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CHAPTER 1

A GENERAL SURVEY OF GROWTH,CLEAVAGE AND
) ETCH PHENOMENA ON CRISTALS

Introduction:-‘

Information regarding the conditions of growth
and growth mechanism of certain crystals which cannot be
ebéerved while~tﬁey are in the process of growing can be
obtained to a certain extent from the study of theilr
‘finished surfaces after growth has ceased. In recent
years‘the éptical and interferometric technigues developed
by Tolanéky have been extepsively in use for the -studies
of the surfaces‘of crystals)(natural and synthetic).
Further information can be gainéd from the etch parks
produced. on the natural agd synthetic surféces by some

suitable solvents under proper conditions.

( The ﬁiéro-tppographical studies of natural sur-
faces énd their etch patbterns provide information with
regard to the last étageiéf‘the history of growth of the
crystale. Thg history of the crystal during growth can
provably be obtained from the study of the cleavege surfac-
" e8e | 1It is considered that more information in this
'cognectidh can be gained from the optical and interfero-

metric study of the matched cleavage faces of crystals and
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their etch patterns.,

In this laboratory, a systematic miero-topogra-
phlecal studies on various naﬁural and synthetlc crystal
surfaces are being undertaken in detail and as a part of

the programme, the present work is taken up.

The purpose of the work to be described in this
thesis was to study the growth, cleavage and etch phenomena
onAnéturalfand synthetic erystals and these studies are
made, in the present case, on mica, flﬁorite, caleite and

sodium nitrate crystals.

This chapter will be devoted to 2 brief general
survey of the existing information on the growth, cleavage
and etch phenomena and the detalls of the erystals studled

are‘reported in their relé%ant chapters. .
1.2 _Growth:

o A bif&s-eyg:view of the 1nformation on growth
phenomena upto the present time is described in this

section,

The regular geometrical forms of the crystals

were the chief attraction of earlier workers on -
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crystallography and as a result of the detailed study of
the external form of crystals they were led to the .
following 1mpor£ant laws of crystallography:- Law of
constancy of the interfacial angles and the law of ration-
al indices. It was séon realized from a more accurate
gonlometric studies of crystals,‘which made the measure-
‘ments more precise than before, that the crystal surfaces
obéyvthe law of rationgl indices only approximately. Small
variations of interfacial angles were found to occur from
oné érystal to another of the same substance, and these

' variatipns wpré_diseovered eien between the faces giving
sharp and single signals in the goniometer., The observae
tions of Pfaff (1878) and Brauns (1887) point out that the
- differenge betwéen_the observed interfacial angle and the
theofetical value calculated on the basis of the law of
ratiénal indices, varles by a factor of about one minute to
thirty_minutes of arc. This shows that the main habit
faces of erystals make a very small and variable angle
with the low index plane and cannot be referred to simple
indices.. Since these planes are very near to the faces

‘ of the simple form, théy possess high iﬁdices. Such

faces are called vicinal faces,.



, Miers (19203, 19204) constructed a special gonioc-
meter with the help of which he could measure the inter-
faclal angles of a crystal while it was growing in aqueous
solution.  On potassium alum crystals he found that the
octahedral faces gave three closely spaced ilmages whose
positions were a few minutes of:a;c from the {111} direct-
ion, During growth multiple images were repeatedly re-
placed by other images lying in-definite zones. It was
found that the transition which often occurred after an
interim period of confused signals, was not gredual but
in steps.  However, Hedges (1926) on repeating the |
observations has found this process to be continuous. The
discontinuous replacgment of vicinal forces during growth-*
was believed to indicate that the indices of the vieinal
faées were rational, however, large they may be. Another
important observation by Miers was that vicinal faces
corresponding to any single habit face frequently produce
low pyramids or-"growth pyramids"™. The angles between
the individual vicinal faces of any growth pyramid and the
~underlying low index plane weré constant to within a few
minutes of arc. Miers suggested the explanation that

compared to the low index planes, the deposition oh

-



vicinal faces; which have low retlcular density, will
have a less abrupt change In density of the crystal
_growing from solution.  Kalb (1930, 1933, 1934) extended
the goniometric study of the vicinal faces to non-cubic
mineréls including quartz, énd showed that the vicinal
faces can occur aldng certain well-defined zones. .
Schubinikow and Brunowdsky (1931) applied X-ray and
goniometric gethods to the study of vicinal faces and
concliuded that the vieinal facgé are truly plane surfaces

within the accuracy of thelr experiments.

In a posthumous publication py A.Marcelin
(1918) the first indication of growth by layer deposition.
was gi§en, He.observed the growth of thin plates of p-
toluidine from alcoholic solution.  The plates being very
thin, the increase in thickness could be observed from the
1Qtefferende colours in reflection simultaneously with the
~growth in extension, He concluded that crystals grow by
deposition and spreading of successive layers whose thick-
nesses approached molecular dimensions.  Similar layer
formation was also observed on napthalene and several
oiher'organic erystals (Marcelin and Boudin 1930), Volmer
(1922)lobserved similar thin layers on thin crystals of



PbIz formed by mixing Pb(NO3), and KI solution.

 Kowarski (1935) extended observation of layer
formation in the growfh of p—tbluidiﬁe froﬁ vapour. He
found that layers were usually initiated at the edges of
the faces, and particularly at the point of intersection
of the edge with a,neighbouring erystal. The layer edges
were lnitlally cireular but as they spread across the face
they become more irregulsar. “>The thinner 1ayérs were

observed to advance faster than the thick ones.

Bunn and Emmett (1949) studied a number of
'Ncrystals using dark ground illumination under high resolu—
tion end found that on fairly thick crystals of some sub-
stances, layers several hundred angstrom units high could

: be‘éeen Spreading across the facé. On some crystals

the layers w@%e so thick thatyﬁpey could be seen by ordlnary
'transﬁitteﬁ light or in‘b;refringent crystals by using
crossed nicols. ,Non:polar erystals were not observed

to show layer formation and hence the studies were confined
to ionic or polar crystals. As = reéult of their

observations they found that layers often start from the



centre of the faces spreading outwards, the thickness of
the layers increasihg as they approached the edges. At
- rapid growth rates the boundaries of these layers are
irregula;, but at slow growth pates these take regular
~shapes confo:ming.té the symmetry of the erystal face.
Dissolved impurities wereﬁobserved to Influence strongly

the thickness and shape of the layers.

_ In the growtb of & pé:fect crystal from vapour
or solution t?is concept éf,sﬁccessive depoiigég? of layers
during growth is applicable. Indeed Gibbs/remarked that
yre qannot inmagine a body of the internal structure and
external form of a crystal to grow or dissolve by an .
entireiy continuous prdcess" but rather by "successive
" layers of molecules". The f;rst 8§§g§§tative theory
of qrystal growth was given by Gibbsfon thermodynamical
grounds. Curie (1885), Wulff (1901) and others followed
it. An atomic theory of crystal, growth has been deve-
loped by Volmer (1939), Kossel (1927, 1928), Stranski and
co-workers (1928, 1949), Becker and Doring (1935), Becker
(1949) and Frenkel (1945, 1946), This theory considers
- the growth of an ideally perfect crystal. No mathematical
détails of these theories will be given here but only
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briefly, the theory is Quaiitatively outlined below. .

A review of the historical development of crystal growth
theories has been given by Wells (1946) and Buckley (1951),
and é‘discussioq‘of‘the various aspects of the theory of
cr§3t31 growth is given in a series of papers in the

Disc, Faraday soc., 5, 1949.

