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ABSTRACT

The generation of point and.line defects and also their
interactions during tensile deformation of pure nickel in the micro-
plastic region (sfrain range of 1.0 x 1074 to 45.0 x 10—4) have been
investigated by electricél resistivity measureménts and transmission
electron microscopy. Grain boundaries and twin boundaries were
observed to act as dislocation sources and a mechanism is proposed
to explain their production. At all levelsAof strain, some disloca-
tion activity and entanglement in isolated areas was.observed. The
mechanisms responsible for tangling are discussed.

Point defects (vacancies) were produced even at very
low tensile deformations and a mechanism for their generation is
proposed. The vacancy concentration (Cvj was measgred by electrical
resistivity and was found to obey the following relationship with
tensile strain (;),

c, (at. pct. vac) = 4.54 x 1073 £0- 36
Measurements on residual lattice strains (by an x-ray diffraction
technique) have been related to the electron micfoscopic oBserva;
tions in thin foils and a possible explanation, using a model based
on point defects and dislocation substructure has been proposed.
The dislocation substructure was found to generate hydrostatic
stresses. |

Single.stacking faults, overlapping stacking faults and
deformation twins were produced during tensile deformation of poly-
crystalline nickel. The faults were analysed and found to be intrinsic
in nature. These faults were seen to originate at grain boundaries,
at twin boundaries and also at the intersection of slip planes. A

mechanism is proposed to explain their formation.
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1. INTRODUCTION AND OBJECTIVES

It has been ten years since Bollman1 and Hirsch et a!? first
observed dislocations using transmission electron microscopy. Since
then many studies of dislocatién arrangements and interactions have
been ﬁade mainly on FCC metals.

There have been many transmission studies, using thin foils,
of dislocation distribution in deformed crystals of FCC metalssulo,
however, no clear picture of the dislocation distribution and the
mechanism of its fprmation has so far emerged. The results on poly-
crystals have been even more complex. Furtheimore, the majority
of work on FCC single and polyérystals has been done only at higher
strains (more than i pct) with the result that the dynamics of
dislocations in the microplastic region are not yet well understood.

Many investigations, particularly those of kuhlmann~
Wilsdorf11 and Mott12 have clearly estéblished that point defects
are produced during-plastic deformation. Since these defects influence
dislocation dynamics in a variety of ways, their study (using some
indirect method e.g. resistivity) is essential. One of the objectives
of this work is to study the origin and nature of point and line
defect generation and the interaction between them.

Polycrystals deforméd plastically in uniaxial tension show
residual lattice strains (RLS). Simultaneous.measurements of lattice
(elaétic) strain by thevx—ray line shift method and total strain
with an electrical strain gauge have been carried out on polycrys~
talline nickells. The rate of increase in the lattice strain was

found to follow the total strain closely until the plastic strain
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set as shown in Figure 1. Thereafter the-two strainsvdeviated from
each other and the rate of increase of lattice strain eventually
decreased. Depending upon the mode of unloading, both compressive
and tensile strains were observed in nickel deformed up to 0.29
) pct strain. These results were explained on the basis of the effects
of clustering of dislocatidns and also the production and behaviour
of point defects during loading and unloading, respectively.
To further investigate this hypothesis original nickel13
specimens were deformed within the strain range of 1.0 x 10_4 to
45.0 x 10_4, to cover the‘whole of the elastic-plastic region (Figure lj
and were éxamined using transmission electron microscopy and electrical
resistivity techniques.
Thus the two objectives of the present investigatioﬁ 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 microplastic region of nickel.



2. EXPERIMENTAL PROCEDURE

2.1 Material

Nickel of 99.98% purity, made available through the

courtesy of the International Nickel Co. of Canada in the form

"of 0.016 cm thick rolled sheets, was employed for this investi-

gation. The chemical analysis of the material is given in Table 1.
Table 1
Composition (pct by weight)
Elements Ni C Mn Fe Cu - Cr S Mg Ti Co

Nominal  99.98 0.01 <0.001 <0.00l <0,001 <0.001 <0.001 <O

Limiting  99.97 0.02 0.001 0.005 0.001 0.001 0.001

.001 <0.001 <0.001 <0.001

0.001 0.001 <0.001 <0.001

2.2 Specimen Preparation and Heat Treatment

Small strips (1.3 cm x 10 cm) were cut from the 0.016 cm

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

thickness of 0.013 cm was necessary to give sufficient resistance

for accurate resistivity measurements and also to reduce the time

"to thin down the specimen for transmission electron microscopy. The

rolled strips were cut to a size of about 8mm x 12 cm with a shear

cutter and cleaned in an ultrasonic cleaner. The potential leads

were strips of the same material spot wélded to the specimen. The

separation between the potential leads was about 10 cm, i.e. large

enough to give an accurate resistance measuvement but small enough

to handle without undue deformation. The final shape of the resis-

tivity specimens with the potential and current leads spot welded

at 'A' and 'B' respectively is shown in Figure 2.
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Thése specimens with the leads were cleaped again and
sealed into a silica tube after flushing it three times with Argon.
After a variety of heating times at SOOOC, it was established that
a twenty minute anneal at 500°¢C gave a gra'n size of 42.0 x 10_4cm
(comparable to a grain size of 43.0 x 10;4cm for specimen 1A of
the earlier RLS work in this laboratoryls). Thﬁs a batch of twenty-

five specimens were annealed at SOOOC for twenty minutes and air

cooled to room temperature.

2.3 Grain Size Measurement and Optical Micrographs

Five of the annealed specimens, taken out at random, were
electropolished and etched in a solution of 23 pct perchloric acid
and 77 pct acitic acid at 22 and 14 volts respectively. The grain
size was determined by the }planimetric’ method and an average
value was found to be 41.5 x 10”7+ cm.

It was also found that the grains were fully recrystallized

as shown in Figure 3.

2.4 Thin Foil Preparation

The specimens were thinned‘down by electropolishing using
the duel jet technique. An electrolyte containing 48 pct ortho-
phosphoric acid, 32 pct sulphuric acid and 20 pct water was found
to give the best résults for pure nickel (99.98 pct). A potential
of 5 Volts, a current density of 0.2 - 0.3 amp./cm2 and the jet
flow at a setting of 6-7 on the Astromet dual jet polisher was

found to give the best thinning conditions.




FIG 3 REPRESENTATIVE PHOTOMICRO GRPH

OF RECRYSTALLIZED NICKEL



For preparing thin foils, specimen lengths of about 1.5 cms
were cut by electro-thinning and laquered, leaving about 2 cm2 area
as the window. A polishing time of about 12 to 15 minutes was

required to obtain suitable thin foils which was determined by the

first appearance of a hole at the centre of the foil. The foil
was then washed first with distilled water and subsequently with
efhyl alcohol and dried. A rectangular area was cut around the
hole using a razor blade and this foil was put into the specimen

holder sandwiched between two specimen grids. After this, the

foil was recady for the examination in a Philips EM-300 electron
microscope. All the specimens were examined at 2130°C to avoid

heating from the electron beam.

2,5 Resistance Measurement

The resistance was measured by a Guildline Type 9920 D.C.

Comparator Bridge a brief description of which is given below:

2.5.1 Direct Current Comparator Bridge

Conventional measurement methods of low value four terminal

resistors involve a comparison of voltage drops when the same
current passes through both resistors. The ratio of resistance is
obtained from the ratio of voltages. This applies in a potentio-
metric comparison of resistors or in a conventional bridge con-
figuration such as the Kelvin bridge.

In the potentiometric method, at balance no current flows
in the measuring 1éads and the lecad rcsistanée is therefore

unimportant. Resolution and accuracy are limited by (and cannot
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be better than) the stability of. the currents in the tested resistors
“and in the potentiometer.

On the other hand, the Kelvin bridge is sensitive to the
resistance oi the measuring leads but current ;tability is unimpor-
tant. Both potentiometric and Kelvin bridge methods suffer from
the disadvantage that when scaling resistors in decade steps the
same current must be passed through both resistors and the greatest
power is diséipated in the largest resistance.

The new D.C. Comparator bridge is not sensitive to
measuring lead resistaﬁce; it does not require current stability
and when scaling resistors the greatest power is dissipated in
the- smallest "Tresistance:

In the conventional Kelvin bridge, Figure 4a, the same
current is passed through both resistors and the resulting voltage

- drops ﬁre in the same ratio as the resistance values. The resis-
tance ratio is obtained from the voltage ratio. In the conjugate
Kelvin bridge? Figure 4b; which is obtained.by interchanging the
‘positions of the current source and the detector, different currents
flow in tﬁe two resistors to produce equal and opposite voltage
drops. ‘The ratio of resistors can now be obtained from the ratio
of currents if a suitable device is available for measurement of

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

2.5.2 Basic Operation

The two resistors to be compared are supplied from
different current sources (Figure 4c¢) and the ratio of the two

currents is measured when the voltage drop across the two resistors
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are equal and opposite. One or both of thé direct current sources
“can be adjusted until the voltages across the two resistors are
equal. This balance condition ig indicated by the galvonometer G.
The-cﬁrrent comparator is then used to obtain ?he ampere-turn
balance between the primary and secondary windings by adjustment

of the variable turns Nx until zero d.c., flux exists in the core.

This 2€ro flux condition is sensed by the detector D.

When G = 0,
®s 7 ®x
I R =1 R
s s X X
R I .
X oS : 2.5.2.1
R I
X X .
Where:
e, = Potential across standard resistor 'RS'
eX'= Potential across unknown resistor 'RX'
Is = Current thyough standard resistor
IX = Current through unknown resistor

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

I_N_=1I_N

s s X X
I N
2= X
I N

X s ' . :
- Where: _ 2,5.2.2

NS = No. of turns in standard winding
NX = No. of turns in variable winding

From 2.5.2.1 and 2.5.2.2

R I
X

R

=

$
I
S X S

=
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and

R_="x R ‘ E 2.5.2.3

Which gives facilities of a ratio bridge; The D.C. Comparator
bfidge can also be made to read directly in ohms.

This simple bridge would have the disadvantage of
requiring simultaneous manual balances for both voltage and
ampere-turns. In such an arrangement highly stable current
supplies would be essential.

In a practical form of the bridge (Fig. 4d) the require-
ment for two simultaneous balances and the need for stable supplies
are eliminated by making the ampere-turn baiance automatic. The
output from the detector winding is used to'cdntrol the current
in the core, i.e. an ampere-turn balance, is maintained.

The only manual balancing operation now required is
adjustment of the primary turns dial until the primary and secondary
currents produce equal voltages across thé compared resistors as
indicated by the galvanometer 'G'.

