
3 Nnm. Sci. Coun. Sri h k o  1975 3 2 )  : 129-144 

Effect of Strain I~~duced Disiocations on the Resistivttv of Copper 
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lnsriture o f  Scientific and It~dustriol Rmecrrh. Colombo 7, Sri Lanka. 

(Paper accepted : 4 Novernbcr 1975j 

Abstract : An experimental technique is described for obtaining electrical rcsistivity -. 
strain cur.ves a i d  stress -- stral~i curves for copper at uniform rate; r ! r  wain in the 
range of 4.7 to 91.0% strain per minute. Plots of resistivi?y corrected for dimensional 
changcs with (true stain)? gave two linear sections with the hig!ler grridienr at  h~gir  
strain. The gradients increase with increase in rate of strain. Corresponding sA, .  ,less vs 
(true strain)+ plots zlso showed two linear sections but with the iccond gr;ldicni 
slightly lower than the first. 

An expression raking into accoumt the annealing r;ite constant ([I) and the I. ..:c (:f 
strain is dc:ii.eci. For a selccted vaiue of 11, a plot of correc:ed resi<!ivity wit!) ( L I . U ~  

strain); s11ows two linear sections for all rates of strain. Purtbcr, the graph of correcre:i 
mess v s  (true slrnin)? at h - 0.05 fa11 into one straight line for all ratcs ol's:rain. 

'The va!ue of dislocation den:;iiy'calculated on our elec~ricnl rcsistivity meiiui.l:c. 
nients is in exceilent agreement with that obtained by transmission eiecrron n~ict.oscc:.~,~. 

i t  is weil ICIIO\Y!~ t!lat the :esisiivi!)~ cTa .metal is due tu ciecil.c.,n scat ter i i~g by jrhonons. 
rlzpurities anti slructural defects. At coastor~t tes~j:erature, scattering Oi '  electroi~s 
b;y phr,,nons a;ld iinpurities worjli! be expected to be ~ ? ~ l ~ t ; l ~ l i .  l!i,!\:c~e~. n mctal 
subject to strai11, would contiiin n:orc structural dcl'ccts than t l~;~ ' .  ~d' !Ilc unstr;!ined. 

A major structural defect \vhiCl.i controls the nletal bdliivioul- utzdec si~.:!in is the 
density of disloca,tions. i t  has been den;onstratetiG t k t  a ~!let:tl uitder str i~i :~ usxc!er- 
goes a multi~lication of its dislocatiorrs such ihat the dis!os:;~tion density is; proportit>- 
inal to the extent of strain. 

It woulci therefore appear that  any change in resistivity of a ~ne la i  r!n(lcr strain 
coulcl ollly arise from the increase in scattering cf t i l e  e!cctrons brotlgi~t  bout hy ali 
increase in density of ciislocatious. In ~ r d e r  ti: verify this c~pc~it~zenti:lIy. we i~ave 

Q carried nut measurement of variatiou vf resistivity of cnpp,:!. 1,iitll st]-ajn f, \r  w6lich 
independent data of' ciensity of' dis1ocai:ion as a function of strain are available. 

2. Experimental 

%' 

Soft drawn copper wire (purity 99.90 %) of length 50 cm arzd d:ameter 0.162 crn was 
strained a.t prstietercnined rztes o:l a lMitc!:r,ll Halifax rr,c;al :=;.-Jrki!lg lfithc sui!ably 
modified fqr the p u r g o ~ . ~  The wire u ~ s  IieId bet wee^ :t,n,r! chucks, one .:~f -i.!lish ~.ri\.a~ 

'IIead, Chern~btry D~vislon, Rescwch and Development Office, High~d.5'3 aepa~ttne~it, Rarmalaaa, 
tDlrector, Tea Research Institute, Talawakeile 
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fixed to an immovable post of the lathe, whereas the other chuck was bolted with an 
adaptor to the movable carriage aligned in position for tension with insulation to 
isolate the wire from the metal parts of the lathe. 

The \ariation of resistance with strain at two points 10 c n ~  apart in the central 
portion of the copper wire was monitored, using the 4 point probe method by means 
of a " Keithley ' nlodel 503 milliohmmeter, designed to measure low value resistances 
fro111 0.001 ohm full scale to 1000 ohm full scale. The recorder output of the milliohm- 
nlcter was fed to a ' Sargent' Recorder Model MR. The resistance was recorded 
continuously on straining the wire  to the breaking point. 

