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T11E ELECTROP1.AST1C EFFECI IN !liAS

1i. Conrad , A. F. Sprecher and S. L.. Mannan*A

Materials Engineering Departmet
N.,rtll Carolina State Univei city

Raleigh, NC 27695-7907

AiBST?.;.CT (16,17), diliicatii j.: t;erat' ion .2;i bi iJ1
19), 1hrirtLe fraciurn (20-22), far iguce 3, A3;.

rIu influence of el C'C 1-ic current1 on tho metiI; %wa rk lo (16.2'-33) . -,he nib-nre-, td e :r t

nechanicnl propert ies ) metals i!; rev'.i.e-. . ilnctrio current puh;es on rchan ice! Prv7;:.rz4 ct
Included are the Lffiicts of both law va~ as terned anl V.1ktroplasric effot
(,-IlA/r.Lm') cotinuouls corirent and lii~ P nai -1np rs 1,y Nolth1 An- rican torr atthi I-i
(%-105A/ltMl2) current pulses, with spec in! c: to- tropiastic effect inl metals boc;.in .'.-nr1 ;,I, in
Lion given to the lattocr. Vic I. inlc I, the the literature from 19,79 (Y.Z4 itr ' h
high denrsity current pulses is anatlyzc, ir t,2r ri a fter papers As o began to appear 'r,. ntc-
of the parameters involved in the :tr ll-or- rinsof the- world. In 1913C, 'S-iarj s anc"
rated overcoming ow short-range c: cst ad:-, to di!:- coworkers(A5)of East German:.- reporte,! an

10c~iol mtio. onsderd ae:(a) the force plastic effect in teintermetallit cortetun:V
drift electrons exert en dislocations he'd ulp at deformed at ellevoc-d temperatuires , Ld Icating
ol stacles and (b) thle inflnc of driftL the effecL is not restricted to m,!tals arn a
eleczrons on the obsta'cle oteghan.d on the reIlti*Vv low temperatures. In l9 81 , S;lw v- jr:1
pre-ox-ponentlal factor. and coworkers(46 2.7) of Bra,-I fnund that fteo ra to

of stress relax;,tion ot a nunmber of noera' a
THLAT THE" DRIiFl o,; r re eleCt rcons in n tscr al elev;2ted tempe)ra tjo s jrrrean ed ~in at3
1'lystal may interact with!.I'ho djSIlocnt in': thoru- with the applicatito )f a cmt.] on: inuel;:
4il W.I% 1irst, *cj,,r--,! i0.v 'rr-oits!. i and ILichtrnn O'irr:- aid~~nt. "r I .A'11M! t! o L:i

.-in i963,!). lucy fc;und dujring electrtr, irradi-- influCenCC of itl nlici-ric tclrrottt ott O-
tion of Zn s ingle c rys toa1s u;nde rgo ing asi de - cal propertccx of metal s5 is not rest
fe cti On that- there occur red .1 sig i Callt hiigh currenL den,;i tit's, lItM in -. :taa xa i
dec reeve in the floiw tstrexs and an improvemeint in all earl br obseorvatin of Ki shk ii nn KlY.'1-8
ductility wheti thte elvct ran beam wan di tezited whlo found thau t t t creup rat c- Of a nunihc- '

%: aloni- the ()001) sl ip plane, compared to whun it tie als inc reastod up,),! applicat- fan' of orii tar
.1%was directed normal to the1 plane. Sitmilar l~ s015/-
.1%re-sults were subsequently reported! by Treitkii low a ds tet to m iflurorof r

10in 19615(2).- These obrerval-ions led to the con- trotns on1 the p.IasiIc flow ?rre:-s a: rolte --
clusi-i that drift electiront: exert a force in h ioa n St ructtrcs have heon oi0 I "
("ele.cron wi nd") ott dislocations andi ie refute (49. 50), alain changes in texture aniin skI.z;

si.force alai : -so cct t turinc titec paSS!go juct-n t eux iii !h- r.ss ae e. ..

of an electric current (3.4). Theoretic-al slupport !ap1irt-tion of current pulses during met;%,ckn
fradri.ft electroo-djslocaticn intcraction (1,1,5 u ir~hvr , it was; fttiir, 5: . '.

provided b. the considerations of Yrnvcl-enko (5) . thie ronlurrcllt app! ton:icn of htight d ftn
Yl:o'S11anyrer n inv ovko(6) * and morn ri'e.-t A' cu-onn tl ' *tir in, the :neI itIC t*

o sh ch,;p in, Mi loshenk n m K-,1 in ilt ( 7) c reated t~lnE ra tes r!f re-c .(ry, ret ry-teP
T: ide,- -h It dr i: el ec't tron s c-an in'f Clon.' at:! touiu i i -Lh 'Irtt r, o:-A C! e rea- .

