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Abstract of Thesis
entitled

. Few Phenomena of Anodic and Cethodie Crystal Growth,

by A.Goswami.,

. Crystal growth in mnodic and cathodic processes was
studied by electron diffraction, A similar study was aiso
carried out on the oxidation of metnls by other processes
mmd chemienl replacement of metals for comparison purposes,
(110) nnd (100) faces of copper single crystals were mainly
used in this experimental worke In some cases single crystals
of ivon were also used and in others polycrystalline copper,
brass and iron.

The results showed that epitaxial growth of Cwu, 0 and
Cu0 .occurred in the initinl stage of the anodic oxidation of
copper single~crystal surfacesj with increasing oxide deposit
thickness, however, the crystal arrangement of the Cud
degenerated into a one degree orientation. Oxidation of a
copper single cryetal by immersion in water or in an alkaline
solution produced mainly crystalline cuprous oxide in two
degree orientation, though in some cases faint trnces of Cud
were also obteined, There wns nlways parallel orientation of
Ou, © on Cu 21102 erystnl faces, Twinning of Cu, 0 on Cu (111)
wns obseyved and apparently initinted stnble epitaxiasl
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orirntetions with (114) snd (221) plenes of Cw, 0 parailel to
(110) nana (100) planes of the copper substrate,

A phenomenon new in the solid-licuid type of reaction
was observed in the case of epitaxially orientated Cu, 0 formed
on Cu by immersion in caustic soda solution, This consisted
of the relief of epitaxinl strain between the Cu, 0-Cu (110)
interfngce by a process of “Rotational slip" mbout [110],

Another new phenomenon observed was the transfomation
of one degree orientated Cud to two degree orientated Cul® by
light unidirectional rubbing with cottom wool. This wns
explained in terms of the probable lath shape of the fragments
hroken off by cleavege during its mabbing,

In anodic treatment of Cu in scid solution, =n atrong
inner potentisl refractive effect was noted and from the
measurement of the displaced spots the inmer potentinl of Cu
was caleulated for the (111) face, A strong disorientating
effect on the substrate surface region was nlso observed in
the anodic etching process at high current density.

In the formation of Cu,Cl; sand Cw, Bxy by anodic or
healogen vapour renctions on Cu (110) a (111) oricntation was
observed and twinning of Cu, Br, on (111) plane was nlso noted,

Fpitaxinl growth of Cd, Zn and Pe on Cu (110) and Cu
(100) was studied, The orientations found on Cu (110) were
(103) for cd, (205) for Zn and (211) for Fe, A 157 cempressios
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of the ¢ axis was observed in the case of Zn epitaxially
grown on Cu (110). Another interesting case of relief of
epitaxial strain by "Rotational slip” was found in the case
of (103) orientation of Cd on Cu (110),

The effects of superposition of alternating current
on direct current in cathodic crystal growth vnrc al 80
investfgated,

The influence of magnetic fields on ecrystal growth and
orientation in cnthodic deposits was studied in the case of
iron. It was found that the magnetic field caused no change
in orientation, but the crystals had a tendency to grow along
the direction of the lines of force, An attempt has been made
to correlate the crystal habit of iron electrodeposited in a
magnetic field with the corresponding Bitter figures.

) The phenomenon of chemical displacement was investigated
The lattice constants of Cu (and of the €i, O obtained from Cu)
and Ag, obtained by displacement were measured and a mechanism

of the process is suggested,
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General Introduction.

In an ideal ¢rystal the atoms or ions occupy the
minimum potentisl energy configurations, Due to the sctions of
interatomic foreces the atoms or ions are clustered together
to pack themselves closely and form a three dimensional
pattern, The crystal grows atom by atom, layer by layer,
though growth of succeeding layers may, nnd indeed generally
dees, start before n layer is completed, lach atom, ns it
deponsites on the surface of the erystal, takes up a position
compatible, in terms of potentisl energy, with the surrounding
conditionse The site of the deposited atoms or ions are then
Rolnginelly deternined hy the positions of the atoms or ions
in the initial surface and subsequently by those of the atoms
or fons {n the new surface of the crystal. Vhen the new
growing surface hans attained a thickness of the order of three
or four ntom layers, further growth is, in general, no longer
directly influenced by the substrate; though interfacial
strain effects between substrate and deposit may lead to
disturbances -uch.u twinning and rotationnal slip.

Crystals can be grown from the vapour, solution or
melt of a substance or by a chemical renction detween the gas,
liquid or solid, or by discharge of ions as in the electro-
deporition process, 7The experimental work that will be
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prepented in the following chnpters is mainly concerned with
enodic and cethodic crystasl growth, The advantages peculiar
to this mode of corystal growth in studying epitaxisl
relationships will be outlined iater,

The structures of electrodeposited coamtings have been
studied by many workers, €.ge Vood (1931) by Xerays, Thomson
(1931), Cochivhe (1936) and, in particular, Finch end his
callaborators (1936, 1937 nnd 1947) by electron diffraction.
Pineh nnd his cellaborators have shown that there are three
distinct stages in the crystal growth of electrodeposits.

