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THE ELECTROPLASTIC EFFECT IN METALSG*
H. Conrad, A. F. Sprecher and §. L. Mannun**
Materials Engineering Departmeut
Borth Carolina State University
Raleigh, NC 27695-7907
]
i
) ABSTREACT . {14,17), dislecation peneration and mo
' 18), srirtle fracture20-22), fatigue’ 2
Toe influence of electriec current on the metal working(16,24-33).  The observed
mechanical properties of metals iy reviewed. electric current pulses on mechanical! preperties
Included are the effects of both low density vas terned an ¢l {Eigf}jfgéﬁ_gffﬁt_
(~1a/rm?) continuous carrent and high denszite Papers by Novth Az R o el -
{(~10°A/mm®) current pulses, with special a:tun- troplastic effect in mecals bepan appearing in
) tion given to the latter. The influence ol the the literature from 1979(3%-44). Shertly there-
i high density current pulses is analyzed iv torns after papers also began to appear from othes
: of the parameters involved in the thermally acti- regions of the world. In 198C, San Marcin and
' vated overcoming of short-range obstacles to dig- coworkers(45)0f East Cermany reportel an electrn-
i location motion. Considercd are: (a) the force plastic effect in the intermetallic compon BES
2 drift electrons exert on dislocativns held up at deformed at elevated temperatures, indicati tiat
! obstacles and (b) the influence of drifg the effect is not restricted to matals de!l d
* elecirons on the obstacle strength and op the relativelv low temperatures. In 1981, S5i
| pre-exponential facror. and coworkers(4€.47) of Brazil found that
| of stress relaxation of a number of meinls
THAT THE DRIF) o!f free electrons in a mctal elevared temperatures increased significantly
crystal may interact with the distocations there- with the application of a emall, continuoa:
taowan firse reported by Troitshii and Lichtman diveet currvent of LoAAme’, fudicnt!
In §i95301) . They found during electron irradia- influcnce of an electvic current on
tion of Zn single crystals undergoing plastic de- cal propertics of motals is not res
: forration that there occurred a sipgnificant high current densitics., This was i ]
| decrease in the flow stress and an improvement in an earlier observation of Kishkin and 31
ductility when the clectron beam was directed who found that the creep rate of a nusbe
along the (D0O01) slip plane, compared to when it metals increased upon application of currents as
wvas directed normal to the plane. Similar low as 0.15A/mm”
results were subsequently reported by Treitekii . In additior te an influsnce of drift
in 1968(2). Thzse observations led to the con- trons on the plastic flow siress or rate,
clusien rthat drift elecrrons exert a farce in the dislocatieon structure have hecen obso :
("electron wind”) on dislocations and therefore (649,50); also chanpes in texture and in syl se-
such force should also gceur durine the passage quent tensile properties have resuitod fros the
af an electric current(3,4). Theoretical support application nf current pulses during me
for a drift electron-dislocaticn intevaction . (32,511,523, Further, it was {ound(33,
provided by the considerations of Kravchenko (57, the conuurrent applicaticn of high dones
Klizov, Shnyrev and lovikov(d), and more recontlv current pulses oturin, the 2anoiling
Yoshehupkin, Miloshenkn anld Kalinin(7). creased the rates of rocevery, teer
The idez that dritt electrons can influence avd prain erowth, and reduced the
the veneratien and metion of dislocat ions e Prain cize and nameer ol gnnealin e
Treziskii and ather Ru=saion scientists to carre nrain. A oo in the recivs in
vt series o Adone inre the daflucrce size of copper oo nlao Heen notad by Sisvelva
Dodive t current poises ot Che o0 Ter oor 10T A e ot oY o aelativele smaller, cont oo
[TV SR TR (S fval propevtice otoe ot oo correat Jen cties of 0.5 ta 1300A/m [N
temprrature avd by low, dncelodin. the flew veloted interest are the obsereations t .
Seew Uiy, e relamatior C10 TR L vy, el e crrent v been tound ta (ol tuenee the
* To be published in Proceedings Int.,
Symp. Mechanics of Dislocations - Conred, ot Yanna

ASM, held at Michigan Technological i
University, August 28-31, 1983 P
%% On leave {rom Reactor Research Centre

Kalpakkam, Tamil! Nadu, India
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rates of precipitation in Fe-C{56,57) and in Al-
4wt.2 Cu(58,59) alloys. Also worthvy of meation
is that the heating of Cu and Sun/Pb lavers on Al
wires by passage of an alternating electric
current of 10A/mm® led to the formation of n' and
¢ intermetallic phases, whereas onlv ' formed
when the specimens werce heated indirectlyv(60).
Additional observations on the cffects of elec-
tric fields and/or currents on the structure and
properties of metals are presented in Refs. 48,
6l-64.

The present paper will review the work on
the influence of an eleciric current on the me-
chanical properties of metals, giving attention
to: (a) separating out the side eifects of the
current, such as, for example, Joule hearing, the
pinch effect and the skin effect, and (b) identi-
fving the role of electreon-crvstal uciect inter-
actions.

