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.ABSTRACT

The generation of point and line defects and also their

interactions during tensile defornation of pure nickel in the micro-
_â _A

plastic region (strain range of 1.0 x 10-- to 45.0 x 10--) have been

investigated by electrical resistivitl, measurenents and transrnission

electrolr mic::oscopy. Grain boundaries and trvin boundaries rvere

observed to act as dislocation sources a-nd a rnechanisn is proposeci

to explain their production. At all levels of strain, solne disloca-

tion activity and entanglement in isolated areas lvas observed. The

mechanisrns responsib 1e for tanglir-rg are cliscussed.

Point defects (vacancies) rvere produced evcn at very

1ow tensile deformations and a mechanism for their generation is

proposed. The vacancy concentration (C,r) rvas nleasured by electrical

resistivity and was found to obey the follotving relationship with

tensile strain (e),

I f^+ -.^+ .,^l)tv \ot. PUL¡ V4L - 4.54 x 1o-3 eo ' 
36

lvleasurements on residual lattice strains (by an x-Tay diffraction

technic¡ue) have been relatecl to the electron microscopic observa-

tions in thin foils and a possible explanatiorl, using a model based

on poínt defects and dislocation substructure has been proposed.

The dislocation substructure \vas found to generate hydrostatic

stresses.

S-n91e staclling faults, overlap,ring stacking faults and

deformation tlr'ins rn'ere produced durilìg tensile clefornation of poly-

crystalline nickel. The faults r\iere analysecl. and fourd to be intrinsíc

in nature. These faults r.ierie secn to originate at grain boundaries,

at trvin botndaries and also at the intcrsection of slip planes. A

¡rieciianisni is proposeci to expiaii-t their forlilatio¡r.
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1. ]NTRODUCTION AND OBJECTIVES

It has been ten years since Bollmanr and Hirscrr et ar

observecl dislocations using transniission electron microscopy.

thcn rnatry studies of dislocation aïrangelìelìts a¡¿ intcractions

been macle mainly on FCC metals.

2^.. rlrsI

Sínce

have

There have been many transniission studies, using thin foi1s,

of dislocation distribution in deformed crystal-s of FCC nìetals3-10,

hotvever, no clear picture of tlie clislocation distribution ancl the

mechanism of its fornation has so far enrerged. The results on poly-

crystals have been even more complex. Furthermore, the majority

of rr'ork on FCC single and polycrystals has been clone only at higher

strains (rnole than l pct) rvith the result that the dynarnics of
dislocations in the microplastic region are not yet well understoocl.

Many inve-stigations, particularly those of Kuhlman'-
_ 1l 1)Itrilsdorf^' and lr{ott" have clearly establislied that point clefects

are producecl cluring plastic defornation. Since these clefects influence

dislocation dynanics in a variety of lvays, tl.reir stucly (using some

indirect method e.g. resistivity) is essential. One of t¡e objectives

of this lvorl< is to study tÌre origin and na.tuïe of point and line
defect generation 

'nd the interaction betr,¡een thern.

Polycrystals deforrned plastically in uniaxial tension sho¡

residual lattice strains (RLS). Simultaneous nìeasuïenents of lattice
(elastic) strain by the X-ra1r line shift method ancl total strain
with an electrical strain gauge have becn carried out on polycrys-

tallille nicke113. The ratc of increase in the lattice strain lr,as

found to follol the total strain closely rnrrt the plastic strain
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set as shorn'n in Figure 1. Thereafter the tlvo strains deviated frorn

each other and the rate of increase of lattice strain eventually

decreased. Depending upo:'r the mode of unloading, both comp::essive

and tensile strains tvere observed in nickel deformed up to 0.29

-^+ c+¡¡'i- These results were explained on the basis of the effectsPUL J VL@!tr. ¡¡l9Jç ruJ UrLJ vYV

of clustering of dislocations and also the production and behaviour

of point defects during loacling and unloading, respectively.

To further investigate this hypothesis original nickell3

specimens were deformed ivithin the strain range of 1.0 x 10-4 to

-445.0 x 10--, to cover the whole of the elastic-plastic region (Figure 1)

and were examinecl usilrg transrnission electlo:r nicroscopy and el.ectrical

resistivj.ty techniques .

Thus the th,o objectives of the present investigation are:

1. To study the dislocation dynamics in the microplastic

region of nickel and

2. To investigate the origin and the nature of residual

lattice strains in the rticroplastic region of nickel.



2. EXPE RII\IENTAL P ROCE DURE

2.1 lr{aterial

Nickel of 99.98% purity, made available

of the International Nickel Co. of Canada

cm thick ro11ed sheets, \{as eniployed for

The chenical a:ralvsis of the material is

courtesy

of 0.016

gation.

fhrnrrch fha

in the forln

this investi-

Tab Ie I

Conposition (pct by weight)

CoTiI\4 0SíCrCuE 1 ement s Ni Mn Fe

Nominal 99.98 0.01

Lim'i fìncr gg.g7 0.02

<0. 00 1 <0. 001 <0.001

0. 001 0.00s 0. 001

<0.001 <0.001

0.001 0.001

<0.001 <0.001

0. 001 0. 00 1

<0.001 <0.001

<0.001 <0.001

2.2 Specimen Preparation and Fleat Treatnent

Sna11 strips (I.3 cm x 10 cm) tvere cut fron the 0.016 cm

thick sheet and cold rolled to a thickness of abottt 0.013 cm. A

thickness of 0.013 cm l^/as necessary to give sufficient resistance

for accurate resistivity neasurements and also to reduce the time

to thin down the specimen for transnissj.on electron microscopy. The

ro11ed strips were cut to a size of about Bnn x 12 cfn rvith a shear

cutter and cleaned ín an ultrasonic cleaner. The potential leads

were strips of the same nlate::ial spot rvê1ded to the specinen. The

separation betleen the potential leads hlas about 10 cm, i.e. large

enough. to give an accurate resistance measu-ement but smal1 enough

to handle rvithout undue deformation. The final shape of the resis-

tivity specimens rvith the potcntial ancl current leads spot lielded

at tAr and rBr respectively is shot,/n ín Figure 2.
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These specimens rr'ith the leads were cleaned again and

sealecl into a silica tube after flushing it tliree tines rvith Argon.

After a variety of heating times at 500oc, it lvas establishecl that

a trventy minute anneal at 500oc gave a gïa.in size of 42.0 x 10-4 cm

(comparable to a grain size of 43.0 x l0-4cm for spccÍmen 1A of

the earlier RLS rvork in this laboratoryl3l . l'hus a batch of trventy-

five speciniens hreïe annealed at sooOc for tlrenty minutes ancl air

coolecl to room teìnperature.

2.3 Grain Size l.'feasurenìent and Opti ca1 Nlicrographs

Five of the annealed specilÌìens,

electropolished ancl etched in a solution

and 77 pct acitic acid at 22 and 14 volts

si.ze ivas cletermined by the tplaninetrict

value rvas found to be 41.5 x 10-4 cm.

taken out at random, were

aI: )7 nn{- na..¡lrlOriC aCidI/uL Ì/vrurrr

TêenÂ.f -ir¡o1r¡ Tlra c¡¡in

method and an average

It was also found that the grains r.rere fu1ly recrystallized

as shorvn in Figure 3.

2.4 Thin. Foil Preparation

The specimens tvere thinned clorvn by electrôpolishing using

the duel jet techniclue. An electrolyte containing 48 pct ortho-

plrosphoric acid, 32 pct sulphuric acj-d and 20 pct rrater rvas found

to give the best rcsults fo:: pure nickel (99.98 pct). A potential
1of 5 volts, a current density of 0.2 - 0.3 amp.fctn'and the jet

flor,¡ at a sctting of 6-7 on thc Astronet dual jet polisher rvas

founcl to give the best thinning conditions.
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FIG 3 REPRESENTATIVE PI-ICTOI.,4ICRO GRPH

OF RECRYSTALLIZED NICKEL



For preparing thin foils, specimen lengths of about 1.5 clns

t¡tê1.Â ^rlf- Ïrr¡ a l a¡f r.n-fh'i-'.'i ^ 
'wçaç LuL u/ crudtro-thinning and laquered, leaving about 2 cnl" area

as tlìc rvindorv. A polishing tine of about 12 to 15 minutes rvas

required to obtain suitable thin foils ir4rich lvas detelmined by the

first appearance of a hole at the centre of the foil. The foil

was then washed first lvith distilled water and subsequently rvith

ethyl alcohol and dried. A rectangular area rvas cut aroutld the

hole using a razor bla<le and this foil lvas put into the specirnen

holder sandrvicired betrveen tivo specinen grids. After this, the

foil was ready for the examination in a Pliílips Iìi\.,1-300 electror-r

micros cope. Al l the s¡lccintens hreïe examj ned at - 130oC to avoi d

heating from the electron'beam.

2.5 Res istance Ì''leasurenteut

The resistance rvas measured

Comparator 13ric'lge a brief description

a Guildline Type 9920 D.C.

r.'lrir-lr ìc oir¡cn helotv:

by

of

2.5.7 Direct Current Cornparator Bridge

Conventional measurement methocis of 1on value four terminal

resistors involve a comparison of voltage clrops when the same

current passes tJrrough both r:esistors. The ratio of resistance is

obtainecl from tl're ratio of voltages. This applies in a potcntio-

metric conparison of resistors or in a conventional bridge con-

figuration such as the Kelvin bridge

In the potentiometric method, at bal ance no current f lorvs

.in the measuring lcads and thc lcad rcsistal'ice is therefore

unimportant. Resolution ancl accuracy are limited by (and cannot



[-lG "4GKEUIN BRIDGE FIG.4b CONJUGATE KELVIN

BRIDGE

FIG.¿' c D. C. COMI?ARATOR

BRIDGE BASIC OPERATION
FIG.4d D.C.COMP\RATOR
BT{IDGE AUTON4AJIC AMPERE -

TURN BALANCE

FIG.1'e POTENTIOMËTER

FIG " /n(a-e)
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be better than) the stability of the cuïrents in the tested r:esistors

and in the potentioneter.

0n the other hancl, tlie Kelvin bridge is sensitive to the

resistance oi the nteasuring leacls but cument stability is unirnpor-

tant. Both potentiometric and Kelvin bridge methocls suffer from

the disadvantage that when scaling resj-stors in decacle steps the

sane current must be passed through both resistors and the greatest

porver ís dissipatecl in the largest resistance.

The nerv D.C. Com¡rarator bridge is not sensitive to

measuring lead resistance, it cloes not require curïent stability
and rvllen scaling resistols the greátest po\veï i -s ciissipatecl in

the' snallest' resistancql

In the conventional Kelvin bridge, Figure 4a, tJre sarne

current is passecl through both resistors and the resulting voltage

drops are in the sane ratio as the resistance values. Tl-re resis-

tance ratio is obtained from the voltage ratio. In the conjugate

Kelvín bridge, Figure 4b, r,,rhich is obtained by ínterchanging the

positions of the currîent souïce and the detector, different currents

florv in the two resistors to produce eqi.ral ancl opposite voltage

drops. The ratio of resistoïs can no\v be obtaineci from the ratio
of currents if a suitable clevice is ar¡ailable for measuïenìent of

the current ratio. The Direct Current Comparator is such a device.

2.5.2 Basic 0pe:ation

The trvo resistors to be conrpared aïe supplied from

different current sources (Figure 4c) and the.ratio of the trvo

curreilts is rneasuled tr'hen the voltage drop across the trvo resistors
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are equal and opposite. One or both of the direct current sources

^^* i.^ ^-l-:..^+^can De acr¡usted until the voltages across the th'o resistors are

equal. This balance condition is inclicated by the galvononeter G.

The current cornparator is then used to obtain the anpere-tuïr1

' balance betwee- +ho ^-i---.' ^-d seco¡clary rvindings b¡' adjustine¡t

of the variable tuïlls Nx until zero cl.c. flux exists in the core.

This zero flux coirdition is sensed by the cletector D.

