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PREFACE

The results of observations and investigations of a new phenomenon—
changes in the macroscopic characteristics of the plastic deformation of metals
and alloys at a superconducting transition—are systematized. In these works it is
shown for the first time that the electronic drag of dislocations accompanying
low-temperature deformation is effective. The main experimental features of the
phenomenon—the dependences of the characteristics of the change in plasticity at
a superconducting transition on the stress, deformation, temperature, deformation
rate, and concentration of the alloying element in the superconductor—and results
indicating a correlation between the characteristics of the effect and the
superconducting properties are presented. Experiments clarifying the mechanisms
of the phenomenon are analyzed. A brief exposition of the theoretical
investigations of the electronic drag of dislocations in metals in the normal and
superconducting states and the influence of a superconducting transition on the
plasticity is given. The theoretical results are compared with the experimental
results. Examples of the application of the effect as a new method for
investigating the physical mechanisms of low-temperature plastic deformation are
presented. The applied aspects of the phenomenon are discussed separately.

In memory of Prof. V.l Startsev (November 27, 1913-
December 26, 1988) and Prof. Taira Suzuki (January 3,
1918-December 19, 1999), who stood at source of these

investigations
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|l. INTRODUCTION

In 1968 two groups of experimentors at the Institute of Solid-State Physics of
Tokyo University [1] and at the Physicotechnical Institute for Low-Temperature
Physics in Kharkov [2] independently and virtually simultaneously discovered,
using different methods, that the macroscopic characteristics of plastic
deformation of metals change at a superconducting transition. These were the first
experiments to show the effectiveness of electronic drag of dislocations
accompanying low-temperature macroscopic deformation of metals and alloys.
This moment marks the start of intense experimental and then theoretical
investigations of the effect. Similar observations were made subsequently in other
macroscopic experiments—under the conditions of creep [3,4] and stress
relaxation [5-7]. In the time since the first experiments on the observation of the
effect of a superconducting transition on plasticity were performed, extensive
investigations of this effect have been conducted in various laboratories in
different countries. A series of works was conducted in the USSR (in Ukraine and
Russia) and Japan, where the investigations were started, and interesting works
were performed in the USA, Canada, Austria, Argentina, and France.
Subsequently, a large number of works seeking to prove a connection between the
effect and the dislocation-electron interaction and experimental investigations of
the mechanisms of the change in plasticity at a superconducting transition were
performed and theory was constructed. In a number of works the effect was used
as a new method for studying the mechanisms of low-temperature plasticity, and
the influence of a superconducting transition on deformation hardening, fatigue,
friction, and wear was studied. This could be of value for applications. A
generalization of some early works is contained in several reviews [8-15], the last
of which was published in Japan in 1985 [15]. Recently, a number of interesting
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2 V.V. Pustovalov

and fundamental investigations have been performed. Together with the early
works, which were not incorporated in the reviews mentioned above, they
strongly broaden our understanding of the influence of the superconducting
transition on plasticity. In this connection a detailed exposition, which is complete
as possible, of the present status of the question is timely. Such an attempt is made
in the present review, focusing on the systematization of the experimental data.
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1. HISTORY OF THE PROBLEM

The question of the mechanical effects occuring at a superconducting
transition was initially discussed on the basis of a thermodynamic analysis.16
This analysis showed that changes of the volume, thermal expansion coefficient,
and elasticity moduli should occur at a transition of a metal into the
superconducting state. The calculations showed that these differences should be
very small. For this reason, they were not observed for a long time with the
existing measurement techniques. Since the characteristics of inelastic plastic
deformation depend on the elastic moduli, it seemed that the influence of a
superconducting transition on the plasticity should be sought in changes of the
elastic moduli. The development of an experimental technique and the use of an
ultrasonic method made it possible to measure the elastic moduli and their
changes to a high degree of accuracy (10°") and to determine small changes of the
elastic moduli at a superconducting transition [17] In vanadium single crystals the
shear modulus c4=G undergoes the largest change at a superconducting
transition. The relative change of this modulus is Acsy lci=10"* at T=1.5 K. A
similar result was obtained for niobium. The greatest change in the quantity
(cii—Cy2) /2 occurs in lead—3x10"°. Thus the thermodynamically equilibrium
changes of the elastic moduli at a superconducting transition are very small. If the
macroscopic characteristics of plastic deformation (the yield point and the flow
stress) at a NS transition are assumed to change in the same measure as the
changes in the moduli (for example, 107°), then the differences of these
characteristics will be much smaller than the sensitivity of modern detecting
apparatus.

An analysis of the plasticity from the standpoint of the intensively developing
dislocation models was found to be more fruitful and encouraging. Plastic
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4 V.V. Pustovalov

deformation is a complicated process, which includes dislocation motion
(thermally activated, quantum, and dynamical) and the appearance, annihilation,
and interaction of dislocations. In such an approach it becomes possible to discuss
the influence of a superconducting transition on the plasticity, since the dynamical
behavior of a dislocation is determined not only by the interaction with phonons
but also with the conduction electrons. This was indicated by the first correct
theoretical investigations of the electronic drag of dislocations, published in 1966
[18,19]. Reference 18 also contains qualitative considerations concerning the
situation in the superconducting state. Experimental works studying ultrasonic
absorption due to dislocation processes started to appear at the same time (1965—
1966). It was shown that the amplitudeindependent dislocation absorption of
ultrasound is due to oscillations of a dislocation segment, and nonlinear effects
(amplitude-dependent absorption of ultrasound) are due to the detachment of
dislocations from pinning points [19]. These observations stimulated the
development of the theory of dislocation-electron interaction. The macroscopic
process of plastic deformation, characterized by the yield point and the flow
stress, is due to translational motion of dislocations over much larger distances.
For example, for stresses below the yield point in copper single crystals the
dislocation travel distances at 77.3 K reach 2000 um [20]. Above the yield point,
at stage | hardening, the average travel distance of edge dislocations is 600-700
pum in copper and 1000-5000 pum in zinc. At stage Il the average travel distance is
100 um, exceeding by five orders of magnitude the displacement of dislocations
under the action of ultrasonic oscillations. Thus the effects of electronic drag of
dislocations which are observed in ultrasonic experiments could not be transferred
to microscopic plasticity, where free and above-barrier dislocation motion, the
interaction of dislocations with pinning centers, and the detachment and
multiplication of dislocations are entangled in a complicated manner. Therefore
the question of the influence of a superconducting transition on the macroscopic
characteristics of plastic deformation remained open. Moreover, experiments on
the deformation of lead at 77.3 and 4.2 K, respectively, in the normal and
superconducting states did not show any changes [21].

In 1967 two reports were presented at a conference in Tokyo. These reports
initiated the direct experimental study of the influence of a superconducting
transition on macroscopic plasticity. Measurements of the velocities of
dislocations in copper, zinc, and copper alloys were reported in Ref. 22. Near the
yield point at 77.3 K these values were 10% cm/ s. This indicated dynamical drag
of dislocations, the main component of the drag at low temperatures being
electronic. Subsequently, it was found that the superconducting transition
influences not only the dynamical but also the thermal-activation motion of
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Plasticity of Metals and Alloys 5

dislocations. The results of a study of the temperature dependence of the yield
point to of single crystals of highly pure lead were reported in Ref. 23, and in
crystals oriented for single glide T, was observed to decrease between 20 and 4.2
K. In a discussion of the report in Ref. 23 it was suggested that this decrease is
due to a transition of lead into the superconducting state. Subsequently, it was
found that the anomalous temperature dependence of to is a more general
phenomenon, is observed inmost metals and alloys, including
nonsuperconductors, and is due to an intensification of dynamical effects with
decreasing temperature [24]. None the less, the results obtained in Refs. 22 and 23
stimulated the development of these works, the next step in which was direct
experiments.
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I11. DISCOVERY OF THE INFLUENCE OF A
SUPERCONDUCTING TRANSITION ON THE
MACROSCOPIC CHARACTERISTICS OF
PLASTIC DEFORMATION

A. EXPERIMENTAL ARRANGEMENT

The experiments on the observation of changes in the macroscopic
characteristics of plasticity at a superconducting transition consisted in deforming
a sample at the same temperature below the superconducting transition
temperature T, but in different electronic states or with a superconducting
transition during deformation. In most such experiments the change in the
electronic state was produced by switching a magnetic field with intensity above
the critical value (H;) on and off. For this the sample was placed inside a
superconducting solenoid, which was mounted in the deforming apparatus (Figure
1). A special feature and drawback of this method are that in certain experimental
situations (see Sec. IV D) when the magnetic field is switched off the deformed
sample can trap magnetic flux and this must be taken into account in the
measurements. A limitation of this method of changing the electronic state is that
high magnetic field intensities (above 1 T) cannot be used because of possible
striction effects in the loading components of the experimental apparatus. This
eliminates from the investigations superconductors with critical fields above 1 T,
which are most important from the standpoint of applications.

The electronic state can also be changed by passing a current with density
above the critical value (I¢ ) through a sample. This method, which is used in Ref.
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8 V.V. Pustovalov

25, was found to be convenient for performing subtle experiments in the
intermediate and mixed states of a superconductor. This method is limited because
the current densities must be low in order to eliminate undesirable thermal and
mechanical effects. As a result, just as in experiments using a magnetic field, hard
technically important superconductors cannot be studied in this manner.

|t2

Figure 1. Cryogenic part of the deforming apparatus modified for experiments in a
magnetic field: moving rod of the deformation machine (1), sample grip (2),
superconducting solenoid secured on a stationary load-bearing tube (3), sample (4).

The transition of a sample from the superconducting into the normal state can
be accomplished using a heat pulse, transferring the sample through T.. This
method, which is still unrealized, apparently requires special experimental
conditions, because the range of temperature variation must be as small as
possible in order to eliminate or reduce to a minimum the possible change of the
mechanical characteristics with temperature. True, as will be shown below (Sec.
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Plasticity of Metals and Alloys 9

VI B), the effect weakens as T. is approached. The difficulties of implementing
this method actually offset its potential possibilities for studying superconductors
with any values of H. and I.. Evidently, this is the reason for the lack of success in
observing the influence of a superconducting transition by comparing the
mechanical properties of lead [21] at 77.3 and 4.2 K (T~7.2 K), the stretching
curves of niobium [26] at 17 and 7 K (T=9.25 K), and the Kinetics of the
development of glide bands in lead [27] at 10 and 4.2 K (T~7.2 K).

B. CHANGES OF THE CHARACTERISTICS OF PLASTICITY AT A
SUPERCONDUCTING TRANSITION

1. Deformation at a Constant Strain Rate

Difference of the Yield Point in the Normal and Superconducting
States

The experiments performed to determine the influence of a superconducting
transition on the value of the critical resolved shear stress (CRSS) 1o of single
crystals consisted in applying paired loads, following one after another (with
intermediate annealing at 0.8T,), on the same sample at T below the
superconducting transition temperature T, up to the CRSS without a field
(superconducting state S) and in a magnetic field with intensity above H, (normal
state N). To increase the reliability of the results obtained the sequence of changes
of state was changed from one experiment to another and from sample to sample.
The first experiments [2,28], performed on 99.9992% pure lead single crystals
with stretching axis favorable for easy glide (near [110]), showed (Figure 2a) that
the CRSS in the N state is always higher than the CRSS of the same sample in the
S state. The average excess over all experiments was about ~30%. In absolute

magnitude the difference in the CRSS in the N and S states (Az,s) at 4.2 K was
25-710 kPa, the average being 590 kPa. For lead single crystals of the same

purity with the stretching axis oriented near [111] these differences are 4.5-39%
[29-31].
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10 V.V. Pustovalov
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Figure 2. Various manifestations of the influence of a superconducting transition on the
macroscopic characteristics of plastic deformation. a, b—under conditions of deformation
at a constant rate; on the yield point (a), on the hardening curve (b); under creep conditions
(c); under stress-relaxation conditions (d)

The measurements described above are very arduous, which makes it
impossible to use them to study different characteristics. At the same time there
are definite advantages to the method of repeatedly determining the yield point
with intermediate annealing of the sample. A superconducting transition
influences the yield point the most. In addition, the experimental arrangement
with intermediate annealing makes it possible to remove the possible trapped
magnetic flux at NS transitions. True, repeated manipulations with a sample made
of easily deformable materials, such as lead, indium, and thallium, results in a

substantial variance in the correspondingly, Az, characterizing the influence

of the superconducting transition. To eliminate this experiments were performed
on a large number of identical samples fabricated from the same indium single
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Plasticity of Metals and Alloys 11

crystal [32]. Some samples were loaded in the N state and some in the S state. The
elastic limit z,, and the yield point (CRSS) 7, were determined from the

compression curves. The value of 7,, was 46% lower in the S state than in the N

state. The value of 7, decreased by 41%. Among all superconducting materials
studied, the influence of a superconducting transition was greatest in indium.

(e]
8,6 K 55K 37K
NS N|S
NS : b
i '
10 MPa . T T
8 A Aty
6 ! A‘rtﬁ:\ ‘o Aty
4 ‘ v |
2 '
-0
0,1%
e

Figure 3. Experimental scheme for repeated determination of the yield point in the normal
and superconducting states of high-purity niobium single crystals. The arrows mark the
times when the sample was unloaded. Deformation rate 1.5x10 s * [33]

Another modification of the experiments near the yield point consisted in
repeatedly loading a sample up to stresses slightly above the CRSS (7, ) without
intermediate annealings but with unloadings without a change of temperature
[33]. The small decrease of 7, with repeated loading was taken into account.
Such experiments were performed on highly pure niobium at different
temperatures (Figure 3). Taking account of the corrections, Az, was 0.5 MPa
at 8.6 K, which was 2.5% of 7, . The ratio A7,/ A7y, was ~7% at 5.5 K and
~10% at 3.7 K. The same method was used to determine the influence of a
superconducting transition on the yield point o, of polycrystals, since heating
and annealing can cause recrystallization to occur, changing the results. The
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12 V.V. Pustovalov

measurements on lead polycrystals showed that o, is 1-30% lower in the
superconducting state than in the normal state [30].

Change of the Flow Stress at a Superconducting Transition

In the experiments described above, the result of a change of the electronic
state was observed but it was impossible to follow the change of the flow stress,
clearly illustrating the influence of a superconducting transition on the
characteristics of plastic deformation. From this standpoint the method proposed
in Ref. 1 has been very fruitful. In the process of continuous deformation, a
sample inside a superconducting solenoid was repeatedly transferred from the S
into the N state and vice versa (Figure 2b). As one can see, the deforming stress of
a single crystal or polycrystal 7 (o) decreases at a NS transition and increases at a
SN transition. Qualitatively, such a change is observed at superconducting
transitions right up to failure. More than 100 NS and SN transitions can be
performed on the hardening curve of sufficiently plastic material, thereby
accumulating a definite statistical sample and constructing a curve of the effect
versus the deformation, temperature, deformation rate, and other factors. The

quantity Azgy (Aog )=17y(oy )—75(05 ), where 7 (o) and 75(oy)
are, respectively, the stationary values of the deforming stress of single crystals

(polycrystals) in the normal and superconducting states, is taken as the
characteristic of the influence of a superconducting transition on the flow stress.

Here are some specific values of the ratio Az, (dog,)/ 7y (oy): for lead

(polycrystal, 99.9999% purity; 4.2 K)—2.3-3.5% with deformation 0.2-2.7%;
indium (polycrystal, 99.999%; 1.8 K)—2.9% with deformation 0.04-0.2%; tin
(single crystal, 99.999%; 1.5 K)—0.56% with deformation 2.6%. The drawbacks
of the method of repeated superconducting transitions, aside from the
abovementioned possibility of magnetic flux trapping after the solenoid is
switched off, is that repeated NS and SN transitions influence the strain hardening
coefficient (see Sec. X A).

2. Creep

The successful experiments described above [1,2] initiated in 1969 like
experiments, performed in Kharkov by two groups of investigators, to observe the
influence of a superconducting transition on the creep [3,4]. The first experiments
were performed as follows: a stress above the yield point was applied to a sample,
which at T<Tc was in a normal state due to a magnetic field, and the curve of
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Plasticity of Metals and Alloys 13

nonstationary creep was recorded. When the process became stationary (creep
was established), the sample was transferred into the superconducting state. The
creep rate increased sharply at this moment (Figure 2c¢). Such a change of the
creep curve at the steady stage occurs once. To repeat the effect the sample must
be transferred into the N state (which at the steady stage has virtually no effect on
the creep curve) the load must be increased, a new creep curve obtained, the NS

transition repeated, and so on. The additional deformation Aeyg between the

stationary stages in the N and S states was chosen as the characteristic of the
influence of a NS transition on creep. Lately, a more informative characteristic of

the effect has been determined—the increment of deformation Aeg over a time
interval during which the creep rate &&(t) in the superconducting state reaches

& (t) at the moment of the NS transition. If creep is produced in one state, then

for sufficiently high identical stresses the deformation in the S state is 20% greater
than that in the N state. At the moment of the superconducting transition at the

steady stage the creep rate increases sharply, the ratio of the creep rates &&in the

S state to&% in the N state is 12-50 in polycrystals of 99.9992% pure lead and

100-300 in 99.9992% lead single crystals [3,34]. At the nonsteady stage, at a NS
transition the creep rate also increases and an additional increment to deformation
occurs but its magnitude is much smaller than at the steady stage [35]. At the
nonsteady stage of creep a reverse SN transition decreases the creep rate, so that a

change in the process can be observed repeatedly (Figure 4). The quantities Ag g
and the ratio & / && with a NS transition depend on the creep rate at the moment
of the transition.

31
In

=30
w
M N SN SN S NS N S
T =11MPa

29
4 8 12

t (min.)

Figure 4. The creep curve of In single crystals under a constant load with repeated NS and
SN transitions at the unsteady-state stage [35]
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14 V.V. Pustovalov

In summary, the most useful information on the characteristics of the effect
under creep conditions can be obtained at a NS transition at the steady stage. Since
this transition is produced, as a rule, by switching a magnetic field off, in cases
where magnetic flux is trapped (see Sec. IV D) this method results in substantial

errors in the values of Ags .

3. Stress Relaxation

The first experiments were performed on two different polycrystals, each of
which was deformed in one of the states with periodic stopping and determination
of the degree of relaxation [5]. The amount by which Ao in the S state exceeded
Ao inthe N state was almost at the limit of accuracy of the experiment.