The term electroplastic cifect has been uscd
by some (e.g., Troitskii and cowovkers) ior the

total effect of the current (including the side

cffects) and by others (e.g., Conrad and cowork-
ers) for the difference hetween the total cffect
and the side effects. The difference in use of
the term resulted from thne fact that in the carly
work by Troitskii on Zn single crystals the side
effects were relatively smail compared to the
total effect, seo that the total e¢ffect was con-
cidered te be duc primarily to an eleciron-
dislocaticn intevraction. 1n the more recent work
bv Troitskii, side effects of the current (espe-
cially Jeule heating) have been found te rupre-
sent a significant fraction of the total eifect.
In view of this, Troitskii coined the term
electronoplastic effect for the component due to
electron-dislocation interactions, and retained
the term electroplastic for the total effect of
the electric current. Tor the sake of consisten-~
cv and to avoid confusion, the present paper will
follow the terminology propused by Troitskii that
the electroplastic (ep) effect refers to the
total effect of the electric current. However,
we will employ the term electron-crvstal defect
(ecd) effec: for the portion due to the inter-
action of drift electrons with crvstal defects in
general. The term electron-dislocation (ed)
effect will then refer to the interaction of
electreon with dislocations.

In view of differences in objectives and
approaches by each of the various regional proups
of investigators listed above, the plan to be
foiluwed in the present paper will be to first
review the results of each group separately and
thenr, in a more general discussion, attempt fo
draw from these results the present state of our
knowledpe and understanding of the subject.

RUSSIAN WORK

FLOW STRESS

General - Most of the Russian work on the
effects of electric current on the flow stress of
metals has been by Troitskii and coworkers, early
reviews of which arc found in Refs. 9 and 10.
Their studies were mainly on Zn single crvstals
tested in liquid nitrog.n. However. thev also

investipated Sn oand Pb osinple cryntals and poly-
crvstals of Zn, Cd, Sn, Ph and In; alsc some
tests were conducted at room temperature ac wel!
as 78K. They emploved direct current (d.c.)
pulses of the order of 10°A/mn® in strength and
1100us duration bv discharging a bhank of capaci-
tors. The time between pulses was of the order
of 2-10s, which time¢ was sufficient to allow tnce
specimen to return to its original temperature
following the current pulse. Most tests wer=
performed in uniaxial tension c¢n specimens !nm
dia. x 15mm long; however, some were conducted in
compression on specimens 2.5mm X 6mm, respective-
ly, to evaluate the role of thermal expansion due
to Joule hcating on the observed change in flow
stress.

Single Crystals - An example of the early
results obtained by Troitekil and coworkers on Zn
single crystals is given in 1. The foellowing

Fig. ] lLoad versus extension diagram for Zn
single crystals tested in uniaxial tension at 78K
and a rate of 0.0lcms™ showing load drops due
to the application of d.c. pulses produced by
discharging capacitors with the voltages ¥
indicated. Regions A correspond to stress relax-
atien (i.e., machine was shuvt off). From
Troitskii and Rozno(4).

3

were noted: (a) the application of d.c. pulses
during plastic {low at a constant extension rate
produced load drops, whose magnitude increased
with the capacitor voltage (i.e., with current
density), and (b) the magnitude of Lhe lead drops
was appreciably smaller during the later stages
of stress relaxation compared te those during
plastic flow aL a constant extension rate.
Furthermore, the load drop for a given voltaye
was larger {or the tests at 78K compired to those
at 300K. Also, there wa. o tendeacy for the 1on!
drop P to increasc as the level of the {low
stress increased. In view of this, dfroftekid
coworkers used the ratic 'P/P as a mensure o
electroplastic effect, whore P ois the Lo i
(flow stress) prior to the application »f
current pulse,

Figure 2 shows that the ratio JU/F varied

with erystal orientation anmd with poric - leve!.
For 99.9987 pure Zn crvstals, 'l naxi
of LP/P ranged berwveen 0.15-0.25
for ¥ = 60°-B0° (v i the angele
Coviraa . Sprecher oad Nannan
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basal plane and the specimen axis), whereas for
Za crvstals doped with €.027 (d the maximum value
of E/P was ~0.25-0.40 and occurred at X, v45°.

%
Loy 4
30t 30
g
< 0f 20
Sk
: 10} 10
]
0 i)

Fig. 2 The variation of &P/P with crystal orien~
tation for pure Zn (99.9987) and Zn doped with
0.027 €4 for tests at 300K and a current density
of A1900A mm-. From Troitskii and Rozno(4).

It early studies(3,4) it was found that the
magnitude of the load drop decreased with in-
crease in strain rate. Lator studies(8) howcever
revealed that the effccts of strain rate were not
straightforward in that _P increased with strain
rate at low rates, reached a maximum at an inter-
meciate rate, and then decreased again at higher
rates.

