. Introducing the peak heights of the dotted curves into Equation (7), the concentration of the isolated dipole was determined to be 98.3 ppm for the quenched specimen and 21.8 ppm for the annealed specimen by dielectric loss measurement using an Andoh electricity TR-10C model. On the other hand, the atomic absorption gave 121.7 ppm for the Sr2+ concentration in the quenched specimen and 96.2 ppm for the annealed specimen. Therefore, it should be considered that 71.9% of the I-V dipoles turn into the aggregates in KCl:Sr2+ single crystal and form at least trimers [85] by the heat treatment. The trimer has a structure in which three dipoles (Sr2+-vacancy-Sr2+-vacancy-Sr2+-vacancy) are arranged hexagonally head to tail in a (111) plane, as suggested by Cook and Dryden [85].



The ∆τ vs. λ curves for the quenched specimen are already shown in Figure 8 and Figure 10. The same phenomena as these figures are observed for the annealed specimens. That is to say, the curve has two bending points and two plateau regions and λ decreases with the ∆τ between the two bending points at a given shear strain and temperature. The dependence of τp1 and τp2 on temperature for the quenched specimen is shown in Figure 14a, while that for the annealed specimen is shown in Figure 14b (the curves for τp1 and τp2 are to guide the reader’s eye). The value of τp1 becomes small by forming into the aggregates in the crystal and this result is clearer at lower temperature. This may be caused by the result that the separation between the weak obstacles lying on the mobile dislocation becomes wider as the I-V dipoles turn into aggregates. In addition, it is supposed that the decrease in τp1 due to agglomerate of the I-V dipoles, i.e., softening, would be attributable to the loss of tetragonality (lattice distortion around the dopants) in terms of the Fleischer’s model [74], as suggested by Chin et al. [1]. The decrease in the effective stress due to agglomerates of I-V dipoles has been reported for alkali halide crystals doped with divalent cations so far [1,13,75,88,89]. As for τp2, no great difference is seen between the quenched specimen and the annealed one. Accordingly, as the I-V dipoles turn into the aggregates by the heat treatment, the difference between τp1 and τp2 obviously becomes wider at lower temperature. This suggests that the distribution of Sr2+ obstacles on mobile dislocation, i.e., the average length of dislocation segments, for the annealed specimen is wider than that for the quenched one.



The critical temperature Tc at which τp1 becomes zero and the dislocation breaks away from the dopants only with the help of thermal activation is around 210 K for the annealed specimen. This Tc value is small in contrast to Tc   ≈   240 K for the quenched specimen as can be seen from Figure 14a,b.




3.4. Activation Energy for the Break-Away of a Dislocation from the Dopant Ion


The thermally activated deformation rate is expressed by an Arrhenius-type equation:


    ε ˙  =   ε ˙  0  exp  (    − G   k T    )    



(8)




where      ε ˙  0     is a frequency factor and is unique for a particular dislocation mechanism. G is the activation energy for overcoming of local barrier (i.e., the dopant in here) by a dislocation at temperature T. It is assumed that the interaction between a dislocation and the dopant ion (i.e., I-V dipole) for the quenched specimen can be approximated to the Fleischer’s model [74] taking account of the Friedel relation [80]. The model is named F-F here. Then, the relative formula of τp1 and temperature, which will reveal the force–distance relation between a dislocation and a weak obstacle, is given by


      (     τ  p 1      τ  p 0      )    1 / 3   = 1 −    (   T   T c     )    1 / 2     



(9)




where τp0 is the value of τp1 at absolute zero.



