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ABSTRACT
The conditions under which submicroscopic defects can be revealed
due to decoration by the precipitation of vacant lattice sites from a
supersaturated solution have been investigated in aluminium.

Two

particular defects , rees of loops along ellO,. directions end narrow
faulted dipoles with their axes along the same direction. wer@ studied
1n spectoens quenched to and defonned at low temperatures and subsequently
aged up to room temperature.

The primary observations an! that the

visibility of these defects i~ f~vnured
quench1ng t~mper4ture. i.e.

by

by

high purity end a mo~rate

cond1tiO!a where a moderatt! supersaturation

of vacancies is present after quenching, without the extstence of many
nuclet for the for.nation of self-sinks.

Thus the conditions under which

the faulted dipoles and rows of loops are observed are just those where a
decoration phenomenon waul d be expected.
The decoration technique has been used in C!ucnched and defonned
single crystals oriented for sfr.gle slfp to investigate the mechanism of
fo~attor. ef these defects.

It is suggested that the observed narrow

dfpolas along <110> grew from similar submfcroscop1r. dipoles produced
from sesstle jogs on moving screw dtslocations.

It ts then proposed

that the observed row~ of loops along cll0,. are formed in two ways:
from the break-up of these submtcroscopic dipoles .t an early stage•
and/or from the break-up of vacancy platelets formed .long ellO> by the
same D~chanfs~.

This hypothesis is confirmed by the single crystal

experiments which show that the faulted dipoles lfe alon~ a particular
<110> direction.

A 900 jog in a screw dislocation can produce a faulted

dipole along either of the ellO,. directions in the slip plane not parallel
to its Burgers vector.

The observed dipole dtrection, for a given tensile

axis, was always found to coincide with that predicted from the known
stress on the jog.
The occurrence of a high density of helical dislocations is

reported

in zone-refined

temperature

aluminium quenched to temperatures

and defonned during the Quench.

and defoMmation indicate
partly

that helices

dcfotT.iat1cn. The helices

of quenching

are not normally seen in pure metals

due to the presence of effective

the annihl1aticn of screw dislocations

The conditions

above room

competing sinks and partly
by cross-slip

during plastic

observed in 61ullin1l1l1 are not circular

tut consist of straight

segments.

approxh1atcly the geodesics on

I

-

core ~r.er;y.

This configuration

right prism with a rhombus base. whose

estimate

is attributed

k

i.e.

a glide plane.

the ratio of the core energy

0'

planes

to tt,e effect of dhlocation

the core energy be1n~ lowest if the dislocation

(11l) plan~ containing

helices

tt.es& ••el1ces are

It is sho~n that

Ccr.crator is the Buryers vector ~ arid whose faces Ire the (11)
containing b.

due to

lies in a

This observation is used to

a dlslocatfon

when it is not on

its glfc!e plane and when it is on it.

Finally,

a

sensitive technique fo,'

the

detection of radiation

damage. by ~~e annihilation

of small quenched-tn V6cantY loops during

irradiation,

An increase in certain inelastfc scattering

is des'ribe~.

processes is known to occur under anomalous absorption c~nd1tions due to
hi;her electron density at the ato~ positions.

Using the detection

techni~ue mentioned above. a lfm1lar expected en~ancement in displacement
damage during anonalcus

microstot'e. PreliMinary
small.

a~sorpt1on was inv8stigated
results suggest that

tn the 21)0 kV electron

thh effect.

1f present,
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1.

C HAP

T E RON

E

INTRODUCTION

1.1.

Historical
Mod~rn technology is based ent1rely on the efficient use of

appropriate materials, and specially of netals.

In order to fully

exploit the materials it is essential to have an understanding of
their physical properties.

The knowledge, ga1ned but lately, about

the behaviour of materials has now reached a stage when properties
can be designed, not just selected.

f.1etah have been known for their

versatility throughout their use over the centuries.

Although their

macroscopic properties have been familiar for quite some time, the
correlation of their bulk behaviour with the microscopic structure is
ver,y recent.

It is now well-known that many of the phys1cal, mechanical

and electrical properties of metals are affected, to varying degrees, by
cr,ystalline imperfections of atomic dimensions called point defects.
Point defects include vacant lattice sites, int!rstitial atoms
and impurity atoms, but generally the term is ~~ant to imply structural
irregularities, i.e. vacancies and interstitials.

Frenkel (1926) was

the first to propose that crystals in thermal equilibrium should contain
a significant and ",ell-defined concentrati on of point defects. Schottky
and Wagner (1930) elaborated these ideas, and their application to the
diffusion process, by their experimental work on ionic crystals. The
emphasis soon shifted to metals where, in the absence of any charge
effects, the analys1s was relatively simple. The stimulus was again
provided by the attempt to clarify the nature of self-diffusion in
metals.

Pioneering work of Huntington and Seitz (1942) and Huntington

(1942) on the formation energies of point defects in copper led them to

2.
suggest that self-diffusion in r.~tals occurred by a vacancy mechanism.
The behaviour of point defects in metals has since then been investigated
at an ever-increasing rate.
The main reason for the vigorous research in this field was the
increasing realization of the important influence point defects hav~ on
numerous properties of materials.

Self-diffusion in metals. diffusion

in substitutional alloys, and many processes of solution. precipitation,
sinter1ng and polygonizat1on are dominated. to different extents, by
the migration of vacancies.

While at high temperatures vAcancies may

cause softening of n~tals by enabling dislocations to climb over obstacles,
at low temperature the interaction of point defects and impurities with
dislocations produces hardening and embrittlement.

Vacancies playa

leading part too tn certain aspects of the strength of tntermetalltc
compounds, of fatigue deformation in metals and alloys. and ageing
processes tn cold-worked alloys.

Formation, durtng irradiation, cold

work or quenching. and annihilation during annealing, of point defects
partly accounts for the storage and release of energy in metals subjected
to these processes.

Volume changes due to the dilation and compression

associated with point defects are responsible for density chan~es in
materials containing them, while the scattering of conduction electrons
by the lattice distortion around these defects contributes to the change
in electrical resistivity.

Some

of

these effects, such as fatigue

deformation and hardening in metals. and precipitation and ageing in
alloys. are of technological importance.

Other effects, such as the

changes in electrical resistivity, density and the stored energy. are
of scienttfic interest. and have in fact been used for the indirect
investigation of point defects.
High concentrations of point defects can be produced in crystals
by a variety of processes.

Irradiation with energetic particles. plasttc

deformation, or quenching from high temperatures, have all been used to

3.

produce these defects in non-equilibrium concentrations.

The former

two methods produce both vacancies and interstitials. while the latter
produces vacancies only~ This is because the quenched material represents
a 'frozen-tn' state of the equilibrium concentration of point defects at
the tew.perature where the specimen was quenched from. As the energy of
formation of the vacancies is considerably smaller than t~at of the
interstitials the former would be the dominating defects in thermal
equilibrium at any temperature (Huntington and Seitz 1942; Huntington
1942). Nowick (1951) and Kauffman and Koehler (1952) experimentally
demonstrated that excess vacancies can be successfully quenched in metals
and alloys.

Quenching thus has an advantage as a means of introducing

imperfections because only one type of defect need be considered. making
the analysis relatively simple.
The densi ty of the point defects introduced by any of the above
methods is greater than that which could be in thennal equl1 ibri urn.
Thus. if given the chance. these must gradually disappear to restore
the equilibrtum concentration.

If the temperature is high enough for

the point defects to be mobile. these would tend to annihilate themselves
by

several mechanisms.

The mechanism through which ~ie defects annihilate

is governed by the degree of supersaturation. the temperature. the

efficiency and the density of the sinks. and the interactions among
the point defects.

Infint te sinks. such as surfaces. grain boundaries

and pre-existing dislocations. are obvious sites where the point defects
can be absorbed.

Since this process depends on the availability of a

nearby infinite sink. at moderate annealing temperatures the excess point
defects can be eliminated by a different process.

It was Seitz (19S0) who

suggested that the point defects might also be annihilated by the formation
of internal 'self-sinks'.

This fonnation of self-sinks. i.e. t."eaggregation

of point defects into clusters. occurs because the energy of two or more
point defects is less when these are bound together than when they are
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isolated.

These self-sinks might take different forms. Nabarro (1948)

had visualized the formation of prismatic dislocation loops by the
condens atfon of vacancies on a single plane, whfle Frank (1949, 195J)
had described the formation of faulted loops in f.c.c. metals by the
collapse of,discs of vacancies on the {lll} planes.

The detailed analysts

of Kuhlmann-Wilsdorf (1958) indicated that the collapse of point defect
clusters into secondary defects is not a simple process and that many
different configurations might occur.
Since its first application to the observation of thin metal foils
(Heidenretch 1949; Hirsch!!!!

1956; Bollmann 1956), transmission electron

microscopy has proved to be a very powerful and versatile technique for the
study of lattice defects.

Though individual point defects are too small to

be visible in the electron microscope, small clusters of these defects are
well suited for electron microscope examination.

The direct observation

of secondary defects in retals by this IOOthod has confi nned all the
predictions made above about the aggregation of point defects.

The first

observations, by transmission electron microscopy, of point defect clusters
in metals Which had been quenched, irradiated or deformed were n:adt!
respectively by Hirsch!!.!l

(1958). Silcox and Hirsch (1959b) and

Segall and Partridge (1959). Electron microscopy has also revealed a
rich variety of different configurations of secondar,y defects.

The

four basically different types of defects resulting from the aggregation
of point defects were first identified in the electron microscope as
prismatic dislocation loops (Hirsch!!!!

1958), faulted loops (Yoshida

--

et al 1962), stacking-fault tetrahedra (Silcox and Hirsch 1959a) and
voids (Kiritan1 and Yoshida 1963).

1.2. The Nucleation of Point Deft-et Cluster'$
There have been several atte~pt$ to demonstrate t,e fact that the
formation of secondar,y defects is essentfally a nucleation controlled
process since the original suggestion

by

Brooks (Read Jr. 1953b).

5.

Aluminiwn and cold are the metals which have been extensively examined,
both experimentally end theoretically, for ~ie formation of vacancy
clustered defects after quenching.

Though considerable experimental

evidence has accumulated on the nucleation of defects in quenched

--

aluminium and gold (~lesh11 1965; Kiritant 1965; Chtk 1965a; MeshH @t al
1966; Kiritani!!!l

1966b. Davis and Htrth lj66b), the theoretical models

--

available (Kir1tani 1965; Chtk 1965b, tfeshi1 et a1 1966; Cavis and Hirth
1966a, Davis 1967) are still unsatisfactory and there is son~ disagreement
among the proposers.

The confusion that exists in the theoretical

treatment of the nucleation of point defect clusters will be obvious
from t~e following brief review of the conclusions drawn by various
authors •
In their analysis of the resistivity recove~ of quenched gold.
de Jong and Koehler (1963) have suggested that the nucleation of tetrahedra occurs over

4

considerable part of the recove~

period. This

result however contradicts the experiuEntal observations in quenched

--

gold (Westdrop et al 1964, Nori and t1esh11 1964, Ch1k 1965a, Mesh11 1965)
where tetrahedron nucleation is found to occur in the initial stages
of annealing.

However, ChH (19G5b) has, in hh treatment, succeeded

in explaining the experimentally observed dependence of tetr~hedron
density on the v~cancy concentration and the annealing temperature,
and the observed kinetics of nucleation.
The nucleation process in aluminium has been analyzed

by

Kir1tani

(1964, 1965). The earlier work, based on the idea of a critical sized
nucleus, explains some of the qualitativQ features of defect formation
but is quant1tatively in disagreement.

The later detailed formulation,

based on positive and negative reactions, i.e. reactions involving
respectively the absorption and the emission of vacancies from clusters,
arrives at some surprising conclusions.

It predicts no definite critical
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size of the nucleus of the faulted loop and assumes the transition from
a vacancy disc to a dislocation loop to be continuous through inter~~diate stages.

The role of impurities 15 treated in terms of the

effect these can have on vacancy mobilities and hence on the positive
and negatfve reactions.

Thus heteroscneous nucleation, in the sense

that the impurities may form nucleation sites, is assumed impossible.
Though the nucleation kinetics derived

by

Kirtteni explain his own

experimental results qualitatively. they are in conflict with those
of MeshU

!!.!l (19£6) and Chen and

critical sized nucleus.

Mesh1t (1966) who predict a

Indeed Davis (1967) has succeeded in

explaining the experimental results of Kfriteni (1965) on the basfs
of a theory assuming a crftical sized nucleus.

Kiritan1's model is

also unsat1sfactor,y in the sense that it does not include heterogeneous effects adequately which,

IS

discussed below.

Ire

often

predominant.
Recoan1zing the importance of heterogeneous nucleation ~'esh11
et al (1966) have derived approximate nucleation kinetics based upon
-the attrition of heterogeneous nucleation sites with the time of
ageing.

They assume that nuclei have a critical size where there is

a sudden gain of stability, er a sudden decrease of energy.

~~ile

sub-critical clusters are liable to break uP. the dissociation of the
nuclei is not too likely.

In confirmation of their experiments, the

authors have defined ranges of critical temperature within which
either nucleation, or growth, or annealing of clusters can occur.
An elegant mathematical

treatment of the nucleation of vacancy

clusters tn alumin1u~ and gold has been given by Davis and Hirth
(1966a) and Cavis (1967).

Cavis and Hirth (1966a) have applied

fonnal nucleation theory (Hirth and Pound 1963) to develop rate
equations for the nucleation of perfect and faulted loops in these
metals.

These authors assumed a critically sized nucleus, in t~e
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collapsed form. of the pert1nent defect.

The calculated nucleation

rate. which is too low to account for the exper1~~ntally observed
dens1ties of defects. suggests that negligible amount of homogeneous
nucleation takes place and that the nucleation must be entirely
heterogeneous.

This formulation of Davis and Hirth (1966a) has

been cri tf ched

(rkColl1band ~1esh1i 1967) on t."1egrounds that

continuum theo~

and macroscopic energy values have been used to

describe a mi cresccpt c phenomenon.

It was agreed (Davis and Hi rt:1

1967) that the difficulty arose because the size of ~~e nuclei lay
in the intermediate region where the application of both the atomistic
and the continuum theories is uncertain.
Davis (1967) has subsequently redeemed the application of fonnal
nucleation theory to vacancy clusters by assuming the nucleus to be
a non-collapsed disc of vacancies. with its size dependent on the
vacancy concentration and the temperature. and by using energy values
based on the formation energy of single vacancies.
of Meshii

!!!l (1966)

Like the analysis

the ageing cycle has again been divided into

a number of critical ranges corresponding to nucleation. 9rowt~or
annealing out of defects.

The experiwental results of Kirftani (1965)

have also been explained on this theory assuming a nucleus of definite
critical size. and t.~e calculated and observed densities of loops in
aluminium have been found to be in reasonable agreement.

It is also

seen that both the pre-aneing temperature (where nucleatton is expected
to take place) and the ageing temperature (where nucl!ati on ceases

and only growth of the nuclei occurs) investigated

by

Ktritani (1965)

lie in the critical temperature range ~mere nucleation can occur. thus
9iv1ng the densi ty dependence of the nuclei on the ageing temperature
in these experiments.
Despite all the uncertainties in the theoretical descriptions of
the nucleation of clusters there is unequi vocal experimental evi dence
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regarding the iwportance of heterogeneous nucleation on i~purities.
Dislocation loop density has been found to be higher 1n quenched
alumfnium of lower purity as compared to that in zone-refined aluminium
(Yoshi da !!.!l 1963). Similar increase in loop density in quenched
aluminium has also been reported wi~i a decrease in purity by Davis

--

and J1frth (1966b) and Kiritani et al (1969), though the interpretation
in these cases is complicated by impurity clustering and vacancy impurity
interaction.

Dissolved hydrogen is known as well to nucleate voids,

whether directly or indirectly, in aluminium, copper and silver
(Sh1momura and Yoshida 1967; Clarebrough!1~

1967).

The marked effect of impurities in t~eheterogeneous nucleation
of defects is particularly well demonstrated in gold. Segall and
Clarebrough (1964) found a decrease in the electrical resistivity of
gold specir.Ens when annealed at high temperature in oxygen, while a
similar anneal in carbon monoxide resulted tn an increase in resistivity.
furthermore, electron microscopy of quenched and aged gold specimens,
given the two different pre-anneals, showed that the density of
stacking-fault tetrahedra was much larger (and their size smaller) in
the specir.~ns which had been given a reducing treatment than in those
given an oxidizing treatment.

The results of resistivity ~~asurement

and electron micrcscopy, taken together, show that a reducing treatment
of gold released impurities (which were probably in form of oxides)
which acted as sites for the heterogeneous nucleation of tetrahedra.

--

f.1esh11et al (1966) and '·1cComband '1eshtf (1966) also observed a
decrease in the number of tetrahedra in gold specimens when these
were given oxygen pre-anneals.

Similarly, with a decrease in ~~e

purity of their samples, Ytterhus and Dalluffi (1965) noticed a large
increase in the density of vacancy clusters after ageing. Siegel
(1966) made a detailed correlation of electrical resistivity recovery
and the electron microscopy of aged gold specir.~ns of various purities.
He found a considerable increase in the density of vacancy clusters
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with decreasing purity and established that certain impurities were
more efficient as heterogeneous nucleation sites than others.

Further

confirmation of these two facts has been reported by Guader and Dodd

-The role of impuri ties in the heterogeneous

(1968) and Johnston et a1 (1968).

nucleation of defects

fs not fully understood, but ft is knorm that impuritfes can affect
quenched-in vacancies in several ways •. Ff rstly, strafn ffel ds around
fmpurities affect vacancy clustering process and may help in stabilizing
the sub-cri tfcal nuclei with which they mi ght associate.
impuritfes modify the effective migratfon ene~~

Secondly,

by formfng fmpurity-

vacancy pairs and thus affect the nucleation kinetics.

Finally, because

of a binding energy between impurities and vacancies during pairing,
the formation energy of vacancies is lowered. thereby increasing their
concentration.' The interpretation of impurity effects is further
cOIl'lplicatedby the fact that different impurities may behave in different
ways.

Thomas and Washburn (1963) and Doyama (1965b) have described this

behavfour in tenns of the impurity concentration relative to the vacancy
supersaturation,

and the impurity vacan~

binding energy.

The discussion 9iven above indicates that, in general. the nucleation
of vacancy clusters fn quenched metals is largely heterogeneous.

The

present 1nvestigation is aimed at establishing the experimental conditions
where the probability of heterogeneous nucleation is minimized.

In other

words. an attempt is made to create a situation analogous to that in a
conventional cloud chamber, 1.e. to produce a supersaturation of vacancies
which could be used to 'decorate' submicroscopic defects one chooses to
introduce.

Thus

by

the condensation of quenched-in vacancies on these

submicroscopic defects, this method should enable the observat10n. in
the electron microscope, of defects that would otherwise be inviSible.
Aluminium has been selected for the purpose of these experiments
as it can be obtained in high purity, is not contaminated by the
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at~osphere'during

quenching, has been extensively investigated, and its

elastic constants, stacking-fault energy etc. are reasonably accurately
known , Other reasons for the use of aluminium will also emerge in the
following discussion.

As described in the subsequent chapters,

experioEntal conditions are so1n9 to be established where the nucleation
of 'self-sinks', f.e. random dislocation loo~s, fs reduced to a minfmum,
with an adequate supersaturation of vacancies available for decoration.
1.3.

Rows of Secondary Defects, and raulted Dipoles, along

<110.

Two obvious ways of introducing submi croscopi e defects for subsequent
decoration
defamatfon.

by

quenched-tn vacancies are by irradiation and by plastic
The second method was used for this purpose in the work

described in this thesis.

Different types of defects were found to

predominate for the two different temperatures of decoration.

For a

temperature well below room temperature these defects consisted of rows
of loops and faulted dipoles along ellO. directions, while at a decoration
temperature above room temperature dislocation hel1ces composed of
straight segments were observed.
Rows of secondary defects aligned along ellO>, and faulted dipoles
along this dfrection, have previously been observed tn quenched and/or
defonned materials.

However, the present observations must be distinguished

from these, as in a majority of the reported cases these defects have nothing
to do wtth tho decoration phenomenon.
There are four mechantsms whfch could account for the observation of
rows of secondary defects in quenched and aged metal fo11s. Jones and
Ht tchell (1953) ~Jere the first to demonstrate the generation of rows of
prismatic loops by stresses around inclustons in a specfmen.

Two

prominent examples of rows of loops punched out due to quenching stresses
are those reported in copper (Barnes and Mazey 1963) and magnesium (lally
and Partridge 1966). The sources of these rows are identifiable as
precipitate particles in the former and dissolved hydrogen bubbles in the
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latter.

Such rows ~re also recognizable, as they emanate along

different close-packed directions from a common centre.

Further-

more, d~~ to the compressive nature of the strain generating the
rows the component loops are of interstitial type. Because of
interaction with the quenched-in vacancies the interstitial loops
gradually decrease 1n diameter away from the source, giving the
rows a tapering shape.
A second process known to produce rows of loops is the
A row of loops results if •

degeneration of t.el1cal dislocations.

helical dislocation intersects a screw dislocation, or a helix, of
equal and opposite Burgers vector.

A similar annihilation of the

screU part of the helf cal dislocation results under the stress
induced bowing of one or more of its segments.

Clear-cut cases of

rows ef loops fonning from helices have been reported by Authier
et 81 (1965)
--

in aluminium, by Thomas and Whelan (1959) in At - 4 wt.

% Cu, by Eileum and Thomas (1963) in At - 5% ~Ig and by Elrbury et a 1

--

(1962) in At - 7~ Mg. The loops in the rows formed in this way are
prismatic and of nearly equal she. and have thei r Burgers vector
along the

~N

direction.

The loops in such rows also have a

characteristic appearance as these are arranged like a stack of
plates, so that in long rows, whtch are at a shallow angle to the
foil surface, the loops are viewed edge-on.
The fonnation of rows of loops

by

the break-up of dfpoles has

been observed in zinc by Price (1960, 1961a) and in magnesium oxide

-low temperature straining,

by Washburn et al (1960).

The dipoles, fonw~d as a consequence of
were seen to break up, as the temperature

was ratsed, into a number of circular loops with about the same total
area.

It has been sugge,ted that the dipoles decompose for the sake

of a reduction in the dislocation ltne energy which occurs when ~ie
spacing between the loops in the rot~s is greater than 1.57 times
thetr dtameter (Washburn.!!.!l 1960). This process of 'pinching'
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of dipoles has also been ccns l dered by Segall
detail.

et
(1961) in
-al

some

The last mechanism for the generation of ra~s of defects, which
is of particular interest, is the nucleation of these rows on the

dislocation trails formed along <110> directions during ~eformation.
Apart from occasional observations in silver (Smallman!!!l
and aluminium (Meshtt 1965, Kiritant

!!~

1959-60)

1966a) the reports of

rows of defects alon, <110>, which could be attributed to this

mechanism, are confined entirely to ~old. The first observations of

-These authors assume that

rows of tetrahedra in quenched sold are those of Clarebrough et al

(1964) and Segall and Clarebrough (1964).

the rows nucleate preferentially in the strain fields of the observed
<110> dipoles in conditions where general nucleation is difficult.
Seidman and Balluffi (1964) have correlated their observation of t~e
rowS of tetrahedra in quenched and deformed gold with plastic defcrmatf on ,
They suggest that nucleation of the rows of tetrahedra takes place on
the dislocation debris along <110> produced by deformation.

Kfritani

et al (1968) have investigated the effect of plastic deformation on
-quenched gold to a greater ext~nt. Though they did not find any rows

of tetrahedra in specimens given tensile strain they did find some in
specirr.cnsdefonned in bending.

They found a hitlher density of rows

in specimens aged alternately at -195°C and lOoe a large number of

--

times. Kiritan1 et al conclude that the rows of tetrahedra result
from the vacancies formed by the motion of jogs along ellC>. and that
their occurence depends on the mode of deformation but not on the
thennal treatment.
All the observations of the rows of defects reported I~ove have
been more or less incidental and no effort has been made to optimtze
conditions for a maximum in ~ie density of these rows. Though
proposals have been made that in some cases, such as that of gold,
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these rows nucleate on dislocation debris, and that thfs is not a strong
nucleation site (Segall and Clarebrough 1964), quenching variables have
not been adjusted to give suitable conditions of decoration or growth.
Moreover, the nature of the dislocation debris. and how exactly It
formed, has not been analyzed.

In the present work the conditions of

decoration appropriate for the observation of a consistently high
density of radS of defects are fully investigated.

The nature of the

dislocation trails, Bnd their formation during deformation, is also
examined in detail.

OU3

to the fact that, despite extensive electron

microscope investigation,

the rows of defects In aluminium are almost

non-existent,

and

that there is no obvious reason why this should be

so, aluminium has been selected for experi~ntat1ol1.
In quenched gold Segall and Clarebrou~h (1904) and Seidman and
Balluffi (1964) have also reported faulted dipoles along ellO> which
were presumably formed due to deformation.

Since the first observation

Df narrow faulted dipoles along <110> directions in deformed Ni - 40%
Co alloy by Mader (1963) these have been observed in a "unbar of f.c.c.
metals deformed at the end of Stage I.
Essmann (1963),

Ht rscn and Steeds (1963),

Basinsld (1964), Steeds (1966) and Haussereann and

Wilkens (1966) have reported faulted dipoles in copper, Steeds (1966)

and Rapp (Haussermann and Wilkens 1966) 1n silver, Steeds (1966) and
Ramsteiner (Uaussennann end \~l1ken$ 1966) in gold, and Thferinger
(Haussennann and Wilkens 1966) in nickel.

These very narrow dipoles,

which essentially consist of two Frank dislocations enclosing a
stacking-fault,

have been found to He along the two ellO,. directions

in the primar,y slip plane other than the primary Burgers vector
d1rection.

Sometimes these faulted ellO> dipoles are observed in a

bent or zig-zag form with an angle of 1200 between adjacent segments.
The formation of a faulted dipole along <110,. was first described
by Hirsch And Steeds (1963) in terms of the dissociation of a 6Qo jog
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in a moving screw dislocation.

The jog is dissociated into a Frank

and a Shockley partial. and as the dislocation moves the Shockley
glides along on an inclined {lll} plane, leaving behind it a strip of
fault bounded by Frank partials.

See~er (1964), Seeger and Wobser (1966)

and Steeds (1967a) considered the formation of the faulted dipole by the
dissociation of an unfaulted 600 dipole, resulting in a configuration
similar to that of Hirsch and Steeds but with the Frank partials
extended on the primary plane.

Haussenmann and Wilkens (1966) and

Steeds (1967b) have used the latter crnfigurat10n of the faulted dipole
for the evaluation of stacking-fault energies from the widths of the
observed dipoles. The above two configurations of the faulted dipole
are discussed further in the appropria~

section of this thesis.

The faulted dipoles observed in these metals of low stackingfault energy ~re extremely narrow and faint.

It is thus not surprising

that similar dipoles have not been reported in deformed aluminium, which
has a relatively high "'(/Cbvalue (where

y

is the stacking-fault energy,

G the shear modul us, and b the magni tude of the Burgers vector).
this is not an argument against their formation in aluminium.

However

It is most

likely that the faulted dipoles that are formed are too narr~1 to be
visible in the electron microscope.

If these narrow dipoles fn aluminium

could be induced to grow larger they might become visible in the electron
microscope.

For example. if a specill'Cnof aluminium were to be deformed

1n a situation where a carefully controlled supersaturation of vacancies
existed, these vacancies might condense on the submicroscopic dipoles
causing them to 9rcM. Just such experiments are described in this
dissertation, and the observation of co~parativaly wide faulted dipoles
in aluminium is a demonstration of the development of a successful
technique of decoration by quenched-in vacancies.

The fannation of

the initial submicroscopic faulted dipoles from sessile

0

!J0

jogs, in

a manner similar to that of Hirsch and Steeds (1963) is also proposed.
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1.4. The Observation of Helices in Alumfnium
It was mentfoned in the last section that in the present work
helical dislocations along <110> have also been produced
aluminium to a temperature above room temperature.

by

quenching

The formation of

helical dislocations by the condensation of vacancies on screw dislocations
was first suggested by Seitz (1952).

There have been m..'!rtCrousreports of

helices in metallic alloys and ionic crystals since these were first
observed in c~lcium fluoride by Dontinck and Amelinckx (1957) using
the conventional decoration technique.

Ame11nckx!!!l

(1957a) have

given a detailed mechanism for t'le formation of helices in terms of
climb of the dislocations in ncar-screw orientation in a supersaturation
of vacancies.

Tweet (1958) observed helices in ~ermanium, while Dash

(1960) demonstrated their formation in silicon in an undersaturation of
vacancies.

Helices have been described in a number of metallic alloys

(see e.g. Thomas 1959; Thomas and Washburn 1963) but the most extensive
experimental tnvestigation of helical dislocattons in these alloys fs
that of Thomas and Whelan (1959) on At - 4 wt. S Cu. These authors
were able to account satisfactorily for all the main features observed
in this alloy.

They attributed the high density of these helfces to

the preferential condensation of vacancies on exfsting dislocations
because of difficulty of loop nucleation due to vacancy trapping at the
solute atoms.
The formatton of helices has been theoretically analyzed
nunber of authors.

by

a

Weertmar. (1957) has shewn that the equilibrium

fonn of a dislocatfon Hne in the presence of a supersaturation or an
undersaturaticn of vac~nc1es. assuming isotropic lfne energy, fs a
curve whose radius of curvature is constant end ,,:hosetangent vector
keeps a constant angle with the Burgers vector direction, i.e. a
circular heltx.

Nitchell (1962) has also pointed out that there is

no activation energy barrier for the nucleation of helical turns up
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to a certain number dependent on the vacancy supersaturation.

Thomson

~nd Balluffi (1962) have discussed the nucleation of the initial turns
of a helix in terms of dissociation of the vacancies, on reaching the
dislocation core, into mobile kinks, and the build up of helical turns
by the aggregation of ordered arrangements of these kinks.
The above authors have restricted their treatment to circular
helices.

Helices composed of straight segments, which are of relevance

with regard to the present work, have not been considered.

One type

of curve which satisfies the equilibrium conditions of Weertman (1957),
except at a f1nite number of points, are the geodesics on any prism,
since for these the tangent vector makes a constant angle with the
generator of the prism. and, except at the prism edges, the curvature
is every~here zero.

Such a departure from the circular form would not

be expected if the line tension were isotropic, but could occur if the
line energy was orientation dependent.

These curves which fonn

I

'helix' with straight segments will be referred to as 'segmented helices'.
The work currently described is p~~pted
fn previous observations of helices.

by

two notable deficiencies

Firstly, no satisfactory explanation

has been proposed for the well known fact that while helices are abundant
,in many quenched aluminium alloys, they have rarely been found fn quenched
pure aluminium.

It is generally assumed that heltces fonned tn pure

metals soon degenerate due to an absence of pinning points.

Secondly,

a remarkable feature of some of the earlier observations remains unexplained.
that fs. tn a number of alloys and 10nic crystals, such as calcium fluoride
(Bonttnck 1957). sodium chloride (Amelinckx!!!l

--

1957b), aluminium-copper

(Smallman et .1 1959-60). aluminium-zfnc (Thomas 1959). lead iodide
(Forty 1960, 1961). aluminium-silicon

.

(Westmacott!!!l

1961). aluminium-

magnesium (Embury 1963; Imura and Hashimoto 1966), and beryllium-iron

-by Thomas and Whelan (1959), but consisted of straight segments.

(Morozum1 et 11 1969) the 'helices' were not circular helices as cbserved
No
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investigation has previously been made as to whether these were
segmented helices in the strict sense defined above.

Embury (1963)

has considered these helices as resulting due to anisotropy of
cli~b, while Anelinckx!!l1

(1957b) have suggested that these lfe

- helix
on a specific prism of {OOl}{llO} planes containing the ellO>
axfs.

These authors have h~~ever stopped short of any detailed

discussion.
It is shown 1n the present experiments that appropriate quenching
conditions can be utilized to effectively decorate the screw dislocations
in aluminium by vacancy condensation, thus converting them into helices.
The configuration of these helices, which are found to be segmented, has
been deduced from the detailed analysis of their geometry, and this can
be usefully employed in interpretting the formation of previously reported
angular helices.
1.5.

Radiation Damage dur1ng High Voltage Electron MicroscopY
Electron microscopes have until now mainly been e~ployed in the

stu~

of materials for the direct observation of minute features.

The

usefulness of the instrument in this respect has been indubitably
proved.

A further use to which this instrument can be put to has grown

out of the development of microscopes of ever-increasing electron energies.
If the electron.beam has a high enough energy that it imparts to the atoms
of the sample an energy greater than a·threshold value, it should be
possible to use the microscope for electron irradiation.

Such experiments

have been carried out recently by Makin (1968a, 1968b) who used a 600 kV
electron microscope to produce and observe radiation damage in copper and
aluminium, and by Venables and Lye (1969) who used

I

100 kV electron

microscope for the irradiation of V6 CS.
The threshold energy for displacement in aluminium is • 16 eV
(Iseler!!!l

1966) which corresponds to a minimum required incident

electron energy of • 166 keY to produce displacement of atoms (Makin
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1963~). Thus it should be possible to produce irradiation damage in
aluminium do"'n to thh value of electron ener2Y. though the displacement
cross-~cction would be ve~ low. Simpson and Chaplin (1969). us1n~
electrical resistivity mea$uren~nt. have in fact been able to observe
damage down to incident electron energies of 160 keV.
A very scnsi the techni que, developed to detect the damage produced
in aluminium when irradiated in a 200 kV electron microscop~. utilizing
the annihilation of small quenched-fn vacancy loops. is described in
the last section of this thesis.