I{hen G = 0,

e=eSX

I R -I RSSXX

IìIXS_=_RIXX'

[here:

e = Potential across standar:d resistor rR I

S - --S

e-. = Potenti a1 across unknorvn resistor r Il r

.X.-'X

I = CurrerÌt tllpugli standard resistor5

I = Current througli unknoir'n resiStorx

Mren detector D indicates zero d.c, flux in the core:

I N =f NSSXX

IN
SX_=INXS

IVhere:

N^ = No. of turns in stanclard rr'inding
S

N = No. of turns in variable rvinding
X

Fron 2 .5.2.I and 2.5.2.2

RINxsx
-=_=_RIN

SXS

2.5.2.7

2.5.2.2



I2

and

2 .5 .2.3

Ithich gives facilities of a ratio briclge. Tre D. c. comparator

. briclge can also be niade to read directly in ohms.

This simple bridge rr'ould have trre disadvantage of
requiring simultaneous manual balances for botii voltage and

ampere-tlrrrls. In such an arrangenerìt highly stable current

supplies would be essential.

rn a practical form of trre bridge (Fig. 4rJ) the require-
ntent for tlvo sj-multaneous balances ancl the need for stable supplies

are eliminated by making the ampere-truîn balance automatic. The

output from the cletector lvincling is usecl to corìtrol t¡e currerìr

in the core, i.e. an ampeïe-tuïn bala'ce, is maintainecl.

The only ma'uaI balanci'g operation norv required is
adjustment of the prímary tur'rls dial until the primary and secondary

currents procluce equal voltages across the comparecl resistors as

indicated by the galvanometer 'Gr.

At balance, no current flols in the potential leads and

the Direct Current Comparator Bridge thus llossesses the principal

aclvantage of the potentiometric systenì but, at the same time,

because of the automatic ampeïe-turns balance, there is no neces-

sity for cuïïent stabiiity. In adctition to having the advantages

of both the potentiolnetric ancl bridge nethods, the Direct Current

comparator Bridge has a unique advantage in that the ratio of
potver di ssipation in the conpared resistors is the inver:se of the

ratio of resistatlce

R =N* Rxñ-s
.S
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2.5.3 Porver Dissipation in the Compared Resistors

In the potentionrctric and Kelvin bridge methocls of

comparison of resistors thc sarnc current floiss through both

(Figs. 4(a, b and c)).

P-=I2R andp =I2RS X. X 'X

The ratio of porver is :

p l2n RSSS
E_ = _r_ = ñ_ 2.5.5. I
^ x I-O* 'tx

The greatest polv er is clissipated in' the largest resistarlce.

The comparison of a one ohn standard and 0.1 ohm resistor at 1

anpere using a Kelvin briclge or potentiometric method rvould int¡olve

the dissipation of 1 watt in the 1 ohn resistor ancl 0.1 watt in the

0. 1 ohm.

In the Direct Current Conrparator Bridge different cuïïents

floiv in the trvo resistors to pïoduce the same voltage acïoss each:

P- Er2 and p E*2
t =R-- X= 

R
S

PR
SX

-=-PRXS t\\/

Tlie greatest porver is norv dissipated in the smallest resistance.

rn the compa.riso:r of a 1ohn standard and a 0.1 ohn resistor.

with 1 anìpere in the 0.1 ohm to procluce 0.1 volt there woulcl be

only 0.1 arnpr re in the 1 ohm standard. The porver dissipatíon in

the 0.1 ohn rvould stí1l bc 0.1 watt, but the porveï in the standard

woulcl be recluced to 0.01 tvatt. Under these conclítions the Ðot{er

is dissipatecl ilr the resistor which is designed to ha.ndle porseï.



1/1

By neans of a series of measurements at different currerlt levels

which h'ould produce polver in the standard insufficient to cause

self-heating errors, the porver co-efficient characteristics of

a heavy current resistor or shunt can be investigatecl. Such measur-

' ing conditions have not previously been available.

2.5.4 Direct Reading Facility and Sensitivity

The 1000 turns on the uirknorvn (orimary) side of the
7

bridge can be subdividecl in steps of 1 part in 10' of full sca1e.

0n the stanclard (secondary) side the 1000 turns fixed tvinding can

be modificd by addition of 11.111, 0 turns in either poJar:ity.

This range of adjustnìcnt'is 11.111, 10e¿ in steps of 1 part in 107

and is used to dial into the briclge the knorvn cleviation from

nominal of the standard resistor. l\4ren this knorvn becomes direct

reading in ohms

R^ = Ro (l+As)

I\here R = resistance of standarcl

Ro = nomi,nal value

As = deviation of R from nominal in r*^'-^-+': ^"^1 *^-+^
S 

-rvrr rrv¡r¡¿rt4r r¡t PI-UIJUf L-LUll¿tl- IJAI'Ls

also N = 1000 l1+n )\5

l'Vhere. N =standardturns

l, = adjustment to N,

F.nnm cnrr¡ir i ¡n ) 5.2.3

^Nl{=xRx-s
N

at

or R__ = "x Ro(l+Âs)
1000 (1+¡s)
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If n is macle eoual to As-* 'rs

NÏR ="x Ro
X

and the bridge

st andard.

1000

is direct reading in terrns of nominal valuc of the

For the scaling of decade values of resistance lvhen

heavy current capability is recluired on tire unknorvn (primary)

side, the first three dccades ale replaced by fixcd rvinclings of

100, 10 or l turn. so that the lorver four decades r'rill retain

their resolution of parts in 107 they are sivitched over to the

stanclard side wherc they rvork in conjunction ruith the 100 fixed tuïns

N, to provide an adjustment range of 11.111.0 tur¡rs, which is

ecluivalellt to 10.111,0 turns, rvhich is eciuivalent to 10. itl , j.0%

with resolution of 1 part in 107.

A reversilrg srvitch simultaneously reverses the currcnt

in both resistors and the cornparator ancl thc effcct of thermal

emfs in the resistors and the galvanoneteï are eliminated from

the balance.

The limit of sensitivity of the bridge is defined by

the noise leveI, rvhich is about 3 nicroampere-turns. lthen the

bridge is used (as is normal) at the .1000 ampere-turn leve1,

this noise coïïespoucls to 3 parts in 108 of firll scale.

Voltage balance sensitivity dcpend-s on the galvanometer

G iuhich is a photocell amplifier rvith a sensitivity of 0.01

microvolts. Ivith I volt across the tested resístors tl'ris is

equivalent to 1 palt in 108
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The prir-rcipal source of eïror ín most types of briclge

is in the linearity of the resistors in the measuring dia1s. In

the D.c. comparator briclge the linearit¡' depends not on resistors

but on a turns ratio rvhich is of extremely hi.gh accuracy. Errors
nin linearity are less than 1 part in 10'of fu11 ïange. This

qualr'ty of linearity applies to the first three clecades. The

linearity of the fourth and subsequent dials also depends on an

accurate nunil¡er of turns, but interdial agïeement depends on

resistance ratio as the only practical method.of achieving the

effect of fractional turns. I{olever, the fourtli clecade requi_res

an accuracy of only 1 in 104 to equal the full scale accuracy of

the bridge ancl this is not difficult to achieve.

In-the D.C. Comparator bridge, therefore, rve have a loiv

range (up to 1000 ohms for 7 figure resolution) resistance briclge

which contains no critical resistoïs, has no significant long

term drift, is accurate to better than 1 part in 10'of full range

and in which measuring lead resistallce and variation in 1eacl

resistance are completely unimportant. There is no neecl for current

stability and thermal emfs are eliminated. The bridge is perrnanently

accurate.
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3.' RESULTS

3.1 Resistivity

5.1.1 Theory

The electrical resistivity of pure netals is increasecl by

the introduction of inrpuritíes and clefects into tÌre 1atti."l4. In

accorcl with nodern theoretical concepts and rnost experimental

observatj-ons, I'latthiessenrs rule states that the electrical
raqì cf i r¡i f r¡ n€ o r,a+ n'l n .irvJrJvLvLvJ or a [rerar, p, rs equal to the sum of the lattice
resistivity due to thcrnal vibrations, pi, and a temperature incJcpen-

dent cornponent (residual resistivity) due to defects, 0o. If for
Teasonable variations in the concentration of defects, qq

dT(i.e., tenperation derivative of resistivity) is not constallr,

Mattliiessenrs rul e does not iio1d.

The residual resistivity is very sensitive to the

presence of imperfections because any distrubance of the iclea1ly

perioclic lattice results in scattering of the concluction electrons

and hence an increase in the electrical resistance. At lorv clefect

concentrations one expects the increase in the residual resistivity
to be proportional to the concentration of defects. since the

interference anlong the various defects can be neglected. The

cliange in the resicìuaI resistivity is therefore an appropriate

ancl. convenielrt measuïe of the defect concentratiolr in metals. The

change in the thernlal component of the resistance depends ulton the

change in the vibrationaj spectrurn in the solid caused by the

presence of the defect. Since the defect Contributiou to the

therllal cotnponent is not lvel1 knolr,n (al thougli knorvn to be smal 1)
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and is difficult to estimate theoretically, measuïements are usuallv
' 

rnade at a sufficiently lorv temperature to avoid the problem.

For our. purpose the imperfections:-: can be divided ilrto

two groups: point imperfection-s (vacancies, impurities, inter-
- stitials) and line and planar imperfections (dislocations, stacking

faults, grain boundaries). All these scattelr electrotrs to a varying

degree.

Plastic defornatiolt of nietals usually causes an increase,

Ap, in the electrical resistivity rvhich can be dividecl into trvo

païts of roughly equal magnitude:

ap=a0.,¿*¡o)

where Ao = Resist-ivitv in,rurvrL/ ,,rrcTeâSe due to point defects

and ¡pD Resistivity increase clue to line and planar defects

Ao disappears after atrlealing at teniperatures lr,þere'V

point clefects can diffuse but Apn remai.ns until recrys tallization
occurs. ancl is ascribed to the r.]ra"tr,"rg of electrons by disloca-

tions

stacking faults associated rvith partial dislocations

in extended dislocati.olts nay rnal<e significant contributions to

the resistivities of some deforned rnetals ancl al1oyr15. From

elenentary considerations, Klemens16 l'ræ clecluced that their effect

míght be large as compared to tlìat of dislocations. I-lolever,

brief accouilts of calculations by TiveedalelT and by 81att, FIan

IX
and Koehler-" suggest that stacl<ing faults nake no significant

contribution to the resistivity of dislocations in copper.
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3.I.2 Results

The dinensions of the various specimens used for resis-

tivity measurements, electron microscopy ancl tensile testing are

given in Tab Ie 2.

Ta.ble 2

Snoni -
men No

Sncc'i -
men
width'

mnìs

Snaci -
men
!tlIUN-

nêqq

nm

Sncc'i -
mell
nnf on -
tial
Lead
s ePa-
Tation

cns.

Cross- Cross-
sectional sectional
aïea area

rr2 -i")*ro3

Comnents

I
z

3

5

6
7

8
9

10
11

8. 00
8.00
7 .88
8.05
8.2
8.2
8. 00
8.18

7. 8B
747

0.r32
0.I22
0.r29
O.I2T
0 . t.20
0. 128
0.r32
V. lJ¿
0.r42
0. 131
0.I37

9.2s
10.00
10.00
9.9s
q ¿q
9. s5
9.85
9 .90
9.86

10.00
10. 00

1. 06
0.98
1o,)
0.97
0¡98
1.0s
1.06
1.08
1.13
1.03
1.09

\.64
r,52
1. 58
I q,o

L.63
r.64
r .67
r.75
1. 60
1. 69

Specimens1to5werc
uscd for resistivity and
electTon microscopy.

Specimens 6 to 11 r,¿ere
used for the tensile
test experinents

The results of resistance measurements both at room ancl

li.quid nitrogen terperatures aïe shorr,n in Table 3.