At bélance, no current flows in the potential leads and
the Direct Current Comparator Bridgé thus possesses‘the principal
advantage of the potentiometric systeﬁ but, at the same time,
bécause of the automatic ampere-turns balance,'there is no neces-
sity for current stébility. In addition to having the advantages
of both the potentiometric and bridge methods, the Direct Current
Comparator Bridge has a unique advantage in that the ratio of
pbﬁer dissipation in the compared resistors is the inverse of the

ratio of resistance.
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2.5.3 Power Dissipation in the Compared Resistors

In the potentiometric and Kelvin bridge methods of
comparison of resistors the same current flows through both
(Figs. 4(a; b and c)).

PS = Isz_and PX = IZRX

The ratio of power is:
*p'—Z.—é——:ﬁ— 2.5.3.1

The greatesf power is dissipated in-the largest resistance.
The comparison of a one ohm standard and 0.1 ohm resistor at 1
ampere using a-Kelvin bridge or potentiometric method would involve
the dissipation of 1 watt in the 1 ohm resistor and 0.1 watt in the
0.1 ohm.

In the Direct Current Comparator Bridge different currents

flow in the two resistors to produce the same voltage across each:

PS ~ E52 and PX__ EX2
[ 4 X
P R
S X
P R 2.5.3.2
X S

The greafeét power is now dissipated in the smallest resistance.
In the comparison of a 1 ohm standard and a 0.1 ohm resistor,

with 1 ampere in the 0.1 ohm to produce 0.1 volt there would be
only 0.1 amp¢ re in the 1 ohm standard. The power dissipation in
the 0.1 ohm would still be 0.1 watt, but the power in the standard
would be reduced to 0.0i watt; Under thesé‘conditions the power

is dissipated in the resistor which is designed to handle power.
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By means bf a series of measurements at different current levels
thch would produce power in the standard insuffiéient to cause
self-heating errors, the power co-efficient characteristics of

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

" ing conditions have not previously been available.

2.5.4 Direct Reading Facility and Sensitivity

The 1000 turns on the unknown (primary) side of the
bridge éan be subdivided in steps of 1 part in 107 of full scale.
On the standard (secondary) side the 1000 turns fixed winding can
be modified by addition of 11.111, O turns in either polarity.
This range of adjustment is 1,111, 10% in steps of 1 part in 107
and is used to dial into the bridge the known deviation from
ﬁominal of the standard resistor. When this known becomes direct
‘reading in ohms.

R_ = Ro (1+As)

s
Where, Rs = resistance of standard
Ro = nominal value

As = deviation of RS from nominal in proportional parts

also NS = 1000 (1+ns) '
Where; NS = standard turns
ns = adjustment to NS

From equation 2.5.2.3
N

Rx = Rs
N
s
. N
or R ="x Ro (1+As)

X 7000 (T+ns)
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Iif ng is made equal to As

R = Nx Ro

X 1000

and the bridge is direct reading in terms of nominal value of the
standard.
For the scaling of dgcade values of resistance when
heavy current capability is required on the unknown (primary)
side, the first three decades are replaced by fixed windings of
100, 10 or 1 turn. So that the lower four decades will retain
their resolution of parts in 107 they are switched over to the
standard side where they work in conjunction with the 100 fixed turns

NS to provide an adjustment range of *1,111.0 turns, which is

[
%

equivalent to *0.111,0 turns, which is equivalent to *0.111, 10
with resolution of 1 part in 107.

A reversing switch simultaneously reverses the current
in both resistors and the comparator and the effect of thermal
emfs in the resistors and the galvanometer. are eliminated from
the balance,

The limit of sensitivity of the bridge is defined by
the noise level, which is about 3 microampere-turns. When the
‘bridge is used (as is normal) at thé.loOO ampere-turn level,
this noise corresponds to 3 parts in 108 of full scale.

Voltage balance sensi£ivity depends on the galvanometer
G which is s photocell amplifier with a se¢nsitivity of 0.01

microvolts. With 1 volt across the tested resistors this is

equivalent to 1 part in 108.
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The principal source of error in most types of bridge
is in the linearity of the resistors in the measuring dials. In
the D.C. Cémparator bridge the 1inearify depends not on resistors
but on a turns ratio which is of extremely high accuracy. Errors
in linearity are less than 1 part in 107 Qf full range. This
quality of linearity applies to the first three decades. The
linearity of the fourth and subsequent dials also depends on an
accurate number of turns, but interdial agreement depends on
resistance ratio as the only practical method-of achieving the
effect of fractional turns. However, the fourth decade requires
an accuracy of only 1 in 104 to equal the full scale accuracy of
the bridge and this is not difficult to achieve.

In.the D.C. Comparator bridge, therefore, we have a low
range (up to 1000 ohms for 7 figure resolution) resistance bridge
which contains no critical resistors, has no significant long‘
term drift, is accurate to better than 1 part in 107 of full range |
and in which measuring lead resistance and variation in lead
resistance are completely unimportant. There is no need for curfént
stability and thermal emfs are eliminated. The bridge is permanently

accurate,
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3. .RESULTS
- 3,1 Resistivity

3.1.1 Theory

| The electrical resistivity of pure metals is increased by
the introduction of impurities.and defects into the lattice14. In
accord with modern theoretical concepts and most experimental
observations, Matthiessen's rule states that the electrical
resistivity of a metal, p, is equal to the sum of the lattice
resistivity due to thermal vibrations, pi, and a temperature indepen-
dent component (residual‘resistivity).due to defects, po. If for
reasonabie variations in the concentration of defects, dp
(i.e., temperation derivative of resistivity) is not COSZtant,
Matthiessen's rule does not hold.

The fesidual resistivity is very sensitive to the

‘presence of imperfections because any distrubance of the ideally
periodic lattice results in scattering of the conduction electrons
and hence an increase in the electrical resistance. At low defect
concentrations one expects the increase in the residual resistivity
to be proportional to the concentration of defects, since the
interference among the various defects can be neglected. The
change in the residual resistivity is thercfore an appropriate
and convenient measure of the defect concentration in hetals. The
change in the thermal component of the resistance depends upon the
change in the vibrational spectrum in the solid caused by the
presence of the defect. Since the defect contribution to the

thermal component is not well known (although known to be small)
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and is difficult to estimate theoretically, measurements are usually
made at a sufficiently low temperature to avoid the problem.

For our purpose the imperféctions: can be divided into
two groups: point imperfections Cvacancies, impurities, inter-
stitials) and line and planar imperfeéfions (dislocations, stacking
fauits, grain boundaries). All these scatter electrons to a varying
degree,

Plastic deformation of metals usually causes an increase,
Ap, in the electrical resistivity which can be divided into two
parts of roughly equal mégnitude:

Ap:ApV+Ap'

J
where Apv

it

Resistivity increase due to point defects
and ApD = Resistivity increase due to line and planar defect;
Apv disappears aftgr‘annealing at temperatures where
'_point defects can diffuse but ApDAremains ﬁntil recrystallization
occurs and is ascribed to the scattering of electrons by disloca-
tions.
Stacking faults associated with partial dislocations
in extended dislocations may make significant Contributions to
" the reéistivities of some deformed metals and alloysls. From
elementary éonsiderations, Klemen516 has deduced that their effect
might be largé as compared to that of dislocations. However,
brief accounts of calculations by Tweeda1e17 and by Blatt, Ham

and Koehler18 suggest that stacking faults make no significant

contribution to thé resistivity of dislocations in copper.
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3.1.2 Results
The dimensions of the various specimens used for resis-
tivity measurements, electron microscopy and tensile testing are

given in Table 2.

Table 2
Speci-  Speci-  Speci-  Speci-  Cross- Cross - Comments
men No. men men men sectional sectional
width thick-  poten-  area area
mns ness tial mm . in2x10
mn Lead
sepa-
ration
Gms.
1 8.00 0.132 9.25 1.06 1.64 Specimens 1 to 5 were
2 8.00 0.122  10.00 0.98 1.52 used for resistivity and
3 7.88 0.129 10.00 1.02 1.58 electron microscopy.
4 8.05 0.121 9.95 0.97 1.50
5 8.2 0.120 9.45 0.98 1.52 _
6 8.2 0.128 9.55 1.05 1.63 Specimens 6 to 11 were
7 8.00 . 0.132 9.85 1.06 1.64 used for the tensile
8 8.18 0.132 9.90 1.08 1.67 test experiments
9 7.95 0.142 9.86 1.13 1.75
10 7.88 . 0.131  10.00 1.03 1.60
11 7.93 0.137  10.00 1.09 1.69

“were deformed in tension to strain values of 1.0x10 ', 2.0x10 ,

- The results of resistance measurements both at room and
liquid nitrogen temperatures are shown in Table 3.
Specimens 1 to 5 with 'Budd Metalfilm' strain gauges

(Type C6-121 A) attached to them with Budd 'GA-1' contact cement
4 4

4

3.Ox10_4, 6.0x10 © .and 45.0 x 10—4 respectively. Immediately after deformation

the specimens were immersed in liquid nitrogen to retain the point

defects produced during tensile deformation. All resistance

measurements were carried out at liquid nitrogen temperature.
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After resistance measurements of the deformed specimens, each
specimen was step aged at room temperature and its resisténce
~measured till further ageing produced no changes in resistivity.
The first three ageing periods were of five minutes duration and
for subsequent steps the ageing tiﬁe was graduélly inéreased.
Data showing resistance changes during room temﬁeratufe ageing of
dgformed specimens are given in Table 4, |

A typical plot, showing resistnace change with ageing

time for the data of specimen 3 in Table 4, is shown in Fig. 7a.
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Table 4
Ra = Resistance in the annealed condition at 1liq. N2 temperature
Rd = Resistance in the deformed condition at liq. N2 temperature