This method is used to investigate

the enhancad inelastic scattering occurring during th~ anomalous
absorption of incident electrons in aluminflJ1l. The wave funct len of the
incident electron inside the crystal is represented. on the two beam
dynamical theory of electron diffraction. by a linear combination of
two Bloch \.,avas(Howie and Whelan 1961).

The phenomenolog1·Cll explanation

of anomalous absorption (H3.shflf'oto!!.!l'96Z) is based on the consideration
that one of these Bloch waves has its maxima between the atomic planes and
the second on the atomic planes.

The second wave, being concentrated in

the vicinity of atoms. thus suffers ~reater inelastic scattering.
Experimental evidence to this effect is provided by the lo:~ transmission
when the deviation parameter w (a stg) < 0 (i.e. when Bloch wave 2 dominates)
and by the observation of increased X-ray emission from dark absorption
bands (Hirsch

.!!.!! 1962;

Duncumb 1962; Hall 1966). The technt que for the

study of radiation damage described above. which is sensitive to small
changes in the displacement dama~e. is particularly suited to this type
of investt~ation.
1.6. Ceneral layout of the Thesis
The various aspects of the investigations reported tn this dissertation
can be conwniently

di v1ded into

I

number of chapters.

Chapter 2 sl.IlInarizes

the experimental procedure adopted in general. and describes t~ematerials.
methods and the techniques used.

Chapter 3 is devoted to the establishment
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of approprhte

conditions for the decoration of submi croscopi c defects.

introduced by deformation. in aluminium.
purity. vacancy supersaturation.

Variables such as specimen

ageing characteristics etc. are

1nvestigated in detatl to optimize these conditions.

The variation in

the density of the observed rows of dislocation loops along ellO> is
used as a criterion for the best visibility of defects.

It is shown

that the optimum decoration conditions can be rationalized in tenus of
creating a situation where the nucleation of self-sinks is di fficult.
although an adequate vacancy supersaturation

is st111 maintained.

Chapter 4 deals at length with the mechanism of formation of
rows of loops and faulted dipoles in quenched and defomed

aluminium.

The role of deformation 1n the production of t,ese defects 1s examined
tn deta11.

A mechanism for the formatton of narrow faulted dipoles

along ellO> from sessile 900 jogs on moving screw dislocations is
suggested.

It is then proposed that the rows of loops along <110> are

forrr~d in two ways : from the break-up of these dipoles at an early
stage, and/or from the break-up of vacancy platelets fo~ed

along .110>

by the same mechanism. but wit~out l~eintermediate stage of dipole
fonnat10n.
Chapter 5 investigates the occurence of segmented heltcal dhlocations
in aluminium.

It is shown that a high density of such helices can be

produced in zone-refined aluminium under suitable conditions of quenching.
The geometry of these hel1ces is analyzed and they are shown to be geodesics
on a (111) g1100 prism.

The observation of segt!1cntedhel1ces tn a very

pure and almost elastically isotropic material under specific quenching
conditions 1s used to obtain some general information about dislocation
behaviour.
Chapter 6 reports some preliminary experiments on irradiation damage
in aluminium 1n a 200 kV electron microicope.

Annihilation. during

irradiation. of small vacancy loops in a previously quenched specimen
is shown to be a very sensitive met"od for the detection of damage.

This
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technique is employed in the study of anomalous absorption and it is
demonstrated that the contribution of displacement events, if any, to
this effect is small.

Chapter 7 concludes by giving a summary of the

results, and suggests, on this basfs, further experiments that might
be sc1entifically useful.
All the electron microscope plates in this thesis have been
printed emulsion stde upwards so that the micrographs represent the
specimen as viewed along the directfon of the electron beam. This is
and
-but inconsistent wit, those

cons1stent with the micrographs tn Hazey et al (1962), Silcod
Tunstall (1964) and Loretto!!.!!
in Hi rsch

!!.!l (19658).

(1966)

'FoU nonnal' has been used to imply the

upward drawn normal to the fofl, and hence it make, an acute angle
wit; t~e upward drawn nonnal to the micrographs.

'Seam directfon' has

been defined to be ident1cal with the upward drawn normal to the micrographs and is hence opposite in sense to the actual current of electrons.
The ~~gnff1cation marks on the micrographs correspond to 0.5 ~m,
unless otherw1se stated, while the arrow marks indicate tie reflecting
vector .!l.

It should be pointed out that, consistently with previous

publications (Shoaib and Segall 1968; Shoaib and Segall 1969; Segall
and Shoaib 1970), the 1800 rotation between t~e micrograph and the
diffraction pattern has not been incorporated when marking~.

This

would introduce an error in the determination of the sense 01 the
Burgers vector 1 f a ~thod
1962) or of Mazey!!.!l

such as that of Croves and Kelly (1961.

(1962) is used where a correlation of the

diffraction pattern with the mfcrographs is necessary (to determine
the sense of tilt for example).

For t~e Burgers vector analysis in

the present work such a correlation was not requfred.

The micrographs

were consul ted only to see f f a defect was fn contrast or not in a
particular reflection.

The sense of tilt of the specimen was

determined either from the actual tl1t of the goniometer stage or
from the movement of the Kikuchi pattern.
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C HAP

T E R

EXPERmENTAL

2.1.

TWO

PROCEDURE

Introduction
The investigation of point defects requires their production in

high enough concentration so that their interactions and effects may
be observable.

It has already been pointed out that quenching from

high temperatures produces a supersaturation of only one ,type of
defect, i.e. vacancies, and hence the data ore. easier to manipulate.
The quenching process is also simpler to perform as no elaborate
equipment is required. This chapter describes the method of quenching
used, and the general techniques involved in sample preparation before
these can be quenched or observed in the electron microscope.

The

usual procedure consisted of quenching thin sheet specimens in suitable
media, 91ving them the appropriate deformation treatments and ageing
them adequately.

The specimens were then thinned by electrolytic or

chemical polishing technfques and observed in the electron microscope.
All these stages are described in detail tn the following sections
while the combination of conditions required to achieve the desired
results are discussed, where appropriate, in the sUbsequent chapters.
2.2.

Specimens used for Quenching
The experiments were conducted mostly on pure aluminium, though

some alll1liniumalloys were also brieny

investi gated. Three different

9rades of aluminium were used, 99.99% AI, 99.999% At And zone-refined
(nominally 99.9999S) AI, generally referred to as At 4N, At SN and At 6N
tn the followtng chapters.

At 4N ('Britfsh Super Pure') was supplied by

Brithh AltllliniumCo. Ltd., Al 5N ('Super Raffinal') by ~11n1ng and

,z.
Chemical Products Ltd., and At 6N by Swiss Aluminium Ltd. The alloys
investigated were At - 4 wt. S Cu, acquired from Or.

M.H.

Jacobs at

Tu!>e Investments (Cambrf dga), and At • 7 wt. S ~tg. obtained fron
Dr. J.U. Edington at the Dept. of HetallurID', Cambridge University.
To ~et a fast quenching rate specimens have to be quenched in
fenn of thin sheets. While AI.5N and the alloys were 1n the form
suit~ble for quenching, At 4N was in the shape of a bar and At 6~
as an ingot.

In the latter two cases thin sheets, 7S to 200 ~m

thiele, had to be prepared by rolling down spark machine cut, O.S cm
thick, slices. The rolling was done on carefully cleaned. hand
operated rollers, and the reduction from 0.5

C~

to the required

thickness was accomplished in about 10 to lS s~ps.

At the final

setting of the rollers a number of passes of the rolled sheets
were given throuah the rollers to get uniform thickness (the
variation of thickness after this being within 10~ of the mean).
Two or three times during the rolling process the surface of the
sheets was cleaned by light etching (in 25%

ncr, 25% flN03 and

50%

water, plus a few drops of Hq or polishing (in NaOH solution) and
the sheets given 5 min. anneals at SOOOC to soften

them,

The foils

were given a ffnal etch or polhh after the rolling and annealed for
30 min. at 600°C. A rough check on the purity of AI.6N after rolling
was made by comparing the resistivity ratio, at 200e and -19Soe, of
rolled AI.6N with that of the AI.5N foil. The rolled AI.6riwas
found to be purer than AI. SN.
The speci~~ns used for quenching were'2 to 3 mm wide and
about 10 on long, cut lengthwise along the direction of rolling.
All the preliminary experiments were performed with polycr,ystalline
f011s. The gra1n sfze in annealed AI.4N and At 5~ was about 1 mm
in d1ameter, while the grain she in AI. 6r1was on the average over
twice as large and elongated in the rolling direction.

The thickness
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of the specimens used for qucnching varied and could be roughly
classified as follows:
(1)

AI. 6N, polycrystal1ine - usually 75 to 100 IJITI thick,

though sheets 150 to 200

and

pm

thick were also used;

(2)

A1

6N, single crystals - between

(3)

AI.

5N - unffonnly rolled 2S

(4)

At 4N • thickness varied between 75 and 100 pm;

(5)

At - 4% Cu and At - 71. ~1g - thickness about 75 um,

pm

150

and 200

lAm

thick foils were

thick.
used;

For an exact analysis of deformation effects, experiments were
conducted on single crystal sheets of At 4N and At 6N. These large
srains were grown by criti cal strain-anneal n:ethod (Carpenter and
Elam 1921, Honeycombe 1959. Holwech and Risnes 1967) in polycrystalline foils, 200 )Jmthick, cut in size ready for quenching.
The polycr,ystalline sheets were pre-annealed for 30 min. at 600°C
and then carefully strained a critical a~~unt.

The surface layer,

which would have had a non-uniform strain distribution, was removed
•

by a light etch and the sheets were then left to anneal for 48 hours
at 630°C. The critical strain required depends on the thickness and
the purity of the specimen, and on the initial grain size. The value
of this strain is in general higher for smaller thickness, greater
purity and larger initial grain size (Holwech and Risnes 1967). The
critical strain

WAS

detenn1ned

and, for a fo11

th. ckness of 200

by

a number of preliminary experiments
lAm,

was found to be 3.51.., for At 4N

and 4.5S for At 6N. (For an Al 6N foil 150 ~m thick this value was
About 5.51.).

The process of grain growth was also found to be very

sensitive to the uniformity of temperature over the whole specimen
during the final anneal.

The best results were obtained using oven

type furnaces where the temperature gradient 1s small.
The success rate in the production of large grained foils, even
under optfAlum conditions, was quite low. Out of the sheets g1ven the
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strain-anneal nearly half in At 4N and a quarter in At 6N had large
grains. The gcod foils used for experiments usually consist~d of
two or three largt!grains in the mi ddle of the specimen, each grain
extending across the total width (. 3 mm) of the foil and varying
from 1 to 3 cm in length. X-ray back-reflection Laut!method (e.g.
Barrett and r~assalski 1966) was used to determine the foil nonnals
and the tensile axes of these large grains. The grains seemed to
have retained some of theirrol1tng

and anneal ing texture, and the

tensile axes tended to be nearer the 001 comer of the [OOlJ [101] [111]
stercographic triangle.

A similar distribution of orientations in

single crystals of high purity aluminium, gro~~ by critical strainanneal method, has bean observed by Stubicar.!.!.!l (1970). The grains
chosen for single-slip experiments were such that they lay at least
Sa away from syw~try

axes and

100

away from the corners.

Some uni-d1 rectional cefonnati on experiments were also carried
out on bulk single crystals of At 4N. These single crystals had a
gauge length of 10 mm and a g8uge diameter of 9.5 mm, end were also
gro~~ by a strain-anneal method.

The value of the critical strain

in this case was as low as 1.5 - 2.0%
2.3.

The Ouenching Technique
Aluminium is an easy material to quench as it does not interact

with the atmosphere.

Though a thin layer of oxide forms on the surface

when aluminium is heated in air. its thickness does not exceed 200

A.

Thus aluminium need not be quenched in vacuum or in an inert atmosphere.
At - 4% Cu and At - 7% Mg present some difficulty in this respect
as the solute atoms are oxidizable.

further, the specimens must first

be solution treated for some time, at a temperature above that of
solute solubility to homogenize them. Both the alloys were solution
treated at 550°C for times varying between 15 min. and lS hours. The
exact composition of these alloys after the solution treatment is

o
C)

-

z
I

U

Z
LLJ
:::>

o
LLJ
I

I-

·t·
o

·t·

o

25.

however doubtful.

Oxidation of At-Cu was indicated by slight blackening

of the surface when held at 550°C for 15 min. in air. Sim1larly

I

48

hour anneal in vacuum led to some tarnishing of the surface of the
specimen.

The situation is much worse in the case of At-rig.

Heating

at 550°C for only 5 min. in air or nitrogen results in appreciable
blacken1ng of the surface, while after 15 min. the entire surface is
covered with a black deposit.

An electron probe analysis was carried

out of a specimen of AI.- 7 wt.
trea~~nt

%

r~gwhich had been given a solution

of 14 hours at 540°C in .tr.

It showed that nearly all the

magnes1um had come to the surface and the magnesium content in the
1nterior had been reduced to 0.5% only.
The process of Quenchtng consists in heating the specimen to a
des1red high temperature and then plunging it suddenly into a liquid
at a much lower temperature.

A brief review of various quenching

Inethods has been given by Coyama (1965.).

In the present series of

experiments a quenching process employing direct resistance heating
of the specimen was used. A s1mple rig was used for this purpose
which enabled the specimens to be heated

by

passing current and also

to be deformed a controlled amount. This rig, illustrated in Figure

2.1,.ton5isted of a 15 inch long tufnol strip. T, which carried two
brass gr1ps, Gl and C2' for hold1n~ the ·specimen. One of these grips,
Cl' was fixed firmly to the strip T. The grip G2 could be moved along
T. between the two stops 51 and S2'
grip moving 1

rmt

by

means of a long screw M, the

for each turn of the screw.

The two grips were

soldered to thick wires which were connected to a 2 volt, 0.5 kVA
step-down transformer.

This transformr

was fed from the mains

through a variac so that the current through the specimen could be
controlled.
heated

by

The specimen, fixed between the two grips. could be

turning up the current.

A typical value of the heating

current was about 15 amps at 1 volt. The spec1mp.n could also be
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defomed

by turning the screw

t'l

and moving the two grips apart.

When perfonnfng a quench, the ends of the specimen were fbed
between the

grips Gl and GZ by tichtening little screws on them.
The quenching jig was held manually above the quenching bath with
b10

the edge of the specimen parallel to, and its w1de face perpendfcular
to, the surface of the quenchant, and as near It as possible.

The

specimen was slowly heated up to the required temperature by passfng
current through it and kept at the final setting for a while to let
the temperatura stabilize.

It was subsequently quenched by plunging

the specimen 1nto the quenching medium, and (a second person) turning
the current off simultaneously.

The specimen was then snipped off

at the two ends and removed, or left, for the ageing treatment.

In

many cases a two-step Quenching procedure was adopted, f.e. the
specimen was quenched down to a medfum at low temperature through a
fast quenchant at a higher temperature.

The two qtenching media, at

the appropriate temperatures, were kept side by side tn insulated baths.
The specimen was first quenched fnto the fast medium and then immediately
aftenlards into the second medium at low temperature.

The transfer

between the two baths took less than half a second.
The quenching jig was des1~ned for use inside a glove box, with
the electrical connection via a lead-through.

By using a closed

enclosure specin~ns could be quenched in different atmospheres, and the
draughts due to spectmen heating minimized.

The atmospheres used, apart

from air, were dry nitrogen. (white spot) hydrogen and (white spot)
fonning gas (20~ hydrogen, 80% nitrogen).

A continuous

now

of the gas.

at a pressure • 2 in. of water above atmospheric, was maintained throughout the quench.

Consider5ble care was taken when hydrogen or forming

gas was used, as at high temperature hydrogen combines with air with
an explosive reaction.

The outlet of the gas flow from the glove box

was through a one-way valve which allowed no entry of air. After
mounting the specfmen on the quenching jig. and placing the various
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quenching paraphernalia inside the glove box. t~eport holes were closed
and the glove box f1 ushed wi ttlhydrogen or fanning gas for hal f an hour.
After this operation, and before heating the spec1ll'enfor the quench,
a remotely controlled test filament, fhed inside the glove box, was
heated momentarily to check if the atmosphere inside was safe.
Accurllte measurel:1entof the quench temperature was not

raqut

red

for the purpose of the experiments described, as no quantitative
deductions based on this tenperature are made.

The temperature

distribution is not uniform all along the length of the specimen
anyway. the temperature being highest in the centra and gradually
falling off near the ends due to therffialconduction by the grips and
the leads.

Nevertheless, a nllllberof methods were surveyed to see

if a simple and quick determination of exact temperature was possible.
Optical pyror.~ters are unsuitable for temperature measurew~nt below
7000C and for small samples~

Ueasurement of temperature by means of

a thermocouple fixed onto the specimen was not very successful.

Spot-

welding of the fine thennocouple junction to the specimen led to a
cooling of the surrounding area so that the thermocouple dfd not read
the actual temperature of the specimen.

Improvement could be made by

carefully trimming the specimen to compensate for the heat conduction
of the thermocouple.

This, however, raised difficulties during the

deliberate deformation of the specimen, as, due to t~evariation in
width, it made the strain non-uniform along the length of the specimen.
There were also instances of the speciw~n taarfng at the welding point
during deformation.

The change in the resistivity of the hot zone can

also be used for the measurement of temperature.

Both these methods,

if used, make each quenching operation quite complicated. with evcr.y
specimen b3ing specially cut and tr11rmed and the thennocoupla junction
or the potential leads spotwelded on.
Visual judgement, in darkened surroundings. of the glow from the
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heated specimen was finally adopted for the estimation of the quench
tamperature.

The two temperatures where a determination by this IOOthod

is accurate are S20oe, where the specimen just becomes visible, and

660°C, where a molten zone appears.

With some practice it is possible

to judge the temperatures in the in-between range to within

i

lSoC.

A refinement of this technique was attempted by comparing the glow
from the heated specimen with that from a properly trinlr.1edreference
dummy, fixed with a thermocouple and kept at the required temperature.
The improvement, however. was not significant as the comparison was
made difficult by the narrow width of the specimen and the non-uniformity
of the temperature along ft.
The quenching temperatures investigated tn pure aluminium ranged
between 500°C and 650°C.

As the temperature during heating of the

specimen is non-uniform along the length. only samples taken from the
centre of the hot zone were examined in the electron microscope.

The

specimens of AI. - 4~ Cu and Al - 7~ t1g were all quenched from 550°C
after being given a 5 to 15 min. solution treatment at this temperature.
In some of the cases a second method of quenching, with the specimen
heated in a furnac~. was also used.

The specimen was fixed in a rect-

angular tungsten wire frame. approximately 6 em x 1 cm. which was then
suspended by means of a fine wire in the hot zone of a vertical tube

furnace.

A vertical Quartz tube led to a beaker. containinl the appropriate

quenching medium (usually brine solution). which was placed just below the
furnace with the liquid surface about 8 inches below the specimen.

After

the temperature of the specimen had equilibrated with that of the furnace.
which had been pre-set to the desired quenching temperature. the wire
holding the specimen was cut. letting the spectmen fall into the quenching
fluid.

This method of quenching is however known to give a slower quench

(Cotterill and Segall 1963) than that cescribed previously, though it has
the advantage that the d1stribution of (quench) temperature over the
specimen is uniform.

The quenching temperature is again not accurately
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kno'NTlas the specilOOn cools down before hi ttfng the surface of the
quenchant.
2.4.

guenching Hedfa and the Ageing Pr(')cess
Quenching consists of frnmers1n~ the hot specimen in a liquid to

lower its temperature rapidly.

The choice of the quenching medium is

determined by the temperature down to which the specin~n is to be
quenched and by the quenching speed required.

The fonoor depends, of

course, on the freezing point of the liquid and the latter on its heat
transfer properties.
The quenching cycle consists of three stages.

During the 'vapour-

blanket' phase, associated with high quench temperature or a volatile
quenching medium. an envelope of quenchant vapour, generated by the
heated specimen as it is immersed. slows the heat transfer to the
surrounding medium.

As the specilOOn temperature drops below a

'characteristic temperature', the barrier collapses and rapfdly boiling
liquid contacts the metal.

The quench rate is highest in this 'vapour-

transport' $ta~e and the heat is removed by the vaporization of the
quenchant.

The last phase begins when the temperature of the specimen

drops below the boiling point of trye quenching medium.

During this

'liquid-cooling' stage the quenchant constantly contacts the specimen
surface and the cooling is by conduction and convection.

The quenching

stops when the specin~n reaches the temperature of the bath.
The quenching media used, and the attafnable quench rates for thin
foil alumfnium specimens, quenched from 600°C, are ~iven in Table 2.1.
The values of the quenching rates given are for the initial part of
the fast linear cooling regfon in the vapour-transport phase. The
quenching rate given for silicone ofl is actually for a quench from
SOOoC (Lorimer 1967). and ~,at for a quench from 600°C would be slightly
higher.

The quench rate for dimethyl-sulphoxide water mixture was not

measured, but the denstty of the quenched-tn defects showed tt to be of
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Tahle 2.1.

quenchinQ Rates in various ~1edia

(For thin foil aluminium specimens quenched from 600°C)

Quenching "ied1 urn

Temperature of
the quenching

Iced brine
Water
Eutectic mixture of
CaC12 and water
~lcthyl a1coho 1
Si11 cone ofl

bath (oC)

Quenching
oRate -1
C sec

Reference

--Doyama and Koehler

K1r1tan1 et .1 (1969)

-30

50,000

20

30,000

-40

14,000

-90

9,eOO

Kiritanl et al (1969)

20

1,500

lorlmer (1967)1

D1w4thyl-su1phoxide
water mixture (2:1)

-70

Liqui d ni trogen

-195

-

Kiritani et &1 (1966b)

-- see text

see text

750

--

Kirltanl et 11 (1969)

the same order as that of silicone 011. Saturated brine 15 known to
be the fastest quenching medium for aluminium for a quench from 6000e
or above.

Lorimer (1967) has found that brine is slower than water if

the spec1mens Ire quenched from soooe. Th1s is attributed to the fact
that for such Quenches there is no vapour-blanket stage for efther

\-/ater

or brine and the linear coo11ng rate, during the vapour-transport phase.
is slower in brine due to higher viscosity.

In quenches from GOOoC or

above. the vapour-blanket stage occurs at a higher temperature in the
brine solution than 1n water and hence the duration of time the speciF.~n
spends in this slow coolfng phase 1$ reduced in brine quenches.

The

extended vapour-blanket stage is also responsible for the low quenching
speed of lfquid nitrogen.

(1964)

The 'characteristic temperature' in liquid

nitrogen has been found to be -150°C (Lorimer 1967) and thus almost
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the entire quenching cycle consists of slow cooling.
In the present set of experiments specimens were quenched down to
te~peratures between -gOOe and +900e usfng appropriate quenching fluids.
In many cases fast two-step quenches were made to -19Soe 1n liquid
nitrogen.

In these quenches the two quenchants were brine at

oOe

and

liquid nitrogen, with the specimen befng quenched first into brine and
immediately afterwards into liquid nitrogen.
The procedure adopted for ageing the specimens was a stmple one.
In general the specimen was allowed to warm up, or cool d~~, from the
t!mperature of the quenching bath to room temperature at a slow and
gradual rate. As the exact determination of, say, the nucleation
temperature of the defects was not envisaged constant temperature agetng

,

was thouaht to be unnecessary.

Certain difficulties of interpretation

may also arise if a constant temperature ageing process is used, which
it would not be possible to clear up in a limited nur.ber of experiments.
"'oreover, prel1minary experiments showed that the nucleation of the
defects that are the subject of thh thesis was not very senst tive to
the age1ng treatment.

These points are dfscussed further in the

followin~ chapter.
In case of the quenches made to temperatures between -900e and
+9Qoe the agefng ft~thod was particularly simple:

the specimen was left

in the thermally insulated quenching bath which was allowed to slowly
come up, or down, to room temperature.

For the specimens given a fast

two-step quench into liquid n1trogen an improved form of ageing bath
was used which was essentially meant to be a constant (low) temperature
bath.

It cons1sted of two dewars of d1fferent diameters.

The smaller

dewar, wh1ch contained the ageing fluid - iso-pentane in most cases was fixed inside the bigger one. The space between the walls of the
inner dewar was unevacuated but could be evacuated by means of a rotary
pump. To get the ageing fluid down to the required temperature liquid
nitrogen was poured 1nto the outer dewar, and when the desired temperature

+90

80
Brin~

ageting

bath

60

40

..."

20

'-

::J

2

0
4

0
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8
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Timet

X.
I-

3
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was reached the inner dewar was effectively insulated by evacuating the
space between its walls.

If need be the ageing bath could be raised to

a higher temperature by means of a heating filament iwmersed in the
ageing flufd.
The specimens which were fast quenched to liquid nitrogen were
up-quenched to the iso-pentane bat~ at various temperatures between
-goOe and -40°C or to brine at OOC, and left to warm up ve~ slowly
to room temperature.

The time taken during the transfer of the

specimen from the quenching bath to the ageing bath was less than
1 sec.

It is assumed that due to the low temperature of the specimen

no significant ateing took place during thfs short interval of time.
The temperature-time curves for the two different gradual ageing up
or dO'o'mprocesses are shown tn F1gure 2.2.

The upper curve corresponds

to ageing down from +900C to room temperature in the brine quenching
bath. The Iover curve is for gradual ageing up from -gOOe to room
temperature in the fso-pentane ageing bath.
2.5.

Oeformation Treatment
The quenched specimens were subjected to a planned. carefully

controlled, defonnaUon

treatment.

Three types of experiments were

conducted (a) quenching the specimen without deliberate deformation;
(b) deforming the specimen after the quench; and (c) deforming the
specimen during the quench.
Some deformation of the specimen due to the quenching process
itself is unavoidable and these effects have been discussed by
Jackson (1965) and Takamura (1965). This deformation is mainly due
to two factors, the thermal strain due to differential contraction of
the surface and the fnterior of the specimen during the quench (which
for thin sheet specimens is expected to be smal l}, and the acctdental
strain when the specimen hits the surface of the quenchant.

During the
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two step quenches into liquid nitrogen through brine in the present
experiments, s~~e deformation could also be associated with the freezing
of a layer of brine onto the surface of the specimen.

Nevertheless.

some experiments were done where attempt was made to minimize all possible
deformation during quenching.

This was done by fixing the $peci~en loosely

in betv/een the grips of the quenching j1g so that no tensl1e defonnation due
to lengthwise contraction of the specimen may occur during the low temperature
quenches.

Moreover, extreme care was taken during the quenching operation

that the specimens went exactly edge-on into the quenching medium, and in
the handl1ng of the Sp~cilflenbefore and after ageing.
In the experiments on defamation

after quenching, the specimen was

strained ln~ediltely after the quench into the final bath, and hence at
the temperature of thfs bath.

Varfous temperatures of deformatfon were

studied by quenching the specir.~ns d~m to different temperatures and
deforming them there. The specimen was fixed taut between the two grips
before quenching, and was pulled immediately after the quench by turning
the screw t1. Depending upon the amOl.lltof deformation the strafning process
took 1 to 5 sec. The approximate value of strafn was controlled by giving
the screw

t1

an appropriate number of turns. whi ch could be easily calculated

from the length of the specimen and the pitch of ~ie screw.
It is possible to deform the specimen only an approximate amount in
the way described above. An accurate measurement of strain was carried out
each timQ by measuring the distance between fiducia~

marks on the specimen.

Faint marks, at 5 mm intervals. were made on the annealed specimen prior
to the quench.

The distance between the mans was read before the quench

and the specimen ffxed carefully on the quenching jig to avoid any accidental
deformation.

The distance between the fiduciar,y marks was read again after

the completion of quenching and ageing, and the strain calculated.

The

accurate measure of the strain obtained thts way was usually found to be
within

t

ZOS of the approximate value calculated from the fracttons of the
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measurellEnt of strain was generally found to be

screw turns ~The

rea~onably uniform within each gra1n 1n case of large grained foils.
and uniform overall for fine grained polycrystallfne
measure of strain could only be obtained above

I

foils. A useful

value.

0.5% as the

range bel~~ this was dominated mostly by uncontrolled deformation.
Evidence of accfdental deformation was also observed in some cases
when the measured value of·strain was found to be non-uniform, and
abnonnat 11 high in places.

Thh was confi nned by the observation of

high dislocation density fn these reg10ns 1n the electron microscope.
Experiments were also carried out in which the specimen was
deliberately defonned during the

This was achieved by removing

quench,

all the slack in the specimen, produced due to thennal expansion. when
at the quenching temperature by turning the screw M to move the two
grips Gl" and Cz apart •. Contraction in length during the Quench to a
lower temperature caused the tensile defonnation of the specimen.
expansion of 81 umfnitlll

Froni the value of the coefficient of themal

it can easily be calculated that a quench from 6500e to
result in a strain

$

oOe

would

21. This was 'verified 1n actual experiments by

the l1l!asurementof strain from fiduciary marks as outlined above.
In the series of experiments described in this dissertation the .
tensile strain investigated wu 1n the range a,to as.for.the specimens
deformed after the quench, whl1ett
during the quench.
and

-rsssc,

was 1.5 to 2% in case of deformation

Various temperatures of deformation, between OOC

were examined in thefonner

case. while for the latter the

deformation was continuous over the ent1re range of cooling during the
quench.
-

2.6.

.

Electron mcroscopy
,

Transmission electron microscopy was used extensively for the
."

-

~

,-

7.
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.

• - .,'

direct observation of clustered vacancy defects and the dislocation
•

,c;

~

'>;

....

~!

structure.

'II

\

~

,

As th1n fo11s only a few thousand Angstroms thick

Ire
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transparent to the electrons in conventional microscopes, and as the
usual th1ckn~ss of the specimens is much greater than this, specialized
techniques have to be used to suitably thin down the specimens.

Some

of these techniques have been reviewt'd by Tegart (1959) and Hirsch!!.!l
(1965b). The thinning or the polishing techn1ques, and the polishing
solutions, used in the present work are given in Table 2.2 and are
d1scussed below in detail.
~ Thin sheet alum1n1ll11specimens were polished in the perchlcrf c.~
i

ethanol solution siven in the table. The beaker containing the
,

polhhing

solut1on was surrcinded

by

a jacket of ice to keep the

te~perature near zero. This temperature gives a good poltsh and the
solution, which is kn~~

to be explosive, 1$ also safe to use. During
polf$hi~g the temperature was never allowed to exceed 30oe. The cathode
used was an aluminium sheet and the specimen, held by a pair of tweezers

at ~~e end which was cooler during quenching, formed the anode.

The

varfable voltage was supplied by a 30 volt, 6 amp, D.C. source. 'The
'.

specimen

WIS

polished
., ...

by

immersing about a cm length tn the electrolyte

and using a value of voltage inside the polishing plateau.
d

Oepending on

•

tho thickness of the specimen,it

took 10 sec. to 10 min. to thin down.

The thinning occurs round the edges

of

thespecfmen and 1t was visually

judged from the appearance ff it had adequately polished. The specimen
was then taken out of the polishing bath, washed

by squirting

methanol

over ft, and dried tn a stream of warm iir.
It was obser._ed that larger thin areas resulted

nesses of the infti81 specimens.

for smaller thick-

It is also known that the polish is

~~re uniform if the specimen is kept moving during the polishing operatton.
Furthermore, the sample polishes better if the voltage used fs at the
higher end of the polishing plateau.

However, oneihas to be

a little

careful, for if this voltage is exceeded, resulting in a sharp increase
1n the polishing current, a thfn fflm (probably an oxide) tends to form

-
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of the sample which is difficult

on the surface
thin

fo11s are also obtained

specimen

to polish

if the time interval

out of the electrolyte

and washing

off.

between

Cleaner

taking

it is kept as short

the
as

possible.
The polished

paper and a part of the thinned

tissue

cs sharp razor.

cut off using
ffne

sample was sandwiched

vacuum n/eezers,

the electron

be stored,

almost

~5:)

lim

thick.

is suitable

was used.

cut from the specimen usinJ
then cut out from this

Slip
a spark

polishing

P.T.F.E. holder
in Tab le Z.2.

optical
polishing

s l tcer-,

a source

The discs

of l1rht

to be judoad.

th~n squirted with methanol.
polishing

behind
holder,

Polishing

a different

were

discs were

Tho surface

\-:ere then rut

\</AS

given

kept at OOC and
The use of an

the bca~~r containing
enabled

acid and boiling

of

in a

in the solution

the

r:loment

the exact

was s topped

Good polish

than

to • 0.7 r....'11 by

with a micro-s\-litch.

and the P.T.F.E.

during

reduced

of the electrolyte

controlled

less

3 mm diancter

polished

spectaen washed in hot phosphoric

~Jas encountered

could also

s lf ces , 1 mm thick,

thickness

The temperature

was finely

of perforation

of aluminium

plane

and electrolytically

solution

foils

only for samples

in NaOH solution.

bench, with

and then into

sl fce using the spark mac'rine ,

the discs ~as cleaned and tt,eir

the current

The thin

In case of bulk specimens

method of polishing

chemical

holder.

off with

under vacuui,

indefinitely,

The ~dndO\'1technique

wes then lifted

foil

two leO mesh gries,

specimen

paper and a

edge, about a mm square, was

The thin

put between

microscope

between a filter

1l!lfl~d1ately and the
disti1le-d

resulted.

water and

though s~n~ difficulty

due to the fonnlltion

of bubbles

on the

surface of tbe specimen.
A polishing

(nettlod 511~ii1ar to that

used for At - 4% Cu.