In 1970 three groups of investigators observed unambiguously and virtually
simultaneously the influence of NS and SN transitions on stress relaxation in
experiments performed on one sample [5-7]. Three types of experiments were
performed. In one type, [5] during relaxation of the sample in the S state, a
magnetic field transferring the sample into the N state was switched on at some

time tg . For small values of tg this resulted in a sharp decrease of the relaxation

rate & (&% <d%), and for large values of tg relaxation stopped (% =0). In

another form of the experiment a sample was deformed alternately in the N and S
states [38], and the stress was allowed to relax completely in each state.
Comparing the degree of relaxation (Ao for polycrystals and Az for single

crystals) in different states showed that for close flow stresses Aoy (Azg) is

much greater than Ao (A7, ) . For example, Ao/ 0, is 1.2-1.5at 4.2 Kin

polycrystals of 99.9995% pure lead and 20 in single crystals of 99.9995% pure
lead. In the third type of experiment (Figure 2d) the sample was initially relaxed
in the N state, and at time ty the sample was transferred into the S state. In the
process the relaxation rate increased sharply, as result of which the degree of
relaxation increased. For small ty the relaxation rate increased by two orders of

magnitude, and for large Az, it increased by one order of magnitude. The third
type of experiment was found to be most informative, and subsequently it was
used to study various characteristics [7,36-39] The quantity Aoy (Azf,) was

taken as the characteristic of the influence of the superconducting transition on
stress relaxation.
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Plasticity of Metals and Alloys 15

The changes of stress relaxation at a NS transition are essentially similar to
the changes observed under creep conditions. Just as under creep conditions, with
stress relaxation the effect is best observed at a NS transition, so that it is
necessary to check for possible magnetic flux trapping. Additional deformation is
required for repeated observations. The jump in the relaxation rate and the
additional stress relaxation depend strongly on the relaxation time before the NS

transition. Consequently, to construct any curves of Aaﬁs (Ar,ﬁs) the relaxation
time must be recorded at a NS transition.
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V. BASIC EXPERIMENTAL CHARACTERISTICS
OF THE EFFECT

A. GENERAL AND BASIC CHARACTERISTICS OF THE EFFECT

Investigations performed over many years have shown that a change in the
macroscopic characteristics of glide is observed in all superconducting materials,
which have been studied, with different values of T, crystalline structure, and
plastic behavior. Among these materials are pure metals: lead [1,2,4-7,12,28-
30,34,35,39-82], indium [32,35,41-43,45,46,49,52,55,61,67,76,83-89], niobium
[1,90-97] tantalum [98-100], molybdenum [101-104], aluminum [101],[105—
110], cadmium [104], thallium [35,43,88], mercury [88], tin [40,43,87,111-116],
vanadium [92,117], and zinc [106,118-120]. A large number of investigations
have been performed on various binary lead alloys with different concentrations
of the second component and state of the impurity in the solution: lead-indium
[37,43,45,52,61,68,69,77,110,121-138], lead-tin [39,56,75,128,130,133,134,139—
146], lead-bismuth  [12,54,69,75,82,124,128,139,147,148],  lead-cadmium
[36,139-141,144,149], lead-thallium [12,36,54,139,150], lead-nickel
[128,142,145,151], lead-silver [152], and lead-antimony [53,143,146,153]. Only
several investigations have been performed on niobium-molybdenum alloys
[90,91] and aluminum alloys: aluminum-magnesium [107-154], aluminum-
copper [154], aluminum-zinc [154] and aluminum-lithium [109,155-157]. The
influence of a superconducting transition on the macroscopic characteristics of
plasticity have also been observed in superconducting composite materials—
copper/niobium [158], copper/niobium—titanium [159] and copper/niobium—
zirconium [159].
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18 V.V. Pustovalov

Cd

T=0,49 K m v
- / s
£ add \ qf"’“'l [
E = J ""‘"\"{A“\/"\J“‘/V + N S
o [T S

0.1 %

Figure 5. Section of the work hardening curve of a cadmium single crystal (basal glide)
with repeated superconducting transitions [104]

A general characteristic is the following: the change in the characteristics of
the plasticity at a superconducting transition is pronounced in superconductors
manifesting substantial plasticity at low temperatures (lead, aluminum, leadbased
alloys, aluminum-based alloys, zinc and cadmium with basal glide). As an
example, Figure 5 shows the influence of NS and SN transitions on the deforming
stress with basal glide of single crystals of cadmium, which is a superconductor
with the lowest, of all materials studied, transition temperature T,=0.52 K. In
superconductors where glide is hindered for any reason—pyramical glide in zinc,
deformation of tin polycrystals and molybdenum single crystals—the change in
the characteristics is weak. Single crystals of highly pure molybdenum can serve
as an illustration of such behavion [104]. Another general characteristic is that a
change in the deforming stress at NS and SN transitions in the elastic region is not
observed with the existing accuracy of stress measurements. Figure 5 shows the

results of detailed measurements of Azg, at a transition from elastic to plastic

deformation. The top panel in Figure 5a shows the initial section of the hardening
curve of high-purity aluminum with a change of the electronic state during
deformation. The arrows mark the points where a magnetic field H > H, is
switched on (T) and off ({). It is evident that in a very narrow range of initial

deformations (~0.5%) Atg, increases rapidly from zero (within the limits of

error) in the elastic region up to a constant value. Figure 5b shows Azg, versus

the applied stress for the same sample. The arrow indicates the stress obtained by
extrapolating the hardening curve at the easy glide stage to zero deformation,

which corresponds to the yield point. The main growth of Azg, refers to a

transition from elastic deformation, when microplastic deformation predominates,
to macroplasticity, which occurs at a rate set by the deforming apparatus.
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Figure 6. Initial section of the tensile curve of a 99.999% pure aluminum single crystal
with repeated NS and SN transitions (a); ATSN versus 7, T=0.6 K; (b) &=1.1x10"°
s—' [101

B. TRANSIENT PROCESSES

1. Deformations with Constant Strain Rate

Recording the curve of work hardening with superconducting transitions
during deformation shows that the form of a single jump of the flow stress
(processes at NS and SN transitions) also depends on the plasticity of the material.
In plastic superconductors a quite sharp decrease of the flow stress is observed at
a NS transition (Figures 7a and 7c show examples of a change in 7 of this type
for indium and aluminum single crystals). The times of the superconducting
transition and changes in 7 are virtually identical. The flow stress increases at a
SN transition. Special experiments performed on lead single crystals at 4.2 K have
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shown [44] that the time of a change in the electronic state of the sample,
determined according to the penetration of the magnetic field into the sample, is

less than 1's. The time Azg, of the change in the flow stress was more than 12 s.
In low-plastic superconductors (tin single crystals, single crystals of highly pure
molybdenum—~Figures 7b and 7d) only a decrease of the deformation hardening
coefficient @ occurs at a NS transition; no decrease is observed in the flow stress.
The effect of further deformation in the S state with a lower value of & is that
75(0s) <mv(ow). At the SN transition @ increases, as a result of which 7 increases
quite slowly up to z,, under stationary conditions of deformation.

&)

a)

Al

C) d)

Figure 7. Typical single jumps of the flow stress at NS and SN transitions in different
superconductors: indium single crystal (a); aluminum single crystal (b); tin polycrystal (c);
molybdenum single crystal (d).

Experiments on 99.9995% pure tin single crystals with stretching axis (110)»

which is favorable for glide along the systems {1oo}<010> and {121}<101> and is

unfavorable for twinning, have shown [52,111] that, in contrast to polycrystals,
the plasticity is substantial in the range 3.7-0.5 K. As a consequence, the jump of
the deforming stress at a NS transition is pronounced, asymmetric, and large in
magnitude. Plastic and low-plastic superconductors also differ with respect to the
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magnitude of Azg, . Near the yield point Az, /7, can reach several percent in
plastic materials, whereas this ratio is a tenth of a percent in low-plastic materials.

8 .

Figure 8. Schematic view of creep strain increment with time during the NS transition, ty—
is the delay time [51]

2. Creep

The study of the kinetics of the change in deformation at a superconducting
transition under creep conditions has shown that sharp growth of the deformation
occurs with a certain delay time during which the creep rate after the NS transition
remains unchanged [4,51]. Special experiments have shown that the delay time

t, decreases exponentially with increasing additional load on the crystal in the

normal state and decreasnig temperature (Figure 8) [51]. Just as for deformation
with a constant strain rate, the increment to the creep deformation at a
superconducting transition is different in different metals [35]. In metals which
are plastic at low temperatures (lead and indium polycrystals and single crystals,
thallium polycrystals) the creep jumps at the onset of a NS transition at stresses
slightly above the yield point. For low-plastic tin single crystals and polycrystals
an appreciable influence of a NS transition is observed only at stresses which are
much higher than the yield point and approach the ultimate strength. The
increment to the creep deformation at a NS transition in tin single crystals
characterized by substantial plasticity is approximately eight times larger than in
polycrystals [52]. Subsequently, the Kkinetics of the additional deformation

o€, (t) of single crystals of highly pure £ - tin stimulated by a superconducting
transition was studied in detail [115]. The experiments were performed at 1.6 K
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on crystals with orientation for which dislocation motion through a Peierls
potential relief determines the creep kinetics. In general, three stages can be
distinguished in the curve Jgys(t): a delay stage | (just as in lead [4,51], a
dynamic stage Il, and a fluctuation stage Ill. The duration and differential
characteristics of each stage depend on the creep rate before the NS transition and
the magnitude of the total plastic deformation. A quantitative analysis has

confirmed the result obtained [116]. Experiments near T, (3.2 K) have revealed
only the delay and fluctuation stages.

8

6|

10 20 30 40 50 60 70 80
G, MPa

Figure 9. Dependence of Ao, and Ao, /0 on stress in polycrystalline Pb (99.9995
% pure). T=4.2 K. Deformation rate 7x10™s™ [29,30]

C. DEPENDENCE ON DEFORMATION AND STRESS

1. Jump of the Flow Stress with a Constant Stain Rate

The dependence of the change in the flow stress at NS and SN transitions in a
wide range of stresses from the yield point up to the ultimate strength was initially
studied on polycrystals and single crystals of highly pure lead [29,30]. These
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investigations showed that the dependences Ao (A7, ) are very different near

the yield point and for large deforming stresses (Figure 9).

Growth of Ao, (Arg,) is observed near the yield point. Subsequent
investigations at the initial stages of the deformation of lead have confirmed this
dependence [6,40,41,44,45,53,54]. In addition these dependences were found to
be insensitive to the deformation rate. Similar behavior was observed for lead
single crystals with small additions of tin (1.5x10 %-2.5x10" at. %) [140],
cadmium (1.0x103-4.5x1072 at. %) [140], and thallium (3.5x10°-3.0x10 2 at.
%) [150]. In addition, the higher the impurity content, the steeper the growth of
At with increasing deforming stress is. Similar dependences were observed for

aluminum single crystals [101] (Figure 6) and in polycrystals of aluminum alloys
with magnesium, manganese, and zinc [154].

20
Al, 99,999% T=0,52K

15 |

e —

Figure 10. Work hardening curve and A7g, versus - deformation dependence taken on

Al single crystals. (99.999%).T=0,52 K, &=1,1x10"s"[101]

As a rule, for high flow stresses Ao g, (A7, ) depends weakly on the stress

(deformation), Azg, for single crystals is insensitive to the staged nature of the

hardening curve (lead, zinc, and aluminum). Published investigations contain two
exceptions to this rule. The results obtained for aluminum single crystals
[102,107] differ substantially from those presented in Ref. 101. The curve

Atg, (&) was found to be sensitive to the staged nature of the hardening curve.
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The decrease of Arg, with increasing deformation in Refs. 102 and 107 is

probably due to the heating of a quite hard sample during the deformation process
as a result of the lower refrigeration power of the *He cryostat used in Refs. 102

and 107 as compared with Ref. 101.
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Figure 11. Dependence of ATSN on deformation in Nb single crystals. T=4.2 K [90]
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Figure 12. Aty versus stress in Pb and Pb—Cd single crystals, T=4.2 K [90].

The second exception was observed in experiments on superconducting alloys
(lead, aluminum, indium, and niobium) and pure niobium (Figure 11).

Measurements of Az, (Ao, ) in these materials have shown an appreciable

and in some cases sharp decrease of Azg (Ao, ) with an increase of the

www.iran—-mavad.com

Slgo wigo sole @2 40



Plasticity of Metals and Alloys 25

deformation (Figure 12) [12,45,52,54,90,121,122,139,160,161]. Subsequently, it
was shown that magnetic flux trapping can occur with repeated superconducting
transitions accomplished by switching a magnetic field with intensity above H; on
and off. The presence and magnitude of trapping can depend on the deformation.

As a result, the deformation dependence of Azg, (Ao, ) can be distorted (see
Sec. IV D for a more detailed discussion).

2. Deformation Jump Under Creep Conditions

Initially, the influence of stress and deformation on Ag,g was studied in
99.9994% pure lead polycrystals [4] and a sharp growth of Ag,s with increasing

stress was observed above the yield point. A detailed study of Agyg versus the

applied stress was performed in Ref. 84 on a 99.9999% pure polycrystalline
indium. The investigations performed at several temperatures below T. showed

that Aeg is very small at stresses below the yield point. As stress increases,
Ags also increases, reaching 0.3% at 1.8 K near the ultimate strength. The

dependences Aeg g (o) are qualitatively similar at different temperatures.

A group of superconductors (lead, indium, tin, and thallium) with poly- and
single-crystalline structure was investigated in Ref. 35. These experiments
showed that the complete curve Agq (t) from the start of deformation up to
failure is complicated (Figure 13). It is characterized by a definite magnitude of
the limiting stress, close to the yield point, where appreciable values of Agg
first appear. Then, as the stress increases, three characteristic sections are
observed on the curves Aeg g (t). The section | is characterized by sharp growth

of Agyg in a comparatively narrow interval of stresses. In section Il Agg is
independent of stress in a wide interval of t. Finally, section Il is once again
characterized by a sharp dependence of Ag,s on t, though less sharp than on

section I. For tin section 111 was not observed, since the sample failed in section II.
Comparing the curves Agy(t) with the strain hardening curves for a single

crystal showed a definite correlation between these curves. The section |
corresponds to the stage of easy glide, and the section Il corresponds to the length

of the linear hardening stage. One other section of growth of Ag—stage 11—
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corresponds to the softening stage. Therefore the absence of any stage on the
hardening curve results in the absence of a corresponding section on the curve

Ag s (€).

0,6
Pb
0.4
0,2
| 11 ) 111
o i ‘
.\6\‘:’\
2 045/
W
< 030}
0,15
i
Sn
0,09
005| 4
0,031 i Il
> I L i J
30 40 50 G,MPa

Figure 13. A& Vversus stress for lead, indium, and tin [35]

Further investigations of polycrystals of lead with various orientations
[57,141] and tin[52] showed that the dependence A¢,q () can have a more

complicated nonmonotonic character at the easy-glide stage. Experiments on
polycrystals of lead alloys with small additions of nonmagnetic Sn (0.4 at. %) and
paramagnetic Ni (0.4 at. %) also showed that nonmagnetic and paramagnetic

impurities have the opposite effect on the dependence Ag,g (€) [142,151]. In a

lead-tin alloy the staged nature of deformation on the curve Agg () is more

pronounced than for pure lead. Conversely, the staged nature is not observed in a
lead-nickel alloy. Investigations on lead-tin and -cadmium alloys confirmed the

nonmonotonic (bell-shaped) dependence Ag g (€) at the easyglide stage [141].
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In summary, the dependence Ag s (€) is sensitive to the staged nature of the
hardening curve, which is not observed for deformation at a constant rate (4.2.1).
The influence of the total deformation (2-9%) of /3 -tin single crystals on the

creep jump at a NS transition was recently investigated in detail [116]. In contrast
to previous works the increment to the deformation over a time interval during

which the creep rate &(t) in the superconducting state reaches & (t) at the
moment of the NS transition was taken as the integral characteristic of the effect
Agys . This investigation showed that Ag,s are monotonically decreasing
functions of the deformation & with maximum values near the yield point and are
independent of & in the range (0.6-1)x10° s *. These functions saturate for
& >6-7%.

3. Jump of the Flow Stress Under Stress-Relaxation Conditions

The first investigation of the dependence of the additional relaxation of the
stresses Az‘,ﬁs at a superconducting transition on the applied stress was performed

on 99.9995% pure lead single crystals. After the yield point is reached, Arﬁs

sharply increases and then grows linearly but less rapidly with increasing stress.
Similar behavior was obtained for single crystals of lead and lead-indium alloys
with several orientations at various deformation rates [38].

D. MAGNETIC FLUX TRAPPING

Experiments with repeated superconducting NS and SN transitions produced
by switching an external magnetic field above H. on and off during deformation
have been widely performed, though before 1981 the appearance of possible
trapping of magnetic flux after the magnetic field was witched off was not
monitored and not expressly studied. References 79 and 147 are exceptions. In
Ref. 79 Ao was studied in the intermediate state and trapped flux was observed.
This trapping was probably associated with the geometry of the sample. In Ref.
147 the nonmonotonic behavior of the concentration dependence of Aog, was

found to be identical to the analogous dependences of the magnetic induction.
The first purposeful investigation of magnetic flux trapping by the structure
of a sample when a magnetic field is switched off and of the influence of the
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trapping on Ao g, was undertaken in Refs. 128 and 160. The measurements were

performed on a series of alloys—polycrystals of Pb-1.5 at. % Bi, Pb-0.5, 2, and 5
at. % In, Pb-0.4 at. % Ni, and Pb-6 at. % Sn—with stretching along [120]. The
extensive set of alloys made it possible to study a sample in a single-phase state
with quenching (lead-tin, lead-nickel) and in a two-phase state with aging (lead-
tin). The experiment consisted in deforming a crystal, stopping periodically,
during which time the magnetization and demagnetization curves were obtained
for a sample with increasing and decreasing magnetic field (Figure 14). The
curves B(H) were obtained up to fields somewhat above the second critical field
He. If flux trapping was recorded in the process, then before the next
magnetization the sample was heated above T, (T~10 K) and the procedure was
repeated but with a different deformation. The change of induction AB and the
value of Ao, were recorded simultaneously. This made it possible to determine
the relative volume of the sample undergoing a superconducting transition and the

degree to which Ao, decreases as a result of trapping.

a) b)

Pb-1.5 at.% Bi Pb-2 at.% In

<I.‘f|>‘ = Z % é, = :—;“
27" /4 | E t
/ |I |I
L ! | | 1
0 500 1000 0 250 500 750
H. Oe H. Oe

Figure 14. Dependence of magnetic induction B in solid solutions Pb-1.5 at. % Bi (a) and
Pb-2 at.% In (b) upon the applied magnetic field under different of deformation [128]

The ratio AB/B. (B, is the induction corresponding to H¢, which is
independent of the degree of deformation) can serve as a measure of trapping. It

was found that the measured deformation dependences of Ao, are completely

correlated with the deformation dependences of AB/B.. Figure 15 shows the
experimentally measured values of Ao, (filled circles) and the corrected values
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obtained by dividing Ao, by Bc /B. Such corrected values agree well with the

true values of Ao, obtained after the trapped flux is removed by heating. As we

can see, the trapped magnetic flux can substantially decrease the measured value
of Ao, , changing as a result the deformation dependence of Aoy, .

Appreciable flux trapping is also observed in the quenched and aged alloy Pb—6
at. % Sn and in a lead alloy with paramagnetic impurity 0.4 at. % Ni.