In the initial stage of crystal growth, the orientation of the
deposit is grently influenced hy the substrate structure,
tending to cause oriepntanted overgrowth (epitsxial growth, see
below)e The second is o transition stege in which the deposit
crystals ténd to become randomly disorientated, In the finel
stnge, the orientation and the habit of the deposit crystal

are determined by the bath conditions, if.e, tempernture,

currvent density, adsorption of ions or ntoms at the canthode, etc,

Yhen tle temperature of the solution is high, the
crystals tend to grow laterally, duc to the high mobility of
ntomn or ions, the denmest atordc plane growing parsllel to the
surface, At lower temperastures, the latersl growth is not
favoured and due to the rapld exhaustion of iom concentration
near the cathode the ions tend to be deposited on the projecting
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parts of the surface se that outgrowths develop mainly aleng
the normal to the surface and a densely populated pimsne tends
to develop slong the normal to the surface nlong which the
densegt ntom row generally lies,

¥any workers have observed parnllel growth of the
deposited erystal on a subatrate, Royer (1928) after an
oxtensive study of crystal growth on various substrates and
considerations of crystal structures which had been deternined
by Yeray diffraction methods concluded that the deposited
atoms or ions take such an orientation as to follow the
gubstrate surface structure ns far as possible, that is with
a clone f£it between the twoedimensionnl arrangements of the
deposited and the subrtrate atoms at the interface, ¥Ye found
that in such cases there was at least one densely populsted
lattice row in the deponit parallel to one in the substrate
provided their relntive identity spacings did not differ by
more than 157, This phenomenon was termed ‘epitaxy’.
Rudiger (1937) after studying the evaporated metals on single
crystnl substrates like cnleite, mica, cte. found that a
substrate must be heated to a certain temperature before the
growth proceeds epitexinlly. Pinch and Vhitmore (1938) have
shown that short (in the ntomic semnse) range forces nact
during the epitaxinl erystsl growth, Tlleman and Wilmsn (1948)
have suggested that during the epitaxial growth, both the
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atomic fittings snd the lattice fittings nre of importance.
Thomson nnd Cochrane (1939) and Thomson (1948) suggested that
steps or cracks on a crystal surface might play an important
part in the crystal orientation, According to them, atoms or
ions will tend to form rows nligned along the erack nnd such a
row then becomes the zone axis of the deposit crystels and
hence governs the common orientation. Such a topographical
fenture is unkikely to determine the deposit orientstion,
though it may affect the localisation of the crystal nuclei
first formed, Drabble (1949), working in this lnborntory, has
gshown that on a dismond-=ruled glnss surface methylene blue
crystals do not grow in any definite orientation, but develop
their charactoristic needlee~shaped hnbit especially strongly
when the needle axis is rlong n scratchs The clearest
possible demonstration that steps or eracks do not dete rmine
epitaxinl orientation is obtained both from the observation of
well defined angles of rotational slip of atomic sheets over
each other and from the ndherence of the orientated pre-
existing crystals (Wilman, 1950).

In the 1ight of the above discussion it seems it will
be useful to observe nnd examine new cases of epitaxiel growth,
in snodic and cathodic processes, in order to see more clearly
the nature of the forces or factors that determine epitaxy.
Unless the deposit is the same ns the substrate, there will not
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be nn exact 'Tit' in the lattice position between the substrate
and the deposit interface, and ## such misfit must give rise to
strain in the deposit st some distance above the substrate-
deponit interface, The effects of such a strain on the deposit
erystals have not yet been fully clucidated in the case of
electrodeposits, though it is known that twinning in the deposit
is most likely due to such strain. Fvans and Vilman (1950)
hnve shown that epitaxial strain in chemically formed deposits
may result in rotational slip in the deposit crystals. These
considerations nre of great importance to an understending
of the distribution and magnitude of the surface forces of the
substrate, particularly in relation to the adhosion between
the deposit and substrate, and the general properties of the
enthodie and anodic deposits.