Sp. Tensile Cummulative Ra in ohms Rd in ohms Rd-Ra in ohms (Rd-Ra) x 100
No. Strain Ageing time : Ra

x104 ' pct resistance change
1 1.0 0 0.000557399  0.000558099  0.000000700 0.12558
" " 5-min. " 0.000557999 0.000000600 0.10764
" " 10-min, M 0.000557999 " 0.10764
" " 15-min. " " " 0.10764
" " 30-min, " " " 0.10764
" " 2-hrs, " 0.000557799 0.000000400 0.07176
1" 1" 3_h1~5 . " n 1" 1
" " 4-hrs, " 0.000557599 0.000000200 0.03588
" " 5-hrs. " 0.000557399 0.00 0.00
1" 13 23_h-rs. 1" 1! 1Al 1"
1" 1" Sl_hl—\s. n 1 1 1
2 2.0 0 0.000615199  0.000616399 0.000001200 0.19505
" " S5-min. " 0.000616199 0.000001000 0.16252
" " 10-min. " " " "
1" " 15-min. " " " "
" 1" So_min' 1" 1" " 1
1"t T l_hrs. 1" 1" 1A 1
1" n 2_hrs‘ 1" 1" 1A 13)
1" 1" 15—}11‘5. " 1" 1" 1"
1" 1 lg_hrs. 1" 1" 1" 1)
" " 38-hrs., " 0.000615199 0.0 0.0
" " 65-hrs. " " 0.0 0.0
3 3.0 0 0.000579400  0.000580500 0.000001100 0.18985
1" 1" S_min. 1 13 . 1 1"
1" 1" lo_min. " L3 1" 1A
1" 1 ls_mill. 1" 1" 1 LA
" " "30-min, " 0.000580400 0.000001000 0.17259
" " 1-hrs. " 0.000580100 0.000000700 0.12081
" " 2.5-hrs. " 0.000579800 0.000000400 0.06903
" ' 25.5-hrs, " 0.000579400 0.0 0.0
1" 1" 27.5__}1rs. 1 1 1" 1
1. 1" 45.0_hrs' 1" 1" 1t t
4 6. 0 0.000614623  0.000616799 0.000002176 0.35403
" 1t S_min. 1" 1" . 1" : 1"
" " - 10-min, " 0.000616699 0.000002076 0.33776
" " 15-min. " 0.000616599 0.000001976 0.32149

" 30-min, " 0.000616499 0.000001876 0.30522
t " 1_hrs. 1 1 1" t
" " 2-hrs, " 0.000616199 0.000001576 0.25641
" " 3-hrs. " 0.000615899, 0.000001276 0.20760
" " 19-hrs. " 0.000615499 0.000000876 0.14252
" " 23-hrs, " 0.000615199 0.000000576 0.09371
" " 26-hrs. " 0.000614799 0.000000176 0.02863
" " 29-hrs. " ' ) " 0.02863

43-hrs.

1"
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Sp. Tensile Cummulative Ra in ohms

Rd in ohms

Rd-Ra in ohms

(Rd-Ra) x 100

No. Strain Ageing time Ra :
x10% pct resistance change

5 45.0 0 0.000585000  0.000594300 0.000009300 1.58974

" " 5-min. " 0.000594200 0.000009200 1.57264

" " 10-min, " 0.000594100 0.000009100 1.55555

1 1" 15__min. " 1" . 1t 1"

1 1 30-min. i T n i

" " 1-hrs. " 0.000594000 0.000009000 1.53846

" " 2-hrs. " 0.000593800 0.000008800 1.50427

" " 14-hrs. " 0.000592200 0.000007200 1.23076

" " 21-hrs, " 0.000591600 0.000006600 1.12820

" " 38-hrs. " 0.000591600 0.000006600 1.12820

" " 45-hrs, " " " 1.12820

63-hrs

1"

1A
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3.1.3 Interpretation

The total increase in resistivity resulting from tensile
plastic strain was found by van Bueren19 to follow an equation.of
the form

Ao = ¢ L 3.1.3.1

or Ap = ¢ ¢ 0 3.1.3.2

p

Where ¢ is a constant, € is the permanent strain, n is
1
a constant between zero and two, and ¢ = ¢ . To calculate the
: p
value of n for ne¢ckel, the percentage change in resistivity was

calculated from the data given in Table 4 and is listed in Table 5.

The percentage change in resistivity with tensile strain is shown

in Flg. 5. Table 5
Sp.No. Strain x 104 Total Change in Percentage Change
Resistance x 1010 in Resistance
in ohms

1 1.0 6.438 : 0.13

2 2.0 11.664 0.20

3 - 3.0 11.253 0.19

4 6.0 20.256 : 0.35

5 45,0 : 98.000 1.59

The least square fit for a straight line for the experi-
mental data given in Table 5 as shown in Fig. 6 gives the following

relationship:

L0 . g5 x 060 3.1.3.3

p
0.66

and No  =35xi6 % ¢ 3.1.3.4
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Martin et al?ofound 'n! to be 1.38 for 99.999 pct pure
"nickel and 5.29 x 10_7 ohm-cm as to be the value for c¢. Comparing
with our data, it is seen that at low strains the change in resis-
tance per unit strain is less as éompared to that at higher straihszo
(more than 1 pct). This suggests that in the initial stages of
deformation process less defects (point and line)-are created because
there are léss number of soufces responsible for their generation.
With increased tensile strain these results show‘increased disloca-
tioﬁ activity and more of point and line defect genefation. When
this has happened the rate of defect production will increase,

which is apparent- from the higher value of 'n' after 1 pct deforma-
tion as obtained by Martin et al.zo.

The room temperature ageing data (percentage change in
resistivity vs time) are plotted in Figs. 7(b-f) for different
~amounts of tensile straining. From these plots the following
conclusions may be drawn:

| Up to a strain of 3.0 x 10'4 the increase in resistivity
due to deformation is completely recovered by room temperature
ageing (Figs. 7 btod ). Beyond this strain, deformation produces
a net residual resistivity which is not recovered by room tempera-
ture ageing (Figs. 7 eand f).

It is well established that point defects are produced
during deformation of a metal. Recently, Kresselet a1.21 have
shown that in the initial stages of plastic deformation of up to
1 pct in nickel there is greater production of vacancies than

interstitials. Furthermore, a recovery stage, stage III, lying




ANIL ONIZOV SA NIWIOZdS TIMIIN

mzwﬂﬁr@éu\ﬁoa A3N-4044d 40 ONIFOV ONIFNA FONVLSIS3Y NI Zoﬁﬂmﬁz STASIE
(SINOY)INIL ONIFOV

@m

[AY

8¢

-

?

1

1

q_w

0L 7 g y

| 1

8.
p
3
1O

Q01X FONVLSISTY

I
op)
a
o~
Lo

1508°S




dINTL

ONIHOV SA NIVHLS 0L XO0T OL dIWH043A T13UIIN ANITIVLSAEIAIOL 40
ONIFOV mm:b.\mmovﬁh NOOY ONIUNA FONVLSISIY NI AONVHD LNIDH3d

9

Ce

8C

mmmjoﬁmzh ONIZOV
7

oN

mx

STARIE

bva

€
i

I

o

¢l
i

F
O

w
O

o
O

N
Q

TONVLSISTY NI IONVHD LNT M T



E ANIL
- ONIFOV SA NIVELS 0LX0Z OL dad0430 T3MOIN NITIVAISAYOATCS 40

ONIFOV F4NLVH3dNIL WOOd ONIHING IONVISISTIH NI IONVHD  IN3IDH3d 247914

| (SINOY)IWIL ONIFOY
Q79 4 8z 7z 0z ¢l 4) e i 0

m _ I 0

! { [

H NI ZONVHD LN

o
i

IONVLSIS

©

0

0z

d

1

-

o]

-d



31

dNTL
ONIZOV SA NIVHLS OLX0€ OL QIWd043a T3MIIN ANITIVLISAYOAIOd 40

ONIZOV ZUNLYYIINTL WOOH ONIENG JONVLSISAY NI JOZ,QIU IN3OH3d PL7OIH

(SINOY)IINLL ONIZOV
7 90 A A/ 07 ol Zl 9 Vi 0

n | T ro—=C I _ ~ ~ _ 0

oD
O

-l

-70°

ONVHD

I
i

SONVLSISaH NI

oE

INE

1



Y
M

1&“'

ANIL ONIZOV SA

NIVALS _OLXCS OL Q3WNdJ043a T13MOIN ANIMTIVLISAEOATOd 40 ONIFOV

FdNLVa3dNTL WOOY ONIYNA FONVISISIY NI JONVHO Hzmumua oL Ol

9¢

23

(SINOU)INIL ONIFOV |
4 /AR 9l Zl g Vi 0

07

|

_ [ _ I I I I 0

FONVLSISTY NI FONVHO INADYAC



33

dWNIL ONIFOV SA NIVYLS
Ol X067 OL QZWH0430 TIUDIN INITIVLSAHDIATOL 40 ONIZOV

T\.I

3dNLVdadNTL WOOd ONIYNA FONVLISISIY NI JONVHD LNIDHId

(SINOY)INIL ONIFOV
9 A% 8¢ 7 0¢ ol ¢l 8 7

TANE

O

oy

I I | ! | | o I !

o .

|
S5

™
o

O

)

g
HONVLSISEY NI ZONVHD LNADHAd

L)
o



“tion of interstitials through recombination with vacancies

34

between —Sbo and 14OOC, which is. ascribed primarily to the annihila-
22,23,

s
and partly to the migration of a fraction of the interstitials to
dislocatiohsyl, has been observed in deformed pickel. In view of
the above, the major portion of the non-equilibrium concentratiqn
of point defects (essentially vacancies because of lower energy of
formation as compared to interstitials) produced during room tempera-
ture deformation of nickel is expected to anneal out by room tempera-
ture annealing and the residual resistivity left after ageing should
be that due to dislocations, stacking faults and unmannealed vacancies.
After room temperature ageing, all the specimens were aged again at
100°C for 15 minutes to eliminate all of the point defect, but this
treatment did not produce any change in resistance. Thus, it may

be assumed that all the point defects produced during tensile

-deformation were annealed out by room temperature ageing and that

the residual resistivity was mainly due to dislocations. It is

assumed that there is very little contribution of'stacking faults

to the electrical ‘resistivity due to the very small stacking fault

density expected for nickel, which has a high stacking fault energy24
Therefore according to the above arguments we can separate

the resistivity increase due to point defect (vacancies) .and due to

that of dislocations. The results are as follows.
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Table 6
Resistivity due to Resistivity due to
Speci- Point Defects ' . Disloca?ions ' . 4
men No Chagge in ‘ Chapge.ln Chagge'ln Change in Strain x10
’ Resistance Resistivity  Resistance Resistivity
due to point due to point due to disloca- due to dis-
defects x10” (ohms) defects x1010 tions x 10° (ohms) locations
(ohms ~cm) x107" (ohms-cm)
1 600 6.43 0.0 0.0 1.0
2 1200 11.66 0.0 0.0 2.0
3 1100 11.25 0.0 0.0 3.0
4 1600 15.61 476.0 4.646 6.0
5 2700 28.00 6600.0 70.000 45.0

Seeger25 found a change of 4.0 micro-ohm-cm in the electrical
resistivity for one atomic percent increase in the vacancy con-
centration in nickel. From this we can calculate the atomic percent
of vacancies produced during tensile deformation. The calculated

values are tabulated below.

" Table 7
Specimen Strain x 10 Atomic pct .of Vacancies
No. (cv)x10*
1 1.0 1.61
2 2.0 2.92
3 3.0 2.81
.4 6.0 3.90
5 45.0 7.00

A plot of atomic pct vacancies vs strain is shown in
Fig. 8. To find the power law the above data were replotted on
a log—lég scale. The best fit straight line through these points
gave the following relationship between atomic pct vacancies (cv)

and strain (g)
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-3 ;0.36 3.1.3.5

c, (atomic pct) = 4.54 x 10

A discussién, based on dislocation inéeractions, to
explain the above equation is presented in section 4.1 after the
results of transmission electron microscopy have been presented.