0 n- e u ,~u i c:;. ;it'd :so t, ia : ofr di !Il ac- nt onr t pist : n an'. in' -a r .- 0 toa t:
Irctsi i a~nd It ':..r 't:-.iu ;c ent istr to c art-- iOrl: in ct. t tic reel's it a. cr

'A r .I r p Li I co I, '

a ' rtto t7:. rt Lu. i t a he. ino!t1i :0 fle: na;- intt I k,.1 atl t .1131 ititti1,. ,

%* To be published in Proceedings moL.
Symp. Mechanics of Dislocations- t.,Oge"-''in-

ASM, held at Michigan Technological
University, August 28-31, 1983

* *On leave from Reactor Research Cenf-rv
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erates Of precipitation in Fe-C( So, 57) and in Al]- investigatzEvd On and Ph) single0 cry!cta!! iand p 'lv-
4wt.% Cu(58,59) alloys. Also wo-rthv of mentioni crvstals of Zn, Cd. Sn, Ph and In; also some
is that the heating of Cui and SniPh lavers on Al te sts were conducted at roomI tempe rature z'- -

*wires by passage of an alternating electric as 78K. They employe-d direct current (d.c.,j
*current of 10A/mm2 led to the formation of i' and pulses of the order of 10 A/ncr' in strength .in'.

E intermetallic phases. whereas onlv - ' formed -viO0ts duration by discharging a hank of cape? 1-

when the specimens were heated indiroctly(60). tors. Thu time between pulses was o"' the or'ier-
Additional observations on the effects of elec- of 2-10s, which timc was sufficient to allow~ tot'
tric fields and/or currents on the structure and specimen to return to its original temperature-

*properties of metals are presented in Refs. 48, following the current pulse, Most tests wer
61-64. performed in uniaxial tension e'n spec7imnsn imm

The present paper will review the work on dia. x 15mn. long; however, some were conducted in
the influence of an elecaric current on the me- conpression on specimens 2.5mi x 6c-m. respect Ive-
clianical properties of metals, giving attention ly, to evaluate the role of thermal expansion due
to: (a) separating out the side effects of the to Joule heating on the observed change in Flow
current, such as, for example, JoulE heating, the stress.
ninch effect and the skin effect, a-i (b) identi- Single Crystals - An example of the earl.'
f ving the role of elect ron-crystal ucilect inter- results obtained 1)v Troitski i and rowirkcr! ,n Zn
actions, single crystal s is given in- Fig. 1 . 1he tA I wing

*The term electronlastic effect has bCC: useld
by some (e.g. , Troitskii and cowf.rkers) :or the
total effect of the current (including th)e side
effects) and by others (e.g.., Conrad and cowork-
ers) for the differenct: be-tween the tal e!:ff c t

the term resulted from thc fact thaL in the carl" 1-1 71

work by Troitskii on Zn single crystals the si-Ac:IJV W1! ,0
*effects were relatively sm;.,3 -orrpared to the/

total effect, so that the tatal effect ascon- ti*
sidercd to be due primaril': to on elecirton-
dislocation interaction, In the mote recent work
bv Troitskii, side effects of the current (..sjce-

cilv-il heating) have been found to rupro-
sent a significant fraction of the total effect.

*Ir. view of this, Troitskii coined the torm
electronoplastic effect for the component due to
electron-dislocation interactions, and retained Fig. I Load veis exteso digra for Zn
the term electroplastic for the total effect of single crystals tcste in uniaxial tension at 78K
the elect'ic current. For the sake of consisten- and a rate of O.Olcmst  showing load drops due
c'. and to avoid confusion, the present paper will to the application of d.c. pul'ses producer3 by
follow the terminology proposed by Troitskii that discharging capacitors with thce voltag, V'
tie electroplastic (ep) effect refers to the indicated. Regions A correspond tn stres!; relax-
total effect of the electric current. However, ation (i.e., machine was She't Off) . From
we will e-mploy the tern electron-crystal defect Troitskii and Rozno(4).
(ecd) effect for the porto due to the inter-
action of drift electrons with cr ' stal defects in were noted: (a) the application of d.c. polses

general. The term electron-dislocation (ed) during plnstir flow at a constant extension r-ate
effect will then rer to the interaction of produced load drops, whose isgniticioe tareaiC-d
electron with dislocations, with the capacitor volt .igi (i .e., withcore

1In vilow of differences In object ives and density), and (h) Lhu magnitude of tiev Ioiad dr-ops
approaches by each of the various regional groupt; was apprccinblv smnaller dxtrn . thc- latei staoes
of investigators listed above, the plan to be of stress relaxation compared tr' those durlnI
followed in the present paper will be to first plastic flow at. a constant o>:tenSion rate.
review the results of each group separately and Furthermore, the load drop for a given voltac e

Lein a more general discussion, attempt to was larger lor the tests at 78K coop-~itd to thise
draiw f rom thecse results rho present state ot Our at 300K. Al so, there we'..i tendonv-.- fl-! r h'- '
knowledge and understanding of the subject, drop !,P to increast as tie level I, fi lo

stress increased. 1:n view of tOIL;, rlt

RUSSIAN WORK coworkers ised the ro t i 'PP Si a ri-.-are
elettropla-t Ic effect, wht-re P' i, t(l.'-;- i

FLOW STRESS (flow stress;,) prior to lie aj~pl jucit i:d

General - Most of the Russian work an the current.ple
effects of electric current on the flow stros!; of Figuire 2 shows, tht tLhe rait in /I vat ''-I

Vmetals has been by Truitskii and coworkers, early -with crystci orientnation anl with to!ri I( -
reviews of which at fon( in Refs. 9 and 10. Pot 99.998" pore zo ict\'stait, :I...' ::i' ;,,
Their st ud ies wvre mainl% on Zn s ingle cr 'vsta Is of I.P/P1 ranged be? i-Ceo -I) W-:I.Y no ,.

