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CHAPTER 1 |
; . |

1.1 General Introduction of Point Defects

In any solid at a temperature greater than
i‘00K there mict necessarily be a certain amount of
idisorder of the lattice, The simplest forms which
‘this lattice disorder cen take is that of vacant
%lattice sites (vacancies), and atoms ocecupying

‘positions in the lattice would not be occupied in

Ethe perfect latitice (interstitials).

|

A vaecancy produces a falrly small distortioni
iof the surrounding lattice but an interstitial ha%
‘more effect on the positions of its neighbouring
‘atoms, The interstitial position in a f.,c,.c, g
;lattice is shown in Fig. la, An altérnative i
lattice arrangement to accommodate an extra atom,
}however, has been put forward by Vineyard, In this
%case the interstitial atom and its neighbouring
‘atom move such that‘they are symmetrically placed

éas in 7ig. 1b, along a 100 direction, This is

%known as an interstitialey and this form is
accepted as being the stable configuration in
| (1)

copper

An alternative form which has been suggested

jis that known as a crowdion, In this case a pow of

five or six atoms in a 110 direction have one extra

1
atom over the normal number as in Pig, lec, 1



(2)

of this arrangement is, however, doubtful""‘,

If a vacancy and an interstitial are formed by
displacing an atom from its normal lattice site to
an interstitial position, the defect known as a
Frenkel palir is formed, Cther combination defects
which can exist in the lattice are groups of two or
three vacancies which are called divacancies and
trivacancies respectively. In a fece.ce lattice the
trivacancy is suggested as having the form shown in
Fig. ld(3).

It has long been resalised that suéh point de=
facts ean play an important part in the physical
properties of sollds. Self diffusion, for example,
is a process which is dependent on the existence and
movement of vacancies in the lattice. In this case
the role played by the vacancles is well known, but in
lother phenomena such as strain enhanced diffusion,
work hardening, and recovery, the effect of point
defects 1s more obscure, It 1s important, therefore,
that the properties of point defects should be
studied in the hope that any information gained can
be applied to help in the understanding of such

phenomena,







l.2 Production of Point Defects for Study

1.2.1 Thermal production

In thermal equilibrium it can be shown(é) that
the concentrations of monovacancies, divacancies,

and trivacancies are given by the expressions

s, T g, £
Cyy exp("1lv /) exp(="1v /pq)

Coy 6clv2 exp(BZV/kT)

Cypy = 203> exp(P3v/py)

where Slvf is the vibrational entropy of formae
tion of a monovacancye.

Elvf 1s the energy of formation of a mono-
vacancy, and By, and 133v are the binding energiles
of divacancies and trivacancies,

At high temperatures the total fraction of
vacant lattice sites is of the order of 10™%, This
can be shown to be composed of about 904 monoe
vacancies(S)o

Since the formation energy of an interstitial
is very high, very few interstitials will be proe=
duced thennally(é).

It is possible to produce extra defects in the
lattice, therefore, by ralsing the temperature of a

specimen, allowing the concentration of defects to

reach the new higher equilibrium value, and then
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quenching the specimen to a lower temperature., The
excess defect population will then attempt to restore
itself to the equilibrium value,

This excess makes itself evident in various
properties of the materisl, for example 1t results
in an increase of the electrical resistance, An
opportunity therefore exists to study some of the
properties of vacancies by this method, This teche

nique has, with various refinements, been widely used

1.242 Badlstion Damgge

FPoint defects are produced in a material sube
Jected to radilation. The usual experiments bombard
the test material with electrons or neutrons at very
low temperatures, By raising the temperature the
defects can anneal out and the changes in some
physical property, usually the resistivity, observed.
A full account of the information gained from this
type of experiment is available for fe.ce.cCe. metals(7).

1.2.3 Production during deformation

When a material 1s deformed plastically the
movement of dlslocations can produce lattice defects,
Fig., 2 shows two screw dislocations hefore and after
they have intersected., The moving dislocation, B,

has acquired a jog in intersecting with the fixed
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dislocation A,

Since the jog can only move freely in the
direction of the slip vector of i3, that is by glide,
it must climb to allow B to continue to move, leaving
the voild shown, If the slip vector of B is reversed,
the string of vacancies must be replaced by a string
of interstitialsQ

It is possible to imagine a series of such jogs
on each dlslocation, each one leaving a string of
defects. Since energy must be supplied to form the
defects, the dislocation must be deformed into a
cusp at each jog when it 1s moving, as in Fig, 3.
This situation can be seen as a possible series of
FrankeRead sources.

The stress 1n the material céusing the movement
can, therefore, relieve itself, either by produclng
defects, or by propagating slip from FrankeRead
sources. In the latter case the dislocatlons would
bow out around the pinning points until the situation
is reached where the edge components attract one
another and annihilate, producing a row of point
defects, It 1s conceivable that the energy released
in the combination could produce some vacancy=intere
stitial pairs as well, but recombination would be
likely if they did not diffuse away from each other
quickly(g).

The strings of vacancles resulting from this

process would appear to be more likely to bresk up




Figure 3.
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in divacancies, which are more mobile then mono-
vacancles, It 1s possible, however, that high
enough local temperatures occur %c break up the
strings into single vacancles., Interstitials, being
more mobile, will more easily escape from the
strings.

In the case where the motion of the diélocation
involves the production of point defects, the
situation is complicated by the fact that unless the
dislocations are moving very quickly, it is possible
that the Jogs could glide along the screw part of
the dislocation until it reaches an edge part, where
it would be inéffective in the production of point
defects(g). Seeger has discussed the motion of the
jogs up and down the dislocastion line, considering
that during their random glide they jump forwards
ocecasionally to produce a point defect(lﬂ).

It is probable, however, that a Jog, which can
be considered as a2 short dislocation, normal to the
slip plane, can dissociate on close packed planes to
lower its energy, forming stackling faults. Since
the energy will increase linearly with the length
over which the dissociation takes place, the equilie
brium configuration will be partially constricted.
The jog could form a low energy sessile cbnfiguration

that 1s, it would not be free to glide along the
dislocation,
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Hirsth and Warrington have shown that the flow
stress of f.c.c, metals is at least partly controlled
by the noneconservative motion of dislocations with
sessile jogs(ll). A detailed analysis by Hirs&$12)
shows that certain jJogs are dissociated in such a way
that they are sessile. 1In all cases for inter=
stitial jogs, the activation energy for conservative
motion (via constriction) was shown to be reduced
indefinitely by stress, whereas for vacancy Jjogs the
sctivation energy had to be supplied by thermal
motion, Below a certain temperature, therefore,
vacaney jogs will be sessile and noneconservative
motion will oceur. This is about 200°%K for Alumi=
nium, but in dislocation with edge components, the
activation energies and hence the critical temperae
ture will be higher, It is suggested that inter=
stitial jogs would be expected to move conservativee
ly since 1t would be easler to constrlct the jog than
to move it noneconservatively, | |

Weertman, on the other hand, using an extension
of Hirsth's analysis, showed that if dislocations
attached to double stacking faults are considered,
interstitial producing jogs are possible(l3).

At the present, no detailed analysis has been
carried out for b.ceCe Or heCeDPs crystals,

It would appear, therefore, that this mode of
generation 1s more likely to occur when the slip

vectors are such as to produce vacancies,
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As the dislocation lines acquire an increasing
ratio of edge to screw components, single defects
would be produced.

Cottrell has shown that in most cases of two
gliding screw dislocations intersecting the jogs
formed are of the interstitial producing type(14).
This argument, however, doas not apply to the case of
a screw dislocation gliding through the forest dise
locatlons, where jJogs of both types would occur in
equal numbers,

0f the other mechanisms which have been put
forward, probably the most important is that suge
gested by Mott(ls). It is proposed that when a dice
location 1line forms a loop which almost closes, and
this 1s cut by a2 serew, as in Fig, 4, a line of

vacancies or interstitials will be formed, the nmume

ber being of the order of

g_%g

A
where e 1is the strain
is the linear dimension of one of the
loops
and N 1s the distance between the loops fommed

by a single dislocatlon.
Mott puts this forward as probably the most important
contribution to point defect production in stage III
of work hardening,
D. Kuhlman Wilsdorf and H,G.F. Wilsdors(1®)

have calculated the uncertainty in the position of a







dislocation due to thermal motion and have used this
to put forward a mechanism for the production of
point defects during motion of the dislocation.

The uncertainty in position is shown to be, in
a direction normal to the dislocation axis, of the

order of %
e EA
PTeorit
where

U 1s the mean displacement of the atoms due
to thermal motion,

p 1s the periodic lattice spacing on a slip
plane normal to the dislocation axis,

is the highest shear stress which the
lattice could support in the absence
of dislocations, and

'fcrit

A 1is a constant differing for edge and screw
dislocations.,

It is pointed out that this uncértainty is cige
nificant even down to the lowest temperatures in
close packed metals,

Because of this uncertainty, therefore, it
would seem reasonable that a dislocation line must
transfer segments to adjoining planes, leaving the
equivalent of an intersection jog in the transfer
region. It 1s suggested that polnt defects are
produced during the transfer as well as during none-
conservative motion of the Jogs.

There is some éxnerimental evidence to support
this mechanism, Peiffer(17) found a linear rela=
tionship between the number of point defects
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produced during deformation of copper and the number
of line defects by annealing out the point defects
at room temperature, leaving the line defects. This
reiationship had previously been verified for alumi=-
nium., Such a relationship would occur if the defects
were being produced by}the dislocation uncertainty
mechanism,

One mechanism which has not yet been mentionéd
is that of climb of edge dislocations, Normally,
during deformation, a jog on a gllding edge dis=
location is free to move conservatively with the
dislocation. If, however, the dislocation comés up
against an obstacle, climb forces can develop and
in this case the jog can only mcvé noneconsarvatively
with the dislocation, cfeating or destroying defects
according to the direction of climb.

Although it is now reasonably certain that
point defects.are created at jogs on dislocations
during deformation by one or a combination of the
above models, the details of the processes involved
are still obscure siﬁce not enough is known about

the jog structure or its dynamics,




-1 -

le3 Annealing of Point Defects

l.3.1 Point defect sinks

Various traps exist for point defects in a
crystal lattice. It is possible to visualise point
defects losing their identities in the following
situationsi=

1, at the surface
2. 1in 2 grain boundary
3¢ at jogs on dislocations

4, in the combination of vacancies and intere
stitials

5¢ in association with impurities

6e Dby combining with other defects and collapsing
into dislocation loops

7« by combining with other defects and remaining

in the lattice as some kind of cluster
(Bogo VOidS)

There is also the possibility of = point defect
being trapped on a2 dislocation, but retailning its
identity.

