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One of the well-known features of the external action of the electric current in the process of
plastic deformation is the electroplastic effect manifesting in a decrease in flow stresses and an
increase in plasticity (deformability). Understanding the nature of the electroplastic effect pro-
vides targeted regulation and application of the effect to improve the efficiency of metal wor-
king processes or to change the structure and properties of materials. The deformation behavi-
or of commercially pure titanium under the impact of an electric current of critical density
from 12 to 400 A/mm? is considered. The electroplastic effect in coarse-grained (d = 50 pm)
and ultrafine-grained (d = 500 nm) VT1-0 titanium has been studied under a combination of
tensile deformation and applied current of various modes and regimes, including the sing-
le-pulse, multipulse and direct current modes. It is shown that a decrease in the grain size cont-
ributes not only to an increase in the strength characteristics, but also to a decrease in the elec-
troplastic effect, the mechanism of which is closely related to the density of mobile dislocations.
It has been shown that the manifestation of the electroplastic effect in titanium is controlled by
the grain size, and a decrease in the grain size leads to its electroplastic degradation and finally
to the complete disappearance in the amorphous state due to a decrease in the density of free
dislocations.

Keywords: titanium; grain size; tension; stress; strain; electroplastic effect; current; single

pulses; multipulse current; direct current.

Introduction

The electroplastic effect (EPE) that has been
discovered more than fifty years ago manifests it-
self in a significant decrease in the flow stress of
metallic materials during deformation in the pres-
ence of a high-density current [1, 2]. Therefore, the
attention of researchers was initially drawn to a
practical application of EPE, which has happened
to be quite wide and can be found in published
studies [3, 4]. They are mainly focused on metal
forming (stamping, rolling, drawing, pressing),
solid state welding and cutting brittle and hard de-
formed materials to reduce roughness. Moreover,
the possibility of microstructure refinement in
elongated materials has demonstrated a control of
the functional properties of materials [5]. The limi-
tation in the widespread use of EPE is associated
with high critical current density required for a
noticeable effect on deformability: for many indus-
trial materials it should be j, > 102 A/mm? [2].
That is why the effective cross-section of various
semi-finished products such as wire, rods and
sheets do not exceed 1 - 10 mm?, which is associ-
ated with the requirement to create high-power
current generators.

Another area of research has been the physical
nature of EPE. In [6], calculations have shown that

the thermal effect, determined by the electrical and
thermal conductivity of the sample, is the only
cause of EPE. However, even in the first studies,
it became clear that the usual thermal effect can-
not fully explain the EPE, since the drop in
stresses was noticeably larger than it could be due
to the temperature dependence of the flow stresses.
In the review [7], it was shown that the main con-
tribution to the EPE is made by the electronic
“wind,” which causes the mobility of dislocations
and the thermal effect of the current. Other accom-
panying EPE electromagnetic (skin, pinch) and
magnetostrictive effects are an order of magnitude
smaller.

Recent articles trying to explain EPE by associ-
ating it with breathers [8] or with nonequilibrium
processes in the electronic and phonon sub-systems
when an electric current of high density flows
through metal [9]. These processes lead to a devia-
tion of the average energy of dislocation oscilla-
tions from that, which corresponds to the lattice
temperature. As a result, the frequency of fluctua-
tion overcomes obstacles by increase in dislocations
[10]. A more general point of view is that all mech-
anisms can act simultaneously, the relative con-
tribution of which varies depending on material,
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Fig. 1. Scheme of the rolling in calibers (a) and oscillogram of pulse current (b)

external conditions, size and shape of samples, etc.
[11].

As for the materials under study, originally
they used to be single crystals of pure metals, and
then have changed to polycrystals (Zn, Cd, Sn, Pb,
In, Ni, Fe, Nb, Ti, Al, Cu, W) and industrial struc-
tural alloys based on aluminum, copper and steel.
Recently, nano- and amorphous materials [12],
TRIP steel [13], functional materials with shape
memory, have been also investigated, where the di-
rection of stress reduction was found to be not only
downwards, as found previously, but also upwards
[14]. Titanium [2, 15 - 17, 19] and titanium-based
alloys [5, 12, 14, 18] occupy a prominent place
among the materials under study, as the main ma-
terials for aerospace sector and medical implants,
especially in the nanostructured state. Note that
most of the cited above studies of EPE were carried
out on materials in a coarse-grained state with a
grain size more than 1- 10 pm with rare excep-
tions [20].

Taking into account the importance of the
grain size effect on the mechanical properties and
deformability of titanium, the purpose of this work
is to compare the deformation behaviour of coarse-
grained and ultrafine-grained titanium under dif-
ferent current modes.