0 20 40 £ %

Figure 15. Deformation dependence of the measured (e) and corrected (o) jumps of the
flow stress Ao, of the alloy Pb-1.5 at.% Bi. The vertical lines show the first post-

heating jump Ao, [128]

0.4

By/Be.

=
[55]

B % i

0 10 20 30 40 50
C, at.%

Figure 16. Influence of the indium concentration on the ratio of the trapped flux B, to the
induction B, corresponding to the normal state [129]

In summary, the experimental results show that there exists an entire series of
situations which are favorable for trapping of magnetic flux in a sample, and the
magnitude of the trapped flux can be so large that superconducting transitions
occur only in a small volume of the sample. Consequently, the measured change
of the plasticity at a superconducting transition in experiments on active
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deformation and on creep and relaxation of stresses can be substantially
understated. In this sense creep and relaxation of stress are more vulnerable, since
the experimentally observed effect occurs in them only when the field is switched
off. Then, the magnitude of even the first deformation jump (creep) or stress jump
(relaxation) is understated in the presence of flux trapping.

For deformation at a constant strain rate the procedure for obtaining the true

value of Ao, using heating and measuring the first jump is not always
convenient. In the first place repeated heatings substantially prolong an

experiment, and in the second place they can introduce changes into the defect
structure of the sample. Consequently, the optimum method for monitoring

magnetic flux trapping is to measure the curves B(H); the factor A B/B. is used to
make a correlation with the measurements of Aoy, . It is natural to suppose that
magnetic flux trapping can also affect other dependences, which are important for
understanding the mechanisms of the change in plasticity at a superconducting
transition, for example, on the concentration dependence of Aoy, . A detailed

study of the concentration dependence of Aog, in a wide range of

concentrations in the alloys Pb—In neglecting flux trapping revealed a complicated
nonmonotonic curve Aoy, (C) for deformation at a constant rate [136,138] and

Aég,s(C) under creep conditions [137]. After magnetic flux trapping was found
in the deformation experiments, the work in Ref. 129 was performed to obtain the
true dependences of Ao, on the deformation and concentration of the alloying

element in the alloy Pb—In in a wide range of indium concentrations (up to 50 at.
%). For this, the change in the magnetic induction in the sample is monitored

simultaneously with direct measurements of Ao, . The measurements were

performed at 4.2 K on polycrystals of alloys with indium content 0.1, 0.36, 0.54,
1.68, 3.2, 5, 10, 20.7, 27.8, and 50 at. %. At room temperature alloys with these
concentrations are solid substitution solutions. Measurements performed on pure
lead and alloys with 0.36 and 0.54 at. % In, which are type-1 superconductors,
have shown that in the undeformed state and with deformation up to 50-60%
there is no flux trapping. In type-Il superconductors (Pb-1.68, 3.2, and 5 at. % In)
strong flux trapping is observed in the undeformed state and intensifies with
deformation. Finally, for high indium concentrations (10-50 at. %) trapping of
magnetic flux was either absent or very small. The concentration dependence of
the parameter A B/B. (Figure 16), characterizing trapping of the magnetic flux, is
nonmonotonic. For In concentrations for which a transition occurs from type-I to
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type-1l superconductivity, sharp growth of flux trapping is observed and the
maximum values of AB/B. are reached. The decrease of AB/B. for high In
concentrations is apparently due to a decrease of the vortex pinning force as a
result of an increase of the Ginsburg—Landau parameter at these concentrations
[161,162]. The growth of flux trapping with increasing degree of deformation is
most likely due to a change of the surface relief (appearance of glide bands and
intergrain relief in polycrystals ) and the accumulation of defects. Taking account

of flux trapping made it possible to construct the true curves of Ao, versus the

deformation and concentration, which changed substantially at concentrations
where flux trapping is large.

Trapping of magnetic flux was found to be strong in aging lead-antimony
alloys [153]. Experiments on the alloys Pb—1.5 at. % Sb and Pb-3 at. % Sb with
different preliminary working (quenching, natural and artificial aging) showed
that trapped magnetic flux already exists in quenched samples and its magnitude
is less than 0.2B.,. The ratio By /B, increases with the aging time, much and much
more sharply for artificial aging than for natural aging. Structural studies and
estimates have shown [153] that magnetic flux trapping occurs on precipitates of a
second phase, which are effective pinning centers. Just as in the alloy Pb-In,
taking account of magnetic flux trapping strongly changed the character of the
concentration dependence of Ao, (see Sec. IV F).

The temperature dependences of the characteristics of the change in plasticity
at a superconducting transition are also an important characteristic. Consequently,
investigations of magnetic flux trapping as a function of the experimental
temperature were undertaken. Trapping of magnetic flux Bg (T) in single- and
polycrystals of the alloys Pb—In and Pb—Sn was studied in the temperature range
1.8 K-T, [134]. In the alloys Pb-1.9 at. % Sn and Pb—6 at. % Sn (with different
heat treatment) By increases monotonically with decreasing temperature. Trapped
flux arises in Pb-1.8 and 3 at. % Sn single crystals only with large deformations
(>50%) and with decreasing temperature (<2.5 K) (Figure 17). In these samples
B, also depends on the deformation rate. For a low rate (&8=6x10"°s ™) a sharp
temperature dependence of By and AB/B, (where A B=B.—By) is observed. It can

substantially change the character of the temperature dependence Az, (T), while

at the rate 7x10* s such radical changes of At (T) are not observed (Figure

18). The differences in the behavior of Bo(T) are explained by the different
pinning of magnetic flux by pinning centers. The data obtained on By (T) made it
possible to explain by different flux trapping the two types of dependences in
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Ao, (T) (with and without a maximum), and taking account of flux trapping
made it possible to correct the measured values of Ao, , as a result of which a
single curve Ao, (T) is obtained for all alloys and structures studied (Figure
19).

400+

B,, Gs

2007

b)

0 0.2 0.4 0.6 0.8
T/T:

Figure 17. Temperature dependence of the trapped flux BO (a) and ration of AB/Bc in
strongly deformed crysrals Pb-3 at.% Sn ; AB=Bc-B0 (b)
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Figure 18. Temperature dependence of the measured values of Azgy, for Pb-3 at.% Sn

single crystals in the case of magnetic flux trapping (low deformation rate) () and without
flux trapping (high rates) (o), €=95% [134]
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Figure 19. Temperature dependence of the true values of AO'SN (T) for Pb-Sn alloys

[134]: Pb—6 at.% Sn single crystal, aged for five days at room temperature (o) ; Pb—6 at.%
Sn single crystal, aged for one day at room temperature (o); Pb—6 at.% Sn single crystal,
guenched (A ); Pb-3 at.% Sn single crystal, annealed (x)

The temperature dependence of flux trapping was studied in Ref. 145 to
correct the temperature and deformation dependences of A&, under conditions
of creep. Magnetic flux trapping in the strongly deformed alloy Pb-3 at. % Sn
substantially changes A&, (T). Interesting observations of the characteristics of
magnetic flux trapping in samples with different degrees of deformation,

concentration of the alloying element, and structure are contained in a number of
works [132,133,149]. As already mentioned, the data obtained on flux trapping

made it possible to calculate the true values of Ao, and A&, dividing the
measured values of Ao, and Agys by AB/B.. This rescaling is valid, strictly

speaking, only for a linear relation between Ao and the induction in the sample.
The possible nonlinearities which were observed in Refs. 130 and 144 require a
more complicated rescaling procedure.

In summary, the method of repeated superconducting transitions is potentially
accompanied by magnetic flux trapping, which can distort the values of the

parameters (Ao, , Ag,s) and the dependences of these parameters on the
deformation, concentration of the alloying element, and temperature.
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E. STRAIN RATE DEPENDENCES

1. Deformation at a Constant Strain Rate

The first measurements of Ao, with different rates of deformation of lead

single crystals were performed in Refs. 6 and 41. The measurements of Ao,

were performed with stretching at 4.2 K with rates 8x107, 8x10° and 1,6x10° s
! Although the deformation rates were changed in different parts of the
deformation curve by more than a factor of 50, no systematic influence of the rate
was found. Insensitivity to the deformation rate was also observed in an indium

sample. The rate dependences of Ao, for 99.9995% pure lead polycrystals at
4.2 K with stretching were studied in an even larger interval of rates (7x107,
7x10™ 3x10™, and 2.4x10° s) in Ref. 40, but no rate dependence was found
within the limits of accuracy of the measurements. For stretching of niobium
single crystals [61] the rate was varied by a factor of 40 (~10*~10"°) at 4.2 K and
no systematic rate dependence was observed. In a series of experiments on indium
[85] the deformation rate was changed by a factor of 200 (2x107- 1x10°s™), and
no differences were found in the values of Ao, . The most detailed study of the

rate dependence of Ao, was performed on 99.9995% pure lead polycrystals

[45]. The rate dependence was determined in the range 2x10°- 1x10° s* -

6.6x10° s at 1.65 K. Two samples were investigated for each rate, and five
samples were investigated at the rate 6.6x10™ s . The results are presented in

Figure 20. For comparison the same figure shows the dependence Aoy, (&) at
4.2 K. This curve was constructed according to Ref. 40. Evidently, in contrast to
the results obtained at 4.2 K, where Aoy, is virtually rate independent, as

temperature decreases to 1.65 K an appreciable dependence of Ao, on &

appears. The values of Aoy, increase by a factor of 1.6 when the rate increases

by two orders of magnitude.
The measurements of the rate sensitivity of the deforming stress performed
separately in the normal and superconducting states are close to the rate

dependences of Ao, under study. Such measurements on lead single crystals at
4.2 K were performed in Ref. 47. The deformation rate was changed by a factor of
10 with a base rate of 4.56x10° s™. Each point on the curve Az, (7) is an
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average of 8-10 measurements. As one can see (Figure 21) the strain rate
sensitivity in the N state is higher than that in the S state in a wide range of
stresses. A similar result was obtained in Ref. 85 for indium single crystals, in
Ref. 63 for lead single crystals at 4.2 K, and in Ref. 163 for pure lead crystals at
2.2K.

Ao g, MPa
1.65 K
0.8 "
o}
0.6
42 K
04 A A—2D A
02
107 10" 10° 107
a -.1']

Figure 20. A(TSN versus deformation rate for 99.9995% Pb polycrystals at T, K: 4.2 ( A)
and 1.65 (o) [45]

20 Pb
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Figure 21. Strain rate sensitivity A7, (measurements with a change in deformation rate

by a factor of 10) of the flow stress of annealed single crystals of lead as a function of 7
in the normal and superconducting states at 4.2 K: N (o), S (o) [47]
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The strain rate sensitivity of 7 in the normal and superconducting states was
studied in Ref. 99 for single crystals of highly pure tantalum. The values of Az,
were characterized by a large variance, within which the electronic state was not
observed to influence Ar,;,. Among the works studying the rate dependence of

7 there is an investigation of single crystals of Al and Al-Mg alloys [107]. The
results differ substantially from what was observed for lead and indium. The
experiments showed that in a wide temperature range the strain rate sensitivity of

At,, with a ten-fold change in the strain rate is much greater in the S state than

in the normal state. It was noted previously (see Sec. IV A) that in these
experiments an anomalous, as compared with Ref. 101, stress and deformation

dependences of Az, were observed.

2. Creep

Nonsteady creep under a constant applied stress occurs with continually
decreasing deformation rate. The additional deformation Adg,s at a

superconducting transition with a fixed stress depends on the location of the
transition on the creep curve and can reach a magnitude equal to the deformation
at the transition stage in the normal state, where the creep rate is maximum [27].

As the rate decreases, Aes decreases but does not vanish, even at the steady
stage. A detailed investigation of the rate dependence of Ag g for polycrystals of

highly pure (99.9997%) lead was performed in Ref. 73. For this Agyg was
determined on different sections of the curve of nonsteady creep which
correspond to different instantaneous rates. The stress dependences of Ag,s were

determined for different creep times in the normal state. It was found that in the
coordinates Agys-IN& the curves have the same form irrespective of the
magnitude of the stress (Figure 22).

Detailed information on the influence of the starting rate (& at the moment
of a NS transition) on the total jump Ag,g in B -tin single crystals at 1.6 and 3.2
K was obtained in Ref. 116. The main feature of the rate dependence obtained was
the presence of two intervals on the rate axis & —a comparatively narrow

interval of rates of strong and a wide interval of weak rate sensitivity of Agq .

www.iran—-mavad.com

Slgo wigo sole @2 40



Plasticity of Metals and Alloys 37

The influence of the magnitude of the starting creep rate on the value of Ag g
near T, remains but is weaker. 1

0.8
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(o]
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)
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Figure 22. Dependence of Agyg on strain rate in Pb polycrystals at 4.2 K [73]

F. CONCENTRATION DEPENDENCES OF THE CHANGE
IN THE CHARACTERISTICS OF PLASTICITY AT A
SUPERCONDUCTING TRANSITION

Experiments where the influence of the concentration of impurities and
alloying elements on the parameters of the changes— Az( 4o ), ; A&ys and

At( Ao ):fs. —are very important for understanding the general behavior and

especially for determining the mechanism of the influence of a superconducting
transition on plasticity. Consequently, after the effect was observed investigations
on impurity crystals and alloys appeared. The first experiments were performed
on single crystals of the alloy Nb—Mo [90,91] and single crystals of lead with

different degrees of purity [6]. It was found that Az, increases as the Mo
concentration increases up to 2.5 at. %91 and as the purity of the lead decreases.
The sensitivity of Az, to the purity and alloying subsequently initiated a large
number of investigations on various alloys in a quite wide range of
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concentrations. The largest number of investigations was performed on lead alloys
possessing substantial plasticity at low temperatures. Lead alloys with thallium
(0.205, 0.324, 1.02, 1.4, 3.98, 4.3 at. %), cadmium (0.087, 0.46, 0.475, 0.845 at.
%), tin (0.96, 1.93 at. %), and bismuth (0.085, 0.344, 1.8, 3.8, 3.92 at. %) were
studied in Ref. 139. The results obtained for all alloys fall on a single curve

At 1100 I8 [ versus loge, where & = 1/a(da/dc) is the dimensionalmismatch, a is

the lattice parameter, and c is the concentration. Experiments on lead single
crystals with thallium (0.04, 0.4 at. %) and bismuth (0.04, 0.4 at. %) performed at

different temperatures also showed that Azg, in alloys with 0.4 at. % of the

alloying element is larger than in alloys with 0.04 at. % [54]. Polycrystals and
single crystals of lead-indium alloys were studied in Ref. 136 in a wider range of
concentrations—0.75-0.93, 10, and 12.2 at. %. In contrast to pure metals, Ao,
in polycrystals of alloys was observed to decrease with increasing o, practically
in the entire interval of values of o . This decrease was especially sharp in the
alloy with 0.85 at. % indium. The character of Ao, (c) was found to depend on

the degree of deformation. For small deformations (low stresses) Ao, was
observed to increase with the indium concentration. As the deformation increases,
the concentration dependence of Aog, becomes nonmonotonic and has a

minimum near 1 at. %. A more detailed investigation of lead-indium alloys up to
a concentration 21 at. % indium confirmed the behavior obtained [138]. An even

more complicated nonmonotonic concentration dependence of Ao, was
observed and investigated in polycrystals of lead-bismuth alloys [147]. The
character of the dependence Ao, (c) for different degrees of deformation was
the same and exhibited the following characteristic features. For low
concentrations (up to 0.73 at. %) Ao, decreases with increasing concentration,

reaching minimum values. The maximum value of Ao, is observed at 1.18 at.
% and a second minimum of Aog, is observed at 1.5 at. %. At higher

concentrations Ao, increases slowly and a diffuse maximum is observed near

10 at. %.

Studies were also performed under conditions of creep [137,164] and stress
relaxation [36]. In lead-antimony alloys (0.85, 1.45, and 3 at. %) the samples were
studied in quenched and aged states, and the concentration dependences were
found to be different in different structural states [164]. A complicated
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nonmonotonic dependence A& (c) with a minimum near 2 at. % was observed

in lead-indium alloys [137]. This dependence was insensitive to the degree of
deformation. Conversely, in investigations performed in the presence stress

relaxation [33] for the system Pb—In monotonic growth of Aaﬁs was observed

with increasing concentration up to 10 at. % indium. The discovery of magnetic
flux trapping required that trapping be taken into account and the corresponding
correction be made in the values of Ao, (A7g, ), which substantially changed
(qualitatively and quantitatively) most of the results presented. This made it
necessary to perform new investigations to determine the true concentration
dependences. Experiments on lead-antimony alloys (0.4, 0.7, 1.5, 3.0, 5.8 at. %
Sb) in quenched and aged states were fundamental to determining the true

concentration dependences of Az, [153]. Since trapped magnetic flux existed in

quenched and especially in aged samples, the measurements of Az, were
performed when the magnetic field was switched on for the first time. It was
established that in the alloys studied Az, is independent of the aging time, and

the concentration dependences of the true values of Az, in the quenched and

aged samples are the same and are monotonic, increasing nonlinear functions of
the antimony concentration. This result is different from that obtained in Ref. 164.

Figure 23 shows the dependences Aty (c) obtained by different authors for
lead-based solid solutions. It is evident that all dependences have a similar form in
the concentration range presented. A new detailed investigation was also
performed on the system lead-indium in a wide concentration range (0.1, 0.36,
0.54, 1.68, 3.2, 5, 10, 20.7, 27.8, 30, and 50 at. %) taking account of flux trapping

[129]. The resulting curve of the true values of Az, in the range 0-50 at. % In is

presented in Figure 24. The curve has a diffuse maximum near 5 at. % In. The
results obtained for lead with very low additions of impurity should be presented
to complete the picture. Measurements on lead with additions of tin (ranging from

~3 ppm up to 104 ppm) established that Az, is concentration independent up to

0.05 at. % [56,152]. Detailed investigations of the same type were performed on
lead-tin and lead-cadmium systems [140]. The curves Az, (c) for identical

applied stresses (Figure 25) were constructed on the basis of measurements of
At (7). It is evident that for the alloys studied there is a certain “critical”

impurity concentration ¢, below which Az is concentration independent and
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above which Azg, increases with concentration. As 7 increases, in both alloys

Cer shifts to high concentrations. Magnetic flux trapping with repeated
superconducting transitions is not observed.

0 05 10 1,5 20 25 30 35 40 45 50
C, at.%

Figure 23. Concentration dependences of A7, in lead-based alloys: Tl (o) [139]; TI (m)
[150]; Bi (A) [139]; Sn (V) [139]; Cd (o) [139]; Sb () [153]; In (v) [129]

Pb-In

0 10 20 30 40 50
C (at.%)

Figure 24. Concentration dependence of Aoy, in polycrystals of lead-indium alloys.