Attempts to determine the nature of point dee-
feet sinks in metals have employed various experie
mental techniques, Recently these have been mainly
concerned with the interaction of vacencies with |
dislocations,

Birnbaum(ls) has employed a low temperature
strain ageing technigue on high purity, poly=

crystalline copper to study the formation and
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annealing of point defects produced during plastic
deformation,

After some prestrain the stress was dropped to
a value low enough to prevent creep during sgeing
but not so low as to cause an unloading type of
yvield point. After ageing the increase in stress
before yielding was measured ( A& ). The dependence
of A& on the time and temperature of the ageing
was found to be of the form shown in Fig. 5.

Birnbaum indicates that the kinetics of the
ageing process of peak I 1ls due to pinning of the
dislocations by an extremely mobile point defect,
the calculated activation energy for movement being
*1l eV, and suggests tentatively that interstitials
are responsible in this case.

S8ince for the process of pesk II the activation‘
energy could not be determined any more accurately
than a value between -4 and «8 eV, the defect active
in this process could be either a vacancy or a2 die
vacancyes

The temperature dependence of &G 1s compared
with that calculated by Ha@sen(lg) and Nabarro(zo),
both of which are based on a dislocationepinning
point interaction of the form U o %

(U = potential, r = distance between dislocation
and pinning point)., Agreement is found with Nabarrol

calculation at low temperatures and with Hassen's at
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high temperaturese.

Since this is the type of interaction to be
expected between the stress fileld of a dislocation
and that of a point defect, it 1s suggested that
the point defects retain their identities at the
dislocations.

The ageing kinetics are therefore taken as
having the form of point defects migrating to the
dislocations énd acting as pinning points before
diffusing along the dislocations to discrete sinks.

Other evidence for dislocations as sinks has

t(zl) who examined the kinetics

been supplied by Cos
of formation and decay of thermal vacancies in a
guenched Ag « Zn so0lid solution.

In this case the specimen was twisted elasticale
ly until all the anelastic strain appeared and then
released, the decay of the anelastic strain being
observed as a function of time,

The mean relaxation rate, T ~%, can be shown

to take the form(22)

7l = xc exp(-;'%)

where Eh is the energy of motion of a vacancy
A is a frequency factor
and C is the vacancy concentration
(which is proportional to exp = ;% y Bp being the

energy of formation of a vacancy).
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Thus T ~% 1sg sensitive to the vacancy anneal-
ing kinetics., Measurements wers made on specimens
relaxing isothermally (at 136°C) and on specimens
which were upeguenched and downe=quenched from the
annealing temperature (by about 20 or 30°C). The
processes of formation and decay of vacancies could
then be compared.

Cost's conclusions are that firsteorder kinetices
are obgyed for both formation and decay and that the
time taken to reach equilibrium is that corresponding
to ny ~ 107 to 10%

’ nj being the number of jumps

a vacancy makes in this time., This suggests that

dislocations are acting as the soufces and sinks,
His analysis also indicates that vacancy diffusion
along the disloecations, to and from discrete dise
location sites is the ratee-controlling process, He
also concludes that for this alloy, in the temperae=
ture range studied, vacancy asnnealing could be exe
pected to be limited by dislocation diffusion if the
jog spacing is greater than about 104 atom distances,
This concept of dislocations being the main
sources and sinks of thermal vacancies is also held
by Jackson and Koehler, following their gquenching
experiments on fine, pure, gold wires.(23) The
specimens could be raised to the quench temperature,

kept there for a given period, and then quenched,

using a suitable control circuit. Annealing studies




could then be carried out on the srecimens. These
indicated that only lattice vacancies were present,

By comparing the cuenchedein resistivity due
to 2 glven period at the quench temperature with
that which would have been obtained if the specie
men had been left at the quench temperature until
the equilibrium concentration had been reached, it
was possible to study the formation of the
vacancies,

The ratio of the observed concentration of
vacancles to the equilibrium concentration is,
therefore, observed as a functlon of the time at
the quénch temperature, This ratio is then come
pared with that calculated due to the production
of vacancies at the surface and it is found that
for very short times about one quarter of the
vacancies present are produced at the surface.,

Since it was observed that the time taken to
reach ecuilibrium concentration was approximately
the same as that taken by vacancies té diffuse
the distance between dislocations, it is suggested
that dislocations are the maln source of the
vacancies, It is also concluded from these eox=
periments that the vacancy production at the dise
locatlions is rapid, consistent with a jog formae

tion energy of less than l.l1 eV,
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10302 ’\.gygealing Kineticg

When the annealing of point defects in a
material is to be examined, it is usual to study
the annealing spectrum of some property of the
material and attempt to ascribe the motion of
point defects to sinks to explain some of its
features.

Unfortunately, the kinetics of these anneal=
ing processes in deformed materlals tends to be
very complicated and this identification can often
be suspect. In fact, Balluffi(7)claims that no
point defect has been positivgly identified as
taking part in the annealing spectrum of a colde
worked metal, |

A defect anmnealing out by thermally activated
motion is usually considered to follow the rate
equation

-
"%% = F(n, ql, q2.oo) exp %

where n 1s the total defect concentration,
the q's represent the distribuﬁion and types of
sinks in the solid, & 1s the activation energy
for motion,

and F(n, dyy eees) 1s some fuhction dependent
on the bracketed quantities,

If the physical property measured is a
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function only of the defect concentration then it
can be represented by a similar expression
- %% = F%(p, ql,...) axp g%
assuming the q's are’independent of temperature
and time,
This expression is then usually integrated to

give an expression of the fomm

P t
‘ﬁl
" / < = [ oxp (= pB)dt
Dy F'(pyQygee) o

Many experimenters have, therefore, measured
the time taken to reach a given value of p on
annealing isothermally for different temperatures,
1.c.

tqy exp( E?? ) = %, exp(ETz)
from which the activation energy for movement, & ,
can be measured,

An alternative method has been to change the
annealing temperature suddenly and measure the
change in the annealing rate,

d dpy  _ B 1 1

@1 / (Gt)a = oxp T(Tl -5

In an experiment of thils type, of course, the
auantity K, measured need not be simply the
unique activation energy for motion of a polnt

defect, FHven if only one type of defect 1s
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annealing out, several processes could be involved
in the decay and the measured Em could depend on
the type of decay. If more than one defect is
active in the temperature range being investigated
then the measured & would have little meaning.
It must also be noticedvthat if during its motion

through the lattice, a defect comes in contact

with an impurity atom, then the measured B i
would be larger by an smount corresponding to the |
binding energy between the defect and the impurity,
By using very pure material, however, this effect
can be overcome(24).

In general the annealing of defects to sinks
can not be described by such a simple time depene
dence, Bven in the simple case of one type of
defect annealing to fixed inexhaustible sinks, the

general solution is of the type
C(z, t) = = a, B:(1)e
’ i=o 171

where C(r, t) 1s the concentration of defects

at a position p after time t, and the co=

efficients ay are determined by the original

i
distribution of defects(es). Since the higher
1’

order terms damp more rapidly this reduces culckly
to 9

(g, t) = a, #,(2) exp =A, Dt. |
|

This can be seen to correspond, in the earliepr
!
i
[
|
|

notation, to



ap .
~dat = AP X BT,

This asymptotic solution 1is reached more
rapidly if the defects are uniformly spread through
out the material originally,

l1.3¢3 Scope of the present work

Most of the work to date on the annealing
spectra of plastically deformed materials has heen
concentrated on f.c.c, metals, All this work has
been concerned with annealing in the range up to
room temperature of metals which have been deformed
at low temperatures. Table 1 shows = selection of
activation energies which have been méasured for
various annealing sfages, mostly In fe.cece metals,
In each case the property measured during the
lannealing was resistivity.

It seems that in all these experiments point
defect annealing processes do take place but in
none of them is it possible completely to separate
the annealing stages., In some cases, however,
fairly accurately determined activation energies
emerge which correspond cuite closely with the
expected activation energies for movement of point
defects. |

The only hexagonal material so far examlned
is Cadmium, in the experiments performed by

Stevenson and Peiffer(24). In this case one

k|
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recovery stage is attributed to vacancy motion,

|
I
|
|
|
|
|
|

puring earlier experiments with less pure material,
the same annealing characteristics emerged, apart
from rather higher wvalues of the activation ener-
gies, This was attributed to vacancy impurity

|
!
|
i
[
|
|
|
|

‘binding.
No experiment has yetl been attempted to study
the annealing of defects produced mechenically at
room temperature or above in low melting point
metals, It was with this in mind that the present;
experiment was designed, Zinc was chosen as the
experimental material since it is one of the very |
2f‘ewmetals which display the deformation charace |
teristics necessary for the experiment, The fact
that it is a h.,c.p., metal, which have so far re-
ceived the least attention in the field, is a coin-g

cidence,

; Fig. 6 demonstrates the gap in the observationg

1
of point defect properties, It ie seen that ine

formation is missing from the central region of theg
graph, i.e. at intermediate temperatures. This is |
'the region which the present experiment is deaigned§

to cope with, at least in zine,
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le4 Resistance due to Point Defects

ledel fxperimental determination of vacancy ;
resistance f

Before the effect on the resistivity of a
metal due to monovacancies can be determined ex- |
perimentally some measure of the number of |
vacancies present must be obtained, The technigue
used is to measure the increasse of lattice parae
meter (ELQ) and the length expansion (éigé of a

a |
specimen for various temperatures. The total

defect concentration is then given by

A = 14 - G, @

Simmons and Balluffi(34) reported positive
values for (A%B) at temperatures above 650°C,
Below this temperature no difference bhetween Q%Q
and £§§_céuld be detected. The experiments were |
carried outrcn gold using a filar micrometer micnm%
scope to measure the expansion, and a rotating
single crystal method of Xeray diffraction to
measure the lattice parameter, . }

Over the range 900°C to 1057°C it was obser=

ved that |

> o0
_ﬁﬁ = exp(l.0)exp(= ‘ﬁ%ﬁ ) -

with accuracles ranging from 8¢ to 2%,
Since the formation energy for vacancy

interstitial pairs is high (4eV) it is unlikely
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that the contributlon to the equilibrium concene
tration of defects by interstitials is noticeable,
The measured (é%ﬂ) is not completely due
to monovacanciles however? Divacancies and trie
vacancies also contribute to its value, At
temperatures near the melting point, however,
clusters of more than one vacancy contribute only
about 10% of the total number of vacant lattice
sites(34). |
By quenching metals from this temperature
range to a much lower temperature, the excess
vacancies produced at the higher temperature can
be measured as an increase in the resistivity.
Bauerie and Koehler(35), guenching gold wires from
900°C to 78% at a rate of 2x 10% %/sec.
obtained

AP = 305 X 10-8

ochm, cm.