An attempt was made to determine the order of the reactions
responsible for the point defects annealing during room temperature
ageing of the deformed specimens. It was assumed that point defects

are annihilated in such a way as to follow the rate equation of

the form given below,

| g%-= ke’ 3.1.3.6

where c = Défect concentration

t = Time

k = Rate constant

Y = Order of reaction

Since the rate of point defect annealing dc is propor-
tional to the rate of fesistancé change dR , we candiewrite the
above equation in the following manner. o

g%‘= x RY 5.1.3.7

Where k1 is another constant independent of defect
concentration.

The order of reaction 'y' was determined from a log-log
plof (Fig. 8c) between rate of resistance change and the resistancé

and the results are given in Table 8.
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Table 8-
Specimen No. Strain Order
' -4
1 1.0 x 10_4 0.15
3 3.0 x 10 : - 0.47
4 6.0 x 1074 0.57

It is known that the order of a reaction involving

S

only single vacancy migrating to a fixed nuﬁber of sinks i@;unity
and random annihilation of equal concentration of vacancies and
interstitials is described by a second-order reaction. Our data
do not correspond to any of the above reactions. fhe low value
of }Y' in the case of point defects produced in nickel deformed at
low strains suggests that there is some slow process responsible
for the annihilation of defects. This could not be due to the
.recombination of vacancies wi£h interstitials because the low
activation energy of this.process suggests a higher value for

'vy', From the increase in the order of the‘reaction with increas-
ing dislocation density it is proposed that point defects’ﬁay be

condensing on to the dislocations.

3.2 Electron Microscopy

3.2.1 General Electron Microscopy

Thin foils from all the specimens after resistance
measurements were prepared for micro-structural examination, with

the Philips EM 300 electron microscope, as described previously.
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3.2.1.1 Results and Interpretation

3.2.1.1.1 An Annealed Condition

Typical electron-micrographs of as recrystallized nickel
are shown in Fig. 9(a-d).

Figures 9a and 9b show gfain bbundaries 'A', annealing
twin 'c' originating at grain boundaries and twin boundaries 'B'.
Fig. 9c shows the saw-toothed nature of the annealing twin boundary.
The majority of the areas are seen to be free from dislocations,
suggesting a low dislocation density of as annealed nickel.

It is well known that the annealing twins are produced
by the growth of atomic pianes during recrystallization. As an |
intermediate stage of this growth process, microtwin526 are also
knowﬁ to form (Fig. 9d).‘ This growth process is sometimes hindered
(Fig..9d at E) due to the presence of dislocations (Fig. 9d at D)

on the growth plane526—28. Similar micro-twins were seen after

"the growth of metallic thin films on sodium chloride substratesZ6_28.

3.2.1.1.2 Deformed and Aged Condition

Specimens were deformed to a strain of 1.0 x 10—4,

4 4, 5.0 x 10'4, 6.0 x 10°% and

2.0 x 10*4, 3.0 x 10, 4.0 x 10~
45,0 x 10*4 énd were aged until no further change in resistance

was detected; bThen these specimené were thinned and examined under
the electron microscope. The results are as follows.

3.2.1.1.2.1 e =1.0 x 104

The electron micrographs of specimens deformed to a strain

of 1.0 x 1074 are shown in Figs. 10(a-g).
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Long straight dislocations (Fig. 10a) produced probably
during handling of the thin foil were observed in some areas. The
fact that such dislocation arrangements were not seen in any of the
as annealed thin foils suggests immobility of these dislocations
due to a pinning action. From the above rosulfs, it may be concluded
that strains as low as 1.0 x 10_4 are sufficient to "unlock these
dislocations and render them mobile.

Stacking faults were seen in deformed nickel. From the

fringe contrast (Fig. 10c) observed, it is evident that they are
overlapping stacking faults rather thén micro:twins, because of the
C6nsténcy0f the bright field fringe contrast, which is unexpected
of the micro—twinszg. These could also be considered as deformation
twins which are essentially overlapping stacking faults separated
by a small twinned area. The origin of the fault at the grain
boundary and the dislocation free area.surrounding it, suggests

that stresses at the grain boundary are responsible for the split-
tlng and movement of the grain boundary dislocations on to the
parallel {111} planes and hence for the formation of stacklno

faults. Further discussion on stacking faults originating at

grain boundaries is given in section 4.3.

Figures 10d and 10e show dislocation pile-ups in a band.
The pile-ups are along the band length "A'" (of screw dislocations
Whiéh cross-slip easily) and perpendicilar to the band length 'B'
(edge'dislocations where cross-slip is difticult). There are
dislocations (probably scfeW) near this band, which have cross-

slipped from the slip planes, constituting the band. Whereas some
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of these dislocations show contrasf similar to that observed for
dipoles (for example at 'c'), fhe double image of others (for
example at 'D') is suspected to be due to a double diffraction
condition, From the above it is seen that defprmation generally
progresses on a few easy glide planes rather than throughout the
material.
Figure 10f shows dislocations which have already started

to interact on the glide planes. The high dislocation density

along a particular direction suggests that this direction would

be the interaction of planes of easy glide wi£hin the foil. The
dislocations are joggy. A few dislocation loops such as at'A' are
also scen which seem to be formed by the dipole mechanism seen

with particular clarity at Al.

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

in Fig 10g. The dislocation activity on the twin boundary is
apparent. The dislocation configurations at 'A' and 'B' represent
an earlier and later stage respectively of the formation of a dipole.
The increased dislocatién activity near the steps 'B' of the

twin boundary suggests that, these twin boundary steps act as

sources of dislocations.

3.2.1.1.2.2 e = 2.0 x 10—4

Even at a strain of 2.0 x 10_4, there are areas almost
as free of dislocations as in recrystallized nickel (Figs. 1la and
11b). The annealing twins are seen to originate at the grain

boundaries (Fig. 11b). .
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The termination of the slip traces 'B' at the grain
“boundary in Fig. 1lc and the pile-ups of dislocation on them
suggest that grain boundaries are acting as sources of dislocations.
The curvatur: of these dislocations on the slip traces, suggests
that these are moving away from the grain boun&ary éource. The
twin boundary Tl in Fig. 1llc also appears to be acting as a
source of dislécations, throwing out an array at 'A'. Since dis-
locations thus generated, lie only on the slip-planes, a proper
orientation of the grain boundary or the twin boundary with respect
to the slip plane is a necessary condition for them to act as sources.
The appearance (Fig. 11d) of heavily jogged dislocations
'A', the dipole configuration 'B' and the half moon contract 'c'
are inter relatable. The vacancy clusters, giving rise to half
moon contrast, are produced by the movement of dislocations with
. jogs on them., The dislocatioﬁ loops. 'B' are produced, most likely,
by the formation of attractive junctions of dipole configuration,
as is evident from the dipole configuratioﬂ at 'B'. It may be
mentioned that the area under examination is very 1oca1ized and
does not represent dislocation activity throughout the material.
A pair of single stacking faults were seen, Fig. lle,

in nickel deformed to a strain of 2.0 x 10-4. The fringe profiles

along the length of fault correspond to the condition when the fo%}
: , ' 30
. thickness (t) is fixed and Gwiation(W) from the Bragg's condition

vériés, - The dark lines represent minima in the intensity

profiles and the dark extinction regions in the surrounding crystal

are indicated by shading (Fig. 12). The fringes branch at certain
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FIG.12 EFFECTOF VARYING THICKNESS WITH FIXED
DEVIATION (w) FROM THE BRAGG CONDITION |
(FIG.12a) AND VARYING(w) WITH FIXED THICKNESS
(FIG.12b) ON STACKING FAULT IMAGE PROFILES.
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points along the length of the fault in the sense that the strong
'fringes become weak fringes and vise-versa. The above contrast
conditions are fully met'by the fault in Fig. l1lle. The foil
orientation is (1QOj and since the faults uire lying along [2201,

(111) is the faulting plane, as expected.

Overlépping stacking faults were also seen in the specimens

deformed up to 2.0 x 10—4 strain. Their Bright field, Dark field
and Selected area diffraction pattern (S.A.D.P.) are shown in
Fig. 11g to 11i respectively. Since, most of the contrast from
the faulted length is (except at 'A') due to overlapping faults,
the method31 to determine their nature can be applied only to
section 'A'. Thus analysed, the fault was found to be intrinsic
in nature (Details in Appendix I). The faulting was found to be
on the (11?} plane as the fault lies along [110] direction and the
foil plane is (111). In the region where the faults are overlapping
the contrast vanishes whenever three faults overlap as seen at 'B!
in Fig. 11g.

A careful examination of Fig. 11j reveals nodal configura-
‘tion of split partials. The extended node at 'A' and constricted
node at 'B' can be clearly seen. An enlarged photoéraph of this
area will be analysed to determine the stacking fault energy of
pure nickel,

3.2.1.1.2.3 € = 3.0 x 107

The electron mecrographs of specimens deformed to a

strain of 3.0 x 10—4 are shown in Figs. 13(a-d). Apart from the
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twin 'A', twin boundaries 'B' and grain boundaries 'c', some helical
dislocations on twin 'A' at 'D' are seen in Fig. 13a. Twin boundary
dislocations 'B' and single stacking faulf 'A; originating at the
grain boundary at 'c' can be clearly seen in Fig. 13b.

Dislocation pile-ups on slip plane 'Af are shown in
Figs. 13c and 13d. Fig. 13d is an area left to that of Fig. 13c.
Given the proper orientation condition (as at 'B') these piled-up
dislocations cross-slip to other planesT An vniform distribution
'c', of these dislocations after cross~slipping, suggests their
screw character. The similar nature of end contrast from these
dislocations suggests a similarity in their charactersz. The
curvature of the dislocations (c) suggest tﬁat thelr direction of
movement is as indicated by the arrow in Fig. 13d.