Deformation 5% (values of Aog,, obtained neglecting magnetic flux trapping (e)) [129]
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Figure 25. A7g, versus tin content in single crystals of lead at low concentrations with

different applied stresses: 1=0.2x10’ Pa (8);1=0.4x10" Pa (o); 1=0.5x10’ Pa (®); t=1.0x10’
Pa () [140].
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Figure 26. Dependence of the average stress jump upon deformation of Nb single crystals
(a); V single crystals (b); superconducting state (e);normal state (o); T=4.2 K, 8&=7,3x10"
51 [92].
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Summarizing the results of measurements of Az, (c) we call attention to the
presence of three concentration intervals differing by the character of the changes
in the true values of Az, . For very low concentrations (up to ~10-2 at. %)
At is concentration independent and equals Az, for a pure superconductor.

Up to approximately 5 at. % of the alloying element Azg (Ao, ) grows
nonlinearly with the concentration. From 5 to 50 at. % (one experiment on the
system Pb—In [129]) Ao, decreases slowly with increasing concentration.
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V. EFFECT OF A SUPERCONDUCTING
TRANSITION ON DEFORMATION TWINNING

Thus far the influence of a superconducting transition on glide processes was
studied in detail. There exists another form of plastic deformation—twinning,
which appears quite often together with low-temperature deformation.
Experiments under twinning conditions are very important for obtaining a
complete picture of the influence of a superconducting transition on plasticity.

The process of deformation twinning is characterized by a number of features
which distinguish it from gliding. These include high rates of the process, a small
specific shift in fractions of Burgers vector, and localization of the process with
expansion of the twinning interlayer. Other features which complicate and
sometimes make it impossible to study the influence of a superconducting
transition on twinning also occur. The twinning process is often combined with
glide and it is difficult to determine which part of the effect is due to glide and
which to twinning. In addition, as a rule, large-amplitude jumps of the stress
correspond to a twinning process on the macroscopic deformation curve. It is
impossible to catch, against the background of these jumps, which often follow
one after another continuously, the comparatively small changes of the deforming
stress.

These difficulties have been overcome with various degrees of success in
several experimental works. Studying creep in indium polycrystals and its change
at a superconducting transition, the authors of Ref. 84 called attention to the fact
that at room temperature plastic deformation occurs by gliding and twinning, and
as temperature decreases, twinning occurs more easily and its contribution to
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deformation increases. Consequently, it is believed that the creep jump observed
at a NS transition is associated with additional thickening of the twinning
interlayers which is due to unblocking of twinning dislocations.

The work described in Ref. 117, performed on 99.98% pure vanadium single
crystals (R293/R4,2(N)z102) under conditions of stretching with rate 3x10* st was
concerned with determining the quantitative differences between twinning in the
normal and superconducting states. At 4.2 K plastic deformation of vanadium
single crystals with different orientation started with the formation of twins, so
that the difference in the stress at which twinning starts was taken as a characteric
of the effect of a superconducting transition on twinning. The stress at the onset of
twinning was always higher in the normal state than in the superconducting state.
This signified that the initial nucleation of twinning dislocations is sensitive to the
electronic state of the sample, being facilitated in the superconducting state. The
jumps (frequency and amplitude) on the stretching curves were also analyzed.
These jumps were due to the twinning and were obtained completely in the
normal and superconducting states. The number of jumps occurring per one
percent of deformation with different degrees of deformation does not depend on
the electronic state of the sample. On the other hand the amplitude of a jump in
the superconducting state is 1.3 times larger than in the normal state. Since the
abovementioned difference in the stresses at which twinning starts in the N and S
states attests to facilitation of the work performed by the sources of twinning
dislocations at a superconducting transition, the difference in the amplitude of the
jumps signifies that electronic drag influences the motion of twinning
dislocations.

An attempt to study the influence of the electronic state of niobium single
crystals (Rso0/R20=200) on twinning under deformation by compression was made
in Ref. 95. Measurements of the stress at the first jump (similarly to Ref. 117)
showed that in niobium (in contrast to the the result obtained for vanadium in Ref.
117) this stress is lower in the N state than in the S state.

To determine the reasons for the differences in the results obtained for
vanadium [117] and niobium [95] the same experiments were performed in Ref.
92 on niobium and vanadium single crystals under conditions of compression with
rate 7.3x10 ° s * at 4.2 K. Both substances under these conditions deformed by

twinning along the system <111>(11§), which was manifested in the form of the
jumps following one after another. Metallographic observations performed on a
heated sample showed that a definite number of twinning interlayers with almost

the same thickness ~3-5 um arose at each jump. The deformation curve was
obtained either in the S state or in the N state (longitudinal field 7 kOe); at least
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five samples were studied in each state. The amplitude of the jumps (Ao ) was
chosen as the twinning parameter. In niobium the magnitude of a jump Ao was
essentially the same in different states, though Ao tends to be large in the N
state. In vanadium it is more clearly evident that, in contrast to niobium, Ao is
larger in the S state than in the N state. Such a difference is attributed to the fact
that the superconducting transition in niobium and vanadium results in volume
changes O =(Vn—Vs ) /Vy of opposite sign— o <0 in niobium and ¢ >0 in
vanadium. If this is the case, then the data obtained show that the nucleation of
twins occurs more easily in crystals compressed in three dimensions (vanadium in
the S state and niobium in the N state) than in an expanded crystal (niobium in the
S state and vanadium in the N state). It should be noted that the values obtained
for Ao (especially for niobium) have a large variance, which could mask the real
behavior. In addition, estimates have shown that glide plays a large role in a jump.
Therefore Ao can include not only twinning but also glide. In this sense the
functions Ao (&) can change substantially.

a) b)
0.7 1.05 |- /‘\/ﬁ/ﬂ‘,_
= .
= 0-6 & 0.95

S ¢ N S N

051 . 0.85 | .
33 35 3.7 1.3 1.7 2.1
Y, %

Figure 27. Sections of the compression curves of In-10 wt.% Pb (a) and In-14 wt.% Pb (b)
single crystals in the region of pseudotwinning with repeated superconducting transitions.

T=16 K: & =2x10-4 5-1 [165]

Subsequent investigations performed on indium and its alloys [32] and
niobium [96] did not settle the issue, but they are important for understanding the
situation. Single crystals of pure indium (99.999%) and In—-Pb alloys (6 and 8 at.
% Pb), which under compression in the [001] direction deform solely by twinning
up to complete reorientation of the samples, were investigated. The experiments
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were performed in liquid *He (1.7 K) and liquid *He (0.48 K). The influence of
the electronic state of the sample on the stress o, at which twinning starts was

determined. No appreciable influence of the electronic state with a larger or
smaller variance in the the values of o, was observed in either pure indium,

where substantial glide precedes twinning, or in the alloy In-6 at. % Pb, where
plastic flow right to deformation ~10% occurs exclusively by twinning. The
influence of a superconducting transition on the deforming stress was studied in
Ref. 165 in the alloys Pb-6 at. % In and Pb-8 at. % In, which possess
superconductivity due to twinning. For the stress measurement accuracy 2.5x10°
MPa no influence of NS and SN transitions could be observed (Figure 27). Thus,
the experiments on In—Pb alloys did not yield obvious and just as convincing as in
the case of glide evidence of an influence of a superconducting transition on
twinning. Only one series of experiments on indium single crystals gave a result
which was positive to some degree. Five samples were deformed at 0.48 and 1.7
K alternately in the N and S states. The state was changed every minute. It was
found that in four of five samples the first twin appeared in the N state. Analysis
of the deformation curves showed that the frequency of the jumps in the N state is
20-30% higher than in the S state. The total amplitude of the jumps per unit time
is correspondingly higher, though the average amplitude of the jumps was
independent of the state.

Experimental investigations of low-temperature twinning in niobium using
electric effects [96] did not detect any difference in the amplitude of the signals
during the deformation of the samples in the normal and superconducting states.
Experiments on zinc single crystals were found to be very informative [166].
Samples with a special orientation were studied. In this orientation basal glide was

geometrically forbidden, and twinning in the system (1012) [1011] and

pyramidal glide in the system (1122)[1123] were the allowed forms of

deformation. Metallographic observations of the deformed samples showed the
presence of twins, and below 77.3 K the twins become smaller, the density of
twins increases, and the twins fill the volume more uniformly. As a result, the
macroscopic deformation curve becomes smooth, which is very convenient for
studying the influence of a superconducting transition on twinning. The
dislocation structure of deformed samples was studied to estimate the contribution
of pyramidal glide to . In the process, fine lines of pyramidal glide were
observed. Their contribution to the total deformation is negligibly small, i.e. when
zinc single crystals are compressed along [0001] plastic deformation is due
mainly to twinning. These are the samples that were chosen as the object of
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investigation. The deformation was performed by compression in the temperature
range 0.5-1 K in liquid ®He with constant rates 2x10°-2x10* s ™. In the
experiments the sample was cooled below T.=0.825 K and deformed with
repeated superconducting transitions. It was found that the flow stress changes

appreciably by Az, at superconducting transitions (Figure 28). Right up to
deformations ~4% the quantity Azg, is independent of the deformation and
equals ~80 kPa at 0.5 K; this is less than the value of Az, with basal gliding

(250 kPa [118]) but much larger than with pyramidal glide (Azg, <10 kPa

[118]). The result obtained means that in this case the change of the flow stress at
a NS transition is due to its effect on the nucleation and motion of twinning
dislocations.

A

Figure 28. Influence of a superconducting transition on the flow stress with compression of
zinc single crystals along [0001], when deformation occurs predominantly by twinning and
is not accompanied by macroscopic disruptions of the load [120]

As one can see from the results presented above, a different effect of a
superconducting transition on deformation twinning has been observed.
Accordingly, several points of view have been advanced concerning the role of a
superconducting transition on twinning.
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Deformation twinning is sensitive to a superconducting transition indirectly,
through the sensitivity of glide. This results in the appearance of different stress
concentrators in the normal and superconducting states, resulting in a difference in
the stresses at which twinning starts.

Twinning is sensitive to the electronic state of a sample to the extent of the
change in volume at a superconducting transition. Then the sign of the effect
should also depend on the sign of the volume change.

The sensitivity of twinning to a superconducting transition is determined by
the rates of the process. The contribution of electronic drag is appreciable for low
rates of twinning. For high rates, when breaking of Cooper pairs can occur, this is
not the case. The nonuniqueness of the results obtained under twinning conditions
distinguishes them from the results obtained under glide conditions.
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V1. CORRELATION BETWEEN THE
CHARACTERISTICS OF THE EFFECT AND
THE SUPERCONDUCTING PROPERTIES

A number of experiments which provide convincing evidence of a correlation
between the macrocopic characteristics of plastic deformation at a
superconducting transition and the superconducting properties have been
performed.

A. TEMPERATURE DEPENDENCE OF THE CHARACTERISTICS
OF THE PLASTICITY CHANGE AT A SUPERCONDUCTING
TRANSITION

1. Under the Conditions of Deformation at a Constant Strain Rate

The study of the temperature dependence of Aoy, (Arg,) started

immediately after the appearance of the first works, since it was important to
understand the extent to which the plasticity change is associated with
superconductivity. At first these were qualitative measurements,[2,30,40] where it

was shown that at temperatures below 0.58T. Ao, changes negligibly with

temperature, at T=0.47T; and 0.53T. Ao, is essentially temperature-
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independent, and Ao, decreases sharply as temperature increases up to 0.88T..

The first attempt to estimate analytically the form of the dependence Ao, (T)

was made in Ref. 41. For this, a sample of polycrystalline indium was deformed at
different temperatures. In so doing a correction not exceeding 10% was made for

hardening. A linear relation was observed in the coordinates Aoy, (/T In

Ref. 43 it was pointed out that such an assertion is not definitive, and in Ref. 167
it is shown that the data of Ref. 41 can equally well correspond to a linear

dependence of Ao, on T/T..

Ao /Ac, (0)
o
N

0 0,2 0,4 0,6 0.8 1,0
/T,

Figure 29.Temperature dependence of Ao, / Aoy (0): (®) — cunew, (0)- nuauii [42]

An extensive experimental investigation with a large number of
measurements on two superconductors with different T.—polycrystals of lead
(99.9995%) and indium (99.99%)—was performed in the temperature range 1.6—

4.2 K to establish the character of the temperature dependence of Ao, . This

made it possible to cover a wide range of values of T/T; (0.24-0.94) and to
perform measurements on both metals in the interval (0.4-0.6). To represent the

results in the form of a single curve (Figure 29) all measurements of Ao, were

normalized to Ao, (0)—the jump in the stress at 0 K. As a result of such

normalization, each point presented on the curve is an average of five or six
values of Aoy, (T)/ Aoy (0) obtained with deformations of 10, 20, 25, and

30%. In the interval (0.24-0.6)T; Ao, changes neglibily while for T/T.=0.6-
0.94 Ao, decreases sharply, going to zero as T. is approached. The data

obtained were found to be linear in the coordinates Ao, (T)/ Aoy, (0) - (1-
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T/TC)”Z. The energy gap of a superconductor near T. exhibits the same
temperature dependence— A ~ (1-T /T_)"'?.

Subsequently, a series of works studying the dependences Ao, (T) and

AT, (T) was performed for different metals and alloys with polycrystalline and

single-crystalline structure. Aside from lead [2,30,40,42,45] and indium
[41,42,85,86] aluminum [101,107], tantalum [99], lead-based alloys [54,122],
aluminum-based alloys [107,154-156], zinc [101,118,120] and tin [111] were
studied. A series of temperature dependences obtained by different authors for
several materials are presented in Figures 30 and 31. Qualitatively, the character
of the temperature dependence is the same in all cases. In the interval (0.5T.—T,)
Aoy (At ) sharply decreases as Tc is approached; below 0.5T it depends
weakly on the temperature or is completely temperature-independent. The
experiments performed on lead and aluminum alloys showed that the temperature
dependence of Ao, (A7g,) is insensitive to the concentration of the alloying
element. In many investigations attempts were made to link the results obtained to
a concrete temperature dependence of some characteristic of superconductivity.

Such characteristics are: the energy gap width A, which is proportional to (1-
T/IT)Y?, and the critical field H., which is proportional to 1-(T/T.)? the density
p s of superconducting electrons in the BCS theory and in the Casimir—Gorter

two-fluid model, proportional to 1-(T/T.)* and, the ratio of the ultrasonic
absorption coefficients in the superconducting «agand normal ¢, states
a; By 2
a. B.  Am-
l+e kT

drag of dislocations. All theoretical temperature dependences are qualitatively
similar. The existing experimental data taken together fall mainly between

Pn(T)! ps(0) and A(T)/A(0), which is evident in Figure 30. In many cases the
experimental data are close to the temperature dependence of 1-I'(T). As shown in
Sec. IV D, the observed nonmonotonic temperature dependences of Aogy

I'= where B is the coefficient of dynamic electronic

ay By

(Azgy) in certain alloys were due to magnetic flux trapping with repeated
superconducting transitions produced with a magnetic field.
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Figure 30. Temperature dependences of Ao, (A7g, ) obtained on pure metals by

different authors: indium (e)[41], (o) [42], (o) [95], A(T)/A(0) (—); (1-T)(- - -); 1-(T/Tc)4
(---); ADAQ)(-+++) (a); lead (o) [42], (o) [163], () [45], (A) [45], 1~(T/Tc)2 (—-) (b);
tin [111] (deformation at constant rate) (o) [52]; (creep) (A),A(T)/A(0)(c); aluminum
[101],—technical grade polycrystals (o) [101]; technical grade single crystals (e) [101]; 1-
I' (—)(d); tantalum, high-purity single crystals (RRR-700-12000). The data refer to
different degrees of purity and different elongation from 1 to 15% (e) [99]; zinc, high-
purity single crystals (RRR-1000] (f) [120]
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I Pb-TI
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Figure 31. Temperature dependences of Aoy (ATg, ) obtained for aluminum and lead

alloys by different authors: pure lead (o, ®), lead—0.04 at.% Tl (A, A) ; lead—0.4 at.% TI
(V,V); lead—0.04 at% Bi (o , m); lead— 0.4 at% Bi (0,¢) [12]; (1-I)(—)();
aluminum—a3.8 at.% lithium (o), aluminum—7 at.% lithium (e) , aluminum—10.4 at.%
lithium (o), A(T)/A(0)(—); 1-T (---)(b) [156]

2. Under Creep Conditions

The qualitative study of the dependence Ag,g (T) for lead [73] and indium
[84] showed that Ag,q decreases as T is approached and equals zero near Tc. In
addition, a nonmonotonic temperature dependence A&y (T) was observed for
lead: below 2.5 K (0.35T/T;) Ag,g starts to decrease. A similar decrease of

Ag (T) was not observed in indium.
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The temperature dependence Ag,q (T) was measured in greater detail in Ref.

76 for polycrystals and single crystals of indium and lead with purity 99.999%.
When the temperature dependence was studied, the experiments were performedat

the nearly steady-state stage of creep in the stress range where Agg Iis

independent of the stress (see Sec.IV C). This made it possible to perform
measurements on the same sample at different temepratures. Three or four

measurementsof Ag,s with loading were performed at the samevalue of the

temperature and the average value was determined.The data from measurements
performed on two samples of lead in the interval (0.2-0.5)T, and four samples of
indium in the interval (0.5-1.0)T. were used to constructa single curve of

Ag\s (T) Agys (0) versus T/T. (Figure 32). The experimental temperature
dependence A&y (T) is monotonic, incontrast to Ref. 73, and differs quite
strongly from the temperaturedependence of the energy gap A in a
superconductorbut is close to the dependence 1-( T/T)>. A detailed study of the
temperature dependence of Ag,s in a wide interval of temperatures and

deformations (right up to failure of the sample) was performed in Ref. 57. The
temperature dependence of the ratio of the rates & in the S and N states near a NS
transition was determined at the same time. The experiments were performed on
high-purity (99.999%) single crystals of lead in the interval (1.6-7.2) K. It was

shown that the temperature dependences A&y (T)/ Agy (0) and
In(& /& ), / In(& /& ), are nonmonotonic and differ appreciably for

different degrees of deformation, i.e. they are determined by the defect structure
of the crystal. In Ref. 168 an attempt was made to determine the influence of tin

impurities (1 and 3 at. %) on the temperature dependence of Ag,g of a lead
single crystal. In the alloys studied, strongly pronounced nonmonotonicity of
Ag\s I Agys (0) was observed below T/T.=0,7. However, subsequently, it was
shown that this is mainly due to the the trapping of magnetic flux. A monotonic
temperature dependence of Aegys/Agyg (0) was observed in lead with the

paramagnetic impurity nickel [151].
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1,0

0.8

0,6

0,2 0.4 0,6 0,38 1,0

T/T,

Figure 32. Temperature dependences of A& /AgNS(O) for In(e) and Pb (o) [76],
taken under the creep condition. Theoretical temperature dependences of superconducting

parameters: (——) A(T)/A(0); (=== )1-T"; ----1- (T /TC )4; (eeenes YA(T)AQ0);(— - — - -)- 1-

(T/T.)