If
clv = monovacancy concentration
02 = divacancy concentration

C3v = trivacaney concentration

and pqy9 Poys and Pay 2re the corresponding re= |
sistlvities, then

Dop = piv Civ * Poy Coy * Py C3v ’
the p's only depending weakly on temperature,
(36)

Now, according to Seeger and Bross
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Pry = %pQV = %Psv to within 20% or less.
« A = (C + 2C P 3C )
P Pl‘v 1v 2v 3V T

]

P1v (é%H)T

and for gold é%ﬂ = 2,4 x 10™% at 000°¢.,

Hence pq, = (1.5 & «3)p ohm, cm/stgmic%
aCe

Other known results are given in Table 2,

l.4.2 Hxperimental determination of interstitial
resistance

In annealing studies of electron irradiated
copper (which should produce isolated interstitial
vacancy pairs(37)), it has been observed that 4%2
is very nearly equal to ﬁtﬁ throughout the
annealing range. This is what would be expected
if equal numbers of vacancies and interstitials
were being annihilated(31). It is also found that

the resistivity anneals in the same manner,

From work by Simmons and Balluffi, the ratio
' J
of the resistivity increment on irradiation, O p,

{
Rt = 7x 10"4 ohm, cm, (38)
This corresponds to Vook and Wert's value foﬂ

6.8 x 10~% ohm. em. (%)

3
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Both these values are based on Cooper,
Koehler & Marx's values for A p, suitebly nor-
maliscd(m').

JAN AN -ly
Hence = "'ng" = 2,3 x 10 ohm, ¢m,
ZS‘V 3 4
v &

Granato and Nilan( h2) measured the energy
release in deuteron irradiated copper and found a
correspondence between their annealing curves and

those for resistivity annealing,

27
!
(energy 10 MeV) the average energy release is |

Normalising their flux to 1017 deuterons/em,

then .83 calories/gm. Then using the resistance
inerement given by Cooper, Koehler and Marx and
once again normalizing to the same deuteron flux |

and energy

O(E/ni/ap = 7.1 cal,/gm,/p ohm,cm,

= 1,9 x 10“ ev/aﬂ.;«::m/ahm. cm,

If one atom in 100 is a defect then this can be

written as

A(E/m)/A 52 100 x 1.9 x 10u‘ev/defeet/ohm.cm.
b of o - ASE‘Q! (
Then Ely ElI g ( Py * plI) 4

L (5/m) Ap £ 4
= "X2p ’Av/v( Vivt Virln |
|
where Eiv = energy of formation of 1 vacancy ‘
4

By = energy of formation of 1 interstitial
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Py = resistivity increment for 1 atomic ¥ of
vacancies
ppy = Treslstivity inerement for 1 atomic 7 of
interstitials
Viv = volume of formation for vacancies
V{I = volume of formation for interstitials

() = volume of given sample.

Hence using experimental values for E{v, Py ?
X
V{v, and the theoretical value for E{I
(which is fairly precise)

plI = 1.0 : 06 (4] ohm,cm./atomic %

f
and le{fl = .6 : 03 ®
vi |
-TE%Z' was measured by quenching and measuring thJ

length contraction on subsequent annealing by

Baurle and Koehler, thus obtalning a mean value of

f%§)V = 3,3 x 104 ohm. cm.
Combining t?is with o4, = 1,5 p om,em./atomic?
v

gives .fi# = .45 = L1 .

¥ agssuming they are similar for copper, silver
and gold.
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1.+.3 galeulated Values

Table 3 gives the ecalculated inecrease in
resistivity due to vacancies and interstitials for
copper, It is seen that the values for vacancies
are in regeonable agreement with the experimental

values but a wide varistion in values exists for

interstitials,
The reason for this is that while it is agreeli

that the relaxation of the lattice around the

defect is of little iluportance in calculating the |

recistance due to vacancies, this may not hold g

when considering interstitials., Blatt argues,
however, that Gormen and Overhauser overestimate
the importance of this effest'®?), certainly his |
value is in fair agreement with that given in
1.h.2,
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| throughout the specimen, contributiing gradually

A

CHAPTER 2
2,1 Jump Deformation

The present experiment involves immxss1.',Ssga.tmsi
the phenomena of Jjump deformation in zine single
erystals, In Chepter 1 it was pointed out that
no experiment to date had exemined directly the i
annealing of mechanically produced defects, either’
at temperatures above room temperature, or of
defects produced in thls temperature range, in low
melting point metals, By stud,ving the phenomenon |
of jump deforuation it is héped that both these
situations can be studied,

Normally, when a metal single crystal is
extended in tension at room temperature the
stress—-strain curve takes the form shown in Fig, 7.
If a c‘arerul examination is made of the surface of
such a specimen, it is noticed that the slip
making up the total deformation is confined to ‘
relatively few crystallographic planes, Fig., 8
shows one example of such "fine slip® as it is
known, the size of individual steps ranging from

several hundred to two thousand Angstrom unita(uu').

Normally these fine slip events occur uniformly

to the total plastic extension,
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Figure 8.
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In certaln cases, however, the fine slip |
!

events in a particular region of the material can
occur one after the other in the form of an
avalanche, This 1s quite a rars phenomenon, only |
occurring in certain materials, nomally, rock.
salt, brass, and zinc single crystals. Although
discovered by earlier investigatofs, the first |
full examination of this effect was carried out
on zinc single crystals by Schmid and Valouch(és).
They repeated ‘Orowan's tenslle experiments on
zinc when he reported such Jjump deformation,,thg
jumps belng of the order of several microns(46).

Sehmid and Valouch investicated the effect of
orientation, temperature, impurity content, sure- |
face condition, and the amount of deformation bn
Jump deformation.

Thelr specimens were grown by the
Czochvalskic: .~ : method of drawing from the melt;
in this case the drawing rate.beiné 60 cm,./hr,

The diameter of the crystals obtained varied be=
tween .7 and 1 rmm, The crystals were then ex=-
tended in a Polaayi testing machine at 0017 nm ./
sec.y the load being monitored as the deflection
on a steel beam attached to one end of the speci-~

mens Typical examples of some of the stresse

strain curves obtained asre shown in Fig, 9,

Specimens of various crystallographie
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orientations were strained, It was found that

jumps only occurred for orientations above

%710 = 38° 300 ()(o is defined in Fig, 10).

|
| The largest jumps appeared for Xo > 60°,
1

Crystals were stretched at temperatures
ranging from -18500 to 100°%. No jumps were ob-
served at -18590, but they did appear at 20°% ana

;10000 for suitably oriented specimens, although

- they were smaller at the higher temperature.

; By employing a vacuum distillation method
the impurity content was reduced to .0005 Z,Pb

and .OOOSiZCu. This was much purer than the zine
In an attenpt to show that this was a wolume

sed in a solvent (20 cec, HC1l in 300 ce, aleohol),
Wo effeect on the jump deformation was observed,
Jumping appeared at all parts of the defor-

'mation but generally, most occurred after the

yield stress and after a few per cent elongation,
jThe jumping disappeared after large strains,

It was stressed that this Jump deformation

iwas definitely associated with basal glide since

ﬁnot enough deformation occurred for twinning to
|
| have taken place, In any case, i1t was claimed

Ethat the orientation was only favourable for

' deformation twins which would shorten the specimen

effect, some specimens were extended while immere

used by (OQrowan, whose Jumps were, in fact smaller,

;




Figure 10.
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in the longitudinal direction. Moreover, the
external markings of basal glide were always
apﬁarent.

Adjacent sections of crystals which had
displayed Jjumping were stretched under a micrce
scope and the sudden appearance of hoth solid
glide steps and a fine band structure in the basal
plane were occasionally seen,

Schmid and Valouch suggested that the essen=
tial reason for the jump deformation was the re=
covery by thermal motion of pinned regions in the
slip system. It was later suggested by Seitz and
Read(47) that such small slip avalanches could be
connected with local heating in the slip band,
causing loosening of the struecture and easier

passage of the dislocations.

of a specimen undergoing jump defomation were
performed by Rozhanskil and his co-workers(48).
They also used single crystals of zinc as the
specimens and strained them in tension., The
purity of the zinec used is not mentioned,

The effect of orientation on the number of

jumps and on the percentage of the total deforma- |

tion due to jumps is illustrated in Fig, 11, It
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- ment is now available in this country which gives

a3l¢

It can be seen that jumping occurred for all
orientations of X ° greater than 450 and that
the percentage of the total deformation due to
jumps reaches a maximum of 187 at X 0 = 60°,
The magnitude of the jumps varied between .5 and
35k, with durations between .01 and .1 seconds,

Some fine structure of the jumps could be
detected by the strain measuring device used,
This was a beam balance, one end of which was
attached to the specimen, and the other to a
shutter and rhotocell arrangement. ILittle could
be sald, however, except that the jumps appeared
to be of a fairly complex nature.

By passing a D.C, current of about one
ampere through the specimen, and using an
amplifier with a bandwidth of 20 to 800 c¢ps and
with a 20 3 1 step=up transformer at the input,
enough amplification was obtained to display some
representation of the resistance changes of the
specimen on an instrument known as a loop

oscillograph, A modern version of this instrue

a good representatlon of signals up to 1 Ke./sec.
The one used in these experiments, presumably,

has the same sort of performance, The nolse level
at the specimen was very low, %%yﬂ, and very

small changes in resistance could, therefore, be




| width characteristics, An initi=l fine slip event

' main.pulse., In fact, by assuming

and measuring A R and AC for the larger jumps

=32w

resolved, The circuit of the amplifier used is
shown in Fig, 12,

' The structure of the resistance change during
a jump of deformation always took the fom of Fig.
13. The interpretation was that the leading edge
was due to the increase in the specimen resistance

and the trailing edge due to the amplifier's band=-

triggering off the big jump, was used to explain
the initial jumplet on the leading edge of the

AR = kA(Q

where AR 1s the change in specimen
resistance

k 1s a constant

and AP is the corresponding change in
specimen length

to find k, A{ for the small jumps turned out
to be of the order of 2000 z, the measured fine
slip eize.

It was pointed out that jump deformation
produced slightly less change in resistivity than
the eguivalent amount of steady deformation.

In conclusion it was suggested that the slip
zone did not melt, and that any heating of the
slip zone could not be detected. 1In other words,

the pulses mainly represented permanent changes 1n

D
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| both being within the pass band of the amplifier

resistance;

A close examination of one of the resistance
pulses, however, shows that the fall time at the
top of the pulse is comparable with the rise time,

used, Any attempt, therefore, to rule out a
transient component of the pulse does not seem to
be justified with the amplifier used, which was
not D.C. sensitive,

The main reason for saying that the pulses
represent a permanent change seems to he that
even assuming they are wholly due to parmanent
changes of resistance, they are still smaller than
the equivalent chance due to steady deformation,
Since the deformation process is different, how=
ever, one could hardly expect complete equivalence
here,

The faect that two small pulses, similar to
the initial jumplets, always appear in the traile
ing edge of the main pulses is not mentioned by
Rozhanskii,
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CHAPTER 3 |

o T § Specimen Preparation

3¢1.1 lMaterdial |

The material used in the preparation of the

single erystals was purchased from Johnson Matthey,

the specification of purity being that listed in

Appendix A.' Some specimens were also grown from
commercial zinc of unknown impurity content,
In both cases the material as supplied was

in the form of 2mm, diameter wire, this being a i
suitable specimen dismeter, Since some specimens
of 1 mm, diameter were required, some of this wire
was drawn out to the narrower section by pulling
it through an ordinsry wire drawing die using

t

soap as a lubricant, It was found to be advisable

to start off with the required specimen diameter

since zinc does not flow well when molten because |
of the oxide film, even when under a reasonable |

vacuullle

3ede2 Crystal Growing

Crystals were prepared in the two furnaces
shown in Figures 1 and 15, The original furnace |
that of Pigure 14, has, apart from minor altera-
tions, been fully described elsewhere(ug).
Briefly, 1t operates on the Bridgman principle,
that of lowering a specimen, packed in a suitable |

crucible, through g region of a furnace at a



Figure 1k,



Figure 15
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temperature greater than the melting point of the
specimen, Under sultable conditions crystal
growth takes place from the bottom end of the
specimen, This furnace 1s capable of running up
to the correct temperature and switching on and
off the dropping mechanism automatically.