terted it, liquid nitroP,-,i. Howe.-er. they also for Y 6= 'h-80'- Li h n~ 1. -

WV W



basal plane and the specimen axis), whereas for at room temperature with forced cooling yielded ;-
Zn crystals doped with 0.027 Cd the maximum value w1ax l.nop" tVIeperoture rise of 12-16C. The tl~er::.al
of .. tiP was ',0.25-0.40 and occurred at o 45

° .  
expansi on produced by these termper4,ur, risew,'s
estirmnted to be responsible f(or- 3-4% of the load

.40 drop at 78K and 10-15% of that at 30V(4) . The
fact that load drops occurred in comressi,,n

\,". tests(3,4) supports the conclusion that thermal
Doeped~ zinc expansion was not responsible for a larpe frae-

30 X (1d) 30 tion of the total load drop. Further support
that thermal expansion cannot account For a large

4portion of the load drop in uniaxial tensios isZO 20 that the increase in specimen length (,n i!.tr

Pur drop in load) produced by a current pulse in-

- creased by a factor of ',2.5 as X. increased frram

7'. 1j 8' to 44(9).

. A The second influence of Joule heating is
related to the effect of tenp,-reiture on the flow
stress, i.e., thermal softcning. The fractional

%" 3 3 decrease in load expected due to this ua11c fo;"
a 0 O 30 30 79 90 the temperature rises gi ver ;1love wa:; (:, tin., icd

deg (9,10) to be no more than 0.4-0.67 of tht' applied

load, which represents at most only 3 of the
Fig. 2 The variation of AP/P with crystal orien- total load drop ':P. Thus, the comb ind effects
tat-on for pure Zn (99.998%) and Zn doped with of thermAl expansion and therma1l s;,ft en i o w,2re
0.027 Cd for tests at 300K and a current density estimated to account for only 6-7% of the meaji-
of %1i0OAimm-. From Troitskii and Rozno(4). tude of the observed load drops Ap.

The magnitude of the skin effect was evalu-
In earl. sLudies(3,4) it was found that the ated by placing thermocouples at the surface and

magnitude of the load drop decreased with in- in the interior of specimens and comparing tht-
crease in strain rate. Lat.r studies(8) howev.er temperature at the locations produced by a
revealed that the effoct, of strain rate were not current pulse. It was found that the 4iffer-nce
straightforward in that -P increased with stralt in temperature at these positions for te'.t:,
rate ar low rates, reached a maximum at an inter- carried out in liquid nitrogen did n:,. exceed

nediate rate, and then decreased again at higher 0.3C even at the highest currents, the higher
ates. value being in the interior. This wzis taken tc

Changes in specimen length M\ which occurred indicate the absence of a skin effect. Worthy of
during a load drop were calculated through the note is that there was no difference in thermo-
relation ',- KAP, where K is the spring constant couple readings between the center and ends of
of toe test system. The changes in length ranged the specimen.
from 2 to 18xlO :mm for current densities from To measure the magnitude of the ,'inch effc.ct,
600 to 18O0A!ram2(l0), which correspond to strains a two-part specimen configuration was employed
of lO

-
4 to 10

-
3 for the Zn single crystals (8,9). One part of the specimen (Part A) was .e-

employed. Examination of the crystal surface forming plastically under the applied load,
with a microscope revealed no significant change whereas the other part (Part B) had no applied

in the overall slip band structure(3,4), except load. Current pulses were passed through each
perhaps some decrease in the coarse hands (which part separately and the associated load drops '_P
were separated 18-24L:m) corpared to thin bands measured for pure Zn and Zn + 0.27 Cd aliny
(separated 9-12;.m)(4). crystals. The results are presented in Iig. 3

Load drops were obscrved for compression as The load drop .'A1ij ;:,,s I:l,, with Part I;, whi ci
well as for tension(3,4), indicating that thermal mea:ured on! tht. pinch efivot, wis similar In
expansic" due to Joule heating was not the prin- magnitude for both materials and exhibited th
cipal cause of the load drops resultinp fr.,: the same curreni donsity cl-ef4ca1ance. On the th
current puses. Al thoug a magnetic field of hand, the load drop l'A ass-,'ated w , c " .r
.-2000 Oe had no effect oln the magnitude of the had a stronger dependence on current density tha:i
load drop, a change in polarity of the current APp; moreover, the current dependono, v of Pi' w,:

pulse did(9,0). influunced by impurity content, be inp a rer
Recognirinc that such side effects of the the Zn + 0.2% Cd alloy. 'ihe differonc PA-

current pulses as Joule hentin, pinch effect and was of the ord.,r of 75r of the total !, Ir,;":
skin effect can contribut, to the load dro!. for the Zn + 0.27 (d , I , r;o;t ! air -f '1w
studies wore carried out to ,valuate the rela- order of 50. for pure Zn, to 'i atn ,
tive contribution of these si,'e effects. Calcu- pinch effect was responsible for , 5 ,

lations and measurements(4,9,l0) of the tempera- the total lead drop in the-;e c'
ture rise AT due to doul, lwat ing duing a single. Since tLo,- ceth ined efet, ,' hrr '.xp,,r'-
current pulse of -1%OOus applied to a specimen in sion and theirmal s. ftenin', Au, to .lotllc hal ;7:.a
liquid nitrogen yielded Values 'If 'T = "(.4t: '01 wi-rt, found l ,, represent nl' ' : rii I , I.
a current den;it, .1 7 :. ,!A and --8i: for 72 o' th, tot.! load drop I I ' ,v.) ,..-- :,.