3. Under Stress-Relaxation Conditions

The dependence ATSS (T) was initially studied in Ref. 39 on single crystals

of high-purity lead (99.9999%), oriented for easy glide (the stretching axis is close
to [110]). The comparison, made by the authors, of the temperature dependence
obtained with the temperature dependence of the energy gap of a superconductor
and the density of superconducting electrons showed that there is no strict
agreement with any of these dependences, though the experimental data are
closest to the temperature dependence of the gap (Figure 33). Next, the same

authors [37] measured the temperature dependence of Ar,ﬁs for lead single

crystals whose stretching axis was close to [100], and they obtained a dependence
different from the one obtained for single crystals with easy glide [33], closer to
the temperature dependence of the density of superconducting electrons. For
alloys of lead with indium, bismuth, thallium, and cadmium (low concentrations)

the dependence Ar,’js (T) was found to be the same as for lead oriented for easy
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glide. Conversely, for high concentrations the dependence Arﬁs (T) is closer to
that observed for pure lead with orientation close to [100].

(0)

(4
SN

(TYAG

R
N

Ao,

0,2 0.4 0,6 0.8 1,0

T/T,

Figure 33. Temperature dependence of A7y / Az (0) for single crystals Pb-1 at. %
Sn in the process of stress relaxation. Theoretical temperature dependences of

superconducting  parameters: (—— ) AVAQ); (— 1T —-1-(T/T)";
(- )AMAQY( - - - - ) 1-(T/T, )?

Summarizing the existing experimental data, the following can be stated.

1. The temperature dependences of the characteristics of the change in
plasticity at a superconducting transition are largely monotonic.

2. A characteristic feature of these dependences is the qualitative
correspondence with the temperature dependences of the characteristics of

superconductivity.
3. A quite large number of experimental data are close to the temperature

dependence of 1-I'(T), where T" is the ratio of the ultrasonic abosrption
coefficients in the S and N states or the ratio of the coefficients of dynamical drag

of dislocations.
At the present time a more accurate correspondence between the experimental

data and the theoretical curve cannot be obtained.

www.iran—-mavad.com

Slgo wigo sole @2 40



Plasticity of Metals and Alloys 57

B. MAGNETIC FIELD DEPENDENCES OF THE
CHARACTERISTICS OF THE EFFECT

In the vast majority of the experiments described above superconductivity
was suppressed by a magnetic field above the critical field of the superconductor.
At the same time a magnetic field can itself influence the flow stress. To prevent
possible magnetic effects the method of repeated loading (see Sec. 11l B 1) was
used for one lead single crystal with stretching axis near [110] to determine the
CRSS for different values of the magnetic field which was switched on [30]. The
CRSS remained virtually unchanged in the interval 0-486 Oe (below H.). The
CRSS also did not change between the fields 936 and 1400 Oe (above H).
However, the values of the CRSS above and below H. differed from one another
by 45% on the average. The CRSS changed between 468 and 936 Oe, where the
value of H, for lead lies. A more detailed experiment was performed on
polycrystalline lead [30], where a magnetic field with different intensities was
switched on and off in the course of continuous stretching of the sample. For
fields below 530 Oe (H, for lead at 4.2 K) at any stage of the deformation curve
the field had no effect on the deforming stress, and fields above H; caused G to
change by the amount Acsy; the values of Acsy /o for fields from 560 to 1870 Oe
fell on the same curve of Aogy /o versus the deformation &, i.e. above H. the

magnetic field has no effect on Aosy . In Ref. 1 superconductivity in
polycrystalline lead at 4.2 K was suppressed by fields 1930 and 4790 Oe, the
latter exceeding H. by almost an order of magnitude, but no effect of a field on
Aocsy was observed. The same observation was made in Ref. 41 up to 4000 Oe
and in Ref. 4 up to 6100 Oe. To determine whether or not a magnetic field in itself
influences the flow stress, experiments were also performed at different
temperatures. For this, during the deformation the sample temperature was raised
gradually and a magnetic field with intensity above H, was switched on and off. It
is evident (Figure 34) that a change in the flow stress is observed only at
temperatures below T.. For T>T, switching a magnetic field on and off had no
effect on the deformation curve. Thus, the effect of a magnetic field is observed
when it changes the electronic state of the sample.

Since superconducting materials are divided into types and I, as determined
by their behavior in a magnetic field in a definite interval of fields and the specific
magnetic structure, it was of interest initially to make a comparative study of the
characteristics of the change of the flow stress at SN and NS transitions in type-I
and -I1 superconductors. The alloy In-3.9 at. % Pb (T.=3.64 K) was found to be
very convenient for such studies. For this alloy measurements of the
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magnetization curve and thermal conductivity [169] showed the existence of a
different type of superconductivity in different temperature ranges—it is a type-I1
superconductor for T>2.25 K and a type-l superconductor for T<2.25 K. Two
different types of superconductivity can be obtained in the same sample by
changing the experimental temperature. The changes in o at SN and NS
transitions for temperature intervals corresponding to the different types of
superconductivity are qualitatively the same and are similar to pure metals (Figure
35). The specific nature of the type of conductivity is manifested in the
dependence of the parameters of the plasticity change at a superconducting
transition on the magnetic field in intermediate (type-1 superconductor) and mixed
(type-11 cuperconductor ) states; this is studied below.

)

Figure 34. Section of the macroscopic tensile curve for lead with a magnetic field switched
on and off repeatedly with intensity above the critical value at T<Tc, T>Tc, and T=Tc [45]

In-3,9 at.% Pb

Type-Il superconductor

Figure 35. Portion of macroscopic tensile curves with repeated changes of the electron
state of the polycrystalline In-3.9 at.% Pb sample. The curve was taken at different
temperatures: T=2.9 K (type-I superconductor) (a); T=1.6 K (type-1l superconductor) (b)
[169]
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1. Intermediate State

It has been shown experimentally that the suppression of superconductivity in
type-1 superconductors occurs in a narrow range of fields. The presence of an
interval of fields is due to the finite dimensions of the sample, where an
intermediate state arises in fields somewhat below H.. A collection of alternating
normal and superconducting layers forms in this state. The relative fraction of the
latter layers will increase as H. is approached. The interval of fields corresponding
to the intermediate state can be increased by changing the geometry of the
samples and decreasing sample size. The experiment was performed on 99.9999%
pure lead at 4.2 K.79 In such a sample (20x10x10 mm) under compression with
rate 1.5x10 ® st Az was observed starting at fields close to 0.8H.. For smaller
samples finite values of Az are already observed at 0.5H.. As the intensity of the
magnetic field increased to H. A7 was found to increase; this agrees with the
field dependence of the magnetization of the sample. hysteresis of Az is
observed as the field decreases below Hc; this also agrees with the hysteresis of
the magnetization of a superconductor. The result obtained means that the field
dependence of A7 below H is due to the presence of an intermediate state of the
sample.

o 0.5 1.0
C N

Figure 36. Variation of the flow stress Aoy, /AGSN of lead single crystals as a function

of the concentration of the normal phase CN: H|| (A,V); HL (e, o); ratio of width to
thickness of the sample: 1 (V,e); 3 (A,0) [66]
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Subsequently, detailed studies were performed in static and dynamic
intermediate states. In Ref. 66 jumps in the flow stress at a transition from the

superconducting state into the intermediate state (Ao, ) and the normal state

(Ao, ) were measured as a function of the magnitude and direction of the

magnetic field H relative to the stretching axis of the sample for polycrystalline
99.9999% pure lead at 4.2 K. The concentration Cy of the normal phase was
determined at the same time according to the magnitude of the magnetic induction
B and the resistivity o . It was shown that for H oriented parallel to the stretching

axis Aog, is directly proportional to Cy (Figure 36), and for perpendicular
orientation Aoy =CyAogy +Ao  , where Ao is the additional change in o

due to the interaction of the mobile dislocations with the interphase boundaries in
the intermediate state.

The work presented in Ref. 66 was elaborated for lead polycrystals and single
crystals at a transition from the superconducting into the intermediate state and the
normal state as a function of the concentration of the normal phase, the sample
size, the grain size, and the impurity concentration [80]. An additional
confirmation of the role of interphase boundaries in dislocation drag in the

intermediate state is the observed sensitivity of Ao /Aog, to the sample
thickness, which determines the number of interphase boundaries. In Ref. 68
At in the intermediate state was also studied for single crystals of high-purity

lead. The field dependences of Az, in a longitudinal field were qualitatively the

same as those obtained in Ref. 66; a difference was observed in a transverse field.
At 1.4 K in a transverse field the starting values of Aoy were negative. The

quantity Ao, assumes positive values, which increase up to Ao, at Hc, only

with a further increase of the transverse field. In Ref. 170 the contributions of the
normal electrons and interphase boundaries of the static intermediate state of a
single crystal and polycrystal of indium (99.9996%) in the temperature range 1.7—
3.4 K in an external magnetic field with different orientation (H” and HY) are
distinguished. For a cyclic change of state in the course of stretching with rate 5
x10°° s * the sample was demagnetized to the initial state by short-time heating

with electric field pulses. An increase of the flow stress by Az in a single

crystal and by Aoy in a polycrystal (grain size ~1 mm) is observed at a
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transition from the S state into the intermediate state with increasing field
(H/H)<1).

Ao Ao

Sl
Ac A

SN

1.0

0.5

0 0,5 1.0 H/H.

Figure 37. Variation of the flow stress of polycrystalline lead in a dynamical intermediate
state as a result of the application of a magnetic field (Ao, ) and flow of electric current

(Ao ), Aoy Ao, (1) and Ao [ Aog, (2) versus the applied magnetic field
[171]

Analysis of the dependences of Arg /A7y, and Aoy /Aog, on the

magnetic induction B/B. showed several features. There is no linear relation
between the jumps Ao, , Arg and the concentration of normal electrons

Cn=B/B.. The quantities Azgy, and Aoy, in the field H" are always higher for

the same values of B/B. than the analogous quantities in the field H'. For the
same magnetic field intensity, the relative quantity Ao / Ao, in a polycrystal
is higher than in a single crystal. These features, together with the temperature
dependences of Ao and Arg, likewise attest to the fact that in the
intermediate state, aside from purely electronic drag of dislocations, additional
drag occurs at the interface between the normal and superconducting phases.

In contrast to a static magnetic structure, the transmission of an electric
current through a type-1 superconductor in the intermediate state results in drift of
the interphase boundaries. In Ref. 171 it was found that under the combined effect
of a magnetic field H and an electric current with density j (H and j are
perpendicular to one another and j is parallel to the stretching axis of the sample)
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in the intermediate state, aside from an increase of the flow stress by the amount
Ao , switching on an electric current results in a decrease of o by Ao;. This

result (Figure 37), which is also presented in Refs. 89, 171, and 172 was another
confirmation of the sensitivity of Ao, to the interaction of dislocations with a
phase boundary in the intermediate state. In Ref. 128 careful measurements of
At and the concentration of the normal phase in two type-I superconductors
(pure lead and lead-0.5 at. % indium) were performed and the results obtained

were analyzed taking account of not only the concentration but also the
morphology of the normal phase.

2. Mixed State

Soon after it was discovered that the plasticity changes at a superconducting
transition [1,2] the first experiments were performed to study the effect of a
magnetic field on the flow stress of type-1l superconductors [43,91,123,173]. In
Ref. 91 experiments were performed on niobium single crystals oriented for single

glide along the system (101)[111]. In the mixed state, starting at 0.4H,, the jump
in 7 increases (Figure 38,b) with the magnetic field directed along the stretching
axis, reaching the maximum value Arg, = Aty at He. The experimental

values of Az, agreed well with the magnetic induction curve of the sample. As

the field increases above He, Azg, becomes independent of the field.

A similar experiment was performed on the alloy Pb-In [43,123,173]. The
alloy Pb-13 at. % In was chosen for the investigations. In this alloy the mixed
state occurs in a very wide range of magnetic fields (at 4.2 K H,;=280 Oe and
H>=2400 Oe). The polycrystalline samples were deformed at 4.2 K and were
repeatedly transferred from the superconducting into a mixed state, and the
magnetic field intensity was varied from Hc; to He, (Figure 39). The quantity Ao
is zero in magnetic fields below H¢; and constant above Hc, (Figure 25a). In the
mixed state Aoy, agrees with the curve B(H). Subsequently, similar
experiments were performed on single crystals of the alloys Pb—4 at. % TI, Pb-3.9
at % Bi, and Pb—0.85 at. % Cd [139] and polycrystals of Pb—4.6 at. % In, and Pb—
13.2 at. % In [122], and on niobium [94,97]. Qualitatively the same result was

obtained— Ao, (A47g, ) increases in the mixed state as the magnetic field
varies from Hg; to He,. Similar results were obtained in experiments in the mixed
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state under creep conditions (Pb—10 at. % In polycrystals) [123,135] and under
stress relaxation conditions (single crystals of Pb-5 and 10 at. % In [37]; single
crystals of Pb-5, 10, 15, and 20 at. % In [126] with one difference—the
measurements of Az (Ao ) were performed only with the sample transferred
from the mixed into the superconducting state; since flux trapping is possible in

alloys this method can understate Ao, (A7g, ).

a)

Pb-12 at.% In

1,0 +

s AT/ ATy

B/B.

T

At/ ATay

€3 !

B/B

=

0 1,0
H/H [

Figure 38. Variation of the normalized jump of the deforming stress A7y, / A7g, (dots)

in mixed and normal states as a function of the normalized magnetic field H/H.,; for Pb-12
at.% In single crystals (a) [173]; for niobium single crystals (b) [91]. The line corresponds
to the field dependence of B/B.,
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Figure 39. Portion of macroscopic tensile curves of polycrystalline Pb-12 at. % In with
repeated changes of the electron state: H/Hc2=1.27 (a); 0.84 (b); 0.56 (c); 0.45 (d); 0.35 (e)
[123,173]

Comparative measurments in fields parallel and perpendicular to the
stretching axis, performed on single crystals of the alloys Pb-2.2 and 12 at. % In

[174,175], made it possible to observe the differences in the values of A7, I and
Atg, *. The concentration Cy of the normal phase was determined from the
magnetic induction curves. It was established that aside from purely electronic
drag, characterized by Cy, a term Ao, which is a nonlinear function of CN
appears in Aoy, . Ao, is observed starting at Cy~0.4, reaches its maximum
value at Cy~0.7, and decreases to 0 in the normal state. The most likely reason
for the appearance of Ao, is additional dislocation drag as result of the
interaction of dislocations with magnetic field vortices. Apparently, the most
careful measurements of Aoy, (47, ) and the concentration of the normal

phase in the sample in the mixed state were performed in Ref. 130, so that this
work merits a detailed exposition. The measurements were performed at 4.2 K on
polycrystals and single crystals of lead-indium alloys with In concentrations up to
50 at %. The magnetic field was increased in steps from H¢; up to He, in a manner
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S0 as to obtain up to ten jumps of the flow stress o(t) and magnetic induction B,
which were recorded simultaneously. This method differed substantially from the
methods used in the works mentioned above. At the initial stages of the
experiment the field was changed only in the direction of increasing values, which
eliminated the errors due to magnetic flux trapping. The second advantage is that
the jumps of o(t) and B were measured simultaneously, which made it possible to
compare these quantities more accurately.
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Figure 40. Aogy, /AO'SN versus normal-phase concentration in type-I1 superconductors.
Polycrystals of the following alloys: Pb-3 at.% In (increasing H(o); decreasing H (e));
Pb-5 at.% In (A); Pb-30 at.% In (A); Pb—50 at.% In (o); Pb-5 at.% In-5 at.% Sn (m) ().
Single crystals of the following alloys: Pb-2 at.% In (o); Pb-5 at.% In (e); Pb—10 at.% In
(A); Pb-20 at.% In (A); Pb—30 at.% In (o)(b) [130]

The dependences of Ao, / Ao, for polycrystals and Az, / Azg, for

single crystals on B/H¢, are strongly nonlinear and essentially identical for all
alloys studied. A characteristic feature is inversion relative to the line of direct
proportionality (see Figure 40), which is observed for Cy close to 0.7. This
inversion was also observed in Ref. 81. The effect of H on o(t) vanished when the
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field reached Hc,. Analysis of the data obtained and comparison of these data with
the results of investigations of the intermediate state showed that not only the
concentration but also the morphology of the normal phase, which makes it
possible to explain the observed nonlinearity and inversion, must be taken into
account.

o 0000 . r

0 20 40 £,%
Figure 41. Deformation dependences of AENS in polycrystals of a lead alloy with

nonmagnetic impurities tin (1) and pure lead (2), and an alloy with the paramagnetic
impurity nickel (3) [142]

C. EFFECT OF THE PARAMETERS OF THE ELECTRON
ENERGY SPECTRUM

Another proof of the correlation between the observed plasticity changes and
the superconducting properties are experiments studying the influence of a

paramagnetic impurity on the additional creep Ag,s at a superconducting
transition [75,142,151]. Polycrystals of Pb—0.4 at. % Ni [142] were investigated
under conditions of stretching at 4.2 K. The deformation dependence of Ag g is

shown in Figure 41. This figure also shows for comparison the analogous curves
for pure lead and the alloy Pb—0.4 at. % Sn. Evidently, nonmagnetic (curve 1) and
paramagnetic (curve 3) impurities have the opposite effect on the dependence

Ag s (€) as compared with pure lead (curve 2). In the lead-tin alloy Agg is

1.5-2 times greater than in pure lead, whereas in the alloy with nickel it is
approximately an order of magnitude smaller than for pure lead. Special
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experiments showed that such changes are not associated with the difference in
the plastic properties of the alloys. Consequently, the unusual influence of a

paramagnetic impurity on Ag,q was attributed to a strong decrease in the width

of the energy gap. The same authors [151] expanded the interval of nickel
concentrations (0.2, 0.4, 0.65 at. %) and measurement temperatures (1.6-7.2 K)
and obtained similar results.
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VIIl. BASIC THEORETICAL CONCEPTS OF THE
INFLUENCE OF A SUPERCONDUCTING
TRANSITION ON THE PLASTICITY

A. ELECTRONIC DRAG OF DISLOCATIONS IN NORMAL AND
SUPERCONDUCTING STATES

The experimental observations of the change in the macroscopic
characteristics of the plastic deformation of metals and alloys at a
superconducting transition, which attest to an appreciable influence of conduction
electrons on deformation processes, forced paying attention to, first and foremost,
the few existing theoretical works which examined the interaction of moving
dislocations with conduction electrons. These works were initiated by experiments
studying the dislocation absorption of ultrasound and concerned the situation in a
normal metal. Among existing publications, the works Refs. 18, 19, 177, and 178,
performed for a rectilinear dislocation, are considered to be correct. The computed
theoretical force of electronic drag of a dislocation in a normal metal is
temperature-independent. Therefore the electronic drag coefficient B, is
temperature-independent; it was estimated to be 107°-10°dynes-s/cm® It is
shown in Ref. 179 that in metals whose Fermi surface has a flattened section the
electronic drag of dislocations with certain orientations contains a relaxation term
proportional to the electron mean-free path, as a result of which B, will depend on
the temperature. In theoretical investigations of electronic drag of kinks on
dislocations [180] it was found to be temperature independent. Since the
expression for B, contains the electron density (ne), it was pointed out in Ref. 13
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that at a superconducting transition B, will change to the extent of the change in
ne.