Stress-strain curves for the same copper wire were obtarned under the same con- 
ditions of dynamic strain by attaching a proving ring (maximum load 226.5 kg, with a 
resolution of 0.455 kg per division on a dial gauge) to the immovable post of tho 
lathe. 'Thc dial readings of thr, proving ring are recorded at regular intervals of time 
using a stop-watch. during contit~uous strain till the wire snapped. 

3. Results 

'The variation of resistivity (p) uncorrected for dimensional changes and annealing of 
dislocations with true strain ( E )  for different rates of strain (r) --- 0.0470 (26 rpm), 
0.1084 (59 rpm), 0.21 18 (1 16 rgm), and 0.3989 (220 rpm) stcain per minute respectively 
is shown In Figure I. 

Figures I1 and II[ illustra.te the variatioll of p corrected and true stress with e4 

respectively for different rates of '  strain, 

The reproducib~lity of these results 1s withill + 0.5 7, .  Fully tabulated reaulta are 
given cl~ewhete.~ 

4.1 Strain and Density of DisIocatEons 
The relationship between shear strain ( E )  and the density of dislocations (N) is well 
established." For polycrystalline extruded rods or drawn copper wire it could baQ 
shown that 

where A is constant viz 2.8 >: 10." 

It was shown by YoungH that the relatil~nship given by equation (1) is valid 
over the entire elastic and plastic range for metals such as Cu. Ag, Ni, and their 
alloys 
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Fip!irc I Uncorrscicd resi,tivity (p) vs LX.:!~ stt'dli~ (c) for difkrnnt rates of strain 
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Pigrue. (1 Corrected resistivity (s*) vs (true sirajn)llZ f ~ r  diffennt rates of stxajn 
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(I )  0.3989 'Straln Win-' (220 RPQ 

(1) 0.2! 18 ,, .. ( l l b  RPM) 

., Q C.1084 . f 53 RPM) 

(4) 0,047 " " ( u RPM) 
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(TRUE STRAIN)+ 

Figure. 11 1 Corrected stress vs (true strain)+ lor cl1ffe:ent rates of strain 



4.2. Dynamic Strain and Density of Dislocations 

Static stress-strain re'iationr; are often iriflsenced by soncomn;_itait relaxaiion effects 
:hat often prevail during testing. Wher~ a crysta.1 is strained, a certaiir clsnslty of rijs- 
iocations is prorimed accordi~lg to equation (1). But cllre tu tlt.erma1 agiialinr: a certain 
fraction of these would get amesled. ~onsequen t l~  instantaneuus density of riis- 
1ucation.s would depend also on tl:.e rate of sirriin and this density wmid  drop 2s the . 
crystal relaxes. It is therefore cecessary to derive an expression taltixrg i ~ t o  account 
this relaxation effkct. The rate cf acneallng of tb.c sJ!s!ocations nxxy be assumed to be 
proportional to B L ~  density of dislocations. Hence i!le differential equation for the 
rate of change of dislocations with time under dynamic s!rain may be written as 

dN -- .. -- Ads - hN 
dt dt 

&ere h is the rate constant for the assumed first order annealing reaction. h 1s expec- 
ted to be characteristic of th.e metal and dependent only on the temperature, provided 
the shear rate is not so large as to produce an appreciable generatior1 of heat in the 
specimen, 

'Phc-,.:lution . . ,  ! of the differential equation may be written as 

where S is sinlple strain given by S - rt in which r i s  ;L constant determined by the 
speed set fur the operation and t is tile time. 

4.3. Resistivity and True Straira 

It i s  v~ell h u w n  that the resistivity of a nietl;! (p) istthe sum of resistivirltics due to 
scatterirrg of electrons by pltonons, impurities and structural cleformatlons, otl.erwise 
known as Mathiessen Rule. 

r" - =  p + f .  
4- p 

thermal mipurjtles deforrnrttions (12) 

The electron scattering, and resistivity of a metal art: relatec! 1,y tire equation 

where m is the efFective mass of an electron, n is the number of free electrons per 
unit volume, q is the electronic charge, U is the average velocity of the electron and 
h is the mean free path of the electron. Therefore, equation (4) can be written as 
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When a metal is strained at constant icrrrperature, the contributions to t1i.c e!ectrical 
resistivity by phonon scattering and impurities sc.:terdng mzp be regxrded ; is  ccirist2T:t. 
'rkerefore the increase ir: resistivity of a met.! '13ndt.r strain would lirgely depejid un 
deformation sczttering which in turn c ~ ~ 7 ~ 1 d  vary wil:?~ the density or disloc:a!.ions 
produced. 