Any idedl erystal face witﬁ a step will continue
to grow because of the presencg‘of a large nugber of kinks
due to thermal fluctuations. During the process of
growth, this step will travel to the edge of the crystal,
and thus disappear lea&ing‘a complete erystal surface.
When all the steps have been eliminated by advancing and °
forming compiete layers, further growth will continue
only if new steps can be formed. Now on 2 low-index face
steps cannot be created by‘thermodynamic fluctuations
(as suggested by Frenkel 1945, 1946) in the same way as the
creation of kinks in a step below a certain critical
temperature which is ciose to the melting point (Burton
et al 1949, 1951), - Therefore, for further growth on
low index faces, steps«must be formed gfadually at

ordinary temperatures by some mechanism, This can happen



by the formation of a two diﬁensional nucleus or island®
of mplecules, the edges of which will prbvide the necessary
steps; The cfystal will thén continue to gréw by two
dimensional nucleation of new molecular layers on the
surfaces of low indices. The theory explains why regular
forms in the plane habit faces are assumed by the crystal
when growth takes place'under non-uniforn conditions., For
a lopg time it was believed to be satisfactory in explain-
ing the'gfowth of re2l crystals. But the observations
‘have shown that growth fronts are slower than predicted by
thecfy.‘ The 1nterp%etation of vileinsl faces as a succe-
ssion:of uniformly ‘spaced growth edges is also not in tune
according to the nucleation theory. The initiation of
layers in lonle crystals almost invariably took place at
the centre of the faces as mentioned before. Similarly,
diffusion eiperiments carried out by Berg (1938), Bunn
(1949) and Humphrey:-owen (1949) for the study of the growth
of crystals from aqueous solution éhowed that the concen-
tration along the growing surface is not constant, but is
lowest ‘at its centre, rising one each side to the corners.
Two diﬁensional nucleation theory could not account fér

these observations.
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» Detailed calculations regarding the probability
of the formation of nuclei show that it is a very sensi-
tive function of super-saturation and is quite negligible
below a certain critical value thch for typical values of
the cbnstgnpg‘involved % is of the order of 25«50 per cent.
Volmer and Schultze (1931), trying to verify this result,
studied thg growth rate of individual iodine erystals in
siightly super-saturated vapour at 09C., They found the
growth rate proporticnal to the super-saturaticn down to a
value of oﬁly one per cgnf whereas the theoretical predica-
tion of the ratewat which a crystal should grov at this
saturation turned out io be too small by a factor of 101090
showing a xecord discrepancy betweénltheory and experiment.
Only below this degree of super-saturation did it fall
below p?Oportionality and then not abruptly. These

observations are in total disagreement with the theoretical

conclusions,

However, the observations of Haward (1939) are
in agreement with the theory of surface nucleation, He
. studied the deposition of several sublimable solids such
as Hglp, on a metal surface coated with a previous deposit

of the same substance. ‘This coated metal target was
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subjected to a vapour "beam" of controlled intensity at.
a fixed temperature. Using a weighing technique to
measure the mean overall rate of deposition, the theory

of surface nucleation was verified.

There are however, no other known experiments
of this kind. In geﬁeral for those crystals which grow,
the growth rate is proportional to super-saturation down
1o values éuch lower than the critical super-saturation
~as ‘calculated from the surface nuecleatlon theory; in
fact the most regular and well developed crystals are
obtained at 10& super-saturations at which the probabllity
of the formation of nuclel is negligiblé. :

The ' theory, there?orp; implies that when the
habit is polyhedral and the super-saturation small-in most
systems a supér,saturatiqn of a few per cent still counts
;mallﬁperfgctlcrystals cannot grow, and the fact that the
erystals do grow at i;w super-saturation, therefore, leads
to the inevitable conclusion that the real crystals are not
Apérfect.‘ There is also a strong evidence for the
existence of lmperfections in the lattice stfucture of real

cfystals. The . intensities bf'xsray reflections indicate
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mosale structure (consisting of minute blocks of perfect
crystals in imperfect alignment) and strength of real
crystals 1s only a small fraction of the strength expected

by theory.

In order to giplain the growth of real crysﬁals
at a much lower superssaturations them was permitted by the
surface nucleation theory, surton et al (1949, 1951)
developed a theory of qrystal growth which takes into acco-
unt thé presence of a particular type of lattice imper-
fection éalled\a screw diélocation. A detailed synthesis .
of different imperfections in crystals has been given by
Seitz (1952). A good aecount of the crystal growth andf
dislocations is given by Frank (1952, ;955), Burton (1951),
Verma (1953) and Fullman (1965),  In the books of
Cottrell (1953), Read (1853) and more briefly in Cottrell's
earlier review article (1943) are given excellent accounts
of the theories of dislocatiogé. It was shown that a
erystal containing a serew dislocation emerging on the
surface is fuﬁdamentally different from one having the
topblbgy of a pe;fecf iattice, in that it does not consist

of many leyers, but of a single self-over lapping layer so
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that em when one, two or any number of layers of atoms
have been laid down on the crystal surface, the step
remains, Hence the steps needed for the growth of a
crystal are provided by the screw dislocations and the
need of two dimensional nucleation never arises. o
long as the dislocation is there, the step can never
disappear. New molecules are deposited at the step, so
that the step moves normal to itself across the face of
the crystal and the erystal can continue to grow indefinite-
1y It is apparent that the step will not remain
straigbt'in this process, for that would require 1ts speed
of mwotion to be proportional to its distance from the dis;
location whereas it will in fTact be more nearly uniform.
As a result 1t trails behind at the outside and winds it-
self into a spiral. In the final steady state attained
under uniformvsuperwsaturation, the spacing between spiral
turns is inversely proporticonal to super-saturation, The
rate of growth is inversely proportional to this spacing
and directly proportional to their rate of advance. The
latter is proportional to super-saturation when the steps
are far apart, but becomes independent of super-saturation

when they are close enough togetiner to compete for materisl
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from the environment, Hence the rate of growth is .
proportional to the.square of the super-saturation when
this is small, the rzlationship becoming linear at higher

super-saturation,

Although experimental evidence in support of
thig theory of crystal growth by spiral wmechanism was
first given by Griffin (1950) on Beryl erystals, rigorous
optical and interferometric study on fiec erystals (Verma
1962) provided a very effective and decisive support in
its major and in very many minor features. Since then
the volume of experimental observations supporting this
moéé of erystal growth has increased considerably (for
literature, see for example, Verma (1952B, Joshi (1959)).
Most of the workers have, in general, obtained spirals
only on one form of a particular crystal under study, and
in all cases the profile of a spiral has always been flat
with abrupt steps, as opposed to the spiral observed by
Joshi (1952) on guartz crystals - natural and synthetic.
He observed spirsls on two different forms-basal and
rhombo-hedrel. It 1s further reported that some spirals

have ripple shaped convex profile, unobserved before and



nave no abrupt sfeps. Features having some simllarity
with those reported by Joshi (1959) have been observed
(Augustine and Hale 1960) on rhombo-hedral surfaces and
on the irregular surfaces of growing basal pinacoids

(0001) cof synthetic guartz crystals.

Tolansky and Sunagawa (19560) reported growth
spirals on the cube laces of G.E.Léynthetic diamonds,
A co-ordinated, microscopie, interfercmetric and X-ray
diffraction study of the phenonenon of polytypism in
cadmium iocdide crystals (Versa 1959) has resulted in a
éiscovery of 13 definitely new polytypes of CdIs (possibily
18) in addition to those found vy Mitchell earlier. °
Further study has revealed that it is not possible to
counect the shape and form of the growth spirals on crystal
surfaces to their internal structure and that the step
heights of the growth spirals may not have a direct
correlation with the unit cell size. Verma (1953) in
his earlier observations had shown that the step heights
of spifal steps were either the same or integral nmultiplies

or submaltiples of X-rey unit size.

Theoretically only ohe screvw dislocation is
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'reéuired by the crystal to support growth at low super-
saturations. Theoonlx examples of erystals known to ’
contain only 6ng dislocation are the crystal Whiskers
(filementary single crystals)¢v Here a single screw
dislocation is believed to extend axially along the
'whiéker. They are cry;tals whose diameter may be a few
»migrons and length upto several centimeters. It is
recently dichVered at the Bell Telephone Laboratories
‘that these crystals show steength comparable to the theore-
tical value pfedicted from the‘bond energy and 10% times
the value usually pbserved in practice. The lmportance

of this result was immediately :ealized and it followed
major developments which vindicated the dislocation theori-
es for varlous aspects of crystal behéviour. According
té Sears (1956) if a erystal bears & screw dislocation in a
single ﬁirecticn, it g;ows at low super~saturations as a
whisker., | If a erystal bears a serew dislocation in two
directions, i£_grows as a platelet at low supei—saturations.
An excellent account on the growth and properties of
whiskers and other problems related to crystal growth ig

given in "YGrowth and Perfection of Crystals" (edited by



Doremus et al, 1958).