The electrolyte

beaker above a dewar of liquid

for thin

sheet aluminium was

was kept cool by arranging

nitrogen.

After the polish

the

tile spectnen

33.

in bol1 fng water,

was washed

rinsed

in col d ethanol

and cried by

blowing cold air over ft.
Chemical polishing,

with the solution

was found to be the most effective
A3

IlJIll X

given in the table,

method of thinning

At - ~lg.

3 mmpiece of the spectren was cut and dropped in the

hot polfshing

solution.

specimen polished

Vigorous reaction

and reduced in she

took place and the

in 5 to 10 min.

A rounding

off at all the corners of the sample was the siGn that it had
adequately

polished.

It was picked out by dipping a 2 mmbore

91ass tube over 1t and dropped into a watch gl ass containing
alcohol.

The spec lnen was then floated

microscope grid for examination.

directly

methyl

onto an electron

This polishing

method £1ves very

good resul ts for At, - t~g though it was not found to be very
satisfactory

for aluminium.

One has also to be a little

at the and of the polishing

reaction

hiSh and the specifi~n can totally
The appropriately
JEN7.

200 kV respectively.

not in wide use.

JE;1200 is an extended

details.

and It unstabilized

stages

voltages

It a higher voltage

v is the velocfty
microscope
microscope.

1$

of 100 kV and 150 kV,

microscopy has been reviewed by Cosslett

(1967) and !'lakin and Sharp (1968).

approximation,

voltage of 200 kY

of 125 kV, 175 kV and 220 kV.

High voltage electron

first

microscope is

version of J£i.i7 in its

Apart from the standard

at stabilized

at DO kV and

microscope is now a

though the 200 kV electron

it can also operate

operotion

if one is not quick.

microscopes operating

The 100 kV electron

instrument

constructional

disappear

rate is very

thinned spectmens were examlned in the

or the JE11200 electron

conventional

as the polishing

careful

The main advantage offered

is the greater

tha transm1ssion

of the electrons.

transmission.

increases

directly

The transmission

To a
as v2• where

Thus the transmission

expected to be 1.6 times as ht gh as t.'lat tn
in practice

by the

in a 200 kV
I

100 kV

is however found to be even

hi gher.

Perfectly

~ood micro jrephs have been obtained

microscope for aluminium foils

of thickness

Another consequence of the increased
quality

of the imaaes.

spherical

aberrations

the extinction

as high as 1.3 ~m.

voltage

is an improvement in the

This is due to the reduction
resulting

distance.

in the 20a kV

from an increase

in the volta~e.

which goes up directly

Also.

with v. is 1.27 times

greater

at 200 kV than at 100 kV.

thinner

at the hi !)her vol tage and hence the centres t from the defects

is better

(Humble 1969).

The foils

in chromatic and

J\nother point in favour of the 200 kV micro-

scope is the apprecia!.>ly reduced contamination
rate goes dovn sharply w1t!'} an increase
The 200 kV electron
examining the radiation
electrons.

Detatls

relevant

of the specimen {contamination

in the vol ta0e).

microscope was also used for producing and
dama~]C in alUliifnium due to the hiah ener~y

ef these experiments

ere ha~ever discuss!d

in the

chapter.

During the observation
contamination

the bright

field

to beam heating
conductivity

of specimens 1n the

device.

images.

The rise

is difficul

the temperature

All the spectncns

{the leakage current

200

t to estimate.

using

of the specimen due

but because of 1ts good thermal

of the specfmcn is not expected
Quite 10',4/ beam currents.

read on the panel.

the actual

electron

to be very
c

50 ...amp

beam current

~m. were used during examination.
microscopes

for t1lting

the specimen.

be rotated

to any position
0

the

two orders of magni tude 1ower}, wi th a condenser aperture

The two electron

up to i 30

microscopes

~Jere examined

in the tempe rature

much higher than room temperature.

being nearly

t'.40

rate was kept to a minimum by the use of a l tcuf d n1tro~en

cooled enttccntantnet.ton

size of

are thus effecti~~ly

are fitted

The tiltfn~
around

with a soni~neter

stage

Dxfs of the specimen holder can

36,)0 and the

holder can then be tilted

about this axis; . This large tilt enabled the spectmen to be

observed in a large number of different

orientations

and reflections.
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With a suitable foil normal it was pcss1ble to usa nearly all the
orientatfons within two adjacent stereographic triangles.
example, with

I

For

foil normal near [lTzJ all the orientations within

the two triangles defined by [001] [111} [lOlJ and [OOlJ [111} [011] are

within reach.
In the JE;~7 the micrographs were usually taken at a magnification
of x22,OOO. which corresponds to its selected area diffraction setting.
In the JEM200 sorra of the micrographs were taken at its S.A.D. settinq,
t.e. at a magnification of x15,OOO. and some at x2Z.000 for dfrect
comparison with the micrographs taken on JE~~7. The average thickness
of the lreas examined was about 3,000 A in the 100 kV microscope and
5,000

X

in the 200 kV. though foils were found to be still transparent

for thicknesses of 7,000 ~ in the former and over 1 ~m in the latter.
The measuren~nt of thickness of the foils examined was also m3de
in some cases.

Rough estimation of thickness was sometimes obtained

in terms of the extinction distance by simply counting the number of
fringes from the edge under w • 0 condi tions. A more accurate measure
of thickness was obta1ned by using stereo-microscopy
A stereo-pair of the san~ arca

WIS

taken with

I

(Nanldvel1 1962).

tilt le (of the order

of 5 to 10°) between them. These were then examined in a Hflger and
Watts stereoscope designed for thickness t~asurement.
p

between the two surfaces was removed

by

adjusting

light to coincide with objects on the two surfaces.
WIS

I

The parallax
floating point of
The value of p

then directly reid off a micrometer, and, knowfng the magnffication

M, the thickness t was calculated as

I

t • p/2!>1 sin G
This is a simple method to use and can also be employed to find the

depth of

I

particular defect in the foil.

Another method for f1ndfng the foil thickness used the projected
length of an extended defect 1ntersect1n~ both the top and bottom

41.

surfaces.

This bCCOJ:1cSvery simple in the case when the extended defect

is straight

and lies

or a rew of loops.

along a knQl.m direction.

such as a dislocation

~lhen such a defect was not conveniently

~~thod was used by finding

the projected

The thickness

length p of the defect,

t can then be calculated
in a particular
t

where e lind

+

•

available.

length, and the orientation,

the line jOining the points where a dislocation
surfaces.

helix

intersected

the two

from the projected

beam direction.

by :

p cosec • cos e

are the angles which the direction

along which the defect

lies makes with t~e foil normal and the beam direction respectively.

this
of
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C HAP

TE R

THREE

THE DECORATION OF SlJarnCROSCOPIC

3.1.

DEFECTS

Introduction
Quenched al~in1um

transhiission

has been extensively

electron microscopy

investigated

a1d three d1fferent

using

types of vacancy

clustered defects have been recognized - prismatic dislocation

1962) and voids

(Hirsch.!!.!.!. 1958). faulted loops (Yoshida!.!!l
(Kiritani and Yoshida 1963).
quenched from temperatures
or thereabouts.

These defects were observed in spec1n~ns

between 550°C and 650°C to room tClT'perature

Such specimens when deformed at the temperature

. quenching bath show an increase

!!!..!l

in the density

on the electron

precf se ly these

conditions

temperature.

in aluminium,

ranging down to -19SoC and subsequent
now ~ofng to be described.

conditions,

deformation

treatment

of aluminium

very
much below
,

The investigation

of

i.e. fast quenches to temperatures

defonnation

The observation

at these temperatures.

of this chapter,

!mount after the

while the effect of the

on these defects is discussed

in detail in the

following chapter.
The two fnterestin9
conditions

described

confi~urations

observations

of defects observed under the

above are rows of dislocation

narrow faulted dipoles with their

loops along <110> and

axis along the same direction.

Previous

of these defects in other metals have been described in

deta11 in Chapter 1 and will not be repeated

is

of defects for various quenching

in specimens defonl1ed a fixed. appropriate.

quench. forms the subject

or character.

Il':icroscopeobservations

quenched. ",1th a high quenchin'] rate. to temperatures
20°C, and then deformed at this

of the

of the defects (Kfrftani

1966a) but no change in the defect distribution

There are no reports

loops

here.

It will be shawn in

43.
this

chapter

that these two defects

cue to the decoration,
defects

are made obscrveb le in al um1n1urn

by quenched-in

vacancies.

of submicroscopic

produced during deformation.
The difficulty

appropriate

in investigating,

conditions

of decoration

is independent

of these conditions

only one of these conditions
experiillents.

and in describing,
arises

from the fact that none

of the other.

The dc termtnat.lon

In the follO'.'Iing, the effect

of these conditions

one by one. and \>-'hile the defect character

described

for the variation

variation

of the particular

The general

of rows of loops and faulted

being investigated.

found most effective
dipoles,

to subsequently

and referred

A quench from air from a temperature
6500e into brine at

(11)

for th~ observation

as

tre atment , was :

the 'stnndard'

(1)

and dens Hy is

optimum value and remain the same for lIny
paremeter

procedure

is

it is assumed that all

of each condition,

are set to their

of

unamb1~uously meant doing a set of

described

the others

the

Tensile

oDe

of between 500 and

and then into liquid

deforrtliltion of the specimen at this

nitrogen;
temperature

(.19SoC)& and then
An up-quench into iso-pentane

(i11)

bath at -90°C and a gradual

Ageing-up to room temperature.

As the details

of the deformation

the next chapter,

treatment

it should be assumed, unless otherwise

in each case the specimen was given a tensile
temperature

of the quenching bath.

we~ established

are not discussed until

by max1m1z1n~ the

strain

are less sensitive
of this chapter

dipoles,

for decoration

density of the rows of loops along ella>.

as they are longer.

observable

in comparison

are in a higher density,

to the amount of de fcrmat ton ,
are described

that

of 4% at the

The optimun conditions

This is because the ro~'1Sof loops are more readily
with the faulted

mentioned,

and

Even thOU:J~l some sections

ent1 rely in terms of the rows of loops.

44.

the statements made are nonetheless

c11G> dipoles

(i.e.

The exact

dipoles

that

in Section

these

defects,

i.e.

faulted

3.2 •• while

treatment.

may be used to detennine
of loops is discussed

are indeed

Section

alumin111:1 quoted in Chapter

treatments.

The density

the expected

behaviour,

increasing

by other

purity.

workers

and shows that

nucleati

in the impure material
of vacancies

their

The three

different

nu~ber decreas1n~

This effect

purities

1963. Segall

on of Ioops ,

This non-uniformity of density

quenching

loops showed

and the sfze
with that

and Clarebrough

increasfng
obs~rved
19G4. S1e~el

1969) in aluminium and gold.
present

are active

for the

sites

~Jhil e the number of loops increases

due to the increased

nurrber of nuclei,

and hence the size

purity.

of

but identical,

fs consistent

1966b. Kiritan1!!!!

(Embury!!.!!

of

are observed

~nd size of the random dislocation

going to each loop,

as well

of previously

dipoles

2 were given varying,

uni form wi th increasing

authors

of the rows

phenomenon mi ght be expected.

The distribution of the random loops also
less

The fornatton

shows that the conditions

3.6.

the type of impurities

heterogeneous

gi ven the

Conditions

(Yoshfda!!.!!

1966; Davfs and Hirth

it is shown

the nature of the

3.5. in the context

in Section

Specimen rurity.

3.2.1.

with

3.4. analyses

the dipole widths.

of ~uenchinJ

are

the way in which computed ima0es

those where a decoration

The Effect

dipoles.

spe ctncns

where the rows of loops and the faulted

quenching

3.2.

examines

mechanisms while

reported

and faulted

these

of the loops in the rows and of the

vector

and also

and the effect

in unquenched

Section

the 3urgers

dipoles,

investilJated,

in the fol10',,,1ng. section
.

are not observed

defects

same defonnat1on

conditions

of the rows of loops

have on the density
described

along <11J> directions).

lying

quenching

app'l t ceb le to the faulted

equally

of the loop,

changed with purity,

This fact

1962, Kfritan1
in high purity

the number
decreases.

becoming

has been noted by previous

1964. r~esh1i

aluminium,

!.!.!! 1966).

where loops

v.

(I)

()

•

: [ 1],

Fll
k •
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tended to exist in forn of colonies, was particularly marr.ad in cas~
of deformed

spectocns ,

The density of the rows of loops, en compared to that of random
The number of rows

loops, s;1owed an opposite purity dependence.
increased sharply with increasing purity.
decreased

by a

factor of about

50

~hile the density of loops

in 90in9 from

through 1\1

AJ. 4N

511

to

AI. 6N the Ifleandensity of rows increased approximately as 1 :50:500.

Thus the fraction of loops occurring in ~~s increased by more than four
orders of magnitude as the purity was 1ncre~sed from 99.99% to 99.9999%.
Though a very detailed examination of the lower purities was not made. the
faulted dipoles were observed only in At 6;.. Table 3.1. 9ives the size
of the observed loops. and the fIleandensities of random loops. and rows

of loops. for different purities. while Figures 3.1(a) and (b) show
rows of loops in At 4N and AI. 6N, respect i ye ly. quenched from 550°C and

given the standard treatment.

Both the micrographs illustrate areas of

maximum row density and figure 3.1(b) also shows narrow faulted dipoles
at F. The loop density is not representative in case of Figure 3.1(a).
as rows of loops in

AI. 4N

well below the average.

are observed only in areas

with

loop density

Similar observation, i.e. the occurrence of

rows of loops in areas of low defect density.

was made

in silver by

--

Smallman et .1 (1959-60).
3.2.2.

The nnge of quenching temperatures

Quenching temperature.

investigated was from

soooe

to the melting point (660°C).

Increase in

the quenching temperature resulted in an increase in the density of the
random loops. The density of the rows of loops on the other hand declined
very markedly with increasing temperature.

The optimum quenching temperature

for a high density of rows of loops depends very sensitively on other
quenching conditions.

For a fast quench to liquid nitrogen fn an air

atmosphere. and a defoJ1l1ationof about 4%, maximum density of the rows
was observed for a quench from 550°C.

Figures 3.2(a) and 3.2(b) show

· : [0 1;

:

0 1

kV.

()

()

•

I

•

)

1)

()
:

1

•
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representative areas of At 6:~specimens quenched from 63QoC and 550°C
respectively and given the standard treatment described earlier.

The

loops in the specimen quenched from the lo~"cr temperature are larger
in she, 10\Jer in density, and have a tendency to be al1!Jn~d in rows.
The mean densities of the random loops and the rows of loops in AI. 6ii
quenched from cifferent temperatures are given in Table 3.1. As will
be shown in the following sub-section. the optimum value of the
quenching tem~erature was higher when the quenching atmosphere was
hydrogen.
It was found that the density of the rows of loops was high
only in a narrow range of temperature.

while a high density of loops

was observed in standard quenches from temperatures above 600°C, very
few of these were aligned in rows. For temperatures below 550°C the
number of loops went down sharply 4nd these occurred in small scattered
colonies, but few in rows. At the appropriate quenching temperature,
where a high density of rows of loops was observed, a large fraction of
the loops, sometimes as much as a half, occurred in the form of rows.
Such an area, from a specimen quenched from 550°C and given the standard
quenching and deformation treatment is shmvn 1n Figure 3.3. The figure
also shows a'number of faulted dipoles,
3.2.3.

Quenching atmosFhere.

along [Tal], at f.
Four d1fferent atmospheres were

used during quenching - hydrogen, forming gas, nitrogen, and air. There
was no appreciable difference 1n the observed

defect

characterts t!cs for

specimens quenched 1n hydrogen or formin~ giS, and similarly for those
quenched in nitrogen or air. The presence of hydrogen during quenches
from high temperatures markedly increases the row density.

Specirr~ns

were quenched both in hydrogen and 1n air atmospheres from temperatures
above 600°C to liquid nitrogen through cold brine. While the specimens
quenched from air contained only a few or no rows of loops, the specimens
quenched in hydrogen consistently gave an appreciable density of the
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rows. Figure 3.4. shows the rows of loops tn an At 6N specimen fast
quenched from 630°C to liquid nitrogen in a fonning gas atmosphere,
deformed 4% at -19Soe, and given the standard agetng treatment. A
specimen quenched similarly from 6300e, but in afr, contains virtually
no rows,

IS CBn

be seen from Figure 3.2(a).

However, for

I

quench from

550°C in hydrogen the denstty of the random loops, and that of the rows,
is much lower. The latter result 15 in contrast to that for an air
quench from the same temperature.

The observed effect of hydrogen

atmosphere on the loop and the

densities 1s given in Table 3.1.

~I

~uench1ng speed. The different quenching media userl,
and their quenching speeds, have been given in Table 2.1. For a Quench
from 6000e, brine at oOe gives the fa$test quench rate of • 5 x 104oC
5ec-1, while a direct quench into liquid nitrogen, with a quench rate
of. 750°C sec-l, is the slowest. The quenching speed al$o changes when
a specimen is quenched to the sa~ medium, but from a different temperature
or to a different temperature.

The effect of quenching speed on the

dfslocat1on loops was predictable, i.e. thefr size increased and the density
decreased for slower quenches.

This could be partly due to the loss of

vacancies durfng qu&nching and partly duo to an increate in th~ density

-the quenching

of voids which nucleate earlier than the loops (Kir1tani et .1 1966b).
The formation of the rows of loops was not affected
speed in any direct way. The effect of using

I

quenching medium was similar to that obtained

by

quench temperature.

by

more or less efficient
raising or lowering the

That ts, a quench in a slower rnedium was analogous

to a quench from a lO\ttertemperature.

Thh would of course be true if

no nucleation occurs during the quenching process.

AI 6~ specimens

fast quenched from 550°C into liquid nitrogen through brine have be~n
illustrated in Figures 3.1{b). 3.2(b) and 3.3. Figure 3.5 shows a
high ~

dens1ty area f~n an At 6N specimen Quenched from 550°C to

methanol at _900C and given the usual deformation and ageing treatn~nt.
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Corn;:>arisonwith previous

ff!jures

is not strai9htfor.'iard

spcc1F.~n was deformed at a comparativaly
3.2.5.
be~een

7S

difference

Two likely

strain,

of loops.
reasons

quenching treatment.

for any effect

The (artier

is expected

are t~e change in the

to be very small in any case for
it has been shown (Lorimer

1967) that the quenching rate is effectively

the same for all specfw~ns

below 20Q ~m.

3.2.6.

AQp.ing temperature.

the ageing temperature
used, described

in detail

temperature

A sys tematf c investigation

was found to be difficult.
in Chapter 2, consisted

up the specimen to the room temperature

The

quenching bath.

of ~radually

the

interval

t s an uncertainty

when the temperature

of the

temperature,
to separate

and. to

I

Ta are investigated.

and, what fs more important,

of

the

spccim(!i1

is changed
If different

by quenching each time

to ~~is

dcfcrffiing at Ta' it is difficult

the effects
lesser

due to ageing at Ta, ccforraatfcn at this temperature,
degree, the chango tn vacancy supersaturatf on. Further-

more, if the ageing is incomplete
is 1Uely

be

as to ~...hat happens

from that of the quenching bath to that of the ageing bath.
ageing temperatures

waming

from that of the quenching bath.

ageing was not used as 1t would strictly

Otheno/ise there

of

aseing procedure

unamb1 guous only if the specimen was aged at the temperature

during

No

or of rows, was observed for various

this thin speCimens, while for the latter

Constant

varying

and in the quenching rate for specimens of different

thi cknesses ,

of thickn~ss

(-30°C).

Speci~~ns of thicknesses

and 200 um were given similar

in the density

thicknesses.
themal

higher temperatur~

Specimen tlli ckness ,

11m

as here the

to be affected

microscope observation

at the fixed againg temperature

by the change to room temperature

T • it
a
where electron

is to be made.

Keeping the above cons1derations

1n mind, the spcctrens were

quenched down, through cold brine. to -19SoC and deferred

4% at this

()

...I

I

•
()

Ft

3~ •

•t ,.
•

"

C•

()

et

(b)

ctt

•

r

[1 1

[1
iii

V•
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•

2

*

1

v.

ett
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temperature , The iiseing processes then investf gated consisted of upqu~nch1ng from -195°C to -90°C, -40°C or

oOe

and then gradually ageing

It was recognized that some ageing, though

up to room temperature.

ve~ little due to the low temperature, could take place during the
up-quench.
results

As far as the density of rows of loops

1$

concerned, the

proved that a more detailed enquiry into the agefng treatment

was not required.

No major difference in the denSity of the rows was

observed for specimens given identical treatwent but aged up from
different temperatures.
only in the size

The effect of the ageing treatment was evident

of the

dislocation loops.

For the specimens a~ed up

from higher temperatures the loops were larDer in d1a::teter. Thus the
rows were composed of a smaller nllllber of loops of '.r!}er
overlll

she. The

density of the random loops was found to be smaller as well.

Figure 3.6. illustrates the above mel1t1onad (acts reg~rdfng the effect·
of agefng temperature on the rows of loops.

An AI. 6N sr~cimen was

quenched, in a forming gas atmosphere, from 550°C to liquid nitrogen
via brine at

oOe. It was not deliberately deformed, but

was cut in two

halves while at .'9SoC. One half was transferred to In iso.pentane bath
at -90oe and slowly aged up from there, while the other half was transferred

back to brine at OOC.

Figure 3.6(a)

shows an area from the specimen given

the low temperature age. while Figure 3.6(b) is from the specfmen aged up
from

oOe.·· Rows along different

cll0,. directions at A, Band

C are

characteristic of those formed due to accidental deformatfon.
3.3.

EXp!r1ments on Unquenched CrYstals
The latt sectfon has dealt extensively w1th the observation of

..

rows of loops along cll0~. This description has tanded to l4"Ideremphastze
~e occurrer.ce of faulted dipoles with thefr axis also .'ong this direction.
Though the density of these dipoles (. lJ7 cm-3) is three orders of
rr.agnftude lower than that of the rows of loops it is not insignificant.

Examples of these dipoles have been

sh~dn

in Figures 3.l(b) and 3.3.
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The observation of narrow faulted dipoles in a number of metals and
alloys of low stackin~-faul t energy, defamed
been described in Chapter 1.
extremely weak images.
dipoles in deferred

These dipoles

in simple tension, has
were very narrow, giving

There are however no reports of similar

aluminium.

In vlew of the present observation of

quite wide faulted dipoles, giving surprisingly strong images, in
quenched and defonned aluminium, a search was made for these dipoles in
unquenched, but defcrmed, spec1mens.
Two different cr,ystals were studied,
At 4:l, with·a tensile

A bulk sin~le crystal of

axis 4° from 111 and 3° inside the 001-111

syn~etry axis, was pulled 4-5% in tension at -195°C.

This dafo~at1on

temperature was chosen because it was found to be the most effective
temp~rature for a 4~ strain for the production of faulted dipoles in
quenched and defamed

specimens.

A large grained fo11 of

A1

6i:, with

the largest grain having about t~esame orientation as that of the
bulk c~stal, was also given similar deformation treatment.

Thinned

slip plane slices from the bulk crystal, and thinned specinens from
the foil were observed in the 200 tv electron microscope.
dipoles were expected to be too nar~1

~s the

to be visible on the screen.

a large number of pictures were taken in and around areas shC1.ling
evidence of deformation in form of <211> dipoles and dislocations.
The reflections used for observatfon were 200 type and the devfation
parameter

W •

SCg

• 1.0. Careful examination of the plates showed no

faulted dipoles.'
The optimum conditions for the observation of narrow defects in
aluminium have subsequently been found to be a small w (Section 3.4.4.).
and electron microscope eXaMination at a voltage

$

150 kV to avoid any

annealfng due to radiation damage (Chapter 6). However the failure to
observe faulted dipoles tn the above experiments is still sfgnificant
and not entirely unexpected.

The highest stackfng-fault energy material
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in which faulted

dipoles

Wl1kens 1966) and these

have been seen is nickel

(Haussenmann and

images Here very faint.

As aluminium has

a higher y/Cb value (. 17.5 x 10-3 as compared to 11.6 x 10-3 for
nickel).

in aluminium are expected

~ie dipoles

those in nickel

(. 40

are not observed.

A)

to be narrower than

and hence it is not surpris1ng

The o~servation

of faulted

that

dipoles.

they

almost

ISa ~

w1de. in quenched and deformed aluminium is a clear indication
the fact

microscopic

3.4.

these were made visible

that

dipoles

Oetailed

of the Observed Defects

The deteminatfon

is now a standard

and dislocation
techniqoo

The Dur!:)ers vector has been defined
(see.

e.g.,

be different

by 1800_

used,

Similarly,

characteristic

directions

The FS/RH (perfect

the positive

crystal)

related

sense of the dislocation
positive
at F.

direction
'"

and oPPosite ways.
for these two

dissertation

in this sub-section.

stated

coavention,

(1.e.

ort ginl11y

and 1ts

described

by a right-hand
a clockwise

by

(1955). w111 be used through-

A closed Burgers circuit

of the dislocation),

The Dureers vector

as.

described.

the Burgers vector.

round the dislocation

confusion

sense of the dislocation

in two different

Frank (1951) and .1 aborated by Bilby.!!.!l
out to define

SOITlC

the Burgers vector of the loops,

w111 also be briefly

19654).

the sense of the Bur~ers vector can

will be clearly

The method of determinfn9

using contrast

e.g •• Hirsch!!.!!

in

which are to be used in this

The conventions

loo~s.

in a number of equi valent ways

line in a loop has also been defined

sense,

(see.

de ~{ft 1960), which has resulted

depending on the convention

Thedetennfnation

of Burners vector.

of Burgers vector of dislocations
experiments.

of the sub-

by decoration

formed during deformation.

Analxsis

3.4.1.

of

(RH) rule to the posftive

circuit

looking down the

which starts

is then the closure

is drawn

fail ure

at S and finishes

rs
-

in the

53.
corresponding
convention

.!!!l

circuit

drawn In the perfect

reference

has been used by de Wit (1960),

Friedel

crystal.

Thh

(1964a).

Hirsch

end Hirth and lothe (1968a). whiln an opposite

(1965a).

is used by Read Jr.

(1953a),

convention

Ueertman and Ueertnan (1964a), and

Nabarro (1967).
of Burgers vector ~ of loops and dfpole5

In the detenninatfon

criteria

the visibility

used for observation fn various reflections..2

--

were as follows (Silcock and Tunstall
loretto!!.!l

1964, Hirsch p-t al 1965a;

1966) :

Loo",s and di po 1es in contras t for jl • k
Loops and dfpoles
Th~ criterion of .!l •
invisibilIty
useful

.2 •

out of contrast
+

i for

the faulted

not show stacking-fault

ei~ht possible

clll>

behaves differently

;t "

for.!1 •

.!! •

visfbility

nature

contrast.

nnd.!l •

+
0,

i. 4.
i·
:l~,

than [TTl].

Thh

2

j

-

.!? • - ~

for

of small loops whic'l do

In such a ~terrnination

Burgers vectors

t

t

fn a rran~ loop 1s vcr,y

of the bounding dislocatfon

for cutablhhing

•

all tho

should be considered,
criterion

as [111]

must hov({!ver be used

with caution as 1t . is app11cable only for largo values, ~ 1.0. of
. the
deviation parameter w (Silcock and Tunstall 1964). Even then the
faulted

loops and the faulted

be evident

from thej.ll.

dipoles

-~

sha,f a I.teak contrast,

pictures

which will

shown 1n subsequent

figures.

If one 15 not careful. this fa1nt contrast from the faulted defects
could be confused with the weak contrast

resulting

from unfaulted

defects when they are observed tn conditions where the image lies
outside
condition.
III •

the defect.

t.e.

total

Another point to note 15 that the edg~ contrast
of .!J. •

invisibility

i Jl • (!! x ..!!) ~ 0.08. ! being

.!!..

0 pictures

when

a unit tAngent vetto"r to the

dislocation line (Howie and Whelan 1962), perhaps requires reconsfderation
.
for Frank dhlocations

.

1.

observed under !t • ~ • :t l' conditions,

for many

54.

of the dipoles

in these conditions

The sense of the Burgers

vacancy or interstitial
faulted

dipoles,

shmved a contrast

vector was de termf ncd to establish

nature

Tho positive

printed

beam, i.e.

sense of the dislocation

l1ne in a

when looking along the

when looking down on the microsraphs as they are

(emulsion side u~~ards),Th1s

that used by Silcock and Tunstall

--

Loretto

the

of the loops in the rows and of the

loop or a dipole was taken as anticlockwise
electron

for m < 0.08.

convention

is consistent

with

(1964), Hirsch et al (1965a) and

--

et al (1966). but opposf te to that used by HO\'1ieand Whelan
,

and r1azey --_
pt al (1962),Us1n~

(1962)
.

the FS/RH convention
.

"

for the

Bur~ers vector it can then easily be shown that the Euruers vector
.
of a vacancy loop makes an acute angle. and that of an interstitial
'

loop an obtuse anale.

wit~the

upward dravm foil nonnal.

of the Burgers vector is determtned
to reversal
(Tunstall

of their
19(9),-

contrast

uniquely

in reflections

For the unfaulted

The sense

for faulted

loops due

of the type ~ •

loops and dipoles,

however. the

sense of the Burgers Yector 1s not resolved by the ordina~
cri terf e ,

With the definttion

t

.!l conditions

of antt-clockwise

C.i ,~)

if

S <

(see e.g, Hi rseh

the loop ff (g,

O. s being the devhtion

This convention

1$ agafn

and Whelan (1962) and Mazey.!!.!l

then determined by correlating

.!!!! 196~a),

sense round the loop as positive.

the image of the loop would He insfde

pos1tton,

visibility

The sense of the Burgers vector is then determfnad by noting

the sbe of the image in

outside

:t 200

opposite

(1962).

"~'> s

> 0 end

from the exact Bragg
to that used by lINfe

The nature of the loop is

the Burgers vector direction

with

the

f011 nonul,
It is obvious from the above discussion
of

! requires

decision

the detennination

of the sense of !L, and a further

about the vacancy or interstitial

the detennination

that ffnding the sign

nature "'of the l oops requires

of the sense of the fo11 normal. f .e , whether it is
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[hkl] or [h~l]. In the present experiments, tha sense of the upward
dra~ normal was resolved from

I

nearby asymmetric diffraction pattern.

(Thh step is of course unneces'sary 1 f the zero-ttl t pattern 1n the
electron microscope is a non-symmetrical
d1,fferent from ['32]).

The

8mbf gui ty

one itself, e.g. [7~~]1s

of 1800 in'version 1n

'then '

j WI!

--

removed by using a method simflar to that of loretto

et a1 (1966).

The

specimen was tilted from one diffraction. pattern to another about the
relevant

j,

and the df rectfOn of the til t was noted.

was then detennined by correlating

the direction

of

The sense of 1
tilting

with the

emergence of varfous diffraction srots .s one pattern changes to the
The direction of tilting was found either from the actual tilt

other.

of the goni~neter stage itself. or from the motion of the Kikuchi'
pattern

on 'the screen (the apparent motion of the pattern being opposite

1n sense to the actual tilt).

The above 'points are described'1n

greater

detail 1n Appendix A.

The general characteristics

of the ~ws of loops and faulted dipoles
,

were mostly determined from the quenching and defomation experiments
on polycrystal11ne

The directions

foils.
1

along which these two defects

~

•

•

lay were ascertained from micrographs of the same defect taken in a
number of widely separated electron beam directions.

The projections
,

Of. the dipoles or the rows of loops in at least three non-colinear beam
directions were plotted

on a Wulff net and thus the direction .10ng

which the defect lay was uniquely determined.
A

equal she

typical row consisted of about 15 to 50 loops which were of
(diameter • 200 ~ in appropriately quenched and deformed

specimens) and nearly equally spaced.

Th. length of the rows varied

between 0.5 and 2 ~m. although rows as long
(such as the rows A in F'1gure 4.2).

IS

4 ~m

have.been

observed

However the lower and upper

limits on the lengths of the rows may be superficial.

If the rows

are short it is difficult to recorynize them as such, and if the
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rows are too long thei r observed length woul d be lfmitod by the foil
thickness.

The faulted

dipoles

observed were also of d1fferent

lengths, the mean length being around 0.4 ~m, and the longest
dipole

1.11'IU long (shown at Flin

Figure 3.11(a).

quite strong images and the1 r approximate
following

rows of loops and the faulted
quenching and deformation

dipoles

treatment

These dipoles

width, as estimated

was 100 to 150~.

sUJ-sections,

ooserved
gave

in the

The m~an densities of tie

in specimens !j1v~n the optimum
were nearly 1010 cm-3 and 107 cm-3

respect! vely.
The observed rows of loops and the faulted
to lfe strictly
dipoles

In each grain the faulted

along ellO> directions.

lay along the sar.1edirection

of loops and the faulted
specimens appropriately

dipoles

dipoles were found

as the

rotlS

of loops.

lay along only on~ ~110> direction

defot"l'l1edafter

the quench,

3.6.

and is again illustrated

specimen not deltberately
accf dental

defcrmatf cn ,

directions

are observable
Contrast

feature

nO'' '$

defo~d

This was se~n in ri~ure

in Figure 3.7. which is also from a

deformed

have

received

of loops along four different

ellO>

but

15 assuoed

to

at A, B, C and D.

experiments

specimens were faulted.

