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I. INTRODUCTION

Sources of vacancies play an important role in phenomena
such as sintering, the Kirkendall effect, high temperature
creep, polygonization and many other diffusion controlled
processes, In spite of their importance very little is known
about the fundamental properties of vacancy sources, For
example, it is not known if a vacancy can form with the same
ease on a surface, a grain boundary, a sub-boundary and a
dislocation., Also, the energy to form a jog on a dislocation,
and the rate at which the dislocation climbs are at best
poorly understood, Of all the potential vacancy sources the
dislocation is the one most studied and least understood,

The electrical pulsing work of Jackson (1960), Lund
(1964) and Koehler (1960, 1964) pioneered the study of vacan-
cy generation at high temperatures, when a lattice is sub-
jected to a sudden and large subsaturation of vacancies.
Their experiments indicated that vacancies are being produced
at dislocations, but the work is hampered by a poor knowledge
of the specimen structure (e.g. grain size, subgrain size and
dislocation density). Thus their interpretation and conclu-
sions regarding the operative vacancy sources are uncertain.
The specimen structure is particularly important if one wishes
to observe only the high temperature climb (T/'rm greater than
0.5)* of dislocations, For example Barnes (1960) has shpwn

*T and Tm are the temperature and melting temperature
respectively (in units of °Kk).
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that the free surfaces and grain boundaries in copper are
excellent sources of thermally generated vacancies, though he
found no definitive evidence for dislocation climb,

In view of the existing situation an investigation was
undertaken to study vacancy generation in specimens with a
controlled structure., A new technique is developed for ther -
mally pulsing thick single crystals and distinguishing in-
ternally produced vacancies from vacancies generated at the
free surfaces, In addition the Lund-Koehler (1964) electrical
pulsing technique is used and extended to study generation
(formation) kinetics in polyecrystalline specimens whose dis-
location density, subgrain size and grain size are measured,
Analyses are performed, based on the present experimental
data, to account for possible dislocation shorteircuiting and
distinguishing between vacancy diffusion limited climb and
vacancy production limited dislocation c¢limb,

Gold is the logical choice for the present study since:
(1) the high temperature monovacancy diffusion coefficient
and equilibrium concentration are known (Simmons and Balluffi,
1962), (2) the specimens are readily thinned for observation
by transmission electron microscopy, (3) previous kinetic
studies are available for a comparison with the data obtained,
(4) specimens are not contaminated by heating and cooling in

air.
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II. EXPERIMENTAL PROCEDURE

A, Specimen Procedure
P st e F 8

All of the polyerystalline specimens used were prepared
from COMINCO Grade 69 gold of nominal purity 99,9999 weight
per cent gcld, Detectable impurities are 0,1 ppm Cu, 0.1 ppm
Mg and 0,1 ppm Ag,

The specimens were received in the form of a ribbon
0.0178 em to 0,0191 em thick, 0,089 cm wide and 18 cm long.
The rectangular cross-section permits the specimens to be
readily electro-thinned for examination by transmission elec-
tron microscopy, after the electrical resistivity measurements
are completed, In this manner the microscopic data may be
correlated with the detailed specimen microstructure,

The specimen geometry and the copper frame used to hold
the specimen are similar to those employed by Ytterhus (1964),
The specimen's central cauge length is 7.5 cm and there is
also an expansion loop at either end of this central section.
The loops help to maintain a uniform temperature distribution
and allow unrestrained expansion. The foil is mounted on
the copper frame so that the entire gauge length enters the
water simultaneously edge-on,

The as-received foils are cleaned with deionized water,
acetone, methsgnsl and absolute alcohol., They are then

annealed for 15 min., at 100°¢, Next they are bent to shape



and mounted on the copper guenching frame., At this point,
two 0.00508 em diam gold potential lead wires are tied to the
specimen gauge length at a spacing of 4 to 5 em. The specimen
is then cleaned in the following solutions:

a. 1/2 concentrated HNO, - 1/2 H,0

b, deionized H.O

2
¢. methonal
After drying, the specimens are annealed for a minimum of 2
hours in air, at temperatures in the range 900-1000°C. The
air anneal serves to purify the gold (Ytterhus and Balluffi,
1965), promote grain growth, reduce the dislocation density
and sinter on the potential leads. The specimen is then
cooled to room temperature at a rate of about 700°C hr™t
with a 20 min arrest at 400°C, The slow cooling rate prevents
vacancies from being air-quenched into the specimen, (For a
detailed discussion of the importance of the pre-guench
annealing procedure see the thesis of J. Bass (1964)).
Resistivity ratios, ® ( R = Ryg0,/R, ,0g), between
4000 and 5500 are consistently obtained with the above clean~
ing and annealing operations, Between every pulse and down=-

quench the above processing treatments are repeated.

Single st

Single crystals of gold are grown from the liguid in the
form of a cube, 1.27 cm on a side, by a modified Bridgman
technique. The crystals are grown in National Carbon spectro-

scopically pure graphite molds in an atmosphere of high purity
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nitrogen, The starting material is 99.999 weight percent pure
gold, purchased from the American Smelting and Refining Corpor-
ation, with an CE_ of about 1200,

After the crystals are grown slabs are cut, with the
dimensions 0,318 em x 0,114 cm x 1,2 em, from the initial
single crystals, The cutting operation is performed on a
modified SPARCATRON spark cutter using the slowest cutting
rate obtainable on this machine, To bring the specimens to
the final desired size and to remove any deformation caused by
the spark cutter the crystals are chemically polished, A 1l:l
mixture of concentrated HN‘O3 and HCl acid, which is brought
to a very gentle boil, is used for the polishing. A boiling
rate of several bubbles min”' is found to give an excellent
polish and a uniform removal rate of material, The polishing
is stopped when the crystal reaches a thickness of 0,0508 cm.

The last step in the procedure is to anneal the crystals
to reduce the free dislocation density and cause subgrain
growth, The gold slabs are then placed on a block of spectro~
scopically pure graphite and furnace annealed at 1025°% for
three days., The furnace is continually flushed with high
purity nitrogen except for the last hour of the anneal which
is performed in an oxygen atmosphere in order to purify the
crystals. (Ytterhus, 1964),

Examination of a control specimen, by transmission
electron microscopy, indicates that the above procedure pro-
duces a single crystal free of deformation and fine scale

substructure. Prior to the final anneal, back-reflection
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Lauve X-ray patterns and Schulz X-ray patterns (Schulz, 1954)
ar~> taken to check for deformation and to determine the sub-
grain size, The single crystals prepared as described above

are used in a2ll the gas pulsing experiments,

B Puls Techniques
1 Electrical Pulsing Me

The polycrystalline foils are pulsed from an initial
temperature (?1) to a final temperature (5&) in 10 to 20 msec
and held at Et for times ranging from 20 msec to 1.5 sec and
then downquenched, The circuit used to accomplish the pulsing
and Quonching is almost identical to th§ one employed by Lund
(1964)., The details of operation are besi explained with the
aid of Fig. 1.

The three essential portions of the circuit which must
function in rapid succession if a specimen is to be pulsed
and downquenched are:

(1) The Wheatstone Eridge and fuse circuit,

(11) Thryratron circuit and associated relay,

(iii) Attenuator circuit and oscilloscope.
In section (i) the specimen (S) comprises one arm of a
Wheatstone Bridge and is heated with a 6 v battery. The
temperature of the specimen is determined from its resistance,
which is measured by the ammeter-voltmeter method., The 0.0254 cm
copper fuse is left out of the circuit until all balancing op-
erations are completed, With switch A in position I the

specimen is brought to the pre-pulse temperature (51) by ad-
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justing the resistors RI. The temperature 51 is usually

200°¢ to 250°¢C below the final temperature (T ). switch a

is then placed in position II and the resistors RII adjusted
to bring the specimen to its final temperature (Ef). While
the specimen is at Té the 0-5K potentiometer is adjusted

until the trace on the oscilloscope screen is balanced at

zero deflection., Next, switch A is returned to position I

and a copper fuse is placed in its holder, To pulse the
specimen switch A is returned rapidly to position II, This
action places 30 v across the specimen and fuse and results

in a large initial current through the specimen, which brings
the foil to temperature (?f) in 10 to 20 msec. The resistance
of the fuse is such that it burns out by the time the specimen
has reached ﬁf and thus simply serves to bring the specimen

to temperature. Once the specimen is at temperature the 6 v
battery supplies the necessary heating current. The entire
process is recorded on an oscillogram, so that a temperature-~
time history is available for every pulse, A typical oscillo-
gram is shown in Fig, 2A,

Section (iii) contains the thyratron circuit which
operates the dropping relay. The purpose of the relay is to
release the copper quenching frame into the bath, After the
bridge is balanced at @f and switch A returned to position I
then switch B is closed. This charges c2 and thus places the
plate of the thyratron at +390 v DC, Next the 10K potentio-
meter and the 2-352”#1 capacitor are adjusted in the grid

circuit, The RC value chosen determines the rate at which



the -6v on the grid leaks off and therefore determines the
time before the tube fires and the relay opens, The range
of RC is large enough to allow pulses of 0,020 to 3 sec,

The third section contains the oscilloscope and atten-
uator relay., The scope is placed in the position normally
occupied by a galvanometer in a Wheatstone Bridge, The
attenuator circuit is designed so that the scope only sees a
small portion of the actual voltage when the bridge is se-
verely out of balance, i.e. when switch A is in position I,

A Tektronix 545A is employed to record the trace and is fired
internally by the rising signal, The 5 mv em"l scale on a
Type D pre-amplifier is employed in all the experiments and
gives a sensitivity of 7.5°C om .