Specimens were packed in fine alumina powder
contained in a graphite tube, the tube belng cone
structed in two halves to facilitate removal of
the erystals, once grown., After raising the
furnace temperature to 430°C the specimens were
then lowered through the furnace at a rate of
2mm/min, By thls means erystals of zinc 6 em
long were grown of random orientations.,

This furnace did not survive transportation
to a new laboratory site, however, and a new
single crystal furnace was acquired which was
felt to be more suited to the growth of low melte
ing point metals.

The basic furnace was purchased from
Metallurgical Services ILtde It consists of a
small, wireewound furnace ("a" of Fig, 15) which
can be clamped to an endless belt "b" which is
driven by a synchronous motor through a twoespeed

gear boxe. This gives a smooth linear motion

. along the rails "e", The specimen, in a sultable

crucible, is placed in the pyrex tube "d", This

tube was normally evacuated by an Edwards water
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cooled diffusion pump type 102 in conjunction
with a Metrovae DRI rotary pump., Oxygen=free
nitrogen was then admitted to the other end of the
tube via a2n Edwards needle valve, By repeated
flushing as much of the oxygen was removed from
the system as possible, leaving a nitrogen atmose
phere, This helped considerably in cutting down
evaporation from the specimen surface,

The furnace is fed from a Variac variable
transformer which allows the temperature to be
varied up to a maximum of about 65b°c, although
at this temperature it 1ls necessary toc replace
the glass tube with one made from silicsa,

After various trials the following was found
to be the most consistent way of growing good

single crystals with this apparatus, Specimens

- 8 em long were cut from the zinc wire, straightene

ed, and cleaned in a 50¢ solution of HCl, They
were then contained in glass tubes of 3m intere
nal diameter which were sealed at one end before
being placed in the furnace tube, After evacuate
ing and filling the furnace tube with nitrogen

at atmospheric pressure the furnace, which was
already at the correct temperature, was placed
over the specimen and left for half an hour. This
was sufficlent time to allow the specimen to melt,
The driving motor was then started, moving the

furnace a2t 3m/min, The direction of growth was
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"uphill", the specimen belng tilted slightly by
inserting the supports "e" under one end of the

| apparatus, Surface tension sufficed to keep the
specimen cross section the original 2mm, in dia=

- meter,

| Fig, 16 1is a2 graph of the temperature along

~ the length of the furnace with a current of 1,55
amps passing through the winding. The furnace was
normally operated at this current setting.

| Once grown, the specimens were removed from

| the tubes and dipped in liquid nitrogen. One end
3 of the specimen was then broken off, Since zine

; crystals nommally fracture on the basal plane,

3 recognizable as 2 very smooth cleavage surface,

% this gives an easy and accurate method of detere

f mining the orientation. The orientation was

' measured as in Fige 172 The reflection of a

| parallel beam of light from the cleaved surface
was observed as shown. The orientation, X _,
is then measured from the goniometer on which

j the crystal 1s mounted,

| Since orientations X 0:> 450 were required
i for the present experiments, crystals with

X 5 <;45° were regrown using the following

. procedure, After an exact determination of the

- orientation the crystal was hent 2 em from one

| end as shown in Fig, 17b, The bent crystal was

then loosely packed in fine alumina powder in an




450%¢c"" L

Temperature

20°C T

Position along furnace.

N
>

Direction of furnace motion

over specimen,

Figure 16,



-jt";-

open graphite boat as in Flg. 17¢, 2nd regrown in
the furnace using the short end as 2 seed, If
regrown successfully the specimen could then be
removed from the crucible and the part with the

suitable orientation retained., In fact, even if

all the specimen melted, the desired orientation
was obtained, showing that some "memofy" of the

orientation must be retained by the oxide film.

3¢1.3 Specimen 'ends"

Since all attempts at growing zinc crystals

with thicker ends were unsuccessful, it was
necessary to solder ends on to each specimen
for gripping in the tensile machine,

Fig. 18 shows a crystal, clamped in a split

graphite ecrucible, A small gas flame was used to

| melt solder on to the zine contalned in the emall |

cup at the top of the crucible. Thils was carried
out for both ends of the specimen, By clamping

|
|
|
|
|

the srvecimen very lightly (but for the support it!

would have slipped through the crucible) it was
possible to put neat ends on the crystals with noi

. more damage than that caused by normal careful

handling., The specimens were then cleaned and

polished, |
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 was rectangular when assembled, thus ensuring that
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3s2 Straining Machine
3:2s1 General construction

A Polangi type of testing machine was con=
structed to subject the crystals to the necessary
deformation, The basic form is shown in Flgs, 19
and 20, The body was manufactured by the Newpatk
Bngineering Co., Ltd. to specification., Struts
Hal of Fig, 19 were machined with the shoulders

accurately spaced to ensure that the sliding frame

the phosphor-bronze bushes "b" would run smoothly
on the chromium plated uprights "e',

A precision thread "d" of 20 turns per inch
i1s anchored in the sliding frame and vertical
movement introduced by the nut "e'", whose housing
can rotate on two hall races, one taking the
thrust, This nut is rotated by the worm gear
nen,  An NBD motor-generator type 126/54451, gt

of Filge 20, is used to drive the worm via a series
of gear boxes, "b" and "c", allowing reduction

ratios from 108/1 to 5832/1., The motor generator
1s controlled by a Servomex Unit MC42, allowing |

speeds varylng between 0 and 6000 R.P.M, The rate
of revolution of the motor generator can be read
on alillt-in meter, correct to l.%. Variation
in mains voltage up to 74 is compensated for by

the unit. !




Figure 19.
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The machine is bolted to the concrete block,

"a" of Fige. 20, which in turn rests on a felt pad

on a specially constructed part of the laboratory

floor. This consists of a conecrete block separate-

ed from the rest of the floor, which rests on a
rubber mat placed in the foundations of the
building. A wooden slab and a2 felt pad separate
the motor and gear box from the rest of the

machine,

36242 Crosshead construction

Flg. 21 is a drawing of the crosshead of
the tensile machine, The double "(Cering" seal

a" a]1lows the working section to be evacuated

~ but does not interfere with the rod comecting

the specimen's lower grip, which is contained in
the tube "b", with the stress measuring beam,
which sits in the brass cylinder 'c¢', The tube
"p't ig constructed in Nimonic 75 with cuteouts

as shown, which give access to the specimen grips,
The tube which carries the electric leads into

the working section is not shown in the drawing

i but it can be seen at "e" in Fig, 20, The leads

| pass through a neoprin seal at the end of the

i tube.

|
|
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- Tlge. 21 and the clamped end to the moving crosse

-n[il-

3.2.3 Performance of the baeic testing machine

The smoothness and linearity of the motion
of the testing machine was examined by positioning
dial gauges at positions "g" 1in Fig. 19 and an :
electrical strain gauge bridge at position "f" in
Flze 20, Thils bridge consists of a spring steel
cantllever beam with Tinsley wire strain gauges
mounted, two on the top surface and two on the

bottom surface, The tip of the beam 1s connected

to the centre of the upper metal strut "d" of

head, Since the strain gauges were attached to
the beam at the position of maximum curvature,
that is at the clamped end, this 1s a sensltive
monitor of the crosshead position over a long
range of movement (about l.5 em.). Using a
similar circuit to Fig, 24 movements of the crosse
head down to less than %p could easily be followed
With these instruments it was found that the
motion of the machine, as it was delivered, was
not linear. In other words during one rotation of
the worm gear the crosshead d4id not move at a
constant rate, This was overcome by grinding the

worm gear with carborandum powder until the "high

spots" were removed, To ensure that the positions

of the worm and gear were fixed at the time of the

grinding and during all subsequent occasions, a




machine saems to be effective in protecting the
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block, "g" in Fig. 19, was placed in a machined
niche between the base casting and the movable
worm housing, (This was movable to allow dise
engagement of the worm and gear for rough setting
of the crosshead).

A major defect in the machine originally was
an aptitude for "walking" of the crosshead down
the chromium uprights. This was easily detected
on the dial gauges. In other words, one side of
the crosshead tended to move several microns down
the upright on that side to be followed a few
seconds later by the other side, This was pare
ticularly evident at slow speeds. The effect was
completely eliminated by introducing the springs
"h"" of Fig. 19 above the crosshead. These required
a forece of about 100 lbs. to compress them 1%,
Since they are normally compressed about two to
three inches the motor now only acts to release
the spfing pressure,

The method of mounting of the testing

mechine from any vibrations or shocks. BEven jumpe
ing on the floor of the laboratory, next to the
machine, produces no measurable signal from any of

the stress or strain measuring instruments on it.
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3e2e4  Gripping the specimens

Various designs of grips were tried, the

. most effective being that shown in Fig. 22,

8ince this does not allow rotation of the speci-
men it 1s by no means ideal, but the most impor=-
tant consideration 1is that of good electrical
contact, Provision 1s made in the lower grip for
the clamping of a "dummy" specimen "a", The
specimen "b" and the dummy are firmly clamped in
the lower grip and the specimen only in the upper
grip by means of the screws "e", The metal strip

"g" is used to protect the specimen from distore

| tion while it 1ig being placed in the testing

machine, Taper pins "e" firmly attach tha grips
to the top of the working tube and to the stress
measuring beam, which is attached to the silvere
steel rod "f"*, ZElectrical leads are taken to the

specimen at the upper grip at positicn "g" and

 to the dummy at the small block "h", this being

. separated from the upper grip by an air space,

' The upper grip is insulated from the stainless

steel cap "i", which sits in a recess in the top

- of the working tube, by means of a series of

' ceramic washers "j".
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34245 Measurement of strain

In addition to the instruments used to
measure the movement of the cross-head, it is
possible to measure the strain at the specimen.
This can be monitored by attaching a differantial
transformer to one grip and a special core,
mounted on a screw, to the other., The transformer
and core were manmufactured by Schaevitz Englneere
ing, the type being 005 MS=L, A differential
transformer consists simply of an arrangement of

primary and secondary coils with some method of

altering the amount of flux linkage batween them,
In this case, two primary coils are placed on i
either side of the secondary coil, collnear with
it. The core can move up and down a hole through
all three, A signal of 20 Ke/sec 1s supplied to
the primary colils from a Tectronix "Q" unit and
the signal from the secondary fed back to the
"Q" unit where it is amplified and detected before
being displayed 6n the screen of an oscilloscope.’
The maximum sensitivity of this arrangement is
such that a relative movement between transformer
and core of .lp can be detected, In practice 1t
is difficult to use since only a very small range |
of movement can be tolerated and frequent balanc-;

ing is necessary.




| strain at the specimen, especially at tempera-

" with pitch) it was decided that a very sensitive

S

3.2.6 Measuremant of Stress

Because of the difficulty of measuring the

tures above room temperature, when the differential

transformer could not be used, (being insulated

stress measuring beam would be the best means of
detecting Jjump deformation of the specimen,

Conventional wire grid strain gauges have a
gauge factor (defined as AH/R/AQ/Q where
R and f are the resistance and length of the
gauge wire and AR and A({ are the corres=
ponding changes in these quantitlies) no higher
than 2, It was decided, therefore, to employ the
silicon strain gauge elements manufactured by
Century of Tulson, obtainable thrcugh Cossar
Instruments in this country. These consist of
silicon single ecrystals, 20u thick by 1 cm long
Y «5 mm wide, into which some boron has been
diffused. The elements are then '"n" type semi=-
conductors, whose resistance is extremely sensi=-

ive to any applied strain, the gauge factor
being 140.