Fcr pure copper, the equation (6) c,in be written DS 

2 m U .  1 . 2 m U  1 p ;-- ... -+ 
rzq2 h., W 2  deformations 

where A, is the mecrt free path of the electron for phonorc and irnpurjties scn!tcring 
when the strain ( E )  is lero. If h is regarded RS the mean distance between two 
dislocation lines4 me have 

It is well known that N == As, wi.lere A is a constant, termcd as the L ..nsity of 
dislocation per unit true strain. 

a .  Equation (9) can be rewritten as 

According to this equation, p is prcjpc>rtional to :i. Figure II sl~ows that 
E 

y corrected Tor dimensiolzal ch.anges is proportional to E I  for viirious rates 
of strain. For any particular rate of str:i.in, it i s  found that the gradient cl?zngcs at 
€4 == 0.25 (or E = 0.0625) showing an increase in the constant of prop(:~rtionali.ty(A). 

Under dynamic strain conditio~rs, a certain number trf disInc:~tioi~s would get 
amtealed accor~iinz to equation (3). If this wlue of N i s  suhsfit..nred irr zq~ration (9), 
we have 

Tht: above equation can be rewritten as 

where P'E refers to the resistiv~ty corrected for diinens:snal changer and bealixig ur 
annealing of dislocations due to thermal agitatitms. 



Figure I V .  
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Kesistivity corrected for dimensional changes and henling of d:zloc;fitions vr (tribe straix~)k 
at h -0-05 
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The Flgure IV shows a plct of p'z vs s+ for tke value of h = 0.05 for different 
rates of sirann. The graphs ccrrespvnding to 0.1034 (53 rpm), 11.21 18 (1  16 rpm) and 
0.3989 (220 rpn~) strain per minute emerge into one graph sl~owing the validity cjf 
equation (12). TEe comn1r:n graph takes the fhrm of two straight lines with rlifferenb 
gradients The gradient changes to a higher value corresponding to a strain of 
E = 0.0625. 

It was shown by Hoar3 and others and co~~firmed by Devanathan and Fernando" 
that below a critical straining rate of 5 %, anomzlous results are obtairred as ohserved 
for 0.0470 (26 rpm) strain per minute. 

4.4 Calculation of A by Resistivity 

4 m U  The gradient of the graph p', vs e+ is given by At .  Further w e  know that 
nq2 

2 m W  1 
p, ,0 is given by -- . By experiment it is found that p,  ,,0 is 1.515 x 

nq2 h 

ohm- crm (Vide Fig. IV). In the case of copper, assuming the stiu~darcl values of 

1.578 x 106 for U and 8.426 x for A, the relative val~le of '1' is found to 
174' 

be 4.03 x The common graph of resistivity corrected for dimens~cjnal 
changes and healing vs e+ takes the form of two straight ll~les (Vide Fig. 1V). 
Taking the first gradielat, A is fourld to be 3.92 x 1 012 wherc:~~ for the seco~rii A 
is 1.56 x lOl3. 

4.5 Taylor --.-. Matt Equation 

Of the many tl~cories of work hardening, the; Taylor-Mott theoryD.),'o of dislocation 
intertiction, gives by h r  the best overall explmaation. According to this 
tlreory, the stress should be linearly proportional tu (strain)b over the c:l:ire r 2 . n ~ ~ .  

Experi~nental stress-strain clrrves obtxirtei: 1l;lder static coedifi!.,ns shovd &hilt li.!is 
r.elationsi~i,p is a. good first aj>pr<~xini.a,liu~. Tlle belief that th is  rcl:~ lionship i s  110t 

exactly valid has lead to thc p1ottit;g o P  strcss vs strain cclrves rather &:in thctse !jF 
stress YS (s:rairi)t. The former graphs sugest  a 1 inear ~ o r k  i~ar.de!~ing rcgkrn 
followed by a stra.ig!l.t ii!~e with a lower gr~dient. 