After a specimen is pulsed and downgquenched it is cooled
by lowering it, within 30 sec, into a vertical test tube

almost completely immersed in liquid nitrogen,

2, _Gas Jet Pulsing of Single Crystal
The apparatus used to pulse and quench the single crystals

is drawn schematically in Fig, 3. The single crystal is pulsed
from room temperature to temperatures in the range 875°¢-920%¢
by a stream of heated compressed air, By passing compressed
air through 4,88 m of a resistance heated inconel tube it is
brought to the required quench temperature (Tf).

A single crystal is quickly inserted into the hot air
beam, brought to tompcraturd\and then pivoted out of the beam

and downquenched into a brine solution., The thermal history
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of the specimen is measured by using a dummy specimen with a
chromel-alumel thermocouple imbedded in it, The emf produced
by the thermocouple is fed into either a potentiometer or a
Tektronix 545A oscilloscope. An oscillogram of a thermal
pulse is seen in Fig, 2B, After downguenching the single
crystals are annealed for several hours at 60°¢ to precipitate
the gquenched-in vacancies as stacking fault tetrahedra,

The upquenching portion of the thermal pulse is

exporential and is described by the equation
-dg)
¢

1‘9

T{t) = 'ro + AT (i-e 1.
where T° is room temperature, T is the temperature interval
over which the single crystal is pulsed, t the time in sec

and o( the rate constant., A typical value of o for a 0.,0308 com
1

thick erystal is 5,5 uagf + The downguenching rate is 1.0 to
. Not=4b e T=To+0a3sf e 1= 0.08%a0c
1.5-104 OK sec¢ 1. AL b 1o 1,40.99%T et T 25 ece

c Measur t of the Specimen Resistance

The helium temperature (4.2°K) resistance is measured
by standard potentiometric technique., A Honeywell No, 2768
‘Sidial potentiometer is used to determine the potential drop
across the specimen and a Leeds and Northrup K-3 potentiometer
measures the potential drop across a 0,01 Q- standard resistor
in order to ascertain the current through the specimen. Three
Willard No DH-5-1 2v batteries connected in series are used
to supply a measuring current of three amp. With the above
arrangement a precision of + 107120 -em is attained.

Before inserting the specimen into liquid helium, for
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a measurement, it is pre-chilled at 78°K. This is accomplished
by inserting the quenching frame into a vertical test tube
almost completely immersed in liquid nitrogen., Use of this
chilling procedure is helpful in reducing the deformation
associated with submerging a warm specimen directly into

liquid helium,

The room temperature resistance is measured with the same
potentiometric set-up as at helium temperature, During the
measurement the specimen is immersed in a temperature monitored
bath of water, and a measuring current of 0,200 amp is employed.
The fractional error ( A R/R25°C) in room temperature resist-
ance is 1.08-10'3, which is equivalent to an error of 0,312%,
This error in room temperature resistance causes an error of
1.38°C in going to 653°C and an error of 1.74°C upon reaching
878°C. An additional uncertainty in temperature is caused by
the measurement of the specimen resistance at temperature,
by the ammeter-volt meter method. For the high temperature

3 with the 0.25%

resistance the fractional error is 2,5.10°
accuracy meters used., This brings the total error in temper-
ature measurement to 3.65°C at 653°C and 4.5%c at 877°%.

The resistance ratio R (T)/stoc is used to comvert
resistance readings into °C. This ratio is obtained from the

date of Meechan and Eggleston (1954).

D S me t re
1 Dis tion Den
The dislocation density of the polycrystalline foils is
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measured by transmission electron microscopy. All observations
are performed using a Siemens Elmiskop I operating at 100 KV
at a standard magnification of 15,000 x.

The density (total line length cm'a) is determined from
the relationship, N

a
locations making intersections with both surfaces in an area

= 2 N/A, where N is the number of dis-

A (Smith and Guttman, 1953, Frank, 1957, Ham and Sharpe, 1961).
This method is the proper one to use as it eliminates an im-
portant systematic error present in the techniques described
by Bailey and Hirsch (1960) and Ham (1961), The methods of
the latter authors depend on the assumption that the dis~
location segments are randomly oriented with respect to the
surface of the thin films, This is generally not the case,
since dislocation orientations normal to the film surface are
favored (Ham and Sharpe, 1961).
There are several other systematic errors which also
affect the measured dislocation density. They are:
1) A loss of dislocations from the film during thinning,
2) A gain due to handling procedure,
3) A reduction in the dislocation density as a result
of dislocations being out of contrast.
The following precautions are taken in an effort to
eliminate the above mentioned systematic errors,
1) The densities reported are for micrographs taken in
the thickest sections of the specimens, far from

the edge of the foil.
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2) Three-quarters of every gauge length is sampled, and
at least several mm of foil are thinned away before
a new specimen is cut., Any specimen which is found
to have very long dislocations parallel to the foil
surface is discarded. This type of dislocation has
been shown to be due to handling (Basinski, 1964).
3) The specimen yielding any given field of view is
tilted until the maximum number of dislocations
appear,
As a control on the handling and thinning procedure, two
well annealed gold féils were neutron irradiated with 1017
fast neutrons cm 2, A special jig obviated any need to touch
the specimens until the electrothinning procedure started,
The purpose of the irradiation is to pin the existing dis-
locations and hence make their escape from the thinned film
difficult, The irradiation also serves to raise the yield
stress of the specimens, thus making any deformation due to
handling more difficult. The irradiated specimens had an

7 3 which

average dislocation density of (3,17 + 2,36) 10’ em em”
is within the average deviation of the measured densities of
the specimens used in the actual experiments,

The densities reported here are for free dislocations,
as opposed to dislocations grouped in well defined sub-
boundaries, In all, over 1100 plates were used in determin-
ing the reported values,

2 Gr. e

The average cross-sectional area, A, of contiguous cells
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of the same type is A/N (Smith and Guttman, 1953), The micro-
structure isrecorded by standard metallographic techniques

and A determined for all the specimens. If a recrystallization
twin appears in a grain then that grain is counted as two
grains. This procedure is adopted because Barnes (1960) has
shown that incoherent portions of the twin boundary can act

as channels for vacancies.

For the diffusion calculations the grains are assumed to
be approximated by c¢ylinders with their radius (a) given by
(&7 ¢ )2,

3 Subgra Size

The subgirain size is determined by the standard Schulz
and back reflection Laue X-ray techniques.

All of the single crystals and a few of the polyecrystal-
line specimens are examined by the back reflection Laue tech-
nigue. In this method the resolving power is limited by the
angular divergence ol ( oL = d/L): of the incident beam. For
the single crystals d is 0.0762 em, while for the polycrystal-
line specimens d is 0,0254 cm and L is 5.7 ¢m for both., There-
fore two subgrains can be resolved if o( (their angular tilt)
is greater than 8,92:10™° rad or 26.81 rad for the 0.0254 and
0.0762 em pinholes respectively. The average subgrain area,

K, is A/N where A is the irradiated area and N is the number of

subspots within a main Laue spot, It is then assumed that a

*d is the diam, of the collimator pinhole and L the half
length of the collimator.,
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satisfactory geometrical model for a subgrain is a sphere and
thus the average radius is given by (A//C )1/2.

S8chulz patterns are taken of all the single and poly-
crystalline sp@cimena. White radiation from a fine focus
X-ray source (a Hilger microfocus unit with a 40« focal spot)
impinges on the specimen at an angle of incidence of 25°, The
pattern is recorded on Ilford G X-ray film which is placed
parallel to the specimen., Since a Schulz pattern is a mag-
nified Laue spot the average cross-sectional area is readily
obtained and this is then converted to an average radius as

is previously discussed,

Ee Test for Dofggggt;gg in the Electrically Pulsed Specimens

The passage of a current through a conductor results in
the production of 1ntorna1vstressos because of the interaction
of the magnetic fields and the current (see Appendix G). A
large current can cause a specimen to pinch itself off and
thus the origin of the name "Pinch Effect" (Northrup, 1%07).

This phenomenon is relevant to the present work because
a large current is used to bring the specimen rapidly to
temperature. If the specimen is pinched plastically then
dislocation motion and generation take place during the up-
quench, The act of pulsing can therefore cause a change in
the initial static dislocation density in addition to produc-
ing a certain concentration of defects due to non-conservative
motion of dislocations, In the early work of Jackson a

capacitor was discharged across the specimen in order to bring
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it rapidly to temperature. The specimen became visibly twisted
after several pulses (J. S, Koehler, 1964) and it is obvious
that the specimen underwent deformation,

To detect the possible deformation caused by the elec-
trical fuse pulsing technigque two control specimens are em-
ployed, The first specimen is used to test the effect of
handling, It is passed through the following cycle:

1. Chilled to 78°K

2, Inserted in liquid He (4.2°K)

3. Resistance measured at 4,2°K

4, Warmed up to room temperature

5. Start cycle again at 1.

This sequence is repeated 25 times,

The second specimen is subjected to the following treat-
ment:

1. Pulsed several times from 436°C to 653°¢

2, Temperature reduced from 653°C to 436°%C manually by

throwing switch A to position I

3. Annealed 15 min at 436°C

4. Cooled to room temperature at a rate of 20°C min~t,

5. 1Identical to steps 1-4 for first control.