Although, Frank gave a plausible solution for
the known fact that crystals bounded by molecularly densely
‘packeq faces usually groﬁ at éensible rates in dilute
fluids‘at low super-saturations, many impo;tant problems
‘have not yet been fully expleained, for example the mecha-
nism of graw@h'of crystals into concentrated solutions and
melts; the role of impuritles in crystal growth; the
.@echapism of erystallization of very complex molecules
such as polymers, and the mechenism of branching in
dendr;tps..

‘In this thesis, the study of growth of calcite
and sodium nitrate crystals 1s reported In their respective

chapters.

1.3 Cleavage:

It is necessary to know the 'plane! on which
growfh’and eteh features are stédied and as there wgs no
relisble means available in the laboratoryfor ascertaining
the crystal planes,Ait was declded to carry out,

particularly the etching, work on cleavage planes of
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natural crystals and due care was therefore taken in

selecting crystals having perfect cleavages.

] .

Many erystals have the property of breaking with
smooth.surfaces in ceftain directlons which are parsllel
to either actual or possible crystal faces. This
im?ortant property is known as cleavage, which is one of the
charactaristics that distinguishes a crystalline body from an
amorphokes one. Cleavage is defined (Dana & Ford, 1952)
according to the direction as cubie, rhombohedron, prisma-

' tic, etc., and according to the character of the surface,
such & terms as imperfect, good, perfect, very perfect or
eminent are being used. Thas the micas have a very perfect
cleavage parallel to (001) while the feldspars have a perféct
cleavage parallel to (001l) and a good cleavage parallel to
(010). '

A crystal can be broken in any direction and the
result is a fracture, It is important to distinguish
between a fracture and a cleavage (Read, 1952), as the
former is irregular and not concérned with the crystalline
struc?uré of the substance, Depending upon the type of
surface obtained, f:acture may be conchoidal, even, uneven

hackly or earthy.
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According to Tutton (1922) cleavage is not a
mere tendency to fracture with production of two more or
less plane frécture surfaceé, one on_each side of the two
separated fragments, and along an approximately definite
direction, Cleavage is much more than this, namely the
faclility for éplitting along an absolutely true plane,
having an orientation within the crystal definitely fixed
to one or two minutes of are and with definite direction
that is identical with that of an important face of low
indiceé; and the plane surfaces of the fracture are endowed
with the same high degree of natural polish, as the best

formed faces.

The cleaveage planes which are always planes of
the crystal structure and are therefore paryallel to possi-
ble erystal faces, have simple relations to the erystallo-
graphic axfs and are usually commonly occuring forms on the
qrystaln;n question.’ That this is not always true is shown

in the cases of caléite and fluorite where the cleavage

forms, though simple in their crystallographic relations,
seldom occur as natural forms upon their crystals.
Further, cleavage is the same in all'difections in a crystal

which arve crystallographically identicael, e.g., if a
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- cleavage exists parallsl to one octahédral plane in an
isometric substance it must occur also and with equal ease
parallel to the three other octahedral planes. Cleavage
planes have commoﬁly been assumed to be those planes of the
atomic structure in which the atoms are most closely packed
' - together while the distance between the successive planes
1s relatively large. ‘)Conditions of this sort are undoubt-
edly important in determining the existence of cleavage but
they cannot be the only controlling factors. For instance,
it is known that sphalerite and the diamond have the same
atomic structﬁre, but in one case the cleavage is dodeca-
hedral and ig the other octahedral. Cleavage apparently
depends not only upon the geometrical position of the *
~constituent atoms, but also upon their electrical charges.
The electrical forces existing between the different layers
in the atomic structure are of greaf iﬁportance and cleavage
takes place when the attractive forces are at a minimum.
Stark (19215) supposed that the thrust preceding the
‘fractures of an ionic crystal brings ions of the same
'eharge opposite to oﬁe another and the electric repulsive
force between these brings about separation of the crystal

,»plane. This is proved by Winkler (1950) who also made a
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detalled study of hetercdesmic and homodesmic crystals.

*

‘ Walff (19205 who studied cleavages of fluorspar,
zinc blende, diamond etec., in their relations to the
erystaliograpﬁic investigaiione; confends that 1t is
possible to determine the direction of cleavage from the
crystalline structure and conversely from the cleavage

to determine the crystal strueture.

¢”Qrez;Rq§01£:$ch?aize:;ﬁ_; (1920) considered the cleavages
of a number of erystals (diarmond, fluorite, pyrite ete.),
inlthe light of the space~lattices determined by Bragg &
Bragg. . His findings show that: (a) the cleavage is
paraiiel to the groups of lattice planes, if these contain.
iike atoms, (b) when the lattice planes are equally
distant, they mist be similarly constituted in order to
have cleavage parallel to them; and (c¢) when there are
several possib;lities, the cleavage is parallel to that -

plane showing greatest reticular density.

From a close study of cleavage, illustrated by
two dimensional unit-cube and other diagrams of diampnd,
sphalerite etc., Huggins (1923) arrived at the folléwing

rules which are believed to'govern crystal cleavages:=
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(1) Cleavage tends to occur so as to leave the

L ]

new surfaces electrically neutral;

(2) where some of the bonds in a erystal are
weaker than others, cleavage will take place in such a way
as to rupture the weaker boﬁdé in preférence to the stronger

cness

(3) All bonds being equally strong, cleavage will
occur between the planes connected by the fewest bonds per

unit area of the cleavage plane, .

Wooster N. (1932) from the known cleavages has
given empirical laws cofrelating cleavage with structure,
for (1) homopolar crystals with equal and unequal bonds
(2) ionic compounds (2) with simple, formula of the A X
type . (b) compounds with more complex formulae but having

(1) radicals and (i1) no radicals.

If Z is the total stress per unit area along a
rod of material and © the inclination of the cleavage
plane to the akis, the stress per unit area of cleavage
plane in the direction of the axis of the rod is Z sin®

The component at right angles to the ecleavage plane 1s
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thus % sin®@® o .  The critical normel stress is

Pe =4 sinp and according to a law proposed by Sohneke
(18692) Pe is constant for a particular substance. This

holds only for crystallographic cleavage.

The theoretical strength of an ideally perfect
crystal has been calculated from the energy required to
form t%o new sqrfages at the break, with rgsults much higher
than the cleavage strengths normally observed - usually
by a factor of hundred to thousand. (See for example,
Polanyl 1921; Zwicky 1923; Kuznestov 1927). Attempts
have been made by a number of authors at varlous times to
explain this discrepancy (Griffith 1920; 1924; Orowan 1934,
1946, 1955). Orowan and others argued that to account
for the cleavage of crystalline solids the application of
the classical Griffith enefgy principle for the propagation
of cleavage cracks in brittle solids cannot be made immedia-
tely . For, in a crygtal, in addition to the increase in
surface energy accompanying the’SPreading of a crack, there
is the possibility of -some plastic work also releasing the
elastic energy which 1ls stored up‘when a stress 1s applied.

Thus it is reasonable to expect to find some evidence for
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plastic deformation as a cerack passes through a crystal,
occuring either in the form of activation of dislbcation
;sourees of the Frank~Read typé (Frank & Read, 1950) or by a

process of spontaneous nucleation of dislocation loops.

The.theoretical baléulations of the cleavage
energies along different planes of diamcﬁd have been made
5? Ramasheshan (1946) who holds the view that the perfection
of thé_(lll) octahedral cleavage plane is not merely because
the plane has a minimum cleavage energy, but also due to
the fact that on either side of the plene of easy cleavage,

lie layers of atoms having three times the cleavage energy.

