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Consideration is given to a multilevel structural approach to the occurrence of local instability zones under
the conditions of active deformation of a superconducting titanium alloy (Tc = 5.4 K). It is noted that the dis-
location nanostructural level responsible for the energy activation in dislocation cores and determining the
athermic and thermoactive deforming-stress and electrical-resistance jumps is a connecting link between all
structural levels.
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Introduction. It is well known [1, 2] that normal-to-superconducting transition is accompanied by the soften-
ing of a material. However, the structural approach [3–5] considering plastic flow of a solid material with a local loss
of its shearing stability at different scale-structural levels is virtually not taken into account. At the same time, the na-
ture of localization of plastic flow can only be described based on the representation of the deformable body as a mul-
tilevel system [5]. The nanostructural dislocation-core level has not been investigated, in practice. In this connection, it
is of interest to study the localization of plastic flow of superconducting titanium alloy 19 as a multilevel system
under the conditions of active deformation.

Experimental Procedure. At the helium temperature, the titanium alloy containing 6% Al, 2% Zr, and 3%
Nb is in a superconducting state with transition temperature Tc � 5.4 K. The structural state of the samples was inves-
tigated using transmission electron microscopy and selective chemical etching. The samples in the initial state had the
density of prismatic dislocations Np ≤ 2⋅1012 m−2 and were characterized by β-phase inclusions spaced at intervals of
(1.5–3) μm.

Deformation was carried out on an MRK-1 tension testing machine by stretching with a rate of 10−4 sec−1 at
4.2 K. The dependence σ(t) was recorded simultaneously with the change in the electrical resistance, for which pur-
pose a direct current of i = 0.5 A was passed through the sample and growth in the electrical resistance according to
the compensation scheme was recorded on the recorder in step with the σ(t) curve (Fig. 1). To avoid inertial effects
that are universally present when recorders are used, we also used a fast procedure intended for obtaining oscillograms
in the case of a sharp increase in ΔR of the sample at the instant of suppression of the load (Fig. 2). Growing heat
release, which can cause Δσ and ΔR to grow, is possible with increase in the deforming stress. To record a probable
local release of heat in the samples in active loading under the conditions of helium temperatures, we used thermome-
ters with a resolving power of 2⋅10−2 K, which were placed in special cuts on the sample’s working section.

Experimental Results and Their Discussion. The experiment has shown that when the titanium alloy under
the conditions of helium temperatures (4.2 K) is deformed, suppressions of the load and jumps of the electrical resis-
tance occur simultaneously (in step) (Fig. 1). It was noted that the jumps of Δσ and ΔR are accompanied by the for-
mation of prismatic-slip bands (first scale microlevel of the order of 10 μm). The bands consist of prismatic-
dislocation clusters (second scale microlevel of the order of 0.1 μm) bounded by obstacles in the form of the β phase,
whose break is responsible for the Δσ and ΔR jumps. The density of the prismatic dislocations corresponds to
Np ≤ 2⋅1014 m−2.

Journal of Engineering Physics and Thermophysics, Vol. 82, No. 6, 2009

Institute of Instrumentation "Tsiklon" (Kharkov Science and Technology Complex), 126 Plekhanovskaya Str.,
Kharkov, 61001, Ukraine. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 82, No. 6, pp. 1194–1198, November–
December, 2009. Original article submitted November 4, 2008.

1062-0125/09/8206-1219�2009 Springer Science+Business Media, Inc. 1219



It was established that the amplitude value of the jump of the electrical resistance is dependent on the level of the
deforming-stress jump (Fig. 2) and varies from ΔRa1 � 4⋅10−3 Ω to ΔRa2 � 1.3⋅10−2 Ω. Small Δσ and ΔR jumps first ap-
pear and initiate the appearance of large Δσ and ΔR peaks.