I

ellO> directions.

showed that nearly

all the loops in the

wi th an ~ ell b Burgers vector.

An important

of the loops in the rows vas that the majori ty of these,

given row, had one or the other of the h~o

perpendicular

to the ellO> direction

the loops having one of these

tIft'

1elll>

of the ~/.

Bur!)ers vectors

I

strong

Burgers vector.

tendency for the neighbouring

in

Burgers vectors

The proportion

of

varied and occasionally

there were rO\~s wi th tho predominance of one Burgers vector.
also

in

However the rows

observed in quenched specimens which were not deliberately
were often along several

The rows

There was

loops to hive the satr.e

<a)

(b)

(c)
Ft

3••

et r n ly s for

Bu

I

t:

four dff
(d) o •

nt

1

,

d d1pol

long [110] tn A
ft
n •

fo

011

()
d for loops fo
ch n

in

t

( ) 2 O. ( )

[1 0],

[lTO] in ( la 100 V.

d

r [ 1~ in ()

(b)

(d).

<a)

(b)

:

aY' [ 1 , 1

•
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The above mentioned facts
3.8.

are illustrated

Figure 3.7 shows an area,

in four different

At 61'4 quenched from 5S;)°C to liquid

given the standard

tie faulted

nHroscn

re lfectf ons , of

through cold brine and

treatment.

Figures

3.7(a)

nature of the dislocation

loo~s.

In 3.7(a), where

ageing

~ • 200, the majority

is observed

and (b) show

of the loops in the rows are in good contrast,

.!! •

the Burgers vector being such that ~ •
contrast

in F'igures 3.7 and

+

i.

A reversal

where 11. • ~OO and.:1 • ~ •

in 3.7(b),

of

-1.

In

Figure 3.7(c) ~ • ~20, and ~~st of the loops in rows A, which are
along (Tl0] are out of contrast.
to [1101 arc seen to disappear
two figures

in 3.7(d) where ..2 • ZZO.

These last

show that most of the loops in a given rou have either

one or the other of the b/o,]
the

The loops in row B, which is parallel

a

.

cll1> Burgers vectors

perpendicular

to

row direction.
Figures 3.8(a)-(d)

show a similar,

the Burgers vector of a faulted

but com,lete,

The faulted

of the loops is fllustrated

nature of the [110] dipole and

by the reversal

and (b) whfch are in 200 and ~OOreflections.
dipole,

Figure 3.8(c)

and

0' the

in figure 3.8(d),

of contrast

in F'1gures 3.8(a)

Invisibility

of the

loops in the rows, tn 220 ref1~ctton in

shows that their

The fnYfs1bilf~

as .; [11T].

quenching and deformation

The di pole and the rows are along [11 OJ,' at an angle of 710

to the [1~o] fo11 normal.·

faulted

of

dipole F, and of the loops in parallel

rows, in an Ai 6N specfmen given the standard
treatment.

analysis

of the dipole,

Burgers vector is perpendfcul ar to [110].
and of many of the loops in the rows,

1n ~O~ reflection,

daten-nines their

The loops in the rows that are in contrast

have ~ [111J Burgers vector.

Burgers vector
in this

reflection

From the fact that these Burgers vectors

make an acute angle with the [1~a] fo11 normal , it can be concl uded
that

the dipole and the loops are of vacancy type.

that emerged from the analysis

of

I

An important

point

large number of faul ted dipoles

was

53.

that all the dipoles which lay along the same <110> direction had
only one. and the same. [3urgers vector out of the two that

perpendicular

to the dipole axis.

of the dipole widt~.

Estimation
detailed contrast
estimated

are

calculations

the 't/idth of the narrow dipoles can be

Eit.~er the image width

by two methods.

directly

from the micrographs

traces).

or the stren9th

(or from their

of contrast

can be measured

microdensitometer

of the dipole

in comparis~n wtt~ that from dislocations.
width can then be inferred from either
The first

In t'1e absence of

imago can be noted

The approximate

dipole

or both.

method was made more di fficult

most cases the dipole image was single.

by the fact

Direct

tn

that

image width measurements
when it

were made in both the cases when the

image was single

resolvable

Image widths were measured tn the

. 220

into two parallel lfnes.

reflections

reversing

and

was

image was inside. end when it was outside (on

when the

.51). and the mean taken.

image

for 200 reflections

widths

could only be measured when.2 • .!! was +ve. as theo fmage became very
f.int when .9. was reversed.

These Jneasurerrmts.

number of dipoles.

estimated

150

A

gave the

on the assumption

carri ed out on a lar:1e

dipole widths of

between

100

and

that the mean image width was the approximate

dipole width.
In the altemative

method. applicable

to stngle

fr.lages. the

dipole width could be assessed on the basfs of the intensity

According

to Wilkens and Hornbogen (1964) and Seeger (1964). the

intensity of contrast
dipole becomes smaller

decreases

very raptdly

when the width of the:

than about one-quarter

Similarly. on arguments based on ~am1cal
shown that

of contrast.

of the extinction

theory

it

the image width and fts intensity decreases

dfstance.

can be approximately
very rapidly

for dipoles of width less than about 40 Burgers vectors (Cass and
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Washburn 1966).
15 673

A for

In alum1niUfn the ext1ncticn distance

100 kV electrons

(Hirsch

.!!.!l

for

200 reflection

1965c) and 854 ~ for 200 kV

electrons, while the Burgers vector 15 2.86~.

The contrast from the

observed faulted dipoles is quite strong and 1s comparable tn intensity
to that from single dislocations.

Thus on the basis of this strong

contrast it could be concluded that the width of the dipole is over
100 ~, and certainly not much less than this value.

3.4.4.

Computation of dipolp. 1M~O~5. Image co~tra$t for

narrow dipoles has previously been calculated on the kinematical theor,y
(Wilkens and Uombo~cn
(Steeds 1967b).

1964) a$ well as on two-beam dynamical theory

These comrutlt1ons. for different dipole widths,

consist of profiles of the intensity variation across a cross-!ection
of the dipole.

The true widt~$ of the dipoles can th~n be found by

comparison of the m1crodensito~eter

trace of the dipole image with the

computed proftlu.
To make full use of the topological information contained in the
images of defects taken at a small value of the deviation parameter w,
Head (1967) hiS developed a procedure where the computer prints out a
simulated ilUlge on • bash

similar to the half-tone principle.

Th1l

enables a direct visual comparison of the defect image to be made with
the computer printout.

Humble (1968)

hiS

extended the progra.'J1
to

compute images. from a configuration containing two parallel dislocations
and

up

to three stacking-faults.

width of a narrow flulted dipole

This method can be used to ffnd the
by

computing images

conditions under which a set of electron-micrographs
been taken.

for

given diffraction

of the dipole has

As, for g1ven diffraction conditions, the characteristic

contrast of the image (1.e. the variation of the black and white .long
the image), 15 a function of the dipole width, imageS are computed for
the possible values of dipole wfoth.

The actual width of the dipole
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can then be determined by matching the micrographs with the computed
images.
Computation of images of the faulted dipoles in aluntnium
was undertaken on the above principle.

The configuration of the

dipole was assumed to consist of an intrinsic fault on a {lll} plane
bounded

by

Frank partials (discussed in Chapter 4 and l1lustrated in

Fisure 4.7(a».

All the computations, based on the data and the

micrographs supplied by the author, were done on a CDC 3500 co~puter
of CSIRO at Canberra, Australh,

by Or. p. Humble, and all the results.

deductions and suggestions described in t'11ssubsection are his. The
purpose of the computations was to find the actual width of a faulted
dipole by matching the observed fmage with the imagll computed for a
possfble width.

It was also intended to ffnd the least width of the

faulted d1poles in alum1nium which would, tn principle. still be visible
in the electron microscope. and to ascertain the optimum diffraction
conditions for observing such narrow dipoles.
~~ost of the microscopy during observation of the dipoles, and
the determination of the1r Ourgcrs vector, was done using the
anomalously high transmission region corresponding to a comparatively
large deviation parameter, i.e. w • 1.0. The images in such a case
show very little characteristi c contrast and are not sui table for
image computing.

for image computation, additional micrographs were

taken in various values of w. As expected, the pictures for low
values of w,

<

0.5, were 'full of character'.

The spectmen chosen

was such that the dipoles did not lie in the fofl plane as the computer
program is not valid in such a case.
A set of electron micrographs of a faulted dipole was taken
on the 200 kV electron m1croscope, and images were computed for thh
dipole. Figures 3.9 and 3.1Q show two micro~raphs of this dipole with
the computed fmages that 91ve a near match. The condt t1 ons corresponding
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to the two mi crographs are :
Foil Normal

.!l :

Dipole direction

~ : [110]

Burgers vector

!! : 1[lTT]

Plane on which the dipole lies

(lTl)

Stacking-fault energy

T : 135

[73tJ

erg cnr2 (Dobson et al 1~67)

--

Elast1i constants in lOll
dyne

cm-Z

Anorr.alousabsorption
coeffi cient

. -0.03

Extinction distance for 200
reflection

tg : 854 ~

roil thickness

t :

Dept!1 of the dipole in
the f011

of the foil
and centred approxirr:ate1y at the
middle
.,

Oipol e 1en gth

9~OO .8.

.

53~oK (. 6.2 {g>

extending throu~h 3/5

"

Electron beam direction

I : [3ToJ

Reflection

!l :

Deviation 'parameter
,

OO~

w : 0.4 (Figure 3.9)
'

:0

(Fi~ure 3.10)

The method of measuring w, and the particular cho1cQ of the anomalous
absorption coefficient, are discussed in Appendix B.
r

The near-match of the micrographs and the computed images was

achieved for a dipole width of

150

A,

which was

also

the

estimated

width from the direct measurement of image width of the dfpole

pictured.in the usual w • 1.0 conditions.
A careful comparison of the micrographs and the corresponding

computed images in Figures 3.9 and 3.10 shows
still be greatly improved.

However.

that the

exact matchfng was

matching can
not

attempted

as, at the low values of anomalous absorption used. the details in the

62.

images are extren~ly sensitive to the parameters w, t and t.

In

9

order to get an exact match the enoma lous absorption, the dipole
width, wand

t have to be varied over a great many closely spaced

values, resulting in a total of over 400 computations.

The number

of computations could perhaps be reduced if ve~ accurate r.~asuren~nt
of t and w, which in this case involved an error of 5
be obtained.

Furthermore,

to

10%, could

the particular dipole whose ilnagewas

computed had a high density of small loops around it which could have
an unknown effect on the actual contrast and thus an exact match
may not exts

t,

It has however been demonstrated t."at, if required,

it is possible to find the dipole width very accurately by this method.
This method can also be used to differentiate be tween various defects,

e.g. a faulted dipole would give a different image than an unfaulted
dipole.

Si~ilarly, a faulted dipole also along [110], but with ~.

~ [111], shows up di fferently t....
an the one under eons t de ra ti on.
However, to get a unique identification images of the defects ~ust
be matched for at least three non-cepl anar reflections , for example,
under the diffraction conditions given for Figures 3.9 and 3.10, the
two 600 dipoles along [110]. with their Burgers vector in the prirr.ary
plane (lT1), give computed images that are identical with each other
and very similar to those given in Figures 3.9 and 3.10 for

a

faulted

dipole.
Computations for optimum diffraction conditions for viewing
narrow dipoles showed that most contrast was observed for 220 type
reflections, rather than 200 type, and for small values of w, i.e.
W $

0.4.

It was found that, in principle, there is no lower limit

on the dipole width for its vtsibility.

Computations on the type of

the dipole specified earlier on, showed that it was visible for
width of 34

A, with

I

the strongest 220 (type) image reaching about

55% belovl background intensity and the strongest 200 image about 40%

()

()

3.11.

1
1

I

of e

1

11

•
1

2~

[7

•

: [3T ~,

••

)
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beIow background.

An even thinner dipole might still be visible on the

micrographs of clear foils with f~w loops, as a 7% below background
visibility-criterion

is known to \vork for dislocations.

Even a 5 A wide

dipole was visible when computed in what is probably close to the optimum
condition for detecting the dipoles, i.e. using the 311 reflection
closest to the Burgers vector.
The above conputations have served a very u5eful purpose in that
these have fully borne out the deduct! ens made experimentally about the

nature and the width of the defects.

In confirmation

data suppl ted, the ~etailed computations
faulted, was on the appropriate

(ttl)

sho-ed

of the experimental

that the dipole was

p lane wi th the appropriate

Burgers

vector, and that its width was the same as that estimated from t~e direct
measurement of the image width.
3.4.5.

Stability of the faulted dipoles.

Considering the

large width of the observed faulted dipoles, and the high stacking-fault
energy of aluminium. one would expect t~Q dipoles to
equilibrium.
silver (Steeds

be

in unstable

Such cases have been observed for wide faulted dipoles in
1967b).

However. in aluminium the observed faulted dipoles

were found to be extremely stable.

Only two cases ever of the unfaulting

of a dipole and its change to pure edge orientation were observed.
of these cases 15 illustrated in F1~ure 3.11.
Fl in Figure 3.11(a)

1$

of vacancy type w1th

One

The long faulted dipole

l [llT]

Burgers vector and

lies along [110]. The dipole is 1.1 ~m long and its two ends lie quite
near the two surfaces of the 8000 ~ thick foil. After being in the

electron bearn for nearly half an hour. this dipole transformed into three
unfaulted dipoles 01, O2 and 03, the total length then decreasing to
0.9 Jdll. These dipoles, sheen in Figure 3.11(b). lay along a direction
about SO away from [2Tl]. The Burgers vecter of the three dipoles. and
its sense. was detenn1ned to be ~ [oTT]. which with the fo11 nonnal [7l~.
makes these dipoles vacancy type (i.e., the extra half planes lie outside

the dipole).

The dipole 03 shows an opposite image reversal to that
01 and OZ. It is assumed that 03 lies on a plana orthogonal

of dipoles

to that en ~/hich 01 and D2 1fe and hence this behaviour.
However this
could not be confirmed as it was not possible to give the specimen a
large tilt

about the dipole axis.

The transformation
due to the electron

of the faulted

beam induced stresses or due to the interaction

the very long dipole with surface.

j
could be expected
would then flip
figure

4.7(1)).

[In]

+

i

3.5.

[all]

the [110} dipole.

to the pure edge orientation

s1milar

and could also break into three

angle between the slip
the dipole

+ ~

to occur and unfault

The dipole

to that shO'.-m in

in the process •. One

confi9uration

¥ (or

and the other two e.

of

The reaction

l~n]

~

of them then took the equilibrium

e•

dipole probably tOOK place

vice versa),

plane of the dislocations

corresponding

to

where e 1$ the
and the plane on which

Hes.

formation

of the Row$ of loops

It has emerged from the earlier
a consistently
di rectfons'

high density

is observed

of similar

in thh

of rows of dislocation

Chapter that

loops along <110>

in al urn1nfum ghen the appropriate'

and defon-nation treatrilCnt.
observation

sections

Even earl1er

rows of defects

quenching

on,' tn Chapter 1, the
1n other metals by various

authors was' quoted and the mechanisms which could be responsible
the1 r formatf

on

~/ere described.

The formatf on of the rows of loops in

the present. case ~d11 now be reviewed with reference
It will briefly

for

to these mechanisms.

be shown that these rows in al umin1urn are fonned

8$ '8

consequence of the motion of jogged screw disl ccatf ons dur1ngdefonnaUon.
As the investigation
detailed

discussion

er

defomation

of the crigin

is not described

of the rOHS of tcops

until

later,

and of tie

the'

65.

faulted dipoles, on this basis will be deferred to Chapter 4.
The three possibilities that will

be

considered for the formation

of the rows of loops in aluminium are:
(1)

Prismatic punching from a precipitate particle or a gas
bubb 1e;

(fi)

Degeneration of a helical dislocation by the cancellation of
its screw component;

and (111)

r'!ucleationon the debris left by a moving jogged dislocation.

The first two of these mechanisms can easily be rejected as the sources
of the ro';'tS of loops in aluminium from the characteristics of these
ro..,5.
All the distincti ve features associ ated with prismatic punching
were absent in case of the observed rows in aluminium.

No precipitate

particle or gas bubble, which could be the cause of punching was ever
observed.

The loops in the rows were vacancy type, of nearly equal

size, and regularly spaced.

In cases where rows in different ellO>

directions were observed, they did not emanate from a common centre.
In contrast the loops tn prismatically punched rmiS are of interstitial
nature, thetr size decreases as one moves away from the centre of
dilation, and th~ spacing often increases according to the relation
given by 8ullough and Newman (1960). Ho.iever. the most decisive
evidence against prismatic punchin!] tn the case of the rows of loops
in aluminium is provided by the fact that the loops fn the rows do not
have the same Burgers vector, and that none of these Burgers vectors
is along the row directicn.
Formation of the rows from helical dislocattons could also be
discounted in the present case. This is because of the extreme rarity
of helices in aluminium under the ~ucnching conditions when ~ie rows
of loops are observed.

Even tn the parti cutar condi tf ons , described

in Chapter 5, where helices were produced in pure aluminium, no rows

(a)

(b)

()

r at 2 C
t et1 n t {l 1]~

()

Cd
iree i

v.
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which could havo fanned from these \'fcreseen,

In addition, the rows arising

out of helices would be expected to consist of prismatic loops with their
Burgers vector along the row direction.

The observed rows on the other

hand are composed of faulted Frank loops with their Bu~ers

vectors

perpendicular to the row dfrpctfon.
Loops in the rows originating from prismatic punching and dislocation
helfces are also characterised by the planes on which they lie. The loop
plane normals make acute ~n3les with the Burgers vector end hence in cases
where the rm'l axis is nearly in the foil plane, f.e. fn the observed long
rows, the projection of the loops in the rows is elongated perpendicular
to the row direction.
elongated along the

roVI

The loops in the rows observed in aluminium appear
direction which is consistent with their Burgers

vector being perpendicular to the ra~ direction.
I

•

There were in fact two observations of rows of loops in aluminium
'Ilhichhad fonned due to punching and from

I

helical dislocation.

These

two cases are respectively illustrated in Figures 3.12(a) and (b). These
rows show all the characteristics, recounted above, for the rows fonning
due to the two respective mechanisms.

It is immediately obvious from the

comparison' of this figure with othe'r pictures of the rO'.1Sin aluminium
that if any more rows were formed in At, due to punching', or from helf ces,
these could not be confused with those ncnnally observed.
The observed features of the rows of loops in aluminium can be
explained on the basis of tha last mechanism.

The formation of these

rows reproducibly only in defonmed specimens is of sif,niffcance in this
respect. The debris left behind jogs on moving screws could consist
both of narrow dipoles along <110> (whose observation, after 9rowth to
a visible size. has been described in this chapter) and of lines of
vacancies or vacancy platelets along this direction.
the initial narrow dipoles along el10>,

It could be that

if very long, disintegrate

into rows of submicroscopic loops (Wash~urn!!!l

1960; Price 1960,

67.
19611), \Jhieh subsequently becore cbservab le after

growth.

Some

complication could however be envisaged in the clfrrb of the
stacking-fault

at the position

where p1ndltno

of the initial

norecver-, the loops in the rows fanned thh

occurs.

expected to have the same Burgers vector.

dipole

way are all

wh 1 ch is not observed

It is thus 11kely that in most cases the rows of

experimentally.

loops nu~leate on the trails of vacancies or vacancy platelets
along cllG>

left

dislocations

(Gilman and JChflston 1962).

loops from these

behind snort sessile

by further

jo~s on movina screw
The fonnation

vacancy condensation

of Frank

on the two {11l}

planes containing this cllO> direction would then result in loops
having the ~~o;
direction.

cll1> Burgers vectors perpendicular to the row

Similar

assumption has been made by Seidman and Balluffi

--

(1964) and Kir1tan1 et .1 (1968) to explain
cl D> in gol d.

rows of tetrahedra

along

.

A more expl1c1 t explanatf on of the above mechanism.

which requires a detailed

cons tderatton

of the moUon of jogaed

screw dislocations 1s postponed until the next chapter.
3.6.

Analysis of the Decoration Conditions
It has been suggested in the preceding section that in aluminium

the rows of loops and the faulted

dipoles along c110> are fonned in

the ''lakeof moving jogged screw dislocations.

Trails

of vacancies

or

vacancy platelets so formed are hardly expected to be visible tn the

electron microscope, while the faulted
faul t energy materials,

extremely faint
to observe

A,

have been reported to be very narrow and

(see Chapter 1). This is borne out by the failure

these defects

aluminium specimens.
• 200

and faulted

high densities

in unquenched,

but appropriately deformed.

On the other hand, rows of loops with diameter

dipoles nearly 150

A wide,

have been found in

in quenched and deformed specimens.

indicate that. fn the latter
dipoles,

dipoles. even in low stacking-

These facts

case, the rows of loops and the faulted

fonned durin~ defonnation,

must have t;rown to observable

se.
size

the condensation of vacancies.

by

This process may be regarded

as the effecti ve 'decoration' of the ori ginal submf crosccpi c defects
by the quenched-in

vacanc1es.

The rows of loops and the faulted d1poles alon;) ellO> are
generally observed when the density of rand~a loops is low. This
suggests

on orf gina1 $ubmfcroscopt e vacancy platel ets

that nucleation

or dipoles beco~~s important. and increasingly obvious. when t~e
nuclea~ton of self·s1r.ks is suppressed (Sagall
It was also seen in Section
loops and faulted

and Clarebrough 1964).

3.2 that the visibility of the rows of

dipoles is very s~nsitive

to the exact quenching

\

The variation in the density of these defects

conditions.

a narrow peak for a judicious
quenching variables.

combination

of carefully

showed

adjusted

,

It can be easily $h~~n~~at this combinatfon

of quenching parameters is cn~ whichfs
decoration of small defects

by

~cst arpropr1ate for the

quenched-in vacancies.

The effect of various ~ucnchin? cond1tions on the observat1on,.
of the rows and the .110> dipoles will no~ be analysed.
conditions
density

were found to have the n:ost significant

of these defects.

rows of loops and faulted

temperature, i.e.

Two of these

effect

on the.

For the observat ton cf a high density of
dipoles ,high specimen purity

and low quench

a low supersaturation. were found to be essentfal.

These two conditions indicate a situation where the nucleation of
random loops, whether h~terogeneous on i~purit1es or hor.ngeneous on
quenched-in vacancies. is inhibited.
situation where
after

I

thh is

the

moderate supersaturation of vacancies would exist

quenching without

the conditions

In ether words.

the excessive nucleation

of self-sinks.

under which rows of loops and faulted

observed are precisely

Thus

dipoles are

those ....
here a decoration phenomenon mi ght be

expected.
There was no reasureeb le effect on the density of the rows and

6~.

the dipoles

of varying the other quenching pareneters

quenching speed and the specimen thickness.
to th~sc parameters

can be rationalized

the vacancy supersaturation.

of these defects

in terms of the variation

No sys terattc

difference

of the ageing temperatures

were nucleated

at a tcn:perature

it has been suggested

ageing temperatures

investi£ated

and hence l11ust nucleate

at

oOe.

at

10\0'1

stable

contrasts

shows that these
Indeed

at the temperature

The observation

of d~formatian,

of a hi~lh density

oOe

of rows

and aged at this

with thei r rari ty in specimens defamed and aged

Thfs indicates
temperature

dipoles

are formed as a consequence

of Ioops in such spectnens when upquenched to
temperature

ei there

below any of these temreratures.'

that these defects

i.e. at .1950C in most cases.

in

in the density

of the rows of loops and the faulted

is independent

of deformation.

t.ny small effectsdua

was observed for different

The fact that the density

such as the

that the fn1t111 defects

tn the former cue

she in the short' tfme interval

produced by deformation

must have rapidly

grown to a

during the up-quench to DoC.

The presence of hydrogen during quenches from temperatures
G::>°Cwas found to be vl!ry effective

in enhancing the density

rows of loops.

The function

in some detail.

as during the initial'

wa.s misinterpreted

of hydrogen in this

However it will be shown
is only instrumental

fn settfng

its role

In these experirrents

in the actual

that thts

of the

needs discussion

course of experiments

and overestimated.

assumed that hydro~en was active

respect

fonnation

above

it was

of the rovs ,

1s not the case and that hydrogen

up conditions

suitable

for the decoration

of small' defects •
. Rows of loops,

prismatically

ptmched out by dfssolved

have been observed fn magnesium by Lally and Partr1dge
similar

process,

1.e. punching by hydrogen bubbles,

place in aluminium quenched fn hydrogen atmosphere.

was

that hydrogen reduced and freed sor.~

(1966).

hydro~en,

A

could be taking
Jl.notfler possibility

inpurit1es which aggregated
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and then punched out the loops in rows. Both these explanations
are however hard to sustain on two counts.

Firstly, the solubility

of hydrogen in alwnfnium 1$ not h1nh enough (l/260th of that in
magnesium, at 660°C). and secondly, as discussed already. the

r'O\'I$

of loops in aluminium do not display any features similar to those
of punched rows.
A careful examination of the density of random loops in
specimens quenched from hydrogen atmosphere reveal s the actual
part played

by

from hydrogen
II

spectnen

hydrogen.
from

Table 3.1. sho.Js that a specimen quenched

63JoC has a much Iover overall loop density than

quenched simihrly

from air.

It is thus obvious that a

hydrogen atmosphere diminishes the nucleation of random loops.
There is considerable evidence that a hydro~en atmosphere
durino the quench favours the fonnatfon of voids in a nunber of
metals.

Sh1momura and Yoshida (1967) have found that the presence

of hydrogen greatly fncreases the density of voids fn quenched
alumfnfum. the densf ty in such specimens being over two orders of
magnitude higher than that in specimens quenched from dry air. The
density of dislocation loops at the same time was nearly 15 times
lower in the latter specimens.

These authors attribute the

occurrence of these voids to the formation of stable nuclei of
hydro!]en atom-mul tiple vacancy complexes.

Clarebrough

!!.!l (1967)

found that quenching copper and silver from hydrogen increases both
the density and the size of voids. Following Lally and Partridge
(1966), they suggest that this might occur due to the dissolved
hydrogen preventing the transformation of small voids to vacancy
discs which can collapse to fonn dislocation loops. The formation
of voids thus occurs at the expense of the formation of dislocation
loops. The active role of hydrogen tn void nucleation has recently
also been noticed in zinc (Broa~flay 1969).
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In view of the above observati.. ons , the '.~enhancement in the density
,.

of the

rows

,

of loops in aluminium

specimens,

quenched from

a

hydrogen

atmosphere, could be attributed to a decrease in the nucleation rate of
the random loops.

Dua to the shorter nucleation tiwa of voids, 0.1 sec.

--

at 30°C as compared to 1 sec. for the loops (Kir1tani et a1 1966b), the
nuw~er of voids increases sharply in favourable quenchina conditions,

A complementary fall in the density

such as the presence of hydrogen.

of loops then results, and hence where dislocation loops are concerned
hydrogen acts as if to reduce the effective vacancy supersaturation.
Thus hydrogen does not produce the rows tllcQselves, but helps in
establishing the appropriate conditions for the dacoration of already
fonned defects.
3.7.

Conclusions
A detailed study has been mada of aluminium quenched down to

low temperatures and then

deformed,

Various quenching conditions have

been investigated and the observation, under suitable conditions, of
rows of loops along <110> and narro~ dipoles along the same direction
is reported.

The loops in the rows, and the narrow dipoles, are shown

to be faulted wfth an

-3

<l1b

Burger~ vector perpendicular to the el10>

direction of the row or the dipole axis. The width of the faulted
dipoles, estimated from the micrographs and also ~~asured using computer
imaging techniques, has been found to be very large as compared to that
of similar dipoles observed in defomed

metals of la~ stacking-fault

energy.

The formation of the rows of loops is examined in the context of
previously reported mechanisms.

It is suggested that the rows of loops

and the faulted dipoles ori9inate from the trails behind ~essile jogs
in moving screw dislocations.

The conditions of quenching, i.e. hfgh

specimen purity and low quench temperature. where a high density of these
defects is observed are then analysed.

It is shown that these conditions,
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corresponding to a minimization in the nucleation of random loops and
yet a retention of adequate vacancy supersaturation, are consistent
with those where a decoration of the initially produced submicroscopic
defects would occur.
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C HAP

TER

F0 UR

THE PRODUCTION OF DEFECTS DURING PLASTIC

4.1.

nEFOR~1ATION

Introductfon
The prevfous ch,pter was devoted to the observation of rows

of loops and ,faulted dipoles a10n9 el10. in quenched and deformed
aluminfum.

A detailed investigation of the quenching conditions 'was

given and it was sho~m that these defects were made observable as a
consequence of decoration.
attributed

to nucleation

The formation of these defects was

on the debrh left

behind 1I1ov1ngdislocations.

It was implicitly assumed throughout Chapter 3 that the specimens were
given the appropriate deformation treatment.
the rows and the dipoles
points.

Further, the origin of

was only briefly touched uron.

These two

which are of considerable importance in the form~tion of the

defects, will now be elaborated.
While the discussion

in the previous chapter

"ias centred

mostly

aro",d rows of loops, faul ted dipoles w111 be the dominant subject in
.

some sections of this chapter.

.

This is because dipoles cen be discussed

in such concrete terms as dislocation line ene~~

and stacking-fault

energy, whtle similar terms for platelets of vacancies, from which
the rows of loops often

fonn, are uncertain due to the unknO\·tnval ue

of binding ene~gy of the. vacancies to the platelets and the nebulous

boundaries of these platelets.

The re5ults of the discussion on dipoles

will however be extended to explain qualftatively the formation of the
rows of loops.

A descrfption in terms of deformation alone, without.

reference

to the quenching conditions. h. as before, not very meaningful.
is becau~e of the considerable interaction between the ~uenehed-in
vacancies and the dislocations introduced

by

deformation.

~~1le

Thh
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dislocations
the local

can act as sources
supersaturation,

the character

by pinning

4.2.

of a 6~~purity

the effect

on the density

the fo~ation

single

15 made of the nature

with the active

slip

systems.

of the faulted

dipoles,

A configuration

for the faulted

<211> dipoles,

<110> dipoles

which the dipoles
of different

lie),

heights.

of the revs and the faul ted
Sectfon 4.3. examines at length
and subsequently

previously

reported

Extensive

is thus appropriate

observattens

explains

4.5.

to describe

discusses

1t briefly

and it

varfaU ons

fntroduction.

of the tetrahedron

y, 4 the luid-points

A, B, C of the face d are labelled

lookfng onto this

planes,

The

is the sawe as that of Wh31ln (1958).

e,

-

of the

01fferent

have becn used since its

t!, l!, £• .2 being

corners

from

results.

chapter

end slip

here.

the planes oppos t te these
and a,

some of the

some of the

of this

vectors

along

from Jogs

ef thei r fonnation

in view of the present

A" B, C, 0 denote the corners

to the faces),

in general

qualitatfvely

on the basis

forCurgers

used in the following

The letters

is proposed and it is shown that

use is made in some parts

of Thorr:pson'srepresentation
notation

4.4.

while section

of Thompson (1953)

notation

dipole

the rows of

jogs by screw dislocations.

and rows of loops result
,Section

jog heights,

are also described

«211> and <110> befng the directions

of the observed defects

different

and the

of the observed

crystals

in tenns of the dragging of sessile

features

The

and a quench

of the temperature

and character

Experiments on single-slip

and a correlation

loops,

the motion and

them or by fonning jogs.

conditions

investigates

amount of defonnation

dipoles

affect

of 550°C.

Sectfen

defects.

vacancies

thus altering

will again be used as previously

qucnchin9 treatment

defined but with the specific

tenperature

for point defects,

the quenched-in

of dislocations

term 'standard'

and sinks

face from outside

• .!. ~, £,

the outward drawn nonnals
of these planes.
in the clockwise

the tetrahedron

The
order when

(as illustrated

in

.!!
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Figure 4.7). The crystallographic directions correspondfng to the
faces and the edges of t.ie tetrahedron are 91ven in Table 4.1.
Table 4.1.

Crystall09raphfc

Connotation

of Thomson Tetrahedron

(Whelan 1953)
Face of the
Tetrahedron

Crys ta 11ograph ic
plane

Edge of the
Tetrahedron

(111 )

An

[011]

BC

[lToJ

CA

[101]

DA

[lto]

-a

-

(11')

-c

(lll)

DB

[101]

(111)

DC

[011]

b

d

4.Z.

Crystallographic
d1 rectfon

The Effect of reformation

4.2.1.
of deformation.

Temr~rature of deformation.

oOe. -40°C.

Four different temperatures

-90°C and -195°C. were considered.

At 6N

specimens were quenched from 550°C to eac~ of t~esetemperatures and
then deformed the same amount, f.e. 4%, at the temperature of the
quenching bath. The highest density of random loops, rows of loops and
faulted dipoles was observed in specimens defonned at -19SoC.

This

confirms tile only other report of well-defined rows of loops in aluminium
(1'1eshH 1965), which was also in a specimen quenched down to -19SoC. and

which had received some accidental deformation.

The density of random

loops end rows of loops decreased $harply fn specimens deformed at -900C,
-40°C and OOC, and, though <211> dipoles were seen in these specimens,
no faulted <110> dipoles were observed.

figures 4.1(a)-(d) show areas

containing a high density of the rows of loops in spedn:cns quenched
from 550°C to OOC, -40°C, -90°C and -195°C (respectively). deformed at
these temperatures,

and 91ven the standard ageing treatment.

Note the

()
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extremely hilJh density of the rows of Ioops in Figure (d), for defonnat1on
at -195°C. as compared to that in Figures (a)-(c).