Since these strainistors are very fraglle
they can not be used in an unbtonded type of transs
ducer. They were, therefore, bonded to a clamped
beam in the pattern shown 1n Fig. 23, For an

upwards deflection of the centre of the beam, in
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this case corresponding to a tensile load on the
specimen, strainistors "a" and "b" are compressed

and "e'" and "d" stretched. -The recommended

- acdhesive not being available for bonding the

strainlstors to the beam, Araldite was used,
proving satisfactory.

The beam was machined from a low hysteresis
aluminiwm alloy, Hiduminium 72 to Fimsnstons
4.9 cm x 2.5@ em x +35 em. This, by calculation,
deflects 4p for a load of 1 Kg. With the
strainistors placed as shown the linear extene
sion or compression of any one is %v. Since the
maximum strain they can take witkout damage 1s
17, they are, therefore, always worked well
within thelr limit,

Although matched in resistsnce before bonde-
ing, 1t was found that the strains imposed by the
setting adhesive caused various changes in ree
«istance, of the order of a few ohms, in the
individual strainistors. The circult of Fig, 24
compensated for this, as well as giving a method
of balancing the bridge roughly over large

variations in load. The output from the ' 1ige

can be fed either to a Tectronix "Q" unit or to a

Sefram recording galvanometer, A measuring
potentiometer is nomally used in conjunction
with the recorder for backingeoff purposes.

The sensitivity of the transducer is compared
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with other, more conventional types, in Table 4,

In each case the transducer 1s used in conjurction

with a Tectronix "Q" unit plugged into a Tectronix

"ESSH gscilloscope. Columns 1 and 2 refer to a
"soft" and a'hard" beam of similar construction
to the strainistor beam but using Tinsley wire
grid strain gauges, Column 3 refers to a UF2
transducer manufactiired by J. Langholm Thomson,
It gains 1te sensitivity by using an unbonded
strain gauge element, the 4th column refers to
the strainistor beam,

Since the bandwidth of the "Q" unit is
€¥e/sec, a deflection of the beam lasting longer
than .2m sec, and of magnitude greater than 10'6
cm could easlly be deteéted by the strainistor
beam, This 1s slightly less than the variations

of stress on a specimen due to the running of the

testing machine,

When the transducer is used with the recorde

ing galvanometer the effective sensitivity 1is the

same but the bandwidth is, of course, much less,

3+2.7 Temperature control

It had been experienced with an earlier
machine that the presence of a furnace on a
Polanyl type of testing machine could impair the

- performmance by distorting the various members,




¥y 8 &
Wweey *Q°4*o
*mwo ge ‘W P* *uo g* w T JO uojjoergeq
weeq
n1o* "20° rige nge F{ R SBT3 $T10)
“ud LT R ‘wsh i *ud gy peoq
¥ ¢ m T




w8

As seen in Fig, 25 this has been avolded in the

| present machine by keeping the working tube out=
side the main framework and bringing the furnace
down on to a water=cooled plate ("i" in Fig. 19)
as shown.

The temperature of the furnace can be cone
trolled using a conventional arrangement, employe
ing a Sunvic RT2 proportional controller with a
platigpum resistance themometer., The controller
is used to switch a resistance in and out of the
| furnace circulty in a sequence which keeps the
temperature constant. Large variations in mains
voltage (up to 15%) can be coped with by the cone
troller, Using a Platinum - Platinum/ =137
Rhodium themmocouple to measure the temperature,
no variation in temperature could be detected.

Although designed for testing at room tempers
tures or above, provision was made for working at
lower temperatures using the lagged jacket shown
in Fig, 26, This fits over the working tube.
When this 1s filled with liquid nitrogen the
temperature of the specimen is a fairly constant
-70°C. Ligquid nitrogen must be regularly numped
from a dewar into the jacket, however, since the

rate of loss is high,
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3e2e8 ¢ stem

The whole system 1s capable of being
evacuated as is seen in Flg, 20, A Metrovac DR1
rotary pump combined with an BEdwards type 102
diffusion pump can pump the system down to 2
pressur= of about 5 x 10"6 mm. Hg, The pressure
can be measured using an Edwards ionisation gauge

and control unit, Since the pumping system is not

 mounted on the concrete block, it is joined to

the testing machine by a flexible vacuum tube to
avold the transmission of vibrations., A neadle
valve, which can be used to bleed gas into the

system, is included,

33 Resistance Measurement System
3636l Preliminary considerations

Since the present experiment involves the
measurement of small, fast changes in resistance,
the main problems in the design of sultable
measuring equipment are the following.

1. A high gain 1s necessary for the presentation
of the pulses on an oscilloscope screen.

2+ The nolse level of the electronics must be
kept well below the amplitude of the pulses.

3¢ The bandwidth of the system must be adequate
to follow the pulses,
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The first of these problems 1s the most
easily solved, A few amplifier tubes can easily
be linked up to give a gain of 106 or so, which
is adecguate for the input of even the most une
sophisticated oscilloscope.

The difficulties arise when the last two
points come under consideration. The noticeable
noise will be that which arises at the grid of the
first amplifying tube., It is usual to compare
the "shot" nolse produced in 2 vacuum tube with
what is referred to as its equivalent resistance,
Req‘ One can then calculate the noise level in
the tube as being equal to that of the themmal

- noise produced in a resistance Ry at room

q’
temperature, placed at the grid of the tube, The

noise level can then be written in the usual form
2 ‘ £2
B= = 4r [ RAf ,
3
where E2 1s the square of the effective value of
the voltage components lying between the fro-
. guencies fl and foe
If 'Req is assumed to remain constant over
the frequency range fl to f2 then

2
ES = 4%T Req (f5 = £9) &

Req has been calculated by North(So) for a

space charge limited triode and for a pentode,




| must be 4 Ke/seé¢ 1f both side bands were to he

.51“

He has demonstrated that the noise energy from
a pentode 1s from three to five times greater than
that from a triode at the same gain., It wounld
seem advisable, therefore, that the first stase of
the smplifier should be based on a triode circuit,

Since the total nolse produced can be seen to
be dependent on the pass band of the smplifying
system, this must obviously be limited to keep the
noise level down. This can be seen to be at the
expense of the third point in the design cone
siderations.

An amplifier fulfilling the necessary cone
ditions could be designed elther as a D.C.
amplifier with 2 pass band of Oc/sec, to 2 ¥e/ssc
or as an Intemediate frequency amplifier, In
the szecond case a sultable carrier frequency
current would have to be passed through the specia
men, Resistance changes in the specimen would
then cause the amplitude of the signal across the
specimen to vary and would also alter the fre=
quency spectrum of the carrier frecquency., The
information would then be contzined in the "side
bands" grouped on elther side of the carrier fre=-

cuency. The pass band in this case, therefore,

included, By using a single side banrd mode of
operation, however, the pass band could be cut to

2 ¥Xe/sec without loss of information.




- which only the intermediate frequency and detector
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The second method has three main advantages.

le The design is simpler.

24 Some application could be made use of
the "skin" effect by examining the resistance
changes of the specimen according to depth,

3. A step=up transformmer can be used at the
input to the amplifier without introducing dise
tortion to the signal,

This third considerétien is probably the most
important because of the very small signals ine
volved in the experiment,

Initially, experiments were attempted with

an 0ld communications receiver type R1155A, of

stages were used, This employed a carrier free
quency of 565 Kec/sec, supplied by the oscillator
of Fig. 27, Unfortunately the noise level in the
I.Fe (intermaediate frequency) stage was of the
order of several microvolts and tended to mask
any detall in even the largest pulses.,

After further development work an smplifier
working at 465 Ke/sec with a ncise level of about

1l microvolt emerged, The pass band, however,

10
was less than 1 Ke/sec., It was also felt that the

skin depth at this frequency, .2 mm, was too small

to give a falr representation of the change of
resistance of the whole specimen,

The design which shall now be discussed has
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been the one used in the present experiment, It

employs a carrier freqguency of 100 Ke/sec, giving

| a skin depth of .4 mm,

3362 Qutline of the system

Fige 28 1s a block diagram of the measuring

| system, An oscillator "a", working at 100 Ke/sec,

feeds a signal to 2 power amplifier "b", This,

in turn, supplies a current of several amps to the
bridge "c" containing the specimen., The out of
balance signal from the bridge is then fed to the
low nolise amplifier "d" and "e", The carrier
frequency 1g then subtracted by the detector "f"
and only the modulation displayed on the oscilloc=

| scope "g",

363:3 Design of the oscillator

The oscillator was built to a design re-
commended by the Quartz Crystal Company, with
several modifications and additions, for use with
their crystals. The c¢ircult is shown in Fig, 29,

At 20°C this circuit, usiﬁg a crystal rated

- at 100.0 KEe/sec should be correct in frequency to

within .01%. By varylng the capacitance "A" a

slight variation in frequency can be obtained,
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| very dependent on the loading conditions a cathode

- follower stage was included after the basic

w5

Since the shape of the signal was found to be

oscillator. This consists of the two halves of a ;

| 12AT7, one used as a filter, and the other as an

extra guarantee agsinst loading the oscillator,
The filter was included to improve the shape of
the signal, [
A current of at least one ampere through the é
|

gspecimen and dvmmy specimen is recuired, In Fig,

- 28 it can be seen that this must also pass throughi

- two 50 () resistors, ~"he minimum power require-

|
|
|
|

'ment from the oscillator i1s, therefore, 25 watts,

' in Fie. 30. This consists of a push=pull emplifier

|

This is achieved by passing the signal ‘

through the power amplifier whose circuit is showni

stage made up from two 5B/254M vacuum tubes. The
output transformer consists of windings on a

¢ylindrical ferrite rod, which was used because of

the bulk of the wire recguired for the output

|

winding., Control of the power fed into the bridge

is effected by a potentiometer control at the ine

put of this amplifier., Up to 30 watts can be fed
- into the bridge using thls system,
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2¢3¢4 Specimen bridce

The proper design of a radio frequency bridge
; involves special techniques., Dyve and Jones(sl)
- have demonstrated the suitabllity of a Schering
i bridge, wlth Wagner earthing, for frecquencies up
to one megacycle, Many other designs have heen
successfully used, all with one thing in common =
very elaborate shielding and careful laye-out has to
be provided., This 1s necessary because at fre=-
guencies above 3000 cycles/second the inter=bridge
- element capacities become important.