Specimens 1 to 5 with 'Budd lvfetalfilmr strain gauges

to tlienl witlì Budd rGA-1t colrtact cemenr

to strain values of 1.0x10-4, 2.0xI0-4,

(Type C6-121 A) attached

were deforned. in tension
, _-4 n 

^-43.0x10--, 6.0x10-'' and 45.0 x 1û ïespecrlvery. Inmediately afte:: defornatio:t

the specinÌens Ìvere imnersed in liquid nitr.ogen to rctain thc point

defects producecì duririg tensile cleformation. All resistance

measurements l.rere carried out at liquicl nitrogen temperature.
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After resistance neasurenìerìts of the deforrned specimens, eacl-r

specimer-i rvas step aged at room temperatuïe and its resistance

measured ti11 further ageing produced no changes in resistivity.
The first three ageing periods rvere of five nlinutes duration and

for subsequerlt -stel)s the ageing time lvas graclually increased.

Data sholving resi stance changes during roonì temperature ageing of
deformed specimens are given in Table 4.

A typical p1ot, shorving resistnace cha:rge rvith ageing

tine for the data of specimen 3 in Tabre 4, is shorr,n in Fig. 7a.
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Tab 1e 4

Ra = Resistance in the annealed cond-i fion At tiaLuuur- Lr un ¿1L trq , N, tcnìperature

Rd = Resistance in t}re deformed condition at rj.c1 . N" teinperatuïe

Sp. Tensile Cumnul¿rtive Ra in ohms Rcl in ohms Rd-Ra in ohms (Rcl-Ra) x 100No. Strain Ageing tinre Ë
x10" n¡-f reqiqfen^ê nlrnnaa

It rr S-min. rr 0.000557999 0.000000600 0.10764rr rr 10-min " 0. 000SS Tggg n 0 . 10764il
il
It
lf
It

It

tl
fr

ft

It

ll

il

tl

rr S0-nlin.rr ' tt I-hrs.

tr 15 -min . rl
tr 30-min. tt
ll ?-h re
tt 3-hrs. tt
rr 4-hr-s. rt

tr S-hrs. rr

rr 23-hrs. rr

t' 51-hrs. rl

ll 5-nin.

" 0. 00055 7799 0 . 000000400 0 .07176
tl rl tt

0.000ss7599 0.000000200 0.03s88
0.000s57399 0 . 00

.il

0.r0764
0.r0764

0. 00
fl
It

tl

20o

tt tl

0 . 00061 6199 0. 00000 1000
tl

il

ll

tl

tl

It

tt

It

0. 19505
0 . r62s2

tl

lr

ll rr'' Iu-mrn.
ll tt ir" t5-nlln.t' 30 -rnin .

" -t -nrs .
rl 2-h rc
rr 15 -hrs .rr l9-hrs.

tr rt 10 -min.It rr 15-nin.
tl

ll

It

il

il

il

il

tl

lt

rfil

ll ll

rr rr 38-hrs " 0.000615199 0. 0 0.0
f r rr 65-hrs I r' 0. 0 0.0
tl tl S-min. rt ll tt rl

il

tl

It

tr

fl

ft

tt

tt

ll

ll

il

tl

tl

il

tl

tl

lr

tl
tl

tl

rl

ll rl

0.000580400 0.000001000 0.17259
0.000580100 0.000000700 0.12081
0.000579800 0.000000400 0.06903
0.000579400 0.0rr rt 25. S-hrs .rr rr 2 7. S-hrs .rr rt 45. O-hrs .

rr rr S-nin.tr f r lO-rnin.

t' 2.S-hrs.

rr 15-min.r' 50-nin.t' l-hrs.rr 2-hrs.
" ó-nIS.rr 19-hrs.
tl

fl

ll

It

il

tl

tl
0.0

il

tlll t?

tl ll

tl

t1

il

il

il
fl

ll

n
tl

il

0 . 0006 16699 0 . 000002076 0 .3377 6
0.000616599 0.000001976 0.32r49
0.000616499 0.000001876 0.30522

ll rl tl

0.0006161.99 0.000001576 0.2564I
0.00061s899.. 0.000001276 0.20760
0.000615499 0.000000876 0.t4252

23=hrs.
26-lirs.
2Q -h rc
43-hrs.

,' 0.000615199 0.000000576 0.09371
" 0.000674799 0.000000176 0.02863

0.02863
il
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Table 4 Continued

"v.
No.

Tens i 1e
Strain
xI04

Cummulative Ra in ohms
Aoeino timrr

Rd-Ra ín ohms (Rd-Ra) x 100
Ra

Rd in ohms

ct resistance chatrse
5
tf

tl

tf

4s.0 0tr S-nin.rr 10 -niin.
'r 15-min.rr 50 -nin.t' 1-hrs .rI 2-hrs.
" 14-hrs.tt 21-hrs.It 38-hrs.r' 45-hrs.rr 63-hrs

0. 00058s000
tl

ll

tl

tl

il

tl

It

tl

tr

tl
tl

0.000s94300
0.000594200
0.000s94100

tl
tt

0. 000s94000
0.000s93800
0.000592200
0. 000591 600
0 . 00059 1600

ll
It

0.000009300
0. 000009200
0.000009100

lr
' ft

0. 000009000
0. 000008800
0.000007200
0.000006600
0 . 00000 6600

tl

tl

1.58974
7.57264
1.55555

rl

il

1 . 53846
r.s0427
7 .2s07 6

r.72820
I.72820
I. 12820

tl

il

tl

tf

It

It

lr

tt
il
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3.I.3 Interpretation

The total increase in resistivity resulting from tensile

plastic strain rvas found by van 8.,"r"n19 to follorv an equation of

the forn

Àp = . .t 5. r.3.1

or Ap = .1 ,t 3.I.s.2
p

Where c is a constant, e is the pernìanent strain, n is

a constant bcti,¡ee:r zero ancl tlo, and.1 = c. To calculate the
p

value of n for neckel, the percentage change in resistivity lvas

calculated froni the data given in Table 4 and is listecl in Table 5.

The percentage change in rcsistivity rvith tensite strain is shorvn

in Fig. 5. Table 5

Sp.No. Strain x 104 Total Change in.^ percentage Change
Resistance x 10ru itr Resistance

in ohnls

2 2.0

3 3.0

4 6.0

5 45.0

1 .0. 6.438

Ir.664

rr.253

20.256

9 B. 000

0.13

0.20

0. 19

0. 35

1.59

The least square fit for a straight line for the experi-

rnental data givelt in Table 5 as shorr'n in Fig. 6 gives the follorving

relationship:

4!- = Q.5 * ,0.66 
/

^ u.b x e 3.I.3.3
u

ancl Âp =3'5,xto-6x eo'66 3.r.s.4
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?nMartin et all"foundrnt to be 1.38 for 99.999 pct pure

nickel and 5.29 x I0-' oltn-cul as to be the value for c. Comparing

r,¡ith oul data, it is seen that at lorv strains the cirange in resis-

tance per: unít strain is less as compared to tlìat at higher strainr2O

' (more tl'ran 1 pct). This suggests that in the initial stages of

defornatiorl process less defects (poiut and line) are created because

there are less number of sources responsible for their generation.

lVith increased tensile strain these results shorr' increased disloca-

ri nn ¡ ¡r i r¡.i +rr ¿¡¡l mor-e of noì rf t anCl line dCfecf oener"af ì on l\.'henL!Vrr açLrvrLj/ 4rru ¡[vrv vr yvf,rrL 4llLr frrlç uçI9uL Bçrrçr4uavrl.

thi s has han¡lencd thc rate Of d¡.for.t nrnd:rr-ti olr will increaSevgJv,

which is apparent fronl the higher value of 'nr after l pct deforna-

tion as obtainecl by l,'lartin et a7.20.

The room ten4rerature ageing data (percentage change in

resistivitv vs timcl ere nlol-ferl in Figs. 7(b-f) for different"'."'.
amounts of tensile straining. Frorn these plots the following

conclusions may be drarvn:

^Up to a strain of 3.0 x 10-a the increase in resistivity

due to defornlation is coinÌ¡lete1y r:ecovered by roon temperature

ageir-rg (Figs. 7 btod ) . Beyond this strain, deformation produces

a net residual resístivity rr'hich j.s not recovered by roorn tempera-

ture ageing (Figs. 7.ea¡rd f ).

It is rr,e11 establishecl that point defects are procluced

)"1
during defornation of. a rnetal. Recently, Kresselet a1.-* have

shorvn that in the initial stages of plastic deforrnatioi-r of up to

l pct in nickcl there is greatel production of vacancies than

interstitials. Furthernore, a recovery stage, stage III, lying
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between -30o and 140oC, whích is ascribed primarily to the annihila-
'tion of interstitials through recombination rvith vacancíes 22,23'

and partly to the migration of a fraction of the interstitials to
11

dislocations'*, has been observecl in cleformed nickel. rn vierv of
the above, the najor portion of the non-equilibrium concentratio¡

of point defects (essentially vacancies because of foir,er energy of
formation as cornpared to interstitials) produced during room tenrpera-

ture defonnation of nickel is expected to allneal out by room tempera-

ture annealing and the resjdual resistivity left after ageing should

be that due to dislocations, stacking faults ancl unannealed vacancies.

After roon tempera.ture ageing, all the specinrens rvere agecl again at

100oc for 15 minutes to èlir.iin ate arl of the point defect, but this

treatnent clid not produce any change in resistance. Thus, it may

be assumed tliat all the point clefects produced during tensile
, deformation rr'ere annealed out by roonì temperatuïe ageing ancl that

the residual resistivity ir,as mainly due to dislocations. It is

assnmed that there is very little contribution of stacking faults

to the electrical resistívity due to the very snall stacking fault
density expected for nickel, rvhich has a high stacking fault 

"-,r"rgy24.
Therefore according to the above aïguments hre can separate

the resistivity increase due to poiirt defect (vacancies) and due to

that of dislocations. The results are as fol1olvs.
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Table 6

Res'i sti rli f v drrc 16
Point Defects

Res is tivity
Dis 1 ocati ons

due to
Snoc'i -
men No. Change in

Resistance
due to noint¿ô
defects x10'(olins)

ange ].tì nange ].n
esistance
ue to clis loca-
ions x 109 (ohms)

Io
t

ange ]-n Strain x104
Þpcisfir¡if.t

due to point
defects x1010
(ohms - cm)

n^^: ^¿i --: a--ÃY>r->Lrv-LLy
due to dis-
1 oca ti onsttl
x10'" (ohnrs-cm)

1

¿

Í

600
7200
1100
1 600
2700

6.43
11.66
11.25
15. 61
28.00

0.0
0.0
0.0

476.0
6600. 0

0.0
0.0
0.0
4.646

70.000

1.0
2.0
3.0
6.0

4s.0

^25Seeger-- founcl a change of 4.0 micro-ohm-c¡r in the

resistivity for o:re atomic percellt increase in the

centration in nickel. Froni this i./e can calculate

of vacancies produced during tensile defornlation.

values are tabulated belolr'.

Table 7

e 1e ctri ca 1

vacancy con-

the atomic percetìt

The calculated

Specinen
No.

Strain x 10 Atomi c vv- of Vacancies
Ã

X lo'
1I

2

3
A

5

1.0
2.0
3.0
6.0

45. U

1.61
)a?
2 .8r
<an
7 .00

A plot of atomic pct

Fig. 8. To find the porver larr'

a 1og-1og scale. The best fit

gave the follorving relationship

^-,1 -+-^;.. ,'^l4r1u JvICLLII L¿J

vs strain is sJroivn in

data lvere replotted on

linc through thesc points

atomic 'pct vacancies (.u)

vac an cf es

the above

cf rai crhf

betleen
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c.,, (atomic pct) = 4.54 x t0-3 Ð0 ' 36 g. 1. s. s

A discussion, based on dislocation interactions. to

explain the above equation is presentecl in section 4.1 after the

results of transmission electron microscopy have been presentecl.

An attempt lvas made to determine the order of the reactions

responsible for the point defects annealing cluring ïoon tempeïature

ageing of the deformed specimens. ft rvas assumed that point defects

are annihílated in such a \ray as to follorv the rate equation of

the forn given belorv.

dcy
dt- -" L

where c=Defectcollcentration

3.r.3.6

t = Time

k = Rate constant

Y = Order of reaction

Since the rate of point clefect annealing É9 is propor-
dt

tional to the rate of resistance change dR , lve can rervrite the
ãt

above equation in the follorving mallner.

dRlw
ä = -k- n' 3.r.s.7

hhere k1 is another constant indepenclent of defect

conc ent rat i on .