6. Cleaned (see Sec., A.l)

7. Cycle repeated
This cycle is repgated 17 times,
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IXII. EXPERIMENTAL RESULTS

f Gold e Crysta n t mperature Range

875°% to 920°%

When considering vacancy generation kinetics a very cru-
cial question must be answered in an unequivocal manner. The
question is simply whéther the predominant sources are in-
ternal or external. In a single crystal one would like to
know if the dislocations (bbth freely distributed and grouped
in sub-boundaries) can supply the equilibriuﬁ concentration
of vacancies or does the lattice have to wait for the vacancies
to diffuse in from the surfaces in order to reach equilibrium,

The above question is answered by the thermal pulsing
experiment, After the pulse, downgquench and annealing (see
Sec. II B2) treatment each specimen is thinned so that the
central plane of the crystal is examined in the transmission
electron microscopy studies, 1In all of the pulsed specimens
listed in Table I uniform dense distributions of tetrahedra
are always found in the olcctton microscope observations, The
implications of this observation is that vacancies are gener-
ated during the pulse, in a high enough concentration to
nucleate tetrahedra. Several control specimens are also
equilibrated in this temperature range, downguenched, annealed
and examined by transmission electron microscopy. The control
specimens are similar in structure to the pulsed specimens and
contain approximately the same density of tetrahedra. In

addition, the densities in the pulsed specimens are similar
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over the range of a factor of 2-1/2 in the equivalent time at
temperature (teq.). As a further check the density and mean
edge length of specimen 2 listed in Table I is measured, The
density is 6-1015cm"3, and the mean edge length is 64 A, The
apparent vacancy concentration is therefore 2.48.10"° on the
assumption that the observed precipitates are simple stacking
fault tetrahedra. This result is in excellent gquantitative
agreement with the recent measurements of Siegel (1965) who
examined vacancy precipitation in quenched gold which was
fully equilibrated at the guench tomperature.* The similarity
of these results indicates that the vacancy equilibrium con-
centration in this specimen is attained before the downgquench.,

The above experimental result may be placed on a quanti-
tative basis by solving the diffusion equation for the maximum
possible inward flux of vacancies from the three possible
sources in well annealed single crystals, which are; (1) Exte-~
rior surfaces; (2) Sub-boundary walls; (3) Free dislocations.
A temperature dependent monovacancy diffusion coefficient and
time dependent equilibrium boundary conditions are employed.,
The latter boundary condition maximizes the source effective-
ness and therefore is an upper limit to the mean vacancy

concentration available from a given source., The results of

* R
thls calculation for some typical source sizes are indicated

*We note this concentration is less than would be expected
from equilibrium vacancy concentration measurements (Simmons
and Balluffi, 1962). However Siegel (1965) has concluded that
the tetrahedral defects in quenched gold are not always simple
stacking fault tetrahedra.

**The details of the calculation are given in Appendix A,
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TABLE I

SPECIMEN STRUCTURE AND THERMAL HISTORY OF PULSED SINGLE CRYSTALS

Average
subgrain
" & teq.* C(xT0)** radius
Spec.No. T{ C) At (sec) (sec) C, from
Laue
spots(AL)
1 916.5 4 — — —
2 918.5 1.6 1.4 1074 Sk
3 876 2.8 1.66 1074 245
4 906 1.75 1.53 1074 245
5 892 2 1.78 1074 301
6 871 1.88 1.00 10”4 212
7 919 2.6 2.5 1074 190
8 889 2.2 1.98 1074 173

tlam is the total time to go from temperature to the time the
downquenching startsc

*teg. is the equivalent time at temperature (T°C)

**c(xao)/co is the fractional vacancy concentration in the
central plane of the specimen calculated using Carslaw and

Jaeger's (1959) tabulations for our teq.



19,

graphically in Fig. 4. The computed curves for the slab are
used to determine Eﬁ;' (See Table I), by comparing these
curves with their respective isothermal solutions, For all
the equivalent times listed in Table I, the value of Dlvteq/lz

is less than 0,03, where D is the monovacancy diffusion

1lv
coefficient and 1 the half thickness of the slab, For
Dlvt.q/l2 equal to 0.03 the vacancy concentration profile is

such that C (X)*is less than 10"'3

Co for X/1 between zero and
0.3 (Carslaw and Jaeger, 1959), This result indicates that
the vacancy concentrations stgored in the observed tetrahedra
in the central plane of the single crystal cannot be the
result of vacancies diffusing from the free surface, but
instead are the consequence of internal vacancy production.
Therefore we conclude that dislocations readily climb and

are the sources** of the observed thermally generated vacan-

cies,
B £ P sta e S mens

v Generat etics at 53° .

The data in Fig. 4 represent the vacancy generation

*C (X) is the vacancy concentration as a function of
position in the single crystal, where X=0 is the central plane
and X=1 is the plane of the outside surface.

**By sources we mean the g;gggggg“ggggggg, i.e. the places
where the vacancies are generated. 1In Appendix C it is defin-
itively shown that the dislocations are not merely acting as
vacancy pipes with the surface serving as the ultimate source.
Therefore we re-emphasize that the term ggurce and plage of
generation are synonymous,
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kinetics at 653,3% (Ef). The mean fractional vacancy fillup

in the lattice after t sec at Te is denoted by,

£(t) = T(t) - cy

where Clis the initial concentration at t = 0, Co is the

equilibrium concentration at‘ff and C(t) is the concentration

after t sec at 653,3% (Tf)‘ In this particular case C, is

i
the concentration for T& equal to 436,2%, Experimentally

the vacancy concentrations are replaced by the gquantities

AR/R25°c, so that Eq. 2 becomes,

AR(t)/ . AR,/
R.p® - 1" R, .0
£(t) = 257¢C 25°¢C 3,

AR _/R,.0

The values of ARO/stoc and AR:./RZSC’C are taken from the
recent precise determinations of Bass (1964), after the initial
and final temperatures are measured for each pulse, The quan-
tity AR(t) is measured at 4,.2°K, and the time (t) is read
off the oscillogram, The error bar associated with each point
reflects the uncertainty in vacancy concentration due to the
uncertainty in temperature.

To correlate the macroscopic resistivity data with actual
specimen structure, the grain size, the subgrain size and dis-
location density are measured for the resistivity specimens,
All of these parameters are listed in Table II for the elec~-

trically pulsed specimens, and composite histograms of the
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TABLE II

STRUCTURE OF POLYCRYSTALLINE ELECTRICALLY PULSED SPECIMENS

Specimen (cm, em") average average average
Number 1 0-7 subgrain grain grain
= radius radius(/4t) radius( )
N, from Schulz (untwinned) (twinned)
patterns(w)
21 7.94+6,1 111.4 138.4 130
24 8.0+4.85 84.1 169,6 141.2
25 6.89+3,.8 54.8 169.8 152.7
28 5.2+3.2 62.4 145.4 118,5
29 4,39+2.4 49,25 210 169.4
GRAND
AVERAGE (6.48+3,2) 72.4 166.6 142.4
31 5.,46+3,65 52.4 151.4 139.4
32 4,72+3,25 54,4 195,.2 151.4
34 4,45+3,0 $8.8 175,8 181.5
35 4,5+3,0 60.4 167.6 156.3
GRAND

AVERAGE (4.8+3.2)  56.5 172.5 149.7
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measured dislocation densities are given in Fig, 7A and 7B,
There are two important features to be noticed about this
curvey
1) There is no visible nucleation period associated with
the formation of the vacancies.
2) At about f(t) = 0,6 there is a departure from a
simple exponential function of the form [l - exp
(=t/z) ]« At about this point the fillup rate becomes
smaller than predicted by this relation,
In addition we have indicated the maximum possible vacancy
contribution from the surface and grain boundaries in Fig, 4.
This curve is computed under the assumption that only these
two types of sources can produce vacancies and that they are
capable of maintaining local equilibrium at all times, The
diffusion equation is then solved* for the case of combined
radial flow using the value of a for untwinned grains listed
in Table II and a cylinder length ( L ) of 127« . The
plotted solution represents an upper limit to the external
source contribution, since the internal sources are neglected
in solving the diffusion eguation. At the half-time (f = 0,5)
the maximum external contribution is only 8.3%, which is an

upper bound due to the neglect of the dislocation contribution,

2. Vacancy Generation Kinetizs at 878°¢

A similar series of experiments are performed at 877.6°¢C

*See Appendix B for the details of the solution.
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(ﬁf) using an initial temperature of 630.6°¢ (?1). The data
are reported in Fig, 6, where the maximum external contribution
from the surface and the grain boundaries is computed using the
value of a listed for the untwinned grains ;n Table IIy;

L =127, and D, = 6.4:10 cm?sec™?.

The curve indicates that the total fill-up time of the
lattice is considerably shorter than at 653.3°G, and the
extrapolated half-time (£(t) = 0.5) is 9.5 msec as compared
tolao msec at 653,3°Cf If only the diffusion of monovacancies
from their sources is involved, then the ratio of the half-

times is given by,

Cady (2) ey
= o - 4.
C1/2 (1,) x 2 1
m
where T, = 1149.8°K, T, = 926,46°K and By = 0.85 eV (Bass

and Flynn, 1965), This calculation leads to a theoretical
value of 0,126 as compared to an experimental value of 0,12,
This lends support to the idea that we are observing a kinetic
process limited by the diffusion of single vacancies from their
sources, as would be expected for the high temperatures of

this investigation.,

3, Effect of grain 8ize on Generat K s

We have just shown that for the grain size in this experi-
ment the boundaries make a negligibly small contribution to
the observed generation kinetics (See Fig. 5 and 6). There-

fore, it is interesting to note that Jackson's (1960) early
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work on generation kinetics is difficult to interpret in terms
of dislocation sources alone because of the fineness of his
grain size.,* In Table III Jackson's measured half~times
( 'Cll/z) are compared to the grain diam necessary to observe
that value of 231/2 for a spherical grain source model., It
is seen that the calculated values range from 28.5/u_ to 29.8/u. .
S8ince Jackson's gold wires¥** had a diam of only 50.@/# we
conclude that the grain size is sufficiently small to allow
the grain boundary sources to dominate the generation kinetics.
From the present experiment we may give a simple criteria for
observing dislocation source effects in the absence of grain
boundary source action. The criteria requires the ratio of
the grain diam to the interdislocation spacing to be greater
than about 200, It is clear that Jackson's experiment does
not meet this criteria for an expected nominal density of
107em™2,
We also note that the present generation rates agree
with those of Lund (1964) and Koehler and Lund (1964) within
a factor of about two, Our conclusion that our generation
rates are too rapid to be explained by a diffusion limited
grain boundary source model agrees with Lund and Koehler's

similar conclusion for their large-grained specimens.