Changes in specimen length At which occurred
during a load drop were calculated through the
relation A1 = KAP, where K is the spring constant
cl the test svstem. The changes in length ranged
from 2 to 18x10 “mm for curvent densities from
600 to 1800A/mm?(10), which correspond to strains
of 2107" to 107? for the Zn single crystals
employed. Examination cof the crystal surface
with a microscope revealed no significant change
in the overall slip band structure(3,4), except
perhaps some decrease ir the coarse bands (which
were separated 18-24um) corpared to thin bands
(separated 9-12.:m) (4).

Load drops were obscrved for compression as
well as for tension(3,4), indicating that thermal
expansic' due to Joule heating was not the prin-
cipal cause of the load dreps resulting from the
current puises. Althoug a magnetic {ield of
«2000 Oe had no effect on the magnitude of the
load dreop, a change in polarity of tiw current
pulse did(9,!0).

Recognizine that such side effects of the
current pulses as Joule henting, pinch elfect and
skin effect can contribute to the load drop,
studies were carried out to evaluate the rela-
tive contribution of these sie effects. Calcu-
lations and measurements(4,9,10) of the tempera-
ture rise 5T due te Joule heating during a single
current pulse of ~100us applied to a specimen in
liquid nitrogen vielded values of "T = =040 7oy
a current density J of SUnA‘wm’ and 3-BC tor

J = 2000A/mr- . Similar consideratiens for t.oate

AN, LY, Lt

at room temperature with forced cooling yielded a
maximur temperature rise of 12-16C. The tlernal
expansion produced by these tempereture riscs was
estimated to be responsible for 3-4%7 of the load
drop at 78K and 10-15% of that at 300K{4). The
tfact that load droeps occurred in compression
tests(3,4) supports the conclusion that thermal
expansion was not responsible for a larpe frac-
tion of the total load drop. Furcther support
that thermal expansion cannot account for a large
portion of the load drop in uniaxiul tension is
that the increase in specimen lenpgth (and in turn
drop in load) produced by a current pulsc in-
creased by a factor of ~2.5 as ¥ increased from
18° to 44°(9).

The second influence of Joule bheating is
related to the effect of temperature on the flow
stress, i.e., thermal softening. The fractional
decrease in load expected due to this cause for
the temperature rvises given above was estimated
(9,10) to be no mere than 0.4-0.67 of the applied
load, which represents at most only 3% of the
total load drop “P. Thus, the combined effects
of thermal expansion and tharmal softening were
estimated to account for only 6-~77 of the mavni-
tude of the observed load drops AP,

The magnitude of the skin effect was evalu-
ated by placing thermocouples at the surface and
in the interior of specimens and comparing the
temperature at the locations produced by &
current pulse. It was found that the difference
in temperature at these positions for test:
carried out in liquid nitrogen did nnt exceed
0.3C even at the highest currents, the higher
value being in the interior. This wes taken to
indicate the absence of a skin effect. Worthy of
note is that there was nc difference in thermo-
couple readings betweer the center and ends of
the specimen.

To measure the magnitud= of the pinch eifect,
a two-part specimen configurction was emploved
(B8,9). One part of the specimen (Part A) was de-
forming plastically under the applied load,
whereas the other part (Part B) had no applied
load. Current pulses were passed through each
part separately and the associated load drops P
measured for pure Zn and Zn + 0.27 Cd alloy
crvstals. The results are presented in Fig. 3
The load drop SPy associnted with Part B, which
mea: ured only the pinch eftent, was similar in
magnitude for both matervials and exhihited the
same current density dependence. On the othor
hand, the load drop JPpy assvciated witn bert A
had a stronger dependence on current density than
tPp; moreover, the current dependence of T, wis
influenced by impurity content, bheine larper for
the Zn + 0.27 Cd allov. ‘lhe diffcerence "Pa~"1n
was of the order of 7575 of the total Inad v =
for the Zn + 0.27 Cd alloy rrvstalys ang of the
order of 507 for pure Zn, indicating that tio
pinch effert was responsible for ~.25 1o 300 o
the total leng drop in these crvstals,

Since the cembined effects ot thern.” ox
sion and thermal scftening duc to Joule heat!
were found Lo represent enly o aosrall Traertion
771 of the tote) load drop Py aboeve) oo
from a current pulse, Treitsvyiil, 4,9-110
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considered the difference APp-2Yg to be due
mainly to an interaction between drift electrons
and dislocations. Support for such an inter-
action was provided by the observation that a
threshold value of the current density (VA00A/
mn?) was required for APg~ Py > 0 and that a
weak polarity effect (~107 of APj) occurred upon
reversal of the current polarity, both effects
being larrer for the 2n + 0.27% Cd alloy.

N S LENS E A UL RN L R A ‘]
: - P

i sok Zn(99.998) AR -

L |K d

a0t . M ”
30+
20
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X I

| 20F
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Fig. 3 2P, (total load drop), 4Py (load drop due
to pinch effect) and APA-APg (load drop due to
electron-dislocation interaction) versus current
density for pure Zn (99.9987) and Zun + 0.27 ¢d
single crystals (4, = 18°) tested at 78K. Data
from Troitskii(9). Spring constant of test
cvstem K = 2,37 10" “mm/N.