> L d >

0 28 Bay 0 T2AM haV 0 2aM T oV

a) b) c)

Figure 42. Schematic diagram of the electronic drag force FS on a dislocation in a
superconductor versus the velocity V of the dislocation at various temperatures (solid
curves) [182,183]; the dashed lines show the electronic drag force in a normal metal [18],
gm—maximum momentum in the direction of motion of the dislocations
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Figure 43. Temperature dependences of the relative gap width (1) and (FN — FS )/FN for
V =V (2), obtained numerically [185]
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Figure 44. Difference of the friction forces FN-FS in the normal and superconducting
states versus the dislocation velocity (em = gmV) at various temperatures, obtained
numerically [185]

The first theoretical works which expressly studied the electronic drag of
dislocations in the superconducting state were published in 1970-71 [181-183].
For dislocation velocities V~10* cm/ s, which are easily achievable
experimentally, the kinetic energy becomes comparable to the binding energy 2 A
of Cooper pairs. Consequently, a dislocation moving in a superconductor can give
rise not only to transitions associated with scattering of “normal” excitations
existing at a given temperature but also transitions associated with the creation of
new excitations (breaking of Cooper pairs). As a result, the form of the velocity
dependence of the electronic drag force Fs in the superconducting state changes
substantially; this force varies with temperature, as shown for several limiting
cases in Figure 42. As seen at 0 K, there exists a critical velocity V. of a
dislocation below which there is no electronic drag, and above which the drag
increases charply as a result of the generation of quasiparticles. Taking account of
umklapp processes [184] results in some smearing of the threshold in the velocity
dependence of the friction force of a superconductor. The calculations performed
in Refs. 182 and 183 made it possible to find the jump of the friction force
O Fns=Fn—Fs at a superconducting transition. The temperature dependence of
O Fys in limiting cases is identical to the temperature dependence of the gap

width A (T), but a unique linear dependence of ¢ Fys on A(T) does not exist.
Figure 28 gives a qualitative idea of the character of the velocity and temperature
dependences of Fs, and the quantitative characteristics, obtained using a
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computer, are presented in Refs. 181 and 185. The results obtained are valid for
rectilinear and curvilinear dislocations with a radius of curvature which is much
larger than atomic sizes. Consequently, the electronic drag on dislocation kinks,
which control the plastic deformation of crystals with high Peierls barriers,
requires a separate study. A detailed analysis of works on the electronic drag of
dislocations is contained in the review Ref. 186 and the monograph Ref. 187. The
influence of a superconducting transition on the motion of dislocations in a
dynamical above-barrier regime can be estimated using the results of original

works. In the general case bz = F(V_), where 7 is the external stress and b is
Burgers vector. In the normal state, at low temperatures bz, = F = BN\7, and

in the superconducting state bz = F (\7,T ). At a superconducting transition
Twill be change to the extent of the change in F,

b(ry —75) =bA7y, =F, v)- Fs (V,T). Using the calculations for Fs, curves

of AFys versus the external stress, temperature (Figure 43) and dislocation
velocity (Figure 44) can be constructed [181-185]. The dependence of Fy—Fs on
V and T is insensitive to the type (edge or screw) and form (closed or rectilinear)
of dislocation [185]. Since most superconductors are metals which possess a
complicated, multizone Fermi surface, the behavior of the electronic drag
coefficient in superconductors with overlapping energy bands was studied in Ref.
188. It was shown that in two-band superconductors, just as in singleband
superconductors, there exists a critical dislocation velocity, and the dependence of
Fn—Fs on Fy is nonmonotonic. A purely dynamical regime of dislocation motion
accompanying plastic deformation is quite rare, for example, at the head of the
glide band under the action of large impulsive loads [27] and for high-rate
deformation. In recent investigations dynamical effects were also observed under
conditions of creep accompanying a superconducting transition [115,116] and
under conditions of active deformation of concentrated lead-indium alloys [189].
An important feature of the dynamical drag of dislocations is its insensitivity to
the degree of purity and doping. The experimental observations (see Sec. IV F)
attest to a substantial dependence of the characteristics of the plasticity change at
superconducting transitions on the concentration of the alloying element. These
features and certain experimental data on plastic deformation at low temperatures
(for example, Ref. 24) initiated the analysis of other mechanisms for the plasticity
change at a superconducting transition.

www.iran—-mavad.com

Slgo wigo sole @2 40



Plasticity of Metals and Alloys 73

B. FLUCTUATION MECHANISM

In the Refs. 190-192 it was proposed that the influence of electrons on the
thermal surmounting of potential barriers, produced by impurity defects and
dislocations of other systems, by dislocations be taken into account. This idea was
developed in detail. The analysis is limited to crystals with negligibly small
Peierls barriers (fcc and hcp crystals). It is supposed that the process of thermal
activation is sensitive to the change in the electronic drag of dislocations at a
superconducting transition. The idea that viscous drag influences the velocity of
dislocations at low temperatures is advanced in Refs. 12, 193, and 194. This
proposal is in agreement with the general principles of the theory of fluctuations,
according to which the thermal fluctuations are associated with the dissipative
properties of the medium. This was confirmed by an investigation of the thermal
motion of a dislocation segment pinned by defects and by a calculation of the
average rate of detachment from an individual defect. A modified Arrhenius
equation, describing the Kkinetics of plastic deformation at low temperatures and
low stresses, was obtained on the basis of this analysis. Using this equation and

the dependence Bg(T) (see Sec. VII A), expressions were obtained for Arg,,

Agys and  Aryg. The fluctuation mechanism exhibits the following

characteristic feature. The influence of a superconducting transition should be
expected only for characteristic lengths of a dislocation segment ~10°-10"* cm,
which is characteristic of very pure metals. In Refs. 195-197 the fluctuation
mechanism initially developed for a one-band superconductor was extended to the

case of a two-band superconductor. The temperature dependence of Az, and

Ag s, just as in the case of a single-band superconductor, can be nonmonotonic.

The concentration dependence of the parameters of the effect is also in qualitative
agreement—it is a nonmonotonic function of the impurity concentration. Another
possibility of the influence of viscosity on the fluctuation detachment of
dislocations from local obstacles consists in taking account of the change in the
effective temperature in the analysis of the quantum motion of dislocation
segments on low temperatures [198]. A sharp decrease of the viscous drag
coefficient B at a superconducting transition increases the effective temperature
T*, which increases the average rate of detachments from local defects and the
rate of plastic deformation.

Subsequently, the theory of the fluctuation mechanism was developed for
impurity crystals under conditions where quantum effects are effective, and
nonmonotonic dependences were obtained for the parameters of the plasticity
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change at a NS transition on the impurity concentration and deformation [192].
The magnitude of the effect should reach a maximum at concentrations ~10>. The

form of the dependence Arg (&) depends strongly on the impurity

concentration. The temperature dependence of Azg, be nonmonotonic at definite
low impurity concentrations.

C. INERTIAL MECHANISM

An inertial mechanism for dislocations to surmount a local barrier was
proposed practically simultaneously with the mechanism described above
[36,199-201]. At low temperatures the inertial mechanism becomes efficient and
sensitive to a superconducting transition. The initial mechanism presumes that if a
dislocation with effective mass M is moving with sufficiently high velocity, it can
overcome an obstacle by means of inertial skipping. Such a situation can occur
when dislocation segments go from a damped to an undamped state. A
characteristic of damping is the expression

BV, o
M= G’

where B is the dynamical drag coefficient, G is the shear modulus, b is

Burgers vector, Vs is the sound velocity in the crystal, and | is the average length
of a dislocation segment. If £ >1(room and higher temperatures), dislocation
segments are in a damped state and their inertial properties are not manifested. As

temperature decreases, 1. <1 becomes possible because B and | decrease. In

this case dislocation segments go from a damped into an undamped state in which
their inertial properties can have a definite effect on the dynamics of dislocations
in a crystal. If underdamped dislocation segments detach from a point defect
(stopper) and, under the influence of an external load, strike a new stopper in the
glide plane, then they skip through the position of static equilibrium (Figure 45)
and for a short time ~107°-10 "% stay in a dynamical position, after which, having
undergone several damped oscillations, they assume a new static equilibrium
position. Therefore, as a result of its inertial properties, when a moving
dislocation collides with a new stopper a dynamical increase by a factor of y

(7 =t9(ag max ) /19 () ) of the average angles under which a dislocation
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attacks the stoppers occurs. This can increase the average velocity of dislocations
and therefore influence the macroscopic rate of deformation at low temperatures.
For a number of years the inertial mechanism was a subject of theoretical
investigations [8,10,36,47,139,194,199-207]. Recently, the motion of dislocations
was simulated at an atomic level and observations were made of the inertial
effects in a model experiment [206,207]. In these works it was proposed that the
transition of dislocation segments from a damped into an undamped state should
give rise to a corresponding transition from thermal activation to nonactivational
viscodynamic motion of dislocations. However, in many cases the inertial
properties of dislocations can be manifested with the thermal activation character
of dislocation motion being preserved at the same time. The experimental data
supporting this combination of thermal activation and inertial processes
accompanying low-temperature deformation are summarized in Refs. 24 and 208.

Figure 45. Diagram showing the manifestation of the inertial properties of an undamped
dislocation line: dotted line—initial static position of a dislocation, resting on point defects
(stoppers) A, B, and C; dashed line— dynamical position of a dislocation detached from
the stopper B; solid line—new static position of a dislocation resting on stoppers A, D, and
C [24].

D. THERMAL-INERTIAL MECHANISM

On the basis of the circumstances indicated in Sec. VII C attempts were made
in a number of works to take account of the influence of the inertial properties of
dislocations on the velocity of their thermal-activation motion. An analysis of the
hypotheses advanced prior to 1987 is contained in Ref. 24. The problem of taking
into account the influence of the inertial properties of dislocations on the velocity
of their thermal activation motion turned out to be very difficult and remained
unsolved for a long time. In 1979-1981 a method for solving this problem was
proposed in Refs. 209 and 210. This method is based on a statistical description of
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dislocation motion in terms of a chaotic network of point obstacles. Analytic

equations describing the average effective velocity V  of thermal-activation
motion of a dislocation and the corresponding rate & of thermally activated
plastic flow were formulated in these works. The inertial parameter y appears
explicitly in these equations. On this basis a thermal-inertial theory was developed
and used to investigate the changes in the macroscopic characteristics of plastic
deformation at a superconducting transition. We shall briefly examine the content
of this theory.When dislocations move through a chaotic network of point
obstacles the dislocation forms a series of successive configurations. It is assumed
that all stoppers in the glide plane produce the same potential and force barriers

whose height is characterized by a critical attack angle «,,. The configurations
found by a dislocation in the glide plane can be divided into two classes:
mechanically stable, thermally activated configurations in which no attack angle
exceeds «, and mechanically unstable, nonactivational configurations,

Kp
containing one or several angles greater than ¢, ,. The relative number of
nonactivational configurations, among all the configurations which the dislocation
successively forms as it moves through a chaotic network of point obstacles, is
denoted as g. The quantity g=0 for o =0 and g=1 for o = o, . Computer
simulation showed that g is independent of temperature at low temperatures. For
loads in the range 0.20,, < o < o, _ the inequalities 0<g<1 hold. Under these

cr —

conditions the effective average velocity V of thermal activated motion of a
dislocation through a chaotic network of local obstacles is described by the
relation

i VS, _Ho (T
Ve |‘<o)[1—g<o,acr)]exp{ a "y )} @

where v is the effective rate of thermal activation attempts; Sy is the average area
per stopper; | is the average length of a dislocation segment; Hy is a parameter
determining the effective enthalpy of thermal activation; o ., = o, T is the
temperature; and, k is Boltzmann’s constant. The inertial properties of dislocations
determined by the parameter » do not affect the probability of thermal

activational detachments of dislocations from stoppers, but they can increase the
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number g of nonactivational unpinning, i.e. g(o,o) must be replaced by

9(y
the influence of inertial dislocations on the velocity of their thermal activation
motion. The expression for AH(o)=H,In(o,, / o) remains unchanged.

g, o ) - Itis this change that constitutes the method for taking account of

Then, in general, Eq. (2) will have the following form taking account of the
dynamical regime:

- p)
V =— 3
v v texplaH(o )/ KT] )

oun max

where in this case

1

A=—
acl(o)Ll-g(y*%0,0,, |

(4)

The relations (3) and (40 are the basic relations of the thermal-inertial theory
proposed in Refs. 209 and 210. The relation &= pb\T(ﬁ- is the deformation

rate set by a machine and b is Burgers vector) is used to describe the macroscopic
characteristics, assuming the density of mobile dislocations in the crystal to be
constant. The physical results of the theory can be analyzed only by finding with
the aid of a computer the numerical solutions of Eq. (2) for o with certain chosen

values of the parameters. The yield point 7, and its temperature dependence in
the normal and superconducting state and, correspondingly, Aog, were
determined in this manner. Figure 32 shows Ao, and the relative values
Aog | 04 as a function of the dimensionless concentration of stoppers

al,/S, (a- is the lattice parameter) at fixed temperature. According to the
theoretical results obtained, as the concentration of stoppers increases, the yield
points o5 and oy, , increase, as a result of which Ao, increases. However,
as al,/S, increases further, the average travel distance of dislocations S, /I

decreases to such an extent that there is not enough time for a dislocation to
accelerate to the velocity Vg,max. As a result, the influence of a NS transition
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should weaken. A maximum on the concentration dependence of Ao, was first
predicted theoretically in Ref. 202 and is confirmed by numerical calculations
(Figure 46). Figure 33 shows the temperature dependence of Ao, following
from the thermal-inertial theory. The theoretical temperature dependence
Ao, (T), just as the experimental dependence (see Sec. VI A), is characterized
by a monotonic increase of Ao, and by the fact that it goes to a constant value
in the limit T— 0.

200
150 - 04
E 103
S 100 g
g 02=<
= 3
50
0,1
0 -

1% 103 102 a/'l,

Figure 46. Aoy, (solid lines) and the relative values Ao, /Aoy (dashed lines),

following from the thermal-inertial theory for different values of the computational
parameters (H0=0.1 eV; T=0.1Tc): acr = n/6, BeN=5x10-5 g-cm—1- s—1 (1) and (1');
ocr= n/6, BeN =10-5 g-cm—1- s—1 (2) and (2'); acr= n/ 46, BeN=10-5 g-cm—1- s—1 (3)
and (3') [24]

The experimental investigations of the low-temperature plasticity performed
in the last few years [211-213] under conditions of active deformation and creep
have confirmed the effectiveness of the thermal-inertial mechanism.

The theoretical investigations of the mechanism including thermal activation
and inertial effects continued. A onedimensional model employing the equation of
Brownian motion in application to the motion of dislocations is proposed in Ref.
214. The motion of dislocations in the twodimensional case through a random
network of obstacles, which includes inertial detachment of underdamped
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dislocation segments, is examined in Ref. 215. In the form obtained these
hypotheses are difficult for drawing comparisons between theory and experiment.

E. QUANTUM-INERTIAL MECHANISM

Anomalies of the plasticity occur in pure metals at low temperatures (below
10 K). These anomalies can be explained by the quantum properties of
dislocations [216,217]. Consequently, strictly speaking, at especially low
temperatures, aside from inertial effects and thermal activation, the quantum
properties of dislocations must be taken into account. The result of the combined
effect of quantum, inertial, and thermal fluctuation effects is a transformation of
the classical Arrhenius equation [146]

&= &‘% exp{— %} (5)

(&-is the plastic deformation rate; 7 is the external stress; 7; is the internal
stress) into an equation of the following form:

(6)

&= &l (7*,B )exp{— AR() }

KT *(T)

The temperature T in the denominator in the exponential in Eq. _5_is
replaced in Egq. _6_ by the function T*(T)—the effective temperature of a
dislocation taking account of its thermal and quantum motions [217]. The pre-

exponential factor & in Eq. (5) in front of the exponential is replaced by the

function &1 (z*,B), which depends on the effective stress 7 * and the dynamic

drag constant B. A simple approximate formulas has been obtained for the
effective temperature T*(T):

T,T>60

T*(T)= 2 7
™ Q1+T—,T<0 "
2 6°
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Here @ is the characteristic temperature of a dislocation, which is the main
characteristic of its quantum properties. The function I reflects the effectiveness of
the inertial effects, which was examined in Sec. VII D. In the theory of this

mechanism expressions have not yet been obtained for the dependence of Ay,
on the deformation, temperature, and impurity concentration.

F. OTHER THEORETICAL HYPOTHESES

Several other hypotheses have be advanced. They should be mentioned to
complete the picture. The experimental observation of an appreciable increase of
creep at a NS transition at a stage where, within the limits of experimental
accuracy, the deformation rate is close to zero [55], has given rise to the
hypothesis of a possible quasistatic mechanism in which the characteristic of a
potential barrier hindering dislocation motion changes. A quasistatic mechanism
was proposed in Refs. 218 and 19. The basis of this mechanism is taking account
of the nonuniformity of the electronic structure of a superconductor, which is
related with the nonuniformity of the dislocation structure arising as a result of the
heterogeneity of plastic deformation, as a result of which the internal stresses give
rise to local changes of the energy gap A during deformation. The direct effect of
dislocations on the phonon spectrum also results in local changes of the gap
width. The nonuniform distribution of dislocations and point defects changes the
electron mean-free path length, which locally changes the energy of the NS
boundary. All this gives rise to spatial nonuniformity of the superconducting state
and increases the free energy density in the S state by the amount

OF ~N(0)&Z (gradA)?, where N(0) is the density of states at the Fermi surface

and &, is the coherence length. The presence of a gradient of the free energy

results in an additional thermodynamic force which strives to make the dislocation
structure more uniform. The effective mechanical stresses arising as a result of
this force are estimated to be 10° dynes/cm?.

It is shown in Ref. 220 that the decrease of the activation energy as a result of
a decrease of the potential barriers can be attributed to an increase of the free
energy of the super- fluid component of the conduction electrons, screening the
perturbation of the positive charge of the ions in the region of a deformation of the
crystal lattice near a dislocation. This increase even exceeds the decrease of the
potential barrier JU = 0,4x-10° eV, which for lead is required to explain the

observed value of Agyg .
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Figure 47. Temperature dependence of Aoy, obtained in the thermal-inertial theory [24]

The possible role of the real structure of local barriers in estimating the
magnitude of the effect of a superconducting transition is indicated in Ref. 221.
Instead of the ordinarily studied motion of dislocations through local stress fields,
corresponding to centers of dilatation in an isotropic medium, in crystals with
strong anisotropy the complicated stress fields resulting in oscillations of the
“dislocationdefect” interaction force should be taken into account.