The relation‘between-cleavage and 7ift in crystais
and iattice structuré was reviewed by Belov znd Klassenw
Keklyndova (1948). “According to Stepanov (1949) the
pre-requistic conditionélfor the occurence of cleavage
' phenomena ip crystals are to be found in an anisotropy of the
elastic properties which are investigated in detail and.
brought out by the fundemental dissimilarity of the stress
diégrams alcng the principal axils 0: the crystal. The
‘observations are discussed with special reference to cubic
and rhombic crystal systems, in particular with Mg, Zn, Cd

and Be erystals.,
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Custers (1942) examined a (111) cleavage face of
type 11 diamond and from the difection of the cleavage .
lines which corresponded with the cleavage directions

suggested the laminated structure for that diamond.

Optical interference methods were used for the
. examination of cleavage faces of mica, calcite, selenite

and diamond by Tolansky and his collaborat@ps (Tolansky

1945~ Tolansky and Khamsavi 1946, 1948-

i

{hfaj_ﬁ~.*_*~') and are thoroughly deseribed by Tolansmy
- (1248) in his well-known and standard book "™Multiple-
Beam-Interferometry of Surfaces and Thin Films". Some

of the important conclusions are. -

' (1) The cleavage steps are multiples of ZXaray
unit cell of the erystal examined and that step height is

constant along.a~cleavage line of the crystal.

{2) The existence of mosaic block structure (in

calcite and selenite) is predicted.

Interferometric examination of cleavages of
metal crystals (magnesium, antimony, ete.) grown by the
travelling furnace\method, is made by Holden (1952) whose

observations reveal sub-boundaries, with a typical tilt of
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N 10.
Koehlar and Eberstein (1253) who used fringes
of equal chromatic order, claiming &h accuracy of + 1.24

found, on cleavages of topaz, the step heights to be inte-

gral multiples of the X-ray unit cell, 8,78A,

Zapffe and his collaborators (1949 a,b,c)
carpied out extensive studles of the surfaces of cleaved
me;ais, alloys and other crystals as fractography. They
have def;ned (1949@)4two fundamental typres of patterns on
the. cleavage faces (i) patferns determined by factors with-
in the crystal and (ii) patterns determined by the nature
of the stress. The latter are the so-called hackle
structures and they reveal the existence of the fracturing
force as the cleavage traversed the matrix. The former
are affected by the structural factors within the crystal
. and therefore they are 6f paramount importance in studying
the érystal imperfeétions, Hence information regarding
the texture,éuality of the crystal can be gained from the

studies of the type I‘paﬁterns,

In most of this work no evidence was produced
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as to the true nature of the sub-structure and in particqr
lar as to cleavage steps and other features of the cleayage
structure, Amelinckx (1951) from a study on rock salf
cleavagéé, accounted for the occurence of cleavage steps.
He suggests that cleavage‘begihs in a plane where dis-
1oqation_qoncentration~is largest and proceeds until it

reaches some other plane containing higher concentrations

of dislocations. . Cleavage then Jumps into the new plane
and proceeds along thils plane, The process is repeated
and steps are produced. This accounts for smaller

steps., The bigger steps are due to the existence of inner
cracks. or bbunﬁaries of separate blocks which build up a
coarse mosaic structure of the erystal. Wilks (1952) also
arrived at similar conclusions and suggested the dependence
of the qgality of cleavage upon'the concentration of dige
1ocatibn$ and defecets within the 1attice, In this way good
quality of cleavage in the diambnd of type II, assuming a
1owér density of dislocations or &efects‘wiéhin the lattice
of thelcrystal»is accounted forl From the cleavage
studies on ionie crystals, the occurence of cleavage steps
has been ezpiained on the basis of tilt -, twist and mixed

£11t -and twist boundaries by Pratt (1956). He also -
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obtained good agreement between calculated and measured
angles of twist on a cleaved NaCl crystal (Pra?t 1953).
Pratt's observations of cleavage patterns are importsnt
in two respects:- ’(15 It might prove to be a powerful
method of determining dislocation distributions in
crystals. (i1) complicated cleavage step patterns may
not necessarily imply the existence of a fine lamellar

structure, but simply that of a twist boundary.

randya's observations (1954) indicate thatf the
cleavages, ifzperfect,‘shoulé show a perfeet agreement in
all feéatures and the step heights should also agree at the

corresponding places (with negative reversal).

The markings on zinp single erystals are not
reflecﬁeé on the opposite cleavage faces obtained by cleav-
ing single cfyétals of various orientations at different.
temperatures (Derceyttere & Greenough, 1954). The
. majority of the observaticns on twin are entirely in accord
with the theory of Bilby and Bullough (1954). However, in
the case of kink bands, there is little agreement between

- the obser&ations and the theoreiical results.
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Reecently Gilman (1955) applied cleavage method
to study polygonization in zine, The ideas of Orowan,
Mott were developed specifically for the study of cleavage
cracks by Gilman (1956% who was of the opinion that, since
the actual initiation of a erack can occur by any of
several possible processes associated with the initial
deformation of the crystal by a cleavage chisel or by
extension in a machine, the factor'which really determines
whether a crystal will cleave is the ability of the crack
to propagate more easily. More specifically it is the
velocity of propagation of the crack relative to the rate
at which the surrounding structure can deform plastically
which is of principal importance. Por it is evident that
if the stresses concentrated arocund the tip of the crack
contain a shear component and if these shear stresses can
be relieved by plastic flow in the crystal, the ecrack will
fail to propagate. However, if the erack velocity is
such that little or no plastic flow can develop (that is,
hlgh rate of loading in a crystél in which glide is
difficult or quasi-viscous) the crack should propagate

easily. In this way Gilman explains the failure to
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cleave metals like copper and silver which flow readlly .
and the contragting "brittleness" or cleavability of
matserials such as steels, rocksalt, LiF, which show only a
viscous form of glide. Alternatively, if the glide planes
in the crystal are unfayourably oriented relative to the
stress field around the crack, plastic flow will again be
difficult to develop and the crystal will cleave easily.
This, for example, explains the excellent cleavage of

zinc,

An investigation of crack development in crystals
of the alkali halldes, UiF (Forty, 1357) provides some
confirmation of the idea that a cleavage crack can nucleate
dislocafions if it can be arrestéd for a time sufficient
to allow deforuation tc devalop. The study of inter-
ference natterns produced by light reflected from the two
surfaces of the crack maltes it possible to detect and at the
same time estimate the magnitnde of thils deformation. The
interference technigue is also valuable for displaying the
presence of the slowly moving crack so that 1lts mode of

propagation can be studied.

An independent investigation of the plastic
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deformation introduced into crystals of LiF by cleavage .
has also been carried out recently by Gilmen (1957).
Gilman et al (1958) have‘shown that dislocations are
nucleated ahead of the tips of cracks that move slower
than ~v 6X103 cm/sec. in LiF erystals. The motion
of cracks that move slower than v 3X103 cm/sec is
unstable, l.e., the veloclity oscillates. About 2¥103

em/sec is the terminal veloeity for (100) cleavage cracks

' in LiF, For constant driving force, cracks move more

slowly in erystals wiﬁh.high'dislocation'dgnsitieé than

in .relatively perfect crystals.

Disloeationg which are nucleated by the propaga-
tigh of'a cleavage cracg of appropriate speed are decorat-
ed by 2 method (Amelinckx 1955) whichvleaveé the disloca-
tion pattern after defo;mation:pracfically undisturbed
and therefore makes it possibla-go observe disloecation
loops in a more d;rect.way,

‘ Thé markiﬁgs and step structures observed on
cleavages of ignic erystals are decorated and made visible
in the elecéroﬁ microscope by a technique (Bassett 1958)
’which is able'to display‘unit lattice steps on cleavage
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surfaces of NaCl and LiF and has the lateral resolution
of the eigctron-microécOpe, . The mechanism by which thé

decoration phenomenon oceurs is not quite clear.