The present experiment, however, has not been
| designed to measure accurately the magnitude of
' the resistance changes, In fact, with the availe
. able bandwidth, it is doubtful if the peaks of
the transient parts of the resistance changes
' could be observed in any case, The space availe
1able for the bridge network is also very limited,
Ebeing confined to the working tube of the testing
'machine. In this case, therefore, the bridge is
éextremely simple,
| The grips, which have been described, hold
two simllar specimens, one under tension, the
other a dummy, The grip which clamps both speci=
'mens 1s earthed. The current is fed into the un=
;clamped end of the dummy specimen and to the
;tensile specimen via the upper grip, which is

' insulated,




The current reaches the working tube by a two
strand screened cable 2 mm, in dismeter., Since
the insulation consists of packed alumina powder,

this cable is unaffected by high temperatures,

' The 50 SL resistances in series with the specimens

'out of balance voltags down to about 10~

are mounted outside the working region in the box
containing the 1 {0 balancing potentiometer seen
in Fig, 28,

An identical screened cable brings the

potentlal leads into the two specimens,

With this system it was possible to keep the

4 Volts.

‘This is sufficient to avold saturation of the low

nolse amplifier,

' 3.3.5 Low noise amplifier

In the initlal considerations it was pointed
out that a triode has a lower equivalent noise

resistance than a pentode at the ssme gain,

'Tuned voltage amplifiers,_howeVer, usually employ

pentodes since they have negligible grid-plate
capacity, give an effective "Q" of the amplifier
which is almost that of the resonant circult, and

'gilve more gain per stage than a triode.

With a triode the gride-plate capacitance is

'large, causing regeneration. This must, therefore

l
be neutralized at every stage. If a triode 1s to
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be used for the first stage of the smplifier,
therefore, a cascode circuit must be employed.
This gives the characteristics of a pentode,
while retaining the low noise level of a triode,

The triodes used are low noise level, low
distortion 8.T.C. valves type 3A/167M, These were
incorporated in a circuit recommended in an S,.T.C.
applications report, modified to 2llow the use of
a stepeup transformer at the input., In practice,
this stage proves to be criticslly dependent on
lay-out. Careful shielding as indicated in the
circuit of Fig, 31 had to be included to prevent
the amplifier goling into osecillation,

The shaping of the passeband of the amplifier
was built into the design of the next stage., This
is 2 selective band pass I.F. amplifier built
using the design procedure of Belrose(SQ). High
attenuation outside the desired frecuency range
and 2 level bass band within 1t 1s attained,

The feature of the design is the inclusion in
the cathode circuits of two parallel tuned cire
cuits, one tuned to a frequency above that of the
carrier, the other to one below., These supply
negative feedback with large attenuation at the
resonant frequencles, If the tuned circuits in
the anode circuilts are overecoupled, causing a

trough in the pass band level, then by appropriste
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? design the overall effect on the amplifier of the |
combination of the two effscts can be that of a
level pass band, with sharp attenuation at the
chosen frecquencies,

This i1s demonstrated in Fig. 32, where the
cathede response curve 1s plotted on the same
sheet as the overecoupled anode response,

The resultant amplifier behaves well 1n
practice, the nolse level being in the region of

Te5 WV 2nd bandwidth beingz 3 Ke/sec.

3¢3e6  Demodulator

Originally a simple diode detector was used
to eliminate the carrier frecuency before the
signal was displayed on an oscilloscope. This,
however, introduced distortion. The detector
eventually used is that shown in Fiz. 33,

The first stage, a CV 138, is used to amplify
the signal to approximately 10 volts, The resulte
ing signal is then fed into the grid of an EBF 184,i
causing a variation of the current through the |
10K ohm cathode resistor, which is common to the
next BF 184. The second AF 184 is normally drawe
ing current, but the resulting swing in the aethodé
voltage can take it into the cut-off region. By
varying the voltage on the grid of the second
EF 184, the signal can then be rectified to the
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required extent,
The signal is then fed through a cathode
follower into the properly terminated filter as

. showne This eliminates the carrier frequency but
[ allows through sll modulation signals up to 3 Ke/

SeC,

3e3e7 Display

The system described is ecapable, therefore,
of detecting any change of resistance of the

8 oms (with one amp.

3 specimen greater than 107
- through 1t), lasting longer than %'millésecond.
A permanent record of any resistance change
| of the specimen is obtained by displaying the
% changes on a Tektronix 555 oscilloscope and photo-
- graphing them with a Tektronix Cl2 camera with a
? Polaroid-lLand' film back, 7Lz camera& shutter 1s
| left open and the oscilloscope allowed to trigger
at some predetermined level.
The gate output from the oscllloscope is used

| to swlteh in 2 solenold which sets off an electric

- bell whenever a resistance change is photographed.

3.3.8 Power supvlies to electronics

Tach section of the electroniecs is fed from

a separate Solartron power pack, AS517 types being
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used for the low noise amplifier and detector
stages and type AS956 for the oscillator and power
amplifier., 1In addition it was found to be
necessary to use 6 volt car batteries for the
heater supplies to the low noise smplifier and

the detector. These are contimously trickle

charged and require very little attention.




CHAPTER 4
L 4del Crystals Exhibiti Jump Deformatio

i 401e1 The conditions governing Jjumping

The parameters determining whether or not any

zinc crystal will display jump deformation can be
expected to be orlentation, impurity content,
growing condltions, previous deformation history

' and the temperature, &Schmid and Valouch showed
|

| that the orientation of the crystals was important
but the Impurity content relatively unimportant

in this respect(45). On the other hand, in
;similar tensile experiments on zinc single crystalg
Wain and Cottrell(53) found yield points when
using commercial zinc but no yield points when
using pure zine., If, however, nitrogen was intro-
duced into the pure zine by melting in air for 30
minutes prior to growing the crystals, yield points
;could be induced. No orientation dependence was
observed, Jump deformation was not observed in
these experiments, only conventional, single yield
points.

Ardley and Cottre11(54) did, however, notice

jump deformation, or jerky flow as they called it
iin single crystals of B=brass grown in a nitrogen
Eatmosphere. These experiments were also aimed at .

§finding the effects of nitrogen impurity atoms on

\.
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the yielding propertles of the material, Jump
deformatlion was not observed in a brass, nor hes
it been observed in any f.c.c. metal,

3u119n(55) has observed jump deformation
asgocinted with slip on the basal plane in zine
gingle crystal specimens, The jumps were only
seen with specimens deformed at «196°C after some
prestrain at room temperature, These specimens
had no nitrogen Impurities,

In the present experiments zine ervstals were
grown both in vacuum and in a nitrogzen atmosphere,
ueing both pure and commercial zine, Out of fifty
ceryvstals tested only six have ghown a2 strong
tendency towards displaying jump deformation, Of
the six, four were grown in vacuum using pure zinc
one was grown in a nitrogen atmosphere using pure
ginec, and one was grown in g2 nitrogen atmosphere
using commercial zine, The four erystals which
were grown in vacuum were grown in the verticsl
furnace described in 3,1.2, the other two being
grown in the horlzontal furnace described in the
same section. Other crystals showed some slight
tendency to Jump but the six crystals mentioned
wvere the only ones from which it was possible to
get recordings of resistance pulses,

In an attempt to get some nitrogen Into the
icrystals, the zinc was left 1n a molten state in

an oxygenefree nitrogen atmosphere for 30 minutes
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prior to growing. This, however, seemed to have
little effect on the tendency to jump. A further
attempt to get Impurity atoms into the material
was attempted by diffusing lead into a zinc
crystal from the surface. Lead was evaporated
onto the surface and the crystal was annealed for
one week at 300°C. At the end of this time lead
was still visible on the surface, In this time,
therefore, and at this temperature, lead must have
diffused into the surface to a depth corresponding
to JDt = 100p. This specimen showed no
tendency to Jump on subsequent straining,

It would seem, in fact, that any tendeney to
jump deformation in a zine crystal depends as
much on the growing conditions as on the impurity
content, The four crystals grown in the vertieal
crystal furnace probably were less perfect than
those grown on the horizontzl furnace., This
vertical furnace, designed for use at high
temperatures had a very low temperature gradient
when used at low temperatures, as in growing zinc
crystals., The crystals were also grown in a
constrained manner, packed firmly in aluminas
powder enclosed in a2 split graphite crucible,
This probably Imposed high stresses during cooling
The crystals grown in the horizontal furnace at
the rate of 3,5 mm,/min. showed no tendency to

jump. The two which did jump were grown at




|
|
|

| effect on the jumping properties, Some ecrystals

. graphite) in a vertical crystal furnace. These

64w ;

7 mm,/mnin, Once again, the crystals could be
expected to be less perfect, |
The crystals used by Schmid and Valouch were 3
prepared by drawing from the melt, This also |
would impose high strain during cooling. The

cross sections of these erystals were not uniform

and it is possible that this could have some

were grown, therefore, on the horizontal furnace,

of uneven cross section of about 1 mm, diameter
by simply growing them in air, the oxide film
rumpling the surface, These still showed no é

tendency to jump. The crystals used by Bullen

were grown constrained in pyrex tubes (coated with?

could, therefore, have growth defects.,
It should be pointed out that the stress

beam used in these experiments 1s capable of ;

detecting jumps as small as .O5j, in other words,

' it is much more sensitive than any previously

' used, f

over the range 18°C to 100°C. On lowering the |

Specimens which exhibited Jump deformation

' contimued to do so when the temperature was varied

|

temperature to 273°K and 200°%K fracture occurred

|

very early, on the basal plane, after steady slip.|

|

Some twinnlng was observed at these lower tempera-i

tures, giving apparent jump deformation.
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41,2  gbservations of jwnping

In 3.246 1t was mentioned that the stress
beam could be used with a recording galvanometer,
Since the beam only deflects #p for a load of
1l Kg. any junp of a size of interest in the pre-
sent experiments will completely relax the beam,
The size of the jumps, therefore, can conveniently
be measured by measuring the time taken for the
load to reappear on the beam, as read from the
recording galvanometer, This was found to be, in
practice, a much more convenient way of measuring
the size of the jumps than using the differential
transfommer deseribed in 3.2,5. This system has
the disadvantage, however, of not recording the
change in strain on the same recorﬁer (1.0, the
oscilloscope camera) as the change in resistance.