Faulted dirole! in

case of tie specimen deformed at -19SoC are also seen at F. It may
hO'.'fever be

pointed out that

a

ts not r1gorously just1 ftab le

d1 rcct conoartson
ClS

a lso meant qusnchtnq to d1 fferent

batwcen

the above

results

t!~fonning at a1 fferent temperatures
tenlperatures.

Thh changes the

supersaturation of quenched-1n vacancies which. as described in the
previous chapter, is a critical paramater for the decoration of cefects.
A comparison for the same strain at different teffiperaturesis also not
strictly valid, as the value of stress for the same stra1n is different
for different temperatures.

Specimens

were

also deformed continuously at hi~h temperatures

during the quench.

This was done

produced by thermal

expansion, when it was at the quenchfng temperature.

by

removin~ the slack in the specimen.

The subsequent quench, causfng a contraction of the specimen, gave

tensile strains up to 2%. Though in such quenches the density of
random loops increased over that of loops in undeformed specimens,
rows of loops or dipoles were observed.

no

The defect distribution was

comparable in nature to the case of 2% deformatfon at -1950e, as described
below.

An entirely different feature of

such high

temperature defonnation

during the quench emerges for quenches down to temperatures higher than
200e, and is described and discussed in Chapter 5.
4.2.2.

Amount of defonnation.

It will be shown in this sub-

section that, for the sp@cimens given optimum quenching treatment, the
amount of defonnatioll profoundly affects the dens i ty and tha character
of the observed defects.

The relative concentratfons of the various

defects observed - random dislocation Ioops , rovs of Ioops , c2lb edge
dipoles and ellO> faulted dipoles - are a very sensitive function of
the amount of strain.

Each of these defects,

dependence on t~e dagree of defcrnatton,

howev~r. shows a d1fferent

The effect

of the amount of
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deformation was investigated for specimens given the sta~dard quenching
and ageing treatment.

The specimens were strained varying amounts in

the liquid nitrogen bath, the defonnation being completed within 5 sec.
of the quenching operation.

Though the effect of deformation on defect

nucleation is known to decrease with delay in deformation at a te~perature
of 300e (Kiritani

!!.!l 1966a). it

is not expected

to

be important in

the present case due to the very 1O',~ temperature of defonllation where
the vacancies are effectively immobile,

the jump frequency of vacancies.

assuming a migration energy of 0.60 eV (Doyama and Koehler 1964), is
• 103sec-l at 300e, while it is • 10-26 sec-l at -1950e.
A detailed description of the cefect behaviour with varying
amounts of deformation will now be given. A specimen which is not
deFct-l'Ie_cI

de1tberatel~, henceforth referred to as an 'undafonned' specimen,
occasionally shows a high density of rows of loops in areas of low loop
density.

Such areas of high row density are shown in Fi~ures 3.7 and

4.2 and are from specir:lensgiven the standard quenching and ageing
treatment but which have not been deformed.
attributed to locaHzed

These rows of loops are

accidental deformation. which 15 difficult to

avoid. This is confirmed by erratic, non-repeatahle occurrence of these
rows. This factor also makes the estimation of the mean density of such
rows very difficul t. The fIIeandensi ty of the rows in undcfonned specimens
could be said to be approximately three orders of maGnitude lO\'lerthan in
identically quenched. but appropriately defomed,

specimens.

Though this

proportion would not be fully conveyed. a comparison can be made of
figures 3.7 and 4.2 with the high row density areas in specimens suitably
'.

.

deformed. which are shown in F1gures 3.3 and 4.l(d).
One characteristic feature of the rows of loops in undeformed
specimens is that these are usually found to lie along several of the
<110> directions.

Bo~~ the Figures 3.7 and 4.2 show rows A to D along

different ellO> directions.

While the long ~vs A and B are along the
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two ella> directions contained in the (001) foil plane. the short rows
C and 0 are inclined at4S0 to the foil plane and can be along any of
the other four el10> directions.

In contrast the deformed specimens

contain a more unifonn density of rows of loops. which are along one
and the same ellO> direction.

This is very obvious from a comparison

of Figures 3.7 and 4.2 with Figures 3.3 and 4.1(d).

Also, while

deformed specimens show an appreciable number of both pure edge and

faulted dipoles, none is observed in undefonncd specimens.
The effect ~f deformation at -1950C is more COMplicated than
that reported for room temperature deformation of quenched aluminium
(Kir1tan1 et!!

1966a).

These authors have shown that the specimens

daformcd by various amounts exhibit a continuing increase in dislocation
loop density. till at 8% elongation the density is nearly an order of
magnitude higher than that in undefonned specimens and beginning to
saturate.' In the case of deformation at -195°C the density of loops
increas'es rapi dly from 1014 cm-3 at zero defonnat1on to reach a maximum
of nearly 1015 cm-3 at about 2~ tensile strain. The size of the loops
in the deformed specimens decreases to zoo' A from an average of 500 "
for undeformed specimens.

The rise to saturation of the loop density,

for strains as low as 2~ at -195°C. can be explained on the fact that
I

larger stress is required at low temperature to produce the same

-The density versus strain curve. at -195 C, -for the loops

strain as at a higher temperature (Carstone et al 1956; Staubwasser
0

1959).

remains flat till about 3% tensile strain '-andthen begins to fall
sharply.

While a very high density of dislocations exists at about 8%

strain. very few dislocation loops are observed.
Features of greater interest appear as deformation is slowly
increased above 2%. Edge dislocation dipoles are seen frequently for
strains greater than 2%~ These have been reported

by

nurrerous workers

in case of unidirectional deformat1on of unquenched materials (Dash
19Sa, Johnston and Gilman 1960).

As expected, in quenched and deformed

7'1.

single-slip single crystals these dipoles had the primary 13urgers
vector and lay in the primary slip plane along the <211> direction
perpendicular

to

the

vector.

Burgers

After 3% extension of the quenched specimen. narrow dipoles
along <110> can be observed as well as rows of loops along this
direction.

The general nature of these defects was described in the

previous chapter. while more specific observations will be made in
the follo~ing sub-section.

Here only the correlation of their

density and size with the extent of deformation will be discussed.
Apart from the direction along which they lie. the <llD> dipoles are
noticeable because they are very narrow, their image width being
about 100

A

as compared to nearly 300

A

for <211> dipoles. The

length of the <110> dipo12s varied. but the

mean

len~tn

was bet' ..,een

0.4 to 0.5 ",m.

When the strain approaches

4

to

SZ.

the dcns1 ty of

random

loops.

<211> dipoles and ellO> dipoles decreases sharply and a high density of
rows of loops becomes evident.

These rows tend to lie alon9 a particular

ellO> direction in cny one grain. which is th! sa~~ as that of the
faulted ellO> dipoles fn this grain. Though rows of varying lengths
wera observed. the mean length was.

1 &.1m. While the loop density in

such specfmens is about 1013 cm-3 the mean density of the rows of
loops is 10'0 cm-3.- The row density hoveve r is not unifonn and varies
considerably even within one grain. Thus rol.-l densf ttes as hfgh as 1013
have been observed in areas of about 10 ",m by 10 ~m. In these areas a
high proportion

of the loops occur in rows.

Part of such an area was

shown in Figure 3.3 and is also sh~n in Figures 4.1(d) and 4.3(d).
The density of rows of loops begins to drop rapidly above 5% strain.
mainly because at higher strains dislocation loops are scarce.
The effect of varying amounts of deformation is illustrated in
Figures 4.3(a)-( d). The mi crographs are taken from specimens given

()

()
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the standard quenching treat~ent but deformed different amounts after
the quench.

Figure 4.3(8) fs a representative area from a nomfnal'y

undeformed specimen which shows no dipoles or rows of loops. The
size of the loops is comparatively larger and their density smaller.
figure (b) is from a speCimen strained 2-3: showing a high density of
small loops. A hi~h density of e211> dipoles 0 can also be seen while
a faulted dipole is observed at

r.

An area containing a hiUh density

of faulted dipoles F in a specimen deformed 3-4% is shown in Figure
(c). <211> dipoles still exist in a high density at 0 while the loops
appear to be arranged 1n form of rows along the same el10> direction
as the faul ted d1 poles.'

Well-defined ro~"s of 1oops along ella> are

illustrated in Figure Cd) for a deformation of 4-5%. The density
of backlJround loops is low and no dipoles are observed.
A comparison may also be dra~n between the sizes and the mean
densities of the matn defects of interest, nan~ly. <211> dipoles.
ellO> dipoles. and rows of loops. tn conditions where they occur in
rnaximUfll
number.

In general.- the rows of loops are longer than the
,

ellO> dipoles. which are longer than the e211~ dipoles.

The density

of the 'rows of loops is higher than that of the e211> dipoles. which
is htgherthan

that of the ell0> dipoles.

These results. with ,defect

"

,

densities and lengths at the st~a1ns. Em' ,at -195°C where each defect
is present in ~ax1mum density after a quench from 550°C, are given
in Table 4.2. Again in small localized areas, 10

).1m

x 10

lAm

in extent,

these defect densities may be two or three orders of magnitude higher.
4.2.3.

Experfment5 on sinole crystal~.

The general

characteristics of the rows of loops and the faulted dipoles, such as
the direction along which they 11e and thei r Burgers vector. were
described tn the previous chapter.

This analysis was based upon the

results obtained from experiments on polycrystalline fo11s. Hore
specific observations can be made from experiMents on single c~stal
spec1D~ns regarding the direction of the rows of loops and the dipoles.
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Figure 4.4.

Plot of the [001][101][111] stereograph1c triangle
showing the orientations, 1 to 7. of the singl.
crystals studied. Contours a,..drawn corresponding
to. the. ratio R of the stress on the (111) [211] and
(111) [t11] systems.
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Tab le 4.2.

Summary of the Observations

on Oi poles

<211> Dipoles
Percentage tensile deformation,
'm' for maximumdefect density

and Rows

Revs of Loops

<110> Oit'oles

2 - 4

3 - 4

4 - 5

~'ean defect dens t ty at Em' cm-

108

107

10'0

t·lean defect

Em' \lm

0.3

0.4

1

Dipole width. or loop diameter
at cm' A

300

lOa

zoo

3

and their

length at

Burgers vector.

thh correlation

in relation

which is most significant

mechanism of formation of faulted
analysis.

which lays greater

applicable

to various slip systems.

dipoles

and rows of loops.

emphasis on faulted

dipoles,

the direction

and have the same relation

of the
The following

is equally

to the rows of loops. which. as mentioned earlier.

the same direction

are along

of the Burgers vector to

along which they lie.

The experif1ents

consisted

sheet specimens in the standard

of quenching large grained At 6N thin
manner, defonlJi~g them 3 to 4S at -195°C,

and giving them the usual ageing treatment.
sltp single

for 3n understanding

It is

crystals

studied

The total

tn this w~. was seven.

ensured by using only those grains which had their

number of singleSingle slip was

tensile

axis at

least 100 away from the corners of the stereograph1c triangle. chosen
to be [001][101][111]. and 50 away from the symmetry axes.
was also confirmed by the fact that most of the edg~ dipoles

Single slip
observed

during electron microscope ob$ervat1on of these crystals had the pr1mar,y
Burgers vector.
the stereograph1c

The orientations studied ranged over a large part of

tr1 angle and are shovm plotted

1 to 7 in Fi gure 4.4

(8)

()

()

t

Flo

1
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1J;
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(the stress-ratio

contours correspond to a later discussion and m~ be

ignored at present).

None of the tensile axes examined lay in the area

A3 of the triangle due to crystal growth difficulties.

The Significance

of this point with regard to the direction .'on9 which the faulted dipoles
and rows of loops 11e will emerge later.
The single. crystal speciaens 9iven the quenching and deformation
treatment described above showed a high density of faulted dipoles, and
some rows of loops which lay alon9 the same ellO. direction as the dipoles.
The direction of these dipoles, their Burgers vector and its sense, were
determined uniquely with respect to the tensile axiS, using the standard
methods described in the previous chapter.
stereographfc

The chofce of the particular

triangle, [001] [101] [111], means that the crystals have

the primary slip plane (lTl) and the primary Burgers vector ![Ol1].
All the observed faulted dipoles lay along one particular ellO> direction
in these crystals. the [110] direction.

For the tensile axes investigated

no faulted dipoles or rows of loops were observed along [T01]. the other
<110> direction. apart from the Burgers vector direction. available 1n the

primar,y slip plane.
to be

t

The Burgers vector of these dipoles was always found

~[TllJ. and the sense was such that the Burgers vector made an

acute angle with the upward drawn fofl normal.

Thus, according to the

convention defined in Section 3.4.1., all the dipoles were of vacancy
type.

An analysis of the Burgers Yector of dipoles

f

along (110) .n In

At 6N specimen (cr,ystal 1 in Figure 4.4), given the standard quenching
and deformation treatment. is shown in Ffgures 4.5(a)-(c).
axis is approximately
the micrographs,

The tensile

4° from [213J. its projection befng marked T in

and the fofl normal is near [~2l].

rfgure 4.5(a),

where ~ • 002 and the dfpoles are in contrast. together with 4.5(b}
where the dipoles are out of contrast in
faulted nature of the dipoles.

j •

Inv1s1btlity

OO~. illustrates the
of the dipoles in Figure

()

(b)

()

()
1.
t

]

a [

..

t

2.

•
t1

().

1

J

[7 J;

[lTO] i (e);

I

kV.

[1

1 in

( ). (b)
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4.5(c), in the 220 reflection, shows that their Burgers vector is
perpendicular to [110]. A detailed Burgers vector analysis of the
dipoles gives ~ as l[Tll].

The unfaulted <211. dfpoles, shown at 0,

are along the [~Tl] direction and have the primary Burgers vector
1[011] •
A complete analysis for [110] dipoles F is shown in Figures
4.6(a)-(d) in a specimen with [5 2 15] tensile axis (crystal 2) and

[7~~Jf011

normal.

contrast in~.
in j

•

As before, Figures 4.6(a), with the dipoles in

03~. and 4.6(b). with the dipoles out of contrast

002, illustrate the faulted nature of the dipoles. The

invisibility of the dipoles in ~ • 220 in figure 4.6(c) shows that
the Burgers vector is perpendicular to their 1110] axis, while the
visibility of these dipoles in
their Burgers vector as j[lTTJ.

-

,

Q •

o~2 in 4.6(d) uniquely ident1fies
.

The vacancy nature of the dipoles is

again established from the Burgers vector b~ing at an acute angle to
the f011 normal.

Most of the loops fn the observed closely spaced

rows along [110] also exhibit the same visibility as the dipoles

f

and hence have 4[lTTJ Bur~ers vector;
Table 4.3 summarizes these results for a 'lumber of single
crystal fo11~ given the standard quenching and a~~1ng trea~nt
defonned 3 to 4% at -195~C after the quench. The

lal)t

and

column on

stress ratio R pertains to a later discussion in S~ction 4.3.
Table 4.3.

Analysis of ~llO> Dipoles in Single Crystal Experiments

Crystal
Tensile
(Ffg.4.4) Axis

Foil
Nonnal

Direction of
the dipole

Burgers
vector

Nature of Stress-ratio
the dipole
'R'

1

near
[213]

l~21J

[110J

~[Tll]

var.ancy

2

[5 2 15J

(7~~]

[110]

';[1T1]

vacancy

2.1

3

[216]

[110]

';[Tl1]

vacancy

2.0

4

[318]

[TaTJ
near

[110]

~lTll]

VAcancy

2.5

[161J

10
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Extensive investigation of the rows of loops observed in the above
specimens was not made.

As the overlap of conditions of high row density

and of high dipole density 1$ small, the rows of loops observed ,n these
specimens were not well marked.

However a brief analysis showed that all

the observations made with regard to the faulted dipoles can be extended
to the rows of loops.

The rows in these crystals lay along [llOJ direction

only, and consisted of loops with Burgers vector

:t

1[T11] or

t

';[111],

the sense again being such as to make the loops intrinsic.
4.3.

The Origin of Faulted Dipoles and Rows of loops
4.3.1.

The dipole configuration.

Dislocation dipoles along the

directions no",al to the primary Burgers vector are a connooly observed
feature of plastically deformed crystals (Dash 1958, Johnston and Gilman

--

1960, Washburn et .1 1960, Fourie and Wl1sdorf 1960, Price 1960, 1961b,
low and Turkalo 1962; Fourie and Murphy 1962, Four1e 1964). In deformed
f.c.c. metals these are usually found in high densities towards the end

--

of Stage I (Nabarro et ., 1964, Basinski 1964). There are essentially
two

different mechanisms proposed for the formation of ~ie,edipoles.

In the first mechanism (Johnston and Gilman 1960), the dipole forms
when a screw dislocation containing a sessile composite jog moves under
stress.

The advancing screw dislocation pulls out an edge dipole

perpendicular to ttself which can be te~inated

to form

I

closed loop.

Due to the improbabl1fty of cross-slfp (which is aSSURed to form the
sessfl. jog), specially of extended screws, in the easy glfde region,
a second mechanism was proposed by Tet.1man (1962). This considers the
formation of

I

dipole

parallel slip planes.

by

the interaction of two edge dislocations on

It has be.n suggested that the dipoles fonaed

in Stage I tn copper arise tn th1s way from edge dislocation trapping
(Steeds 1966; Nabarro 1967c).

This litter mechantsm 1s also favoured

by Steedl (1967a) to account for the bent flulted

dipoles observed

sometimes tn defonned low stacking-fault energy metals.
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In addition to the pure edge dipoles described above, narr~
faulted dipoles have also been observed in metals and alloys with lo\~
stacking-fault energy, and a comprehensive report of these observations
has already been given in Chapter 1. The formation of these dipoles by
the motion of screw dislocations containing extended 600 jogs has been
considered by Hirsch and Steeds (1963). The jog is dissoctated on the
conjugate or the critical plane on wh1ch it lies 1nto a Frank and a
Shockley partial.

As the screw dislocation moves tn the primary plane

the Shockley g11desalong

with 1t, extending the fault on the inclined

{111} plane, and forming a dipole bounded by this Shockley on cne short
side and by Frank partials on the other three. The dipole thus lies
along one of the two el10> directions in the primary slip plane other
than the primary 8urgers vector direction.
Seeger (1964). Seeger and ~obser (1966) and Steeds (1966, 1967a)
have suggested an alternative process for the formation of faulted
dipoles by the dissociation of unfaulted 600 dipoles (i.e. Burgers
vector at 600 to the dislocation line) lying along cl10>.

Each of the

two dislocations in this dipole dissociates into a Frank and a Shockley
partial on the inclined {lll} plane along whose int~rsection with the
primary plane the dipole lies. The two Shockley dislocations then
glide together and annihilate. while the Frank dislocations dissociate
on the primary planes into stair-rod and Shockley dislocations.
f1nal configuration thus consists' of stacking-faults on

blo

The

parallel

prima~ planes connected by a stacking-fault on an inclined {lll} plane,
with the stair-rod dislocations at the two bends in the faults and the
Shockley dislocations at the extremities of the faults.

Depending on

the angle between the inclined faults ei ther an S or a Z shaped dipole
can result. A Z-dipole with all the faults intrins1c is expected to be
of the lowest energy.
The detailed mechanism for the fonnation of faulted d1poles in
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aludnium

as a consequence of defcrnat lon will now be described

conf1guration

The sessile

jog.

is likely

to be small,

The' alternative

be reJardcd

direction

to be by the interaction

to be smaller

In the following

as a macroscopic

(Hirsch

1962).

than that

of quenched-in

discussion

of each other

dissociation
jog,

thus the 900 jog alon,

to glide

jog on th'a dislocation

~

moves, three

similar to that described

by Johnston
•

d1stinct

of the sessile

jog.

on

t

.

j

rlB is
-

things might
happen,
.

and GOman (B60),
_

a

In a situation
tha dislocation

is

B!

as proposed belo:..f for the 900

[011], CD. ~

height

~

.£ ,

along the dislocation

sinn. Due to this fact,

The only sessile

depending on the relltive
,

on

and hence are i glh$il~

lateral.1y

of the 600 jogs,

llhen the dislocation

El

<211>

induced Wootionof the parent

with the jogs of opposite

is not envisaged.

i.e.

then the primary screvdts locatf on

During the stress

stress

of an unfaulted

energy of alUr.11n1umit can be assumed that

these Jogs are likely

under

(Gilman and Johnston 1962).

If (lT1) [011],

the 60° jogs along CA and CB do not dissociate

and annihilate

along a <110>

CA, [110]. i ,e , CB and [ol'T]~'f.e. CD.

Due to the high stacking-fault

dislocation

a jog in a dislocation

whl1e that

4.7(a),

system,

[loT], t.e.

plane.

with

d1pole by the moti on of a screw disl oeatf on

i~ Figure 4.7(b).

chosen as the primary slip

the cross-slip

vacancies

above which the two segments of the parent dislocation

shO'"I" sch~mat1cally1n'F'19ure

can have jogs along

to form jogs.

The height of the Jog will however be restricted

The fonnaU on of the faulted

is illustrated

Due to the

to the case of quenched

segment of the dislocation

ncar the jog behave independently

dipole

easily

of the j09s, more appropriate

the screv dts loce ttons ,

containing

on of screw dhlocat1ons

and hence these can cross-slip

origin

alum1nittrr., 15 likely

AB

of

to that

jog could have formed in two ~/ays.

t ener~y of al uminiuM, the dtssoctatf

hi gh stacking-faul

- is

siml1ar

the motion of a pr1mary screw dislocation

by considering

a sessile

will

A treatrent

given.

and Gilman (1960) will be adopted for the formatf on of these

Johnston
dipoles

of these dipoles

and the

87.

might pullout

an edge dipole perpend1cular

[~tlJ direction.

Thh

is illustrated

if it is energetically

Alternatively,

er on the critical plane a into
The Shockley can then glide under stress

a Shockley partial.
or plane!

1n Figure 4.7(b).

favourable, the sessile jog may d1ssoc1ate on

e1t~er the conjugate plane

pl&ne~

to itself, 1.e. along the

b

a Frank and
on either

to give, respectively, a faulted dipole along

DA (as shown 1n Figure 4.7(a»

[Tlo].

or along [tal], DB (unillustrated).

Finally, for small jog he1tht, the jog along CO Illayclhlb as the dislocation

l! moves, leaving behfnd a. platelet of vlcancits .'ong one of the two
directions DA or DB. In all the three cases it is anticipated that the
dislocation wfll eventually cross-slip to leave a closed d1pole or

I

ffnfte platelet of vacancies (Washburn 1963; L1 and Swann 1964).
The formation of the faulted d1pole w1ll be considered 1n more
detail now. The discussion will be based upon the conffguration of the
faul ted dipole as

n1 ustrated 1n Figure 4.7(a).

Due to the hi gh stacking-

fault energy of aluminium, it is not expected that the Frank partial
bounding the fault would be further dissociated.
the S or Z configurations

Thus 1t ts assumed that

of the faulted dipole, as described by Seeger

and Wobser (1966) and Steeds (1966, 1967a) for low stacking-fault

energy

meta 11, do not arise.·
The two possible dissociations
~

are given

of the 900 jog along CD in dislocation

by :

- --

-

(1.e. AB • AS + BB on plane b)

-

and

~[Ol1J "~[ll1J

+ i[~l1]

(i.e. AB .. Aa + aB on plane a)

--- - -

-

Th. resolved shear stresses in the [211] direction on the (Tll) plane,
and in the [211] direction on tJ~ (111) plana can then be calculated for
all the tensile axes lhkij in the [J01] [101] [111] trhngle

corresponding

88.

to the (111) [011] primary system.

The resolved shear stress '( is

given by the express ton
t

•

a COS • COS 1

where a is the tensile stress, and.

and 1 respectively the angles which

the tensile axis makes with the slip plane normal and the glide direction.
Thus for the resolved shear stresses on the (T11) [211] and (111) [~ll]
sys terns we !let ,

and

'(T11)

[211J

•

T (111)

[~11] •

K ([hkl].[TllJ}{[hktJ.[211])
Ie ((hkl]. [111J )(

where

[hkl] •[~11] )

+

The ratio R of these two stresses
R •

•

t(T11)

fs given

[211] / t(111)

by

[~11J

(-h + k + t)(2h· + k + 1)

(h + k

+

1)(-Zh

+ k +

1)

Contours for the stress-ratio R have been plotted for the tensile axes
in the [001] [1011 [111] stereographic triangle in Ffgure 4.4. The stress
on the (111) [211] system remains positive in the whole triangle.

In

Clse of the (111) [~ll] system the stress is positive in area Al and
negltive in areas A2 and A3 of the triangle (Figure 4.4), i.e. the
direction of the stress reverses on crossing the (211) lone. This
switching of sign makes the stress-ratio R negative in areas AZ and Al.
It can be seen from figure 4.4. that there is in fact only a small region
nelr [OOlJ where the stresses on the two systems are nearly equal, and
another small region for h • (k

+

1)/12, corresponding to the contour

CC', where the stresses are nearly equal, but in opposite directions.
Elsewhere either one or the other system dominates.

The stress on the

(tll)

[211J sys tsm rezatns

the triangle

except

[reater

than that

on the cthar

[211J system hIS

in the small regien AJ where (11)

stress.

higtler

If the faulted

if it is legHimate

dtpo les are fcrned

to consider

stress. then thii stress
ellG> direction

graphic

in the way outlined

only the cacrcsccptc

analysis

enables

triangle.
and (Tl1).

';[T11].

Similarly

dipoles

for t!1C tensile

be along the intersection

should lie along t:ie intersection

vacancy and interstitial

Curg~rs vector

axes in the area.A3

o'f (lTl)

as ~[111].

the dipoles

should

t,e , along [TJ1J.,with

and (111).

arc produced.

will not fonn a dipole of the same nature

the s ame jog

l:o'h~v:;r.

en the tvo stress

jog running down along CD in tha dislocation.tf.

an extrinsic

shoul d be

It 15 essusod in the aaove that both

diroles

out an intrinsic

t~e particular

d lia for any tons ile axis.

i.e. ~long [110J. and their

th:!fr Burgers vector

shear

axes lying in areas Al and A2 of the stereo-

the faulted

of (lTl)

above. and

resolved

cne to postulate

along which the dtpcleswcul

Thus for all the tensile

pulls

ever aost of

(Figure

systems.

4.7(a»,

dipole on the (111) [211J system. will

dfpole when the (111) [2ltJ

system is operative.

which
produce
The jog

which produces an intrinsic:

d1pole in thts latter

system has to run up

along DC in the dislocation

~,

form an extrinsic

and this jog will

The

di pole on the (111) [211J sys tem,
The asreement
is excellent.
ratios

of this

The details.

analysis
including

with the expari,;lllntal
the tensile

R. for son~ of the stn11e crystals

$wr.marized in Table 4.3.

All the crystals

axis in the part of the stereograpnic

observations

axes and the stress-

1nvest1gatod

hava been

examined had their

trian~le

tensile

above the contour CC'

t ,e , in areas

the stress

Al and A2• Thus on the basis of the account ~1ven above,
was always 9reater on the (T11) [211] system. The d1recticn

along which the faulted
Their Burgers vector was

dipoles
t

lay in all these crystals

was [110].

~[Tll]. the sense being such that it made an

acute angle with the upward drawn foil

normal.

thus making the fault

9J.

intrinsic

(the extrinsic

annihilated
direction

in the supersaturation
of the dipoles,

with the calculations
Observations

of quenched-in

and their

of glide

stress

for the tensile

of course,
The observed

is therefore

consistent

on the Shockleys as described
of faulted

dipoles

on

above.

[21TJ

(111)

axes in the region A3 of the stereo-

However, experfnental

triangle.

vacancies).

Burgers vector,

conforming to the formation

system are expected
graphic

fonned during defcrmatf on are,

dipoles

system could not be made, as single

conf'f rmat l on for this stress
with the epproprf ate tensile

crystals

axis could not be obtained with the strain-anneal

n~thod used for crystal

growin~.

4.3.2.
previously

Energy considerations.

been reported

for the critical

di pole becomes energetically
along the saine direction

the present
an unfaulted

h (defined
illustrated
an unfaulted

static

dipole,

<211> dipole

<110> .

600 di pole

The

1967a).'

and of Sand

were considered

energy calculations

Z .

by these authors.

were also

done in case of

ellO> dipole

or

to form for a jog of given height

is likely

as the length of the jog measured along the jog direction,
in figure

4.7).

dipole along <211> and a faulted

derived.

formula due to Cottrell

dipole

and the same dislocation

along <110> formed

motion.

Critical

dipole was energetically

The dipole energies
(1953a),

favourable

were calculated

•

giving the dipole energy per unit

[In
2'1(1 - v)

where r is the width of the dipole

(L)
ro

in its

plane,

-

I cos

20]

jog
was

using the

length as
E

as

A comparison was made between the energy of

below which the faulted

subsequently

elasticity,

work in order to decide whether a faulted

for the same jog height
height

over an unfaulted

and anisotropic

of the faulted

Approxfmate

width where a faulted

favourable

have

energy calculations

(Seeger and Wohser 1966; Steeds

cases of both isotropic
configurations

Static

+ rye
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and

1

the stacking-fau1 t eM~Y. the term 'Invo1ving
zero for the <211> dipole,

e

the angle the plane of the dipole makes with the slip
plane of the dislocations,

v

Poisson ratio,

C

the shaar modulus,

ro

the core radius ~

b

the magnitude of the appropriate Burgers vector.

It

was

assumed

that

1

being

the unfaulted e211> dipole will rearrange itself

by glide, to attain the minimum energy configuration corresponding to

e •

i

and

a width

of

r • h x 12. x

for the faulted dipole where

J1.

No such

e • ~ and r •

h

movement is pO$si~le

x!i.

In the comparison

of energies for a given strain, that is unit movement of the Main dislocation
line,

due allowance was made for the fact that the lengths of the potenti al

e211> and .110> dipoles are in the ratio 1 : ~.

Takfn9 ~lll>

Burgers vector for the faulted dipole, the energy ex,ressions.

~s the
for unit

dislocation motion, of the e211> and the <110> dipoles then becoroo

2'1(1 • v)

3'3.(1 - v)

[ 1n (- 3

212

h

• r)

+

i]

+ Gb

2

•

h

D

.L
."GO

•

0

where b now is the magnitude of the Burgers vector of a perfect dislocation.

and ro is in units of b.
These equations were used to calculate the transitional jog height

h below which the faulted d1pole is favoured in aluminium.
similar calculations were done for copper.

For comparison

The numer1cal values of the

various constants used in these equations are given for both aluminium
and copper in Table 4.4. The value of lAt • 135 erg cm-Z is taken from

*.

Dobson.!!!!
~

and

(1967). The use of the core cut-off radius ro,with
to include the core energy needs comment.

values

Different values of

92.

Table 4.4.

Numerical Values of the Con~tants used in Enerov Calculation4)
G

y

r:eta 1

b

dyne cm-2

$.

r.Jj

AI.

0.34

135

2.70 x 1011

2.35

Cu

0.35

60

4.85 x 1011

2.56

this parameter,

from b to ~ • have variously

196h Jossang.!!!l
rigorous
radius

been used (Kroupa and Brmm

for the choice of a particular

is avai1~ble.

Incorporation

core radius

value of th~ core

term has itself

assumptions,

of the elastic

eneray,

and disregard

which usually

any contribution

and the uncertainty

core energy (e.g.
more sophisticated

assume large defect

approach unjustified

favourable,

.

b

a lower energy than the corresponding
of 6b and 46b, respect1vely,
of the faulted

as calculated

as the faulted

• j.

dipoles

These
for the
make a.

application.

be low which the faulted
from the given equations,

for aluminium and copper in Table 4.5.t

in aluminium for ro

(1964b»

in the present

jog beisht,

• lb will now be considered,

unstable

expressions

those of Foreman (1955) and Friedel

are energetically

are tabulated

length of the

from the corners.

in the available

The values of the critical
dipoles

been criticized

Hm:cver, epproximati ens are al so invo1 ved in the

dimensions as compared to the core and semi-infinite

dislocations,

No

of the core energy in the form of

in the logarithmic

(Crocker and Bacon 1967).
calculations

17.43 x 10-3
4.83 x 10-3

1965, Foreman 1967; Hi rth and Lethe 196Gb).

explanation

an effective

ro

y

erg cm-2

The results

for

dipole is found to be

It is seen t!"lat faulted
<211> dipoles

in aluminium and copper.

dipoles

have

belOl~ jog hei!;hts h
The maximumwidths

in aluminium and copp~r, according

to these

The values of critical
jog height and energy per atom plane given
in a previous publication
(Shoaib and Segall 1969) are slightly smaller
than those given here •. This was due to a minor algebraic error in
computation.
However, thh mak.es no difference in any of the arguments
or conclusions IS other approximations in the calculation
outweigh this
small error and as the results of this calculation
have been used t~
make qualitative
deductions only.
t
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,Tahle 4.5.

Critical

Core
radius

I,~etal

Jog Heismt below which Faulted Dipole is Favoured

Critical jog height

Faulted dipole width

h

r • (hf3)/Z

Dipole energy
per atom plane

ro

in units

in units
of b

of b

1/3

At

~

tV

e

-

of b

Faulted Dipole unfavourable

.~

1/4

6

17

5.2

15

2.7

1/3

41

1~5

36

91

5.3

1/4

46

118

40

102

5.8

Cu

calculations

in units

~

.re

then S.2b (15

A) and

40b (102

A) respectively.