*The author wishes to thank Dr, P, B, Bowden for bring-
ing this fact to his attention in March 1963,

**Jackson does not state his grain diam so an exact com-
parison is difficult,
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TABLE III

A COMPARISON OF J. J. JACKSON'S (1960) EXPERIMENTAL
HALF-TIMES WITH A GRAIN BOUNDARY MODEL

7
D, .10 T calculated
g 1; -1 1/2 grain diam ()
C (ecm“sec ) (measured) which fits
measured
T2
650 8.2 80 29,.8
700 14 40 27.3
800 35.2 18 26,9
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c tr S jmens

To provide a check on the technigue used for the dis-
location density determinations, specimens are subjected to
various treatments, and their dislocation densities are
measured, These data are reported in the form of histograms
in Fig. 8A-8D,

Specimens 18 and 20 are well annealed and slowly cooled
with GQ’valuns of 4295 and 3884 respectively., The mean density
18 (6.3 + 4,1)+10 cmecm™> and the resulting distribution is
highly skewed towards the lower densities. If one attempts
to fit the data to a Poisson distribution®* with the measured
variance (mean number of dislocations per fixed area of view),
the distribution does not fit the experimental data., The
measured distribution contains a larger fraction of low dis-
location density areas and a smaller fraction of high dis-
location density areas than the calculated Poisson distribution,
Therefore we conclude that the dislocations are non-randomly
distributed in the polycrystalline foils.

To test for the effects of "rough" handling on the meas-
ured dislocation densities a specimen is also lightly pulled
in tension, by hand, at room temperature and its dislocation
density measured, As Fig, 8C indicates, the density is
(1.65 + 0.78)+ 10° cmeem™>, which is the highest of any of
the measured densities., There is also considerably more

spread in the distribution, and the histogram is no longer

*This point is discussed more fully in Appendix F,
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skewed towards low densities. This result is consistent with
the larger value of the variance in this case. This experi-
ment is illustrative in indicating the care that must be
taken in handling specimens if meaningful dislocation densities
are to be obtained by transmission electron microscopy.
The results of the irradiation experiment with 1017
neutrons cm"2 are plotted in Fig., 8. The average density
is (3.17 + 2.36)+ 10’ cm em™>. This is the lowest measured
density but the mean is still well within the average deviation
of the densities measured for the specimens used in the puls-
ing experiments (see Fig., 7). This histogram is also skewed
towards low dislocation densities and does not fit a Poisson
distribution with the measured variance of 4.3, This set of
data indicates that densities measured by electron microscopy
are satisfactory if one observes the precautions described
in article II D1,

The final histogram (8A) is for Specimen 33, which is
the pulsed and unquenched specimen whose treatment is outlined

in section II E, 1Its dislocation density is (4.3 + 3,0). 10’

3

em em ~, which is within the same range of values as the

previously described data, Accompanying this dislocation
dengity are the resistivity data in Fig. 9. The bottom curve
(1) serves as a control on the top curve (2) and is for a

srecimen handled as described in article II E, The average

resistivity change per measurement for curve 1l is 1.65-10'13n_

em, while for curve 2 it is 4.52.10 12

12

£l em, which is a d4if-

ference ( AP') of 2,87+10 ~° 1 -cm per measurement, If this
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value of Ap is converted to dislocation density from the

relation AP/Nd = 2.6-10"19..(2. cm3 (Basinski, Dugdale and

7 3

Howie, 1963), then 1,1+10° em em = of dislocations is intro-

duced per pulse, Assuming this is true, we might then expect

3 for the free dislocation den-

7 om cm'z. That

a value of about 2,10° em em™
sity, rather than the measured (4,3 + 3,0).10
we do not observe the higher value is not surprising as the
specimen is annealed at the initial temperature (E&z\/430°c)
and also the final temperature (T, ~J 650°¢) during the bridge
balancing operation. Apparently, therefore, the additional
dislocations, put in by the pulsing raise the resistivity of
the specimen, but do not appreciably affect the measured free
dislocation density. This result may be expected, since the
extra dislocations undoubtedly polygonize, climb into exist-
ing subgrain walls, grow out of the crystal or are annihilated
by combining with dislocations of opposite sign during the
anneals., We conclude that a small amount of deformation is
produced during each electrical pulse, but that the disloca-
tions produced do not contribute cumulatively to the free
dislocation density., This is consistent with the observation
that reproducible results are obtained in the resistivity
work for the same specimen during successive pulses., Our
interpretation is supported by the extensive studies of Young

and Savage (1964) who find that if Ng is greater than AJlOS

cm'z, then annealing causes polygonization without large

reductions in the total number of dislocations,
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t duced a Result of Electrical Pulsin

We have shown experimentally (Sec. III C) that electrical
pulsing results in plastic deformation as a consequence of
the Pinch Effect (Northrup, 1907). The deformation occurs
during the temperature rise from ?1 to ?}, with a generous

7 en”? for the number of dislocations

upper limit of about 10
introduced per pulse, It is the purpose of this final section
to estimate the pulsing current necessary for deformation to
occur and examine the possible consequences of the deformation
on the observed generation rates,

If we take the critical shear stress to cause slip as
2,7.10% dynes em~2 then the minimum current* to reach this
stress is 470 amp, for the foil geometry employed in the
present experiment, Currents of this size are possible in
the early portions of the pulse, so the resulting deformation
(see Sec III C) is certainly consistent with the existence
of the Pinch Effect, The effect is a small one (2,78.10 12
-cm pulno’l), but a very real and important one.

There are several important questions that the deformation
raises, For exampley

1) How do the extra dislocations introduced during the

pulse affect the generation kinetics? 1Is it possible
that a burst of dislocations is injected during the
pulse which contributes to the generation rate and

then anneals out rapidly enough during the remainder

of the pulse to escape final detection?

*The derivation of an expression for the critical current
to cause slip is presented in Appendix G,
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2) How many dislocation jogs are created as a result of
dislocation intersection and is this jog concentration
an appreciable fraction of the thermal equilibrium
jog density?

3) What is the atomic fraction of point defects created
by the deformation?

For the low level of deformation involved in this experi-

ment (2) and (3) should be quite small. But (1) can be a
significant effect, since the generation half time is inversely
proportional to the dislocation density. The possibility that
large numbers of dislocations are generated during the pulse
and then anneal out during the latter portions of pulse is
tested by measuring the dislocation densities for pulsed
specimens which are not reannealed at high temperatures

(i.e., T less than 100°C)., These data are presented in Table
IV, and it is seen that each specimen has a density which is
within the arithmetic deviation of the grand average for all
eight specimens. Therefore, we conclude that for the pulse
times of the specimens listed in Table IV no detectable con-
centration of extra dislocations is present, The fact that
the entire generation curve shows a smooth continuous behavior
is well understood in terms of the measured dislocation
densities and is further evidence that large concentrations

of pulse-induced dislocations are not present in the earlier
portions of the pulse period. Finally, it is concluded from
the resistivity experiments (See Fig. 9 and previous section)
that a generous 32235-&%&&5 to the number of residual dis-
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TABLE IV

DISLOCATION DENSITY AS A FUNCTION OF PULSE TIME

-T R

SPECIMEN T, - Ng°10
NUMBER % (ms) (em cm--3)

24 652 80 (8 + 4.85)

25 654 200 (6.89 + 3,8)

28 658 680 (5.25 + 3.2)

29 660 745 (4.39 + 2.4)

31 678.5 220 (5.46 + 3,55)

32 877.5 100 (4.72 + 3.25)

34 882,.5 150 (4.45 + 3.0)

35 878.5 230 (4.5 + 3,0)

grand
average = (5.46 + 3,38)

* t is the time spent by the specimen at Tf.
** The values reported are the arithmetic means and the +
values are the mean deviations.
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7T w2, Hence,

locations produced per pulse is only about 10
it is felt that the measured dislocation densities (see Fig. 7)
represent reasonably good average values for the densities in

the specimens during the pulses.
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IV. DISCUSSION

In the following sections several possible models for
the vacancy generation kinetics are discussed, The experi-
mental data are not inconsistent with a diffusion limited
dislocation ¢limb model employing a non-random dislocation
array. This result forces us to reconsider several current
ideas concerning the ease of vacancy production at disloca-

tions,

A Vacancy Diffusion Limited Dislocation Climb

In DLDC the rate limiting step is the migration of
vacancies away from the dislocations into the lattice and not
the production of vacancies on the dislocation lines. Thus,
we begin by assuming that the vacancy concentration at a
distance b* from the core is given by the equilibrium value
for Tf.‘ We also employ a monovacancy diffusion coefficient
(Dlv) and consider all the flow to be radial, The assumption
of monovacancy diffusion is reasonable (Baluffi, Koehler and
Simmons, 1963) since the experiments are conducted at 'r/'rm
greater than 0,69. We also neglect all vacancy - dislocation
interactions.** A non-random array of dislocations is em~
ployed since this type of array is in agreement with the
dislocation density data. An exact mathematical analysis
based on a non-random array is intractable, so we use the

approximation of breaking the lattice up into volume fractions

*The parameter b is chosen to be 3A,

**See discussion in Appendix D,
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(de) each possessing different dislocation densities, The
analytical solution is obtained by assuming that the disloca-
tions are arranged on a regular array in each volume fraction
(de). The diffusion equation in eaéh volume fraction is
then solved for a single dislocation lying along the axis of
a cylinder of inner radius b and outer radius R, where 2R is

)"'1/2

given by (Nd « We also require that there is no flux of

vacancies between cylinders., The resulting® solution is:

C(t) - C
£ = i

= l-exp (~ € Dldet) .
= " 5 |

where € 1is a geometrical factor and t is the time. There-

fore the analytical solution for the multi-volume model is a

sum of terms of the form of Eé.(S) weighted by a volume frac-

tion for each dislocation density. A mathematical statement

of this is given by,

: 4 - N, D, _t
tlie) = D vy, (1-e € Na D1yt 6.
VN
a
where VN is the volume fraction of the lattice occupied by
da ‘ .

the dislocation density N_.