For fb.e undcrst~.nding of the strcngth of metals, appears that the establisl?rr~enb 
or a law applicable to work hardening region is an essential pre-rzyuisitc for Further 
prozress. It is now usual to plot stress vs strain relations obtairiecl : ~ h  pre-dcterltiintxd 
rates of strain. However, even during strain at a pre-dcterrtlineil rate, specinten tccr?s 
to relax and this effect distorts t k  stress-strzin reIatianskEps. 
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Figure 1' Correc?e& stress us (:rue stram)+ at h=  0 I Sh@) 
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From the well known theory of Taylor- Mott, it can be shown that for copper, the 
stress (T) is  given by 

Replacing N by AB equation (13) becomes 

Accord~ng to this equation, r vs s t  should be a stralght hne. Since the 
dynamic stress-strain relations are more reliable than the statrc in understanding 
metal behaviour, it is better to plot r vs :* under dynamic conditions as sl~own in 
Flgure 1II. A straight line is obtained up  to s =: 0.1 5 after which the points deviate 
from it. The deviating points appear to fall on another straight line with a 
somewhat smaller gradient. The Taylor-Mott theory does not provide any 
explanation for this deviation from linearity at high values of E 

4.6. Validity of Taylor-Matt Expression 

As pointed out in Section 5,  the equation (13) needs a modificatiot~ to account for 
the deviation fro111 linearity at  high values of E ,  taking into consideration the 
relaxa-tion effect. 

Substituting for N from equation (3) in equation (13), we ohtain. 

I f  r, i s  defined as T /[ . g]', equation (15) becomes 

t 
If the correction factor involved in the term [ 1 - ] . adequately represents 

tile healing rate. r, vs ~f must be a. straight line for ail strains and all rates of 
strain. 

Figure \-' shows a plot s, vs e+ for h = 0.1566 obtained from the electrolytic 
studies. Since the electrolytic experiments would be biased towards surface effects, 
~t is reasonable to expect that h would be too large a factor, In other words there 
would be an over correction as seen in Figure V. Since there 1s no aprinr~ method 
of calculating h, we may select suitable values for h generally less than 0.1566 which 
would give adequate correction. Some values of h tested in this way are h = 0.10 
and h = O.Q5. Figure VI shows a plot of  T, vs E+ for h -; 0.05. 

10 144% 
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'~igute VJ. Corrected stress bs (true strain)* at d-0.05 
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With a value of 0.05 for h, all graphs for diflerent rates of strain are straieht lines 
but with sli$l~tly varying gradients depending on the rate of strain with the slowest/ 
rate having a higher gradient than the larger rate. 

The fact tlzat straight lines without kinks are obtained cgnfirms the validity of the 
expression given by the equation (1 5). Tlie graphs for speeds corresponding to strain 
rnin 0.1084 (59 rpm), 0.21 16 (116 rpm) and 0.3939 (220 rpm) nearly coincide with 
o'nly one speed corresgonding to 0.0470 strainlmin (26 rpm) slightly higher. Slight 
variations of the gradients in the order of 59 > 116 > 220 rpm may be attributed 
to the effective temperature beins slightly higher during work hardening at  increasing 
rates of strain. Hoar and West3 have shown that dynamic strain behaviour falls 
into a uniform pattern only if the strain rate exceeds a certain c,ritical value 0.05 
strain/mir~. 'The 0.0470 strainlmin is just below the critical value. It is possible that the 
reason for this small deviation may lie in a variation of the rate constant for the 
healing process when time is large. 

The validity of equation (13) shows that the Taylor-Mott expression for work 
hardening is basically correct. The apparent failure of the equ:ition at high strains 
is clue to the incorrect value of N used. When N is correcte:l for relaxation effects, 
the Taylor-Molt expression IS found to be applicable throughout the entire strain 
range and for all rates of strain. 

4.7. Calcdation of A by Stress-strain Curves 
As shown i n  equation (16), a value for A can be determined from the gradient of T, 
vs E +  curve. A is found to be 7.24 >: 10" as obtained from the gradient of 
Figure VC. A obtained fro111 etch pit counts and from our experiments on anodic 
dissolution1 is 3 x lo8. 