The order of reaction tyf rvas deternined fronl a 1og-1og

plot (ltrg. tic.) bettveen rate of resistance cha¡ge and the resistance

and the results are given in Table B.
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Table B

Specimen No Strain 0rder

1

7

ll
I

1.0 x
lOv
6.0 x

À

IO;
10 

--
10-4

0. 15
0 .47
0 .57

It is knoivn that the orcler of a reaction inr¡olving
(

only single vacancy migrating to a fixecl nulnber of sinks ifi, uniry

and ranclom annihilation of equal concentïation of uu.ur,.i"l ond

interstitials is described by a second-order reaction. our data

do not correspond to any of the above reactions. The lorv value

of ty' in the case of point defects produced in nickel cleformed at

lorv strains suggests that there is some sloiv process responsible

for the annihilation of defects. This could not be due to the

recombination of vacancies rvith interstitials because the lorv

activation energy of this process suggests a higher valne for
tyt. From the increase in the order of the reaction with íncreas-

ing dislocation density it is proposed that point defects nay be

conclensing on to the dislocatio:ls.

3.2 Electron l"licroscopy

3.2,I General. Electron Microscopy

Thin foils from all the sÐecimen-s after resistance

measurements t{ere prepared for micro-structural examination, witl-r

the Philips EN{ 300 electron microscope, as described previously.
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3.2.1.I Results and Interpretation

3.2.I.7.I An tuinealed Condition

Typical electron-micrographs of as recrystallized nickel

are shorvll in Fig. 9 (a-d).

Figures 9a and 9b sholv grain boundaries tAr, annealing

trvin f cr originating at grain boundaries ancl tlin bounclaries f Br.

Fig. 9c shotvs the sarv-toothed nature of the annealing tivin bounclary

The majorit¡' of the areas are seen to be free fron dislocations

suggesting a lol dislocation density of as annealed nickel.

It is rr'eIl knolvn that the annealing tir'ins are procluced

by the grorvth of atomic planes during recryst alTization. As an

internecliate stage of this grorrth process, microtrvirlr26 are also

knctvn to form (Fig. 9.1).' Thi-s grotn,th process is sometinres hinderecl

(Fíg. 9d at E) due to the presence of dj.slocations (Fig. 9d at D)

on the gï'orvth pl"r-r"r26-28. Sirnilar micro-trvins r\rcïe secn aftcr-

the grorvth of metallic thin films on sodium chloride substrates26-28.

3,2.1 7.2 Deformed and Agecl Condition

Specimens lvere deformed to a strain of 1.0 x 10-4,

-4 -4 -L -L -L2.0 x 10 ,3.0 x 10 ,4.0 x 10 , 5.0 x 10 ,6.0 x 10 and

45.0 x 10-+ ancl werc aged until no further change in resistance

was detected. Then these specimens r{ere thinned and examined under

the el ectron microscone. The results are as follorr's.

3.2.I.I,2.1 e = 1.0 x 10'4

The electron

of 1.0 x 10-4 are shorvn

micrographs of specinrens defornecl to a strain

in Figs. 10(a-g)
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Long straight disr.ocations (Fig. rOa) produced probably

during handling of the thin foil rvere observed in solne areas. The

fact that such disrocation arïangements were not seen in any of the

as annealed thin foils suggests immobility of these clíslocations

clue to a pi'ning action. From the above resurts, it may be concluded

that strains as low as 1.0 x 10-4 are sufficient to,,unlock,rthese
dislocations and relrder them mobile.

stacking faults rvere seen in deformecl nickel. From the

frínge contrast (Fíg. 10c) observed, it is eviclent that they are

overlapping stacking faults rather than ¡nicro-tlins, because of the

constanclpf the bright fielcl fringe contïast, rr,hicrr is unexpected

of the rnicro-t,ui,-t=29. These could also be consiclered as deforrnation

ttvins which are essentiarry overlal:ping stacking faults separatecl

by a smal1 trvinned aTea. The origin of the faurt at the gr:ain

boundary and tìre dislocation free aïea surrouncli'g it, snggests

that stresses at the grain bounclary aïe ïesponsible for the split-
ting and movement of the gr:ai'bounclary clislocations on to the

paralrer {rri} pla.es ancl hence for the for'ation of stacking

faults. Further discussíon on stacking faults originating at

grain boundaries is given in section 4.3.

Figures 10d and 10e shorv dislocation pile-ups in a band.

The pile-ups are along the band length rA? (of screrv dislocatioirs
which cïoss-s1ip easily) ancl perpelldicilar to the bancl length rBr

(edge dislocations where cross-s1ip is difficult). There are

dislocations (probably screrv) near flris band, rvhich have cross-

slippecl from the slip planes, constituting 
'the 

bancl. ivhereas sorne
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of these dislocations shol contrast similaï to that observecl for
dipoles (for example at'ct), the double image of oilrers (for
example at rDr) is suspected to be crue to a cloubre diffraction
condition. F'ron the above it is seen that cleformation generally

' progresses oiì a fel easy glide planes rather than througìrout the

materi al

Figure 10f shorvs dislocations ivhich have alreacly startecl
to interact o. the glide plaues. Trre higrr ctislocation de'sity
along a particular direction suggests that this direction rvould

be the interaction of pla'es of easy glicte within the foi1. The

dislocatio.s are joggy. A ferr'dislocation loops such as atfA' aï.e

also sce' which seem to be formecl by the clipole mechanisnì seerr

with particular clarity at A1.

An area adjacent and to the right of the area shorvn in pig 10f is shown

in Fig 10g. The dislocation activity on the trvin bounclary is
apparent. TIle dislocation configurations at rA? ancl rBi ïepïesent

an earlier and later stage respectively of the formation of a dipole.
The increased clislocation activity near the steps ?Br of the

twin boundary suggests that, these trr,iii bounclary steps act as

sources of dislocations.

3.2.I.I,2.2 e = 2.0 x I0-4

Even at a strain o'r 2.0 x 10-4, there are aïeas armost

as free of dislocations as in ïecïystallizecl nickel (Figs. 1ta ancl

11b). The annealing trvins aïe seerÌ to orígi.ate at the grain

boundaries (Fig. 11b).
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The terniination of the slip traces rBr at the grain
'boulrdary in l"-ig. llc and the pile-ups of dislocation on them

suggest that grain boundaries are acting as souïces of dislocations.

The curvatur': of these dislocations on the slip traces, suggests

. that these are mor¡ing aiva)¡ from the grain boundary source. The

tivin bounclary T, in Fig. llc also appear-s to be acting as a

source of díslocations, throrving out an array at rA?. since clis-

locations thus sener¡f ed 1i c 61-¡ly on t¡e slip-p1anes, a pïoper

orielrtation of the grain boundary or the tr,¡in boundary rvith respecr

to the slip plane is a necessary conditíon for then to act as souïces.

The appearance (Fig. i1d) of heavily jogged clislocations
tAt, the clipole configuration rBt and the half moon coltt.ïact tcl

are inter relatable. The vacancy clusters, giving rise to half
moon contrast, are procluced by the novemeltt of clislocations with

. jogs on them. The dislocatj-on loops tB' are produced, most likely,
by the forrnation of attractive junctions of dipole configuration,

as is evident froni the dipole configuration at rB'. It may be

mentíoned that the area uncler examination is very localizecl and

does not represent dislocation activity throtrghout the material.

A pair of single stacking faults hrere seell, F.ig. I1e,

ín nickel deformed to a strain of 2.0 x i0-4. The fringe profiles

along the length of fault corï'espond to the concJition when the fojJ
3o

thickness (t) ís fí::ed ancl .d¿viatlç¡r(hr) from the Bragg"s co¡^,dicion

veries. The dark lines ïepresent ninina ín the íritensity

profi les and the dark extinction regiolrs in the surrouncling cry-sta1

are indicatecl by siiading (Fig. r2). The fringes branch at certain
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FTG"12 ETFECT OF VARYING TI-I]CKNESS WITH FIXED

DEVI/ÀTION (w) FROM THË BRACG CONDTTIO N
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points along the length of the fault in the sense that the stlong

fringes become weak fringes and vise-versa. The above contrast

conditions are fuIly met by the fault in Fig. 11e. The foil

orientation j.s (100) and since the faults rre lying along [Z2O),

ilff) is the faulting plane, as expected.

Overlapping stacking faults tvere also seen in the specimens

defornecl up to 2.0 x 10-4 strain. Their Bright fie1d, Dark field

and Selected area diffraction pattern (S.A.D.P.) are sholvn in

Fig. 119 to l1i respectively. Since, most of the cotrtrast from

the faulted length is (except at'A') due to overlapping faults,
llthe method"' to determine their nature can be applied only to

section fAt. Thus analysed, the fauit rvas found to be intrinsic

in nature (Details in Appendix I). The faulting was found to be

on the (11T) plane as rhe fault lies along trTol direction and the

foil plane is (111). In the region where the faults are overiapping

the contrast vanishes whenever three faults overlap as seen at rBt

in Fig. 11g.

A careful exaniltation of Ìrio ll ì rcrr4¿15 nodal configura-

tion of split partials. The extended node at rAr and constricted

nocle at fBt can be clearly seen. An enlarged photograph of this

area will be analysecl to determilte the stacking fault energy of

pure nickel.

3.2.I.7.2.3 ¿ = 3.0 x 1o-4

The electron mecrographs
.-4strain of 3.0 x 10 ' are sholn in

of specinens

Figs . 13 (a- d)

cleformed to a

n* - -+ .J:-^* +L ^fllrdaL rrLÌll L.ttç



fs
T

?Í

E
-q

 J

E
..q

J
ttl E

-r
 J

*t *T
I'T }\ -? d* {"
".

J

¿
'-'

t 
e

*#
L

!t
H '1

 Ì
*1

,

tJ

I
-î

T t\ r-
1

1"
-i'

_ 
I t\



3 il L'*i-d

Í:[ ,

þ#t X
ü"t=

 fl\T
Y

H
åS



60

twin tAt, twin boundaries IBI and grain bouudaries rcr, sorne helical
dislocations on trvin rAt at rDf aïe seen in Fig. l3a. lwin boundary

dislocations IBI and single stacking fault 'A; originating at the

grain boundary at rct can be clearll, seen r-n Fig. 13b.

Dislocation pile-ups on slip p1a'e rAr are srroi^¡n in

Figs. 13c ancl 15d. Fig. lsd is an area left to that of Fig. ljc.
Given the proper orientation condition (as at 'B') these pilecl-up

dislocations cross-s1íp to other planes. An uniform distribution
tct, of these díslocations after cross-slipping, suggests their
screw character. The similar natuïe of encl contrast from these

dislocations suggests a similarity in their: charact"r32. The

curväture of the dislocations (c) suggest that their direction of
movenleilt is as indicated by the al.l.orv in Fig. l3d.

3.2.7.I.2.4 e = 4.0 x 10-4

Fig. 14a shoi,is annealing trvins f Tt and the tlin bou¡daries
trot. This electron micrograph also shorss the nar-ìneï in whichb

dislocations move lvithin the trvin boundary. The trvin boundary

dislocations as at fAr move along thc direction of the arrorv

Beyond rAr the sudden change in the tr-¡in bouriclary clireciton leads

to the corss-slipping of ctislocations on to the trvin bounclary along

ArArr. The initial stages of this .orrr-rlip process is seen at A.Al
t':

and Arr. The clislocations after cross-slipping are seen at B and c.

Similal colltïast from these dislocations suggests that these have

the same characteï. These dislocations aïe seen to interact on

the trvin.boundary for example at rDr. These d.islocations, as they

nove, and when pro vided iiíth proper crystallograpl-ric orientation
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conditiors, calì cross-slip from the trvin boundaries on to the

slip planes and inay thus act as sour.ces of dislocations. Fig. t4b

shoir's dislocations tBt eminating fronr the grain boundaries rAr.