Our procedure is now to attompt to fit the observed
generation curves to the above model. We employ dislocation
distributions possessing a total density within the measured
range and non-random distributions which are not inconsistent

with the measured non-Poisson form of the distributions. A

*See Appendix D,
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A distribution that is found to fit both sets of experimental

data isy
Ng (em™2) de
5.10° 0.60
10-10° 0.30
30.10° 0.10

This distribution has an average Nd (9-106) which is barely
within the range of uncertainty of the measured values., The
resulting curves (II) are plotted in Fig. 10 and 11 along with
the best fit experimental data given in Fig, 5 and 6, It is
seen that the above distribution fits the experimental data
at all times within the indicated error bands.

We may use all of the experimental data to define a
vacancy generation efficiency at the dislocation., If we
define the average generation efficiency N as

measured generation rate 7
= generation rate predicted by DLDC for measured Ny

N

We obtain the following results:
N (878%) = 0,19
N (653°c) = 0.14
N (Irradiated) = 0,29
The average efficiency based on all the measured average dis-

location densities®*, is therefore about 0,21, This result

*It is interesting to note that the mean value of these
three distributions (see Fig, 7 and 8D) have a range from
3,17.107 em cm=3 to 6.48.107 em em=3 which is only a factor
of 2 {n spread. Since the distributions are determined from
11 different specimens this small spread in the mean values
increases our faith in the measuring technique.
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indicates, that the dis tions rate as very effe ve
sources. It is strongly emphasized that the efficiency (N)
is an average value for the entire dislocation distribution.

In all the previous statements on dislocation efficiency
it is tacitly assumed that all types of dislocations should
emit vacancies with the same ease., This is most likely not
the actual case and the edge and screw character (Thomson and
Balluffi, 1962, Escaig, 1963, Friedel, 1964) of the dislocation
should be taken into account, It is guite conceivable that
certain dislocations climb more easily and with higher ef-
ficiencies than the average efficiency for the eéntire dis-
tribution, Therefore we emphasize that our efficiencies are

average values for a dislocation density distribution that

has an unspecified character with regard to both the type and

the climb ability of its members.
A common approach in treating the diffusion of point

defects from or to dislocations is to invoke a regular or
random dislocation array. These types of arrays are not in
accord with the measured non~Poisson nature of the dislocation
distributions, and hence it is not surprising that present
attempts to fit the experimental data to Eg. (5) for a fixed
Ny have not been successful.

We conclude this section on DLDC with the following
summarys

1) The dislocations act as very effective vacancy sources.

The generation rate data can be fitted using a DLDC

model employing a non-random dislocation distribution
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which is not inconsistent with the measured dis-
location distributions, However, the total densities
required are barely within the lower limit of the
range of uncertainty of the measured densities,

2) If we use the average dislocation density for all
the measured dislocation distributions, then we may
conclude that average generation rate occurs at a
rate which is about 0,2 of the generation rate
calculated on the basis of DLDC,

B \'4 Production L ted Dis n C DC
Since the average generation efficiency is about 0.2,

then the average rate of vacancy production at dislocations
is possibly rate controlling. It is therefore of interest to
discuss various models dealing with the rate of vacancy pro-
duction at dislocation cores.

The treatment of vacancy induced climb is usually
couched in terms of jogs, where the vacancies may be easily
created or destroyed (e.g. Mott, 1951, Weertman, 1955, 1957,
Lothe, 1960, Thomson and Balluffi, 1962, Friedel, 1964). The
continuous production of vacancies will cause existing jogs
to diffuse along the dislocation cores towards eventual
annihilation, 1In order to maintain a quasi-steady state new
jogs must be continuously nucleated. Thus the climb rate may
become controlled by the ease of jog nucleation and the jog
formation energy is the dominant factor to be congjidered.

In the present discussion homogeneous jog nucleation will

refer to spontaneous jog formation along relatively straight
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unperturbed sections of the dislocation line. On the other
hand, heterogeneous nucleation will refer to jog nucleation
at special sites (i.e. nodes, highly stressed regions, etc.).
It is emphasized that this section is of a more speculative
nature than the preceding one, as there is no a _priori manner
of distinguishing between heterogeneously and homogeneously
formed jogs.

Va Production Heterogeneo Formed

An objection to any homogeneous c¢limb model is that
heterogeneous nucleation of jogs at the nodal points of the
dislocation network may always outstrip the homogeneous
nucleation onthe straight portions of the dislocation lines.
Thomson and Baluffi (1962) discuss this problem in their treat-
ment of homogeneous climb and conclude that as long as the
distance between jogs established by homogeneous process is
small compared to the dimensions of the climbing dislocation
line, then homogeneous c¢limb will be dominant, This conclu-
sion implies a low jog energy in general, since the distance
between jogs tends to decrease with decreased jog energy.
Thus the important question to answer is how large may the
jog energy ( € j) become before the heterogeneous nucleation
rate at the nodal points becomes comparable to the homogeneous
nucleation rate along the dislocation line, But it is this
question that is difficult to answer since the calculation of
the heterogeneous jog density is well beyond our present
capabilities. Therefore we will proceed to the case of homo~

geneous nucleation, since we may deal with this problem semi-
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quantitatively.

2,

The problem of homogcnobus climb of a straight uncon-
strained pure edge dislocation has been treated by Thomson
and Balluffi (1962). Their theory predicts the climb rate
and the jog density of an edge dislocation under the conditions
of DLDC and PLDC in the presence of a subsaturation (8) of
vacancies, In both DLDC and PLDC the climb rate and the jog
density depend on the degree of subsaturation, the jog energy
and the distance ( oL'd) a vacancy will travel on an unjogged
dislocation before jumping off, The subsaturation (8) is
related to our measured parameter f by

§ = f-1, 8.
thus we have experimentally measured & as a function of time.
The subsaturation is also a measure of the chemical potential
(free energy per vacancy), which is given by

AL, = XT 1n £ = kT 1n (s + 1). 9.

Physically 8 is a measure of how far from equilibrium
the lattice is and is therefore a measure of the driving force
for climb, As the vacancy sources generate vacancies [ S|
decreases and the driving force for climb decreases corres-
pondingly. Thus for a lattice deficient in vacancies S8 may
range from -1 to 0 depending on how far the specimen is from
its equilibrium vacancy concentration., The free energy per
vacancy (/Av) is the work available to take an atom from the
crystal and place it on the surface, thereby creating a

vacancy. It is seen that for values of S near -1 the avail-
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able free energy becomes very large while for 8=0, My, is zero.

For DLDC the equilibrium jog density (Lo'l) is independent
of the subsaturation, while for PLDC the jog density (L™1) is
a function of the subsaturation and decreases as the sub-
saturation decreases. In addition the climb rate in PLDC is
directly proportional to the jog density and therefore also
decreases as the subsaturation decreases., Thus the measured
parameter S is intimately connected with the kinetics of dis-
location climk, Since S§ and M, are so important physically
it is of interest to examine the behavior of M, as a function
of £=(8 + 1). This is done in Fig. 12 where we plot the
chemical potential for an upquench from 436.2°C (Ti) to
653,3% (?f) versus f and also for a downguench from 653,3°C
(Tq) to 60°¢ (Ta)‘ Note the rapid manner in which the chemical
potential dies off for the upquenched specimen as it equilib-
rates, while it remains essentially constant for the down-
quenched specimen during the entire annealing process. The
asymmetry of the chemical potential noted in these two cases
may contribute to the apparent effective dislocation sink
action for heavily supersaturated vacancies in guenched gold
(Seidman and Balluffi, 1964).

If the generation efficiency is close to unity, then
climb will be essentially diffusion limited and we may
estimate the energy to form a jog ( & j) from the condition

o(Lo < 3. 10.
This equation is the Thomson-Balluffi (1962) criteria for DLDC

during the entire generation process and predicts an upper
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bound to the jog energy of about 0,6 eV, It is interesting

to note that for a completely DLDC model the jog density
(L°°l) is unperturbed by the decrease in |S|, We re-emphasize
that the EJ of 0,6 eV is obtained under the assumption of
continuous homogeneous jog nucleation and the condition that
the actual generation efficiency is close to unity during the
entire climb process,

A quantitative treatment of PLDC is even more difficult
than DLDC, since we must specify the convergence length (.ﬁ( )
of a well formed jog in addition to the parameters just dis-
cussed, The mode of climb may become production limited if
the jog energy is greater than about 0,6 eV, For a particular
jog energy emewey and convergence length there is a critical
subsaturation* at which c¢limb becomes production limited,

The larger the jog energy (for a fixed convergence length)
the larger the value of | 3| when the climb becomes production
limited. If the jog energy is large enough the entire process
is production limited and even an 8 of about -1 is not large
enough to force the system into DLDC, For intermediate jog
energies the generation process could be a combination of
PLDC and DLDC, In view of our present lack of knowledge of
the values of the parameters governing homogeneous climb it
is best to leave the problem of PLDC with the result that
climb will be partially production limited for a jog energy
greater than about 0.6 eV and can be totally production

*See Appendix E for the detailed formulae,
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limited for any value of 8 if the proper combination of jog
energy ( Eij) and convergence length ( 2\ ) is present,
mparison of the Present Results with Previousl

Determined Jog Energies

The present state of knowledge of jog energies in face
centered cubic metals is in a rather poor state, The situa-
tion is particularly bad for the low stacking fault energy
metals, like gold, where the equilibrium jog configuration
is not even known.,* For example, on the theoretical side
Seeger (1955) has estimated the jog energy of an edge dis-
location in copper to be 4.2 eV. However, Friedel (1964)
estimated the jog energy to be only 1/10 (Ab2d (0.92 eV in
gold), Here (A is the shear modulus, b the magnitude of the
Burgers' vector of the partial dislocations and 4 the equi-
librium spacing of the partial dislocations. Recently Escaig
(1963) has proposed several models for the climb of extended
dislocations (see also Thomson and Balluffi, 1962) and claims
that a dissociated edge dislocation will c¢limb when (L, is
0.40 eV while partial screw dislocations will climb when AL
is 0,65 eV, On the experimental side Thorton and Hirsch (1958)
estimate é;j to be 0.65 + 0.25 eV from a combination of creep

and flow stress data at 300°K. Though Seeger (1955) from high

*In a low stacking fault energy material the dislocation
is dissociated into two partial dislocations separated by a
ribbon of stacking fault., See Cottrell (1953) for further
details, This makes the problem of determining the jog con-
figuration particularly difficult (Hirsch, 1962).
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temperature creep data has estimated the jog energy to be
twice Q, ( ~v 3.66 eV).