Using microscopy and multiple beam interfero-
metry Wilks (1958) examined type I and ﬁ&pe I1 diamond
clgévageg and conflrmed the earlier qualitative observa-
tions (1952) fega;ding“the more regular cleavage patterns
on~tﬁe cleavage surfaces of type II diamonds., ghe also
s@owed that ﬁiﬁefringenée and counting;properties are not
appreciably reflected in the cleavage patterns and that a
very few type II diamonds show evidence of a laminated

strueture,

Electron mlcPOSCOpic studies are reported on the
matching of cleaved counterparts of sodium chloride crystals
g&:ﬁ:;;;a and Izni 1959). Feltynowski and Gorski (1959)
also made electron microscopical investigation of (111)
and (100) cleavage faces of indium antimonide.  Their
observations show the main structural elements to be the
cleavage steps and the slip lines, the former being

originated from screw dislocations. Two sets of slip

systems at a mutual angle of 45°én a (100) cleavage plane

/
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are also observed; arising from the two different slip
ﬁléneé (111) and (110). Cléavagé whiskers of silicon,.
~and indium anﬁimonide_were studieds (Venables 1960) with
the helé of optlcal and electron microscopes. The size
© of the whiskeré ranges from 5006 to 500 A ortevenjless
and the study indicated their origin to be in cleavage

steps.

 InAth; ﬁresent case,‘cleavage ﬁork is taken up
‘\for_studying the oppositelyymatched cléavage'faces of

mica, fluorspar and calcite by the t;chniques described
in chapter II. ~ All the selected crystals have perfect

cleavages.,

i

In pvase of caleite, the cleavages are produced
in different ways and the resulting patterns are studied,

and are reported in ‘the relevant chapter.

" 1.4 Etehing:

Jus£ as the regular geometry and external
symmetry qf a crystal afe an expression of the orderly
_ manners in which the units of'constructions are bullt up
during the growth of %he erystal, so also when a crystal

is attacked by an appropriate solvent which chgmically or
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physically dissolves 1t, the initial dissolution often
takes place in a menner which is visibly related to the '
underlying cerystal structure. It~is found that the
disgoiu%ion, in general, is not uniform, but begins at
cerﬁain points and proceeds more rapidly in some directions
than in .others. = If the action is stopped at the right
time, the seemingly uniform solid surface is usually found
to be covered with little angular figures of definite
geometrical éhape and orientation, variously referred to

as etch figures, etch marks or etch pits. These definite-
1y shaped figuresrare‘also called solﬁtion figures or
solution cavities because they are results of the action
of the solveﬁt upon the solute (the crystal face)., If
the initial stages are not carefully controlled, nothing
other‘than_the general retreat of the faces, edges and
corners with rounding off and change of shape (due to
‘uneéual solution velocities aﬁﬂcorners,’edges.and faces)

will be noted.,

The shape of the eteh figures varies with the
nature and concentration of the solvent, time and tempera-
turé; but whatevap thelir shape they are practicélly always

‘the same in symmetry, and are strictly related to the
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molecular configuration of the crystal face, The forma-
tion of %k etch figures‘represents the very éarly stage )
of erystal dissolution and consequently information,
concerﬁing their origin, tﬁeir distribution and other
allied points can be securéd by studying the etching of
crystals at a very siow rate of etch. ~ This point has

been kept in mind while studying the etch patterns, in the

present case, on mica, fluorite and calcite,
Historical:

‘ Etching, in general, dates back to 1808 ﬁhen
Widmann-Statten first produced the characteristic etch
| pattern on meteorites by the corrosion with acids. It
was treated as merely a curiosity rather then as a scienti-
fic investigation.  The first publication in this
connection is due to Wellaston (1216) and the earliest
detailed study is due to Leydolt (1855). Daniell (1816)
who was a pioneer, tried to correlate the nature of the
etch figures with the molecular strﬁcture of the crystalline
solids.,. Increasing‘interest in the phenomenon of etching
is attributed wainly to the efforts of German sclentists
in the later half of ﬁhe nineteenth\century, The notable

contributions on theory and application of etch method were
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made by Baumhauer, Becke, Traube, Tschermark, Wulff,
Beckenkamp énd others. | Among‘these Baumhauer's work .
is very elaborate and ecomprehensive, Tﬁe researches
consist of theoretical sﬁu&ies dealing with the questions,
such as the conditions controlling the development of the
etch pits, its relation to the ecrystalline molecules, and
to the symmetry of the crystal.

{ 1 In the first two decades of the 20th century,
Goldschmidt, Wright, Kollar, Gaubert, McNairan and many
others made goniometric and pro;ection studies. A keen
interest was evinced in the methods of etch for gaining
infdrmgtion in erystallography and mineralogy. An
gxcellent account, covering eVefy aspect of the subject,
with detailed references and nicely illustrated by many
practical examples was given by Honess (1927).  The dis-
covery and the developuent of the X-ray analysis of the
crystal structﬁpes cfgated further interest in the methods
of etch since, with an appropriate solvent etch method is
known to be the simplés# and powerful tool for revealing the
‘symmetry of the crystal, Buckley (1951) has also given a

nice account ocn etech figures.

Hirsch (1956) has also given account of etching
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as a méans of revealing mosaic structure. As a result
of the- studies by etch method,'the following results havé

been arrived’at:-

(1) Generally etch‘does not take place uniformly
over the whole surface but begins at different points pro-
ceedlng more easily ig soue di?ections than in others,
thereby giving rise to regular and often geometric figures

of microscopic size upon the crystal face.

(?) The figufes produced are in the majority of
cases angu;ar depressions, such as low triangular or
quadrilateral pyramids, whose outlines may run parallel
to the crystalline edges. Ocqésionélly mpinute elevations
or hillocks are also observed. The etech hillocks can be
interpreted as the iniervening spaces betﬁeen‘etch pits,
the‘rgst of the crystal face having been eaten away.
Examples of both kinds, dépressions.and elevations, are
known and sometlmes it becomes difficult to decide
. whether a Ffeature is a\gro&th or etech figure.  The well-

known case is that of diamcnd§j

(3) The form of the etch figures, in general,

corresponds to the symmetry of the group to which the given
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erystal belongs.

(4) In some cases the planes produced can be
referred to occuring crystallographic faces; more often
they are of the nature of the vicinal faces with complicat-

ed indices or are in faet curved surfaces.

(5) Btch pits commonly lie, however, in deflinlte

and simple crystal zones.

(6) They appear alike on similar faces of crystal
and hence serve to distinguish different forms, perhaps
in appearance identical, zs the two sets of faces in the

ordinary double pyramid of guartz.

(7) They also reveal the compound twinning
structure common on some crystals, e.g. quartz and arago-

nite,

(8) With the same crystal face, the shape of
the eteh flgures may vary with the nature and concentra-
tion of the solvent employed, though thelr symmetry remains

constant.

(9) If the etching process is continued, the

resiult may be to destroy the original crystallins surface



39

and to substitute for it perhaps a multitude of minute
elevations, more or legs distinet; or further new faces )
may be developed, the crystallographic position of which
can often be determined, though the symbols may be

complex, It should be noted that according to the
present ideas of crystal growth, so-called vicinal faces
are of great importance in displaying the crystal symmetry e=m
and growth mechanism, The similaritly between etch figures
and vicinal faces, (see (4) aﬁove) suggests the importance
of eteh figures in a similar capacity since a number of
eteh facets of a corroded crystal taken together corres-
pond to a negative crystal of the substance, there sust be
a2 direct relation bepween the faces bounding a figure and
the molecular face upon which it occurs and doubtless, the
same causes that ere instrumental in the development of
patural crystal faces are orperative in the growth of etch

pits.

Inspite of the extensive and ever growlng litera-
ture of the etch methods the origin of the etch patterns,
their distribution and the subsequent growth have not yet

been fully explained.

The firet attempt to explain this aspect of the
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process of etching is due to Goldschmidt (1904). Accord-
‘ing to him, both etch pits and etch hillocks are the result
'of £he_movements devaiaped in the solvent. The chemical
‘action between the corrosive and the substance upon which
it is actimg gives riée to currenfs some of which are
directed towards and some away from the surface which 1s
being etched, the interference of the ascending with the
degcending gﬁrrents tepds to form eddies, each of which is
a stérﬁing point of a pits The tendency of any solvent
.(woulq be then to produce a regular and hemispherical hole,
but this is offset by the force of erystallization, which
qongtantly endeavpurs to keep the corroded surfaces bounded
by crystal planes, ?he resultant of these opposing
tendencies is a typical etch pit, whose sides are neither
wholly irregular, nor plaﬁe crysial faces; but as a
compromlse, planes of similar nature to the vicinal faces

appear. Further he suggests that:

(1) the etch pits are located at the places

where the current starts in the corrosive,

(2) pPreferential etehing takes place along fine

scratches,



A

41

(3) Small particles of the dust on the substances
providé the corrosive with the points of .

first attack,

. (4) the bunching of the etch pits takes place on
the strained parts of theweystal, and.