The general nature of the disrocation aïïangenìents at

4.0 x 10-* strain is represented by the erectron micrographs

in Figs. i4(c-h). Tire'e is an appreciable increase in the

dislocatiolr clensity at 4.0 x 10-4 strain as cornpaïed to that in
specimens dcforrnecl upto s.0 x 10-4 strain. The cell formation

is quite eviclent from Figs . r4e and 14f. There is a significant
increase in the dislocatio' loop cle'sity (Fig. l4clJ. A magnified

picture (Fig. raÐ of the area?Ar of Fig. 14f srrorvs heavily

tangled dislocations at tA' ancl dislocation loops at 'Br.
careful exanination of Fig. l4h suggests that tlie follorvins

mechanisnìs are Tesporlsible for the clefect geneiation.

1. Movement of heaìriry jogged clis locations leacls to
(l ..

formatiolr ?t at rBr and dislocation loops are created

pinching of dipoles as at fAr and rcr.

2. The dislocation loops can also be forrnecl by the attraction
of opposite type of disrocations moving o' para11e1 planes as

at tDr.

Dislocatíon cel1 fornation is clearly seen in specimens

defornecl to 4.0 x 10-4 strairr in Fig. 14i and 14j. The disloca-

tions rvithin the ce1l of Fig . l4j are mostl¡z strai.ght rvith a

ferv jogs on tirem, but the dislocations in the cell wa1ls are

baclly tangled. The straightiress of dislocations rvithin tjre celi
and their cross-gricl arrangement suggest that these are proclucecl

ñl n^ | ê

Irr¡ fha
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by the hyclrostatic nature of stresses fron the cell walls.

Stacking fault bundles were observed in nickel deforlned

-4to 4.0 x 10 strain. A series of photographs along their length

were taken and these are sholn in Fig. 1a (k-o) . These faults

were analysed (Appendix I) and were founcl to be intrinsic in

nature. These faults are mostly single except tjre fault rEr

in Fig. l4m which gives contrast sjmilar to that of the over-

lapping faults. These faults were found to originate at the

intersection of the slip planes as is shorr'n by the fault origina-

ting at tAr in Fig. 14k which is the intersection of slip plane

tBtwith the fault plane. This fact is also supported by the

generation of overlapping faults tEr in Fig. 14n at rc'where

the slip trace?BI intersects tlìe fault plane rvhose slip trace

is rDr;' To find the slip plane rBr and fault plane tD' selected

area cliffractíon patteïn rvas taken of Fig. 14n and is shorvn in.

Fig. 14n. The foil plane i+as found to be (111). Since the

trace tDr is lying along lzCT), the slip plane fDr is (111)

and the slip plane fBr is (iI1). Therefore, the faults are not

generated only at tl-re grain boundaries but also at the inter-

s ecti ons of s li p or gl ide p lanes . 
, 

Fi g. 14o shorvs the clark f ie 1d

electron-micrograpli of the area sholn in Fig. 14nl and was used

to deternine the nature of the stacking faults.

3.2.I.r.

The specimens

I{ere examined and the

Figs" 15a and 15b are

2.5 e =5.0x10-4

deformed to a stTain of 5.0 x 10

el cr-f ron nli r-roor.¡nhq ere slrnr,Jn i lì

from adjacent areas and shoiv the

À

F. 1oq. l\11-1 I

ocrtr.r¡ I
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nature of dislocation arrangements at this strai¡. An exanination

of dislocations in Fig. 15a suggests that these clislocations are

heavily tangled along <110> directions whích is the cli-rection

of intersection of {ff1} planes. The aïeas surrounclecl by these

tangles contain cross-grids of long and heavily jogged dislocations.
The dislocation loops at rAr r""ii to have formed by the attraction
between the trvo arms of the same distocation moving on paral1el
planes. The stage just before the pinching is as shorqn atrcf
in Fig. 15a. A series of loops formecl in this manner are seen

at tAr in Fig. 15a. Trre dislocation clipoles are arso seen to

form by the moveme't of jogged dislocations as at 'Br i' Figs. lsa
and 15b. The disrocation ce11 fornlation is also seen to be

present at this strain of 5.0 x 10-4 ancl is shorvn at rAr in
Figs. 15c and 15d.

The stacking fault bundles ¡'ere also seen i' specimens

deformed to 5.0 x 10-4 strain. A series of electron micrograprrs

in Figs. 15(e-i) were taken along the le'gth of these overlapping,

intrinsic stacking faults (Appendix I). The foil plane was

found to be (110) and since trrese faults 1ie along tz20l, the

fault plane is (111). The nature of clislocatíons on slip plane
tAr in Fig. 15g, being simirar to the dislocations observed in
the twin boundaries in Fig. 14a, suggests that these dislocations

have come to the slip planes rAr from the trvin bounclaries ancl

seen to be respo'sible for the formation of overlapping stacking

faults. Figs. 15 (e-g) are Bright fielcr electror-r-micrographs of
the stackiiig faults and Figs. lsh and 15i are tl-re s.A.D.p. and

Dark fietcl respectively of the stacking faulr i' Fig. 15g.
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FIG"15 e STRAIN=5"0X104

srRAtN= b.ox1Õl'FIG"15f
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FIG.15¡ STRAIN=5"0X1t1
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3.2,I.I.2.6 e = 6.0 x 10-4

The cross-slipped screw dislocations, piles up against

a grain bounclary bcyond tAt, can be secn in Fig. 76a, These
olr

dislocations do not seem to 1ie on the foil plan" ç{-]) because

the zig-zag colttTast suggests that they are inclined to the foil

plane. All of them are of similar character because of the sinilar

nature of contrast from their ends rBr. Fie. l6b shorvs similar

dislocations but uniformly distributed suggesting that tJiese

dislocations are screiv in character ancl can glide easily.

Long and heavily jogged clislocations rct tvere observecl

(Fig. 16c) in specimens-deformecl to 6.0 x l0-4 strain. The slip

traces at tAt, dislocation loops attl)r ancl point defect clusters

ef lRl nìr¡.in- ri5e tO hal f nOOn COntTaSt Can be cl¡arlv ç.êên" 6- UvrrL¡@J( UCr¡r UV VMII_/ JççiI.

The dislocation tangles generatecl at this strailÌ are sholr'n in

Fig. 16d. Conrparing with previous electron micrographs (up to

a strain of 3.0 x fO-4), a consiclerable increase in dislocation

density is apparent. There is a general increase in tatrgling ancl

so nìost of these tangles 1ie along a particular direction, this

direction is expected to be the intersection of planes of easy

glide rvithin the foil resulting in the formation of Cottrell

1ocks. The free dislocations arvay from these locks, contain multíp1e

jogs rAr. The point defect clusters t{,¡ere seen to be left behind

the dipole c:nfiguration as at rBr and thr abscnce of point defect

clusters near the grain boundary, suggests its effectj-veness as a

s inl< .
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FIG.16a STRAIN=6.0X104

sTRAtN=6.0X104l=lG.16b
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FIG"16c STRAIN=6.0X1d4

STRAIN= 6.OX rc4FiG"16d
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absent up

16h .

The ce1l formation, at

to a strain of 3.0 x 10

3.2.r.I.2.7 e = 45.0 x 10-4

The dislocations rvhich have corss-slippecl on to the

(f00) plane of the foil (Fig. I7a) are seen to interact at a

strain of 45.0 x t0-4 proclucing dislocation loops 'Ar and point

defect clusters f Bt. This kind of dislocation behavi.our ivas not

observed in specinrens defornecl upto 6.0 x 10-4 strain. The existance

of dislocation loops tA', jogs rBr, half rnoon contrast rct and

dipoles rDt in Fig. 77b suggests that point dcfects are produced

by the pinching of dipoles. Fig. 17c shorvs dislocation structure

of the grain boundaries 'Ar and also the heavily tangled dislocations

adjacent only to the grain bounclary rBr.

The general nature of the dislocation entanglenent at
._4
45.0 x 10 strain is represented by Figs. 17(d-f). These electrolr

micrographs are from adjacent areas and therefore suggest that tìie

extent of tangling is rvidespread but, the general nature of entangle-

ment is sinilar to that in specimens deforned up to a strain of

6.0 x 10-+. I{eavily kinked d.islocatd,ons, in Fig . I7g, were also

seen on (100) plane, i.e. the plane of the foil.

A pair of stacking faults is seen to enierge fronl the

grai-n boundary in Fig. I7l'¡. The difference betrveen t,\is electron

nicrograph ancl thc previous electron niicrographs shorving stacking

faults is the clislocation activity in areas sulï^,',.r;'r^ +rr^ J:^". -J *- roundlìlg tne raul ts .

The cel1 formation at this strain of 45.0 x 10-4 appeaïs to be

]n

a

-+

strain of 6.0

nrn ho caa-
t vú¡À

70-4, which was

Figs. 169 and
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FIG "17 a STRAIN 45.0X104

FIG"17[3 STRAII\=4.5"0X ú'
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widespread Fig. Q7i) as comparecl to the specimens cleformed up to

a strain of 6.0 x 10-4.

Figure 17j shorvs defornation tlvins at rAr and probably

an early stage of stacking fault formation at 'Þ', all originating
- at a grain boundary. The trvin reflections from tjre deformation

tlins are shorr'n in Figure 17k. The origin of the twins at tl-re grain

boundary, rvhere it is curved and lying along l22ol, suggest that these

are produced by the migration of trvinning dislocatiol-rs o¡ adjace¡t
{rrr} +r.,'i-,"-i-^ )^
Lrr,-LJ Lrvr-ItrtrIrg planes-". Their passage results in the forntatj.on of

an intrinsic stacking fault on every {ftt} plane and hence t¡e forma-

tion of defornation tlins. The foil plane is (111) ancl the clisloca-

tions on the slip plane tBr have conle out of the grain bouidary at
tcr . These clislocations aïe not the nornlal lattice type dis 1ocatior,r35

and are consiclered to be partials. The movenent of tJrese partials in

the directiort indicated is considered to be tlie mechanism for stacking

fault generati on,

A pair of overlapping stacking faults is seen in Fig. I79".

The foil plane is (111) and si.nce the faults are lying along lTozl ,

the fault plane was found to be (lti).

In sununary, the more significant results of this electron

micrographic study are as fo1lorr,s:

1. up to a strain of 3.0 x 10-4 there was no appreciable increase

in dislocation density, but beyond tlìe stïain of 4.0 x 10-4

dislocation density increased appreciably.

2. The amount of dislocation entanglement up to s.0 x 10-4 strain

rvas not appreciable, as compar:ed to that beyond a strain or 4.0 x 10-4.
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Hoivever, at arr 1eve1s of strains, sorne dislocation activity and

entanglement in some restricted areas lvas observed. Thus it

may be concluded that dislocation rnobility is present even at

a strain as lorv as 1.0 x I0-4.

3. The appeaïallce of dislocation 1oops, jogs on dislocations

and point defect clusters at a feiv of the localized areas, even

at a strain of 0.01%, suggests that point clefects are produced at

very lorv tensile deforrnations. The mechanjsm of their production

is discussed in section 4.1.

4, Single stacliing faults, overlapping stacl(ing faultsr;and defor-

mation ttvins itere producecl clurjng tensile cleformation as lolv as
À

1.0 x 10-*.

5. Grain boundaries (Fig. 11c and 17j) and trvin boundaries (Fig.I4a)

were observed to act as dislocation sources.

6. The stacking faults were seen to originate either;

a) at grain boundaríes (Figs. 10c , L3b and 17h)

b) at tu'in boundaries (Fig. 15e) and

c) at the intersection of slip planes (Fig. i4b).

7. The first appearance of ce11 fornation rvas observed at a

strain of 4.0 x 10-4. The electron nicrographs in Figs. 14i

and I4j are in support of the above observation.

8. The appeaïance of cross-grids of dislocations within the

ce1l wal1s of Fig. I4j suggests that the coll rvalls exert hyctro-

static stTesses on the natríx surrounding these walls.
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3.2.2 Tensile Stage El.ectron N,ficroscopy

rn sitn deformation studies weïe perforrned on the thin

foils of nickel. The Phil ips EÌ{s00 tensile stage rvas usecl.

Specimens were pu11ed and examinecl at '-l30o C' . :. , .

so as to avoid specirnen heating.