Polverystals - iroftskii and cowerkers in-
vestigated the effect of sinple current pulses on
polvcrystals of Zn, Cd, Sn, Pt and In(3,4). The
resulting load drops 4P were similar in magnitude
to those for single crystals tested under identi-
cal conditions. However, because of the larger
values of the flow stress, the ratios ’P/P fev
the poiyerystals ternded te be lower than thaose
for single crvstals. The values of AP/P at a
condenser charge voltage V = 150 volts were 1.27%
for Cd, 27 for Zn, 3Z for Sn, 57 for Pb and 5%
fer In. These ratios arc considerably smaller
than the maximum values of 20-407 obtained for
single crystals tested under similar conditions.

STRESS RELAXATIOK AND CREEP - The effects
ot d.c. current pulses on the vtress relaxation

of Zn, (d and Pb rrystals at 78K werce studied by
Troitskii and Stashenko(13) employing d.c.
current pulses of 400A/mn” and 65p« duration at

a frequency of 100dz. These authors found that
the rate of stress relaxation increased signifi-
cantlyv with the applicarion of the current pulses
over that without pulses, the difference in-
creasing with the stress level prior to the start
of the relaxaticn. Moreover, a further increase
in the rate and amount of stress relaxation
occurred when the polarity of the current was
reversed during the relaxation. The magnitude of
the polarity effect was complex. It depended on
the prior stress level and on the time following
the beginning of the stress relaxation at which
current was reversed, increasing with the prior
stress level and decreasing with relaxation time
prior to the current reversal. The relaxation
rate Jdid not rise immediately after the carrent
was reversed, but only occurred after a corten
lapse in time, which increased the lonper tie
prior relaxation time before current roversal,

Subsequent studies(65,66) revealed that the
enhancement of stress relaxation increased with
increase in pulse duration tg in the ranpe
50-190us for J = 200-250A/mm? and v = [00Hz.
Further, it was found that the influence of a
change in polarity decreased with t; and with a
reduction in the time between the reversals.

Criep tests were conducted on Zn crvstale at
78K employing d.c. pulses of 200-230A/umrm’ and
30-240us duration at a frequency of 100kz (16,17).
In the first series of experiments(l6) it was
found that the electron~disloration contribution
to the thermal component t* of the creep stress
decreased from approximately 807 te 107 as the
pulse duration time increased {rom 60 to 150.s.
In the second sceries of experiments (17% it
established that the cresp rate increasceo
cantliv upon application of the d.c. curreat
pulses, the magnitude of the increase heiug, ap-
preciably greater than that obtained froe an a.c.
current which produced an equivalent temperzture
rise. Contrary to the results from the first
series of experiments, the magnitude of the in-
crease in creep rate in the second serices was
enhanced with increase in pulse duration, the
greatest effect occurring for durations of 110 to
150us.

More recently Stashenko and Troitskii(7.7)
fovestigated the effect of current (150-30047m: )
pulne freauency v in the range of 2 to 600Hz on
the creep of Zn and dilute Zn-Cd alloys at 78K.
They round that the creep rate increased with
frequency, the effect of v being greatest between
¢ and 100Hz. Analvsis of the logarithmic creep
curves indicated that the current pulses produced
a change in the thermal component of the stress
21* and in the strain hardening rate h, the
{ormer increasing and the latter decreasing with
v in the range considered.

FRACTURE AND FATIGUE - The effects of d.c.
pulses of ~10A/mm’ on the ductility of unceated

" Zn crvstals tested at 78K and on Zn crystale

coated with a Hg film tested at 300K were inves-
tigated by Troitskii, Skobtsov and Men'shikh(21).
They tound that the current pulses increased th

Conrad, Sprecher apd Mannan

Pape 4

W . rEEMPED L VTG b b BT S M e e et oo




't". . P '-..’.'.'. To % N

resolved shear strain at brittle fracture by
100-12C%Z at 78K and by 3C-637 at 300K. Associ-
ated with this increase in fracture strain wcs a
reduction in critical resclved shear stress and
in the strain hardening rate. The beneficial
effects of the current pulses increased with
pulse duration from 5 to 150us and with increase
in frequency of the pulsing from 0.005 to 0.4s7!
(time between pulses of 200 and 2.5s, respective-
ly). The load drop associated with a single
pulse iacreased significantly for an increase in
time between pulses frem 2.5 to 20s, with only
little further change betwcen 20 and 200s.

in a later study, Troitskii{68) investigated
the eifects of a Sum thick Hg coating on the
electroplastic effect in Zn crystals tested in
tension at 78K with current pulses of ~10°A/mm”,
100us and 0.lHz. It was found that the Hg coat-
ing increased the load drop due to the current
pulses by 30 to 507.