The available temperature dependence R(T) (Fig. 3) of the 19 alloy near the superconducting transition enables
us to determine the change in the temperature ΔT with maximum increase in the electrical resistance in the jump:
ΔRa = 1.3⋅10−2 Ω. In this case we have ΔT = 1.2 K and the sample is in a mixed state. When the sample is in a
superconducting state, small athermic resistance peaks are most probably due to the electron-electron (e

_
–e
_
) interaction

(third scale level of the order of 10−2 μm).
It can be assumed that stepwise deformation in titanium alloy 19 in the case of e

_
–e
_
 interaction is realized

within the framework of a dynamic hypothesis [2] according to which obstacles in the superconducting state, because
of the undamped dislocations, are overcome owing to inertial effects. However, this assumption calls for refinements
when considering the high-frequency features of the behavior of dislocation clusters at low temperatures [6].

The experiments have shown that the maximum change in the temperature at the moment of the Δσ jump
does not exceed 0.8 K. This result enables us to evaluate the contribution of the thermal stresses

σt = EmΔαΔT (1)

to the total change Δσa = 162 MPa determined experimentally.
When Em = 1350 MPa, Δα = 2⋅10−6 K−1,  and ΔT = 1 K, for σt, we obtain σt = 3⋅10−3 MPa, i.e.,

Δσa >> σt, which points to the small contribution of thermal stresses to the observed minimum change Δσa.
As the temperature increases by a value of the order of 1 K, we should expect the activation of electron-pho-

non (e
_
–ν

__
) interaction (scale level of the order of 3⋅10−2 μm), which presumably gives rise to resistance peaks of to

1.3⋅10−2 Ω. Evaluations of the thermal effect under the assumption that the process of deformation is adiabatic give
different values of warmup temperatures depending on the degree of localization of the deformation: from units to 225

Fig. 1. Correlation between the suppressions (a) of deforming stress and the
jumps of electrical resistance (b) of titanium alloy under the conditions of ac-
tive deformation according to the inertial procedure. ΔR and t, arbitrary units.

Fig. 2. Characteristic oscillograms of the electrical-resistance jumps initiated by
small (1) (Δσa = 1.5 MPa) and large (2) Δσa = 163 MPa) deforming-stress
jumps (inertialess procedure resolving a fine ΔR structure). ΔR, Ω; t, 10−3 sec.
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K [7]. It is precisely the thermal mechanism of occurrence of the instability of low-temperature deformation that is the
most developed and consistent with experiment at present [1, 7–9].

The behavior of dislocations in the case of both electron-electron and electron-phonon interactions is related
to the presence, in them, of the electric potential [6] acting at large distances and caused by the distortions of the
crystal lattice within the dislocation cores (fifth scale level of about 10−9 m, i.e., the nanolevel); these distortions give
rise to high-frequency modes whose vibration frequency can be evaluated from the expression

νd = (ne
2ΔRaρ0) ⁄ (mR0) , (2)

where n = 24⋅1028 m−3, e = 1.602⋅10−19 C, ρ0 = 2⋅10−8 Ω⋅m, m = 9.1⋅10−31 kg, and R0 = 2.4⋅10−4 Ω.
Growth in the additional electrical resistance is determined by the change in the dislocation potential and the

frequency νd of the interaction; for large resistance peaks, it enables us to infer that e
_
–ν

__
 interaction is the controlling

mechanism in this case. The performed evaluations show that for ΔRa = 1.3⋅10−2 Ω, the frequency νd = 8⋅1015 Hz
corresponds to the plasma vibration frequency. The role of the frequency factor is considered [1] in partial undamping
of dislocations in a superconductor with the resulting growth in νd. It is desirable to allow for the influence of the
electron-gas viscosity on the process of overcoming of potential barriers by dislocations using thermal fluctuations. The
mentioned mechanisms determine one dependence of νd or another on the coefficient of damping B. In turn, as has
been mentioned in [6], the electron-gas viscosity is related to the change in the dislocation potential and νd.

Noteworthy is the fact that irrespective of the type of interaction, even at ΔT > 300 K, the relation

hνd >> kΔT , (3)

which points to the dominance of quantum effects within the dislocation cores in the observed phenomenon, holds.
Since the interactions of the electron and phonon subsystems with the dislocations [10] can only be described within
the framework of quantum representations, evaluation of the maximum quantum change in the electrical resistance

ΔRa = (hνd
2) ⁄ i2 , (4)

where i = 0.5 A, νd = 8⋅1015 Hz, and ΔRa = 2⋅10−2 Ω, is of interest.