3.2,1.1.2.4 € = 4.0 x 10~ %

Fig. 14a shows annealing twins 'T' and the twin boundaries
'TB'. This electron micrograph also shows the manner’in which
dislocations move within the twin boundary. The twin boundary
dislocations as at 'A' move along the direction of the arrow.
Beyond 'A' the suddén(change in the twin boundary direciton leads
to the corss-slipping of dislocétiOns on to the twiﬂ boundary along
A'A", The initial stages of this corsé—slip process is seen at AlA'

N

and A", The dislocations after cross—slipping'are seen at B and C.
Similar contrast from.these dislocations suggests that these have
the same charactef° These dislocations are seen to interact on

the twin boundary for example at 'D'. These dislocations, as they

’ mOVe, and when provided with proper crystallographic orientation
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conditions, can cross-slip from the twin boundaries on to the
slip planes and may thus act as sources of dislocations. Fig. 14b
shows dislocations 'B! eminating from the grain boundaries 'A'.
The general nature of the dislocation érrangements at

4.0 x 10—4 strain is represented by the electron mitrographs
in Figs. 14(c—h). There is an appreciable increase in the
dislocation density at 4.0 x 107% strain as compared to that in
specimens deformed upto 3.0 x 10—4 strain. The cell formation
is quite evideﬁt from Figs. 1l4e and 14f. Thgre is a significant
increase in the dislocaﬁion loop density (Fig. 14d). ’A magnified
picture-(Fig. 14g) of the area'A' of Fig. 14f shows heavily
tanéled dislocations at 'A' and dislocation loops at 'B'. A
careful examination of Fig. 14h suggests that the following
mechanisms are responsible for the defect generation,
1. Movement of heaVvily jogged disloéations leads to dipole
‘formation ;£ at 'B' and dislocation loops are created by the
pinching of.dipoles as at 'A' and 'c'.
2. The dislocation loops can also be formed by the attraction
of dpposite-type of dislocations moving on parallel planes as
at 'D'. |

| Dislocation cell formation is cleérly seen in specimens
deformed to 4.0 x 10—4 strain in Fig. 14i and 14j. The disloca-
tions within the cell of Fig. 14j are mostly straight with a
few jogs on them, but the dislocations in the cell walls are
badly tangled. The straightness of dislocations within the cell

and their cross-grid arrangement suggest that these are produced
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by the hydrostatic nature of stresses from the cell walls.
Stacking fault bundles were observed in nickel deformed
to 4.0 x 10—4 strain, A series of photographs along their length
were taken and these are shown in Fig. 14(k-o). These faults
were analysed (Appendix I) and were found to be intrinsic in
nature. These faults are mostly single except the fault 'E'
in Fig. 14m which gives contrast similar to that of the over-
lapping faults. These faults were found to originate at the
intersection of the slip planes as is shown by the fault origina-
ting>at 'A' in Fig. 14k which is the intersection of slip plane
'B' with the fault plane. This fact is also supported by the
generation of overlapping faults 'E' in Fig. 14m at 'c' where
the slip trace'B' intersects the fault plane whose slip trace
is 'D'/ To find the slip plane 'B' and fault plane 'D' selected
area diffraction pattern was taken 6f Fig. 14m and is shown in .
Fig. 14n. The foil plane was found to be (111). Since the
trace 'D' is lying along [202], the slip plane D is (111)
and the slip plane 'B' is (111). Tﬁerefore, the faults are not
generated only at the grain boundaries but also at the inter-
sections of slip or glide planes. Fig. 140 shows the dark field
electron-micrograph of the area shown in Fig. 14m and was used
to determine the nature of the stacking faults.

3.2.1.1.2.5 € = 5.0 x 10"4

The specimens deformed to a strain of 5.0 x 10~4,

were examined and the electron micrographs are shown in Figs. 15(a-i)

Figs. 15a and 15b are from adjacent areas and show the general
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nature of dislocation arrangements at this strain. An examination
of dislocations in Fig. 15a suggests that these dislocations are
heavily tangled along <110> directions which is»the direction

of intersection of {111} planes. The areas surrounded by these
tangles contain cross-grids of long and heavily jogged dislocations.
The dislocafion loops at 'A? seéﬁ to have formed by the attraction
between the two arms of the same dislocation moving on parallel
planes, The stage jusf before the pinching is as shown at 'c!

in Fig. 15a. A series of loops formed in this manner are seen

at 'A' in Fig. 15a. The dislocation dipoles are 'also seen to

form by.the movement of jogged dislocations as at 'B' in Figs. 15a
and 15b. The dislocation cell formation is also seen to be
pfesent at this strain of 5.0 x 10_4 and is shown at 'A' in

Figs. 15c¢ and 15d.

The stacking fault bundles were also Seen in specimens
deformed to 5.0 x 10—4 strain. A series of electron micrographs
in Figs. 15(e-i) were taken along the length of these overlapping,
intrinsic stacking faults (Appendix I). The foil plane was
found to be (110) and since these faults lie along [220], the
fault plane is (111). The nature of dislocations on slip plane
'A'vin Fig. 15g, being similar to the disloéations observed in
thg twin boundaries in Fig. 14a, suggests that these dislocations
have come to the slip planes 'A' from the twin boundaries and
seen fo be responsible for the formation of overlapping stacking
faults. Figs. 15(e-g) are Bright field electron-micrographs of
‘the stacking faults and Figs. 15h and 15i are the S.A.D.P. and

Dark field respectively of the stacking fault in Fig. 15g.
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3.2.1.1.2.6 € =6.0 x 1074

The cross-slipped screw dislocations, piles up against
a grain boundary beyond 'A', can be seen in Fig. 16a. These
o .
dislocations do not seem to lie on the foil plane (91;) because

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

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

nature of contrast from their ends 'B'. Fig. 16b shows similar
dislocations but uniformly distributed suggesting that these

dislocations are screw in character and can glide easily.

Long and heavily jogged dislocations 'c' were observed

(Fig. 16¢) in specimens deformed to 6.0 x 10—4 strain. The slip
traces at 'A', dislocation loops‘at'D; and point defect clusters
at 'B' giving rise to half moon contrast can be clearly seen.
The dislocation tangles generated at this strain are shown in
Fig. 16d. Comparing with previouslelectron micrographs (up to

a strain of 3.0 x 10—4), a considerable increase in dislocation
density is apparent. There is a general increaée in tangling and
So most of these tangles lie along a particular direction, this
direction is expected to be the intersection of planes of easy

glide within the foil resulting in the formation of Cottrell

locks. The free dislocations away from these locks, contain multiple
jogs 'A'. The point defect clusters were seen to be left behind

the dipole configuration as at 'B' and the¢ absence of point defect
clusters near the grain boundary, suggests its effectiveness as a

sink.
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The celi formation, at a strain of 6.0 x 10—4, which was
absent up to a strain of 3.0 x 10—4, can be seen in Figs. 16g and

16h.

3.2.1.1.2.7 ¢ = 45.0 x 10~ %

The dislocations which have corss-slipped on to the
(100) plane of the foil (Fig. 17a) are seen to interact at a
strain of 45.0 x 10—4 producing dislocation loops 'A' and point
defect clusters 'B'. This kind of dislocation behaviour was not
observed in specimens deformed upto 6.0 x 10_4 strain. The existance
of dislocation loops 'A', jogs 'B', half moon contrast 'c' and
dipoles 'D' in Fig. 17b suggests that point defects are produced
by the pinching of dipoles. Fig. 17c¢ shows.dislocation structure
of the grain_boundaries 'A' and also the heavily tangled dislocations
adjacent only to the grain boundary 'B'.

The general nature of the dislocation entanglement at
45.0 x 1074 strain is represented by Figs. 17(d—fj. These electron
micrographs are from adjacent areas and therefore suggest that the
extent of tangling is widespread but, the general nature of entangle-
ment is siﬁilar to that in specimens deformed up to a strain of
6.0 x 10~4. Héavily kinked dislocatdons, in Fig. 17g, were also
seen on (100) plane, i.e. the plane of the foil.

A pair of stacking faults is seen to emerge from the
grain boundary in Fig. 17h. The difference between this electron
micrograph and the previous electron micrographs showing stacking
faults is the dislocation activity in areas Surrounding the faults.

The cell formation at this strain of 45.0 x lO~4 appears to be
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widespread Fig. (17i) as compared to the specimens deformed up to
a strain of 6.0 x 10_4.

Figure 17j shows deformation twins at 'A' and probably
an early stage of stacking fault formation at 'B', all originating
" at a grain boundary. The twin reflections from the deformation
twins are shown in Figure 17k. The origin of the twins at the grain
boundary, where it is curved and lying along [220], suggest that these
are produced by the migration of twinning dislocations on adjacent
{111} twinning plane526, Their passage results in the formation of
an intrinsic stacking fault on every {111} plane and hence the forma-
tion of deformation twins. The foil plane is (111) and the disloca-
tions on the slip plane 'B' have come out of the grain boundary at
'c'. These dislocations are not the normal lattice type dislocation533
and are considered to be partials. The movement of these partials in
the direction indicated is considered to be the mechanism for stacking
fault generation,

A pair of overlapping stacking faults is seen in Fig. 174.
The foil plane is (111) and since the faults are lying along- [202],
the fault plane was found to be (111).

In.summary, the more significant results of this elecﬁron
micrographic study are as follows:
1. Up to a stréin of 3.0 x 10~4 there was no appreciable increase
in diglocation density, but beyond the strain of 4.0 x 10-4
dislocation density increased appreciably. |
2. The amount of dislocation entanglement up to 3.0 x 10—4 strain

was not appreciable, as compared to that beyond a strain of 4.0 x 10—4.
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However, at all levels of strains, some dislocation activity and
-entanglement in some restricted areas wés observed. Thus it
may be concluded that dislocation mobility is present even at
a strain as low as 1.0 x 1077,
3. The appearance of dislocation loops, jogs on dislocations
and point defect clusters at a few of the localized areas, even
at a strain of 0.01%, suggests that point defects are produced at
very low tensile deformations. The mechanism of their production
is discussed in section 4.1,
4, Single stacking faulté, overlapping stacking faultsiand defor-
mation twins were produced.during ténsile deformation as low as
1.0 x 1074, (
5. Grain boundaries (Fig. 1lc and l7jj and twin boundaries (Fig.14a)
were . observed to act as dislocation sources. |
6. The stacking faulfs were seen to”originate either;

a) at grain boundaries (Figs. 10c, 13b and 17h)

b) at twin boundaries (Fig. 15e) and

c) at the intersection of slip planes (Fig. 14b)..
7. The first appearance of cell formation was observed at a
strain of 4.0 x 10_4. The electron micrographs in Figs. 14i
and 14j are in support of the abovelobservation.
8. The appearance of cfoss—grids of dislocations within the

cell walls of Fig, 14j suggests that the cell walls exert hydro-

static stresses on the ratrix surrounding these walls.
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3.2.2 Tensile Stage Electron Microscopy

In situ deformation studies were performed on the thin
foils of nickel. The Philips EM300 tensile stage was used.
Specimens were pulled and examined at 7—1300'C”

so as to avoid specimen heating.

3.2.2.1 Results and Interpretation

Figures 18(a-i) show the successive stages of increasing
tensile deformation. The amount of strain could not be measured
accurately, but the maximum strain was found to be about 1 pct.