Direct comparison of the above results wit; the more deta11ed
calculations of Seeger and Wob,er (1966) and Steeds (19671) 11 not possill.
as they have calculated for the transition from an unfaulted 60° dipole to
a faulted dipole of equal length •. The1r original assumption of unfaultld
600 dipoles is difficult to understand, as no such
dipoles have been observed
,
experh.nta11y.

and no mechanism has

However. for the sake of reference,

betn

postulated for their formation.

their cal culated val ues of crittcal

slip plan. separation. H/b. are given in Table 4.6. The valUfts are tlken
for a Z-dipole consisUng
planes. separated

by

inclined (111) plane.

of intrinsic flults on

distance H/b. connected
Results for isotropic

by

t\'IO

parallel primary

an intrinsic fault on an

elasticity only ara quoted.

and fl"OlR the values of H/b. the calculated width, r, of the fault on the
inclined plane is also given.

Due to the assumption of equal lengths of

unflulted and faulted dipoles.

the results of Seeger and Wobser (1966)

and Steeds (19671) should give somewhat larger transitional widths than
those calculated in the present

work. and this is tndeed found to be the'

Clse.

TIle approximations
enu_rated

invol vld 1n the present calculations hive been

earl fer on 1n this section.

The errors arising

out of these

ll'blp.

4.~.

r'~axirr;lImWidth of Faulted

Dipoles

from t~! Calcul~t1on5

of

~ee'1er and Wob,;<i.!~r
(l2.~~.L!ndSteerlc; (D67al

-

A1

Cu

Critical

y

r"eta 1

ul}

slip

Dirole width
r • 1.05 x li/l,)

Peference

B

8

Seeger and Hanser

B

8

Steeds

45

48

SecS'er and Wot1ser

35

37

Steec!s

separe tton,

plane
H/b

0.017

0.005

arc further

aggravated

by the fact that the dipole width in aluminium turns

out to be so small that even the use of continuum theory m1ght be questionable.

Though the quantitative
caution,

son~

results of these calculations

useful qualitative conclusions can

ener!lY is assumed to be the only criterion.
calculations

rrlust be treated

drawn

be

the final defect

if

It is thus obvious from these

that above some jog height h • h, unfaultcd

<211> dipoles will

be formed, while below this critical height two possib1lities exist.
may be another jog hei ght h2 such that in the reai on h2 < h

dipoles are formed, while for h
produced.

~.1ternat1vely.

may form (which collapse

0(

with

0(

There

hl faulted

h2 narrow platelets of vacancies are

for all jog heights

h

c hp

platelets

of vacancies

during ~r~Rth in the vacancy supersaturation to

g1 ve the observed faulted dipoles).

In the latter case hOillever. the energy

per atom plane of the faulted dipole

of equal width should be kept in mind.

Corresponding to a jog spanning six atomic planes in aluminium, the dipole
energy per atom plane, from Table 4.5., is 2.7 eVe
formation energy of 0.77 eV (Balluff1

of isolated

Using the vacancy

et al 1963), the comparable
--

vacancies would be 4.6 tV and

the

energy

energy of a vacan~ platelet

somewhat less than this value. If these calculations are taken at their
face value,

the

vacancies for hl

faulted d1r~le "'Quld bEl flYotirt'd nver a pht"lflt of
• 6. and there would be a smaller value h • h2 below

~5•

which the vacancy platelet would have Iover en~rgy.

1l00....ever.

doo to the

approximate nature of the calculations, and the unknO'im value of the
binding energy of a vacancy in a vacancy platelet, the numerical value
of hZ remains speculative. It is however clear that, \l/hfchl:!ver way the
faulted d1 poles form, they are submi crescent c, and to become observabl e
they have to grow in the suitable conditions of decoration de~cr1bed in
Chapter 3.

All.the
faults

only.

discussion

until nO\~has been restricted

In his analysis

assumed that no extrinsic

of jo~ dissociation Hirsch (1962) has

faults are rroduced,

\O/ell only intrins1c stacldng-faults

alloys (How1e and Val dre 1963).
(Nabarro 1967b), extrinsic

stress

and experimentally

are observed in f.c.c.

as

metals and

However. as pointed out by rcurte

faults

may be fonned in tha re!)ionof high

associated with a drag9ing jog.

above arguments ",ould still

to intrinsic

In thh case as "'tell, the

apply to the formation

of faulted

dipoles

-

with different values of h, and h2' though these values would be smaller
due to higher sticking-fault

energy (Kritz1nger!.!.!!

196:)).

defects, however, will not survive tn the present experiments
the existence of.
4.3.3.

due

to

high concentration of quenched-in vacancies.
Ort gin of the rows of loops.

loops in al um1nium was discussed

briefly

The creation

on moving screw dislocations.

of rows of

in the last chapter, and ev1den~e

was presented for their fonnatton from the debris left

greater

Such

behind sessile jogs

This n~chanism will now be examined in

detail in view of the analysis, given in the previous subsection,

of defect formation from sessile jogs of different

tlQ1ghts

h. It was

900 jog on a screw dislocation that. below a certain jog

shown for.

height hl, the motion of the dislocation could produce a platelet of
vacancies along <110>. The existence of another critical jog height h~4
<

was also considered such that for hZ c h < hl faulted dipoles along <ll~>
were produced, while for h < hZ narrow platelets of vacancies were forr.~d.

96.

Rows of loo~s in aluminium can result
microscopic

faulted

dipoles,

in this way, into a string

famed

These loops can then grow to a visible
under suitable

conditions

same Burgers vector.
Burgers vector
which had all

HO'tlever, the Ioops in the

are all expected

of dipoles

has often been found in the r~ds, no rows were observed
the loops of the same Eurgers vector.

The fonnation

of rows of loops from the brsak-up

mechanism.

frequently

In this

vacancy platelet,

lying on one of the incHned
smaller

vacancy clusters.

{111} planes,

onto the prima~

observation

collapsing

plane,

to rotate

which also contains

a

is now

th1s <110>

these clusters

~row to

I

process.

of rows in this way is confirmed by the

the rows generally

or the other of the two l~ll1>

and

about the row

to Frank loops sometime during this

of the majority
that

direction.

breaks up fnto a number Of.

platelets

In the vacancy supersaturation

The formation

the platelet

Only a snal l amount of rearranfjement

direction

size.

appears to be the

extended along a <110> direction

for some of these smaller

direction.

of vacancy

case the loops may well form rr.ost

neces$a~

visible

jogs,

on the two {l11} planes containing

The original

Thus the formation

is not very frequent.

produced by climb of the sessile

prevalent

to have the

Thounh a predominance of loops with the same!

of rows of loops in this way, if it occurs,

platelets.

of loops.

sfze by vacancy condensation

of decoration.

rows fonning from the break-up

fron the break-up of sub-

consist

of faulted

Burgers vectors

loops having one

perpendicular

to the

row di recti on.
4.4.

Some Observations

on the Effect

The formation of narrm'l faulted
<110> due to deformation
section.
Section

explanation.

on the effects
The points

dipoles

has been adequately

However. the detailed
4.2.

of Defomation

described

experimental

of deformation

and rows of loops along

observations
require

that need clarification

in the last
given in

some further
are :
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(1)

in hi~11 density

The occurrence

of variou~ defects , viz.

random loops, <211> dipo les , .110> dipoles, and rm...s of
loops. at different

levels of strain.

(2)

The relative size of these defects.

(3)

The re latt ve densities of these defe ct s ,

(4)

Effect

An attempt

H~/ever.

of the tempeorature at ~lhich the spccteen is deformed.

15 made in the foll O'.Jing to account

for these features.

it may be pointed out that some of this discu~sion

speculative
accounted

is necessarily

Also, ""hile each of the above features

in nature.

will be

for ind1vi<lually, there is no obvious !jeneral explanation

could lead naturally

which

to all these results.

It was seen in Section 4.2. that the density of the observed rows
of loops and dipoles depends in a complicated
deformation.
increasing

The complications
deformation,

factors such

IS

concentration

manner on the degree of

arise due to the fact that. with

there must be an interaction

the growth of jogs. the reduction

between various

in the ncancy

due to the sweeping up of vacancies ~y moving dislocations.

and the effect of increasing

stress on jog mobility.

features of the effect of the amount of deformation
were summarized

in Table 4.2.

The significant
on defect characteristics

These lire discussed below in terms of the

tensile strain, cm' where the density of a particular
At low values of deformation.

1.e.

$

1afects is a maximum.

2%, the random loops are

found in a much higher density than in undeformed
observation

•

can be explained on the assumpt10n

specimens.

This

that in the early stages

of deformation the dislocations mainly have small jogs which move only
short distances before being annihilated
Thus the resulting distribution

with the jogs of opposite sign.

of submicroscopic

or dipoles consists of a large nl.ll'lber of extremely

defects.

Since the vacancy supersaturation

vacancy platelets

and/

short and narrow

is high at this stage most

of these defects would be decorated 91 vtng the appearance

of loops

sa,
nuc leated at random.

A

similar fncrease fn the density of loops in

quenched al tminium, and of tetrahedra in quenched gol d. deformed
about 2% It roora temperature, was reported by K1r1tan1

!!.!l

(1966&,

1968). They attributed this fncrease in the density of random defects

to nucleation on the vacancies produced by the motfon of jogged
dislocations.
The occurrence of unf4ulted c211> dipoles for tensile deformation
• Z% (f.e. shear strain of about 4%) fs not unusual, as these are a
regular feature in most (unquenched) metals deforr..d at the end of Stag~
is surprising is that very few
--of loops areWhatobserved
for thfs value of strain.

I (see e.g. Habarro et al 1964).
faulted dipoles or rows

TIle latter is perhaps due to the existence of a very hfgh density of
loops at tilts stage which make indistinguishable
present.

any rows that may be

The scarcity of faulted dipoles is however difficult to

explain.
As the deformation

is increased above 2S it is 11k.ly that the

jogs, which are now higher and

IROre

stable, move greater distances and

produce wider and longer dipoles and vacancy platelets Ilong ellO>. which
grow in the favourable condition of reduced vacancy supersaturation.

The

highest density of ellO> dipoles is observed for cm value of 3 to 4%.
For strains above this value the density of both unfaulted and faulted
dipoles decreases rapidly.

Thera have been observations

being cut into smaller loops (Nabarro!!.!l

of c211> dipoles

1964). and of dislocation

loops being swept aWIY (Vandervoort and Washburn 1960: Segall
by moving dislocations.
removed

by

The submicroscopic

!!!!. 1961).

faulted dipoles might also be

these mechanisms after &IIlfaulting due to the stress fields of

the interacting dislocations.
A l'Iaximumin the d41nsity of rows of loops 15 attained at c m.• 5S.
At thh stage the density of random loops is quite low and the rows of
loops are eastly distinguishable.

A continuing increase in deformatton

resul'ts in a gradual decrease 1n the density of the random loops. as well

99.

as that of the rows, because the vacancy sur~rsaturatfon
level necessary

for d~fect grQl;/ttl.

:r.axirnul1l dens l ty of rows is
the formation

The particular

value of

of a large number of s tab le nuclei

for decoration.

they are all along the same <110> direction.
observed in specimens not deliberately

the accidental
the latter
It

deformation

of an

One notable
spectnons

is that

deformed oft~n lfe along s2veral

responsible

of the complex nature of

fer the formation of rows in

case.
1$

also sean from Table 4.2. that £,en~rally the

rC\1S

s11rple geometric

fact that for the same dislocation

are .,13/2 t lmes shorter

er rows of loops along cllO~.
the basis of the relative
the pure edge dipoles,

of loops

dipoles which are 1on]er than the <211>

Two reasons can be given for this observation.

dipoles

for th~

In c01trast th~ rows

the result

This is probably

are longer than the faulted
dipoles.

m

and the presence

of the rows of loops in defamed single slip

<lD> directions.

e

b':llow t~e

presumab'ly determined by a compromf se between

adequate supcrsaturat lon of vacancies
feature

falls

One is the

motien the <21b

than the corresponding

faulted

dipoles

The second reason can be understood on

jog heights which form these defects.
faulted

dipoles

If

and rows of 100rs ore init1ally

produced from jogs of height he' hf and hr' respe ctf vely, then, as
discussed

in the last

section,

hr

the motion of the parent dislocation
wider, and their

basis,

hf

<

he.

The trails

will produce a larger

for larger

dragging stress

restraining its motion to a shorter distance.

for the same external

than the faulted

dipoles.

stress,

formed due to

would thus be correspondingly

energy per unit length higher,

Thus the wider defects
dislocation,

<

jog hefahts.
on the

On this

the rovs of loops will be longer

~Jhich will again be Ioncer than the unfaulted

dipoles.
The relative

densities

on the bash of the heisht

of various defects

can also be explained

of the jogs fonning these de fects , The

density of shorter jogs is expected to be higher, so that the defects

100.
formed from smaller

jogs would be greater in m.ber.

Thus, as observed,

the density of the rows of loops is high.r than that of the faulted
dipoles

and the c2ll> dipoles.
It is not easy to interpret expl1 ei t1y the effect of the temperature

of deformatfon and to correlate it with previously reported investigations.
The complication arises

to other factors,

because the Stage I hardening

such as purity,

(Honeycombe 1961).

The reported

is also sensitive

orientation and sfze of the crystal
observations

show that,

in general, a

sfngle-slip single crystal of aluminium, given a shear strain of 8%
(the value conmanly used in the present

it is deformed It -195°C, while it is in Sta~
UtQperature
results

(Garstone.!!.!l

1956; Stlubwasser

reduced (Gantone

!!.!! 1956;

these an SS shear strain

for all temperatures

O.Z

and a considerable

the crystal diameter is

IS

Suzuki.!!.!!

of experiments thin sheet specimens,

III if deformed at room

1959). However, these

hive been obtained for bulk crystals,

extension of Stage I is known to occur

is in Stage I if

experiments).

1956).
tml

thick,

probably corresponds

between -19SoC and 20°C.

In the present

were used Ind for

to Stage I deformation
It has also been reported

(Noggle and Koehler 1957, Andrade and Aboav 1957) that,
extent of the easy-glide
the early portion
(Garstone!!!l

apart from the

region, temperature has only a small .effect on

of the stress-strain

curve.

It is however known

1956; Staubwasser 1959) that the stress required to

produce the same strain
easy-glide

set

is larger at a lower temperature Iven in the

region of single

crystals,

and this will be mora marked in

po lycrys tal s •
In view of the brief discussion given above, it would be expected
in the present work that, for

I

given strain.

mort defects will be

produced in specimens deformed at a lower ternperature.
confo.,.s with the experirllfmtal
that this effect

observations.

This,

in 9.n8rI1.

If it h assUl'ed however,
is not too large between -195°C and _90oe, say, then

101.
the observation
temperature
stability

that many nora rO~JSof loops arc seen at the fonr.er

of defamation

can be used to give 1nfonJ~at1on a~out the

of t'"te suhmicroscopic

are to be decorated
where there
possible

vacancy defects.

they must be stable

is some vacancy mobl1ity.

to make a reliable

estimate

to a narrow vacancy platelet
In principle.

is small.

quanti tative

further

It was not

of the binding ener9Y of a vacancy

experiments

suggests

that it

of this type, where

above -19SoC, coul d 9i ve an estimate

flo\tiever, in view of the expected

width of the vacancy platelets
in the measurements,

laid dO'fI'I1initially
this

point

spread in the

and the consf cerable

was not pursued.

Comments on Reported Observations
Some of the previously

reported work on rows of loops and faulted

dipoles will now be discussed
present

for growth to occur.

but the ft~ove observation

temperatures

of the binding enern,y.

4.5.

long enough, at a temperature

measurements are made of the dens! ty of rows of loops

fanned at d1fferent

scatter

If these defects

series

in context of the results

of experiments.

The current

observations

obtained

in the

on the rows of

loops in al umini um can be compared wi th the observati ens reported
previously

on quenched and deformed aluminium and gold (Kiritani

1966a, 1968).

Ktritan1

not very straight

in tension
defonnation

et a1 (1966a)
--

~!l

observed only a few. short and

rows of loops in quenched aluminium. deforr:led 2.5~

at 30oe. This was presumably due to the fact that their
wn too low, and, more iirportantly.

This is indicated

by thei r observation

at too high a temperature.

of a hi gh~r dens t ty of rows when

the specimen was defonned at -900e in bending (Ki ri tani et al 1968).

--

It has indeed been shown conclusively in the present work that tha
formation of an appreciable

density

requires a much lower temperature
higher amount of deformation
The failure of Kiritan1

of rows of loops in quenched aluminium
of doformation

(-195°C) and a much

(. 4%).

!!!l (1968)

to observe rows of tetra~edra

102.

in quenched gold Ir/hen they defcreed
attributed

it 2.5% in tension

to too low a strain.

The tcrnrerature of deformation, 200C,
as the vacancy mobility at 200e in 90ld corresponds

is high as well,

to that at -6QoC in ~lumin1um.
could be carried

over directly

rows of tetrahedra

If the present

bending,

'1lou1 d be expected

which thay ascribe

conditions

of Kirit~ni

in tension did obtain
This experiment
and Bal1uffi

rather

--

a relatively high density

results

--

conditions.

of Seidman
Thh observatf on,

and faulted

dipoles,

along cll0~

and the amount of deformation,
This is in contrast

to the

of K1ritani et a1 (1968).

obtained

interaction

in the present

with the dipole

of sweeping up of point defects
it 15 of interest

to the faroation

between the quenched-tn

it 1$ necessary to be cautious

the relevance

the

in
discussed

forms during the process

by a moving screw dislocation.

to discuss

of the faulted

For example, the 900 jog,

geometry, probably

vacancies

in extrapolating

work to the case of deformation

unquenched specimens (Hirsch 1968).

less,

of rows of tetrahedra.

of the results

on the thermal treatment

and the dtslocations

in connection

takes

for alumintum, shows that the

rows of defects,

Due to the possible

results

and

et al (1968) in gold. and by deforming 5 - 6%

than on the mode of deformation.

conclusions

This

author used the quenching

(1964) who had used similar

depends primarily

rows.

cause more defornntion,

was also in confirmation

of visible

the specimen between

to the mode of de format ton, might

The present

with the detailed

prcduction

The

quenching exper-iment some deformation

place at low temperature.

of

at 20°C.

ho\yever did yield

be due to the fact that these processes
moreover in the cyclic

density

the specimen in

of defaming

-195°C and 20°C a number of times,

on alumfnium

10'.'1

for defcrmatton

and by quenching and up-quenching

difference.

results

to ~old, then only a

adopted by these authors.

processes,

together

could again be

of the present

Neverthe-

results

d1poles observed in unidirectionally

deforncd f.c.e.

metals of low stacking-fault

The narra." faulted

energy.

,

dipoles

in these metals arc often bent wi th thei r

<11~> directions
3urgers

vector

formatio~

in tho pri~3ry
direction

of such

subsequent

(see e.g.

c!ipoles by

is because

faulted

plane othp.r than the primary

of GOo jogs and the

the dissociation

as described

dipoles,

alon~ AD only.

by

Hi rsch and Steeds

is of course not possible.

along CD only, while the jog
However, contrary

an ed£,e trarping

who favours

the two <l1J> directions

A3 on c can form a
CA can produce the dipole

to the assuQption

of Steeds (1967a)

could in fact be produced by tha 9)0 Jog.
AB can
-

first

dissociate

give a faulted dfpole alon) DA. Under local stress
plane on which the f~ult
the orientation

of the dirole

variations

to DB. It may be pointed

with the two erns at obtuse an~le (120°) to

to one ann being vacancy type and the other interstitial

The calculations
the transition

also require
dipoles

misoriented

are under considerable

dipoles

comment.

These authors

along ellD>.

and ,long ~le same direction.

to

type. Experimentally

angle are observed.

of Seeger and Uobser (1966) and Ste,'?ds (1967a) for

not appear well founded.

expected

Hfth segmants at obtuse

corresponds

wi dth belo\" \,/hfch faul ted dipoles are energeti cally

of the faulted

dipoles,

c!'lansing

out that by this

can be formed, as an acute angle (60°) configuration

as \lell only bent dipoles

to
the

in plana'b

1s being c:!raaged out can c~anS'c to.!.

mechanism only bent dipoles

length

This

rr.~chanism, the observed bent dipole along

The jo~ along CD in dislocation

favourable

The

a 6Jo jog along C3 in screw dislocation

dipole

each other

,

alon1 the two

Haussernann and Wnk~ns D66).

911 de of the Shockleys,

(1963) for straight

faulted

slip

art.iS

be near

have ass enad the formation

from unfaulted

60° dipoles

of equal

Such an assu~pt1on. however, does

Li and Swann (1964) hlwe sho-n that long

even a sn:all amount from pure edge configuration,
stress.

Thus all terminated

pure edge orientation.

dipoles

Observations

in pure aluminium and copper do indicate

would be

of t@rminated

that their

deviation

104.
from edge orientation is ver.y small indeed (Fouri! and Wi1sdorf 1960;
Fourie and Murphy 1962; Li and Swann 1964). This is also confirmed
by

the observations of Steeds (1967b) tn snver and that of the present

author in aluminiwm (Chapter 3), where faulted dipoles ~rere Sfen to
convert upon unfaulting into a near edge orientation.

The assumption

of Seeger and Wobser (1966) and Steeds (1967a) is even fnore improbable
for bent faulted dipoles as it is highly unlikely that a bent unfaulted

dipole with arms along two <llO~ directions can exist without at least
one of the Inns reverting to edge orientation.

Thus the calculations

based on equal lengths of unfaulted and faulted dipoles would give a
larger value of the stacking-fault energy for the observed transition
width, f.e. an overestimate of the stacking-fault energy.

On the basts

of the mechanism of formation of faulted dipoles proposed in this thesis
it is also likely that stress is important, and hence static energy
considerations alone are not adequate to dete,.,ine the stacking-faul t
energy from the w1dest faulted

dipole observed.

In other words. it

might be necessary to take account of the stress in a precise calculation
of the jog height h where there is a transition from an unfaulted dipole
to a faulted
4.6.

dipole.

Conclusions
The role of deformation 1n the formation of faulted dipoles and

rows of loops along <110,. 1n quenched alllftinfumhas
in detail.

been

fnvestigated

Exper1qntal

observations show that these two d$fects fonn
in high density in specimens deformed at very low temperature (-19SoC).

The density of the faulted dipoles and the rows of loops shows

dependence on the amount of defonMtion.

I

complicated

The highest density of the

faulted dipoles, for standard quenching conditions, is found to occur at
strains of 3 - 41, and that of the rows of loops at strains of 4 - 51.
Experiments on single-slip single crystals ha¥! shown that, for the
tensl1e

axes examined. the dipoles and the rows of loops lay along one

les.
particular cllO. direction. and that all these dipoles had the same Burgers
vector.
The formation of faulted dipoles has been examined in terms of the
motion of a screw dislocation containing sessile

900

jogs.

A

configuration

of the dipole is proposed on the basis of the dissociation of the sessile
jog under stress, and the subsequent 91ide of the Shockley on the conjugate
or the critical plane, thus fanning the faulted dipole along one of the
two ellO> directions in the primary slip plane other than the primary
Burgers vector direction •. The experimentally observed direction of the
faulted dipoles. for given tensile axes, has been found to coincide with
that predicted from the calculated stress on the jog.
The transitional jog height below which the faulted cllO> dipoles
are favoured,

8S

compared to pure edge <211> dipoles. ha~ also been

detennined from static energy calculations'. It

is

then suggested that

the observed rows of loops are formed either from the break-up of these
submicroscopic dipoles at an early stage, and/or from the break-up of
vacancy platelets formed along ellO>

by

the same mechanism. but w1thout

the intermediate stage of dipole formation.
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C HAP
SEGHENTEO HELICES

5.1.

T E R

F IV E

IN ALUHINIWf

ANi) AlmUNIU1>i

ALLOYS

Introduction
Previous chapters were devoted to pure al umfn1lilT quenched to, and

then deformed at,

very low temperaturo~.

A

new phenomenon was revealed

when the inVestigations were carrfed over to aluminfum quenched to
temperatures

a little

above room temperatura

during the quench.

temperature

and defomed at hi gh

This was the observation,

specimens, of segmented helices in the strict !enst. i.e.

in such
'helices'

consisting of straight segments which make a constant angle with the
generator of the prism on which they lie.
Though helices are abundant fn many quenched aluminiUm 8l1oys
they are not normally found in quenched alumintum or other pure metals.
There 11 no convincing explanation for this fact though a "unDer of
authors have suggested YarioU! possibilities.
report that helical dhlocations

observation 1n thfn foils.

Thomas and Was~burn (1963)

in pure aluminium are unstable under

They attribute the stability of the helices

in the elloys to the association of solute elements witn the dislocation
l1ne, thus helping to prevent the glide of dislocatton segments which can
lead to the degeneratton of the helix.
that helices 'straighten

.ny impurfty

pinning,

-due
the absence

Smallman et .1 (1959.60) assume

out' fn pure aluminium

to

of

whfle Amel1nckx (1964) suggests that, for the

same relsem, heHees in pure metals readily transfonn into rows of loops.

A more likely explan.t1onfor
metals seems to be that the
annihilate

the rarity 01 he11cal dislocations 1n pure
SCrfW

dislocations can cross-slip

and

each other easily, especially fn a metal of high stacking-

fault energy such as aluminium w~ere the dislocations are not extended.

The observation of a high density of helices 1n zone-refined all1ninium
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in the present experiments goes part-way in confirmation of the last
hypothesis •
.'Section 5.2. deals with the observation of angular helices in
alurrJ1nfumalloys during some subsidiar,y experiments done for comparison
with the results in aluminium.

The conditions of quenching and deformation

necessary for the fonnation of segmented helices in pure aluminium are '
described in Section 5.3. Section 5.4. gives a detailed description of
the geometr,y of these helices In terms of the surface on whfch they He

and the orientation of the segments.

These results are discussed tn

Section 5.5., and the specific conditions under which helices are formed
.

'

1n pure aluminium gives information about the cross-slip behaviour of
screw dislocations.

Conclusfons Ire also drawn about the dislocation

core energy from the experimental observation t~at the segmented helfce~
are

f'ormed 1n

a very pure

and almost elastically isotropic material.

Though these last two sections are described enttrely in terms of the
segmented heltces in al\Jt1fnfum.the observations Ire general and are
applicable to the alloys as well.
The orientatfons of' various segments of the helfces

were determined

from four or II10re micrographs of the same area taken with widely separated
electron beam directions.

In many eases t~ree or more of these beam

directiOns were non-coplanar.

The actual orientations of the segments

were then worked out from the stereographfc plot of the projected
directions in the mfcrographs.

The segment orientations define the pftch

to diameter ratfo of a helix. whfch for generality will be described as
,

the angle. e • between the tangent vector to the helix at any pofnt and
• vector parallel to the helix axis.
5.2.

Seented

Helices

in Aluminium Allo,¥!

The ordinary circular helices,

IS

observed by Thomas and Whelan

(1959), can readily be produced in aluminium alloys Simply by quenching
from temperatures above that of solute solubility.

To look for segmented
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hel1 ces in these alloys thin sheet specimens of AI•• Cu and AI. were quenched from 55CoC to water at lOce.

ffg

Some of these quenches

were performed by furnace dropping and some after direct resistance

heating as described in detail in Chapter 2.
The speci~~ns were thinned using the methods giYen in Chapter 2
and were then examined in the lOG kV or the 200 tv electron microscope.
Apart from the density of defects being a little higher in the specf~ens
quenched after direct resistance heating the results were essentially
the same for the two methods of quenching.

In confirmation of previously

reported work (e.g. Thomas and Whelan 1959; Emury

.!!.!l 1962;

Efkum

and Thomas 1963) a high density of circular helices. varying from
specimen to specimen. was observed.

However. contrary to the observations

of these authors a high density of dislocation loops was often observed
in many large areas.

Such areas of course contained few helices.

The alloys investigated were :
(1)

At - 4wt.1 Cu : Quenched after a short solution treatment

for 30 min. at 550°C tn air.
(11)

AI - 7wt.~ f.1g: Quenched after a 15 min. solution treatment
at 550°C tn air.

The magnesium content even after this

brief sol ution treatment is however less tllan that quoted
as consfderable Magnesium loss is kn~n to occur during
thts process (Lorimer and Nicholson 1969).
(11t)

Ai - O.5wt.% Mg z This was an At • 71 Mg specimen whfch

had been given a 14 hour solutton treatn~nt at 540°C.

It

was quenched after solution treatment by dropping into
water at 20°C.
detennined

by

The exact composition of the alloy was
electron probe analysis after the solutton

treatment.
4~ Cu was very rare.
Though the mean densfty of the circular helices was about 1011 cm-3 it is
The observation

of segmented helices 1n

Ai -

not possible to quote the mean density of angular helices as only a few

•
•

i

•

.I

1 ;

•

•

•
•
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were found in scattered

areas,

he1fces 5.t S in the figure

tenth appeared to be segmented.
s tt l l hit'her.

because their

of such helfces may be

The proportion

an(lular natl.lrG is obvious only en careful

eX~T-1n!tion, as the se~ffient$. apart from being short,
straight.

F1~ure S.Z. illustrates

ht~h density

0.,1

along two perpendicular

at

$1

Il'\d

S2 respectively~

These

those of E1kum and Thomas (1953) and Embury (1963).

anneals at lOO-120°C or short anneals at l60-1S~oC.
temperature

How3ver, the

at which the spec1n18ns in the present

a~ed was 9:)°C for 5 to 10 min. during chamtcal polishing
. preparation

These

prolonged

observed the angular heHces tn s~.ach;ens given either

highest

I

of angular helices in ~as~e$i~~ rich aluminium alloys

corroborato
authors

ara not always

area of this alloy containing

of angular neltcas.Heltccs

directions, [101] and [101]. are teen
observations

Out of a

of • 1012 cm-3 hel1ces tn these s~ecimens about one-

density

-

The

appear to be segmanb1d. At - 7S Mg had a

higher number of seemingly serynented heltces.

comparatively
. total

such IS that shown in Ftture 5.1.

work were
in the

of electron lIli crcscope specimens.

AI - C.5~ Hg provt dad the ...os t detailed
deftned angular

observati ons of well-

helices

1n the alloys,
The density of helices in this
alloy WIS much lower (. 1010 cm-3) than that in the alloys with a
,

htgher

•.

solute

content.

.• '10ys, all the helices
These heltces

consisted

However. contrary

of helices

in rich

of a sma11er number of turns of larger

rad1u!.

all along the length of the hel1x.

the5e helices

was al~o quite large and of

An area of At • C.5~ r'~9 containing

is shown in Figure ~.:.

of these halices

to the observations

segments.

Tbe pitch and the radius of
of 2oo0~.

;

in this case were composed of straight

and the radius was often not unifo"l

the or*r

!

a high density

Note the large pitch and diameter

as cOinpared to that of angular he lf ces in Ai - 4% Cu

Md Ai - 71 Hg (figures

!:.t. and ~.2.) •

. Figure !;.4 •• which is a t11cro~rnph taken by Dr. n.L. Segall,
Shows anoth~r

area of high helix

density

in AL • 0.5% M~. and also
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illustrates an interesting feature not commonly observed.

The two

sides of a large loop which w~re of screw orientation have climbed
to become helices composed of straight segments.

Detailed analysis

showed that the original loop, from which the defect shown was formed,
was a glide loop, 1.e. it lay on
vector.

I

{lll} plane containing the Burgers

The helical parts of this loop are tightly wound, as the

segments, which are of approximately equal length (1200 ~), have
e • 70°.

respect these two helices are not typical of the

In this

segmented helices observed tn general in pure aluminium or tts alloys.
The mean densities of circular helicas, and the mean densities
and the maximum densities (in

10

I

pm

x 10 ~m area) of segmented helfces

in aluminium alloys and pure aluminium are given in Table 5.1.
Table 5.1.
tietal or
Alloy

Oen~ity of "{'lices in At Alloys and Pure At
t1ean density of
circular helices

t1ean density of
segmented helices

cm-3

cm -3

r1axf mum den s f ty,
in 10 pm x 10 ~m area,
of segmented helfces.
cm-3

At • 4wt.S Cu

1011

-

AI. • 7wt.~ ~1g

10'2

1011

5

At - O.5wt.% "9

-

10'0
109

5 x 1011

-

At 6N
5.3.

Formation of Helices

conditions

c~stallfne

X

10'1

2 x 1011

in Pure Al um1nfum

The formation of helf cas
stringent

2 x '0'0

in

pure aluminium requ1 red much more

thin those for the alloys.

Zone-refined, poly-

At sheet specimens. about 75 um thick. were held between

the movable grips of the quenching jig described in Chapter 2 and

direct resistance heated to approximately 630°C.

The slack produced

in the specimens due to thermal expansion was then removed by moving

the grips apart before quenching tnto saturated brine at various
temperatures.

Thh resulted in a continuous deformation of the

--(I)

()

()

HeU
t br1 •

()
()

c

~ [1 1];

Y.

: [1 3]

v.

111.

spec1w~n during the quench.
at the temperature
at 20°C.

The specin~ns

of the quenching bath and subsequently

Approprf ate ly thinned

JE:i200 electron

were aged for a~out 20 min.

microscope.

for 100 hour

specimens \...ere then examined in the

The averase fo11 thf ckness in the areas

examined was about 0.5 ~m but most of the detailed

studies

of helices

were made in areas about 1 um thicl:: es the observed length of the

helices is greater

in such foils.

The observation of the helices
two variables

- deformation

the quenching bath.

was found to be ~~pende~t upon

during the quench and the temperature

Dcfonnatton

was found to be essential

of

for the

production of the helices. and a tensile strain of about 2~. the
maximumpossible
temperature

witn the method of deformation. was used.