Thus, there are grounds to assume that the basic factors determining the characteristics of the Δσa and ΔRa

jumps are related to the change in the dislocation potential and the quantity νd. Titanium alloy 19 dislocations, which

represent, in the initial state, a charged high-frequency wave packet of the terahertz range, might be characterized by the
resonance interaction with each other and with conduction electrons in the process of breaking through the obstacles.

The maximum energy released in the jump of plastic flow is determined by the formula

ΔEa = ΔRai
2
t . (5)

We emphasize that at ΔRa = 1.3⋅10−2 Ω (see Fig. 2, curve 2), i = 0.5 A, and t = 225⋅10−3 sec, we have ΔEa =
7.4⋅10−4 J, which enables us to successfully overcome the Coulomb barrier even in the case of heavy atomic nuclei

Fig. 3. Temperature dependence of the electrical resistance of titanium alloy
19 near the superconducting transition (dots, experiment). ΔR, Ω; T, K.
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and corresponds to a probable appearance of "heavy" solitons in the form of boson quasiparticles, which has been
demonstrated in [11]. Furthermore, the release of an energy of 7.4⋅10−4 J is quite sufficient to activate interaction
mechanisms within dislocation cores.

In cryogenic treatment of materials by electric-current pulses [12–14], it is possible to transfer an energy of
103 J per second [13]; this is comparable to the limiting energy level for electrons, which is attainable in linear ele-
mentary-particle accelerators. When a solid body is treated, a special role in this process must be allocated to the elec-
tron-dislocation mechanism and its related electron-soliton mechanism of interaction. A theoretical approach to
consideration of dislocations as soliton sources, undertaken in solving a number of dislocation problems [15], can be
used for the experimental detection of solitary waves in a solid body, which was done in [6].

The multilevel nature of localization of plastic flow of 19 titanium alloy, which has been described in the pre-
sent work, exhibits the properties of dislocations as probable sources of solitons (whose particular form is bosons);
they can enjoy wide application based on a possible control of the electric field, which is localized on the dislocations
and can accelerate electrons and ions.

Conclusions. Thus, localization of titanium-alloy 19 plastic flow under the conditions of active deformation at
4.2 K can be considered within the framework of the shear-related nanostructural transformation in the alloy, which
can ultimately change the electron-phonon interaction in the shear zone. Localization of plastic deformation is an un-
usual kind of structural-phase transformation that occurs predominantly in the quantum regime. In this case the quan-
tum regime of atomic interaction can exceed, at a maximum, the growth in the e

_
–ν
__

 interaction at the instant the
shearing stability is lost in the local zone of the slip band. Consequently, a multilevel description of the phenomenon
requires that disturbances be allowed for not only in the case of electron-phonon interaction in the electron subsystem
but also in electron-nucleus interaction realized in dislocations.

NOTATION

B, coefficient of damping, MPa⋅sec; Em, Young’s modulus; e, electron charge, C; e
_
–e
_
, electron-electron inter-

action; e
_
–ν
__

, electron-phonon interaction; i, direct current, A; k, Boltzmann constant, J ⁄ K; h, Planck constant, J ⁄ sec; m,
electron mass, kg; Np, density of prismatic dislocations, m−2; n, concentration of electrons, m−3; R, electrical resistance,
Ω; R0, electrical resistance of the sample before deformation, Ω; T, temperature, K; Tc, superconducting-transition tem-
perature, K; t, propagation time, sec; ΔEa, maximum energy in the plastic-flow jump, J; β, new-phase inclusions; Δα,
change in the coefficient of thermal expansion, K−1; Δσ, change in the deforming stress, Ω; Δσa, change in the de-
forming-stress jump, MPa; ΔR, change in the electrical resistance, Ω; ΔRa, maximum change in the electrical resistance
in a jump, Ω; ΔT, change in the temperature, K; σ(t), cold hardening, MPa; σ, deforming stress; σt, thermal stresses,
MPa; νd, frequency of dislocation vibrations, Hz; ρ0, specific resistance of the sample in the initial state, Ω⋅m. Sub-
scripts: a, amplitude value; c, critical; d, dislocation; m, modulus; p, prismatic; t, thermal; 0, initial state.
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