Golovin, Finkel and Sletkov(22) investigated
the effects of d.c. pulses of the order of 10%°4/
mn?1001s on crack propagation in silicon iron
sheet in tension. They found that both current
density J and the time of application of the
current L, in relation to the delay time t4 for
crack initiation without current (560us) influ-
enced crack growth. For a current densitv of
10°A/mm? and -200<t43<0us, the initial crack
hardly grew at all and was the most favorable
time with regard to preventing crack growth. No
retarding effect of current pulses on crack
growth occurred if the current was applied prior
to crack initiation (ty<-500us) or once crack
growth was well on its wav through the specimen
width (tz>100us). In the latter case, the
current pulse accelerated crack growth and meltr-
ing occurred at the crack edges. The optimum
current density for retarding further growth of a
crack which had attained a length of 0.4 of the
specimen width was in the range of 0.2x10°<J<4x
10°A/mm?; less retardation occurred for both
lower and higher current densities.

A distinguishing feature associated with the
retardation of the crack prowvth was the existence
ol a crater at the tip of the halted crack, name-~
lv an elliptical hole having an axis ratio of 1.2
to 1.5, with the major axis along the crack
growth direction. The size of the crater varied
from 10 to over 100um depending on the pulse
parameters. The edges ol the craters showed
signs of melting, indicating that the temperature
rise at the crack tip rose to at least 1500C.

Karpenko et al.(23) investigated thc effects
of 2 low density (0.07A/mr*) continuous d.c.
current on the low-cycle fatiguc of steel speci-
nens in environments of air, Hy gas and a 37
NaCl sclution. The passage of the electric
current increased the farigue life in all three
environnents, the greatest effect occurring for
tests in Hp. Metallographic »xamination revealed
that slip bands were more uniformly distributed
and the morphology of the fracture surface more
uniform for specimens with current compared to
those witheut.

In another study Troitskiite8) found rhat
the appliication of hiph density divect current

pulscs (~10%A/mm® 100us and 0.2Hz) during cyclic

loading (3 crcles) of 2Zn crystals up to 0.8 yield
stress at 78K increased the subsequent yield
stress by as wuch as 337 and the sheor strain at
fracture as much as 75% depending on crystal
orientation.

DISLOCATION MOBILITY - Zuev et al.(18) inves-
tigated the effecrts of d.o. current pulses up to
ZOOQ/mm? and 200us duration on the mobility
111224<1123> dislocations in Zn at 77 to 300K.
The current was transmitted through the specimen
normal to the (1120) plane, both with the metion
of the electrons alony and counter the movement
of the dislocations. An increase in dislocation
velocity occurred for both directions cof the
current, the magnitude of the effect increasing
with the current density but tending te saturate
at 12755/mm’. The magnitude of the effcect was
greater when the moticn of electrons coincided
with that of the dislocations compared to when it
was counter,

As a critical test for an electron-disloca-
tion interaction, Boiko, Geguzin and Klinchuk(19)
considered the direction of current flow on the
contact area produced by the compression of a
single crystal Cu sphere between two parallel Cu
plates while undergoing d.c. pulses up to 30A
with duration of 10 ‘s. Due to the smallness of
the ball-plane contact area, current densities of
~10°A/mm’ were obtained. The contract area was
significantly larger at the plate where the
divection of electrons enhanced dislocation
motion compared to where it inbibited it.
Further, the difference in size of the contact
area increased with increase in current density.

OTHER FFFECTS - Troitskii and Linke (68)
studied the emission of electrons during the
plastic deformation of Pb, Cd, Zn, and In cingle
crystals with and without the application of d.c
pulses of ~10°A/mm® and ~100us duration. Elec-
tren emission from the specimen increased signifi-
cantly as they were deforming plastically. Addi-
tional bursts of emission occurred with thc
current pulses, the magnitude of the bursts in-
creasing with current density and with pulsc
duration.

METAL WORKING - A review of the application
of high density d.c. current pulses (-10'A/mm
for ~100:s) to metal working is given in Ref. 3Z.
The rurrent pulses reduced the force required to
draw Cu, stainless steel and W wires by as much
as 30% and improved the postdrawing tensile proper-
ties. For Cu and W the effect increased linecavly
with current density and with the frequency of
the current pulse for a polarity with plus up-
stream of the die so that the moticn of electrons
coincides with the direction of the deformation
zone. Reversing the polarity also resulted in o
decrease in the drawing force, but the magnitude
was cnly about one-fourth that feor plus upstriar.
Although a continuous d.r. current of equal aver-
age current density alsce lowered the drawing

force and exhibited a polarity effeect, the maeni-

tude of the changes were not as large as thooo
for the pulsed currents. The currvent pulsing

alse produced changes in the texture of the Cu
wire atd redured the percentape of detormating-
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induced c-phase in the stainless steel.
AMERICAN WORK