The activation energy for the interaction between a dislocation and the obstacle is expressed from the Arrhenius-type equation for the thermally activated deformation rate at low temperature as the Equation (8), namely


    G = α k T ,      (  α = ln  (      ε ˙  0    ε ˙    )   )     



(10)




and the G for the F-F is also expressed by [90]


    G =  G 0     {  1 −    (     τ *     τ 0 *     )    1 / 3    }   2  ,      (   G 0  =  F 0  b  )     



(11)




where G0 is the Gibbs free energy for the break-away of a dislocation from the dopant in the absence of an applied stress, τ*0 is the effective shear stress (τ*) at absolute zero, and F0 is the force acted on the dislocation at 0 K. Differentiating the combination of Equations (10) and (11) with respect to the shear stress gives


     ∂ ln  ε ˙    ∂  τ *    =  (    2  G 0    3 k T  τ 0 *     )     (     τ 0 *     τ *     )    2 / 3    {  1 −    (     τ *     τ 0 *     )    1 / 3    }  +   ∂ ln   ε ˙  0    ∂  τ *      



(12)







Further, substituting Equation (9) in Equation (12) gives


     ∂ ln  ε ˙    ∂  τ *    =  (    2  G 0    3 k T  τ  p 0      )     {  1 −    (   T   T c     )    1 / 2    }    − 2      (   T   T c     )    1 / 2   +   ∂ ln   ε ˙  0    ∂  τ *      



(13)




where τ*0 is replaced by τp0. The result of calculations of Equation (13) for the F-F is shown in Figure 15 for the quenched specimen and the solid line is determined using the least squares method so as to fit to the experimental data (open symbols). The open symbols correspond to the λp−1 for the quenched specimen. On the basis of the slope of straight line, the G0 is 0.39 eV. The strain-rate sensitivity due to weak obstacles, λp, is defined in Figure 8. It is assumed from the following two more experimental results in addition to the description in the Section 1 (introduction) that λp is the strain-rate sensitivity due to Sr2+ obstacles. Firstly, the ∆τ vs. λ curve shifts upward with increasing shear strain, while λp is almost constant independently of the strain as shown in Figure 8 for KCl:Sr2+ (0.050 mol.%) at several strains and 200 K. Secondly, λp is proportional to the square root of Sr2+ concentration (c1/2), which is related to the inverse of the average length L of the dislocation segments (i.e., λp =    k T / b L d   ), at a given temperature. This is shown in Figure 16. The concentration of the I-V dipole was estimated by the dielectric loss measurement.



As for the annealed specimen, the G0 is obtained as follows. The G is expressed for square force–distance relation between a dislocation and a weak obstacle as follows


   G =  G 0  −  τ *  L b d   



(14)







From the Fridel relation [80], the average spacing of weak obstacles along the dislocation is


   L =    (    2  L 0 2  E    τ *  b    )    1 / 3     



(15)




where L0 is the average spacing of weak obstacles on the slip plane and E is the line tension of the dislocations. Substituting Equation (15) into Equation (14), the Gibbs free energy is given by


    G =  G 0  − β  τ *     2 / 3   ,      (  β =    (  2 μ  b 4   d 3   L 0 2   )    1 / 3    )     



(16)







Differentiating the substitutional equation of Equation (16) in Equation (8) with respect to the shear stress, we find


    τ  p 1    (    ∂ ln  ε ˙    ∂  τ *     )  =  (    2  G 0    3 k T    )  +  2 3  ln  (    ε ˙     ε ˙  0     )    



(17)




where τ* is replaced by τp1. The result of calculations of Equation (17) is shown in Figure 17 for the annealed specimen, where the solid line is given using the least squares method and the open circles are obtained from τp1/λp. The interaction energy G0 between a dislocation and the aggregate of I-V dipoles in the specimen, which is obtained from the slope of straight line in Figure 17, is 0.26 eV. The Gibbs free energy for the annealed specimen is smaller than that for the quenched one as tabulated in Table 1.