If one interprets the present data on a homogeneous climb
model and considers the climb to be essentially diffusion
limited (DLDC) then as we have seen 5_1 = 0.6 eV, Thus
the present experiment points to rather low jog energies if
the homogeneous climb model is valid, It is also interesting
to note that if the jog energy in a low stacking fault energy
metal like gold is as low as 0.6 eV then jog nucleation should
not be a serious problem in a high stacking fault energy metal
like alpminum, Thus one would expect dislocations in aluminum
to climb guite readily at temperatures where the diffusion
coefficients are equivalent to those for gold in the present
experiments,

We conclude Sec., B with the following summary:

1) It is difficult to make an apriori decision as to

whether the vacancies are formed at homogeneously
or heterogeneously nucleated jogs.

2) If climb occurs homogeneously and by a vacancy DLDC

process then the jog energy is less than 0.6 eV,

3) Vacancy PLDC climb may occur if the jog energy is

greater than about 0.6 eV, The subsaturation at
which PLDC will dominate the climb process is a
function of the jog energy and the convergence length
of the jog. Since the present experiment indicates
an average generation efficiency of 0.2 the dominant
mode of climb is possibly PLDC with an E j of about

0.6 eV or greater,
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Figure 1.

Electrical circuit for pulsing poly-

crystalline specimens.
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Figure 2.

Oscillograms of; a) an electrical pulse
and downquench; b) a thermal pulse and

downquench.
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Figure 3.

Schematic diagram of apparatus used

to thermally pulse gold single crystals.
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Figure 4.

Mean vacancy concentration [ ¢ (t)/Co]
versus time for various vacancy sources.
Curves I and II are for 0.0508 cm thick
slabs at 875°C and 900°C respectively.
Curves III and IV are for subgrains of
radius 12.7°10"3em and 6.35-10~3em
respectively at 875°C. Curve V is for

a dislocation density of 107em=2 at 875°C.
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Figure 5. f versus t (sec) for ff = 653.3°C
and Ei = 436.2°C. Electrical pulsing

technique.
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Figure 6.

f versus t (sec) for Tf = 877.6°C

and T; = 630.6°C.

technique.

Flectrical pulsing
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Figure 7. Histograms of dislocation densities for
specimens pulsed to 877.6°C and 653.3°C.
The ordinate F is the fraction of the
total photographic plates with a dis-

location density Ng.
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Figure 8.

Histograms of dislocation densities for
for various control specimens. Graph A
is for spec. 33 which was pulsed but not
quenched. Graph B is for two well annealed
gold specimens. Graph C is for a specimen
deformed lightly in tension. Graph D is

17

for two specimens irradiated to 10 "nvt

(fast neutrons).
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Figure 9. Resistivity changes due to handling and
also due to electrical pulsing (without
quenching). The quantity AP, is the
change in the 4.2°K resistivity after a

cycle.
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Figure 10. A comparison of the best fit of the
theoretical three volume model with

the experimental data (T¢ = 653.3°C).
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Figure 11,

A comparison of the best fit of the
theoretical three volume model with

the experimental data (T¢ = 877.6°C).
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Figure 12.

The vacancy chemical potential, My
as a function of f for an upquench
from 436.2°C to 653.3°C and alsc for
a downquench from 653.3°C to 60°C.
For the upquench f is the fraction

of vacancies destroyed.
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Figure 12,

A comparison of the isothermal solution
with the time and temperature dependent
solution for dislocation source behavior.
Curve 1 is the isothermal solution. Curve
I1 is the computed time dependent solution
given by Eq. (A.16) withed = -10.0 sec™l.
Curve III is also computed from Eq. (A.16)
and is for oL = =5.5 sec”'. The dislocation
density is 107cm'2, Tf is 875°C and Ti

is room temperature.
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APPENDIX A

THE SOLUTION OF THE DIFFUSION EQUATION WITH A
TEMPERATURE DEPENDENT DIFFUSION COEFFICIENT
AND TIME DEPENDENT EQUILIBRIUM
BOUNDARY CONDITIONS
In III A we have discussed curves (see Fig. 4) which are
obtained from a solution of the diffusion eguation. This
following equation is solved for a temperature dependent dif-

fusion coefficient and time dependent equilibrium boundary

conditions:
"%'%‘" ”Vo (Dlv v C), A.l
where Dlv = Dlv(t), so that A.,l becomes
2¢ 2
2t =Dy BV 'c o

the function D, (t) is given by

M
Dy (t) = D1y ©XP [ -Elv/kT(t)] A3

and T(t) is given by BEgq., (1). It is helpful to transform

Eq. (A.3) according to

t

t' = J D].V (t) at A4
o]

so that the equation to be solved is
The mathematical solution to the diffusion equation with

time dependent surface conditions and zero initial concen-

tration within the body is found in the statement of Duhamel's
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Theorem (Carslaw and Jaeger, 1959, Hildebrand, 1964). This
theorem states that for the above conditions the concentration
[C(x,t*)] is given by

et oA
Cl{x,t') = J F(T) ot (x,t' -T)avT A,6

where F(t') is tgo prescribed time dependent surface concen-
tration and A(x,t') is the concentration within the body for
the condition that F(t') = 1, The function A(x,t') is ob-
tained from the standard solution to the diffusion egquation
with time independent surface conditions., It is emphasized
that F( T ) is also transformed according to Eq. (A.5). This
is accomplished by finding the inverse [1'1 (t')] of Eq.
(A.4) and using the physical fact that T(t) = T(T ) so that
MT) = 217t (&)1, A7
We are now in a position to find the mean vacancy con-
centration (C (t')) in the lattice for any possible source.
The sources we consider are free surfaces, subgrain boundaries
and dislocations. The problem of the free surface is anal-
ogous to that of diffusion into a slab of thickness 1. The
quantity L' is at least four times smaller than the other two
dimensions of the crystal so we can neglect the flux from
their surfaces, To solve the diffusion equation for the
subgrain problem we replace them by spheres of an equivalent
radius a, where a is determined from back reflection x-ray
Lavegrams, For dislocations, a model consisting of a regular
array of dislocations is employed. The array is then replaced

by a single dislocation enclosed in a cylinder of outer
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radius R and inner radius b, With these three models in mind
we will noV¥W proceed to the formal solutions.

The problem of the surface source is solved for the
following boundary conditionsy

C=0 t=0 D<x< L

1\/" 1v/k-ru.)

c(t) = e £70 x=L"'=0 A.8

The solution for the concentration profiles is

e -t
Cxt)= Z[c-.) + 1]TL{J F(‘C)dt} sm(mtx) c P A.9

m=i J
and the mean vacancy concentration is found by integrating

Eg. (A.9) over the volume of the slab which leads to,

N 2T/x —re /N
C)= %Z[w(-ﬁ“ ]z{ I *F(T)dc j A.10
n=t

)
where X\ = (L.'/Tt) 3

The problem of subgrain source action employs the fol-

lowing boundary conditions:

C=0 =g oL M<La 11
s Ik -EL/RTE) E s
C{r)=¢ < t70 MH=a

Employing Eq. (A.6) the expression obtained is
T /) (/N
Cut)= 2% 2“ E 1) h{JF@e dT sim(mm)e A.l2
O~

2
where A= (a'/“’t—) « Similarly integrating Eqg. (A.l12) over

the volume of the sphere yields
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C(t)‘m;\Z[ jF(C)en 5’3 e e A.13

n=\

Lastly, the problem for the dislocation is solved under

the following conditions:

5 1y —gf
C(t):csﬂf/‘kc Elv/kT(t)

t)O ’l'—"b .
Al
(3C|a9)=0 allt #=R
C=0 t=0 b<M&R

Once again by applying Duhamel's theorem we obtain,

oD

tl
Clx,t)= ero(ijF(z)e*%c[I‘(m"\[J;(ba,)Y.M)-L(hdn)Yo(Mn)_J]E s
s e T2 (betn) — T2 (ReAn)

and then by integration the mean vacancy concentration is

C(t) Z{ . d}[bduf (Rén) [Yo (bdn) J, (bdn) l(b*"ﬂ(u”i) A.16
o (b))~ J.* (Retn)

n=\

The o(.n_ are the roots of
Y, (ba,) T (Rekw) — T, (betp) T(RA)=0 A.17

where F (T ) is as previously defined and Jn(x) and Yn(X) are
Bessel Functions of the first and second kind of order n,

The eigenvalues n are relatively insensitive to the choice
of b and a standard value of 3A is employed, while the values

of R are given by (Mid)"]‘/2 where N, is the number of dis~
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locations cm’z.