Experimental materials and methods

A material for the study was technically pure
titanium VT1-0, with impurity content shown in
Table 1. The initial material form was a rod with a
diameter of 10 mm.

The sample has been processed by multi-pass
electroplastic rolling in calibers according to the
scheme “circle — hexagon — rhomb” (Fig. 1a) and

Table 1. Chemical composition of titanium (wt.%)

has been shaped into the wire with a cross section
of 1.55 x 1.85 mm?. Some details of electroplastic
rolling can be found in [5]. The total deformation
degree and the rolling speed were 90 % and
50 mm/sec, respectively. Rolling in calibers was car-
ried out with the introduction of a multi-pulse cur-
rent with duty factor of 10, a density of 100 A/mm?,
a pulse duration of 10%sec and a frequency of
1000 Hz (Fig. 1b). The wire was investigated in two
structure states formed by annealing at tempera-
tures of 700 and 500°C for 30 min, respectively.

Tensile tests were performed on the horizontal
testing machine IR-5047-50 at room temperature
with the speed 1 mm/min and the following current
modes/regimes (density j, frequency v, and pulse
duration t): 1 — no current; 2 — single pulses
J =400 A/mm?, v =1msec; 3 — multi-pulse cur-
rent j = 100 A/mm2, v = 0.1 msec, v = 1000 Hz;
4 — direct current, j = 12 A/mm?2. The sample
gauge length for mechanical tests was 25 mm. Dur-
ing tension, the sample temperature was measured
with a thermocouple fixed in the middle of the sam-
ple gauge length.

Schemes of pulsed current supply to the sample
during electroplastic rolling in calibers and during
the tensile tests are shown in Fig. 2. In both cases,
a 7kW pulse current generator was used, which
made it possible to reproduce the current of differ-
ent modes (single pulses, multipulse and direct cur-
rent) and regimes (j =500-5000A, tv=30-
1000 psec, frequency 1 — 1000 Hz). To prevent cur-
rent leakage during the tensile test, the gripping
parts were insulated with polystyrene.

Material C Fe Si
VT1-0 0.07 0.18 0.10

0.12 0.04 0.01 0.6
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Fig. 2. Scheme of the current supply during electroplastic rolling (a) and tensile test (b): @, I — mills; 2 — wire; 3 — feed tab-
le; 4 — pulse current generator; b, I — grips; 2 — sample; 3 — bus line for supplying current; 4 — insulation; 5 — pulse cur-

rent generator

Fig. 3. Microstructure of coarse-grained titanium observed with optical microscopy (@) and ultrafine-grained titanium obser-

ved with TEM (b)

Experimental results and discussion

The microstructures of the samples annealed at
500 and 700°C are shown in Fig. 3. A large differ-
ence in grain size can be noted, which is two orders
of magnitude.

Annealing at 700°C of heavily hard-worked
titanium caused recrystallization, which partial-
ly has the features of collective recrystallization
(Fig. 3a). The grain boundaries are rectilinear, and
there is insignificant number of twins and particles
of impurity elements inside the grains, mainly ox-
ides and aluminides. The average grain size is
50 pm. The structure of titanium can be classified
as coarse-grained one. Annealing of hard-worked
titanium at 500°C led to the formation of incom-
pletely recrystallized fragmented structure with an
average sub-grain size of 500 nm and a fairly high
density of dislocations inside the grains (Fig. 3b).

The structure of titanium can be described as
ultrafine-grained one.

Figure 4 shows the stress-strain curves under
different tensile test conditions of titanium in the
coarse-grained (Fig.4a) and wultrafine-grained
(Fig. 4b) states.

First of all, it is seen that the flow stresses for
ultrafine-grained titanium for all current modes
are higher than for the coarse-grained titanium.
Under tension without current, a reduction in
grain size by two orders of magnitude led to more
than double increase in strength and more than
four times decrease in ductility (Table 2), which is
directly related to the well-known effect of grain
size (Hall — Petch effect).

The current introduction of any mode, except
for single pulses, leads to a decrease in the flow
stresses and relative elongation to failure. If the de-
crease in plasticity is associated with strong neck
formation of titanium and, accordingly, with a mul-
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Fig. 4. Stress-strain curves of course-grained (a) and ultrafine-grained () titanium under different current modes: I — wit-
hout current; 2 — single pulses; 3 — multipulses; 4 — direct current

tiple increase in the actual current density, then
the decrease in the flow stress is due to the total ac-
tion of thermal and electroplastic effects. In this
case, the contribution of the thermal effect in com-
parison with the electroplastic effect should be no-
ticeably less, since the temperature of the sample
did not rise above 130 — 215°C. Another feature of
the multipulse and direct current effect is a sharp
decrease in the uniform deformation of titanium
and an increase in deformation localization, which
is especially manifested in ultrafine-grained tita-
nium.