From these values it wmld appesr that either one in 210 dislxations is eRzctive 
for anodic diss3lution or on the average, 240 dislocations cluster to give rise to one 
etch pit or diss~lution site. 

4.8. Significance af A Values 
The value of A calculated as above refer to the density of dislocations at unit e. 

rr However, since the rupture point of copper is at 0.3:, the maximum number of 
dislocations at rupture point is 0.3A. 

For copper, the density o f  dislocations from transmission electron microscopy is 

i 
1011 to 1012. This may be re~arderl as the maximum value p3ssible for the density 
at its rupture p h t .  From the value of A obtained by themezsurements of resistivity 
in our experirr.eats, the dens:ty of dislocations is in E'Le ran&e of 1012 to 5 x lo1*. 
Since h t h  methods are based on  .the scattering of electrons by dislocations, the 
agreement is not unexpected. 
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Figure VIE. ,Bbsoiute number of dislocariolrs vs (true strain)) 
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On the other hand, as mentioned in Section 7, the A values ohiained by etch plr 
counts and anodic dissolution are in excellent agreement since both techniques are 
based on preferential dissolution of surface sites to which dislocations con%ergc. 
4 t  the rupture point of WE, the density of dislocations as calculated by these 
methods would correspond to lo8. This value is 104 times smaller than that ob- 
tained by electron scattering. This clearly indicates that nct :ill dislocations are 
effective in producing sites for etching or anodic dissolution. 

Q From tkc stress-strain curves, the value of A obtained is 7.24 i; 101° corresponding 
to a value of 2-4 x 101° for the density of disl~cations at rupture poirrt. This shows 
that more dislocations are effective in enhancing the mechanrcal Fchaviour. 

The density of dislocations calculated by anodic dissolution, stress-strain curves, 
and electrical resistivity is in the ratio of 1 : 102 . lo4 approximately. Tliererore, 
it is clear that the density of dislocation largely depends on what method is adopted 
to ' see ' the dislocations. 

The Figure VTI shows a plot of the absolute number of dislocations (N) with E +  

for the three diiperent niethods under consideration. 'The anodic dissolution curve 
and the electrical resistivity curve have been seduced to the same scale as the stress 
strain curve by nornlalizing the ' A  ' factor by g, and ga (where g, , 2.41 ,( 10' 
and g, = 1.86 ., lo-? 1 respectively. 

The fact that the graph of the dislocation density vs 64 for anodic dissolution 
coincides with that for stress-strair! behaviour s h w s  that for all strains. 

N (,anodic dissolution) 
= constant .. . . . . . . - - . - - . . . - . .. . . 

N (stress-strain) 1 .' 

and 

N (electrical resistivity) constant 
. . .~.. ( I ) up to N (stress-strain) &2 . 

e+ = 0.25. 
3 

But beyond E $  =- 0.25, more dislocations are created although not a11 are effecttva: 
i r i  enhancing the viork-hardening. The existence of these cannot therefore be inferred 
from the stress-strain or the allodic dissolution data, but the electrical resistivity 

L. measurements are sensitive enough to detect them. 

Unlike the electron-transmission microscopy teclrniques which cnr~rxot be applied 
to these specinlens under strain in situ, the electrical resistivity ~ ~ ~ e t h o d  apFears to be 
more useful. 



It IS mterestlng to calculate the mean free pzth for electron scdrterlng due to 
dlslc;caficrns under strtin. By e1c:trlcal rej~stiv~ty measurenients, it can be shown that 
nlean free ?-?ti' gradually changes from 300 61" at zero straln to 25 A" at the rupture 
point correspondir~g to 5 = 0.3. 

At the ch,uacteri:r;st;c mrxiinz p i n t  in the density of dls!oczt~ons, corresp~nding to 
c = 0.C625 (Vide Flgure IV) the nrean free ;nth  Fer electron s.salterinng 1s found to 
be 100 A'. 

'The measnrenlent of e!ectrical resistivity is a useful rileth~c! for monitoring dis- 
lcciitions in metals. 

We wish to t h n k  I&. S. F. Eaurentius, Djrector of tho Cey!on Institute ot' 
Scientific 2nd Industrial Rcscl:rch, Culombc 7, Ceylon for providing laboratory 
facilities and for his interest. 

We tilso tkienk Dr. M. 13. C. Wijetunge for helpful discussions. 
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