3.2.2.1 Results and Interrrretation

Figures 1B(a-i) shor'¡ the successíve stages of increasing

tensile deforlnation. The anount of strain could not be nieasurecl

accurately, but the maximum strain was found to be about 1 pct.

A careful exanination of these electron micrographs leacls to the

fo1 loiving conclusions .

r. As the specimen is deformed, the dislocations start moving

and n¡n into obstacles (in general other dislocations) initiating
the process of tangling. The increasing anìount of entanglement

with increasing strain is evident from this series of electron

micrographs.

2. The point defects are produced by the rnovement of dislocations

with jogs orì them. The jogs at fAr and defect clusters at rBr

are seen in Fígs. 18(f-h). As we increase the tensile stress

the dislocations borv out e.g., atrct in Figs. Ig(f,g and h) and

the decreasing radius of curvature rvith j.ncreasing stress is clear

from the abol,e set of figures. Dislocatio.rs bol out because it
is difficult to move the jogs on thern. The point defect clusters,

left behind these moving dislocations with jogs, are seen at fBl
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and these are produced by the attraction betr^¡een the dipoles

produced d,ring the course of dislocation novenents

3. Attention may be drarvn to the pïeserìce of point defect clusters
within the grains at fDr and their absence near the grain boundaries.

As the point defects are procluced. due to dislocation movement, the

above experirnental observation suggests that clislocation movement

is more predominent in areas removed from the grain bounclaries.

4. The formation of dislocation ce1ls in thin foils cleformed in
the microscope rvas not observed. This. is not surprising in vierv

of the fact that the dislocations and point defects generated cluring

deformation of a thin foil are easily lost to the foil surface and

thus are not available for the formation of cell structure.
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3.3 Tensile 1'est Results_ and Interpretation

To gain a better understanding of the types of lattice

defects generated during deformation in the microplastic region

and their in'ceractions, specimens were deforned to a strain of
-L -¿" -/l ll -/11.0 x 10--, 2.0 x 10-*, 3.0 x 10-*, 6.0 x 10-" and 45.0 x 10-+

respectively and aged for 60 hours at 20oC. The yield stress of

these prestrained and aged specinens was then deternined for

0.009% offset. The results are shown in Table 9.

Tab 1e 9

Specimen No. Pres train 0.009 pct Offset Yield Stress
(Ps i)

6

B

9
10
11

10-
rn3
lnJ
IU-
lnJ
10"

1.0

"'2.03.0
6.0

45. 0

.^
x10
x' 10 -4
x 10-4
x 10-4
x 10-4

3.13 x
3.35 x
4.40 x
4.50 x
J.JU X
6.60 x

A plot of yield stress vs prestrain is

These data were replotted on a 1og-1og scale, as

The least square fit for a straight line for the

data given in Table 9, as shown in Fig. 20 gives

relationship:

6^, = 16.5 x 103 eo'16
¡

given in Fig.

shown in Fig.

experimental

the folloiving

3.3.3. r

in F'i cr- 10 srrooe5ts that there

stress duling the initial stage

is increased the rate of increase

nay be explaiirecl by the point and

19

zv

Thc nature of the plot

is a rapid inc::ease i:r the yield

but as the niag'iritude of prestrain

in fi"l¿ stïess decreases. This
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line defects generation and interactions as observecl during electron

microscopic examination. since all the specinens r,;ere aged for
60 hours after tensile deforination, the point defects generated

during defonnation are expected to be annealed out as was suggested

in section 3.1. As such the only defects left after room tempera_

ture ageing are dislocations and a ferv stacking faults. Therefore

the rapid increase in the yielcl stTess at lorv values of pre-strain
(Fig. 19) is ascribed prinarily to the interactions of nerv clísloca-

tions with tJie pre-existing dislocations prccl¡çe¿ during prestqaining.

The rate of dislocation entanglernent in the initial stages (Fig. 19),

is very high because of the higher dj-slocation mobility of pre-

existing (mostly untangled) clisrocations. But rvith increasing

prestrain the density of free (niobile) dislocatíons decreases

resulting in a slorr'er rate of tar-rg1ing. This decreasecl tangling

rate results in the clecreased rate of yield stress íncrease. A

snall increase in the yield stress at higher prestrains is attri-
buted to the dislocation entanglement in a ferr' of the grains and

also further entanglement in regions already containing tangles.

The fornation of tangles in tangle free grains, as mentioned

above, suggests a non-uriform dislocation distribution as observecl

experirnentally du.ring electron microscopic exanination.

From the above discussion of tensile test data follorving

conclusions could be ma.de.

1. The hígher rate of dislocation entangLement during the initial
stages of the deforination process may be attributed to the higher

dis location nobility.
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2. From the yield stress data it is concluded that the dislocation

distribution during tensile deforrnation of polycrystalline nickel

is non-uniform.

3. The variation of yield stress ?orr with prestraín tef in
- polycrystalline nickel may be given by the follorr'ing ecluation:

z ^.16oY = 16'5 x 10" e"

4. A significant increase in yield stress, even at 1.0 x l0-4

prestrain, suggests that there is an appreciable dislocation activity

even in the very early stages of tensile deformation.
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+. DISCUSS]ON

4.r Nature of [,ine and Point Defect Generation and Their

The generation of point defects during cleformation requires

apriori presence of mobile deslocations with jogs. In the initial
stages of deformatì-on, apart from other souïces, grain boundaries

rnay also act as a source of dislocations. rn the present investi-
gation, the dislocation density within the grains r{as observed to

'increase at strains as low as 1.0 x 10-4. Holever, the complete

ïecovery of resistivity due to roon temperature ageing suggests

that a re-arrange¡tent of dislocation in the grain boundaries takes

place tvithout altering the overall average density of dislocations.

The mechanisms, by which, grain bounclaries function as souïces

of clislocation have been clescribed by Hornbogen et all3 ruho proposed

two different generation mechanisms: the first occurs when the

grain boundary is mobile, while the other is responsible for the

creation of dislocations in stable grain boundaries. rn mo.bile

grain boundarj-es (bounclaries rvhich exhibit shear at low tempera-

tures under the influence of external stress) dislocations exist

which move along the boundary (grain boundary díslocatioìs,

GBD). The shearing of grain boundaries depends on the movement

of GBD. The GBD can move by slip along trre flat regions of grain

boundaries. This can extend over the eclge of a grain bounclary only

when the Burgers vector of GBD chaliges. Thid change takes place

by a dislocation reaction j.n which the lattice dislocation is

Interactions in the lvlicroplastic Region of Nickel

4.1.1 letqre of Line Defects and Their fnteractions
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separated. This separation of lattice dislocations from GBD is

the mechanism by which nobile grain boundaries function as disloca-

tion sources. This is confirmed by electron microscopic examina-

tion. They have sholr'n also that this mechanism is responsrble

for the crossing of sli.p lines by grain boundaries. The follorving

generation mechanism operates in stable boundaries. These boundaries

can act as souïces of dislocation only when tlo slip planes inter-
sect along the grain boundary. The boundary emits clislocations

alternately into the tr,/o slip plares, their Burgers vector lying

so that no shearing of the grain boundaries sets in. This mechanism

is also confj.rmed by ele.ctron microscopic exarnination.

A schenatic diagïan, after Flornbogen et af13, shorving

the nature of operation of the first kind of solrrce is shorvn in

Fig. 2r. rt is, crear that an.edge dislocation of Bu::gers vectoï
rbr is generated on the slip plane tAr, where the grain bounclary

changes its direction and hence the grain boundary clislocation

also changes its Burgers vector. This suggests that this will
generally happen near the bends on the grain boundaries. This

mechanism seems to operate in pure nickel as eviclenced by Fíg. 11c,

which shols a source rAr at the curved region of the grain boundary

G. The pile up of dislocations in the slip pla:les 'Br is clearly

visible. The sanie type of ernissjon of dislocations by grain

boundary can be seen at Icr in Fig. I7j. *he slip plane rBr

intersects the grain borurdary along the t1T0l direction, where it

is acting as a source of dislocations. This supports the idea

of Hornbogen et 
^t13 

tl"rut for a grain bounclary to act as a souïce

it should meet some slip plane along a suitable crystallographic

direction.
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Apart from the grain boulclaries, twin bounclaries were also

observed to act as dislocation sources as describecl earlier in

section 3.2.I.1.2.4.

ùrc.e dislocations are generated they start to interact and

as the interactiorl progresses, dislocation tangles are formed

whicll ultimately result in subcell fornntion.

The nature a:rd origin of dislocation tangles have been

discussed by Krilrlrna'n-lvilsclrof et utla . According to them,

dislocation tangles are three dinensional dislocation arrays

frequently forming ce11 wal1s or i11-defined zones para11el to

possible slip planes, brj these aïïays aïe neveï confined to one

or a ferv closely packed slip planes. As is clear from the elec-

tron micrographs of pure nickel, the tangles aïe alivays assocíatecl

and interspersed rvith srnal1 dislocation 1oops, probably prismatic

in character.

In pure FCC netals, tangles are formed under almost any

circumstances, except when they are strained as thin foils (see

section 3.2.2) .

Kuhlnnnn et a7?4 have considered three basic mecrranisms

to explain dislocation tangling; namely (1) dislocation intersection

jogs, (2) cross-s.lip, and (3) intersection betleen dislocations and

point defects. They have suggested that tangles must be caused

by an effect which not only alloi./s the disl.ocations to move out

of their slip planes but rvhich, at the same time, provides resis-

tance against g1idc. They have presented argunents to the effect 111¿¡

neither cross-s1ip nor intersection jogs alone can leacl to the
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formation of tangles. Their argunents against cïoss-s1ip are three

fold: cross-slip is observed extensively in thin foils of A1,

but no true tatrgling ever takes place in foils of A1 while strainecl

in the electron microscope. A1so, cross-stip is knoln to be vir-
tually absent in stages r and Ir (a typical stress-strain cuïve

for single crystals deforrned in tension contains three distinct

regions or stages. The stage I refers to easy glide, stage II to

linear hardening and stage rrI refers to the region where ïecovery

takes place) of Fcc puïe nìeta1 .ryrtulr.36 Nonetheless, the

tangles seen in A1 deforned at room temperature in stages I, II

and III are qu.alitatively alike, except that in stage III they

resemble markedly to cel1 wal1s. Thirdly it j.s iinpossible to

conceive rvhat could cause dislocations to cross-slip without any

visible obstacle if this cross-s1íp could happen in response to

the applied stresses t,'ithout any assistance fronl thermal activation35

In the present investigation on polycrystalline nickel

foils deformed in the microscope, dislocation tangles uleïe observed

(section 3.2.2). As such, it is suggested that the absence of

tangling in their single crystal specimens defo¡ned.in the electron

rnicroscope could be due to the easy excape of dislocations to the

foil surface (due to inage forces). cross-slip may not be present

in stages r and II in case of single crystals deforrred in a parti-

curar orientation, but, in the case of polycrystalline material,

due to the complex nature of stresses arising from grain boundarj-es,

cross-slip is bound to be present. The grain boturdaries certainly

act as the obstruction to the nìovement of dislocations and hence
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will assist cross-s1ip.

rn light of the above, it nay be assumecl that cross-slip

does play a relatively important role in the formation of disloca-

tion tangles in polycrystalline materials. similar argunents may

also be rnade for the relatively greater importance of intersection

jogs in polycrystalline materiars as compared to that in single

crystals.

The third mechanisn, i.e. intersections betlveen point

defects and dislocations, accorcling to Kuhlmann "t ut74, is

basically responsible for the dislocation tangling. They argue

that point defect concentration by plastic deformation, at inter-
mediate temperatures, ïepïesents a very high supersaturation,

er¡en after a strain of 1 pct. or less. Again the occurance of

well defined dislocation loops in quenched FCC metals on {tt1} or

t110j bounded by <110>: or <1r2> directions, rvhich are formed by

the condensation of vacanci"a37, shor,rs that dislocation riclimbr

can be considered. from trvo different vielv-points. on the one

hand, one may consider the condensation of point defects 5imp1y

as a means which allorvs dislocations to move (by climb) in response

to stresses normal to their slip planes and thus to circumvent

obstacles which block their progïess by 91ide. conversely one can

consider dislocation rrclimb'? to be the by-product of point defect

precipitation, l',irich takes place prirnarily in order to reduce the

free-energy of the meta1, and only incidently creates dislocations

or noves them out of their slip planes. By simple eneïgy calcula-

tions it has been shorun 34 that dislocation 'icrimb' is far more
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likely to happen by the point defect condensation rather than due

to mechanical stresses.