J = 200A/rjn,-. Simiar c,-osiderztions for t., tE. from a current pulse, " I-c ''(','I ,

M4, M'



considered the difference APA-!tPb to be due of Zn. Cd and Pb crystals at 78K were studied by
mainly to an interaction between drift electrons Troj t i and lta:;henko(13) employ ing d.c.
and dislocations. Support for such an intEr- currnt guI :es of 400A/mn and b5es duration at
action was provided by the observation that a a frequency of 100ldz. These authors found that
threshold value of the current density (%400A/ the rate of stress relaxation increased signifi-
rn 

2
) was required or AIPA-'.i'b > 0 and that a cant!. with the application of the current puilses

weak polarity effect ('10% of APA) occurred upon over that without pulses, the difference in-
reversal of the current polarity, both effects creasing with the stress level prior to the start

being larzer for the Zn + 0.2% Cd alloy, of the relaxation. Moreover, a further i:icreate
,m. in the rate and amount of stress relax:,t ion

-, I occurred when the polarity of the current wuIs
reversed during the relaxation. Tho magnitude of

Zn(99.998) LPA the polarity effect was complex. It depended on5- 76 K ! the prior stress level and on the time folh,,!ing

the beginning of the stress relaxation at w!.i.:r
40F current was reversed, increasing with the prior

7oL, Stress level and decreasing with relazation time

5LO .an " pA - A
F - prior to the current reversal . The 7(.! *.:i i:1

*rate did not rise immediately after t~io c itre::!
./ 2 was reversed, but only occurred after a c_.tt: iii

20 lapse in time, which increased the Ionger t;,.Sprior relaxation time befrnre current rcver.,I
1Z0  

£Subsequent studies(65,66) revealed that the
enhancement of stress relaxation incroased with

I increase in pulse duration tp in the rangeTi;
_£- 50-190as for J - 200-250A/msi and v = 100Hz.

/. Ape Further, it was found that the influence of a
Zn.0.2%Cd change in polarity decreased with tp o:id with a

50 78K / reductiln in the time between the rever!.als.

1 Cr.e;p tests were condu'Lted on Zn clv;ta I. at
40A 78K employing d.c. pulses of 200-2.,0A/m: and

- 30-24O os duration at a frequency of 100h;z (16,l7).

30- - In the first series of experiments(16) it was
/ 3 found that the electron-dislocation contrio'itlon

to the thermal component T* of the creep StreSS
01 decreased from approximately 807 to 107 as the

10- a pulse duration time increased fromr 6(j Lo 150_ .:

10 a In the, second series of experints (17' ite s t a b l i sh e d t h a t t h e Lr e ,- Ira t e ' in C rte jS V , n _*Jg :- ! -
.. cantlv up)on applicat ,,n Of th . d.c. curr,-.nt

0 .4 0 0 . 6 0 0 .8 C O 2 0 .4 0 I Z O L 8 0 2 .0 0 P u I s e .s h a n t d - o h t c c c v t p

preciablv preater than that ot tain'd fro.'. al a..
current uhich produced an equivalent temperature

Fig. 3 'A (total load drop), LPB (load drop due rise. Contrary to the results from the first
Co pinch effect)- and APA-APB (load drop due to series of E:xperiments, the magnitude of the in-
t lectron-diSlocation interaction) versus current crE:se in cre-ep rate in the second seric: was

" Jden!;itv tor pure Zn (99.9981,) and Zn + 0.27 :d ennce',l with increase iti pulse duration, the
ft, ' single crystals ( = 180) tested at 78K. Data greatest effect occurring for durations of 110 to

from_ Troitskii(9). Spring constant of test 15005.
,vstert K 3.37 10 mm/N. More recently Stashenko and Troitsk i (.7)

invest ig",C' the effect of current (150-30(/OI r'
Pol ,crvstals - irotIskii and coworers il- pul :0 frequencv v in the range of 2 to 60011z on

vestigated the effect of single current pulses on the creep of Zn and dilute Zn-Cd alloys at 781'.
S.polycrystals of Zn, Cd, Sn, Pb and In(3,4). The They found that the creep rate increased with

resulting load drops .P were similar in magnitude frequency, he effect of v being greatest between
to those for single crystals tested under identi- k and 100Hz. Analysis of the logarithmic creep
cal conditions. However, because of the larger curves indicated that the current pulses produced
'sa!ies of the flow stress, the ratios 'p/p fcr. a change in the thermal component oi the stress
the polycrystals tended to be lower than th,,se :'.T* and in the strain hardening rate h, the
fur single crystals. Tho values of APP at a fnrm(r increasing and the latter decreasing with
condenser charge voltage V - 150 volts were 1.2% in the range considered.
for Cd, 2% for Zn, 3% for Sn, 5% for Ph and 57 FULS(:TI!U. AND FATIGUE - The effects of d.c.
for In. These ratios are considerably smaller pul.qv'

1 
of '",,A/msi on the ductility of tu'i.:ated

than the maximum values of 20--', obtained for Zn crystals tested at 78K and on Zn crystals
single crystals tested under similar condItinns, coated with a Hg film tested at 300i were inves-

STRESS RELAXATION A,.'!) CREEP - The effects tigated by Troitskii, Skobtsov and Men'shikif2l).
of d.c. current pulses or, th, stress relax.:t ion They ,nnd that tht' urrent pulses i:.