In contrast to multi-pulse and direct current,
the mode of single pulses in coarse-grained tita-
nium promotes strengthening and a noticeable in-
crease in plasticity (curve 2, Fig. 4a). It can be as-
sumed that the physical nature of such hardening
is low-cycle deformation. Note that strengthening,
as the effect of exposure to the current, is an anom-
alous phenomenon for pure metals, since in almost
all known articles, the authors record only a de-
crease in flow stresses, i.e., softening. It is likely
that in this work the anomalous strengthening ef-
fect became possible due to such a regime of tita-
nium recrystallization, in which a very large grain
size was formed. This fact is consistent with the

strengthening in a single crystal of aluminum, re-
ported by the authors of the work [21].

In ultrafine-grained titanium this effect is not
observed, probably due to high flow stresses. A sim-
ilar phenomenon has already been noted for the
Ti-7Al alloy [22], where the authors associate hard-
ening with a change in the dislocation mechanism
of deformation: from sliding to climb of disloca-
tions under the action of a current. The effect of
the current depends on the mode: it is stronger
with higher energy of the injected current, which
increases with the transition from single current
pulses to multi-pulse and direct current.

Another feature of the stress-strain curves un-
der the action of single current pulses is the ap-
pearance of stress jumps downwards, the ampli-
tude of which decreases from 50 MPa for coarse-
grained titanium to 25 MPa and less for ultrafine-
grained titanium. Since there is practically no ther-
mal effect for this current mode (Table 1), it can be
argued that the electroplastic effect really exists
and it decreases with decreasing grain size.

Interestingly, stress jumps were observed not
only in the plastic deformation zone, where they
are appearing due to the interaction of moving dis-
locations with conductive electrons. Similar jumps,

Table 2. Mechanical properties under tension for coarse-grained and ultrafine-grained Ti

Structure state Current mode ]ii(ai?ﬁgg- duS;LIi‘zflr,ltsec o ffI,;I 32 toc UTS, MPa El, %
Course-grained Without current — — RT 450 33.0
Single pulses 25 -50 <0.1 30 480 40.0

Multipulse current — 270 130 370 13.7

Direct current — 234 130 255 12.7

Ultrafine- Without current — — RT 1010 7.0
grained Single pulses 5-20 <0.1 30 995 6.0
Multipulse current — 102 160 815 5.0

Direct current —

96 160 - 215 435 4.5
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but poorly recorded due to much smaller amplitude
(about 5 MPa), are also present in the elastic part
of the stress-strain curves. Since there are no free
dislocations during elastic deformation, it can be
assumed that the cause of the appearance of stress
jumps is the thermal effect and, as a consequence,
the expansion and dilatation of the sample.

Finally, we note the asymmetric shape of
shocks, the form of which indicates different mech-
anisms of softening and hardening in the jump it-
self. An almost instantaneous stress drop is caused
by an ultrafast current pulse, and the subsequent
stress rise is due to the relatively slow cooling of
the sample.

CONCLUSION

1. It is shown that cold rolling in calibers of
commercially pure titanium, accompanied by a
pulsed current, makes it possible to achieve a maxi-
mum degree of 90 % without destruction, and sub-
sequent annealing in the range of 500 — 700°C is
capable of forming structure states in a wide range
of grain sizes from 0.5 to 50 pym with strength from
450 to 1010 MPa.

2. Changing the current mode introduced dur-
ing tension from single pulses to multipulse and di-
rect current increases the contribution of the ther-
mal effect to the decrease in flow stresses in com-
parison with the non-thermal electroplastic effect.

3. The manifestation of the electroplastic effect
in titanium is controlled by the grain size, a de-
crease in which leads to its degradation and, as was
shown earlier to complete disappearance in the
amorphous state due to a decrease in free disloca-
tions density.

Acknowledgments

This research was funded by the Ministry of
Science and Higher Education of the Russian Fed-
eration, the contract 075-15-2021-709, unique
identifier of the project RF-2296.61321X0037
(equipment maintenance).

The author declares no conflict of interest.