The clinrb, resulting from the condensation of defects

on to the dislocation, is highly non-uniform and blocks the disloca-

tion glide. Norv, as the external stress is increasecl, the disloca-

tion segrnents in nearly screr\¡ orientation may cross-slip and all

of the above rnentioned processes may occur to cause tangling.

Thus, it is seen that condensation of point defects procluced during

deformation plays an éssential part in the fornation of dislocation

tangles.

In the case of polycr¡'stal1ine nícke1, electron micro-

scopic observations suggest tlìat all of the three above mentioned

pïocesses aïe opeÌ'ative. In the initial stages of cleformatio:r

cross-slip and intersection jog mechanisms are responsible for the

dislocation interactions. The point defects are generated, primarily

due to the jogs on the dislocatons. But as the stress is increased

more and more of point defects are created and these interact rvith

dislocations and hinder their rnovement. lVhereas some segments

of the dislocations are pinned, the unpinned segments start acting

as dislocation souïces. The extensive tangling observed after

a strain of 3.0 x 10-4 suppoïts these ideas.
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Nature of Point Defects and Their Generation

mechanisms have been proposed for the generation

of point clefects during plastic deformation. SeitzSS and Mott39

suggested that a plastic strain, e, produces a concentration rc I.V

of vacancies of the order of
-¿_c-,= 10 e 4.I.2.Iv.

4.7.2

Several

On the other hand, van Bueren

ernphasizecl that the resistivity change
elongation A.Q, as_T

Äo 
= 

(nt1s/z
'̂ \-Tl

and Jogenb,rtg"r4o h"'rr"

q varies with
v

4.1 ,2 .2

the proportionality factor being-of tJre order of unity. varl Bu"t"n4l

has connected this observation witl'r a theory in whi-cìr expanding

dislocation rings develop jogs on them at a ïate proportional. to

the area of slip plane swept by the rings, and in rvhich these jogs

produce point defects at a rate proportional to the distance they

nlove through the slip plane. From this analysis the concentration

of point defects is expected to vaïy as

7/)
ccce 4 .1.2 .3

in accordance with the resistivity measurements. :

A')
Another mechanism after Frieclel--, in which tlo arns of

a Frank - Reacl souïce nray often lie in neighbouring glide planes

and may coalesce at the end of each cycle of operation of the source.

As a result, a line of poilrt defects is folmed, the nurnber of rvhich

is of the order of 9"/b where I Lt is the length of the source and rb'

is the atomic spacing: Each time the source operates , 9,/b defects

are created, so that the concentration tc.,rt produced by N cycles
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of operation per unit volume is giver-r by

cv= 4.r.2 .4

by each

by e = r2uru;

4.r.2.5

L3 x 10'b, this gives

4.r.2.6

3; n'
D

.3.where v(= b-) is the atomic volume. If the area slept
a

dislocation ring is tLot, the plastic strain is given

nelt ce

c.: q e
L"

Making the reasonable assunption that L = 3g. =

-çc=10"e

which is comparable with the estímates of seitz38 and Mott39.

None of the above mecha'isns, representing theoretíca.1

possibilities, seelìì sufficient to explain the results obtained for

polycrystalline nickel" The point defect (vacancies) concentration

icut was found to depend on strain 'er according to the forlorving

re1 ation

\ 0.36c =4.54x10'e''""
V

/1 1)1

The results suggest that the procluction of point defects

is a complex process consisti-ng of a varíety of mechanisms operating

simultaneously or in succession. The experimcntal eviclence suggests

that the point defects and dislocation loops are produced by the

novement of jogs on screr^/ clislocations and the attractive junction

of the dipole configuration respectively. These mechanisms are

represented by the sketches in Figure 22.

Both of these mechani.snis are essentially the same. case (1)

refers to jogs of one or tlvo atomic distances in height rvhereas case (2)
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FTG 22

(a)

(b)

SCHEMATIC DIAGRAM
STAGFS OF(a) POINT

LOOP GENERATION

DISLOCAT I ON S.

REPRESENTING SUCCESSIVE
DEFECT AND (b) DISLOC/\TION

DURING MOVEMTNT OF' JOGGED
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Tefers to jogs of considerably greater height. Howeveï, once

mechanisrn (2) has operated, the jog height is decreased to the

extent that this mechanism ceases to operate and the conditions

are nade favourable for the operation of mechanism one again.

Apart fron the above rnechanisms for point defect produc-

tion, mention may also be made of another nechanism arising from

the r?uncertainty principle for clislocation r*"r34,,. According to

this, it is not possible to define with precision the axis position

of a dislocatj-on and as such that of a slip plane. As a result,

a moving dislocations tïansfer snaller oï larger segnents to neigh-

bouring slip planes crea.ting complex jogs. As these jogs cannot

nove consei:vatively, point defects are generated during the nove-

nent of these jogged disl,ocations. I\4ren a moving edge dislocation

changes its srip plane, a rorv of point defects is produced rvhereas

ín the case of a screr{ dislocation only single point clefects are

generated.

In conclusion, grain boundaries and tivin boundaries act

as sources of dislocations.rvhich are active in the initial stages

of defor¡nation. The intractions among these clislocat-.í-ons aïe

by the rcross-s1ipr and the tintersection jogr mechanisms. I{olever,

in the later stages of defornration, point defects and clislocation

loops are created rvhich are responsible for enhanced distocatíon

activity resulting in ce11 formation. At very lorv strains, point

defects are produced by the movement of jogs which are formecl on

moving dislocations due to their intersections and axís uncertainty.
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4.2 Nature and Origin of Residual Lattice Strains in Pure

Polyc4vstal 1 ine Nj.cke I

It was observed that residual lattice strains (RLS)

become significant only after a strain of 3.0 x 10-4. This

observation is in agreement with the earlier work. of Slaroop and

.13
r angïl

A careful examination of the electron micrographs reveals

that dislocation activity increases appreciably beyond a strain
/l

of 3.0 x 10-*. This increased dislocation activity results in

enhanced dislocation tangling and ultinately ce11 formation at a

feiv places as sholn in the electron micrograph (Figure 14j) of a

specimen deformed to a strain of 4.0 x 10-4. These observatjons

support the earlier suggestior,l3 tl'rat the RLS is intimately relatecl

to the dislocation substructures produced during deforlnation. These

substructures, in tum, produce stresses rr'hich are expected to be

hydrostatic in nature. A careful examination of the dislocatíon

arrangement insicle the cel1s (Figure 14j) reveals the presence of

cross-gríds of straight dislocations. It is proposed that-these

grids are formed due to the hydrostatic nature of stresses arising

from the ce11 walIs.

To determine the total sirain at which RLS first makes

its appearance, specimens were loaded up to various strains and

unloaded instanta:reous1y. The results are given in Table 10.
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Tab le 10

Sp. No. Trial No. Stress Strain 2 0
À

d Adxl0+
ro3 (psi) u(lnl:-n1 G2o) ''Ao

15 1 0 0 15s.69 0.78792
L3 2 \.gg 110 155.67 0.78795 +0.3*
13 3 0 loaded 0 155.69 0.78792 .,0.0
14 I 0unloaded 0 155.66 0.78796
14 2 3.047 190 155.664 -0. 1

loaded
155.671 0 .78795

74 3 0 unloaded 26 155.66 +0. 1

1ss.6s 0.78797
L4 4 4.27 308 1ss.687

reloaded
15s.689 0.78792 -0.4
155.686

14 5 0 unloaded 90 155.649 0.78799 +0.2
. 155.670 0.78795 -0. 1

*-

This unexpected change in rdr spacing could be attributed to the
mishandling of tl-re specimen.

From the data it can be concluded tlnat a significant 1evel of the

residual lattice strain develops only after a total strain of 5.0 x 10-4.

Therefore the simultaneous appearance of cel1 fornlation and residual

lattice Strain after a strain of 3.0 x 10-4 confinns that cêl1 walls

are responsible for the RLS in polycrystalline nickel.

The nature of RLS in instantaneously r;nloaded specimens IVas

observed to change sign during subsequent room tetnperature ageing

(Specinren 14 of Table 10, trial n0. 5). This could be explained by

the rnechanisr proposed by Tangri et a113. It is seen that point

defects are procluced during tensile defornation of pure nickel. In

view of the above, the nonequilibrium concentration of point defects
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produced during room-tenperature deformatíon of nickel is expected

to acuse a general expansior-r of the lattice. Assuming that the

effect of instantaneous unloading is analogous to that of quenching,

a net tensile strain, as experinentally observed, may be expected
" if the general expansion resulting from the presence of point clefects

in the lattice is more than the compressive strain due to the resiclual

stress systenì developed by the substructure wa11s and the rnatrix.

It can then be easily seen that on subsecluent ageing at room tenpera-

ture the expansion of the lattìco,ui'l'l n¡nn¡assively decrease with

the progress of room tenìperatuïe recovery, until a compressive

strain similar to that observed during the gradual unloacling of a

specinren is again observed.
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4.3 Defor.nlati.on Faulting in Pure Polycrystalline Nickel

consiclering the erectronic stïucture there is no reason why
.)

nickel, situated betrr'een cobalt (y = t0 erg/cni') and copper
)(y = 40 erg/cm-) in the periodic tab1e, should. have a high stacking

fault eneïgy, as suggestecl by se"ger43. The overlap of Jd electrons

of neighbouring atoms is small at the end of the third long period,

as is the dífference in the energy betlveen the stacking orders

ABCABC ancl AiIABAB of closed packecl planes. In fact Reimer44

obtained a hcxagonal phase of Ni by condensation from the vapour

at lorv temperatures. The large frecluency of trvins in Ni (supported

by micrograplis in as annealed speciniens) also suggests a 1or,r stacking

fault energy, because the energy of the trvin-bounclary is closely

related to the stackilrg fault energy.

Smallman and lVestma.ol't45 determinecl the stacking fault

probability of nickel to be a-bout half of that for Cu indicating

y",. ) y^--. Christian and Sp::eadboror.rgh46 conclucled from line shifts'N]- 'Uu r ---Þ

and the change of electrical resistivity with deformation that nickel

belonged in a class rvith Cu regarding its stacking fault er')erg)¡.

Seeger-", after i.nterpreting the data on the plastic properties of
1nickel concluded that y*. = 80 ergs/.m', ín good agreeme¡t with

^1 
)Haasenrs-' calculated value of 90 ergs,/cm' by the .rr' method.

Overlapping stacking faults weïe seerl34 ao form in poly-

crystalline, neutron-irradiated nickel during observation in the

electron niicroscope. llorvever, j.n thc presciìt investigation, over-

lappitrg stacking faults were observed only in specimelts deformed

to various strains and never in the fully rccrystallized specimens.
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This suggests that a small amor.nt of deformation can free the dis-

locations from their pinning atmospheres, formed during annealing,

thus allolving them to dissociate for the formation of siacking

faults. In view of the above, it is surprising that stacking fault

formation has been observecl in irradiated speci*"r,r34.

To determine if the faulting is a result of high stresses

produced due to mishandling of the foi1, annealed and deformed

specimens lvere deliberately handled severely before exarnination.

The abselrce of faults in the annealed foil and no increase in the

fault density in the deformed foil after deliberate mishandling

confirmed that these faults rvere not forned by the stresses developed

during nisl'randling, but rather due to the stresses developed du::ing

tensile deformation. These faults rvere analysed and found to be

mostly overlapping intrinsic faults. As rnentioned earlier (section

3.2.7.I.2.1), the contrast analysis of the extreme fringes of these

faulis, confirmed that these are not microtivins.