3.5. Strain-Rate Sensitivity at the Second Plateau Place on the ∆τ vs. λ Curve


Three-stage strain hardening has been clearly established as the characteristic behavior of single crystals of rock salt structure, deforming predominantly by single glide [92]. The three-stage strain hardening is obtained for KCl [93,94]. It is also observed for the quenched and the annealed specimens. Each of the three-stages for the specimens is illustrated in Figure 18, which is generally denoted by stage I, II, and III as shown in the figure. The variation of strain-rate sensitivity at the second plateau place on the ∆τ vs. λ curve with shear strain (see the marked part with grey circle in Figure 19 illustrated the relative curve between ∆τ and λ), where the obstacles to a dislocation motion are only forest dislocations and the dopant ions no longer act as obstacles, is investigated in the different plastic deformation regions of stress-strain curve for the two kinds of specimens, namely, the quenched specimen and the annealed one. The size of specimens used here is within (5 ± 1) × (5 ± 1) × (15 ± 1) mm3. Because, it has been reported that the height–width of specimens determines the shape of the work-hardening curve in the compression at a constant strain rate and temperature for CaF2 single crystals [95] and besides glide geometry is directly related to the shape and size of KCl crystals [2]. The variation of λ at the second plateau place on the ∆τ vs. λ curve with shear strain is shown in Figure 20. The ∆λ/∆  ε   seems to be the variation of the strain-rate sensitivity due to dislocation cuttings with shear strain. The relations of temperature and ∆λ/∆  ε   in stage I and in stage II of stress-strain curve are represented by a circle and a triangle, respectively. The open symbols correspond to that for the quenched specimen and the solid ones that for the annealed specimen. The full lines in this figure are to guide the reader’s eye. Unfortunately, the ∆λ/∆  ε   could not be obtained at low temperature. The ∆λ/∆  ε   in stage II is obviously larger than that in stage I at a given temperature. And the values of ∆λ/∆  ε   in stage I and in stage II increase with decreasing temperature. Figure 20 also shows that the ∆λ/∆  ε   for the annealed specimens is considerably large in contrast to that for the quenched specimens in the two stages at the temperature. This may result from a rapid increase in forest dislocation density with shear strain in the annealed specimen. Accordingly, the increase in it in the annealed specimen seems to be remarkable in the two stages under the compression test, compared with it in the quenched specimen. According to Michalak [96] some dislocation cutting process becomes an important hardening mechanism and the strain-hardening increases. If the consideration about forest dislocation density for the two kinds of specimens is accurate, it is expected that a strain-hardening rate (dτ/dε) for the annealed specimen is larger than that for the quenched specimen at a given temperature and shear strain.



When the whole crystal is filled with primary dislocation dipoles and multipoles, stage I of stress-strain curve ends and the stage II, which is characterized by the onset of glide on oblique systems, follows. Afterwards, the stage III, which is probably associated with the cross glide of screw dislocation around obstacles, ensues in the process of plastic deformation [92]. Accordingly, it will be also expected that the extent of stage I and stage II for the annealed specimen is shorter than that for the quenched specimen at a given temperature.



The relation between dτ/dε and temperature for the two kinds of specimens is shown in Figure 21a for stage I and b for stage II of the plastic deformation regions. The value of dτ/dε in stage II is about two times larger than that in stage I at a given temperature for both the specimens. Furthermore, the dτ/dε for the annealed specimen is obviously large as against that for the quenched specimen in the two stages as can be seen from Figure 21a,b. Although the extent of stage I is further investigated for the two kinds of specimens, the difference between the extents of it could not be found out within the temperature. While the extent of stage II could not also be made a comparison between them, because most of the specimens were fractured within stage II by the compression test at low temperature. Then, we attempted to investigate the extent between shear strains of yield point and of fractured point, i.e., plastic deformation region, at various temperatures. The result of the extent of plastic deformation region is shown in Figure 22. The open circles and the solid ones correspond to those for the quenched specimen and for the annealed specimen, respectively. The extent of it tends to be large with increasing temperature for both the specimens. Figure 22 also shows that the extent of it for the annealed specimen seems to be shorter than it for the quenched specimen at a given temperature. Consequently, it is clear that the increase in forest dislocation density in the annealed specimen is remarkable in contrast to it in the quenched specimen under the compression test. This may be attributed to the phenomenon that a small amount of the much larger aggregates than trimers, which are contained in the annealed specimen, contribute to the increase in forest dislocation density.





4. Summary


By the original method which combines strain-rate cycling tests with the Blaha effect measurement, the dislocation-Sr2+ ions (I-V dipoles) interaction has been investigated during the plastic deformation of bulk material (KCl:Sr2+ single crystal). The data obtained by the original method is sensitive to a change in the state of dopant ions in the specimen by heat treatment, as reviewed in the each Section 3.3, Section 3.4 and Section 3.5. The following results are reviewed mainly on the basis of ∆τ vs. λ curves derived from the original method.