A hypothesis explaining the change in plasticity at a superconducting
transition without using the interaction of dislocations with conduction electrons
has been advanced in Ref. 83. This hypothesis is based on the fact that because of
a decrease of its electronic component the thermal conductivity of a metal in the
superconducting state becomes less than in the normal state. The authors believe
that this should decrease the rate of heat removal from the region of plastic
deformation, which will result in local heating. In turn, the heating should
increase the rate of thermally activated plastic deformation. Thus additional
deformation due to a decrease of the flow stress should occur at a superconducting

transition. According to Ref. 83, such a decrease of Arg, caused by heating is
expressed by

K
Atg = —,BAInK—N (8)

S

where A:dz'/dT ; and Ky and Ks are the thermal conductivities in the normal
and superconducting states. In pure superconductors Ky/Ks>1, resulting for
dr/dT <0 in positive values of Artg,; this is observed experimentally.

However, situations where dz-/ dT >0 are possible (low-temperature anomaly of
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the yield point and flow stress). In this case, according to Eq. (8), Az, should be
negative. A similar result should be obtained for Kn/Ks <1, which is characteristic
for certain superconducting alloys. Negative values of A7y, have not been

observed experimentally in any material studied.
Special experiments on lead-bismuth alloys, in which Ky/Ks<1, have shown

[82] that A7y, >0 and depends on temperature just as in superconductors with

Kn/Ks>1. True, the authors of the thermal hypothesis [83] believe that it is valid
only for pure metals. In Ref. 82 experiments were also performed on pure lead in
the intermediate state produced by a magnetic field transverse to the stretching

axis of the sample. In this case Ky/Ks<1, and the measured quantity Ag,s>0. In

addition, analysis showed that the thermal relaxation time is many orders of
magnitude shorter than the time required by dislocations to move between
barriers.

We mention two other works where hypotheses differing from those
examined above are briefly advanced. In Ref. 222, in an analysis of the particular
case of the influence of a NS transition on plasticity in pure lead, a model of strain
hardening is proposed, where the deformation is viewed as a consequence of
intermittent glides. A change of the dynamic drag coefficient B at a
superconducting transition changes the number of intermittent glides. The
quasistatic mechanism, based on taking account of the gradient of the energy gap
of a superconductor near the core of an edge dislocation, is proposed in Refs. 223
and 224.

In [225, 226] it was consider a new mechanism for thermal-fluctuation
motion of dislocations which makes it possible to allow for the quantum and
dissipative effects in unified manner. The main conclusion derived from this
model are as follows. In studies of the fluctuation-induced overcoming of a
pinning center by a dislocation it is essential to allow dynamics of an obstacle due
to its finite mass. Since the probability of overcoming of a light obstacle is greater
than that of a heavy one, the plastic properties of a material are governed by the
system of heavy obstacles. Experimentally observed temperature-independent
anomalies are manifested only at low temperature because of the dominant role of
heavy centers point out above. The characteristic temperature corresponding to
the onset of quantum fluctuation in real crystals is governed by the frequency of a
quasilocal mode of the obstacle and temperature-independent anomalies occur at
the temperature on the order of tens of Kelvin. At sufficiently At sufficiently low
temperatures the probability of fluctuation-induced overcoming of an obstacle is
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governed by dissipative effects also and depends exponentially on the viscosity
determined by quasiparticle exitations.

Table 1. Comparison of existing theories with the experimental data on
the influence of a superconducting transition on plasticity

Experimental data Theories

Factors

Flow stress Dynamical Thermal-inertial Fluctuation

=] )

Stress

Temperature

\
=
|

G. COMPARISON OF THE THEORETICAL AND
EXPERIMENTAL RESULTS

Alloving

The theories can be compared with experiments by comparing the
dependences of the parameters of the plasticity change at a superconducting
transition on the stress (deformation), temperature, concentration of the alloying
element, and strain rate, which are obtained experimentally and follow from the
theoretical hypotheses. Such dependences are summarized in Table 1. This makes
it possible to compare theory with experiment qualitatively and give preference to
the fluctuation-inertial mechanism in which thermal and quantum fluctuations can
be effective. The temperature dependences, which follow from the various
mechanisms which have been worked out in detail, of the parameters of the effect
are largely similar and close to the temperature dependence of the energy gap of a
superconductor, just as the experimental data as a whole. This makes it difficult to
give preference to any one mechanism on the basis of an analysis of the
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temperature dependences. It is difficult to use of the experimental rate
dependences because there are so few of them. Preference can be given to the
fluctuation-inertial mechanism on the basis of the qualitative agreement between
the experimental and theoretical dependences of the parameters of the effect on
the concentration of the alloying element and on the degree of deformation.

The fluctuation-inertial mechanism is also supported by the satisfactory
explanation which it gives for the characteristics of low-temperature plasticity of
metals [146,211-213,227], in which an influence of a superconducting transition
on plasticity is observed.

H. THEORETICAL HYPOTHESES CONCERNING BCC
CRYSTALS

The analysis thus far has concerned fcc and hcp crystals, where plastic
deformation is determined by the interaction of dislocations with point defects,
and where the Peierls barriers are comparatively low. This is explained, first and
foremost, by the fact that the overwhelming majority of the experiments studying
the influence of a NS transition on plasticity have been performed precisely on
these crystals. Superconductors with bcc structure (for example, niobium,
tantalum, niobium-molybdenum alloys, molybdenum) have been studied
experimentally much less, and correspondingly there are fewer theoretical
hypotheses.

Initially, a theoretical estimate of the change in the kinetics of deformation at
a superconducting transition in a crystal with Peierls mechanism of plasticity was
proposed on the basis of an experimental study of the effect of a superconducting
transition on the deforming stress of molybdenum single crystals [102,103]. The
theory of thermal-fluctuation nucleation of a double inflection (kink) in the Peierls
relief was used [216]. For the analysis it is important that the probability of
nucleation of an inflection is proportional to the diffusion coefficient D of a single
inflection on a dislocation, which depends on the electronic state of the
superconductor; in addition, Ds>Dy. Comparing the experimental values of Az,
for single crystals of highly pure molybdenum made it possible to determine the
ratio of the diffusion coefficients of inflections in the N and S states: Ds /Dy = 2.
Subsequently [112], theoretical expressions were obtained for all characteristics of
the plasticity of a metal with a Peierls mechanism of glide at temperatures where
quantum tunneling of dislocations becomes effective. On this basis an expression

was proposed for Az, . The detailed theoretical analysis performed in Ref. 112
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of the experimental results obtained for tin single crystals in the normal and
superconducting states qualitatively confirmed the prediction of the theory of
guantum motion of damped dislocations in a Peierls relief.

The experimental data on the influence of a NS transition on the yield point
and the rate dependence of the flow stress of highly pure single crystals of
tantalum [33] were compared in Ref. 100 with a recent theory [228] in which a
general calculation was performed of the rate of formation of pair inflections at
any temperature. The calculation is based on the string model, taking into account
dissipation with a generalization of the one-dimensional theory of quantum
tunneling. According to this analysis the viscosity change occurring at a SN
transition influences the rate of dislocation tunneling through a Peierls potential.
In the opinion of the authors of Ref. 100 there is satisfactory quantitative

agreement between the experimental data on A7y, and the theory. True, it is
noted in Ref. 100 that below 4 K (i.e. precisely below T.) substantial
discrepancies are observed between theory and experiment on measurement of the

temperature dependence of the yield point. Such discrepancies could be due to
measurement errors and imperfections of the theory.
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VIII. DIRECT EXPERIMENTS

Many experimental studies have been published since the first works
appeared. Most of these have been generalized in Secs. IV-VI. However, some of
them, which are fundamental for understanding the mechanisms and dislocation
processes occurring at a superconducting transition and in a superconducting state
merit a separate analysis.

A. INFLUENCE OF THE SUPERCONDUCTING STATE ON THE
MOBILITY OF SISLOCATIONS IN NB

The first, and so far only, successful investigation of dislocation mobility in
the normal and superconducting states is Ref. 93. This is due to methodological
difficulties in reliably revealing dislocations in a superconductor. To investigate
mobility a dislocation was introduced into a single-crystal sample by pricking the
surface with an indentor [140]. The dislocations were in the glide systems [110]
(111). The sequence of experiments was as follows. At 300 K imprints were made
uniformly along the entire, 25 mm long, lateral surface of a sample. Next, the
sample was placed in a loading apparatus, cooled to 4.2 K, and loaded by means
of three-point bending for 10-10" sec. The stress created in this process varied
literally from zero at the edges of the supports to 200 MPa at the center of the
sample. If the experiment was performed in the normal state, the sample was
located in a longitudinal field 7 kOe. After the load was applied the sample was
heated to room temperature and the dislocations in the rosette pricks on the
compression side were revealed by chemical etching.
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Figure 48. Data on dislocation mobility in N and S states in the coordinates Igt-1-Igt in
niobium single crystals. The dashed lines show the confidence interval determined with
reliability 0.9 for a series of experimental points in each state. T=4.2 K [93]

The stress 7 of the onset of dislocation motion, corresponding to a prescribed
loading time t, was determined. Only the cases where dislocation motion was
observed in 70% of the rosettes were taken into account. The dependence t (7))
obtained characterizes the dislocation mobility; t is the average passage time
through the “difficult” position. The results are presented in the coordinates log
t '~log 7 in Figure 48. The measurements show an appreciably different mobility

of dislocations. For t* =10" s ' Az, = Ty~ T =255 MPa. The slope

m=Algt™ / Alg 7, can be estimated from the curves t *( 7 ) obtained; the slope
also differs: my=45+26 and mg =130+£100. The values obtained for m attest to
thermal activation and not viscous motion of dislocations. On the other hand an
estimate of dislocation velocities, assuming V=L/ t and L=const, gives Vs
IV\=7x10* This value is much greater than the theoretical estimates [186],
according to which for niobium Vs /Vy= 20. The large value of Vs /Vy is attributed
in Ref. 93 to inertial or thermal-inertial effects.
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Figure. 49. Sections of hardening curves with compression of zinc single crystals with a
change in the electronic state of a sample with pyramidal (a) and basal (b) glide. T=0.45 K;

&=1.6x10"°s'[118]

B. STUDY OF THE INFLUENCE OF THE ELECTRONIC STATE
ON PYRAMIDAL AND BASAL GLIDE

The influence of a superconducting transition on the flow™ stress of zinc
single crystals was studied in Ref. 118. The experiments were performed under
conditions of compression with deformation rate 10 °~10"° s™*. The 10x4x4 mm
samples had two orientations of the compression axis. For one orientation only

basal glide along the system (0001)<1120 > occurred. For the other

orientation glide along the planes of a pyramid {11§Z}< 1123 > was effective.

The initial density of basal dislocations was 1-3x10° cm 2 and the density of
pyramidal dislocations was 2x10° cm 2 The experiments were performed at 0.45
K. Figure 49 shows sections of the hardening curve with NS and SN transitions in
the case of pyramidal (a) and basal (b) glide. It is evident that under the conditions

of basal glide an appreciable jump Az is observed in the flow stress. The form

of this jump is similar to the analogous jumps in other plastic and more isotropic,
from the standpoint of glide, metals and alloys. In contrast to this, the quantity
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At is vanishingly small under conditions of pyramidal glide. This difference is

probably due to the substantially different mobility of basal and pyramidal
dislocations [230,231]. For basal dislocations a high velocity and viscous motion
are characteristic, whereas for pyramidal dislocations thermal activated and
viscous motions are observed in the mobility. It can be concluded on the basis of
the data obtained that the intensity of the manifestation of a NS transition in
plasticity is due primarily to the mobility of dislocations and not the change of
their density. Experiments under conditions of basal glide on crystals with
different dislocation density of a “forest” (from 2x10° cm 2 up to 10° cm ) attest

to this. As density increases, Ar,q decreases by an order of magnitude. This is
due to a transition from viscous to thermally activated dislocation motion.

C. DISPLACEMENT OF DISLOCATION IN THE NORMAL AND
SUPERCONDUCTING STATES

The experimental procedure consisted of the following [166]. A zinc single
crystal was cooled to T<T. and scratches were made with an indentor on the
surface of the sample at constant temperature. During scratching the sample was
transferred from a superconducting into the normal state and vice versa by
switching a magnetic field on and off several times. After being heated to room
temperature the sample was etched in order to reveal the dislocations introduced
by scratching, and their displacement in the N and S states were measured. The
displacement of basal, pyramidal, and twinning dislocations were studied. The
displacement of basal dislocations was found to be sensitive to the electronic state
of the sample. The displacement of basal dislocations in the load range 0.06-0.27
N are shown in Figure 50, where each point corresponds to an average of the
value of | over 100-240 measurements. As the load on the indentor increases, the
average displacement increases, and Is>ly by 15-40% always holds. Under the
smallest load 0.104 N there are virtually no runs of the pyramidal dislocations.
Then, as the load increased to 0.8 N, the average displacement increased
monotonically, and Is>ly by 10-30%. Just as for motion of perfect dislocations,
the displacement of the leading twinning dislocations increases with the load on
the indentor, and the average length of twins for different velocities of the
indentor in the superconducting state is 15— 20% larger than in the normal state in
the entire load range. The indefiniteness of the load and its application time makes

it difficult to convert correctly from the ratio of the average displacement I_S / I_N
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to the velocity ratio Vs /Vy, which is necessary in order to compare the
experimental data with the theories. If it is assumed that for a constant rate of
motion of the indentor the load application time was the same in both states, then
it can be assumed that Vs>V by a factor of 1.1-1.6.

200
=l
|~
150 e
@
100
50
0 0,1 0,2 0.3

P, N

Figure 50. Travel distances of basal dislocations in zinc single crystals from a scratch
made in S (o) and N (o) states. P—load on indentor, velocity of indentor 1 mm/min,
T=0.5 K [166]

D. DEFECT STRUCTURE OF A CRYSTAL AFTER
DEFORMATION IN THE NORMAL OR SUPERCONDUCTING
STATES

The defect structure arising in a crystal after deformation in a different
electronic state has been studied in several works by different methods. In Ref.
231 the resistivity R of polycrystalline lead (99.9994%), deformed at the transient
stage of creep at 4.2 K in the normal and superconducting states, was measured.
The sequence of operations was as follows: a) R was measured in the initial
normal state;b) a load was applied to the sample in steps in the normal state and R
was measured during the creep process; c) the sample was transferred into a
superconducting state, and in the process additional creep occurred; d) after creep
for one minute in the S state the sample was transferred into the N state to measure
R. Identical deformations in the normal and superconducting states result in
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different increments to the resistivity & = A% ; where ag > . The largest
&

difference in « occurs for small relative elongations and can amount to
aglay ~2-3. As ¢ increases, the ratio o/ decreases and is close to 1 for

& =30%. The authors attribute this difference to a higher density of point defects
in the S state than in the N state.

The structure of niobium single crystals deformed by compression by 2.2% at
4.2 K in the normal and superconducting states was studied in Ref. 232 by light
and electronic microscopy. It was shown that mechanical twins are formed more
easily in the normal state but their development is hindered compared with the
superconducting state. The density of perfect dislocations, just as the uniformity
of glide, was somewhat higher in the superconducting state. The observed
differences are small, but the dislocation structures which arise after deformation
in the S and N states are similar.

The accumulation of crystal-lattice defects in single- and polycrystals of high
purity lead in S and N states with deformation at a constant rate 2.5x10 * s * was
studied in Ref. 60. The experiment was performed at 4.2 K. The resistivity was
determined in a longitudinal magnetic field 10 kOe. Just as for creep [231], the
increment Ap due to stretching in the superconducting state is larger (the

difference reaches ~10% for small &) than in the normal state. Therefore the
accumulation of defects under plastic deformation in the S state is more intense
than in the N state. Approximate calculations show that as a result of a
superconducting transition the dislocation density changes negligibly but the
concentration of point defects increases. The method of isochronous annealing of
the electric resistance was used in Ref. 71 to determine more accurately the
spectrum and concentration of defects arising in lead after low-temperature
deformation. This established that the density of dislocations arising during
deformation is independent of and the concentration of point defects is dependent
on the electronic state of the superconductor. It is believed that the motion of a
long dislocation segment can be a likely mechanism for the generation of excess
point defects in the S state. The thermal-inertial mechanism of low-temperature
deformation also attests to this.
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I X. NEW METHOD FOR STUDYING THE
MECHANISMS OF LOW-TEMPERATURE
PLASTICITY

“Acting” on a crystal by means of a superconducting transition, thereby
changing the electronic properties of the crystal and the dynamical behavior of
dislocations, can in principle be used as a new method for investigating
lowtemperature plastic deformation. Several examples of the successful use of
this method are presented below.

A. STUDY OF DISLOCATION TUNNELING

Theoretical investigations have shown [216] that if the interaction of
dislocations with Peierls barriers controls the dislocation mobility, then at
temperatures ~1-2 K the motion of double inflections, which determine the
dislocation mobility, by thermal activation and quantum tunneling becomes
equally likely. Below these temperatures dislocation motion should become
tunneling. An experimental proof of dislocation tunneling is the athermal nature

of the plasticity parameters, specifically, the yield point 7, which in tin single
crystals was observed at ~1.3 K (Figure 51) [233]. The results of a study of the
influence of the electronic state on the temperature of the transition to athermality

can also serve as experimental proof of the effectiveness of dislocation tunneling.
It has been shown theoretically [112, 228, 234] that as dissipation (occurring at a
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superconducting transition) decreases, the tunneling probability should increase.
Since tin is a superconductor and passes into the superconducting state at

temperatures above the onset of athermality of 7, it was possible to determine the

dependence 7,(T) in the N and S states. The temperature of the onset of

athermality was found to be sensitive to the electronic state of the sample, and in
the superconducting state athermality is less pronounced but starts at a somewhat
higher temperature. The latter agrees with the theoretically predicted tunneling of
dislocations under dissipation conditions in metals with a Peierls mechanism
[112].

Sn (99,999%)

T,—T,(4,4 K), MPa

0.5

Figure 51. Temperature dependence of the yield point (t0) of pure tin in the S (o) and N
(w) states. The solid line shows the theoretical dependence tO(T) following from the
classical thermal-activation model [112]

B. STuDY OF LOW-TEMPERATURE JUMP-LIKE
DEFORMATION

Experiments where controllable changes can be made in certain physical
properties in the same deformable sample are important for determining the nature
and specific mechanisms of low-temperature jump-like deformation. Such
experiments have turned out to be experiments studying the influence of a
superconducting transition on the manifestation and characteristics of jump-like
deformation in aluminum [101,104,108], indium [32] lead [72, 235] aluminum
alloys [154,157] lead-indium alloys [136], and tin-cadmium alloys [113]. It has
been found that macroscopic jump-like deformation weakens substantially in the
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superconducting state, and for small deformations it vanishes (Figure 52). The
observable characteristics (see the report in Ref. 109 and the review in Ref. 236)
make it much more difficult to explain the low-temperature jump-like deformation
on the basis of thermomechanical instability.