Conra ,. Spre.'h. r and >.i:iio
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resolved shear strain at brittle fractur:, by pulses (10 3A/,mi2 1l00os and 0.2Hz) during cyclic

100-12(% at 78K and by 50-60 aut 300K. Associ- loading (3 cycles) of Zn crystals up to 0.8 yield
ated with this increase in fracture strain was a stress at 78K increased the subsequent yield
reduction in critical resolved shear stress and stress by a.- much as 33% and the sheor strain at
in the strain hardening rate. The beneficial fracture as much as 75% depending or crysta]
effects of the current pulses increased with orientation.
pulse duration from 5 to 150,s and with increase DISLOCATION MOBILITY - Zucv et al .(18) inves-
in frequency of the pulsing from 0.005 to 0.4s

-1  
tigated tio effects of d.c. current pulsw;s up to

(time between pulses of 200 and 2.5s, respective- 200A/rs and 200us duration on the mn!,oilitv
ly). The load drop associated with a single {122:<1233 dislocations in Zn at 77 to 300K.
pulse increased significantly for an increase in The current was transmitted through the specimen
time between pulses from 2.5 to 20s, with only normal to the (1150) plane, both with the mction
little further change betwcen 20 and 200s. of the electrons along; and counter the movermenu

in a later study, Troitskii(68) investigated of the dislo:ations. An increase in dislocation
the effects of a 5am thick Hg coating on the velocity occurred for both directions of the
electroplastic effect in Zn crystals tested in current, the magnitude of the effect increising
tension at 78K with cz:rren, pulses of %l-0A/mm2, with the current density but tending t !;aturate
lO1s and 0.1Hz. It was round that the Hg coat- at ,!>75A/mm . The magnitude of the effect was
ing increased the load drop due to the current greater when the moticn of electron: coincided
pulses by 30 to 50%. with that of the dislocations compared to wlen *

Golovin, Finkel and Sletkov(22) investigated was counter.
the effects of d.c. pulses of the order of 103A/ As a critical test for an electron-disloca-
ZIrmPOOLs on crack propagation in silicon iron tion interaction, Boilto, Geguzin and Klinchuk(19)
sheet in tension. They found that both current considered the direction of current flow on the
density J and the time of application of the contact area produced by the compreo;sion of a

" current La in relation to the delay time td for single crystal Cu sphere between two parallel Cu
crack initiation without current (56Ous) influ- plates while undergoing d.c. pulses up to 30A
enced crack growth. For a current density of with duration of 10 s. Due to the smallness of
103A/mm2 and -200<ta<OPs, the initial crack the ball-plane contact area, current densities of
hardly grew at all and was the most favorable ,l0

5 A/mm7 were obtained. The contract area was
time with regard to preventing crack growth. No significantly larger at the plate where the
retarding effect of current pulses on crack direction of electrons enhanced dislocation
growth occurred if the current was applied prior motion compared to where it inhibited it.
to crack initiation (ta<-5OOs) or once crack Further, the difference in size of the contact
growth was well on its way through the specimen area increased with increase in current density.
width (ta>lO00s). In the latter case, the OTHER EFFECTS - Troitskii and Linke(68)
current pulse accelerated crack growth and melt- studied the emission of electrons during the
ing jccurred at the crack edges. The optimum plastic deformation of Pb, Cd, Zn, and in single
current density for retarding further growth of a crystals with and without the application of d.c.
crack which had attained a length of 0.4 of the pulses of %, 10"A!mm 2 and -100us duration. lcc-
specimen width was in the range of 0.2xlO idc4x tron emission from the specimen increased signi f-

1 OA/mm.; less retardation occurred for both cantly as they were deforming plastically. Add-
lower and higher current densities. tional bursts of emission occurred with the

A distinguishing feature associated with the current pulses, the magnitude of the bursts in-
retardat inn of the crack growth was the existonce creasing with current density and with pal:;e

- it a crater at the tip ol tile hltLed crack, name- duration.

ly an elliptical hole having an axis ratio of 1.2 METAL. WORKING - A review of the applicati,,.
to 1.5, with the major axis along the crack of high density d.c. current pulses (' ]O'A/mnn
growth direction. The size of the crater varied for ,1lO0.s) to metal working is given in Ref. 32.
from I0 to over 1O0 m depending on the pulse The current pulses reduced thi force required t,

parameters. The edges of the craters showed draw Cu, stainless steel and W wires by as mu:.h
signs of melting, indicating that the temperature as 30% and improved the postdrawing totisil,: priper-
rise at the crack tip rose to at least 1500C. ties. For Cu and W the effect increased linearly

Karpenko et al.(23) investigated the effects with current density and with the frequency of
of a low density (0.07Afmm ) continuous d.c. the current pulse for a polarity with plus up-
current on the low-cycle fatigue of steel speci- stream of the die so that the motion of electro-s
nens iv environments of air, H2 gas and a 3% coincides with the direction of the deformation
NaCl solution. The passage of the electric zone. Reversing the polarity also resultel in a
current increased the fatigue life in all threp decrease in the drawing force, but the n'aynitude
environments, the grcatest effect occurring fir was only about one-fourth that for p,1 11 upstr; ar.