FLOW STRESS - One of the present authors
(%#.C.) and his coworkers{(34-38,40,69) have inves-
tigated the effects of single, high density d.c.
pulses (~10%A/mm? for ~50us duration) on the flow
stress of a number of polycrystalline metals (Cu,
Al, Pb, Sn, Fe and Ti) representing a range in
crvstal structures, valencies and stacking fault
energies. A principal objective of the work has
been te separate any electron~dislocation inter-
action from the side effects of the current
pulses. One procedure emploved to remove essen-
tielily all side effects except that due to
thermal scirening is illustrated in Fig. 4a. A
single current pulse is applied during the
plastic deformation of a wire specimen in uni-
avjal tension and the drop in stress Acp meas-
ured, which can amount to as much as 357 of the

total flow stress, Fig. 4h, The specimern 1¢
then deerementally unloaded 1o the loay ran;e
internal stress and the drop in stress Acp re-
sultine from the application of the same strese
pulse measured. Aop then includes such side
effects as thermal expansion duc to Joule heating,
the skin effect and the pinch effect. The differ-
ence Aop=Aop (Fig. 4r) should then consist prima-
rily of thermal softening and anv electron-dis-
location interaction which mav have occurred.

For Ti the quantity (‘op-Log) was found te in-
crease with current density, but was relatively
independent of test temperature between 77 and
300K and strain rate between 0.7x10 “ to
17x107"s™!; it however increased with intersti-
tial solute content in the range of 0.2 to 1.9
at.z(36).

Because of test machine inertial
one cannot measure the load drop during the short
time (~50ps) the current pulse acts. Theretore,
computer modeling was employed(37,38) te .erarate

effects,
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thermal softening from any electron-dislecation
intevaction.  An example of tho results of such
modeling for Ti is given in Fig. 5, using an ex-
peritentally-derived, thermal-activation consti-
tutive equation for the relaticnship between flow
stress, temperature and strain rate and reason-
able values for heat loss at the specimen sur-
face. Such ralculations indicated that a con-
tribution in addition to thermal expansion,
therrmal softening, skin effect and pinch effect
was needed te account for the observed drep in
the flow stress. This contribution Agep (27¢4 in
present terwinology) was taken to be propertional
to the current density, giving for Ti

Loy = 0.019 1 () (1)

where J is the current density in A/’ . Al-
though szandard slow-response recorders were
e¢mplcoved in the early measurements(37,38) of the
stress drops and temperature changes, morc recent
work (40) emploving high speed recording systems
supporte the validity of the results of the
earlier measurements.

Further support thar a significant portion
of the flow stress drop which occurs with a
current pulse is due to some factor other than
Joule heating or a pinch effect is provided by
recont results(69) on the effect of plastic
strain ¢ on the quantity (ﬁ:D—JGE). It was found
that (lop-dcp) decreases with ¢ for Cu and Al but
is relatively independent of ¢ for Fe and Ti
(Fig. 6) in spite of the fact that Joule heating
increases slightlv with strain in each case due
to the increased resistivity. As will be shown
below, these effects of strain are in accerd with
what one might expect if the rate controlling
mechanism was that commcnly held to occur, i.e.,
intersection of forest dislocations for the FCC
metals, overcoming some intrinsic Peierls-Nabarro
tvpe obstacle for Fe, and overcoming of inter-
stitial solute atom obstacles for Ti.

- T RIS T ARESTA TR L e e e LSRR Y T

Varnma and Cornwell{41) investizuted the

effects of current pulses of 250-370A/¢ for
several seconds on the flow stress of nple and
polverystals of Al. The ratio of stress drop o,
to total stress ¢f ranged between 2 to 6% {rr

pelycryvstalline specimens and 2 to 590 for single
crvstals, increasing with increase in voltage
across Lhe capacitor bank (current density) and
with decrcase in crosshead speed in the range of
107" to 107%™, The effects of crosshead specd
hecame especially large in single crystuls far
strain rates below about 3x10 *s ',

Goldman, Montowidlo and Galligan(i4) studied

the effects of switching on and off d.c. current
(2-8A/mm‘) and of d.c. pulses (l1.4-8.04/am°) ¢n
the flow stress of Pb crystals tested at 4.2%.
At Tow current densities (J-n32a/mm?) the spec
was superconducting and no effect of current on
the flow stress was detected. At higher current
densities the specimen became normal and a druoy
in stress occurred, which the authors concluded
was entirely due to Joule heating.

E

BRAZILIAN WORK

Siiveira and coworkers(46,47; investigated
the effects of small continuous d.c. and a.c.
currents {1.6A/mm”) on the stress relaxation of
Cu and Al. Both a.c. and d.c. currents were
found to increase the relaxation rate at tempera-
tures near 0.5 Tm; however, the effect was
greater for the d.c. The eifect decreased zs the
number of times the relaxation was carried out.
Further, they found that the d.c. altered the dis~
location arrangement in the Cu specimens in that
there occurred a partial destruction of the cell
structure even in the first relaxation cycle{49).
This destruction hecame more pronouncec ar the
number of relaxation cycles was increased. No
such effects on dislocation structure were
observed for Al.