‘(55 the presence of inclusion or impurities are

likely to be the- starting point of etching.

McNalran (1915) devised special methods of
investigation to check the résults of Goldschmidt and
fﬁrther to observe the origin and subsequent stages in the
growth of a pit. - His observations are not in harmony
with those of Goldschﬁidt. According to him the lines of
selective pitting are aigo the lines of weak cohesion as
for gxample, cleavage planes are corroded muqh more slowly

than those of the 1ower degree.

The explanations offerea by Goldschmidt and

: others, regard*bg the origin of etch pits, were shown to be

inadequate by Destch (1934) who performed etching experi-

ments on alum. - A closely related problem, not yet

satisfactorily explained, is the distribution of etch pits

on the crystal surface.,
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A real advance in the undserstanding of the
_preferential etching at isolated points in an otherwise.
c&gtinuoué lattice,st?ucturé came with the recognition

* of a number of different structural défects. They are
(1) dislocations (ii) stacking faults (ii1) vacancies
(iv) interstitial atoms and (v) impurity atoms. A
detalled synthesls of the imperfections, primary and
secondary, is beautifully given by Seitz (1952). It is,
thgfefqrg, possible that the structural defect may act as
the probable sites for the occurence of'pits. Once the
problem of origin of pits is tackled, it is then possible
to determine the density and distribution of etch pits and
hence the density and distribution of the defects. It is,
therefore, necessary to réview{briefly the views of several
suthors in this connection.  According to Frank (1949),
who gave a Saﬁisfactory explenation for the spiral mecha-
nié&,of crystal growth on the basis of dislocation theory,
dislocations which provide steps for the growth of the
erystal should also promote the developments of etch pits,
with the difference that whersas the "line tension" of a
Adislocation dravs 1t‘away from = salieqt corner, so that

one dislocation will provide growth for one face only,’it
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holds 1t at;a\re—ent;a@t qofnér so that a single disloca-
tiﬁn should bée able to promote the development of three®
or four faces in an etch plt, By etching the crystal
the reverse prScess 1.e0y the' dissolution of the growth
spiral may be observed. In order to attack the region
of screw dislbcaticn preferentially, the chemical etching
should be rapid s;nce dissolutions at. the equilibrium
cénditions would éauSG a general disintegration'of the
crystal, Horn‘(lQSQ) was the first to show that eteh
pits are formed pre?erentially at screw dislocations in
SiC‘crystals, when etched in fused‘alkali carbonates at
1006°C.  The growth spira}. is obliterated in a few
minutes and a pit is formed which widens and deepens, takes
‘on-a hexagonal shape and eventually produces a hole through
the erystal. Gevers, Amelinckx and Dekeyser (1952)
'opserved the same phenomenon for topaz and CdIg; in the
latter qése they were aple to follow closely the process
of formation of the pits, which consists in an unwinding
of the growth spirals, Hexagonal etch pits have been
observed not only at centres of visible growth spirals but
élsolelsewheré on the crystal féceg These latter etch

pits are often arranged regularly in lines parallel to



characteristic erystallographic directions. A detalled
investigatlon of etch pits on SiC (Gevers 1953a, b) treat-
ed with borax at 800°C showed that deep pits are always
formed at screw dislocations, and that these are often
arranged in twist boundaries, but that shallower plts were
formed at‘the edges of the growth fronts (Gevers 19532).
On crystals of topaz (Gevers 1953b),it was observed that
certain low angle boundaries were not attacked and it has
been suggested that these low angle boundaries might

consist of edge dislocations,

. ‘ Eﬁch pits on growth~steps have also been observed
on crystais of beryl Qgggiebe S—%ey 1953) and this fact
hasAbgen used to $e explain the apparent viglibility of -
growth steps of unit Burgers vector on these crystals.

On haematite (FegOg) crystals (Verma 19524 observed etch
fiéureg of moiecular thicknesses and consisting of a

very large number ( ~v 107/cm2_6f the erystal surface)

of similarly oriented small triangular figures and some

more complex shapes.

!

Lacombe and his colleagues studied the etching

of aluminium crystals. According to Lacombe and
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Yannaquis (1947) whq‘found large angle\grain boundariles
in eluminium etched referentially snd which appear as .
grooves in the surface, the small angle grain boundary
which is indeed due to a row of edge dislocations should
appear on etching as a row of discreate etch pits. Further
it is shown (Lacombe 1948; Lacombe & Beaugard 1945,1948)
that énnealed crystals of aluminium contain substructure
of diameters 0.1 mm, or larger. %-ray work showed that
- these boundaries éeparate regions of crystals slightly
misorientatpd: relative to one another. Gach boundary
- was ghown up by virtue of the concentration of etch pits
along it. Cehn (1949) showed that similar but more
regular boundaries could be observed on bent and annealed
erystels of aluminium and zinc, Observations on the
Germanium crystals grown from the melt (Vogel et 2l 1953,
’ngel 1955) show a very striking evidence of preferential
etching of dislocations, - They (Vogel et al 1953)
confirmed the'identity'of the dlsorientation measured
at a sub-boundary by Xeray diffracticn and inferred from
' the spacing of'dislocations revealed by etch pits. They
also cbsei?eﬂrthat the densitj of étch pits in Dbent
Germaniuﬁ qrystals corresponds to the density cglculated

from the radlus of eurvature.
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Kleber and Koch (1952) investigated the effect
of various electric fields (alternating, constant, pulsate
ing) on the appearance of etch figures obtained on quartz
and zinc sulphide crystals etched by 40 per cent solution
of’hydrofluoric acid, Etching of diamond (Tolansky and
~ Omar 1952) in Hot KnO3 and NapCO3 at 525°C gave rise to
etch spiral in the form of a row of triangular pits making
the shape of one turn of a spiral whose arms were found,
by thg appligation of thin oil film interference fringes,
to be some 700 A deep. This pseudo spiral is not one
corresponding to the growth spiral which is the conseguence
of crystal growth by spiral mechan;sm observed by Verma
(19529 en sicC. It was subsequently established (Pandya
1954) as being dﬁe to the fesult of preferential etching
in the first stage aiong the surface flaws. Custers
(1954), by etching octehedral cleavage face of diamond in
alr at 1400°C for two minutes, reported the formation of
bridges starting from ;he centres of the sides of the
etched ifiangular pit and meeting at the centre. Omar
et al (1954) and Pandya and Tolansky (1954) from their
studies of the etch patterns on the natural (111) polished
-(110) and (100) faces of diamond have reported, the
formation of cr&stallographically oriented straight line
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patterns, which have revealed for the first time the

sectional history of the growth of dismond., = Ferroelect-

rie BaTiO3 single crystals (Hootan and Merz 1954) were
etched by Hci. Obsérvationé of etched surface revealed
that the poéitive end of the electric polarization etches
much faster than the negative one. This differential
etching:rate; thus, provides an excellent method for the
invest;gatioh of ferroelectric domains. Besides using
HC1 as an efehant,,campbéil (1955) also used phosphoric
acid to etch BaTiOg crystals grown from the melt. His
observations also indicated the differential etching rate
enabling the éeparate‘identif;cation of positive and
negative ‘limits to the domains, Furthermore almost
~perfect hea& to tall ‘ordering of domains upto 0,07 mm was
found, Study of etch patterns on cleavage surface of
:erroeleetrié trigycerin sulphate' (Toyoda 1959) showed a
" correlation between the eteh pits and the polygonization

‘of the ferroelectric domains,

It is reported (Amelinckxz Votava 19543 Amelinckx
| 1954) that etched crystals of NaCl show very deep pits at
screws, shallower pits at edge dislocations and very

shallow pits at surface steps. TFurther study of the etch



P w
PR
N

it
RO

48

patterns on both the halves of a cleaved specimen led
Amélinckx‘(IQSQ) to the conclusion that there is one-to-
one correspondence between the etch pits and dislocations.
He inferred from his experimenﬁs that cleavaéé is a
slipleés fracture. UElectron microscope observations
-(Hocart et al 1955) of the cleavage faces of natural

end artificial erystals of sodium chloride etched in
wafeg for short per;ods_sqggeép the reﬁoval of material

in layers composed of packets of planes.