- tests in H2. Metallographic examination revealed Although a continuous d., . current of equal aver-

that slip bands were mor uniformly distributed age current density also lowered the drawing
and the morphology of the fracture surface core force and exhibited a polarity effect, !h,, :-lni-

uniform for specimens with current compared to tude of the changes were ot large as hI..

those without. fir the pulsed currents. The (urrent pu] ja:

In another study Trltak ii .$) f tona 'hat also pir.d'itc d changes in the to atil'. W_ II( f:11
the applicatioo of high ,!ensity direct curr,.nt wirt. ,hW re' .icid the p'2r t p.; f ., , i ;,-

(icr :i . Spr icle .,io h .in! 1

Pa),
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induced a-phase in the stainless steel, total flow stress, Fig. 41). The specimr, i!
then (I l u men t;, l lv 1(331o Zh(" 1nil;" r;:1c'

AERICAN WORK internal stress and the drop in stri-ss Aol re-
sultini, from the application of the rime stres':

FLOW STR..S One of the present auth,,r; pulse measured. AnE then inclu-def sich idc
(H.C.) and his coworkers(34-38,40,69) have inves- effects as thermal expansion due to Ju!L,: heating,
tigated the effects of single, high density d.c. the skin effect and the pinch effect. The differ-
oulses (%&0A/mm2 for ^-50iis duration) on the flow ence Acp-Anp (Fig. 4r) should then consist prima-

* stress of a number of polycrystalline metals (Cu, rily of thermal softening and an,' electron-dis-
Al, Pb, Sn, Fe and Ti) representing a range in location interaction which may have occurred.
crystal structures, valencies and stacking fault Fr" Ti the quantity (.p-AcE) wa! found! to in-
energies. A principal objective of the work has crease with current density, but was rlatively

-. % been to separate any electron-dislocation inter- independent of test temperature between 77 and
action from the side effects of the current 300K and strain rate between 0.7xlO to

%I pulses. One procedure employed to remove essen- 17xlO- s-; it however increased with intcrsti-
tiaily all side effects except that due to tial solute content in the range of 0.2 to :.0
thermal scfrening is illustrated in Fig. 4a. A at.%(36).

single current pulse is applied during the Because of test machine inertial effects,

plastic deformation of a wire specimen in uni- one cannot measure the load drop during the short

",- axial tension and the drop in stress Acp meas- time (%50s) the current pulse acts. 1here-ore,
ured, which can amount to as much as 35% of the computer modeling was employed(37,38) to .eparate

* a.

a. f - . ..- . .- -

Acr,, P UNLOAD CURRENT

P1St St

£4"

." -,, ,ST RAIN; 7r M

b. c.

20
mETAL of (MWa Ti

35 AT 15 Ti

Cu 54

2 e 200

20 10

t'.

Cu

C U

fi. 1 1 3II 1 2 1 4 Al

5 Iq A/mn. ) :

!'I , i . tit ropltii ;t o'cl' : 'y th ile . I '. !, ti r ,, il Ir( 'ed~ '. (I.) :, i, ,f . i
. dii* "- t, the flow stre:.'s of 1o1" Al, Cu, I' :i id Ti as a !un-tIOn of current density J, ald(f

(c) Dti::er nce in stress drop during plastic '.1,'w "p and that at the leng-range intea ' 'tre:;ros':

is - f',ncilon j.

% %"'I.



thermal softening r rn any -lI c tren-disIecation Va rma a nd Cornwel (16 1) i nves t i. t t.d te
interaction. An example of th." results of sIchn effe'ts of current pulses uf 250-37r1A,'::, f.,r

modeling for Ti is given in Fig. 5, using an er- several seconds on the flow stress of sn.l 9

perirentally-derived, tnermal-activation consti- povrystals of Al. The ratio of strc-; drop

tutive equation for the relationship between flow to total stress of ranged between 2 to o .

stress, temperature and strain rate and reason- polvcrvstalline specimens and 2 to 52 for sing

able values for heat loss at the specimen sur- crystAs, increasing with increase in vol:a. e

face. Such ,alculations indicated that a con- across the capacitor bank (current densty) and

tribution in addition to thermal expansion, with decrease in crosshead speed in the range of

thermal softening, skin effect and pinch effect 10
- 

to 10-
5
s
-
1. The effects of crosshead sae d

was needed to account for the observed drop in became especially large in single ro:0ls

the flow stress. This contribution Aeep ( in strain rates below about 3xlO-s
-
.

present terminology) was taken to be proportional Goldman, Montowidlo and Galligan(4') studied
to the current density, giving for Ti the effects of switching on and off d.c. current

(2-SA/mm') and of d.c. pulses (1.4-8.hA/a~mi) Cn

0.019 .7Npn) (1) the flow stress of Ph crystals tested at 4.2K.
e At low curro nt densiti .,; ( J.j. A/om t .0, sth . a,.

was superconducting and no effect of current on

where J is the current density in A/ma i. Al- the flow stress was detected. At hig.er current
though standard slow-response recorders were densities the specimen became normal and a drop

emplcyed in the early measurements(37,38) of the in stress occurred, which the authors concluded
stress drops and temperature changes, more recent was entirely due to Joule heating.
work(40) employing high speed recording, systems
supports the validitV of the resuts of the BRAZI.IAN WORE:
earlier measurements.