(104)

CURRENT

raPa)

SINESS

i
x
wﬁ Fig. 5 Computer simulation ol the in-
q crease in temperature &7, the thermal
«;E component of the flow stress o, the
4 stress due to an electron-dislocation
o interaction Ligps the drop in the
applied flow stress i¢,, the corre-
24 sponding elastic strain e l=/ ", "Fy),
20 _ the strain %7y due to thermel expansion
oo and Aep(=ice 1) the plastic strain
2 Z due to o* + fc. for polverystalline
- znng“rgfin(d Ti at 300K ¢ So= 1.7
1. 7 x10 "¢ ° foroa current pilse 1
i, (.} = 3000A/mm" )}, assuning ep e oL
b From Okazaki, Kagawa and Conradf373.
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PLASTIC STRAN (%)

Fig. 6 Effect of plastic straxﬂ on (AG,~/ fh)/t“
for a current pulse of ~10 A/mm and 60s applied
during the uniaxial tension of polyvcrystalline
Al, Cu, Fe and Ti at 300K and € = 1.7x10 s ’.
Fv-mauhlnh—spec1men modulus.

EAST GERMAN WORK

San Martin and coworkers(45) studied the
effects of heating V ,51 single crystals by
continuous d.c. and d c. current (v25A/mm") on
creep behavior at 1450-2000K. Electric current
heating increased the steady state creep rate
over that observed for indirect heating, with
d.c. heating being more effective than a.c.
During high temperature deformation of V,Si,
Kramer(50) found for indirect heating of the
specimen that the slip system {100}<001> was
active with straight dislocations of edge orient-
ation. For specimens heated with d.c. current,
no slip plane was favored. Since the creep of
V,.Si appears to be controlled by dislocation
ciimb, Can Martin et al.{45) propose that the
enhanced dislocation motion by the electric
current might be due to electrontransport of
point defects.

DISCUSSION

The studies reviewed above into the effects
of electric current (i.e., drift electrons) on
the flow stress or creep of metals can he classi-
fied into two general categoriﬂs' (a) the effects
of high density d.c. pulses 10 A/mm’ for 107°
to 16 ") at rvelatively Tow temperatures, .o,
T/Tp 0.5 and (b) the effects of relitively low
densicy (l-lOA/mm;) Sﬁﬁfiﬂﬂfﬂf,d'c' (or a.rc.)

current at T>0.4Tp. Some of the results which
are strongly supportive of the idea that the
influence of the high density current pulses

r {flects the interactinn of drift electrons with
crystal defects in general or dislocation ention
in particular include: (a) the effect depends on
crvstal eorientation or relative direction of
electron motion compared to dislocation motion,
(b) the effect depends on the current polarity
and (¢) it decreases with strain in FCC metalas.
Support for drift electron-crystal defect inter-
actions bheing responsible for enhanced stress re-
laxation and creep rates at high temperatures
includes: (a) the observed changes :in slip and
dislocation structure and (b) no signifi-uant side
effects are expected for the test conditions that

were emploved. The discussion to fol will
focus on the mechanism(s) wherchy hi seno it
current pulses influence the plastic ow at lew
temperatures, since mast of the work he
precent authors, and others, has bes = this
area.

Theoretical calculations of th 8] ex-
erted by drift electrons on dislocat - .aa

number of metals are presented in Tab:e 1. It is
here seen that the force varies by about 2 crders
of magnitude depending on the theory counsidercd.

To analyze the effect of drift electrcns on
the plastic flow of metals, it is here assumed
that the plastic flow is geverned by 2 thermailv-
activated rate equation of the form

€ = €, exp - {AG(n*)/kT} (2)

where ¢ is the plastic strain rate, ¢, the pre-
exponential facror and 4G the Gihbe :
of activation, which {5 a decrcasing function
the effective stress of = o-6, . o is ihe
stiess and ¢ is the long-range internnl stre:n
For small changes in ¢*, Eq. (2) can be cxps uJ0‘
to give for the strain rate prior to the applica-
tion of a current pulse

Y'L( encr

. . AG* | vo¥
P.nci = !lnso - T(—f + XT

[we)
o

where v = -55G/3¢* = kTiind/ac is termed the
activation volume. Upon application of a current
pulse we have

* *
AGT s * o
. . ed vi{z" + Ted)
= = + 4
Rnced Eneoed WT T (4

where CZd is the additional stresg acting on dis-
locations due to the force exerted by the drift
electrons. The subscript ed refers to the valucs
associated with the current pulse. Subtrantiing
Eq. (3) from Eq. (4) gives