REFERENCES

1. Troitskii O. A. Electromechanical effect in metals / Letter to
JETP 1969. Vol. 10. N 1. P 18 - 22.

2. Conrad H. Electroplasticity in Metals and Ceramics / Mater.
Sci. Eng. 2000. Vol. A 287. P. 276 — 287.
DOI: 10.1016/S0921-5093(00)00786-3

3. Adams D., Jeswie dJ. Single-point incremental forming of
6061-T6 using electrically assisted forming method / Proc. Inst.
Mech. Eng. Part B. J. Eng. Manufact. 2014. P 1 - 8.
DOI: 10.1177/0954405413501670

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Egea A. J. S., Rojas H. A. G., Montana C. A. M., Echever-

ri V. K. Effect of electroplastic cutting on the manufacturing
process and surface properties / J. Mater. Proc. Tech. 2015.222.
P 327 - 334. DOI: 10.1016/j.jmatprotec.2015.03.018

. Potapova A. A., Stolyarov V. V. Deformability and shape

memory properties in TizoNig, rolled with electric current / Ma-
ter. Sci. Forum. 2013. Vol. 738 — 739. P. 383 - 387.
DOI: 10.1016/j.msea.2013.05.003

. Bilyka S. R., Ramesh K. T., Wright T. W. Finite deforma-

tions of metal cylinders subjected to electromagnetic fields and
mechanical forces / J. Mech. Phys. Solids. 2005. Vol. 53.
P 525 — 544. DOL: 10.1016/j.jmps.2004.10.002

. Sprecher A. F.,, Mannant S. L., Conrad H. On the mecha-

nisms for the electroplastic effect in metals / Acta Metall. 1986.
Vol. 34. N 7. P. 1145 - 1162.

. Dubinko V. 1., Dovbnya A. N., Kushnir V. F,, Khodak I. V,,

et. al. Plastification FCC metals during of electron radiation /
Phys. Solid State. Vol. 54. N 12. P. 2314 - 2320.

. Dubinko V. L., Klepikov V. F. Kinetic mechanism of metals

electroplasticity / Izv. RAN. Fiz. 2008. Vol. 72. P. 1257 — 1258 [in
Russian].

Kim M. J., Yoon S., Park S., Jeong H. J., et al. Elucidating
the origin of electroplasticity in metallic materials / Appl. Ma-
ter. Today. 2020. Vol. 21.100874.

DOI: 10.1016/j.apmt.2020.100874

Lahiri A., Shanthraj P, Roters F. Understanding the mech-
anisms of electroplasticity from a crystal plasticity perspective /
Modell. Simul. Mater. Sci. Eng. 2019. Vol. 27. 085006. DOI:
10.1088/1361-651X/ab43fc

Stolyarov V. V. Electroplastic effect in nanocrystal and amor-
phous alloys / Inorg. Mater. 2016. Vol. 52. N 15. P. 1541 — 1544.

Stolyarov V. V,, Klyatskina E. A., Terentyev V. F. Suppres-
sion of TRIP effect in metastable steel by electrical current /
Letts. Mater. 2016. Vol. 6. N 4. P. 355 — 359.

DOI: 10.1134/S0020168516150152

Stolyarov V. V. Electroplastic effect in nanostructured tita-
nium alloys / Rev. Adv. Mater. Sci. 2012. Vol. 31. P. 163 - 166.

Okazaki K., Kagawa M., Conrad H. A study of the electro-
plastic effect in metals / Scr. Metal. 1978. Vol. 12. P. 1063 — 1068.

Okazaki K., Kagawa M., Conrad H. Additional results on
the electroplastic effect in metals / Ser. Metal. 1979. Vol. 13.
P 277 - 280.

Okazaki K., Kagawa M., Conrad H. An Evaluation of the
contributions of skin, pinch and heating effects to the electro-
plastic effect in titanium / Mater. Sci. Eng. 1980. Vol. 45.
P 109 - 116.

Salandro W. A., Bunget C., Mears L. Thermo-mechanical in-
vestigations of the electroplastic effect / Proc. ASME. 2011.
Corvallis, Oregon, USA, P. 1 -10.

DOI: 10.1115/MSEC2011-50250

Magargee J., Morestin F., Cao J. Characterization of flow
stress for commercially pure titanium subjected to electrically
assisted deformation / J. Eng. Mater. Technology. 2013.
Vol. 135. P 1 - 10. DOI: 10.1115/MSEC2013-1069

Stolyarov V. V. Role of external impacts in nanostructured ti-
tanium alloys / Byull. RAN. Fizika. 2012. Vol. 76. P. 96 — 101 [in
Russian]. DOI: 10.3103/S1062873812010273

Pakhomov M. A., Stolyarov V. V. Specific features of electro-
plastic effect in mono- and polycrystalline aluminum / Metal
Sci. Heat Treat. 2021. Vol. 63. N 5 - 6. P. 236 — 242.

DOI: 10.1007/sec11041-021-00677-7

Zhao S., Zhang R., Chong Y., Li X. Defect reconfiguration in
aTi- Al alloy via electroplasticity / Nature Mater. 2021. Vol. 20.
P 468 - 472. DOI: 10.1038/sec41563-020-00817-z