Further support thor a significant portion Siiveira and coworkers(46,.47) investigated
of the flow stress drop which occurs with a the effects of small continuous d.c. and a.c.

current pulse is due to some factor other than currents (1.6A/mm
2
) on the stress relaxation of

Joule heating or a pinch effect is provided by Cu and Al. Both a.c. and d.c. currents were

recent results(69) on the effect of plastic found to increase the relaxation rate at tempera-
strain c on the quantity (o#-,.,t). It was found tures near 0.5 Tm; however, the effect was
that (Ap-AoE) decreases with c for Cu and Al but greater for the d.c. The effect decreasei as the

is relatively independent of r for Fe and Ti number of times the relaxation was carried out.
(Fig. 6) in spite of the fact that Joule heating Further, they found that the d.c. altered the dis-
increases slightly with strain in each case due location arrangement in the Cu specimens in that

to the increased resistivity. As will be shown there occurred a partial destruction of the cel
below, these effects of strain are in accord with structure even in the first relaxation cycle(49).
what one might expect if the rate controlling This destruction became more pronooncec a, the

mechanism was that commcnly held to occur, i.e., number of relaxation cycles waF increased. No
intersection of forest dislocations for the FCC such effects on dislocation structure were
metals, overcoming some intrinsic Peierls-Nabarro observed for Al.
type obstacle for Fe, and overcoming of inter-
stitial solute atom obstacles for Ti.

Ito AT120

AT Fig. 5 Computer qimulation of the in-

- crease in temperature 'T, the thermal
- c component of the flow stress c, the"

stress due to an elettron-di;Icat i'o
.1 0 interaction the drop itle

o'.. 
" 

'iapplied flow stress ioa the corre-
' r." R= 2 sponding elastic strain '(='E. )

20 the strain ".s due to thermol expansion

Ao. -------- -.' and the plastic strain
. - ... z due to e + for polvcryst'l inc

, , z- one refined Ti at 300, V " - 1.7

*-A". _,1 = l 0A/m ) as.s t '., .
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current at T>0.
4

Tm. Some of the results which
are tonglv sipportive of the idea that the
intluence of the high density current pulses

30 a Tt J=1500 A,,.
2  300 K F:60ps r fi etts the interaction of drift elect.-on!; W,'h

-2"/.7 -- instl defects in geieral or dislocation rotrien
in particular include: (a) the effect depeiid-; on

20k 1 crystal orientation or relative direction of

* j electron motion compared to dislocat on m. "on,
10 S e (b) the effect depends on the current polarity

and (c) it decreases with strain in FCC mscai.
-- Support for drift electron-crystal defect int-

20 L Fe J03500 A/m actions being responsible for enhanced stress re-

laxation and creep rates at high temperat,:res
0 • includes: (a) the observed changes in slip and

cdislocation structure and (b) no signifi-ant side
effects are expected for the test conditions that

Z,2 Cu J=3500 A/.m
2  were employed. The discussion to fol %ilI

focus on the mechanism(s) whereby hi e:..'t"

OF --. current pulses Influence the plastic a at Ius"
- ----I---temperatures, since m st of the wor he

Ipresent authors, and others, has be, " this
area.

t J=3500 ., ] Theoretical calculations of th , ex-

,.I erted by drift electron; on dislocat " n !
1"number of metals are presented in Tab I2. It is

here seen that the force varies by about 2 orders

0 2 4 6 8 1O of magnitude depending on the theory considered.

PLASTIC STRAIN To analyze the effect of drift electrons on
the plastic flow of metals, it is here assumed

that the plastic flow is governed by a rhcerMa--l%-

Fig. 6 Effect of plastic strain on (Aop-ArE)/E,1  activated rate equation of the form
for a current pulse of ^610 3A/mm and 60 ps applied
during the uniaxial tension of polycrystalline exp -2)

Al, Cu, Fe and Ti at 300K and £ = 1.7x-s
.

E0 =machine-specimen modulus. whore. is the plastic strain rate, the pre-
exponential factor and M; the Gi,bs; .r.t.

EAST GERMAtN WORK of act ivation, which is a decreasiuC funi, in
the effective stress i* - - i; . .

San Martin and cowrkers(45) studied th' sti,.sg and clp is the long -range intern:l atr,..

effects of heating V 3Si single crystals by For small changes in c*, Eq. (2) ran be ex;:,;,dod
continuous d.c. and a.c. current (%25A/r&) on t- give for the strain rate prior to the appli-.-
creep behavior at 1450-2000K. Electric current tion of a current pulse
heating increased the steady state creep rate
over that observed for indirect heating, with = - AG* + vo*

• , -.,$ d.c. heating being more effective than a.c. . 0 kT KT

During high temperature deformation of V 3Si,
Kramer(50) found for indirect heating of the wherc v = -5iG/Thc kT-,i.n /sc is termed te-
specimen that the slip system {I00}<001 was activation volume. Upon application of a current

active with straight dislocations of edge orient- pulse we have

ation. For specimens heated with d.c. current, G+
no slip plane was favored. Since the creep of nn = nded kT- + Ted) 4)
V Si appears to be controlled by dislocation d d k kT

climb, San Martin et a!. 145) propose that the
enhanced dislocation motion by the electric where ced is the additional stress acting cn dis-
current might be due to electrontransport of locations due to the force exerted by the drift
point defects, electrons. The subscript ed refers to the "ah:_

associated with the current pulse. Sobtra.:t lng
% DISCUSSION Eq. (3) fror, Eq. (4) gives

The studies revieved above into the effects ("'( /,d
of electric current (i.e., drift electrons) on td 0

4,' the flow stress or creep of metals can 1e classi- (-)
fled into two general categories: (a) the effect:; +
of hiqr de,,o.ity d.c. pulses (lO',A/mm! for 10

-
'

to I0 ":') at rloatively low tr lpr at, ll; l i.... Ar' -zdinn to the theorv. ical e.qoaitin:: i1" ",! , 1 .