In Section 3.1 and Section 3.2, we reviewed the process of the measurement of strain-rate sensitivity under the application of ultrasonic oscillatory stress in detail. The plots of the strain-rate sensitivity and the stress decrement due to oscillation has two bending points and two plateau regions for KCl:Sr2+ and seem to reflect the influence of ultrasonic oscillation on the dislocation motion on the slip plane. The first bending point, τp1, at low stress decrement corresponds to the effective stress due to Sr2+ ions on the mobile dislocation.



In Section 3.3, we reviewed the influence of the state of dopant ions on the effective stress due to the Sr2+ ions in KCl:Sr2+ single crystals. If the dopant ions in KCl:Sr2+ single crystals diffuse into the matrix, or they aggregate by the heat treatment, various deformation characteristics (τp1 and Tc) become changed. This is because the state of a small amount of dopants in the crystals strongly influences the resistance to movement of a dislocation.



In Section 3.4, the change in obstacle size due to the agglomeration of I-V dipoles was reviewed as an influential factor of the Gibbs free energy for overcoming the local barrier by a dislocation after the heat treatment. The specimens used here are two kinds of heat-treated ones, i.e., the quenched and the annealed KCl:Sr2+ (0.050 mol.% in the melt) single crystals. The G0 value (0.26 eV) for the annealed specimen is smaller than that (0.39 eV) for the quenched one.



In Section 3.5, we reviewed the remarkable increase in density of the forest dislocation under the compression test by annealing the quenched specimen. This is examined from the variation of strain-rate sensitivity at the second plateau place on the ∆τ vs. λ curve with shear strain in both stage I and stage II of stress-strain curve at the temperatures of 170 to 220 K. As a proof, the experimental results on the strain-hardening rate and on the extent of plastic deformation region are obtained for the two kinds of the specimens (i.e., the quenched specimen and the annealed one).