Although The response of the recording zgale-
vanometer is slower than‘the alternative display
it 1s still fast enough for these experiments,
At the strain rates used, 2u/sec., the stress
takes about 10 seconds to reappear, which is well
within the response of the galvanometer, A
typical recording of the stresse~time curves obtains
ed is shown in Fig, 34.

Table 5 includes the measured size of the

Jumps for the corresponding approximate changes

L

in resistance,
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4.1.3 he garance of cryst fter
deformation.

Crystals which had not displayed jump defore
mation always had the appearance of Fig. 35, It
is seen that no coarse slip bands are visible on
the surface,

Fig. 36, on the other hand, is a photograph
of a crystal which has displayed jumping. It is
seen that the surface is covered with coarse slip
bands or s8lip clusters., The nmumber of coarse slip
bands appearing corresponds roughly to the number
of jumps which are observed,

This is in accordance with Sehmid and Valouch
observations on zinc(45) and with Ardley and Cotte

rell's observations on B brass(54).

442 Observation of Sudden Changes in Resistance
4e20el Recording of changes of resistance

Due to the rarity of the specimens which
showed jump deformation, the random appeararces
of the pulses, and the random size of the resist=-
ance changes, very large numbers of photographs
had to be taken to obtain even a few good recorde
ings., For convenience, therefore, "Polaroid"
| film was used in recording the pulses, This also
| gave an immediate indication of when to change the
temperature, i.e. on obtaining a few suitable

pictures at any one temperature,

's




Figure 35.



gure 36.

.

F
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Enlargements were then taken from the
Polaroid prints by renderiﬁg them translucent with

the following solutioni=

Trieresyl Phosphate = 50 parts
Acetone - 1 part

Petrol - 49 parts

4,242 The tvpes of resistance changes observed

Coinciding with every large Jjump in defore
mation, a resistance change occurred in the speci=
men, This is illustrated in graph 2 where a
transient part of a resistance change 1s photoe
graphed at the same instant as the appearance of
the trace due to the sudden change in stress,

The change in resistance consists of a per-
manent part with a superimposed transient part,
The permanent part of the pulses 1is due to pere
manent structural changes, change of crystal cross.
section and the apparent alteratlon of resistivity
due to the difference in specific resistance as
maasured perpendicular or parallel to the basal
plane, The transient part, which could be resole
ved on most of the pulses, is the part which is of
interest in the present work,

The permanent changes were of the order of
2 x 10'647_ for jumps of about 20p. Due to

change in erossesection one would expect a change
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of resistance of about 1.5y olm. assuming the
jump occurs in a region of the crystal 50p long.
The effective change in resistivity would be exe-
pected to contribute less than Jdp ) .

The decay time of the observed transient can
be seen from Table 5 to vary from less than the
amplifier can resolve, i.e. %'m. sec, to
greater thanl0 m, sec., Some decays appeared to be
much longer than this, of the order of seconds,
but since this could be affected by the lack of
long term stability in the electronics, and since
these were only observed in small pulses, no
guantitative observations could be made on them
with the present apparatus.

Generally the short duration pulses, which
were near the limit of the smplifiers pass band,
appeared to have little dependence on temperature,

The longer decaying peaks were, however,
temperature dependent in the spaéimens with which
it was possible to obtain observations at dife
ferent temperatures., The range of temperatures
can be seen to be limited by the pass band of the
amplifier,
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4,3 The Ohgggved Activation Energies

44361 Annealing kinetics

If the transients are assumed to be dependent
on some thermally activated rate process, it was
earlier mentioned that the simplest form the decay
could take would be

'%% o AopexP(- %) ’

in this case p being the resistivity.

For most annealing processes 1in metals this
is only an approximation. If, howsver, it 1is
possible to fit the observed decay curves to this
form, 1t is reasonable to use it in the subsequent
calculation of the activation energy Em'

Integrating the expression at constant

temperature gives
t

_pfg:_ = (Ao exp .ff) f dt
Po

0

P it
..o Ln -Pg = (AO exp kT )t ;

where p. 1is the meximum value of the resistance
transient.

Graphs 1 to 6 illustrate how closely the
observed decays approximate to this type of
relationship over the temperature range 18°¢ to

100°¢.,




4,342 Determination of activation energies

Assuming that the expression

Po "
Ln 'E' = (Ao exp _I?I‘-)t
describes each decay curve, B can be determined
by measuring the time taken to reach a certain
value of %? for different temperatures by

writing
on - @ = K§
¥ being 2 constant,

A graph of Ln% against ﬁ% will then have
a slope whose value 1s Em.

The present measurements were simply made by
measuring, from enlargements, the time taken to
reach % of the maximum height in the case of
specimen Zn 25 and f% of the maximum height in
specimen Zn 43, the results being plotted in
graphs 7 and 8,

These two specimens were the only two in the
praesent experiments with which 1t was possible to
record resistance changes at three different
temperatures before the specimen stopped jumping.

Point 1 of graph 7 1is measured from one pulse
but is confirmed to within 204 by another recording
of poorer quality. Polnt 2 is measured for one
pulse, The third point, measured at room temperaw
| ture has a large error since the taileend is
missing from the recording., It must be within the

indicated error, however,




|

The slope of the graph corresponds to
By = 30 < .05 eV,

Specimen Zn 43 resulted in a much better set
of recordings. Readings at three temperatures
were again possible, each point being the mean of
three recordings., In thils case the slope corres=-
ponds to

Em = o32 % 01 eV,

4.3.3 Sources err in me ring the dec
time.

The measured decay time of the resistance
transient cén differ from the true decay time
due to distortion of thevpulse by the amplifier,
The simpleét way to allow for this i1s to pass
pulses of known decay éonstants through the
amplifier and detector and compare the result with
the originsal,

A pulse genafaﬁor which could produce pulses
of 1lp sec, rise time and fa to 50 m, sec. fall
time was used to modulate a carrier signal of
100 Kc./sece The modulated signal was then passed
through the amplifier and detector. The originai
modulated signal and the final detected signal
were then displayed on the same screen, A recorde
ing of such a trace is shown in Fig, 37. By measu]

the time taken for both signals to reach ,1 of the

ring




Figure 37.
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original height a callbration curve for the
amplifier was drawn, As saeen from Fig, 38 the
error introduced by the amplifier is quite small,
It was allowed for, however, in calculations in-
volving short decay times.

grrors in the calibration of the oscilloscope
used are usually less than 14 according to the

manufacturers.,

4.4 Discussion of Results

44,1 Source of the transients

Since various causes could be put forward |

for the explanation of the transients observed in
these experiments it is as well to exsmine them
individually. The most obvious objection in any
experiment of thils nature, where very small volte
age pulses are being examined, is that spurious
pulses due to such causes as pickeup, slipping in
the grips, and rupturing of the oxide-film would
also be recorded as trahsient changes,

Any changes due to actusl e.m.f.'s produced

at the contacts or on the speclmen are, of course,
i
avoided by the use of a carrier frequency method, !
This 21so helps in eliminating pick-up to a large

extent, In fact, the only serious pickeup
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detected was mains hum whiech for some reason

occasionally appeared at the detector stage (as =2

’modulation signal) when the two BF 184 valves were

: being over-run, This could be avoided by changing

the valves and resetting the voltages whenever it
appeared, Other spurious pickeup pulses were not

observed, even if the equipment was set up for 12

" hours (the specimen not being strained) at its

most sensitive setting., Microphony was eliminated
by mounting the amplifier on blocks of lead in the
manner 1llustrated in Fig,. 25 at position "a",

The design of the grips used sesmed to

eliminate the possibility of slipping. Although

- a number of copper crystals were strained (copper

not showing jump deformation) in no case was any
evidence of slipping in the grips evident from
the stress<iime graph,
Three other possible explanations for the
translents exist. They could be caused byie
1. Dislocations
2. Heating
3, Point defects,
These will be discussed in turn,
1. It is possible that, during a jump of
deformation, some dislocations last slightly longe:
than others in the crystal. In other words, to=

wards the end of the avalanche process, the last
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of the dislocations which terminate at the surface
could be evident as a transient increase in
resistance, the lifetime being of the order of the
time it takes a dislocation to traverse the
specimen,

Assuming that the screw dislocation velocity.
(56)

is of the order of 30 metres/sec. s & transient
due to thls cause would last ~~ f%-m. sec, It is
possible, therefore, that this could be an ex=-
planation fer the short lifetime transients, but
an unlikely reason for the 1ongef lived ones,

26 As mentioned in 2,1 1% has been suge
gested that slip avalanches could be connected
with heating of the slip region(47). This would,
of course, be recorded as a transient increase of
resistance. A temperature rise of 30°C would be
required in the region of the slip avalanche to
explain the size of a resistance transisent of
+lp olm, The corresponding energy concentrated
in the region is then 10~2 joules. The total
energy available, however, can be estimated as a
naximum of 10™2 joules by considering the forece on
the specimen and the distance slipped during an
avalanche, Thils explanation of the transients is,
therefore, unlikely,

It can also be shown (Appendix B) that a
temperature rise of this size, concentrated in a

region of the specimen 50p in length would be seen




as an increase in resistance which would decay in
a time of several seconds to .1 of its original
value, This is two orders of magnitude longer
than the observed transients,

Any melting in the avalanéhe region due to
very high local tamperaturés at intersecting dise
locationswould not be discernible since Seitz has
shown that the original energy would be shared
with 211 the atoms up to 30 atomic distance in a

=14 seconds(8). This would

time of the order of 10
thén represent only a small rise in temperature,
3. Since no detailed low temperature
annealing experiments have been performed on
plastically deformed zinc crystals, it is not
possible to compare the observed activation energy
with a known value, Experiments are going on in
this laboratory with this in view, It 1s possibley
however, to compare the result with that which

would be expected from the empirical relationship
due to Thompmn(SV)

B, = 5.0 x 107% 1 ev,

Tm being the melting temperature, This holds for
various fe.cece and bece.c, metals,

For zinc this gives B = .35 eV, which
compares reasonably with the observed activation

energy of .32 eV,

The agreement is not so favourable with that




derived from the results cf Gertsriken and
Slysar(58). Assuming that Byg = By + Ep
where Eg4 is the activation energy for self
diffusiqn and using their values for Esd and
EF of 23,1 and 8.7 K cal./g. atom' = respectively,
one obtains

By = 14.4 K cal./g. atom

= .62 oV,

A higher value could be expected since it is pro=-
bable that impure zinc was used in these experi-

ments, According to Peiffar(24) the vacancy

ol eV, It must also be noted that the value of
EF used above 1s a mean value of results obtained
from quenching and equilibrium experiments, the
individual results differing by 60%. Using the
value obtained from the aquilibrium experiment,
and allowing for an impurity bilnding effect, one
obtains

% = 044 eV,

4e4e2 Feasibility of the vacancy mechanism

Since no observations on the effect of
deformation produced vacancies on the resistivity
of zinc have been performed, the followlng dis=

cussion uses Peiffer's results on cadmium(24) for
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comparison purposes.