The three Egq. (A.10), (A,13) and (A,16) are summed on

an IBM 7094 employing the following parameters;

Parameter Name Value Source
£
slv/k Vibrational 1,2 Simmons and Balluffi,
entropy of 1962
formation
factor for a
monovacancy
4
Elv Energy of 0.98eV Bass, 1964
formation of Bass and Flynn, 1965
a single
vacancy
m
E1v Energy of 0,85eV Bass, 1964
migration of Bass and Flynn, 1965
a single Ytterhus, 1964
vacancy
rate con- 3.5 uoc'l This experiment
stant for
upquenching
Po1v pre-exponent- 0.0358cm2sec™ Simmons and Balluffi,
ial factor 1962
for mono- Makin et al, 1957
vacancy dif-
fusion

To show the importance of the present time dependent
calculations a comparison is made in Fig., 13 of the solution

2 and ol = 5.5 see” ! (curve III),

to Eq. (A.16) for N, = 10 em”
A = 10 sec™! (curve II) and o{—> O (I). The final
curve (I) is simply the isothermal solution and is found by
letting Dtt —> Dt and F(T) — co. It is readily seen

that the upguenching rate is an important parameter in this
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problem and emphasizes the need to include time dependent
boundary conditions and a temperature dependent monovacancy

diffusion coefficient,
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APPENDIX B

SOLUTION OF THE DIFFUSION EQUATION FOR COMBINED RADIAL AND

AXIAL FLOW FROM THE GRAIN BOUNDARIES AND FREE SURFACE

In Sec., III B we used the results of a diffusion calcu-
lation to show that the grain boundary and free surface make
a negligible contribution to the experimentally determined
generation kinetic curves, This appendix contains an outline
of that calculation and a discussion of the model employed,

Metallographic examination of the polycrystalline foils
shows that a good mathematical approximation to the grains
is 2 pillbox of height L' and radius A, The diffusion equation
is then solved for simultaneous flow from surfaces separated
by a distance L' and grain boundaries which are the sides of
the pillbox, The general solution for combined radial and
axial flow is (Carslaw and Jaeger, 1959),

¢(3,r,t) =1 -V(3,.,8) «L(ra,¢) B.1
Where qf( 3 ,L',t) is the function appropriate to the slab
0< 32< L' with unit initial concentration and with
surfaces kept at zero concentration, The function Zf(t,a,t)
is the solution to the diffusion equation for an infinite
cylinder with unit initial concentration and zero surface
concentration, If Eq. (B.l) is integrated over the volume
of the cylinder, the mean vacancy concentration as a function

of time is

HOLEE %i“‘: T e [OE (T + )]

= n* B.’,'\

B.2
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where Bn = acx_n and the Bn are the zeroes of the Bessel

function [Jb (Bn)] of the first kind of order zero.
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APPENDIX C

CALCULATION OF THE PIPE DIFFUSION COEFFICIENT (D)
REQUIRED TO MAINTAIN A GIVEN FLUX ( ? ) INTO THE LATTICE

In this appendix we show that the generated vacancies
are not produced at the specimen surfaces and then piped into
the specimen via dislocation short circuiting paths, This is
accomplished by demonstrating that an impossibly large pipe
diffusion coefficient (Dp) is necessary to supply the total
measured values of the vacancy flux into the specimen,

Consider a pipe of radius %  and length A to lie
along the é- axis, The pipe is connected to a source of
vacancies at either end (3 = 0 and J =1). The source may
be a surface, grain boundary or sub-boundary wall., We then
apply the following boundary conditions

C = co at 3: 0 =\ C.1
;"—; -9 at 3 =A4/2 .2
C = Co/n at g ='.ZX./Z C.3

The boundary condition (C.3) fixes the deviation from equi-
librium where n is any positive integer greater than 1, For
example, n = 2 implies that at J =% the vacancy concentra-
tion is one~half its equilibrium value co’

Consider an element of pipe of length 43 and radius
A o¢ Next we use the equation of continuity to find the
steady state vacancy distribution in the dislocation core

along the §~axis under the condition that f vacancies c':m2
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coc"l are leaking out of the element dg of pipe in the r-

direction. The assumption of a steady state distribution in
the core is reasonable in view of our general requirement
that the cores act as essentially constant vacancy sources,
maintained near the equilibrium concentration and the fact
that extremely fast pipe diffusion diffusivities are required,
Therefore, the equation of continuity is

71'}(‘:6@;__2__ ={—7Z/°f30 — T, 00,[ 5 gg 93; d3]

c.4
— 2T Mo 990’3}
which reduces to
= =¥
623 s C.5

in the steady state.
Integrating and using boundary conditions (C.l) and (C.2)
yields the steady state distribution in terms of Dp‘j and gﬂ .

= *_ PN A
C(3) gf% 3 D,)%g + G c.6

Now by applying Eq. (C.3) we obtain the pipe diffusion
coefficient (Dp) in terms of measureable parameters,

n gﬁ qu

D = C.7
P 4(n-1) %

o
The vacancy flux §Z7il proportional to the slope of the plot
of £(t) versus t(sec) (See Fig. 5 and 6), and is given by the

expression,
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p= o (3F)

where N, (om cm'3) is the dislocation density and C, the
equilibrium vacancy concentration., Therefore the final ex-

pression for the requirod'np is given by,

D= nlx df)

(r2=1) STLMs Ny \dt kot o

Evaluating Eq. (C.9) at 878°C for /\ = 0,051 em, n = 2,

Y
}(o = 3A and N,

of 4-105 cm2:oc’1 required to support the measured value of

(af/at),

= 3,10 cm em™> yields the enormous D, value

This unreasonably large diffusion coefficient yields the

following two physically improbable results:
m

1) For a value of (Elv) equal to 0,09eV¥¥ the required

P
Debye frequency of an atom in the dislocation is the
impossibly large value of about 4+102%ec™1,

2) Conversely if we assume a more reasonable Delye

13 -1 ™

frequency of about 10 sec = then (E, ) _ 1is an

lvip

impossible - 1.87eV,
In view of these impossible requirements we conclude that the
vacancies produced internally and are not simply piped into

the lattice from the surface via dislocation short circuits.

**This is the migration energy of a single vacancy in the
pipe calculated by using Turnbull and Hoffman's (1954) result
that Q ,\)0.4501, where Q_ is the activation energy for pipe
ditfun?on and Ql is the agtivation energy for lattice dif-
fusion.
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APPENDIX D

VACANCY DIFFUSION LIMITED CLIMB

1. Solution of the Diffusion Equation

Under the assumptions given in Sec, IV A we solve the

axially symmetric diffusion eguation

~ac_ i 2 (. 2C.
at Dlv r 9r (x or ), D.1

with the following boundary conditions

C = Co T= b all t D2
C=0 b<r = R t=0 D.3
ac

—5§~30 r=R all t D.4

where C_ is the equilibrium concéntration at temperature (T,).
The boundary condition (D.4) is a result of requiring that
C(r,t) have the symmetry of the lattice (Ham 1958, 1959).
Carslaw and Jaeger (1959) have solved the diffusion equation
for a hollow cylinder with very general boundary conditions.
Restriciing their results to our boundary conditionsgives the
solution,

£ THURAN T, (b ), (Tt — T (ret, D o (b ] e P
Corb=I- KZ

= [Iz(ba(,\) “IZ(R-L,\)] D.5

2
n

where the o(n are the roots of the equation
Y, (bt TReAN) = T (bet) Y, (Ret)=0
D.6
and the Jn and Yn are as previously defined, The mean

vacancy fraction (f) is found by integrating C(r,t) over the
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volume of the cylinder which yields,

-pteck
2 s TRl T o) -Load | (b)) @ s
f(t)‘ l‘%,_ - :LE L j;z(bd.n\ _ J:z(Rdy\)] o
Using the Wronksian relation,
T (b)) Vs (betn) = Y (bt I, (b)) = 2 /70 bek 5, -
(D,68) reduces to
F=1-2 T I (Ren) @XP(-DLCR)
a’:—t}n-.q o(:\ [j;z(bdn) ‘Iz(Rx’nﬂ D.8

The analyses of Ham (1958) on diffusion limited climb pre-
cipitation make use of the fact that the largest fraction of
the precipitate decays according to the first term in the
eigen function expansion and only a small fraction decays
according to the higher order terms. In equation (D.8) the

fraction of the total vacancies contributed by the nth term

is given by
2
4 T (Rn)
(R=B) . [T (betn)—T(Rek )] >.$
which yields a value of 0,996 for the lowest component (ol 1)
with N& = 107 cm cm-s and b = 3-10'8cm. We may therefore

safely replace Eq. (D.8) by

§ | — exp(-£Dt)
- D.10

Next, we define the parameter T as
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>
-—L—- = 2 =
T T DX, 4(Ro< )Ny Dy, = & Ny Dy D.11

8o Eq, (D.10) takes the form

B €; Ndnlvt

which is the equation used in Sec. IV A,

? u 1% u 1ue D.12

2, The Elastic and Electronic Vacancy-Dislocation Interactions

In solving the diffusion equation on (D.,l) we have neg-
lected two elastic and one electronic interaction., The two
elastic interactions (e.g. see Cottrell, 1953, Bullough and
Newman, 1962) have their origins in: (1) A size difference
between the vacancy and matrix atoms (El).r (2) An interaction
due to the vacancy acting as an inclusion with an elastic
modulus different from that of the host crystal (Ez). The
electronic vacancy-dislocation interaction (Flynn, 1962) is
an oscillatory long range interaction modified by an x~3/2
dependence, It is the aim of this section to show that the
present diffusion problem may be treated by neglecting all
the interactions and simply using an "effective capture
(emissjon) radius,"

First it is important to determine the magnitude of the
interactions, For the elastic interactions El and E, the
magnitudes are about -10"1( Ve and -6.7+107uV at a distance
of 10 Burgers' vectors from the an edge dislocation, Here,

S is the shear modulus, V the volume of a vacancy and e
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the radial strain due to the relaxation around a vacancy,
Using Simmons and Balluffi's (1962) value of one-~half an
atomic volume for the volume of a vacancy we find the ratio
of El/E2 is 27, so the dominant elastic vacancy-dislocation
interaction in gold is the size difference effect (El). The
short range character of the electronic interaction varies

as ~5/2 \mile E, has an r -1

dependence, Therefore, El
is the dominating interaction and we shall focus our attention
on it,

Ham (1959) in an elegant paper on "Stress-Assisted
Precipitation on Dislocations" obtained an exact solution to
the steady-state diffusion equation for the precipitation of
solute atoms, on an edge dislocation, in the presence of the
elastic interaction (El). By comparing this solution to the
simple steady-state solution in the absence of an interaction
(E1 = 0) he is able to define an "effective capture (emission)
radius" for the interaction El. This is given by

R=(r e /k1)/4 D.13
where A is a factor made up of elastic constants (Cottrell,
1953) and ¥ is Buler's constant. He justifies the use of R
by solving the time-dependent diffusion eguation for the
interaction E1 numerically and comparing it to the analytical
time-dependent solution in the absence of a potential gradient
(E1 = 0), employing R as the radius of the dislocation core.
His results indicate that within 10% (at the worst) the

solutions are identical., Using the room temperature elastic
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constants of gold we find that R is 6,7A at 653°C and 5.4A
at 878°C. Since the eigenvalue 1 has a logarthmic
dependence® on the ratio R/b we conclude that our use of a

constant 3A core radius is therefore justified.