A possible explanation for the formation of stacking faults

rnay be developed by extension of Hornbogen et a1rs. analysis of the

behaviour of grain boundary dislocations. The dissociation of a

grain bounda::y dislocation into tr^/o components, oììe travelling onto

a suitably oriented slip plane rvhile the other is confined to the

grain boundary has been discussed earlier. It is reasonable to

expect that':he Burgers vector of the disl¡cation sent onto the

slip plane rvill depend upon the Burgers vector of the original

grain boundary dislocation as well as the particular: orientation
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relationship betrveen the available slip plane and the grain boun-

dary. It is proposed that, given a favourable set of these condi-

tions, a grain boundary dislocation lvi11 generate suitable partials

which during their movement on the sríp plane .produce stacking fault

whích are seen to emarate from the grain boundary. The behaviour

of grain boundary dislocation (GBD) at a situation where grain

boundary meets the slip plane, is schematically represented in

Figure 23. The dissociation of GBD into perfect lattice disloca-

tion and another GBD results into the pile up of pei:fect lattice

dislocations on to the slip plane as shorvn by Figu-re 23a. This

mechanism is seen to operate in pure polycrystalline nickel and

is confinned.by the electron micrographs in Figures 11c and 17j.

In another situation the orientation relationship may be such that

GBD dissociates to forn trvo partial dislocations, one of rvhich

could move on to the slip plane and may be connected rvith other

partial (stuck at the intersection of s1íp plane rvith the grain

boundary) through the stacking fault (Figure 25b). l!'hen this type

of a dislocatíon reaction takes place, the area aheacl of the inter-

section of the slip plane and the grain boundary is expected to

be denttded of dislocations. A iypical area denudecl of clislocations

due to such a dislocation reaction is sholvn in Figure 10c.

. Similar argunents may be developed for the formation of

stacking faults at the trsin boundaries as seen in Figures 15(e-i).

The experinental evíclence to support the above proposed mechanisn

is the appeararìce of dislocati,ons rAr on the slip pla:res, similar

in nature to the dislocations observed near the trvin boundary sources
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FIG. 23 (a) SCHEMATIC DIAGRAM SHOWING GENERATION
OF LATTICI DISLOCATIONS(b) F'ROM THE GIìAIN
BOUNDARY DISLOCATIONS (GBD b1)

( b ) SCHEN4ATIC DIAGRAIV SHO\¡/ING GENERATION OF
PARTIAL DISLOCATIONS. b1' AND 

.b2 
FROM THE

GND'b,, PARTIAL,b2, HAS MOVED ONTO THE

SUP PLANE AND JOINID BY PARTIAL'bi'
THROUGH THE STACKINT FAULT.
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in Figure 14a. It is obvious tl'rat the Bungers vector of these

dislocations must be such as not to permit their clissociation.

.',;..,.Stacking faults are also seen to originate at tl're inter-

section of a fault plane with another slip plaire as sholvn at tcl

in Figure 14ni. There are pile-ups of dislocatiorìs at the inter-

section of slip planes, which cause a considerable build up of

stresses at these sites. One of the possible mechanisms for the

release of these stresses is the cross-slip of the lead dislocation

of a pile up. It is proposed that sometimes these stresses could

also be releasecl by the dissociation of perfect dislocations ilrto

païtia1 dislocations and corss-slip of one of these partials on

to the next slip plane where-ít is connected to the other partial

through a stacking fault. The operatíon of the above mechanism

on parallel slip planes results in the fornation of overlapping

stacking faults.

From our experimental observations the sequence of

operation of the various mecha:risms seems to be as follotr's:

The grain boundary mechanisln operates at very lotv strains

[1ess than 3.0 x fO-4). Then, as t]re stress is increased, the

intersecting slip plane mechanisn s,tarts operating and with further

increase ilr the stress tivin boundary niechanisn starts to operate.

In viern, of the above it is suggested that grain boundaries are

the easiest Lources of dislocations and tlìat the twin boundaries

are the more difficult sources of dislocations. and also that their

availability fol deformation faulting is of the samc order.
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5. CONCLUSIONS

1. Grain boundaries and trvin boundaries were observed to act

as dislocation sources. The grain boundaries were seen to generate

dislocations at a strain of 1.0 x 10-4 and tlvin boundari-es at a

strain of 5.0 x 10-4.

2. The amourt of dislocation entanglement up to S.0 x 10-4

strain was not applecialbe, as compaïed to that beyond. a strain of
-¿.4.0 x 10 However, at all levels of strain, some dislocation

activity and entanglenent in some restricted areas was observed.

Thus, it rnay be concluded that dislocation mobility is present

even at a straín as 1ow as 1.0 x I0-4, This rvas further confirmecl

by the elebtrical resistiviiy and tensile test results.

3. TI're electron-nicroscopic examination of polycrystalline nict"f

specimens deformed in tension showed a non-uiriform distribution of

dislocations. Tris was further supported by the tensile test results

4. The nature of variation of yíe1d stress vs.þrestrain suggests

a higher rate of dislocation entanglement cluring the initial stages

of the cleformation and could be attributed to the hieh dislocation

mob i lity.

5. The appearance (electron microscopic examination) of disloca-

tiotr loopes, jogs on dislocations and point defect clusters at a few

of the localized aïeas, even at a strain of 1.0 x I0-4 , shoived that

poínt defects were produced at very lorr' tensile defornations. Their

concentration lvas measured by electrical resistivity and was found

to follorv the follorving relation
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c-. (at pct vac. ) = 4.54 x 10-3 e0'36v

where e=Totalstrain.

It is proposed that these point defects are produced during the nove-

ment of jogged dislocations.

6. From ageing studies it is concluded that vacancies annealed

out by some complex process; The analysis carried out to determine

the rorder of reactionr suggested that these annealed out by condensa-

tion on dislocations.

7. The presence of point defect clusters .(in the specinren cleforntecl

under the electron microscope) within the grains ancl their absence

near the grain boundalies suggested that grain bounclaries may also

act as sinks for point defects.

8. Fractional change in resistivÍty I ¡p ) of polycrystalline
\ p/

nickel cleformed in tension h,as found to be related to the tensile

strain (e) by the follorving relationship:
\

ÂP = Q.5*ro'66
p

9. Complete recovery of increase in resistivity while ageing of

specimens deformed up to 3.0 x 10-4 strain indicated no net increase

in dislocation density. In vierv of this the disloqation activity

within this strain is proposed to be due to the rearrangement of

dís locations rvithin the grain boundaries.

10. The forrnation of dislocation ce1ls in thin foils deforned in

tl-re rnicrosco.)e was not observed, because tire dislocations and point

defects , are easily lost fronl the surface, which are so inÌportart

for entanglernent.
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11. The first appeaïarlce of dislocation celIs after a strain of

-L4.0 x 10-" and an appïeciable arnount of residual lattice stÏain

(RLS) after a strain of 3.0 x t0-4 confirmed that RLS in polycrystalline

nickel was due to dislocation cel1 structure.

12. Froin the natuTe of the substructure of areas bourded by ce11

walls, it t^ras concluded that the ce11 wa11s ale sources of hydro-

static stresses.

13. Single stacking faults, overlapping stacking faults and

deformation twins were producecl during tensile defornation of poly-

crystalline nickel. These faults rvere analysed and found to be

intrinsic in nature.

14. The stacking faults r{eïe seen to originate either:

a) at grain boundaries

b) at trvin boundaries, and

c) at the intersection of slip p1alles.
---.t\

ft irlotposed that a proper cïystallographic orientation of

the fault plane with respect ot these sites, where faults originate,

is a necessary precondition for faulting to take place

15. Yield stress (or) vs prestrain (e) H'as found to folloiv the

following relati.onshiP :

< n16
6n = 16'5 x 10" e"'
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6, SUGGEST]ONS FOR FI-ITURE IVORK

1. X-ray diffraction, electron microscopic studies coupled rvith

resistivity on single crystals of nickel to further investigate

the sources of residual lattice strains.

2. Electron rnicroscipic studies to reveal the grain boundary sub-

structure and its effectiveness as dislocation source.

3. l4easurernent of stacking fault energy of pure nickel by the

annealing of dislocation loops produced by the guenching from

higher temperatures.

4. The nature, origin and interactions of line and point defects

in single crystals and bi-crystals of nickel deformed in the

nicroplastic region and their relation to polycrystalline material.

5. The nature, origin and interactions of line and point defects in

single crystals and bi-crystals of nickel deformed with varying

strain rates,
___=

6, The effect of varying strain rates on microplastic region and

its correlation to the nicro-structuïe.

7. The effect of supersaturation of point defects on the mechanical

properties and dislocation dynaniics, in polycrystalline and

single crystal material.
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APPENDIX

I
I T,IETHOD OF ANALYSIS TO DETEI{UINË TFIE NATURE OF STACKING FAULT

The sense of the lattice dì-splacement is definecl in the

uSual way such that if the lower part of the crystal is displaced

with respect to the upper part (Figure 24) so äs to give rise to an

intrinsic fault ìhen the serìse of tIìt (the displacement vector) rnust

be in the upivard direction. Conversely if an extrinsic fault is to

be forned then tRt must be in the clorvnwarcl sense as shown in Figure 24.

The micrograph can allays be oriented such that the fault plane slopes

as shorvn in Figure 24. It is crear therefore that the phase angle

a = 2rg.R is of opposite sign for intrinsic and extrinsic faults

for the sanie tgt vector.. As shorvn in Figure 24 for each sense of
rR' there are tlo possibilities for the directioll ofrgt, so that the

angle I$rbetleen tgt and IRt must be knolvn to be acute or obtuse

before identification of rRt is possible.

since the nag.itude of R is alrr'ays the same for a given

defect, all the possible values of Cos ß can be obtailred since

a' = 2rlgl Inl cos ß. The sign of cv is obtained fr-om the color of the

first fringe, tgt is knoln from dj-ffraction pattern, hence the sense

of R can be deduced rvhich is compatible with the obs.erved values of

o, and g, alrd the possible tßr values. Thus for a 111 reflection

wíth positive tg' on the R.H.s. of the fault plane, if the first

fringe is black (on a positive print), ct = -?L , Cos ß is -1/3 for
J

lttl = atfT/3 so that R and g are obtuse a.rd the fautt is inrrinsic.

Before presenting an illustrated example,the more signifi-

cant Tesults of the contrast analysis from stacking faults by llashimoto

^aet à11" arc:
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FIG"24 PCSSIBLE RELATIVE ORIENTATIONS OF THE

DIFFRACTION VECTOR g A\ND THE DISP/LACEMENT

VECTOR R FOR(a) INTRINSIC AND(b)EXTRINSIC

. FAULTS
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j
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osp >0 Cosl<0
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-/'1. The dark field image (of stacking fault) is asymnetrical but

the bright field image is synmetrical.

2. The top surface of the foil can be deternined from the non

cornplementary nature of the bright and dark field images.

3ì The entensity of the first fringe is determined by the sign of

the phase factor rcyt. When fctr is positive the first fringe is

bright and vice-versa on a posítive phol'ographic print.

For example fault in Figure 11g has foil top at the right

edge and since the first fringe is dark the cr = -2lr The tgt is
J

Í{zol ancl pointing torvards right of the fault plane, therefore cos

$ is negative and hence obtuse. Therefore vector R is pointing up

and the fault is intrinsic in natuïe.

Other faults were also analysed in the same nanner and

the results are tabulated belolv.

Table 11

Nature of the Stacking Faults

rre No. Top of the Nature of first Phase Reciprocal Cos ' ß ! 
*' Orien- Natüiê-õT--

. Foil Fringe (positive Factor lattice ., i tation the fa-ult
Plate) .,_:,,., 

rcrr vector rgt of tgt
with
fault

Right edge , Dark

Right eclge Bright

Left edge Bright

?r :12?ñ1 r,': ^ht Intrinsicþtt ,tLLvJ -VU r.rB-3-
. 2'¡ lOZ2l +ve Left Intrinsi c

1t r^n1r +1'ô D; -ht IntrinsicI Ltt Lvv¿l . vv ¡\45
f-

= 2Trg.R = 2r lgllnlcos ß

= Reciprocal lattice vector

= Displacenent vector