A careful examination of these electron micrographs leads to the
following conclusions.

1. As the specimen is deformed, the dislocations start moving
and run into obstacles (in general other dislocations) initiating
the process of.tangling. The increasing amount of entanglement
with increasing strain is evidenf from this series of electron
micrographs.,

2. The point defects are produced by the movement of disldcatioﬂé
with jogs on them. The jogs at 'A' and defect clusters at 'B!'

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

the dislocations bow out e.g., at 'c' in Figs.. 18(f,g and h) and
the decreasing radius of curvature with increasingvstress is clear
from the above set of figures. Dislocatious bow out because it

is difficult to move the jogs on thém. The point defect clusters,

left behind these moving dislocations with jogs, are seen at 'B!
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and these are produced by the attraction between the dipoles
produced during the course of dislocation movements.

3. Attention may be drawn to the presence of point defect clusters
within the grains at 'D' and their absence near the grain boundaries.
As the point defects are produced . due to dislocation movement, the
above experiméntal observation suggests that dislocation movement

is more predominent in areas removed from the grain boundaries.

4. The formation of dislocation cells in thin foils deformed in

the microscope was not observed. This. is not surprising in view

of the fact that the dislocations and point defects generated during
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 Test Results and Interpretation

To gain a better understanding of the types of lattice
defects generated during deformation in the microplastic region

and their interactions, specimens were deformed to a strain of

4 4 4 4 4

1.0 x 1007, 2.0 x 1077, 3.0 x 107", 6.0 x 107% and 45.0 x 10°

respectively and aged for 60 hours at 20°C. The yield stress of
these prestrained and aged specimens was then determined for

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

Table 9
Specimen No., Prestrain 0.009 pct Offset Yield Stress
(Psi)

6 0 ' )3

4 3.13 x 10
7 1.0 x 10 3.35 x 1o§
8 ©2.0x 1074 4.40 x 103
9 3.0 x 10-4 4.50 x 10
10 6.0 x 10-4 5.30 x 10°
11 45,0 x 1074 6.60 x 10°

A plot of yield stress vs prestrain is given in Fig. 19,
These data were replotted on a log-log scale, és shown in Fig. 20;
The least square fit for a straight line for the experimental
data given in Table 9, aé shown in Fig. 20 gives thé foilowing
relatibnship:

3 0.16
€

cY = 16.5 x 10 3.3.3.1

The nature of the plot in Fig. 19 suggests that there
is a rapid increase in the yield stress during the initial stage
but as the magnitude of prestrain is increased the rate of increase

in yield stress decreases., This may be explained by the point and
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line defects generation and iﬁteractions as observed during electron
microscopic examination. Since all the specimens were aged for
60 hours after tensile deformation, the point defects generated
during deformation 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 few stacking faults. Therefore
the rapid increase in the yield stress at iow values of pre-strain
(Fig. 19) is ascribed primarily to the interactions of new disloca-
tions with the pre-existing dislocations proeduced durihg préstraining.
The rate of dislocation ehtanglement in the initial stages (Fig. 19),
is very high because of the higher dislocation mcbility of pfe—
existing (mostly untangfed) dislocations. But with increasing
prestrain the density of free (mobile) dislocations decreases
resulting in a slower rate of tangling. This decreased tangling
" rate Tesults in the decreased rate of yield stress increase. A
small increase in the yield stress at higher prestrains is attri-
butéd to the dislocation entanglement in a few of the grains and
also further entanglement in regions already containing tangles.,
The formation of tangles in tangle free grains, as mentioned
above, suggests a non-uniform dislocation distribution as observed
experimentally during'eiectron micfoscopic examination.

From the above discussion of tensile test data following
conclusions could be made.
1. The higher rate of dislocation entanglement during the initial
stages of the deformation process may be attributed to the highef

dislocation mobility,
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2. From the yield stress data it is concluded that the dislocation
distribution during tensile deformation of polycrystalline nickel
is non-uniform.

3. The variation of yield stress 'GY' with prgstrain 'e! in
polycrystalline nickel may be given by the following equation:

o = 16,5 x 103 80'16

Y

4. A significant increase in yield stress, even at 1.0 x 10_4

prestrain, suggests that there is an appreciable dislocation activity

even in the very early stages of tensile deformation,
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4. DISCUSSION

4.1 Nature of line and Point Defect Generation and Their

- Interactions in the Microplastic Region of Nickel

4,1.1 Nature of Line Defects and Their Interactions

The generation of point défects during’deformation requires
apriori presence of mobile deslocations with jogs. In the initial
stages of deformation, apart from other sourées, grain boundafies
may also act as a source of dislocations. In the present investi-
gation, the dislocation density within the grains was observed to
‘increase at strains as low as 1.0 x 10—4. However, the complete |
recovery of resistivity due to room temperature ageing suggests
that a re-arrangement of dislocation in the grain boundaries takes
place without altering the overall average density of dislocations.

The mechanisms, by which, grain boundaries function as sources
of dislocation have been described by Hornbogen et a.l?3 who proposed
two differeﬁt 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. In mobile
grain boundaries (5oundaiies which exhibit shear at low tempera-
tures under the influence of external stress) disloéations egist
which move along the boundary (grain boundafy dislocations,'

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

of GBD. The GBD‘can move by slip along the flat regions of grain
boundaries. This can extend over the edge of a grain boundary only
when the Burgers vector of GBD changes. Thid change takes place

by a dislocation reaction in which the lattice dislocation is
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separated. This separation of lattice dislocations from GBD is

the mechanism by which mobile grain boundaries function as disloca-
tion sources. This is confirmed by electron microscopic examina-
tion. They have shown also that this mechanism is responsible

for the crossing of slip lines by grain boundaries. The following
generation mechanism operates in stable boundaries. These boundaries
can ‘act as sources of dislocation only when two slip planes inter-
sect along the grain boundary. The boundary emits dislocations
alternately into the two slip planes, their Burgers vector lying
'so that no shearing of the grain boundaries sets in. This mechanism
is also confirmed by electron microscopic examination.

A schematic dgagram,'after Hornbogen et al?s, showing

the nature of oﬁeration of the first kind of source is shown in
Fig. 21. It is clear that an- edge dislocation of Burgers vector
1bt s generated on the slip plane 'A', where the grain boundary
changes its direction and hence the grain boundary dislocation
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 evidenged by Fig. 1lc,
which showé a source 'A' at the curved region of the grain boundary
G. The pile up of dislocations in the slip planes 'B' is clearly
visible. The same type of emission of dislocations by grain
boundary can be seen at 'c' in Fig. 17j. The slip plane 'B'
intersects the grain boundary along the [110] direction, where it
is acting as a source of dislocations. This supports the idea
of Hornbogen et al‘?3 that for a grain boundary to act as a source
it should meet some slip plane along a suitable crystallographic

direction.
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FIG.21 SCHEMATIC DIAGRAM REPRESENTING THE
| GENERATION OF LATTICE DISLOCATIONS(b)

FROM THE GRAIN BOUNDARY DISLOCATIONS(H)
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'Apart from the grain bbundaries, twin boundaries wére also
observed to act as dislocation sources as described earlier in
section 3.2,1.1.2.4.

| Once dislocations are generated they start to interact and
as the interaction progresses, dislocation tangles are formed
which ultimately result in subceil formation.

The nature énd origin of dislocation tangles have beeén
discussed by Kuhlmann-Wilsdrof et a1§4“ According to them, |
dislocation tangles are three dimensional dislocation arrays
frequently forming cell walls or ill-defined zones paraliel to
possible slip planes, but these arrays are never confined to one
or a few closely packed slip,pianes. As is clear from the elec-
tron'micrographé of pure nickel, the tangles are always associated
and interspersed with small dislocation loops, probably prismatic
.in character.

In pure FCC metals, tangles are formed under almost any
circumstances, exceﬁt when they are strained as thin foils (see
section 3,2.2).

Kuhlmann et ai§4 have considered three basic mechanisms
to- explain dislocatioﬁ tangling; namely (1) dislocétion intersection

‘jogs, (2) cross-slip, and (3) intersection between dislocations‘and
point defects. They have suggested that tangles must be caused

by an'effecf which not bnly allows the dis‘ocations to move out

of their slip planes but which, at the same time, providés resis-
tance against glide. Theybhave presented arguments to the effect that

neither cross-slip nor intersection jogs alone can lead to the
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formation ofbtangles. Their arguments against cross-slip are three
fold: cross-slip is observed extensiﬁely in thin foils of Al,
but no true tangling ever takes place in foils of Al while strained
in the electron microscope. Also, cross-slip is known to be vir-
tually absent in stages I and II (a typical stress-strain curve
for single crystals deformed in tension contains three distinct
fegions or stages. The stage I refers to easy glide, stage II to.
linear hardening and stage III refers to the region where recovery
takes place) of Fcc pure metal crystals.36 Nonetheless, the
tangles seen in Al deformed at room‘temperature in stages I, II
and III are qqalitatively‘alike, except that in stage III they
resemble markedly to cell walls. Thirdly it is impossible to
conceive what could cause dislocations to cross-slip without any
visible obstacle if this cross-slip could haﬁpen in response to
the applied stresses without any assistance from thermal activation35
In the present investigation on polycrystalline nickel
foils deformed in the microscope, dislocation tangles were observed
(sectioﬁ 3.2.2). As such, it is suggested that the absence of
tangling in their single crystal specimens deformed:in the electron
micfos;ope could be due to the easy excape of dislocations to the
foil surface (due to image forces). Cross-slip may not be present
in stages 1 and II in‘case of single crystals deformed in a parti-
eular orientation, but, in the case of polycrystalline material,
due to fhe complex nature of stresses arising from grain boundaries,
cross—siip is bound to be present. The grain boundaries certainly

.act as the obstruction to the movement of dislocations and hence
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will assist cross-slip.

In light of the above, it may be assumed that cross-slip
does play a relatively important role in the formation of disloca-
tion tangles in polycrystalline materials. Similar arguments may
also be made for the relatively greater importance of intersection
jogs in polycrystalline materials as compared to that in single
crystals,

The third mechanism, i.e. intersections between point
defects and dislocétions; according to Kuhlmann et a1§4, is
basicaliy responsible for the dislocation tangling. They argue
that poiﬁt defect concentration by plastic deformation, at inter-
mediate temperatures, represents a very high supersaturation,
even after a straiﬁ of 1 pct..or less. Again fhe occurance of
well defined dislocation loops in quenched FCC metals on {111} or
{110} bounded by <110>:or <112> directions, which are formed by
the qondenéation of Vacanci6537, ;hows that dislocation '"climb"
can be considered from two different view-points. On the one
hand, one may consider the condensation of point defects simply
as a :means which allows dislocations to move (by climb) in response
to stresses normal to their slip planes and thus to'circumvent
obstaéles which block thei? progress by gliae. Conversely one can
consider dislocation "climb" to be the by—produét of pdint defect
precipitation, which-takes place primarily in order to reduce the
free-energy of the metal, and oﬁly incidently creates dislocations
oT moves them out of their slip planes. By simple energy calcula-

tions it has been shown 54 that dislocation "climb" is far more
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likely to happen by the point defect condensation rather than due
to mechanical stresses.