Al-1,85 at.% Mg

T=0,48 K

6=1%

2%

7%

0.1%
I

I1MPa

&

Figure 52. Sections of the tensile curves for polycrystalline Al- 1.85 at.% Mg with a

change of the electronic state of the sample during deformation. T=0.48 K; ‘6=1.1><10—4
s—1 [154]

C. STUDY OF STRESS RELAXATION

As temperature decreases, the experimentally measured degree of stress
relaxation decreases, and for small degrees of deformation and sufficiently low
temperatures it is not detected. A detailed analysis [237] has shown that a zero
observed relaxation rate still does not mean that the true relaxation rate of plastic
deformation is zero, since this rate can be too low in order to be detectable in a
finite time interval with the present sensitivity of the recording apparatus. The
experimental confirmation of this analysis is the sharp increase in stress relaxation
at a superconducting transition, even if stress relaxation is not detected in the
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normal state (for example, Figure 2d). Apparently, this also occurs under creep
conditions [55].

D. STUDY OF THE INTERACTION OF DISLOCATIONS AND
FLUXOIDS

In principle, the interaction of dislocations with a vortex structure (boundaries
of the normal phase) can also influence dislocation motion in a mixed state of a
superconductor, except for the normal phase. Only calculations and observations

for the motion of vortices (fluxoids) through a crystal with dislocations have
been performed. The nonlinear field dependence of Az, in a mixed state

indicates the presence of an appreciable interaction of a moving dislocation with
vortices see (Sec. VI B 2).

Pb-2,2% In

Figure 53. Additional increment in flow stress in the mixed state of single- crystalline Pb-
2.2 at.% In different orientation. T=4.2 K, &=7x10-4 s-1 [174, 175]

Direct experiments performed using the influence of a superconducting
transition were performed in Refs. 174 and 175 by changing the relative
arrangement of the magnetic field and the glide bands, where dislocation motion
occurs on deformation. An experiment consisted in deforming a crystal with a
change of state of the sample from completely superconducting through mixed up
to completely normal, using a magnetic field. In addition, the field had two
directions with respect to the deformation axis—parallel and perpendicular. The
field direction was changed in the course of the experiment by means of a mobile
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unit consisting of two solenoids. The objects of investigation were lead-indium
alloy single crystals with indium concentration 2.2 and 12 at. %. The glide
geometry of the samples was such that for a parallel field the vortices penetrated
the glide surfaces at a large angle, and for a perpendicular field either they did not
cross the glide plane or they crossed it at small angles. The jump of the flow stress

At =1, — 75 Was chosen as the parameter ( 7,, and zg- are, respectively, the

flow stress in the mixed and superconducting states). The quantity Atsu=At) - At

1 (Figure 53) was taken as the characteristic of the interaction; the characteristic
values of this quantity are several kPa. The theoretical estimates of the largest
force of the magnetoelastic interaction of a vortex with defects in a crystal give
values of the order of 1 kPa. [238,239]. Considering the approximate nature of the
estimates, these values are close to those observed experimentally.

E. STUDY OF THE INTERACTION OF DISLOCATIONS AND
NORMALPHASE DOMAINS IN THE INTERMEDIATE
STATE

The idea of the investigation examined above is close to that of Ref. 170,
where the intermediate state of indium was studied. The contributions of the
normal electrons and the interphase boundaries of a static intermediate state to the
flow stress of single- and polycrystals of indium (99.9996%) in the temperature

interval 1.7-3.4 K in an external constant magnetic field with longitudinal (H;)
and transverse (H_) orientation with respect to the load application axis were
distinguished in this work. Comparing the relative increments of the flow stress
At /Aty and Ao,g/ Ao for the volume concentration of the normal phase
Cn changing from 0 to 1 shows that there is no direct proportionality between
At (Ao ) and Cy, the level of hardening of a polycrystal is higher than that
of a single crystal, and the stress jump for H is much larger than for H . The latter
means that at a transition from a superconducting into a static intermediate state
the increment to the flow stress with unchanged defect structure is determined by

the drag of moving dislocations by the normal electrons and the interfaces
between the normal and superconducting phases.
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F. PLASTIC DEFORMATION OF A COMPOSITE MATERIAL

The use of a superconducting transition has been found to be effective for
studying a low-temperature plastic composite material, consisting of a
nonsuperconducting matrix (copper) and superconducting fibers of niobium
several millimeters long with transverse dimensions 3x30 x m [158]. The work

hardening curves show three stages which are characteristic of composite
materials. At the first stage both phases comprising the composite material deform
elastically; at the second stage the softer phase (copper) starts to deform
plastically and the harder phase (niobium) continues to deform elastically; the
third stage is associated with plastic deformation of niobium. The study of the
influence of a superconducting transition (switching a 12 kOe magnetic field on

and off) on the flow stress showed that a jump Aoy, is observed already at the

second stage, where only the nonsuperconducting copper deforms. Analysis has
shown that this is most likely due to the proximity effect, as a result of which the
part of the copper component that is in direct contact with niobium is transferred
into the superconducting state. This method was used to observe very subtle
details of the deformation of the composite material.

The examples presented above do not, of course, exhaust the potential
possibilities of using a superconducting transition to study plastic deformation at
low temperature.
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X. APPLIED ASPECTS

Among published investigations of the influence of a superconducting
transition on plasticity there are works which are of interest for applications.

A. WORK HARDENING BY SUPERCONDUCTING TRANSITIONS

The various experiments presented above have shown unequivocally that at a
transition of a material into the superconducting state there arises a situation
which is favorable for motion of the dislocations present in the crystal and,
possibly, nucleation of new dislocations. If this is so, each NS transition can
change the dislocation structure and thereby harden or soften a crystal. To check
this proposition experiments were performed on 99.999% pure lead polycrystals
and a lead-bismuth alloy[147]. At first all samples were deformed below T, (4.2
K) to deformation 10%. The samples were in different electronic states (the
scheme is shown on the left-hand side of Figure 54): completely in a
superconducting state; completely in a normal state, produced by the field of a
superconducting solenoid inside which the sample is deformed (H~ 1000 Oe for
lead and ~4000 Oe for Pb-Bi alloys); with repeated changes of state. Next, all
samples were unloaded, heated to temperatures above T, (77.3 or 300 K), and
deformed to failure.

If at the end of preliminary deformation the difference between the tensile

curves did not exceed Ao (~1%), then after heating to 77.3 K the yield point

was found to be sensitive to the conditions of preliminary deformation. For
samples which were predeformed at 4.2 K under conditions of repeated (15 times)
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superconducting transitions AO‘NS“ exceeded Aas" - by ~54% and AJN" by

40% (Figure 39, right-hand side). A somewhat smaller difference, but with the
same sign, is observed in the values of the ultimate strength. Experiments with
heating to 300 K qualitatively confirmed this result, though the variance was
large. A similar result was also obtained for lead-bismuth alloys. Thus
predeformation of a superconductor below T, with a repeated change of plasticity
as a result of repeated NS and SN transition makes it possible to produce a defect
structure possessing weak recovery and high hardening, i.e. it makes it possible to
obtain superconducting materials with a high yield point.

~10 % 8o O

Figure 54. Scheme of an experiment on hardening of a superconductor by predeformation
below Tc: deformation at 4.2 K (a); deformation after heating up to 77.3 or 300 K (b)
[147]

A similar result of the hardening effect of a cyclic change of the electronic
state but now without heating above T, was also observed for single crystals of
lead and leadindium alloys (up to 5 at. %) [77]. In this case the change of the
normal and superconducting states was performed at a rate of two cycles per 1%

relative elongation. Figure 55 shows work hardening curves z() for Pb-5 at. %

In single crystals deformed in various regimes—in the normal state (curve 1), in
the superconducting state (curve 2), and with a cyclic change of the normal and
superconducting states (curve 3). In the latter case the plastic flow occurred under

the highest flow stresses. The stress Az,q was more than 85% higher than 7 .
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At all stages of deformation 6,5 > 6, and, correspondingly, 7, .. s > Tmaxn -

The uniform elongation increases by ~20%. The excess flow stress 7, — 7, asa
result of the NS transitions grows linearly with the indium concentration. Special
experiments showed that the observed hardening is due not to cycling of the stress
by 7,s but rather by cycling of the state. A study of the electrical resistance after
loading in various regimes showed (measurements in the normal state) that the
largest increment to the resistivity is observed in a sample with a cyclic change of

states. This means that the density of deformation defects is highest in a sample
with repeated NS transitions.

20
32
= |
By
=10
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0 50 100 150
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Figure 55. Tensile curves for single crystals of the alloys Pb-5 at.% In, corresponding to
the normal (1) and superconducting (2) states and cyclic change of normal and
superconducting states (3) [77]

B. WORK HARDENING IN THE SUPERCONDUCTING STATE

A new phenomenon accompanying deformation in a superconducting state—
additional strain hardening—was observed in the course of systematic
investigations of the influence of a superconducting transition on plasticity. The
first observation was made in Ref. 101 with deformation of aluminum single
crystals (99.999%) with an orientation of the stretching axis for which at 0.52 K
the hardening curve consisted of three stages. Figure 56 shows the stretching
curves of two identical samples, deformed below T, at the same temperature but
in different states. The yield point (left-hand inset in the figure) in the S state is
lower than in the N state, which agrees with all preceding measurements.
However, the work hardening curve in the superconducting state proceeds with
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greater hardening than in the N state. For this reason, as the deformation increases,
the work hardening curve in the S state with ~5% deformation intersects the curve
in the N state. Furthermore, the curve in the S state lies above the curve in the N
state, right up to failure. A change of state in the course of deformation (right-
hand inset) on both curves gives, as usual, the same result—a SN transition results

in an increase of the flow stress and a NS transition results in a decrease of Az .

Al199,999 %
T=0,52 K

T, MPa

Figure 56. Tensile curves for aluminum crystals in the normal (solid line) and
superconducting (dashed line) states, T=0.52 K; & =1x10° s’ Lefthand inset: initial

sections of the curves on an enlarged scale. Right-hand inset: jumps of the deforming
stress at NS and SN transitions at the end of the hardening curves [101]

A similar result was obtained for the same sample when the experiment was
performed under substantial deformations in each state between NS and SN

transitions. The quantity 6 /6, is= 1.2 at the first stage and 1.05 at the second
stage. Subsequently, a higher level of strain hardening was observed in the

superconducting state in experiments performed on single- and polycrystals of
lead (99.9996%) [131]. Resistometry shows that the reason for the difference in
O is that defects accumulate more intensely in the S state [77]. All the above-
mentioned experiments in the N state were performed in an external magnetic
field, which could influence the defect structure that arises. To eliminate field
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effects on aluminum single crystals [110] experiments were performed with
stretching at temperatures slightly above T,=1.175 K (1.3 K-N state) and below T,

(1 K-S state). For £>0,1 the inequality 65 > 0y holds with & /6, =1.68. The

results obtained mean that the softening of a superconductor, which is often called
a change of plasticity at a superconducting transition, occurs only near the
transition itself. At all other times additional hardening is observed in the S state.
This can be explained theoretically by the facilitation of the work of the source of
dislocations in the Frank—Read model in the superconducting state [240]. The
result of these investigations is a new method for hardening superconductors,
together with the method described in Sec. X A.

C. FATIGUE IN THE NORMAL AND SUPERCONDUCTING
STATES

The plasticity changes observed suggested that a superconducting transition
can influence the characteristics of the fatigue of a superconductor. To check this
proposition experiments were performed first on lead (99.9995%) polycrystals
[64,78,159]. Cyclic loading by a cantilevered bending load at 700 cycles/min was
studied at 4.2 K. The constant deformation amplitude was +0.0036 (loading rate
1.610 s—1). The experiments consisted of cyclic deformation of identical samples
in the normal and superconducting states and estimating their lifetime or the
number of cycles to fracture. The longevity of lead in the superconducting state is
12-60% lower than in the normal state. Oscillograph traces taken of the cycling
process showed (Figure 57) that the influence of the electronic state of a
superconductor was reflected in the magnitude of the plastic deformation in a
cycle, especially at the start of cycling. In the first and second cycles the plastic
deformation in the S state is 4-5% larger than in the N state. As the number of
cycles increases, the difference in amplitudes decreases.

The situation in brittle superconducting alloys, used in commercial
superconducting wires, is somewhat different [159]. The lifetime of the
quasibrittle alloy 50Nb- 50Ti in the temperature range 13-293 K is essentially
independent of temperature. The transition into the superconducting state (T,=9.4—
9.7 K) sharply increases the lifetime. The lifetime of the brittle alloy 50Nb-50Zr
in the temperature interval 4.2-80 K is independent of temperature in the normal
and superconducting states (T.= 11 K). The difference between the two alloys
under cyclic deformation is that microplasticity is observed in the quasiplastic
alloy 50Nb— 50Ti, whereas it is not observed in the brittle alloy 50Nb— 50Zr.
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Hence it follows that the sensitivity of fatigue to a superconducting transition is
due to the existence of microplastic deformation, which a superconducting
transition in- fluences.

Load amplitude
L ]

B One cycle i ™

Figure 57. Oscillogram of a single cycle in experiments on fatigue of polycrystalline lead
with NS and SN transitions [78]

D. INFLUENCE OF A SUPERCONDUCTING TRANSITION ON
THE TRIBOLOGIC PROPERTIES OF SUPERCONDUCTORS

Since friction and wear of a material depend on its mechanical properties, the
tribologic properties should be sensitive to a superconducting transition.
Polycrystalline lead at 4.2 K was investigated first [241]. The rubbing unit was
placed inside a superconducting solenoid. The rubbing was performed using the
ring-hemispherical indentor scheme, which gives the greatest access of liquid
helium to the rubbing zone, and friction was studied in the normal and
superconducting states and at a superconducting transition in the course of
rubbing. Under the loads investigated 1.2 and 3 kgf the friction force is larger in
the S state than in the N state and correspondingly, the coefficients of friction
differ, varying from 0.46 in the N state up to 0.53 in the S state. The observed
changes are due to the higher plasticity of lead at a transition into the
superconducting state. These changes are very clearly seen in experiments where
the electronic state of a sample changed during rubbing (Figure 58). Similar
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results were also observed for other pairs of superconductors— niobium-niobium,
vanadium-vanadium, and tantalum-tantalum [242]. The wear, as measured by
weighing, of a sample under all loads was less in the superconducting state. This
is due to hardening of the rubbing track due to an increase of the degree of
deformability in the superconducting state. The higher strain hardening in this
case could play a role (see Sec. X B).
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Figure 58. Influence of superconducting transitions on the friction coefficient of the pair
brass-lead during rubbing in liquid helium. Velocity 0.002 m/ s. The arrows mark
transitions from N into S and S into N states [239, 240]

In closing this section we present the opinion stated in Ref. 196 that the
change of plasticity at a superconducting transition will give a more complete
understanding of the plastic properties of superconductors as compared with
nonsuperconductors. Aside from the technical and theoretical interest in
superconductors, the explanation of plastic flow in superconductors is especially
important for discussing plastic flow in the core of neutron stars, which are in a
superfluid state.
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XIl. EXPERIMENTS ON HTSC

Experiments studying the mechanical properties of HTSCs were begun
almost immediately after the discovery of high-temperature superconductivity.
The study of the mechanical properties of single crystals and ceramic HTSCs
showed (see the reviews Refs. 243 and 244) that they are low-plastic, substantially
brittle materials. Practically simultaneously with the study of the mechanical
properties, experiments were performed to study the possible change of the plastic
properties at a transition into the superconducting state. Since the plasticity is
small, the experiments on HTSCs required using highly sensitive methods.
Encouraging results were obtained in works where this could be done. In Ref. 245
a laser interferometer was used to study the plasticity of the ceramics
YBa,Cu307s and YBaSrCusO7s ; this made it possible to measure the
deformation rate with high precision. The compression stress was 12 MPa, and
the temperature of the experiment was 77.3 K< T <300 K (T, of the samples was
90-95 K). The superconducting transition was accomplished by passing a current
through the sample above the critical value during deformation. Deformation at 77
K was studied in detail. When current was switched on (SN transition ), slowing
(or stopping) of deformation was always observed on the interferogram. Two
forms of changes are distinguished—a short-time sharp (up to tenfold) decrease of
the creep rate right up to stopping of deformation for several seconds and a more
prolonged but less pronounced slowing of the rate (by a factor of 1.5-2). The
reverse effects were observed when the current was switched off (NS transition).
The influence of the NS transition has the same sign as in superconducting metals
and alloys but a much smaller magnitude, possibly, also because the
measurements were performed below the yield point. In contrast to Ref. 245, in
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Ref. 246 a technique used for low-temperature superconductors (for example,
Refs. 26 and 27) was used to study the microplasticity of the ceramic of the
orthorhombic phase of YBa,Cu3O7_s in the liquid nitrogen with repeated NS and
NS transitions. Just as in the preceding case, the transition from the normal into
the superconducting state accelerated creep, and a SN transition slowed or even
stopped creep. The ratio of the strain rates in the S and N states was 2-8. In
ordinary superconductors this ratio was more than two orders of magnitude. As
creep diminished, the influence of the superconducting transition weakened and,
ultimately, vanished. Conversely, the effect of a NS transition intensified in
ordinary superconductors. In experiments where creep curves following one
another in the N and S states were obtained, a sharp difference of these curves was
observed. The same additional load in the S state gives rise only to elastic
deformation, whereas in the S state it gives rise to well-expressed microplasticity.
In the works where the sensitivity of the method could not be increased (when
measuring microhardness and its temperature dependence), no effect of a
superconducting transition on the microhardness of HTSC was observed to within
the limits of the variance. Detailed information about investigations on HTSCs
and an analysis of the results are contained in the review in Ref. 244, where it is
noted that in spite of some encouraging results there is still no clear understanding
of the nature of microplastic deformation of ceramics and about the influence of a
superconducting transition on the plasticity of HTSCs. This is because the
electronic and mechanical properties of HTSCs differ substatially from the
properties of ordinary low-temperature superconductors.
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XI1. CONCLUSIONS

Nearly forty years have passed since the first publications reporting the
observation of a strong influence of a superconducting transition on the kinetics of
macroscopic plastic flow of metals-superconductors appeared. Over this time the
joint efforts of experimenters and theoreticians have made established and
formulated a clear physical interpretation of the basic characteristics and
mechanisms of this influence. On this basis a pciture of the dislocation-electronic
interaction of metals was formulated and it was shown that this interaction plays a
nontrivial role in inelastic deformation processes.

It has been found that the observed changes in the characteristics of plasticity
can be used as a new method for performing physical investigations of
deformation at low temperatures. The observed influence of a superconducting
transition on fatigue, external friction, wear, and hardening could be of great
practical interest.

We are grateful to V. D. Natsik and V. P. Soldatov for critical remarks
concerning the content and text of this review, which improved it.
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