(LGx | - OF
&) = e, 1E) - o
ed’ i foeq o KT
v ()
%
T AT Ced
According to the theoretical equations g Table 1,
gzd is preportional to J. ELq. (5) then indocato

that for a constant current density, ‘nf.; shovid
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Toble 1 - Theoretical estimates of the force por
unit length £/ cxerte? on dicion -
tions by drift electrens. .
(rdoy s e
. M) (“) : TATm
ﬂ(l) LF( ) Ve L. (3 . 17 foo (%)
Metal (107 %cm)  (10%*%e/em®) (evy (10%em/s) (oY (o T
2.03 0.38 0.88% 0.56 22,80 3.4 Sl
2.55 8.33 6.94 1.56 1.0% LI 2.4
Al 2.86 .25 5.73 1,42 1.38 £ Qv
Fo 2.48 5.83 5.47 1,39 1oLt T Zohn
Theoretical Fquutions:
Kravchenke(3): f/¢ _otev [
n® = Vo
Klimov, Shnvrev & Novikev(é): ¢/ = = .- . T
o
RKosncaupkin, Miloshenko & Kalinini(7): f/. = 4 % a (ve - vdk = fJ- ;
Electron velocity: Ve = J/en Dislocation velovity: vy oo Do inrrent avnoite
electron densit, frem R, A Brown, J. Phyo. ¥ PR R T S B A PR
o e SOV S VAR I _ 662610707 R -
= Fermi enerpy = e n FER R ST TR S
(4) Vi ® Fermi velocity =
vary as v, providing Eﬁod and iG:d de not change raus Jodn Figl o0 The <1
with the factors which vroduce a change in v. straight lTine passini thr o, b o0 oo
For FCT metals v decreases with strain ¢, whereas caqll = 8.06(dyn0/cm:)f B The 1 oroe o
for :{C wmetals and Ti, v ic independent of strain unit length (f/%) on the lecstion 3eoplve
(70,717, Heace U, is expected to decrease with *
¢ for FCC metals, and to remain relatively inde- (£/78)/0 =~ - bL/M] [
pendent of ¢ for BLC metals and Ti, which was ex- ed
perimentally observed (Fig. 6). éed is here . where M is the Tavior orientation Tettorl e
censidered to be equal to (Lap-;cg)/ﬁytp. where stituting Cedl/d = BLOGLovne/on ) (A =
tp ‘s the pulse duration (50us). 2.55x10 fem and M = 3.18072), one Oltain: @
Assuming that éoed ang LG3q do not vary with = G.leo_e(dyne/:m)/(Ac S ich is ir e
strzln, one can on the basis of Eq. (5) detcrmine able accord with the value of 2,620 774 S
:éd for FCC metals from the effect of strain on v (A/em®) caleulated emploving the equatio
and fg¢. Results obtained(69) for the applica- Roshchupkin et al.(7) in Table 1.
tien ¢f high density d.c. pulses (2500-5500A/mm The intercepts in Fip. 7 vield the quantit.
for 60.s) during the plastic flow of polycrvstal- {tn(faeq/ty) - CGEg ~ ZGFI/RTT. A log-loz o
line Cu ir uniaxial tension at 300K were emploved of this quantity versus J is giver ir Vigp. !
in this analysis. The maximum temperature rise yielding a straight line of slope of 2.
in these tests was 5K. Again €,q was taken to be suggests that this quantity varies as (rjg
€. E\/Eytp- Assuming that. the drift electYons havse onl-
Since for FCC metais v = kT/om(70), where little effect on the obstacle strenpth, ..
mo= -0z Ind is relativelv independent of ¢, G, the intercepts would then reflect the ;
4. (5) becomes “or this class of metals of electrons on the pre-exponential J, = " 7
£*, where p is the mohile dislocatic d& .
it s B it the aren swept oul per successf{u! Phaer D i
el 6) teat oo and o* the fvequencs of viteo o
( dislocation segment of leapth i% between o -
cles. The second power o wor ~gg woolo .
accord with an effect of 2. on the I -
~ Honce o plot of versas /0 Tor oa piven cation denstry g (75,0 7 moted o Y ' |
.ﬁ\;' (UTrcH(*dtnSi:F J shouid vield a straiviit line of i« that 50 n/‘n = 1 when GOTAdme L e, L
??f: slope o /m. Data for Cu are plotted in this a threshold valne of 1 (ey ‘2“; far i1 o
,o({?' manner in Fly. 7, vielding reasonablv o straicht T
0 lines wvhuse intercepts and slopes increrse with N
;\’ Joo The values of Sgg were determined fror the Y in Fig. Y it i oassumed inoac ('(fﬂ~ AR

slopes of the lines by otabing o o= Sxi16G (70 and = 0.
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Fig, 7 Ln(ége/?1) versus 1/c as a function of
current density for polvcrystalline copper.

Since in the case of Fe and Ti, v does not
vary with ¢, one cannot scparate the effects of
clectrons on o™ from their effects on AG and £
in tho manner of FCC met aiq The order of magni-
tude greater value of (Log,- Lop) /By for Ti (Fig.4)
compare.. t¢ the FCC and oL( ﬂetals could be duv
to o siguificantly larger effect of drift elec-
tren e LG, i.e., on the strength of the inter-
stitial sciute obstacles, which are the rate
controlling obstacles in this metal(71).
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Fig. 9 Lp(fpey/€o) determined from the inter-
cepts of Fig. 9 versus current densitv. [t is
here assumed that (FCGEz - 4C*)/KT = 0.
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