3. Effect of the Dislocation Climb Motion

In a forthcoming paper Balluffi and Seidman (1965) con-
sider a regular array of dislocations and calculate the effect
of the dislocation motion on the vacancy generation rate.
(It is noted that in all of the previous calculations the
sources have been assumed to remain stationary and, therefore,
any possible effects due to the ¢limb motion are neglected,)
They show that the general effect of the climb motion is to
speed up the generation rate (relative to assumed stationary
sources) and that the size of the effect is determined by the

magnitude of the parameter vR/2D where v is the climb

1lv
velocity. For the case vn/znlv <&; 1 the climb velocity is
identical to that found by assuming stationary dislocations.
For the extreme case vR/ZD1v 7 1, the ratio of the climdb
velocities is

Vz(t) - 1n(R/b)

"1("’ ln(4D1v/bv2) D.14

where vy is the velocity of a dislocation in an array con-

*The lowest eigenvalue (e(l ) is given approximately by

ol s % [ 1n(R/)) -3/5]"} . Ssee Ham (1959) for
1 =

further details,
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sidered to be stationary and v, is the climb velocity when
the effect of climb is taken into account,

It is of interest to calculate the magnitude of vnfznlv
for the present experiments to see if the climb motion affects
the generation kinetics. The climb velocity is proportional
to the slope (df/dt) of the generation curve, since Af/dt is
simply the climb rate ( X ). The results for this experi-
ment, using the value of (df/dt) at the half-time, are

* o
vR/ZDLv C
3.9.1072 653
-2
5,7.10 875

Therefore we conclude that the stationary approximation is a

satisfactory one for the present experiment,

*These are calculated for N, = 3.10' om en”? and a total
climb distance (xc) given by 4N$v/330‘q—7 Nge Where N, is

the equilibrium vacancy concentration.
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APPENDIX E

CALCULATION OF THE JOG ENERGY BASED
ON A HOMOGENEOUS CLIMB MODEL
The basic egquations derived by Thomson and Balluffi
(1962) for the case of negative climb in the presence of a

subsaturation of vacancies (8< 0) are given in the following

table
oL L X .
04L43 Bgoos L )/
LL73 2BHBS loL L Lfes (5 ] 2

The quantity 7( is the climb rate (scc“l), B a geometric
factor, 92 the flux of vacancies from the dislocation,
the convergence length of a well formed jog pair, and all
the other parameters are as defined previously. The parameter
X 1is approximately given by exp (-Ql/4kT) where Q, is the
activation energy for self-diffusion.,

An estimate of the jog energy under the assumptions of
vacancy DLDC and homogeneous climb can be obtained from the

simple criterion o({ < 3 .* Therefore, 8 j is
gj < 01/4' + &TR/Y\Z E.l

This result yields about 0,6eV as previously discussed.

*L, is given by the standard Boltzmann factor, exp

( 8_9):1.
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The transition point from DLDC to PLDC occurs about when

oL = 3 in the relation
(A-1)/2.

°“-="‘L°['+S°('_°%C] , E.2

where sc is the critical subsaturation at which the transition

occurs, Solving for sc’ one obtains

s {5 o[£

Thus, the value of s<= is a function of .A’ and 8_1 at any
fixed temperature, For a fixed jog energy the value of S -
decreases (i.e. becomes more negative) as 1\’ increases,

For a detailed discussion of the problem of the kinetics
of homogeneous climb and the limitations of the above formulae
the reader is referred to the Thomson-Balluffi papers,
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APPENDIX F

COMMENTS ON THE DISTRIBUTION OF DISLOCATION
DENSITIES THROUGHOUT THE SPECIMENS

In Sec., IV A we stated that the measured dislocation
density distributions are non-Poisson in character and hence
the free dislocations are non-randomly distributed with
respect to a‘Polsson distribution, In this appendix a short
discussion of the statistics involved is presented to support
the above statement,

The total area that may be sampled in a given poly-
crystalline specimen is about 0,45 cmz, while each micro-
graph* samples only 24.4 (L 2. Therefore below a dislocation

® em om”3 (L.e., one dislocation per

density of about 8.10
micrograph) the sampling problem becomes very difficult.

BEach distribution is based on 150 to 300 micrographs taken

at random**, Hence the total fraction of area sampled is
about 8.2-10’5 for each specimen,

The data are plotted in the form of distributions normal-
ized to unity, i.e., in each case the fraction (F(n) of the
total number of plates with a given number (n) of dislocations
is plotted against the number (n) of dislocatians, The var-

iance (average number of dislocations per micrograph) is

*This is at a standard magnification of 15,000x.

**More exactly, the micrographs are taken at random in
regions away from the thin edges of the foil.
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determined, and this variance is then used to calculate the
expected fraction f(n) of plates with a given n on the as-
sumption that the distribution of dislocations obeys a Poisson
distribution, The goodness of fit is then checked using the
standard X 2 test (e.g., Parratt, 1961). For example, the
distribution for the specimens pulsed to 878°C (see Fig. 7)
has a probability of less than 1073 of fitting a Poisson
distribution on the basis of the X $ test. The main reason
for the poorness of the fit is that the measured distribution
has a higher fraction of plates with low n values than the
calculated Poisson distribution. This result is hardly sur-
prising since we would expect the dislocations in highly
deformed and recrystallized metals to be nonrandomly distri-

buted,
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APPENDIX G

THE INTERNAL STRESS DISTRIBUTION IN A FOIL OF RECTANGULAR
CROSS-SECTION CAUSED BY THE PASSAGE OF LARGE CURRENTS

The passage of a heavy current through a conductor results
in an internal stress distribution., Northrup (1907) has
calculated the stress distribution in a wire of circular ¢ross=
section., For that case the pressure is purely radial assuming
that the wire has isotropic elastic properties, 1In this
appendix we derive equations for the internal stress distri-
bution in a foil of rectangular cross-section and obtain an
equation for the electric current required to cause slip.

Consider a foil of length L, thickness 2t, and width 2w
to lie along the z-axis. The width 2w is 10t for the cross-
section of interest. Make a cut through the foil at the
z = 0 plane and align the x and y axes so that the x = 0
plane cuts the cross-section at t and the y = 0 plane cuts
it at w. We will noV calculate the internal stress <r;x,
where (T%x is the stress in the x direction on the x = x
plane. The current density is assumed to be constant through-
out the cross-section., Therefore the current i at x is

1= _I (x). G.l
2 t

Next we employ the Circuital Law to obtain the magnetic field

B since the force in the x-direction is ~-ev B, The

y’ Y
Circuital Law is

SBE d0= 4T A Mo A
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Therefore, BY is approximately given by

X
B, & M, L (R1£) / (2Ww0+ ) .3

Now, consider an element of foil of thickness dx at a distance
x from the x = 0 plane. The element of current 4I passing
through dx is
aI = dx I G.4
2 Tt

and the force per unit length on this element is B Yc!I. Thus,
the increment of stress (dG“xx) is Bydl/zw. Integrating to
find the total stress as a function of x, we obtain
A~ TCAAMo Il[-_t-%*?-w ln(2w+’o/czw+t)]
xR — 4-th

The maximum stress occurs on the x = 0 plane and is given by

G.5

(0:‘),,\”( @ Eﬁ£° '_[z [—t-\— 2wm 2w)/zw +‘t)] G.6

which reduces to

(0% s 2 T Mo [+ 101N C10/10)]
2ot*

upon substitution of 2y = 10t,

As a result of the compressive stress in the x directions
there will tend to be lateral expansions in the z and y direc-
tions given by

eyy = Gzz == vexx = °7/0~_& G.8
E
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where is Poisson's ratio, However, to keep the planes
y=+wand z = + L /2 planar, a stress ( 0 ) of magnitude

is developed., For 2/ = 0.42 this stress is -0,21 Oka. Thus
the internal stress distribution is far from being hydrostatic
and deformation can occur,

Since deformation will occur where the shear stress is
a maximum we must maximize the resolved shear ( U ) in a plane
making an angle © with the x-axis., The quantity [ is given
by T= 0, Sih©COos©

G.1l0

which is a maximum (d§=0 ) for ©= TL/4, Therefore 0;;: =
2C . We now simply solve for I and obtain an expression for
the critical current (Ic) to cause slip; therefore,

I 40t'T Y/z
— L Mo

G.1l1
This result is probably an overestimate of Ic as we have no
way to take into account any local inhomogeneities, which
would tend to concentrate the magnetic field and therefore

increase the stresses,
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