Peiffer observed an increase in reéistance of
15p olm due to vacancles produced by 57 deformae-
tion of a specimen 10 cm, long by 1 cm, diameter,
This corresponds to an incrsase in the resistivity
of

As = 2x10"7 om em.

for 14 deformation,

In the present experiments an average trane
sient corresponds to an increase of the order of
olp olm in a region of the specimen 50p long by
’.2 cm, diameter after 50% deformation.

This corresponds to
As = 10"8 ohm cm,
for 19 defommation

- a rather greater lncreace,

No value for the resistance due to vacancies
in a hexagonal metal has been calculated. A value
must, thersfore, be assumed before an approximate
calculation of the vacancy concentration can be
made.

It can be assumed with some justification

(see Appendix C) that the resistivity increase in

izinc due to one atomic per cent of vacancies 1is
|
|

AN s = 4p om cm,

This implies that .1 atomic per cent of




vacancies are present in the avalanche region
during a transient of ,1p chm in a region of the
specimen 50p long. The total number of vacancies
in the region will then be about 10°, The energy
required to produce this number, if the energy of
formation of a vacaney is L4 ev(58) is of the
order of 10™° joulecs. This is approximately the
total amount of energy which is available due to
the deformation, |

In other words, an extremely high proportion
of the available energy 1s reguired to explain the
vacancy concentration, This suggests that either
vacancles in s hexagonal metal have a higher re=
sistance than would be thought, at least when
present in high concentrations, or that the
presence of the vacancies plays a fundamental part
in the avalanche process,

Since an extension increase of 20 can be
considered to be caused by 105 em, of unit dig-
location line it is possible to calculate the
vacancy production per centimeter of dislocation

1l vacancies/cn, in

line. This is 10%%10° = 10
moving .2 emey i.e. across the specimen, or

5 x 1011 vacancies/cm, in moving unit distance,
The value calculated by Seitz(ll) is 5 x 1011
vacancies/cm, (This wes caleculated using data on
observed resistivity increase as a function of

strain, oSeitz, in fact, probably overestimated



. the resistance due to vacancies and 5 x 10

«7%a

-

12

vacancies/em, would be more reasonable,)

It 1s possible to estimate the number of
jumps a vacancy makes to a sink from the relatione
ship .

14 (59)
ny = 10" T exp(= ET)
T being the approximate relaxation time for the
annealing,

This parsmeter can be seen from Table 5 to
vary from specimen to specimen at the same temperas
ture, If the vacancies were forming into clusters
randomly spaced, it seems unlikely that such a
variation in sink spacing would be evident. If,
however, dislocations are acting as sinks, the
variation can be explained since the jumps take
place at different stages of the deformation for
different specimens, and the dislocation density
will vary.

The dislocation spacing, as implied by this
parameter, sy is about 1lp, which is not un=

reasonable for such a heavily defommed region.

44443 - The mechanism of Jjump deformation

In 2ll observations of jump deformation the
surfaces of the'specimens have exhibited coarse

slip bands, The formation of coarse slip bands in
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(60)

f.cec, matals is, according to Seeger g CON=
nected with the observed fragmentation of the slip
lineses Cross slip of screw dislocation would push
dislocations on the edge of the coarse hand out
into regions where further slip was possible,

This is a gradual process in fe.ce.ce metals and it
1s not normmally observed in h.ce.p. metals, An
excess of vacancies would help this process but

| 1t is difficult to see how, 1f this were the cause
of the jump deformation, the process could occur
so quickly., .

Ardley and Cottrell(54) pointed out that a
slip avalanche would be large if the stress needed
to start it was high since, according to Fisher,
Hart and Pry(6l) the number of dislocations formed
in one avalanche increases exponentially with the
amount of stress that has to be relaxed in order
to stop it., In their experiments the high stress
necessary to explain the size of the avalanches
' was attributed to the segregated impurity atoms,.
It was suggested earlier that, since a very
| high proportion of the available energy is necesse=
ary to create the number of vacancles observed,
the defects themselves may play an important part
in the avalanche mechanism, They could do thils in
; two ways, by being absorbed at jogs and enabling
pinned dislocation to climb over obstructions, or
| by supplying energy during annihilation whiech

®"loosens" the lattice and makes it easier for the
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dislocations to tear loose. Since all the defore
mation takes place in 2 very short time, of the
order of a few milliseconds, and since the trane
sients last for a time of the same order, one could
consider that vacancies. produced early in a small
slip process could spread out and help to propa=-
gate slip in other ﬁlanes.

In the number of jumps observed a vacancy

e

could be expected to travel a distance of the ordej
of 1p before reaching a sink, this being greater
than the distance between elementary slip planeg442
Thus although this could be an important contrie
butory factor towards slip avalanches it does not
seem likely that it is the only one., It is poss=-
ible, however, that an initial slip process could
spread over a small region by this method. The
resultant local inerease in orientation could then
assist nearby pinned dislocations in breaking loocse
under the applied stress and the process could be
repeated until 2ll the more loosely pinned dise
locations in the avalanche region were free,

This would require particular conditions in
the specimen before jumps could be observed, in
other words jump deformation would only be obsarved
if suitable pinned regions existed in the crystal.
The scarcity of the jumps and the dependence on
growing conditions lends some weight to this

argument,
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| APPENDIX A
Zzinc rods supplied by Johnson, Matthey & Co.
ELtd. contained the following impurities ac deter=

jjmined by a spectrographic exsmination,

| Iron | < 0,0017,
Copper < 0.00057.,
Caleium < 0.,0001 %
Magnesium < 0.,00017,
Cadmium < 0.00017,

0.0001 /.

A

Silicon
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ginee the problem is to calculate how long a |
%resistance transient due to a heated region in a
‘erystal will last, cach mode of dissipation of

‘heat energy will be considered separately,

'ls Radiation

| The highest rate of loss of energy due fto
;radiation will oceur when the heated region is at
'its highest temperature, i,e, when all the energy
'1s concentrated in the original slip region,
écausing a temperature rise of 30°C. At this time
P rate of lose of heot energy ia |

Wisw & =L
-L'_

< 10 joulea/sec..

%from the surface cof the region which is 10.3 cm.z.

This, therefore, will take a time of about 102
seconds to dissipate the energy (10-'2 joules),

2 Convection

‘ If, once more, the loss is calculated at the |
beginning of a transient, then using the notation i
of Roberts and ¥iller's "Heat and Thermodynamics",

P. 297, the quantity log,, e
| v

this case, © being the excess temperature, d the

= L2 in

specimen dismeter, and 4/ a quantity read from

'the table provided,
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| From the graph provided, the gquantity logloﬁ/K
| can then be measured as 5 where H 1is the heat
loss per second per an.? in calories, and K is
read from the table, H 1s then calculated ss

2x 10”“ Joules enﬁz sec.'l. The rate of loss

from the heated region is, therefore, 2 x 10~/
joules/sec,
| If the calculation is repeated at a later
; stage, when the encrgy has spread out over a
% larger volume of the specimen by conducetion, this
| is found to increase to a maximum of about
2 x 1074 joules/sec,, and a time of about
2 x 1(}I seconds is required to dissipate the

- Conduction
If the specimen is considered as an infinite|

- rod whose original temperature distribution is

; given by
T = f£(x)

where Xx 1s measured along the rod, then the

- equation of conduction is

2
o)
= K
S
' where K = “a‘é‘
with C = concductivity
d = density
- and s = specific heat,
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The solution for this egquation is

o0
. - 2
T o= ff(x')e"(x"x') /HES gyt
| VrES _J (62)
| at time ¢,

%If the original temperature distribution is cone

:sidered as

f(x) = 0 outside the region = % < X < %
iand
| h h
£(x) = 30 inside the region = 3<Xx<3
' this reduces to
: h
+—
2 2 i Y-
1 o= B [exp TE exp £ oy TE oy
NART 4xt h+ WK &
_h h
- 2 o 2 ;
5—33—-—3@:-&- expt—g&- dx?
VKt LXKt h hKt
2

'since the term in x'? ~ 1 for small x' .

: ¥2 )| b
2K wke L 2% Wr |
>
2
= 30 exp:.z.c_.[m 1,28 _7,2 1
VKt bkt | 2x LKt 2 UKt 2
= =298 oxp ==’ |
Kt LUKt

Mow consider a small reglon of length dx
‘at a distance x from the original heated region
after time +t, The change of resistance of this

region due to heating up will then be



-

‘Mathematical Statistics", p. 56 and putting

where p = resistivity
= crosse-sectional area
and @& =  temperature coeffliclent of

resistivity,.

The change 1n resistance of the whole speci=

men will therefore be

oo .
2 . 1
R = 2 %-——3Q33£‘//9xp =_ ax .
2 =Kt 4Kt
o

Consulting the table in Weatherburn's

6 = [PF%t gives, for x = 1 cm., this function|

as decaying with time in the following manner,

o 46 Rpax 28t t = '%6 sec.

21 RMax at ¢t

- 07 %nax at t = 10 sec,.

1l sec.

A time of several seconds 1s therefore re=
qulred to reach .1 of the original increase in

resistance,




@ m
p = + —4§- 4 g & e ete,
Ng*T,  Ng°T,  NQST 4

. where T @ 18 the relaxation time duc to
phonon eollisions

T ar is the relaxation time @ue to
_collisions wlth vacanclies

T’I is the relaxation time due to
collisions with impurities

. ete,
{ m* is the effective mass of an
electron
il 18 Lhe pnumuer or Vaxacnst cleetrone
per cublic meter
. and g 1is the electronic charge,
; Considering only the second term
n
e = =5
Ng©1”
- nva
ﬁqEJ\.
. where \/F is the velocity of an electron at

the Fermi level

and _/\_ is a measure of. the distance en
electron travels betbween

collisions,
- ¥
Hence (pv)“n - (m vF)gn'Ngg
| - e

for the same vacancy concentration,



i.¢. the sams velue of -
4o (eydon  _ Fow e Run
| (pv)Cu bon o Bog
. where R = 53» s the Hall constant
and p = 9-—-—-*{\— , the Hall mobility.
n™ v
iy

Using values for R and u from Seitz's

%"ﬁodenn Theory of Solids"™ gives

p,
"oy ”

P
Hence using the recognised vaiue Ior (o)
v/Cu
Lof 1luJS) Jome for 1 atomic per cent vacancies
- gives

(o). = lfl.om./atomic per cent
- vacancies,
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