The climb, resulting from the condensation of defects
on to the dislocation, is highly non-uniform and blocks the disloca-
tioﬁ glide. Now, as the external stress is increased, the disloca-
tion segments in nearly screw orientation may cross-slip and all
of the above mentioned processes may occur to cause tangling.

Thus, it is seen that condensation of point defects produced during
deformation plays an éssential part iﬁ the formation.of dislocation
‘tangleé.

In the case of polycrystalline nickel, electron micro-
scopic observations suggest that all of the three above mentioned
processes are operative. In the initial stéges of deformation
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 with
dislocations and hinder their movement. Whereas some segments
of the dislocations are pinned, the unpinned segments start acting .
as dislocation sources. The extensive tangling obsérved after

a strain of 3.0 x 10~4 supports these ideas.
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4.1,2 Nature of Point Defects and Their Generation

Several mechanisms have been proposed for the generation

38 39

of point defects during plastic deformation. Seitz”® and Mott

' suggested that a plastic strain, €, produces a concentration 'cv'
of vacancies of the order of
4

c. =10 " ¢ 4.1.2.1
v - .

On the other hand, van Bueren and Jogenburger40 have

emphasized that the resistivity change Ap varies with
elongation AL as ' o)

- 3/2 '
A%_ . (é%) | 4.1.2.2

the proportionality factor being-of the order of unity. van Bueren41

has connected this observation with a theory in which expanding
dislocation rings develop jogs on them at a rate proportional to
the area of slip plane swept by the rings, and in which these jogs
ﬁroduce point defects at a rate proportional to the distance they
move through the slip.plane. From this anélysis the concentration
of point defects is expected to vary as

c w2 . 41203
in accordanée with fhe resistivity méaSurementS.

Another mechanism after Friedel42, in which two arms of

a Frank - Read source may 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 point defects is formed, the number of which
is of the order of %/b where '&' is the length of the source and 'b'
is- the atomic spacing: Each time the source operates, 2/b defects

are created, so that the concentration 'cv' produced by N cycles
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of operation per unit volume is given by

Cv = %-v N ' 4.1.2.4

where v(= bs) is the atomic volume. If the area swept by each
dislocation ring is 'L2', the plastic strain is given by € = LZbN;
hence

c® — € ' 4.1.2.5

Making the reasonable assumption that L = 32 = 3 x 104b, this gives

c=107¢e : 4.1.2.6

which is.comparable with the estimates of Seit238 and Mottsg.

None of the above mechanisms, representing theoretical
poséibilities, seem suffigiént to explain the results obtained for
polycrystalline nickel. The point defect (Vacaﬁcies) concentration
fcv' wés found to depend on strain 'e' according to the following
relation

-3 _0.36
€

c, = 4.54 x 10 4.1.2.7

The results suggest that the production of point defects
is a complex process consisting of a variety of mechanisms operating
simultaneously or in successign. The experimental evidence suggests
that the point defécts and dislocation loops'are produced by the
movement of jogs on screw dislocations and the attractive junction
of £he dipole configuration respectively. These mechanisms are
represented by the sketches in Figure 22.

Both of these mechanisms are essentially the same. Case (1)

refers to jogs of one or two atomic distances in height whereas case (2)
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- FIG.22 SCHEMATIC DIAGRAM REPRESENTING SUCCESSIVE
STAGES OF (a) POINT DEFECT AND (b) DISLOCATION

LOOP GENERATION DURING MOVEMENT OF JOGGED
DISLOCATIONS. |
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refers to jogs of.considerably-greater height, However, once
mechanism (2) has operated, the jog height is decreased to the
extent that this mechanism ceases to operate and the conditions
-are made favourable for the operation of mechanism one again.

Apart from the aBove mechanisms for point defect produc-
tion, mention may also be-made of another mechanism arising from
thg "uncertainty principle for dislocafion axe534”. According to
this, it is not possible to define with precision the axis position
of a dislocation and as such that of a slip plane. As a result,

a moving dislocations traﬁsfer smaller or larger segments to neigh-
bouring slip planes creating complex jogs. As these jogs cannot
move conservatively, point defects are generated during the move-
ment of these jogged dislocations. When a ﬁoving edge dislocation
changes its slip plane, a row of point defects is produced whereas
in the case of a screw dislocation only single point defects are
generated.

In conclusion, grain boundaries and twin boundaries act
as sources of dislocations which are active in the initial stages’
of deforma?ion. The intractions among these dislocgtions are
by the 'cross—slipf and the 'intersection jog' mechénisms. However,
in the later stages of deformation, point defects and dislocation
loops are creéted which are responsible'fbr enhanced dislocation
activity resulting in cell formation. At very low strains, point
defects are produced by the movement of jogs which are formed on

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

Polycrystalline Nickel

It was observed that residual 1éttice strains = (RLS)
become significant only after a sfrain of 3.0 X 10~4. This
observation is in agreement with the earlier work. of Swaroop and
Tangrils. |

A careful examination of the electron micrographs reveals
that dislocation activity increases appreciably beyond a strain
of 3.0 x 10—4. This increased dislocation activity results in
eﬁhanced dislocation tangling and ultimately cell formation at a
few places as shown in the electron micrograph (Figure 14j) of a
specimen deformed to a strain of 4.0 x 10~4. These obsefﬁations
support the earlier suggestionl3 that the RLS is intimately related
to the dislocation substructures produced during deformation. These
' substructures, in turn, produce stresses which are expected to be
hydrostatic in nature. A careful examination of the dislocation
arrangement inside the cells (Figure 14j) reveals the presence of
cross-grids of straight dislocations. It is proposed that.these
grids are formed due to the hydrostatic nature of stresses arising
from the cell wal;s.

To determine fhe total strain at which RLS first makes
its appearance, specimens were loaded up to various strains and

unloaded instantaneously. The results are givén in Table 10.
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Table 10
Sp. No. Trial No. Stress Strain . 26 dO Ad x 104
13 1 0 0 155.69 0.78792 - -
13 2 1.99 110 155.67 0.78795 +0.3"
13 3 0 loaded 0 155.69 0.78792 +0.0
14 -1 0 unloaded O -155.66 0.78796 -
14 2 3.047 190 155.664 -0.1
loaded
155.671 0.78795
14 3 . 0 unloaded 26 155.66 +0.1
155,65 0.78797
14 4 4,27 308 155,687
reloaded :
155.689 0.78792 -0.4
155.686
14 5 0 unloaded 90 155,649 0.78798 +0.2
155.670 0.78795 -0.1

* .
This unexpected change in 'd' spacing could be attributed to the
mishandling of the specimen.

From the data it can be concluded that a significant 1level of the

residual lattice strain develops only after a total strain of 3.0 x 10“4.
Therefore the simultaneous appearance éf cell formation and- residual
lattice strain after a strain of 3.0 x 1074 confirms that cell walls

are responsible for the RLS in polyérystalline nickgl.'

The nature of RLS in instantanecously unloadea specimens was
observed to change sign during subsequent room temperature ageing
(Specimen 14 of Table 10, trial n0. 5). This could‘be explained by
the mechanism proposed by Tangri et all3 It is seen that point

defects are produced during tensile deformation of pure nickel. 1In

view of the above, the nonequilibrium concentration of point defects
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produced during room—temperatﬁre'deformation of nickel is expected

to acuse a general expansion of the lattice, Assuming that the

effect of instantaneous unloading is analogous to that of quenching,

a net tensile strain, as eXperimentally observed, may be expected

if the general expansion resulting from the presence of point defects
in the lattice is more than the compressive strain due to the residual
stress system developed by the substructure walls and the matrix.

It can then be easily seen that on subsequent ageing at room tempera-
ture the expansion of the lattice will progressively decrease with

the progress of room température recovery, until a compressive

strain similar to that observed during the gradual unloading of a

specimen is again observed.
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4.3 Deformation Faulting in Pure Polycrystalline Nickel

Considering the electronic structure thére is no reason why
nickel, situated between cobalt {y = 10 erg/cmz) and copper
(y = 40 erg/cmz) in the periodic table, should have a high stacking
fault energy, as suggested by Seeger43. The overlap of 3d electrons
of neighbouring atoms is small at the end of the third long period,
as is the difference in the energy between the stacking orders
ABCABC and ABABAB of closed packea planes, In fact Reimer44
obtained a hexagonal phase of Ni by condensation from the vapour
at low temperatures., The large frequency of twins in Ni (supported
by micrographs in as anncaled specimens) also suggests a low stacking
fault energy, because the energy of the twin-boundary is élosely
related to the stacking fault energy.

Smallman and Westmacot’té5 determined the stacking fault
" probability of nickel to be about half of that for Cu indicating

YNi Yeu Christian and Spreadborough46 ;oncluded from line shifts
and the chénge of electrical resistivity with deformation that nickel
belonged in a class with Cu regarding its stacking fault energy.
Seeger43, after interpreting the data on the plastic properties of
nickel concluded that YNi Z 80 ergs/cmz, in good agfeement with
Haasen's47 calculated value of 90 érgs/cm2 . by the TI1T method.
Overlapﬁing stacking faults were seen34 to form in poly-

crystalline, neutron-irradiated nickel during observation in the
electron microscope. However, in the present investigation, over-

lapping stacking faults were observed only in specimens deformed

to various strains and never in the fully recrystallized specimens.



. This suggests that a small amount of deformation can free the dis-
locations from their pinning atmospheres, formed during’annealing,
thus allowing them to dissociate for the formation of stacking
faults. In view of the above, it is surprising that stacking fault
formation has been observéd in irradiated specimen534.

To determine if the faulting is a result of high stresses
produced due to mishandling of the foil, annealed and deformed
specimens were deliberately handled séverely before examination.
The absence of faults invthe annealed foil and no increase in the

fault density in the deformed foil after deliberate mishandling
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confirmed that these faults were not formed by the stresses developed

during mishandling, but rather due to the streéses developed during
tensile deformation. These faults were analysed and found to be
mostly overlapping intrinsic faults. As mentioned earlier (section
3.2.1.1.2.1), the contrast analysis 6f the extreme fringes of these
faulfs, copfirmed that these are not microtwins.