T/gm'O. and (h) the effect ; of relitively low n is proportional to J. Eq. (5) then inC cci,

density (1-lOA/mn. ) continuous d.c. (or n.c.) that for a constant current densit% n.; sou:

is..

Conrad, snrh dt :an:d .

Page 8
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Tb>I I -Tioorotjcal estimto ih 'i *c

tin i t IlengthI f/V Z x d i! 1

Lions by) drift l''':.(..

0 )' ''

Meal b n FF!.'' '

Mtl (10 8
cm) (102"e/cm3) (cv) (l0"cil)lhOi ~ (V

0.38 0 . S 4 : 0.S 2 ,2.1 SO
Cu 2.55 8.33 6.94, 1 .56 1 .0.

Ali 2.8b 6 .2 5 5 .> i .42 1 .38 E
4 Ye 2./S5.83 5.> V3' 7. . 9

Thtecretical Fqu,.tions:

Fravchen'o3: fi [ (v - v)-

iKi.v, Shnvcs:v & No'. ikov'(6): M U V- v~Cv.( .

Roshcniupkin, Miloshenko & Kalinin.7)- i/i. =10:i (v v I-
e et

El ectro(n velocity: v = .3/en Disl ocatio~n veleo it v: -v G'F

N01-FS: (1) n = electron den.;it ,freem R. A Movtii. J. 't.' t. .'

'2 = nrs 8 / 2 .6.6,24x!( C

Fom c's :.3,Cit n? /

.'arv at- prov:1 j*-g -to G"( '. do not chnge~ Plttevi vc.'r 'I n ri . 1'11;,
wit' the fICtOrs. Which i' a chanc e in v. sr" i P, - I ine pore-ia
Fotr FCC veass dec. ease! isitn. strain t , whcrea : C-. *1 8 .0(cec -
for FCC aretals and Ti, s independIent of strain uin't lenigth (f/IH onl!I-d t;i

(7,'V esire 17,; is ex peced to decrease with*
Cfor FCC metals, a nd to remaitn relatively' iode- W01Q).1 bI/N

cr L1.Of C for BrFC -metals and Ti, which was ex-d
perfiaena:lv observed (Fig. 6). ed is here wh er e Ns th I i u Ir o*' ~ a ': a :t.
ceasidered to be equal to C~-C) >t.whet-c at iLioting h.d/ 68 1
tp :s the pulse duration (50,:s). 2.55xl0-

t
csand M1 3.n158 2,) onk "ic

Assuming that tOed an-d LGed do not vary with -6.5xI0l d'eOr)( w-rich is in -
strit-., one can on th ai f Eq. (5) determine alble accord with Lt- vaV ii 2 .6X!, y n
:,d for FCC metals from the effect of strain on v (A/cm:) calculated emo'os in5; the erluatior.c
and -;ed. Results obtained(69) for the applica- Roshchupkin et al.(7) in Tabl 1 .

.. tican ci high density d.c. pulses (2500-5500A/mr. The intercepts in lip. 7 vsd th e qu- it
for 60,s) during the plastic flow of nolvcrx'stal- (;n(Io~a/ O) -r (.!dC)VV A log-i.
line Cu in uniaxial tension at 300K were employed of this quantity versus is gp.'er~ in
in, this analysis. The maximum temperature rise yielding a straight line of sl 7,( of 2.

% nlleetests was 5K. Again edastaken to be suggests that this quantity varies as .r

p- /E':tp.* Assuming that, the drift eiect5-nns hni' i;tI
Since for FCC metals v =kT/cim(70), where little effect on the obstac le strength,

Zn
7 

is relatively independent of' c, * C, the intercepts would then ret 'ec
S(5) nf-comes ar this class of metals of electrons on the pre-exponenta?

- *,~;* I',where nm is the mobile di'.lo
(*) ~- us! i!; Ito ar.;, swept out per !;iot-cvs.t' i-

kT (6) tat 0io anid s'* tr,-

+ CsA 16 d islIo ca tion F e gmne:it o lnth 1. 1 ,C
C, I bs. The second pow--r d w-.
a, cord v~Kt-h n effev o' 1,"he

'tc '' o ! 'n/,3').rsis 1,: ''r a tjlF'is'' r-ittir (d,i',ii- 7.
eal slien Id Vield aisr tL line of is! that A' /o I whe:r

0 3~ifrCtz are plotted in t ;i a thrQ-shnol valo) ol I (,, f,)r f r

inswhose inter( L-pts1 AndI inrt' rflci'"c with -

I? .... 2c~vluc .,' .e,j were detelrtsint'd 1 i;tI ab. r), fp. i tt is.-( '0
e:g~ofti-i- linis . ti- ~ ,:: :H (7ii and ~0.

.-.. *P!
6%~
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