The

of the qucnd'l1ng bath was found to be a cri ti cal parameter

for obtaining a high density

of helices.

low density

of helices,

segmented fonn, was observed for quenches down to temperatures
as

zooe

andas

respectively
the

high as ssoe.

The helices

in Figures 5.5(a)

and (b).

overal l density

of the helices

of
as low

for such Quenches are shown

However, a sharp rnax1mtlilin

was obtained

for specimens quenched

to 70°C.
The observed helices
serymented and, in contrast
(1963), were very stable

in pure aluminium were found to be always
with the results

of Thomas and Washburn

in the thin foils.

due to the fact that thicker

present work since t1e helices

foils

TIlh difference is not

were observed at 2:)0 kV in the

were found to be quite stable

even in

the thin regions of the foih.

Angular helices

have been reported

by Eikurn and Thomas (1963)

in Quenched At - 5% r·~gspectcens given a prolonged

anneal at 1000e or

a short anneal at l8loe. They attribute this observation of the angular
heltces to a transformation from the circular form during the anneal.
Annealing experiments

were done by Dr. R.L. Segall

to investigate

the

()

()

f

oil n

1:

, 111.

•

i

D
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()

B

\

,
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•

/
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stability of the segmented helices in aluminium.

Thin foil specimens

which had been examined in the electron microscope, and a thin sheet
specfmen knoHn to contain hel tees,

were annealed for 10 min. at 170oe.

Electron microscope exemtnattcn showed that, though the turns intersecting
the surface in the thin foils tended to straighten out, the helices

in

both the thfn fofls and the sheet specimen retained the segmented form.
Thus, as rn10ht be expected from the conditions under which they are
fanned, the angular hel1 ces seem to be a minfmum energy conff ~uration.
Further discussfon of this last point is deferred until a later section.
The distribution of thesegn1cnted helices in alwninium specimens
was quite non·uniform, and there was a tendency for them to occur in
groups.

The estimated mean density of the helices in a specimen quenched

under optimum conditicn$

~,:ilS

1()9 cr.t3,

b'~t

in

some areas

of

up to

1') lAm X 10 um in extent the dens f ty was as hi!;h AS 2 x 1011 cm-3•

Two

such areas are shown in Ffgures 5.6(a) and Cb). The observed lengths
of the helfces were. in ~enoral. limfted
estimate of the mean length ,can be given.
helices up to

3

.,m

the fofl thickness so no

by

In suitable foil normals

long, and containing more

than

ten turns

were

observed.

One such example of a sixteen turn helix along [Tal] in a 1 ~m thick (lT2)
foil is shown in Figure 5.7.' An upper limit on the observed radius is
Ilso imposed

by

the fofl thickness.

HOwever helices of

200a

A radius

have been observed as well IS helices with a radius as s~all as 200 ~.
r

In Ffgure 5.6(1) one turn of a helfx of large radius can be seen at D.
while the rest

of the helix has intersected the surface and is lost.

In comrarison a number of turns of smaller rad11 can be seen in this
figure in the helices A, C and D. which are alonl) the same direction
as D.

One noticeable feature of the observations in aluminium is the
large pitch to diameter ,ratto, i.e. smaller B. of the helices compared
with that of the nonnal (circular) heltces observed in the rich

8110ys
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which are more tightly wound. Pitch to diameter ratios of the helices
in pure aluminium were measured to obtain t, and 1n the majority 01
cases this angle was found to be between 40 and 50 degrees, although
values of e .5 small as 25° and up to 60° were observed.
are in agreement with the results

These results

obtained, in a smaller sample

direct method of determining the segment directions.

by

the

The values of e

for a number of helices with their axes along lTol] are given in

Table 5.2.
5.4.

Geometrical Features of Segmented Helices
The geometry of the helices

described in some detail.
(i)

the

helices

observed in aluminium will now be

It will be shown that:
•

are

generally segmented helices in the strict

sense defined previously,
configuration;
(ft)
Hore

and

these helices lie on

specifically,

or are very near to thh

I

particular well-defined prism.

it will be shown that

the

observed helices have the

configuration

illustrated

of this helh

consists of four segments and the repetition

turn is very faithful,

in the Hne diagram, Figure 5.8.

1.e. se9'llent OP is stM

ctly parallel

Each turn
of each
to segment

ST and so on. The segments of the helix make the same .ngl. with the
helix IXis, which 11 also the Burgers vector, and 11e on the (l1U prism
containing this direction.

The direction

of the helix axis is taken

here, and tn the rest of this chapter, to be

IToll,

so the helfx lies

on the prism formed by (111) and (ltl).
The above statements were easily

verified for several hel tees

from the micrographs of each helix taken in different
(and tn different

reflections

orientations

for Burgers vector detenninat1on).

Figures 5.9(1) • Cd), together with figure 5.6(.), show one such set
of pictures taken tn widely different

electron beam directions:

(c)

I

()

•

(c)

: [lt1]

()

, [ 1];

o

1 z

• r'

(IT

J,

••

v.

()

\

, [

()
)

et

1]

• [1 1]·
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[OT1]. [101]. [lTl], [OQ1] and [112] respectively.

While the significance

of the particular projection of the helices in Figures S.9(a) and (b) is
dfscussed bel~i, Figure 5.9(c) is also of special interest as one is
looking down on the (111) plane which contains segments b and d. of
helix C say, and forms one set of faces of the prism on which the helices
lfe. The actual orfentations of the segments, and hence the plane on
whtch they lfe and the angle they make with the helix axis, was worked
out

by

plotting the projections on a stereographtc nat.

The data obtafned

from such sets of micrographs is tabulated fn Table 5.2. for a number of
helfces. givfng the segment orientations. the planes on which they lfe.
and the angle. e, they make with the helix axis or the Burgers vector.
The general pattern that emerges from this table is that the segments of
the helices make nearly the same angle with the helix axis, and also lie
alternataly en, er nearly on, (111) and (lTl) plan~s.

Micrographs taken

tn different reflections show that t~e direction of the Burgers vector
of the helices is along their axis.
found to confom

Thus the observed helices have beer.

to the configuration proposed earlter on in this section.

The method of Inalysts described above, t.e. finding the Ictual
orientation of the segments 1n each case. has its drawbacks.

The process

of measuring angles between various projected directions and plotting
them stereographfcally
(generally
Vur,y

c

2,000

difficult.

is ti~~ consuming.

A) of

In addition, the short lengths

the segments make accurate orientation determination

This is particularly marked because the segments do not

lfe along any low index direction in general, indeed the segments of
different helices do not have a particular ct~stallographtc direction.
however 1rrattonal, in common.
ten helices examined in detail

Thh was found to be true for most of the
by

this method and can be verified eas11y

from Table &.2. Figure 5.10 shows the stereographic plot. for five
different orientations. of helix C 1n Figures 5.6(a) and 5.9(a) - (d)
and illustrates the scatter in the various projections.
The verification of the two essent1al propert1es of the helices
fn alumin1um. that is they 11e on a (111) (lT1) prism and that they are
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Seqment
Orientatio~s
.

Tablp. 5.7..

(The axis of the helices

Figure

Helix

[T23]

41°

(111)

near [g32J

380

(111 )

[)32]

37°

(111)

[1~4]

46°

(111)

[t23]

41°

(lTl)

[~311

46°

(111 )

lt~l]

46°

(111)

[OT1J

SSo

(111 )

[144J

52°

-

near

[~41]

51°

(111)

near

[110]

55°

(111)

[t~5J

500

(111)

[145]

50°

(111)

[110]

60°

Cl11 )

llto]

57°

(111)

[t34]

46°

(111 )

[245]

42°

•

['52J

44°

(111)

[~~l]

46°

(ltl)

[11z]

29°

(111)

[T12]

30°

(ltl )

[~11]

32°

(111)

[~23]

25°

C

nGar

5.11

-

A

near

-

•

near

-

G

(111)

5.9

5.7

axis,

Glide plane of
the se gments

410

S.6(a)
and

Angle between the
segnwnt directions
and the helh

[1231
B

5.9

in Aluminium

is taken to be along [Tal].)

Orientation
of the
segments

S.6(a)
and

of the Helices

near

-

()
A

Cb)

Ft u

5.H.

.1

op

in1

jet
etton : [01')].
fon no

• OOZ.
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~eodes1cs on thh prism, does not in flct require the detenn1nation of
the orientation of various segments.

The two facts are readily proved.

by a different approach, described below, where accurate qualitative
information is obtained.
To den~nstrate that the helices lfe on the proposed prism is not
difficult, for if this is the clse thon the helix axis and any two
alternate segments lie in (111) or (lTl).

Thus if the helix is viewed

alon~ , direction contained in either of these planes, the projection'

+

consists of four secments, with two alternate segments parallel to one
another and to the projectton of the helix axis.

(For a helix lying

at a shallow an91e in the fo11 one of these latter projected segments
nlay

be very short).

of this type Ire shown in

Typical projections

figures 5.7(a), 5.9(1) and 5.11(1). The direction of the helix axis
tn these eases is [101] while the beam direction is along [OT1] in the
first two figures and along [no] in the last. The set}ments a'and e in
the heltx C in Figure 5.9(1), say, which ara along [T~4] and [~31J appear
par."el

to the projected helix Ixis. This is because the beam direction.

the heltx axts and the segments. and c all lie tn (111). Simtlarly, if
this helix were viewed in a direction in tile (lTl) plane, the helix axts
and segments b and d. which Ire .'on9 [T23] and

would project parallel to each other.

ll~l] respecttvely,

Thete observations can be extended

to other helices fn'thiS figure and in Figures 5.7(a) and 5.11(a).
The proof •• 'ong the same l1nes, that the dislocation segments
lie on geodesics on the prism is not quite as obvious.

Electron micro-

scope observations have to be constdered together with a Simple vectorial
derivation based on the hel1x geometry.

It will be proved that if a

geodesic on a rhombus based right prism is viewed along either of the
perpendicular bisectors of the angle between the fac~s the projection
consists of only two distinct directions.
Consider two vectors on the adjacent faces a right prism

with

117.

e.g • .Q!! and.!Q in figure

a rhombus eross-sectton,

5.8.

Further,these

vectors are equal in magnitude and make equal angles with the generator,

E.,

of tho prhln, that is :

OP • PQ

•••• (5.1)
•••• (5.2)

, Ind. .

It will simply be shown that the vectors .Q!:. and~

and the perpendfcular

bisector of the angle between the planes on which they lfe are coplanar.
A Ylctor along the perpendicular bisector of the planes containing

.Q! and!Q is :
.!l • (Q!!

<!2

+

x~)

x ~)

Hence it must be shown that I

Now,'

!._2!!

x!_q.

.!l. ~'

X

0

l?) • <.2!

!,q •

(Q!

X

•

(2..

!SH9!.> 2

+

<!. !fH (Q!!

-,

x

!:l)

+

<!:9.

x

l!_) •

(E!

X

C.!?. E!) <E! • !])

.!_2)

-

~.

~)(!Q)

2

• 0

from equations (5.1) and (5.2).
The particular prism used 1n the present description is made up
of (111) and (lTl) plane~ which have [101] and [010] as the perpendicular

Thus if the ob$erved helices are geodesfcs on this prism and

bisectors.

are viewed along .'ther of these directions there should be only two'
distinct

d1 rect10ns of projectfon

illustrated'fn

of the segments.

rigurss 5.7{b) and 5.9(b).

[101J. and fn nOUN 5.11(b),

That thh

is so is

where the beam directfon is

where the beam direction is

[oTo].

It has been shown above that the helices in aluminium Ire geodesics
on the prism formed by the (111) planes containing the Bur~ers Yector
direction.

However it should be emphasfted that there are cepartures

~)

nu.
fren these ~eneralizations.
.

As can be seen from Table
5.2. the segments
.

do not 81ways lte precisely on {11l}, nor are all se~ments always equally
inclined to the helix axis.

Changes tn pitch and radius also occur

sometimes along the length ef one helix, f .e. though the successive turns

rematn

truly

paranel.

the sfze of the prism changes.
.,

This can be seen

for heltx C tn ri~ure 5.6(a) and for the helicas in Figure S.6(b).
these devtaticns' from the ideal geo~try

Both

indicate that in these cases
:

,

-

either there were local variations in tho vacancy supersaturatfon
. competing sinks, or perhaps the helices 'froze'

in'the

due to

process of attaining

.; a local equl1 tbr1um.
F'fnally it 1$ convenient here to complete the descriptfon
experimental

observatfons

by briefly discussing the geometry

of the

of the

..helices observed by Forty (1960, 1961) in 1ead fOdi de. Forty describes
z1g~za9 dislocations whose projection in the basal plant is along the
- o(l~10" directions'.

The crYstals studied ~'tre basal phne plat91ets

and

could be viewed only in the [0001] direction.
The zig-zag, f.e. two.
.
- segnmt, appearance of the helfces has been ascribed (Forty 1961) to the

. existince

of long segments in the basal plane alternating

segments in a pyramidal plane.
was attl'ibuted

with short

This non-symmetric shape of the heltces

to th, anisotropy of gl tde and clir.Jbprocesses in the

basal and pyramidal planes.

However, due to the observation of exactly

similar zig-zag appearance of helices of oqual-langth segments in

aluminium when viewed along certain directions, this ex~lanation is now
difficult to lusta1n.

A more likely

explanation is that the helices in

".ad iodide are geodesfcs on a rhombus based right prism made up from
, (lOTn) pyramida'

phnes.

with the helfx axis along cl~10). which is a

probable direction for the Burgers vector.

The [0001] direction

fs of

'course a diagonal of this rhombus, and hence, as discussed ahove, a
projection

in this direction consists of only two segments.

observations of the cusps and chains of loops

.lt the comers

The
of the

heliCIS fn lead fodide are however st111 not amenable to a sittsfactory
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explanation,

though, like Forty (1961),

segments could 'gain
helfces

be fnvoked.

actually
5.5.

between adjacent

The observation

in lead iodide is of interest

it refers to a non-cubic

fnteraction

of the segmented

reasons.

Firstly,

the helfces

were

here for two

structure,

and secondly,

seen to develop in the electron

microscope.

Origin of Segm!nted Helices
The experimental

conditions

for the formatton

of helices

suggest

that they are produced only when there are few other vacancy sinks
aVlil.ble

to compete with the screw dislocations.

aluminium alloys,

for example, self-sink

vlcancy trapping
tightly

that helices

of loops and/or voids.
are forwd

sinks ere nucleated

reproducibly

rafsed.

between the decreasing

In such a quench few self-

probabflity

for IUx1mlJl1helix

as the quench temperature
of self-sink

nucleation

is
and

vacancy loss to 1nftnf ta s1nks,

Another factor

favouring

helix

formation

is quenched to • temperature

the screw dhlocations

they can cross-slip
rapfd conversion

.1so partly

(. 70°C).

from I balance,

presumably arhes

1n vacancie.

1n aluminfum only when it is

value of this temperature

The critical

the iRcreasing

It has been shown in Section 5.3.

as can be seen from the fact that few loops are

densfty

is that

by

Thus 1n normal quenches of pure aluminium to room

quenched to a hfgher temperature

the splct_n

is inhibited

or below few he 1 fees are observed due to the presence of

a hfgh density

observed.

nucleatton

the

and the hel fees are a major vacancy sfnk, becoming

wound.

temperature

In manyo'

are rapidly

and annthilate

converted

one another

(e,g,

is about 180 t1_s

thlt

into helices

before

durfng deformation.

Thh

in the presence of quenched-

because of the absence of competing sinks but

because of the fncrelsed

higher temperature

where

somewhat above room tell!perature

of the screws into helices

occurs partly

in the condttfons

the mobilfty

mobility

of the vacancies

of vacancies

fn alu.1niu.

at OOC, Issuming a vacancy ID1gration

at the
It 70°C
energy of
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0.60 tV (Doyama and Koehler 1964».

Tha fact that helfc!s are observed

only ~hen the screw dislocations are produced sfmultaneouslywfth

.

.

the

vacancy supersaturation wh1 eh can 11ilmobflhe them in the fonn of helices
provides direct evidence of the annihilation of screws fn aluminium
..

defonned at room temperature and above.

There are two factors which could account for the non-occurrence
of helfces fn alumfnfum quenched conventionally.

One is that in such

quenches the specimens are generally deformed after the Quench and
considerable nucleation of self-sinks could already have taken place
before the screw dislocations are generated (e.g. the nucleation tfn~
, in

AL'lt

300e i for loops.

et al 1966b».
--

1 sec •• for voids • 0.1 sec.

(Kiritanf

The second, and the more important. reason fs that

these specfmens are usually quenched down to room temperature or below,
,

,

,whfle it is known (K1ritani 1965) that nucleation of self-sfnks rapidly
1ncrea,es wfth a decrease tn this temperature.
,
under the

most

The helfces observed
.

favourable quenching conditions, described fn Section

5.3 •• have small values of et 1.e. a large pitch to diameter ratio.
The effect of the competing sinks wfll be to make.

even smaller in

the heltces which do form in quenches to low temperatures.

Helfces of

very large pitch to dfameter ratio are not readily recognized as such

in thin foils.

Thus the sharpness of the maximlJl'lin the curve of

measured helix density versus temperature of the quenching bath will
be

enhanced

by

this effect.

Comparison of densfty. pitch and radius between the circular

heltces in rich aluminium alloys and the segmented helfces 1n AI - 0.5%
Ng and zone~refined aluminium shows that considerably less vacancies are
'annihl1ated at helfces in the latter case.

Thh 1$ of course due to

the fact that 1n thfs case helices are not the only sinks for vacancies.
Thus angular hIli ces are observed when tho f1ux of vacancies to the
heltces fs comparatively small. and hence segmented helfces could

presumably be assocfated w1th low c11mb force. This hypothesfs is
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consfstent wi~h the electron microscope observation of angularhelfces
1n PbIZ by Forty (1960, 1961).
of disintegration of the c~stal

These were observed
1n the early stages
.
.
in the electron beam and are attributed

to the clinb of , dislocations caused
. by the vacancies. generated thermally
due to beam heating.

Thus the flux of vacancies. though continuous fn

time, is expected to be 10'.~.
Helices have previously been observed in X-ray topographs of well
annealed, slowly fumace

cooled, crystals of high. purtty . aluminium (lang
and Heyrick
1959; Authier _._
et a1 1965. N~st et a1 1967) and mo1ybdentJll
.

----,

.

(Secker and Pegel 1969). Thfs observation is in accord with the present
.'

suggestfons about the conditions for helix formation since the supersaturation 1n these experiments is 1~4 and consequently no competing
sinks will be nucleated and the surface. the major fnfinfte sink, fs
very remote.

It fs not possible to see from the published X-ray

topographs of aluminium whether the helices are segmented or not.
HO\~ever on the bash

of low vacancy 11 ux argument 9i Yen above these

helices could be predfcted to be segmented.

In fact one of the helices

shown in Figure 3 of Becker and Pegel (1969) does seem to be $cm~hat
angular.
Strudel and Washburn (1964) have observed the formation. in the
electron microscope. of few turns of In angullr helix 1n Quenched At
specimen by the interaction of a moving screw dislocat10n with faulted
loops not on either of its gl1de planes.
the helix can

be

However, only a few tums of

formed in this way. as after this the motton ef the

dislocation is arrested, and these few turns are going to be irregular
due to the non-uni fonn distribution of the loopl.

furthermore •• ll the

segments of such a helix would not lie on a glide prfsm.
.clear from the observltion of the great length.
tums,

the

the larva

It is thus
number of

regularity of the helices which are on the glide prism. and

from the sparseness of dislocation loops, that the helices tn the present
cas. were formed by the direct addition of vacancies to screw dislocations.
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and not

by

the interaction of screw dislocations with the exfstfng loops.

The significance of the geometrical form of the helices tn
alunlintum will now be consfdered in detail.
the energy of circular helices

General expressions for

hive been dar1ved by de Wit (1959, 1960)

whic~ can be siw.p11fied fn ~~e limiting cases of ti~ht winding or
loose winding.

Gri1he (1964, 1965) has crnnputed these enernies over
.

,

a cor.tinuous ranqe of p1tch.

These computations of a particular helix
of ten turns showed a minimum in t~c energy at e • cot-l 0,45,' 1,e •.
e •

66°. This is, as po1nt~d out

result

('If

by

da Wit (1959). of course the'

a compromise between the dislocation line energy and the

tnteraettcn energy bet'..ze~nd1 ffcrent turns of the helix.

The increase

In energy at larger values of e (f.e. smaller pitch to diameter ratio)
cor~sponds

to an increase in the re~ulsive energy bet~p.en succe!sive

turns, while that at smaller values of e is due to an increase in line
length and consequently the dislocatfon line energy.
Approx1mate lfne energy calculations were don~ for a $e~nted
helfx of pftch e on a (lll) prism, using the expressfon (Cottrell 1953b)

E

•
41f{1 - v)

where

2
(1 - " Cos e) ln

f-o

E

is the energy per unit Hne

e

the angle between the Burgers Yector and the dislocation

length,

11ne"
r

llnd

the outer

C. v, band

cut-off radius,

taken as half-pitch,

ro have the usual Illeaning.

For comparfson with the results of Crilhe for th~ circular helix. the
segmented heli. was constrained to a prism with the same projected

lraa perpendfcular to

k as

the 9lide cylinder of the circular helix.

This comparison is however only approximate, as the computations of
Grl1he include the interaction between the tums at small pitch to
d1~ter

ratio whfch the present calculations do not.

As expected,
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the energy per turn of the segmented helix shows a continuous increase
with decreasing e (t.e. increasing pitch to diameter ratio). 'An increase
in energy at large e (1.e. small pitch to diameter ratfo) is also expected
to occur if additional terms for interaction between the tum!

could be

incorporated.

In any case, the energy per turn of the segmented helix
exceeds that of the circular helix for e smaller than cot-1 0.3, t.e.
for e

c

730• This is

due to the fact that, for a 9iven number of absorbed

vacancies and a given pitch, the circular helix has lesser ltne length
than any segmented heltx.

Experimental observations have on the other

hand shown a large number of heltces in Ilum1niw~ with

8

as small as

cot-1 0.9 (i.e. between 4S and 50 degrees). Thus, fn general, on lfne
energy grounds, the ene'"9Y of the segmented helt ces is consf derably
htgher than that of the circul!r helices formed to eliminate the same
vacancy supenaturatf

on.

,A number of ....sons could account for the preferential formatfon
of segmented helices even though the1r lfne energy is hfgher.

It could

be th.t the segmented helfces observed in the present work form as a direct
consequence of the difficulty of jog nucleation.

This argument is tenable

on 'the grounds of low climb force resulting from the particular quenching
conditions, and a somewhat similar argument his been used by Bontfnck
(1957) to explain the polygonbed

features of some of his helices.

A

circular helix hiS to be highly jogged (like the circular loop of Silcox
and Whelan 1960) and thus requires a h1t1her climb force for formattcm, ."h11.
a segmented helix lying on a prism of (111) planes containing the Burgers
vector need only b. kinked.

liowever evidence contrary to thh hypothesis

is provided by the fact that the helices invariably retatn their segmented
configuration during

high

temperature annealtng where the opportunity

exists for reversion to a lower energy form, if there is one.
There are two 11kely explanations for the occurrence of the observed
segmented helices on the more reasonable assumption that this is • mfnfmum
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'(..,_

energy configuration with respect to other possible dislocation configurations,
such as the circular he11x.

One possibility is that the interaction energy

between different parts of the helix may be diminished in the segn~nted
form. Alternatively,

the core energy contrtbutton

of each tum of the

helix may be significantly reduced when it is segmented in a way that the
segw~nts lie on the {lll} planes containing the Burgers vector.

It is

also likely that both these factors j01ntly determine the exact helix
geometry.
Bullough and Foreman (1964) and Bacon and Crocker (1966) have
calculated the energy of rhombus shaped 1001'S on a (111) glide prism to
explain their observation in pure aluminium and AI.- U Mg (1,1akfnand
Hudson 1963, Hudson and Makin 1965).

They haYe shadn that, due to the

interaction between straight segments (Bacon 1966). such loops have a
l~~ energy position near a part1cular orientation away from pure edge
orientation.

If similar arguments could be made for a segmented helix

on a (lll) prism, minimum interaction energy conf1guration way be possible
for a particular value of o. However, difficulty immedfately arises from
the fact that stable segmented helices are observed for values of e spread
over a large range.

A comparison of the energies of rhombus shaped loops.

calculated by Bacon and Crocker (1966), and of circular loops, calcula~d
by

Bacon (1966). can also be made.

This comparison for mintmun energy

loops on a (lll) prism and on a cylinder of equal cross-sectional area
shows that, except at extra".ly small radii. the latter have
energy.

I

lower

Of course the calculations for dislocation loops cannot directly

be extended to helices, but they do suggest that if interaction energy
were the only criterion. the circular helix would be favoured.

Further-

more, the computat10ns of Gri1he (1964, 1966). and also the general
analysts of de wtt (1959, 1960), show that the interaction energy term .
fs predominant only at small pitch, f.e. for 8 ~ cot-1 0.4. The observed
helices art found to have a large pitch. around e • cot-l 0.9, and hence
the tnnuence

of interaction between different turns in such cases h
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expeeted to be very small.

With the above reservations .bout the interaction energy, the most
plausible explanation for the occurrence of seurrented helices lff' in the
l~'er core energy of this confiturat10n,
planes containing th~ Burrers vector.
that t.~ese heHccs

IS

the segments lfe 1n the (111)

This is con5ist~nt with the fact

fonn under conditions of low c11mb force and are thus

11kely to be ..lower ener~y fonn. The only waythh

could be possible

despite the larger l1ne length. in compariSon with that of

I

circular

helfx, is by a reduction in the core energy of the dislocation line.
Indeed the calculations of core energy have been made on the tacit
assumption that it is lowest in the glfde plane.

It fs then logical

that the helfces should be geodesfcs on the observed prfsm since for
a given pitch this will be the minimum line length conffguration.
growth of the helices presumably takes place
.t the corners, where it is elsy to

do

by

The

the nucleation of jogs

so (Sflcox and Whelan 1960), which

then propagate along the straight segments.
If this hypothesis is correct then the observation that circular
helices are often observed in aluminfum alloys requ1res explanation.
As revealed by the comparatively tfght winding of these helices they
result IS a consequence of the absorption of • large number of vacancies.
Thus the high vacancy flux 1n this clse may mean that the climb force is
sufficient to overcome the constraint arising from the lowering of the
core energy on the {lll} planes contain1ngk.

t.e. on the glide planes.

An .'ternative description of the same phenomenon may be given on the

bls1s of jog nucleation.

When the supersaturation

is sufficient Jogs

can be nucleated anywhere along the length of the dislocation l1ne
rather than only at the comers.

To Iccomodate

a large m.mber of

vacancfe. fn the shortest possible time, the climb of all these Jogs may
take pllce giving a circular helfx.
If the core energy criterion is solely responsible for the segmented
configuration of the helices observed 1n aluminium, it provides

I

means
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for estimatin~ the reductfon in the core energy when a dislocation lies in

its (111) 9lide plane.

Now for a hel1x with

per tum of the segm<:nte'd helix

is (312/1').

0

given e, the line length

tilT:Qsthat of the ci~ul~r

helix ~!hich has absorbed an equal number of vacancies.

helix is 161 longer.

i.e. the segmented

Thu$ a reduction in the core energy tn case of the

segmented helix must account for the increase tn Hne energy due ttl the
increased length.

There are no reliable calculatfons of core eneruy but

it fs generally assumed to be between 10 and 20% of the elastic energy

of

I

strafght dislocation (Weertman and Weertman 1964b). A 16% difference

in total enerny per unft len9th is a hrge df fferon ce to attribute to the
change fn core energy between a dislocation either lying in tts glIde
However, the fractfon of the total energy per unit length

plane or not.

•

contributed by the core wtll be greater in a helical ~islOCltion than in

a straight screw. as the elastic
be less d"

to interaction

energy per unit length of the helix will

between 'successive turns '(de Wit 1959).

C

The

ratiO, r. of the core energfes for a dislocation when It 15 not on its
gl1de plane and when 1t is on it can be easily calculated from the fact

that the segmented helix is 1.16 time, as long as the equivalent
heltx.

circular

It will be asswned that the Interaction ener91 per turn is the

same for the segmented and c1rcular heli cos and that the segmented fom

1s only marginally favoured.

Then, if E is the elastfc energy per unit

11ne length of a helical dislocation, and
core contributes

f

the fraction of £ that the

per unit length in the case of a dislocation on fts

glide plane.

(1
or

+

rf)E • 1.16 (1 + f)E

r • 1.16 +

¥

The ratios r can be eval uatad for various val ues of f and sOll1e of:
the results are given in Table 5.3. On tha basis of the discussion given
abuve. the core enera,y of a segmented hel1cal dislocatfon probablylfes

:
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Ttc ratio r of core en.rgics for a cl1s1ocatiC'ln,when it is

Til!)l~5.3.

off or on its fJl1de pla"e, for varying frattior-al core contribution

f

to

the elastic ener~

Cere contrit:,ution

P.atic of core energies

f

r

0.10

2.76

0.15

2.23

0.20

1.96

0.30

1.G9

0.40

1.56

0.50

1.48

, between 40S and 15~ of the .'astie

energy.

These limits lead to the

values of r respectively between 1.6 and 2.2.

It is of course possible

that r may be greater than 2.2 since t.~e segmented helix could have

appr-.chbly lower energy

than

the circular fonn. rather

thin having

Just lI'Iarginallylower energy.
5.5.

Concl usions
Th. experi~ntal

conditions favourable to the formation of heltces

in zont-refined alumfnium have been described.
from near the melting point to a temperature.

These

were a

fast

quench

700e with the specime~

being deformed during the quench.

The form!r conditi~n ensures that

only a minimal number of competing

self·sinks

II'.1ntainin9 an adequate supersaturation

are nucleated while

for the cl1:n~ of sera'''' dislocations.

The latter prevents the mutual annihilation

by

cross-slip of the screws

during plastic deformation, by making them climb into halices immediately
after fannation.
The geometrical

features of the helices observed 1n pure aluminium

and AI. .. O.5wt.S f19 have been described in detail.

These helfces were

composed of straight segments lying on the prism formed

by

the (11l)

planes containing the helix axis. which was along the Burgers vector
directton.

In most cases the se~nts

were of nearly equal length and

made nearly the same angle with the helix Ixis. i.e. the helices were
geodesics on the (lll) prism.

These segments however did not tn general

lie along any particular low index direction.
The preferential fonnation of segmented helfces as compared to ".:
ctrcular heUces

was attributed to their being a lower energy fonn.

Th1s minimum energy configuration of the segmented helices. despite
their comparatively longer line length. was ascribed to the reduction
1n the core anergy of a dislocation line when it lies in the (lll) plane'
containing t ts Burgers vector.

The ratto. r, of the core energy of • "

dislocation when it is off tts glide plane and when it is on it was
then dert ved to be 1.6

$

r ~ 2.2.
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C HAP

TER

S IX

RADIATION OAiV,CE IN THE 200 kV ELECTRON ~"ICROSCOPE

6.1.

Introduction
The scattering of incident electrons in an electron microscope

can for many purposes be treated as elastie but considerable inelastic
scatterfng occurs when the electron imparts some of its energy to the
This energy transfer occurs tn a metal primarily by the

specimen.

1nt.r.ction of the incident el!ctron with phonon~. plasmons and s1ngl.
Qlectrons.

Another mode of energy transfer, which 1s of little importance

1n the conventional 100 kV electron microscopes,

is the direct col11s1on

of the atoms of the specimen with the impinging electron.

This process

1s of considerable tnterest during high voltage microscopy where such a
colltston can result in the ItomS of the specimen being knocked out of
Due to the high electron flux attafnable
1n III electron microscope (. 10'9 electrons cn.-2 sec· ). whfch is over,

the normal lattice positions.

three orders of magnitude higher than in
the ~nlg. so produced can be large.

I

'
conventional accelerator.

Indeed, 100 kV (Venables and Lye

1969) and 600 kV (;·1aldn 1968a, 196Gb; Ipohorski and Spring 1969) electron
microscopes have b.en used to produce and observe radiation damage. '
Irradiation .ffects in so11 ds have been reviewed

by

a nU'Uber of

authors (Seitz end Koehler 1956, Corbett 1966; Thompson 1969).

Electron

irradiation damage ts easter to investigate than that due to heavierpa"ticles

IS

the energy transfer is low and thus conditions can be

controlled so that no more than a single displacement per collision is
produced.
reported

Low temperature
by heler

.!!.!!

electron

irradiation

of aluminium has been

(1966), Neely and Bauer (1966). and Simpson

and Chaplin (1969), and resistivity n~asurements have determined the
value of the displacement threshold enerUy as 16 eV. Thus, 1n princtple,
it is possible

to produce damage in aluminium with electrons of 166 keY
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energy, though the damage would be difficult to detect due to the low
cross-section.
Interaction of the incident electrons with the specimen under
observation in an electron microscope is treated according to the
dynamt cal theory of electron d1ffraction (Howie and Whelan 1961).

To

incorporate both the elastic and the inelastic scattering a complex
lattice potential i$ assumed (Yoshioka 1957).

In the two beam

epproximation of the dynamical theory the wave function of the electron
is represented

by

e linear combination of two Bloch waves.

One of these

waves, conventionally type 1, has its nodes, while the second, type 2,
.'

has its anttnedes , at the atomic positions

(Hashimoto ......
et .__.
a1 1962).

is thus expected ~,at wave 2, having its maxima attha

It

atomic posttions,

would have larger interaction wi tilthe atomi e potential.