The strain-rate cycling test during the Blaha effect measurement has been successively provided the information on the dislocation motion breaking away from the strain fields around dopant ions with the help of thermal activation, and seems to separate the contributions arising from the interaction between dislocation and the point defects and those from dislocations themselves during plastic deformation of ionic crystals. Such information on dislocation motion in bulk material cannot be obtained by the widely known methods, e.g., the measurements of yield stress and proof stress, micro-hardness tests, direct observations of dislocation, internal friction measurements, or stress relaxation tests. However, the original method (the strain-rate cycling test during the Blaha effect measurement) is different from above-mentioned ones and would be possible to clear it up.
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Figure 1. Variation of the stress-strain curve for Zn single crystals by superimposed ultrasonic vibrations (reproduced from reference [32] with permission from the publisher). 
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Figure 2. Schematic relation between ln∆τ and lnQH−1 (reproduced from reference [63] with permission from the publisher). The strain, ε, increases with its suffix. 
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Figure 3. Variation of applied shear stress, τa, when the strain-rate cycling between the strain rates,      ε ˙  1     (2.2 × 10−5 s−1) and      ε ˙  2     (1.1 × 10−4 s−1), is carried out under superposition of ultrasonic oscillatory shear stress, τv. 
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Figure 4. Schematic relation between ∆τ′ and ∆τ at room temperature (reproduced from reference [63] with permission from the publisher). The strain increases with its suffix. 
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Figure 5. Dependence of initial dislocation density (  ρ  ), the dielectric loss peaks due to the I-V pairs (tan  δ  ), and yield stress (τy) on the quenching temperature (reproduced from reference [72]). 
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Figure 6. Experimental apparatus: (a) Schematic block diagram of apparatus system; (b) main testing machine; (c) resonator connected with the test machine and heat-insulator box; (d) heater covered specimen in the heat-insulator box. 
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Figure 7. Variation of (a) the strain-rate sensitivity, λ (= ∆τ′/∆ln   ε ˙   ) of flow stress, and (b) the stress decrement, ∆τ, due to the superimposition of ultrasonic oscillation with shear strain at 200 K and various stress amplitude for KCl:Sr2+ (0.050 mol.%) single crystal (reproduced from reference [82] with permission from the publisher). τv (arb. units): (○) 0, (●) 10, (▲) 25, (▽) 35, (▼) 45, and (□) 50. The ultrasonic oscillatory stress (τv) increases with its numbers besides each symbol. 
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Figure 8. Relation between the strain-rate sensitivity and the stress decrement for KCl:Sr2+ (0.050 mol.%) at 200 K (reproduced from reference [82] with permission from the publisher). ε: (○) 10%, (△) 14%, and (□) 18%. The plotted points are obtained from Figure 7a,b. 
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Figure 9. Relation between the strain-rate sensitivity and the stress decrement for KCl at various temperatures: (○) 77 K, (△) 94 K, (□) 168 K (reproduced from reference [82] with permission from the publisher). 
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Figure 10. Relation between the strain-rate sensitivity and the stress decrement at the shear strain of 10 % for KCl:Sr2+ (0.050 mol.%) at various temperatures: (○) 103 K, (△) 133 K, (□) 200 K, (◇) 225 K (reproduced from reference [83] with permission from the publisher). 
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Figure 11. Dependence of (○) τp1, (△) τp2, and (□) τy on temperature for KCl:Sr2+. Sr2+ concentration is (a) 0.065, (b) 0.050, and (c) 0.035 mol.%. 
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Figure 12. Dependence of (○) τp1 and (△) τp2 on the yield stress, τy, for KCl:Sr2+ at 150 K (reproduced from reference [82] with permission from the publisher). Concentration of Sr2+ is 0.035, 0.050, 0.065 mol.% from the left. 
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Figure 13. Dielectric loss in KCl containing Sr2+ ions at 393 K: (○) for the quenched specimen, (△) for the annealed specimen (reproduced from reference [87] with permission from the publisher). (- - - -) Losses coming from the dipoles. 
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Figure 14. Dependence of (○) τp1 and (△) τp2 on temperature for KCl:Sr2+ (reproduced from reference [87] with permission from the publisher): (a) for the quenched specimen; (b) for the annealed specimen. 
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Figure 15. Linear plots of Equation (13) for the quenched specimen: KCl:Sr2+ ((○) 0.035 mol.%, (△) 0.050 mol.%, (□) 0.065 mol.% in the melt) (reproduced from reference [90] with permission from the publisher). 
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Figure 16. Relationship between λp and c1/2 for KCl:Sr2+ at the temperatures of 120 to 130 K (reproduced from reference [83] with permission from the publisher). 
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Figure 17. Linear plots of Equation (17) for the annealed specimen (reproduced from reference [91] with permission from the publisher). 
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Figure 18. Shear stress-shear strain curves for (a) (―) the quenched specimen at 175 K and (b) (- - -) the annealed specimen at 176 K. 
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Figure 19. Illustration of relationship between the strain-rate sensitivity of flow stress and the stress decrement due to the superimposition of ultrasonic oscillation at a given strain,   ε   (    ε 1  <  ε 2    ). ∆λ/∆  ε   represents the variation of the strain-rate sensitivity due to dislocation cuttings with shear strain. 
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Figure 20. Dependence of ∆λ/∆ε on the temperature in the different plastic deformation regions: (○) for the quenched specimen and (●) for the annealed specimen in stage I; (△) for the quenched specimen and (▲) for the annealed specimen in stage II (reproduced from reference [97] with permission from the publisher). 
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Figure 21. Dependence of the strain-hardening rate on the temperature in the different plastic deformation regions (reproduced from reference [97] with permission from the publisher): (a) (○) for the quenched specimen and (●) for the annealed specimen in stage I; (b) (△) for the quenched specimen and (▲) for the annealed specimen in stage II. 
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Figure 22. Dependence of the extent of plastic deformation region on the temperature for both the specimens: (○) for the quenched specimen and (●) for the annealed specimen (reproduced from reference [97] with permission from the publisher). 
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Table 1. Values of G0 for the quenched and the annealed specimens.
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	Specimen
	G0 (eV)





	Quenched specimen
	0.39



	Annealed specimen
	0.26
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