‘ The influence of impurities on the etching
characteristics of dislocations have been the subject
of recent inVestlgatiQn, (Fo§,%nlgg§ ngg%bgn?lgggghin
19545 Wyon and Lacombe 1955)/from thebr studies on etched
s&perﬂpurity aluminium crystals show that the presence
of ;mpurities exert an appreciable influence on the
distribution and size of etch figufés and their observa-
tions stressed the importance of purity as well as dis-
location density in determining the etched structure.
‘Forty and Frank (i%&), from an examination of etch
patﬁerns produced by Lacombe's etchaﬂt on polycrystals
of super purity aluminium, suggest that-an eteh pit is

produced only where there is a precipitate of impurity
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present in the surface and that theeex are located on
dislocations which cén, therefore, be regarded as an in-
direct cause of etching, Their observations further
indicate that only about 60 or 70 per cent of the dise
locations in super purlty aluﬁiniuﬁ‘produee etch pits in
comparison with tﬁcsé of Vogel et al (1983) on Germenium
'crystals,where about 90 per cent of diglocations produce
etch pits.  Wyon and Marchin (1954),who studied the
formgt;on of etch plts on slip lines in aluminium found
preferential occurence of etch pits_on slip systems with

a [;oq] direction normsl to the surface. -

Study éf etéh patterns produced on (100) faces

of Germanium crystals by CPg- led Okada (1955) to the
conclusion,thét there is a.one-to-one correspondence

-between eteh pits and edge dislocationlso far as grain
boundaries are concerned and that the eteh pits, distri-
~ buted randomly, are in edge orientation, An electro-
lytic etehing technid@e is used to differentiate p-type
régidns from‘n-tyﬁe regions on a Germanium crystal surface
contéining both the regions (Jackson 1956), and n-~p-n and
pqh-p junétions transistor sﬁfuctures of Ce and S1 (lLesk

and Gonzalez, 1958).
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Etching technique has been used in revealing
the sub-boundaries in the crystals of Agci and AgBr .
deformed at room temperaturé (Kanzaki 1956) whose origin
is attributed to polygonization during the deformation.
Spiral etch pits of opposite hand have been observed
(Bardsley and Straughan 1956) on silicon crystals.

Gilman & Johnston (1956) from their studles on
the etch patterns on the cleaved faces of LiF crystals
have shown that dislocations do not move appreciably in
the process of cleavage. They have shown beautifully
that the eteh pits correspond to the line singularities
(dislqeations) in_the’erystals? From the symmetric eand
asymmetric structure of the etch pits they have very
cqnvenieptly indexed the edge and the screw dislocations.
They lmagte use of the double etching method, to observe
for the first time, the glide and climb of individual

dislocations in LiF ecrystals.

Dislocation etch pits are observed on silicon
erystals (Spray 1960; Vogel and Lovell 1957; Matukura
and Suzuki 1957). By the use of etching techniques,

Vogal and Lovell were able to observe dislocations in
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various arrays low angle boundaries, slip
zation walls-and bent crystal distributionsi\
acld miiture containiﬁg botassium!nitrate as an etcﬁgﬁt,
Matikura and Suzuki found on "(111) plane, etch pits of
various sizes somevcbntaining‘spiralvterraces. Etch
épifals on silicon iron (Kroupa 1958) were also observed
with step heights (measufed by multiple beam interfero-
metry), varying from about 100 to 1000 A°.  Kikuchi and

' Denda (1956, 1957) studied etching of Germenium crystal
ngurfaces, Using an etchant containing a mixture of HC1
-and HNOg aclds, etch pits with terrace structure were

' observed, whereas with the use of an ‘etehing  solution
consisting of INOg, HC1l, HF and HoO2, they observed left
and- right hand spiral‘etch pits, having density 100 - 1000
"times smaller than those of normal pits on Germaniuw

crystals,

Jones apd Mitchell“(1957) made use of etching
and decoration techniques to reveal dislocations associat-
ed with both annealing and deformation structures in
_erystals of silver halides, BEtceh method was also used

to reveal the distribution of edge dislocations on the
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(111) faces of indium antimonide (Bardsley and Bill
1957).,  Selective etching of single erystals of indiwh
ant@monide; enabling the ildentification of positive and
negative dislocations led Venables & Broudy (1958,1959)
to believe that in InSb the stress required to generate
dislocations in a dislocation source 1s greater than the

stress required to move them in the slip plane.

_ ~ Omar and Kenavi (1957) reported étching of
diamond cleavages by heating them on molybednum filament
in a low pressure (about 2.5 uHg) of oxygen. The etch
figures obtained by this method have the same orientation
as those obtained by etching in oxidizing melts, but
differ in outline by being sharply rectilinear, being
oppositely orienteé to the grbwth trigons; From these
observations they conclude that the growth trigons are
also eteh figures produced by an unknown natural etching
process.,« That their triangular plts were very sharp in
outline, primarily because the etching used by them was
slow is shown by Tolansky and Patel (1957) who proved
tﬁgt ﬁhe réctilinearity or §u:Ve11neagity of an etch pit
depends in 2 sensitive way upon the temperature and the

rate of etch,  The rate of etching increases with
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increase in tempefature. : They showed that pits strictly
reétilineér in outline wére gbtained by etching in ‘
potassium nitrate at 475°C whéreas at 525°C the etching
was much faster and the rounding of the pits was found.
The present éuthor observed the same phenomenon in case
of mica étched by fuséd alkalies at their melting points.
\At low températures the pits were very sharp in outline
‘whereas at‘higher ;em§eratures (from the melting point

4 témperatures of alkalis and upwards), the tiiangulér
piﬁs.ﬁere curvelinear in outline. . Emara and Tolansky
(1957) have shovn that dodecahedron surfaces of diamond
are mich more subject to solution in nature than the

octahedral fapes.

Aéccrding to Ellis (1957), the origin of spiral
eteh pits arisesfrom dislocations in the form of hebles
by supposing that the lateral rate of etching is constant
and that the point oﬁ_ﬁucleation moves in a circle, Rhodes
et al (1957) from their studies om (111) and (110) crystal
surfaces of Germanium single crystals grown from the melt
and etched by iodine, foﬁnd left and right hand spiral
etch pits, with a few double spirals and having step
heights of the order of 2000 A®. They measured electrical
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resistivity as a function of the density of pits. Their
-observations suggest that‘the pits are related to the .
presence of impurities in the crystals. . Elliot (1958)
also observed the spiral etch pits on Germanium single
crystals of (100)orientation. From the observa{ions

of polygonlzed structure, hg inferred a connection between
efch pits and struétuna} imperfections, in the crystals.
Tylor and Dash (1959) arrived at the eonclusion that internal
Frank-Read sources and surface dislocations are of
importance in the deformation of Germenium crystals in
which dislocatlon arrays were disclosed by selective
etehing.,  Ellis (1957) had studied etching of Gormenium
crystals in the form of spheres, Batterman (1957)

hase shown on single'c;ystal Germanium surfaces crystallo-
graphic etch hillocks Vhich are surface hucleated and do
not represent interior ﬁe:fection nor do they correlate
with dislocations intersecting the crystal surface. The
bounding faces of hiliocks are .concluded to be the limiting
etch planes.  His findings justified the reciprocity
béﬁween limitihg plane =nd curvature, viz.,upen dissolution
convex surfaces will 1imit on fast etching planes while
slow etching planes will bound .on concave surfaces. Irving

(1960) extended Batterman's work to account for all the
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“erystallographlic etch hillpcks produced by 2 dil H,0o-HF
acid etchant on Germani@m'surfaces. Johnston et al

(1957) studied spiral etech pits on (111) end (110)

surfaces of n type silicon, From gherr observations
ghey attributed larger pits to edge dislocations and
smaller pits céntaiﬁing sﬁixal térraces with screw dis-
locations, Spiral pits ha&e also been observed on SiC
crystals (Bhide 1958), having step heights 27 + 2 and‘
iOSO A, | ‘

AN

' Gilmen (1956) and Malika (1956) etched single
crystals of'zinc and etch pits have been produced at the
sites of dislocations.  Servi {1958) observed spiral
etch pattérns oen single crystals of high purity zinc and
Frank end Vreeland (1958) explained the patterns in terms
of Frank-Read sources. Pandya and Shah (1958) also
dbserve@ eteh spirals on the c;eavage planes of pure zinc
single crystals grown from the melt by Bridgmann's method.
) star shaped teyraced eteh pits at the'sites of dislocations
Werelobtained on the basal plane of crystals of vaﬁour

- grown zinc (Gecrge 1959), Damiano and Hermen (1959) also
obsQrVed on the surfaces parallel br nearly parallel to the
‘basal plane of zine, the motion and growth of loops and

spiral etch patterns. These observations (George 1959,



Damisno & Hermen 1959) are explained in terms of Franke

Read sources, : .