A possible explanation fér the formation of stacking faults
may be developed by extension of Hornbogen et al's. analysi§ of the
behaviour of grain boundary dislocations. The diéspciation of a
grain boundary dislocation into two components, one travelling onto
a suitably oriented slip plane while the other is confined to the
grain boundary has been discussed earlier. It is reasonable to
expect that “he Burgers vector of the dislocation sent onto the
slip plane will depend upon the Burgers vector of the original

grain boundary dislocation as well as the particular orientation
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relationship between 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 will generate suitable partials
which during their movement on the slip plane produce stacking fault
which are seen to emanate 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 perfect lattice
dislocations on to the siip plane aélshown by Figuré 23a. This
mechanism is seen to operate in pure polycrystalline nickel and
is confirmed by the electron micrographs in Figures 1llc and 17j.
In another situation the orientation relationship may be such that
GBD dissociates to form two partial dislocations, one of which
could move on to the slip plane and may be connected with other
partial (stuck at the intersection of slip plane with the grain
boundary) fhrough the stacking fault (Figure 23b). When this type
of a dislocation reaction takes place, the area ahead of the inter-
section of the slip plane and the grain boundary is expected to
be denuded of dislocations. A typical area denuded of dislocations
due to such a dislocation reaction is shown‘in Figure 10c.
Similar.arguments may be developed for the formation of
stacking faults at the twin boundaries as seen in Figures 15(e-i).
The experimental evidence to support the above proposed mechanism
is the appearance of dislocations 'A' on the slip planes, similar

in nature to the dislocations observed near the twin boundary sources
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FIG. 23 (@) SCHEMATIC DIAGRAM SHOWING GENERATION
OF LATTICE DISLOCATIONS(b) FROM THE GRAIN

BOUNDARY DISLOCATIONS(GBD, bi).

~ (b)) SCHEMATIC DIAGRAM  SHOWING GENERATION OF
| PARTIAL DISLOCATIONS bl AND ‘b2 FROM THE

GBD'b. PARTIAL'b2" HAS MOVED ONTO THE
SLIP PLANE AND JOINED BY PARTIAL bI

THROUGH THE STACKING  FAULT.
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.in Figure 1l4a., It is obvious thét the Buwrgers vector of these
dislocations must be such as not to permit‘their dissociation.
GencStacking faults are also seen to originate at the inter-
section of a fault plane with another slip plane as shown at 'c!'
in Figure 14m, There are pile-ups of dislocations at the inter-
section of slip planes, which cause a considerable build up of
strésses at these sites. One of the possibie mechanisms for the
release of these stresses 1s the cross-slip of the lead dislocation
of a pile up. It is proposed that sometimes thesé stresses could
also be released by the dissoéiation of pérfect dislocations info
partial dislocations and corss-slip of one of these partials on
to the next slip plane where-it is connected to the other partial
through a stacking fault. The operation of the above mechanism
on parallel slip planes results in the formation of overlapping
stacking faults;
From our experimental observations the sequence of
operation of the various mechanisms seems to be as follows:
Thé grain boundary mechanism operates at very loQ strains
{less than 3.0 x 10_4). Then, as the stress is increased, the
intersécting slip plane mechanism starts operating and with further
increase in the stréss twin boundary mechanism starts to operate.
In view of the above it is suggestéd that grain boundaries are
the eésiest sources of dislocations and that the twin boundaries
are the more difficult sources of dislocations, and also that their

availability for deformation faulting is of the same order.
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5. CONCLUSIONS

1. Grain boundaries and twin boundaries were observed to act
as dislocation sources. The grain boundaries were seen to generate
dislécations at a strain of 1.0 x 10_4 and twin boundaries at a

strain of 5.0 x 10'4.

2. The amount of dislocation entanglement up to 3.0 x 10—4
étrain was not apprecialbe; as compared to that beyond a strain of
4,0 x 10—4. However, at all levels of strain, some dislocation
activity and entanglement in some restricted areas was observed.

Thus, it may be concluded that dislocation mobility is present
eﬁen at a strain as low as 1.0 x 10"4, This was further confirmed
by the electrical resistivity and tensile test results.

3. The electron-microscopic examination of polycrystalline nickel
specimens deformed in tension showed a non-uniform distribution of
dislocations. This was further supported by the tensile test results.

4. The nature of variation of yield stress vs prestrain suggests
a higher rate of dislocation entanglement during the initial stages
of the deformation and could be attributed to the high dislocation
mobility.

5. The appearance (electron microscopic examinaéion) of disloca-
tion loopes, jogs on dislocations and point'defect clusters at a few
of the 1oca1iéed areas, even at a strain of 1.0 x 10—4, showed that
point defects were produced at very low tensile deformations. Their

concentration was measured by electrical resistivity and was found

to follow the following relation.
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1

4.54 x 1075 ¢0-36

<, (at pct vac.)

where e = Total strainf
It is proposed that these point defects are produced during the move-
ment éf jogged dislocations.

6. From.ageing studies it is concluded that vacancies annealed
-out by some cémplex process. The analysis carried out to determine
the 'order of reaction! suggested that these annealed out by condensa-
tidn on dislocations.

7. The presence of point defect clusters (in the.specimen deformed
under the electron microécbpe) within the grains and.their absence
near thé grain boundaries suggested that grain boundaries may also
act as sinks for point defects.

8. Fractional change in resistivity’(é&l) of polycrystalline
nickel deformed in tension was found to beprelated to the tensile

strain (g€) by the following relationship:

é%- = 0.5 x ¢2+60

‘9. Complete reéovery of increase in resistivity while ageing of
specimens deformed up to 3.0 x lO_4 st?ain indicated no net incféése
in dislocation density. In view of this the dislocation activity
within this strain is proposed to be due to the rearrangement of
dislocations within the grain boundaries.

10. The formation of dislocation cells in thin foils deformed in
the microscoge was not observed, because the dislocations and point
defects, are easily lost from the surface, which are so important

for entanglement.
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11. The first appearance of dislocation cells after a strain of .
4,0 x 10—4 and an appreciable amount of residual lattice strain
(RLS) after a strain of 3.0 x 10—4 confirmed that RLS in polycrystalline
nickel was due to dislocation cell structure.

12. From the nature of the substructure of areas bounded by cell
walls, it was concluded that the cell walls are sources of hydro-
static stresses.

13. Single stacking faults, overlapping stacking faults and
deformation twins were produced during tensile deformation of poly-
crystalline nickel. These faults were analysed and found to be
intrinsic in nature.

14, ‘The stacking fauits Qere seen to originate either:

| a) at grain boundaries
| b) at twin boundaries, and
c) at the intersection of slip planes.

It is porposed that a proper crystallographic orientation of
the fault plane with respecf ot these sites, where faults originate,
is a necessary precondition for faulting to take place. :

15. Yield stress (OY) vs prestrain (g) was found to follow the
following relationship:

o, = 16.5x 103 £0-16
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SUGGESTIONS FOR FUTURE WORK

X-ray diffraction, electron microscopic studies coupled with
resistivity on single crystals of nickel to further inveétigate
the sources of residual lattice strains,

Electron microscipic studies to reveal the grain boundary sub-
structure and its effectiveness as dislocation source.
Measurement of stacking fault energy of pure nickel 5y the
annealing of dislocation loops produced by the guenching from
higher temperatures.,

The nature, origin and interactions of line and point defects

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

microplastic region and their relation to polycrystalline material.

The nature, origin and interactions of line and point defects in
single crystals and bi-crystals of nickel deformed with varying
strain rates.

\ - 3 3 . -
The effect of varying strain rates on microplastic region and
its correlation to the micro—structure.'
The effect of supersaturation of point defects on the mechanical

properties and dislocation dynamics, in polycrystalline and

single crystél material.
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APPENDIX /

/

~ I METHOD OF ANALYSIS TO DETERMINE THE NATURE OF STACKING FAULT

The sense of the lattice displacement is defined in the
usual way such that if the lower part of the crystal is displaced
with respect to the upper part (Figure 24) so as fo'give rise to an
intrinsic fault then the sense of 'R' (the displacement vector) must
be in the upward direction. Conversely if an extrinsic fault is to
be formed then 'R' must be in the downward sense as shown in Figure 24.
The micrdgraph can always be oriented such that the fault plane slopes
as shown in Figure 24. It is clear therefore that the phase angle
o = 2mg.R is of opposite sign for intrinsic and extrinsic faults
for the same 'g!' vector. As shown in Figure 24 forAeach sense of
'R' there are two possibilities for the direction of 'g', so that the
angle 'B' between 'g' and 'R' must be known to be acute or obtuse
before identification of 'R' is possible.

Since the magnitude of R ig always the same for a given
defect, all the possible values of Cos B can be obtained since
o = 2m|g||R| Cos B. The sign of & is obtained from the color of the

first fringe, 'g' is known from diffraction pattern, hence the sense

of R can be deduced which is compatible with the observed values of

a, and g, and the possible 'B' values. Thus for a 111 reflection

with positive 'g' on the R.H.S. of the fault plane, if the first

fringe is black (on a positive print), a = -2m , Cos B is -1/3 for
|R] = ay3/3 so that R and g are obtuse aad the fault is intrinsic.

Before presenting an illustrated example,the more signifi-

cant results of the contrast analysis from stacking faults by Hashimoto

et 3148 are:
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FIG.24 POSSIBLE RELATIVE ORIENTATIONS OF THE

DIFFRACTION VECTOR g AND THE DI SPL/—\CEMENT

VECTOR R FOR(a) INTRINSIC AND(b) EXTR INSIC

FAULTS.
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1. The dark field image (o;/;;;éking fault) is astmetrical but
.the bright field image is symmetrical.

2. The top surface of the foil can be determined from the non
complementary nature of the bright and dark field images.

3. The entensity of the first fringe is determined by the sign of
the phase factor 'o'. When 'a' is positive the firsf fringe is
bright and vice-versa on a positive phokographic print.

For example fault in Figure 1lg has foil top at the right

edge and since the first fringe is dark the a = -2n . The 'g' is

. 3
[220] and pointing towards right of the fault plane, therefore Cos

B is negative and hence obtuse. Therefore vector R is pointing up
and the fault is intrinsic in nature.
Other faults were also analysed in the same manner and

the results are tabulated below.

Table 11

Nature of the Stacking Faults

are No. Top of the Nature of first . Phase Reciprocal Cos TBT™ Orien- Nature of
: Foil - Fringe (positive . Factor lattice .. -:..tation the fault
Plate) e o' vector 'g! .. . of'g!
i ‘ : with
fault
Right edge .. Dark _o2m £220] ~-ve Right Intrinsic
| 3 B |
Right edge Bright . 2m [022] +ve Left Intrinsic
3 :
Left edge Bright L 2m [002] +ve Right Intrinsic
3

2mg.R = 21 |g||R]|[Cos B

il
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Reciprocal lattice vector

Displacement vector