Thts is

confirmed by.an increase 1n certain forms of inelastic scattering when
the electrons

are incident

2 wave is excited.

such that w • stg « 0, t.e. when mainly type
In such a case the speci~~n exhibits greater absorption

and an increased production
Hall 1966).

--

of X-rays (Hirsch et .1 1962; Duncutnb 1962.

It has been sug!jested (Bowie 1969) that displacement damage

in the specimen might be similarly enhanced.
The present

chapter reports some preliminary experiments

done to

investigate the comparative damage rate 1n tho 200 kV electron microscope
in alumfnium specin~ns oriented either for anomalous absorption or
anomalous transmission.

Section 6.2. descr1bes the technique used for

the detection of damage by the annihilatton

Introduced

by

of small dislocation

loops

prior quenching, while Section 6.3. describes and discusses

the experialental results.

6.2.

The Oetection of Damage
The technique used to detect the radiation induced damage was

based on the annihilation of pre-exlstfng

stitlals produced.

vacancy loops by the inter-

The disappearance of quenched-in stacktng-fault
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tetrahedra in gold has been reported by Cottertll and Jones (1964) durfng
a-irradiation and by Cotterill

(1966)

during neutron irradiation.

Annihl1ation of vacancy loops in a1uminillllduring irradhtton
AI.

tons

has

also been observed (Henriksen!!.!l

1968).

with 50 keV

On the other hand.

Maktn (1963b) fafled to observe any such effect after prolonged irradiation
of Quenched aluminium specimens in a 600 kV electron microscope.
The interstitials produced during irradiation. in

the

electron

microscope, of thin aluminium specir.~ns containing vacancy loops can
dinppear

in a nUMber of ways.

They can recombine with

the

vacancies

produced simultaneously. migrate to the specimen surface. form interstitialimpurity cOMplexes. or go to the nearest vacancy loop. On the assumptions
that the shrinkage of a vacancy loop

of

radf us r is proportional to its

periilleter,that other vacancy loops are not competing sinks. and that
there is a constant flux of interstitials to the loop. it can easily be
shown that dr/dt 1. constant.

Since

the

ease of detection depends on the

fractional change of the loop radius the sensitivity of this method depends
inversely on the loop radius.

Thus a specimen containing large vacancy

loops is not suitable for the sensitive detection of radiation damage.
and ~robably thh

was the major reason for the negative result obtained

by~'ak1n (1968b).
The specimens generally used 1n the present work contained a high
densfty (. 1015 cm-3) of ver,y small loops with diameter~ 100 A. Such
a ffne distribution of dislocation loops was obtainad by quenching thin
sheet At 6H specimens from GlOoe to liquid nitrogen through brine at OOC
and then defonn1ng2%

at -195°C. as described in detail in Chapters 3 and

4. During irradiation normal operating conditions. the same as those
during obsarvatfon. t.e. a current of 30 ~amp (leakage current as read on
the panel).

I

200

).1m

condenser aperture and a 5 "m diameter spot size.

were used.

The actual electron current was estimated to be about 0.1 ~amp.
corresponding to a flux of approXimately 10'6 electrons cm-2 sec-l. The

electron current could be roughly monitored by reading on a Keithley

.1.

1 : [7

1.

: [ TOl

v.

13,.

602 Electrometer the current intercepted by a small collectorwhtch

could

be swun!'Jinto the beam path below the projector lens. The electron current
was checked ever,y 10 to 15 min. durfng frradiatfon and any slight adjustment,
1f necessar.y, was made to keep the current constant.

Dis~ppearance of

dislocation loops during frradfation was taken as evidence of damage, and
the damage rate

WIS_

expressed as the ratio of the number of loops remainfng

after a certain irradiatton time to the 1nftial number.
Unequivocal evidence of radiatfon dan~ge in aluminfum with 200 keY
electrons was obtained using this method.

The method of detection proved

to be quite sensitive and under nonmal operating conditions damage was
dfttectable tn less than 30 mfn. irradiation.

The annihilation of loops

during irradfation is clearly illustrated in Figures 6.1(a) and Cb) which,
respectively, show pictures of the same area taken before and after a
60 .fn.irradiation.

The f011 thickness was.

7000

A

and the orientation

during frradiation .10b with w ~ 1.0. The density of loops in Figure (b)
can be seen to be .smaller than that in (a), and in fact 30~ of the loops
have disappeared during irradiation.

A faulted dipole in the process of

of annealing is also s.en at F. Its contrast has grown markedly w,eaker
in Cb) Ind 1 thu sp 11 t into two.
To end this section it is approprfate to describe the factors which
Cln

be adjusted to attain maximum sensitivity, .nd to list some of the

conditions which must be c.refully tontrolled to kaep the magnitude of
possfble errors to a Minimum.

Usually 111 or 200 type reflections are

used during observation of specimens fn the electron microscope.

Where

loop counting is concerned it is better to use a 111 type.!!.as the vacancy
loops are then either fn good contrast or are almost invisible.

If a

200 type J is uled. then under normal observation conditions of large w.
the (faulted) loops which have
thosa with.2

j •

!·+ i

are in strong contrast while

i are 1n weak contrast.

.!·-

The litter, out of contrast

loops, can introduce errors during the counting operation, as s11 ght change
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fn

W

cen Rlake such loops appear strong

The procedure
section

consists

or weak.

for the experiments

of a comparhon

described

of damage in two c::!'ffferent areas.

In order th6t the san~ number of interstitials

be annihilated

at each

the loops in both' these areas mU$t have similar

loop in the two areas.
size distribution.

in the following

This condition

can however be easily

satisfied

as

it is not difficult

to find areas with loops roughly equal in size.
areas containing a very high density, > 1015 on-3, of

Furthe~~re,

loops are 'not suitable for this detection
difficult

due to overlapping

of the loop images.

To achieve maximum sensitivity

on areas containing
defects

very small loops.

is a critical

are therefore

condition

Thus 900d v1sibfl1ty

for the detection
•

.

in such areas.

1

for small

of d.,r:tJgc.

Thin areas

as the definition

When comp~ring <11fferent

of the
micrographs

"!"'

I'

of the same area, taken after
'\'

to

must be performed

irradiation

required for these experiments

image is much batter
,

tec,nique as counting fs made

different

.

frradiation

times, it is neceS$a~

.

have the exposure nearly the same for all m1crographs when taking

pictures

inside

the microscope and during printfng

of ~he plates.

However, what is most im~ortant. when such a c~par1son
is that all the micrographs
difficult

condition

the variation
pietures

of contrast, speCially

contamination.

This 1s a

to mEet over the whole area of the micrographs

taken at different

of pictures

must have the same contrast ,

is being made,

in thin areas,

i! different

as
tn

t1nes due to changes caused by slight

This df ff1culty

could be overcome by tak 1n9 a number

at each time with s11ghtly different

contrast

condftions

and

'.

subsequently
df

matching areas Witil the same contrast

but photographed

at

ffBrent t rradiatf on t1n.s.
Cont.Jination

to eentret ,

of the specimen is a factor

Apart from degrading

causing contrast

variations,

the quality

it raises

serious

whi ch is not possible

of tho micrographs

and

worries with regard to

,
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the nucleation of interstitial clusters (Thomas and Bal1uffi 1967).

Tha

temperature of the specimen is another unknown and uncontrolled factor
in these experiments.

Jlowever. due to the good thermal conductivity of

alUminium. and the rolatively low energy and low current of the electrons,
the temperature of the spec1r.~n is not expected to be very much above
room temperature.
6.3.
The low transmission when a specimen 1s viewed in an electron

. 'i

microscope under negative w conditions has been attributed to increased
phonon scattering in such a Cise. The calculations of Hall and Hfrsch
(1965) and Whelan (1965b) have shown the marked effect of thennal
vibrations on. Bloch wave 2. This occurs because phonon excitation is
enhanced near atomic nuclei where wave 2 is.predominant •. The incident
.lectrons. so scattered result fn '.nomalous' absorption. mafnly by being
,

scattered out of the objective aperture.
~

In contrast, plasmon sClttering
!.

contributes vary little to .nomalous absorption .s this process affects
both waves 1 and 2 more or less equally (Howie 1963).
Another source of inelastic scattering of electrons incident on
a specimen tn

I

.

.microscope fs the excitation of inner shell electrons

of the atoms
(Whll.n
19651).
.
.

This process is obviously expected to

occur with greater probabf1ity in the vicinity of the atoms and would
result fn the production of X-rays.

This effect shoul d therefore be

more pronounced when wave 2 is excited.
X-rays in such.

The enhanced production of

--

else was first considered by Hirsch et a1 (1962) who

calculated a maximum in emission for w

c

.

0 end a minimum for w • 0

conditions, and the r.tio of the maximum to the minimum of nearly 3 a 1.
Experiment.l observation of this effect was made by Duncumb (1962) who
detected increased emissfon of X-rays from dark absorption contours.
A mora elaborate experimental confimatfon

has been reported by Hall (1966).

The ratio of maximum to minimum X-ray emission has been found to be much

smaller than that predfcted

theoretically

due to dfffus!

scatterfng

of

thickness of the srecimen.

electrons in the finite

A brfef account is given in the following of the experhlCnts
performed to detect any enhancement of displacement

dama~e in aluminium

specimens when exposed to an electron beam under w c 0 conditfons fn the

200 kV electron microscope.
damage has been described

The method used for the observation
fn the previous section.

An area of

of
I

tptcimen containing a uniform density of small loops was irradiated,
with a constant electron

of maximumabsorption.

for times up to 18:) mfn. in conditions

current.

As there are indications

threshold 1s higher for electron
stereographfc

trhngle

used for irradiation.

beam directions

that the displacement
near the corners of the

(i·1akin1968b). orienht1ons
tHcrographl

at the beginning of the operation

other thin these were

of tho irradhted

.

and at sui table

arel were taken
fntervals

varying between 5 and 20 min•• during the irradiation.

Icentical

experiments ~ere carried out on a sif(jill~r area in conditions
transmtssion.

The nu~ber of dislocation

of time.
of rnaximUn'

loops was counted in each of

the two cases and a comparison was made of the ratios of the number of
loops that remained after a certain irradiation time to the 1nittal
ntmlber of loops.
To detect

oriented either

any dt fference

between the damage·rate in a specfmen

for anomalous transmission

or for anomalous absorption

two factors must be taken into accot."nt. It h expected that the difference
between the two cases would be Jnora rnarked in case of thin specimens.
Hall (1966) has calculated the variation in the ratio of the maximum
to minimumemission of X-rays with increasing thickness.
specimens oriented
transmission.

respectively for maximumabsorption

Spring (1970) has computed the intensity

600 keY electrons

at the atomic sites

specfmens. The respective curves in
fall in the first

few extinction

for Ni and Ce
or maximum
of the incident

as a function of depth fn Cu
both these cases exhibit

distances

a sharp

Ind then a gradual decrease
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with further increase in thickness.
between the effects

of

wave I and

of the two waves with increasing

This smearing out of the difference
wave

2 is ascribed to the rand~~ization

thickness,

f.e. the scattering

of one

wave into the other.

The relative excitation of type 1 or type 2 waves is also dependent
upon the reciprocal

lattice vector.!le

of wave 1 increases

and that of wave 2 decreases

PIS.!l beccmes lar~er

due

restricted

shou! d be used.

The nwber

6.1.
to

the difficulty

to electron

observation.

is

of expcrir:1ents on very thin areas were

of finding

areas

such

adequate number 01 loops of the appropriato size.

devoted

of the two

of the areas examined in U:e present experiments

The thickness

given in Table

(Hall and Hi nch 1965).

beb/ccn the effects

Thus to observe a mere niarked difference
waves as small I ~ as possible

the absorption

beam direction

though some inconclusive

cl03> Ind clOl> orientations.

Mcst of

TTl

of <213> and

experiments

an

contafning
the

work

j for irr3dfatfon

and

were also done in cOOl>,

Also, apart from a few irradiations

and 220 kV, most of the experiments

was

were perfor~ed

at 175 kV

at an accelerating

vol tage of 200 tV.

Thr~a runs were made for 'I rrad1 atf on at 200 kV in the

c2l3> ort~ntat1on.

Each c~n$isted of the frradfat10n of two different

areas of comparable thickness, one under maximum sbscrpt+cn
and the other under ma:dll:\,rn transmission

ncar w • +1.5.

was observed near w • -2.0 and maximumtransmission

And cons tdersb le scatter
present experiments

are given with reservation.

in fonn of ratios of

Table 6.1.

The foil

thickness

col~s

20 mtn. irradiation,

regions

respectively.

the results

These results

the loop counts.

indicate

'w negative'

of t~3 numbar ~f loops after

in anomalous absorption

to the inithl

for the

of the area

The fr3ct1ons in the

the r:tic

of the

are strnf;1ilrized in

given is tho mean thickness

(. 4.5 ~m x 3.5 pm) under observation.

I

enunerated in Section 6.2.

in the counts of the loops,

three runs.

and 'w positive'

r.ax1MWI absorption

cond1t1ons.

In view of tho ~ossib1e sources of error

conditions

and anomalous transmission

number of loops.

The scatter

reldings 1$ indicated as the standard error of the mean.

As a

in the

check

on

..· ,

()

(a)

1

it

Un

1

: ( T3] I

:

11 i
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Table 6.1.

Results

for Irradiation

under Anomalous Ab!orption

Anomalous Transmission
foil

Run

Conditions

w negative

Thickness

and

w positive

1

2000 A

0.71 t 0.04

0.91

2

3000

A

0.87 t 0.01

0.90 t 0.02

3

5500

A

0.83

1.05

the error

error

dUI to dffferent

during counting,

of prints

0.02

exposure during

SOIlI

made from the sa.

The results

t

prtnting,

t

t

0.01

0.05

and 1n personal,

counts of the loops were done on a n~ber
plate,

and by two independent

obsorvers.

of these counts were found to be in reasonable

agreeroont

with each other.
The 1rradhtion

time of 20 mfn. was chosen arbitrarily

d.. age was lastly detectable
to the nucl.atton
tn such.
after

of clusters

short tf...

loops.

Ftgures 6.2(a)

(run " w negative)
100 min.

initial
after

in this time and as no complt caUons due

of the radiatton

induced defects

arose

of new cl Utters was observed

Such a nucleatton

prolonged irradiation

as the

In fonn of a large number of wry small

- (c) show three mfcrographs of the same area

taken at irradiation times of 0 min •• 20 min. and

The number of loops in Figure (b) has reduced to • 0.7 of the
number in (a).

long irradiation

The appearance

of numerous very small loops

time can be seen in Figure (c) where the number

of loops is two to three times higher than that tn (a), while many of
the original

vacancy loops have disappeared.

and exposure in the threo pictures
earlier

about the difficulty

The variatton

also tllU1trates

of contrast

the remarks made

of keeping the same o¥erall

observation

conditions.
It 11 very difficult,
results,

to draw any positive

due to the large scatter
conclusions

tn the experimental

about the enhancement of
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displacement damage during irradiation in anomalous absorption conditions.
It is also not possible to say anythtng about the effect of specimen
thickness on this phenomenon due to the small number of experiments.

It

seems however that the enhancement of displacen~nt damage during anomalous
absorption is not as large as the predicted increase of 3 : lover
transmission when no account is takan of 1nterband scattering.

anomalous

These

preUminary resul ts have been very useful in detennin1ng the exact
experimental conditions which must be met to study this effect with
greater accuracy.

In pant cular, a 1ar!)e nUlTbcr of experh~ntal

with careful control over the exact contrast

and exposure

runs,

during picture

taking. are requi,~d to reduce the scatter and to mako any quantitative
deduct1 ons •
To summarize. the annihilation of quenched-in vacancy loops has
been shown to be a sensttive method for the detection of dam3ge in an
electron l7licroscope. This method has been used to present evidence of
radiation dMlage in aluminium at 200 keY electron energy.

Experiments
,

done to detect the enhancement of displacement

c~~a~.during irradfation

under anomalous absorption conditions suggest that this effect. if
present. is small.
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C HAP

T ER

S EVE

N

CONCLUSIONS

A summary will now be given of the main results and the conclusions
,

arrived at in previous chapters.

Some aspects of the work which could not

be explored in sufficient detail will be pointed out while some of the
issues arising naturally out of this work will be examined and any useful
experiments that suggest themselves will be considered.

Acautionaiy

remark may however be added regarding the essentially tentative nature
of this chapter which makes it necessary that the proposals made be
further examined carefully and critically before embarking on any
sugges ted work.
It has been shown that

I

supersaturation of vacancfes'can be used
..

to Idecoratel submicroscopic features under appropriate conditions.

These

conditions can be obtained by quenching very pure samples from moderate
temperatures, ensuring thereby that the defects of interest are decorated
rather than impurities and self-sinks.

This technique is obviously

applicable to only those materials which can be successfully Quenched
to produce a high supersaturation of vacancies.

Moreover, the material

should be obtainable in sufficiently high purity so that the impurity
nucleation of clusters does not swamp out the effects under observati on.
These two conditions immediately limit the use of this method to a
handful of metals such as aluminium, gold and sflver. and to a certain·
extent nickel and copper.
In the present work this decoration techni que has been used for
the observation of submicroscopic defects produced by defonnation.
can also be employed in the study of the effects of irradiation.
example, a specimen Isensitized' by quenching may be irradiated to
reveal any directionality in the damage, such as a channelling or

It
For
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focussing effect in a partfcular direction.

In this respect this method

his two advantages over the conventional practice where clusters formed
by

the radfation induced defects are examined.

Firstly, the proposed

method 1s useful where prolonged irradiation is not possible so that
not enough defects are introduced to grow fnto observable clusters by
themselves.
radhtion

Secondly, the quenched-in vacancies would decorate the

fnduced vacancies or vacancy clusters which, due to thet r low

mobility as compared to the interstftials, are likely to show any
directionality in damage more markedly.

The decoration techntque may

also be usable for recordfng fn metals the tracks of energetic partfcles,
such as fissfon fragment~htavy

tons or protons, an observation hitherto

restricted to some of the inorganic materials and plastics.
This method of observation. by the decoration phenomanon, suffers
from one drawback, namely that the vacancy supersaturation can itself
influence the observed behaviour.

In the study of defomation

IS

described in this thesis the nature and the character of the dislocations
is altered by 1nteraction with the quenched-1n vacancies.

Most of the

observed rows of loops and faulted dipoles are perhaps produced from
jogs fo~d

due to this interaction.

produced during defomation
of vacancies.

Further. any extrinsic dipoles

cannot survi va in the hi gh supersaturation

In In irradiation experiment of the type proposed. the

formation of interstitial clusters is likely to b. similarly suppressed
due to their annihilation by the quenched-in vacancies.
The successful use of the decoration effect has been demonstrated
in aluminium by the observation of rows of loops and faulted dipoles
along <110>.
to a ~chanism

Th. initial formation of these defects has been attributed
based on the dragging of sessile 900 jogs on MOving

screw dislocations.

Some of the less critical conditions in the formation

of these two defects have not been fully an.'ysed.

The role of hydrogen

atmosphere durtng the observatton of the rows of loops tn quenches from
near the melting point needs greater clarification.

The explanation
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based on the nucleation
question

that

the known facts

remains unanswered is why all

It the voids.

disappear
nuclei

of voids fits

It may be that

as the dislocation

temperature

of defamation

the faulted

dtpoles

earlier

the vacancies

nucleation.

on the fannatton

investigated.

in the density

deformation

temperatures

of .'9SoC and -90°C.

deformation

could be usefully

evaluate

The effect

There was

of these defects

investigated

of the

of the rows of loops and

a very marlced difference

In principle,

do not

the observed high density

could have been further

region -19SoC to -900C.

The

the voids are not as strong

loops and that

of voids is only due to their

ver,y well.

for the

The temperature

in smaller

steps

of

in the
to

it may thus be possible

the approximate binding energy of a vacancy in a vacancy

platelet,

by determining

in the density

where

of the rows and the faulted

The observations
and faulted

the temperature

dipoles

I

sharp decrease

occurs

dipoles.

on the formation of rows of secondary

may also be extended to gold.

defects

The role of decoration

in thh case could be unambiguously proved by comparing the widths of
faulted

dipoles

formed under identical

and unquenched samples.

An increase

interaction

The observation

of faulted

to the formation
dipoles
interest.

pursued with greater

after

Chapter 3.
dipole

in aluminium should be vfsible

A systematic
crystals

search

subjectltd

Chapter 4.

for these dipoles

The Burgers vector

axis of the crystal.
at small w (c 0.5)

of these dipoles.
deformed

This investigation

the computations

can be

reported

even the narrowest

under suitable
could be carried

to the optimlm1 defamation

dfpoles

of the jogs produced

in unidirectionally

According to these computations

in quenched

of the faulted

the contribution

aluminium would be of intrinsic
confidence

conditions

in the density

in the quenched ease would determine

by dislocation-vacancy

deformation

contrast

in
flul ted
conditions.

out on sfngle

eondi tions

as set out in .

can then be pred1 cted from the tensile

and electron

microscope fnvestigation

in the 311 reflection

nearest

carried

out

to the Burgers vector,
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or in a 220 roflectfon in which the dipole ts likely to be visible.
As the dipole is expected to be very narrow it might eastly anneal
out at room temperature.

Hence the specimen must be kept cold after

the low t~mperature deformation. polished cold. and examined immediately
in the electron microscope.

Furthenoore, the exau;1nation of these

specimens should be restricted

to the 100 kY or 150 kV microscopes as

the annihilation of small loops and the annealfng of relatfvely wfde
faulted dipoles has been observed at ZOO kV.
A search for faulted

dipoles in unquenched but appropriately

defonood al um1n1ut:1specimens ~ay not necc~sarl1y be successful.

r~ost

of tho 900 jogs in quenched and deformed alurn1n1um. to'hich haw been
shown to form the faulted dipoles. are probably produc~d by the sweeping
up

It may be that during the

of vacancies by the screw dislocations.

normal deformation processes few 90° jogs arc produced, while the 60°
joss,

which, due to their dfs~oc1ated

nature,

tn low stacking-fault ener~y metals. would
Hence very few faulted dipoles
aluminium.

be

~ay be produced

can form f3.ulted dipoles
g1t~sile in aluminium.
tn unquenched defonned

If the fault£d dipoles are observed in suc~ a c&sa then the

eVlIluation of stacking-fault energy

from

their width may not be as

simr;le 8S previously implied in literature (Seeger and W(\bser 1966,
Steeds 1957a). On the antlys1s given in this th~~1$ such an evaluation
would require calculations ef the transition width ~n1ch ta~e into

account the stress on the 90° jog that fonr~ tha dipole

a

The

cffecti

different

feature

vc

decoration

~hen

phonomenon has been shown to reveal

al~m1n1um is

end deformed during the quench.

quenched down to tem~eratures • 700e

This is the observation of a high denstty

ef $e£f1'~ntedhelices in such a case.

Interaction of the vacancy super-

saturatton with the Sereyl dislocations to fonn hel1ces again illustrates
the earlier rew~rk about the conditions of deccrat10n influencing

observed behaviour.

the

Tho experimental conditions used in the production

of helical dislocations in aluminium have net b~en exhaustively studied.
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The densfty of t~ehelices could perhaps be further increased by the
optimization of these conditions.

In particular. the amount of

defonw~tion given to the specimen was not varied in the experiments
described in Chapter, 5. A maximum fn the density of helices fllightbe
obtained by a further, adjustment of the amount of defomation

and the

temperature of the quenching bath. To further confirm that the
observed segmented fonn of the helix is e lower energy configuration
it would be in order to do careful X-ray topographical examination of

the helices sometimes observed in sl~~ly furnace cooled single crystals
of aluminium.

These would presumably be found to be se~mented.

The helices. along <110>. in aluminium (r.c.c, structure) have
been found to be geodesics on the prism formed by the {lll} glide
planes. Observation and analysfs of segrrented helfces 1n materfals
having different crystal structures would not be without interest as
it would determine the particular glide planes that ara active.

Further

experiments on lead iodide (h.c.p. based structure) of the type done
by forty (1960, 1961) are required with micrographs taken in different
beam directions to enable the determination of the orientation of the
segments and hence the planes on which they lie. These planes could
again be revealed by the characteristic projection of the helix when
viewed along a direction lying in these planes. As predicted earlier.
the glide prism in lead iodide is expected to be made up of the {lOln}
pyramidal planes containing the <l~lO> helix direction.

Arne1inckx

et a1 (1957b) have SU9gested a specific prism of {OOl}{llO} planes,
--

conta1ning the ellO> helix axis. as the glide surface of the angular

helices observed by them in sodium chloride.

The observation of

these authors was only a preliminary one and needs further confirmation.
The formation and analysis of angular helices would also be relevant
in b.c.c. materials, such as molybdenum. to determine the planes on
wh1ch slip takes place. Different !)lide planes n:ight be observed
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depending on the temperature of nucleatfon of the helix.

If the slip

planes are (lIO) then three dffferent prisms might be expected for
the clTI.helix
planes.

axis as this direction is contained in three {llO}

An alternative configuration of the segmented helix, ly1ng

on a hexagon based prism formed from the three {lID} glide planes
rnight very well be observed, as this woul d be of l()\r/er
energy due to
the shorter line length.

These experiments could be used, 1n a

manner similar to that described In Chapter 5, to estimate the
reduction 1n core energy, in different structures, when a dislocation
lies in tts glide plane.
The technique for the sensttive detection of radfation damage
by the annihilat10n of vacancy loops offers a number of possibilities.
One simplification introduced by the observation of annihilation of
existing loops rather than the appearance of radiation induced defect
clusters 1s that a nucleation problem does not have to be considered.
It is possible. using this method, to get conclusive results on the
enhancement of displacement damage dur1ng anomalous absorption conditions
by performing a large number of experiments. bearing in mind all the
factors affecting the sensitivity and accuracy of detection that have
been discussed in Chapter 6. In thts regard the stringent requirements
of uniform contrast and exposure cannot be overemphasized.

Once the

essential experimental conditions have been fully controlled it is
ver,y easy to investigate in the electron microscope the orientation
dependence of radiation damage, and to determine the displacement
threshold energy by irradiating at different electron energies.
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A P PEN
DETEPJ~INATION OF

THE

D IX

A

SENSE OF THE BURGERS VECTOR

The detenninaticn of the Burgers vector ~ depends on the visibl1ity
or othenol1se of a defect in a particular refl ecUon.!I. and 1 t can be
evaluated from the]

• ~ criteria as given in Chapter 3. Oetenr.1nation

of the nature of a dislocation loop. t ,e , whether it is of interstitial
or vacancy type. requires the knowledge of the exact relation of the
Burgers vector to the fo11 normal.

According to the conventions for

the Burgers vector and for the positive sense around the loop as descr1bed
in Chapter 3, the Burgers vector of a vacancy loo~ makes an acute angle
w1th the u~~ard drawn normal to the foil (referred to as E hereafter) and
that of an interstitial loop an obtuse angle. Thus to determine the
nature of the loops one

has

to unambi guously fix E and detennine ~

-

relative to the chosen n.
The foil normal. and its sense. can

be

selected arbitrarily from

the observed zero-tilt electron diffraction pattern or from an X-ray
back-reflection Laue pattern. However. if a prior decis10n. such as
that of the tensile axiS, has been made this choice of foil normals is
imr.~d1ately restricted.

The discussion will be made simpler if a

hypo~~etical case is considered.

Suppose the tensile axis is determined

from the X-ray laue pattern to be c532~ type and the foil normal <1~2>
type.

If the tensile axis is chosen to He in the [OOlJ [101} [111]

stereographic triangle. as in the rest of this theSiS. then the tensile
axis becomes [325] and!!. can be either

l~21J or

[3~'J.

The vector ~ can

now be uniquely detennined from the electron diffraction pattern (or
from the X-ray laue) as l~21] or

[3~'Jbecause

the

two

patterns. being

non-symmetrical. are distinguishable from each other, as shown in
Figure A.l.
If the zero-tilt diffraction pattern contains a rotational symmetr,y
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axis (i.e. the pattern has one or more of its indices zero, or two or
more equal) then the case is slightly more complicated.

In this case

it becomes necessary to tilt to a nearby asymrnetric pattern.

The

sense of .!l can then be found by determining the upward drawn nonnal
of this asyrrrnetr1cpattern.
To detenn1ne the sense of'the Burgers vector from the 11 • ~ .
criteria one must know the sign of~.
.!l

has been determined.

This can be done easily after

The method involves the tilting of the specimen

in a known sense about the relevant]

so that one diffraction pattern

changes to another, and by noting the emergence of' the new diffraction
spots.

Considering again the [~2l] pattern in F1gure A.l, the indexing

of various spots is still uncertain with respect to sign and corresponds
to a possible rotation of'the reference coordinate frame by 1800 about

the

[~21J axis, f.e. the spot labelled 111 may actually be

'T', l3~

be Tj3, and so on. Now suppose that after tilting in a particular
di rection through 19° the [T10] pattern comes up. The labelling of
the spots as given will then be correct if the sense of tilt is as
shown. The reasoning is as follows.

The l~21], [13~] and [02~J

directions make an acute angle with [110].

Thus the [110] direction

is coming out of the paper inclfned towards the 13~ and 02~ side of
the lTl - 111 axis. Hence to bring up the ["0] pattern, i.e. to
make [110J direction perpendicular to the plane of the paper, a tilt
about TTl - 111 axis as shown is required.

It can be similarly proved

that if the actual sense of tilt required to bring up the

[T10J pattern

is opposite to that shown the labelling of the spots should be changed
to the negative of what it is now.
The sense of tilt can be determined from the motion of the
Kikuchi bands on the screen as the specir.en is tilted.
if we consider the

For example.

[~21] pattern in Figure A.l, then for the sense of

tilt shown, the centre of the [321J Kikuchi pattern will move towards

147.

the top of the page, Thus the spots tn this diffraction pattern are
labelled correctly if after a 190 tilt the [Tl0J Kikuchi pattern moves
up from the bott~~ of the page,

It may be noted that fn all thts dfscussfon only the diffractfon
patterns have been considered.

Micrographs have been consulted only

to see if a particular defect was visible or not for the given reflection.
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0 IX

B

r!rASUPEi1E~T OF w A~D THE SELECTION OF
A:'lJ~1AlOUS ABSJ~PTION COEFFICIENT

The dfrr..cnsfonlessdeviation parameter w is given

by :

w • st 9

.

where s fs the devfation from the exact Bragg position and t is the
9

extinction distance for the relevant reflection g.
The val ue of s in terms of 9 can be very simply measured from
the pos1t1on of the Kikuchi lines on the electron diffraction pattern.
~hen the crystal is at the exact Bragg reflecting position 9 • hkl.
then the Kikuchi lines correspondfn~ to this spot pass through the
centre spot 0 end the 9 spot. the lines correspc:1ding to 29 pass
midway between 0 and -g. and 9 and 2g. the lines corresponding to 39
pass through -9 and 29 spots. and so on. At this position s, and hence
w. is

zero

for the reflectfon g.

the Bragg angle

ea

When

the crystal is tilted through

so that the 29 reflection1s

Kfkuchi pattern fs shffted rigidly
is now zero for the 29 reflection.

by

excfted the whole

19 towards the

2g

spot, and w

Thus when the crystal fs tilted

through ea the Kikuch1 pattern moves by 19 and s for the reflection
9hkl. changes from 0 to gea•
as the ratio

A parameter f can therefore be defined

of the displacement

nearest the 000 spot to

of the 1$ t order hkl Kikuch1 l1ne

ig. The displacement is positive

if thfs

line moves towards the hkl spot and negative otherwise.
Then

s·

f.goa
• f.1921

since sine.
• f(h2 + k2 + 1.2). A/2a2
t>:here 1 is the incident
parameter.

electron

e

wave length and a the lattice

149.

Hence

\II

•

stg

• f(h2 + k2 + ,2). ~~ /2a2
9

In practice the third order Kikuchi line (corresponding to the 39 spot)
was normally used to make the 1l'E8SUrementsof w. This makes no difference
to the essentials of the method but gfves a more accurate me~suremcnt.

The value of the anomalous absorption coefficient of 0.03 used
for the computation of images in Chapter 3 is based on the calculations
of Humphreys and Hirsch (1968). These authors have shown that the
normally used value of the anomalous absorption coefficient Vg'/Vg • 0.1
(where Vg' and Vg are the Fourfer coefficients of the imaginary and
real parts of the complex lattice potential) derived by Hashimoto!!.!.l
(1962) is not approprfate for light elements and for small values of g.
In aluminium for.!l • 200 (. 0.5 A-l in magnitude) Humphreys and Hirsch
calculate Vg'/Vg • 0.027 for 100 kV electrons.

This is fn agreement

--

with the value of 0.035 found suitable for silicon (Humphreys et al
.

1967) which is expected to have an anomalous absorption coefficient

only slightly different from that of aluminium.

As the value of Vg"Vg varies inversely with the velocity of the
.,

electrons, the relevant value in aluminium at 200 kV decreases to 0.021.
This ho_aver is calculated for zero aperture size.

To fnclude the

effect of the finfte objective aperture sfze of 20 ~m, corresponding
to an angular aperture • 0.8 eB, roughly extrapolated curves of
Metherell and Whelan (1967) for aperture dependence were used. Thus,
takfng into account a total increase of 20~ for finite ~perture size
and sfngle electron scattering, the final value of the anomalous
absorption coefficient in aluminium for 200 reflection and 200 kV
electrons comes to ~ 0.026.
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