Etch pits which are shown to be at dislocation
éiteé_were observed on cléavage faces of monocrystals of
antimony (Shigeta and Hiramalton, 1958; Wernick et al
1959), on cleavage planes of Bismuth\single erystals and
qn,{i;i)Aplane of high purity copper single crystals
(Lovell and Wernick 1959a, 1959b), on tungsten crystals
(Walff 1958) on cleavage planes of tellurium crystals
(Lovail et al 1959), The etching of cleaved surfaces of
.monquystals of bismuth grown from the melt was also
studied by Pandya and Bhatt (1960), who observed beautiful
block patterns similar to those observed on diamond
(Pandya and Tolansky, 1954)4 on fluorite (Pandya»and Pandysa
19583 and on calcite described in theApresent work.

?otgssium chloride crystals were etched by de-
hydrated acetlc aei@ and one~to-one correspondence between
etch pits. and dislocations was observed (Bakamoto.and
Kobayshi 1958). Etching of NaCl crystals by NaCl sclution
was employed to reveal slip sources in the crystals

(Merlin 1959).
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Gilman (i959)rstudied‘the nucleation of disloca~
tiong in LiF crystals., He concluded that small foreign
homogeneuties - cause most of the dislocation nucleation
in real.crysials, whereas homogeneous nucleation occurs
only at bigh’stresSes. Yltrasonic etch figures
1(produceé by’exposing crystals in %ater to an ultrasonic
field of frequency 25 kes/s aid of intensity 0,5 w/cn2)
‘on LiF and other érysta;s have a correspondence with those
obtained by .Standard etchiné techniéues and therefore,
ihéigate the presence of.dislocations (Kapustein 1959).

Etch.pit technique is‘used to study quantitative-
ly dislocations introduced into single crystals of silicon
(Patel 1958) by\plastig bendiﬁg at high temperatures. The
dengity of etch pits ig the aﬁnealed'and polygonized speci-
men éloselchorrespond)with the predicted dislocation
densities whereas the avgragé'etch pit density after des
formaiion is approximétely two or tﬁree timés higher than
the calculated dislocation density.  Similarly, there
was no close agreement:betwéeg‘the valgte of yield stress
obtained from the geometrical distribution of dislocation
arrays and the repérted'experimenﬁal valué. Copper decora-

\

tion technidue was also used to study, in the crystals



deformed at 1000°C, the dislocations which were found by

the use of infra—red—fransmission microscopy to lie in

the. {211) direction,

-

In the etchiné of recrystalllzed aluminium,
Broun et al (1938) from their observations on the resistance
of\freéh_grainlboundaries and. susceptibility of aged
grain boundaries to etech atpaék a? room temperature, inter-
preted this behaviour of grain boundaries as belng due to
‘diffusion of impurities along the grain boundarles into

the oxide film,

An interesting and important spplicatlion of etch
and,ﬁeéoration methods in given by Dash (1959) who grew
silicon crystals free from dislocation. He observed
that for certaln crystallographic direc%ions it was
possible to eliminate resi&ual dislocations and thence-
forth grovw a dis;ocatien free erystal. When the disloca-
tions are glim@naﬁed?“the growing crystal can withstand
large tewperature fluctuations without further generation
of dislocaﬁiong. Germanium crystaels free from dislocat-
lons were grown by this meth@d? which might also prove to
be useful for growlng dislocation free crystals of other

substances.
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» The above general review which is mede somewhat
more exhaustive indicates that under suitable conditions,
eteh methods are reiiable, simple in~0peration and power-
‘ful in revealing the lattice defects when substantiated
by otﬁer experiments. But one should be very cautious
in interpreting the etech pattern observed on crystal
surfaces, That this fact 1s of vital'importance is
'showg by observations of seve?al vorkers, Because once
. the problem of origin of pits 1s resolved, the density
and distribution of etch pits éﬁould éorrespond with the
ﬁenéity‘and distrﬁbuiiQ; of lattice défects. The latter
can be'found‘by other means and these observations should,
therefbre,Aperfectly>agree with those obtained by etch
. methods.  Thet thisris not alweys so is shown by the
observations of vgrioué workers, some of vhich are gilven
beiaw;' The Spaciﬁg of etch'piis cbse&ved by Lacombe on
etched a2luminium crystals (Lacombe 1948) points that the
- angle of tilt‘is only a few sécondaof arc, while the
observed anglg is of the order of few minutes of arc.
Similariy, observatlons for plastically bent and subsequent-
1y annealeé Germanium rods (Peafson et ai 1954) indicate
the density introduced by bending ~u 3 x i07 e and
the density of eteh ,pits ~ 3 x 10% o2, Similar
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discrepancies are apparvent from (Cahn's observations on
bent and polygonized aluminium and zinc (1949) and

Gever's (1953b) observations on topaz.

Vogel et al (1953) observed dislocation density
on Germaniﬁmvcrystalg to be U 2 x 10° em2 while Ream
and Pearson ( \354) found density in Germanium to be
of 108 - 10° em~? whereas etch pits counts on other
crystals of Germanium give densities of 10*6 - 108 om2

(Xulin and Kurtz 1954).

. hccording to Ellis {1955) the density of dis-
locatiqﬁs in Germanium to be 10% - 187 cm~2, Patel's
observations on silicon crystals (1959) also show the
vériation beﬁween the observed and calculated densities

of dislccations.

A1l theée observaﬁion show that adequate care
muét be exerclsed in interpwting the etch patterns on
crystal surfaces. The factors influencing the preferen-
tial attack of dislocation should be thoroughly investigat-
ed. I@ such experiments, the type 6f etchant used and
the eteching conditions must be important variables. It

is known that sub-boundaries erve attacked particularly

-~
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stiéngly by certain etchants and the smaller the angle
acigsg the boundaries the more difficult it becomes to
re#éal then by etching.- Metzher‘anﬁ intrator -
(1954) have, however, shown that the addition of very
small amownts"of copper (0.5 part of copper to million
parts of HC1) to a solution of 7 per cent HC1l enabled
thig etchant to show up sub.boundaries in aluminium with

gpgleslof tilt of only 5% of arc or ﬁossibly less.

The studles of the X-ray diffraction and the
observed mechanical properties of ceriain c;ystals indicate
‘that neerly 108 dislocation lines thread through a square
éent;meter of the éarface. The studles of crystal growth
ané @issclution, however, indlicate the value of about 10
to 1O7g This crder of magnitgde agrees well with the
@ensity'of etéﬁ plts observed on certain crystal surfaces
by several wprkers (see for example, Dekeyser, 1958, Omar

et al 1954 etc.).

The present author had studied eteh patierss on
a few crystals’but.in'tﬁe present investigation is reported
a detailed sysﬁematic'and corprehensive study of etch

patterns produced by a variety of etchants on the cleavage
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faces of mica, fluorspar and calcite by the techniques

which will now be briefly reviewed in the next chapter. )
The detailed discussions of the crystals studied in this

up :
work will be taken/in their respective chapters.