The structures of metallic cathodic deposits have been
investignted by Blum and Rawdon (1923), Graham et «i (1923)
and Hothersall (1935) by optical microscopys by Wood (1931),
Humo=Rothery and Wyllie (1943) and others with Xernys; snd by
Thomson (1931), Cochmfgl?rimh end his collaboratobs (1936,
1937, 1947) by electron diffractions Finch, Wilman and Yang
(1947) have shown the importance of adsorbed hydrogen atoms or
{ons nt the cathode in modifying the orientation of the
crystals in a thick deposit, A superposed nlternsating current
on direet current might well affect the adsorption of hydrogen
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iore nand ntoms nt the cathode, nnd if so could be expected to
cnuse a chnnge in the orientntion of the thick depositse Such
a study should »iso throw light on the nature of hydrogen
ndsorption nt the cnthode,

Compnrntively little work hans been carried out on
snodic erystnl growths In this laboratory Sum (1934) and
Lamchen (1937) have exsmined by electron diffreaction snodic
oxidntion products formed on polycrystaliine substrates, and
recently Peitknecht nnd Lenel (194g) nnd Huber and Bicri (1948)
have studicd by electron microseopy nnd Yeprayse The most
interesting conclusion to be drawn from thies latter work is
that electron diffraction affords by far the most powerful
method of attack in this field., 4 furthey study by electron
diffraction of the crystal growth on single crystals in nanodic
oxidntion will br useful in showing the mode of the crystal
growth 4in the initinl ns well as in the subgequent stages.

The present work falls into three sections.

ne The Tirst denls with the study of the sanodie
oxidntion processes, with speecianl reference to crystal growth
in the initinl stege and the varintion of orientation with
change in conditions, Comparative experiments have nlso been
eareied out, in thnt the oxidation has been effected by other
methods =uch as oxidetion in solution or in gnses,

be The second scction denle with the epitaxial crystal
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growth of different metals, the effect thereon of alternating
currentd superimposed on the direct current in the enthodiec
erystal growth, and the influence of » magnetic field on
cathodic crystal growth,

¢, The finnl section denle with the phenomena of
chemienl Aisplscement with specinl reference to the lattice
constant mensurement and epitaxial erystnlline growth.

As sudbstrate surfaces, single crystals of copper (110)
and (100) faces and iron (100) were for the most part used.
This grently facilitated interpretation. Any chenge in the
structure of the deposits or their origntation with respect to
the substrate could be ensily followed step by step by exnmining
the surface. Again any disorientation caused during the
erystal growth process could be observed with precision,

In some cases polyerystalline iyon, copper =nd brass
weve used, where the initial stage of crystal deposit was of
secondary importance.

In nll these investigations the electron diffreetion
method wns used for exnmining the surface structure, The
penetrating power of nbout 60 KV, electrons is very low, being
confined to about 10«20 ntoms depth below an atomically smooth
surfrce when the beam grazing incidence angle wns of the order
of 30', Purther, the scattering of electrons by the atoms is
g0 efficient that the patterns nre visible on a fluorescent
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sereen and can be recorded photographicnlly with only a short

exposurs time,
The electron diffraction cnme ra used was of the standard

Pinch type, The principle nand applicntions of electron
Ai1ffrnction have nlrendy been discussed by Finch and Wilman
(1937) nnd hence rre not included here,
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greTION I,

Crystal Growth in Anodic Oxidation Processes

and a Compnrison with Othor Oxidstion Frocesses,

;n&gdggtiono
Anodic oxidation has been studied by various workers,

Due to its special applicetions for imparting corrosion
resistnnce properties to vnrious metals such ns Cu, e, and
certain ferrous alloys, Al, }g nnd their alloys, a study of
this subject has attained n specinl significmance in recent
yenrse

Milller (1931) snd Hedges (1932), nfter studying the
procesns, particularly in relation to passivity of the metal,
found thnt at the snode, one of the Tollowing may happen.

n) The metal goes into solution; (b) the metnl goes
into solution nt a lower current density, but becomes passive
at a higher current density; (¢) »n insoluble adherent compound
is formed; or (d) the metnl becomes passive snd thus no longer
renctive,

Jehiemeedt (1908) obtained whnt he beiieved to be
cupric oxide by nnodic trontment of coppere Bengough snd
Stuart (1923) patented n process to obtnin oxide of nluminium
by anodie trentrrnt in %’%ﬂxmnﬁc ncid solution, Anocdic

oxide continges offi nluminjium and ite anlloys have nlao been
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obtained by treating in various other electrolytes such ns
1,504, ¥, B0 etc, (Jenmdy, 1940),

2un (1934) and Lemchen (1937) in this laborstory have
studied by electron Aiffraction the nnodiec crystal growth
procons, They obseyved that most of the metnls give rise to
cryatalline compounds, mostly oxides, which often have
prefé€rred orientations, with a densely packed net plane
parallel to the substrate surface, Ni forms M40 with (110)
faced parallel to the substrate, but the crystals are otherwise
unorientated, Lnmchen (1937) examined slso the anodic oxide
contings fo@sd on nluminium and found that the costing was
amorphous and thus similar in nnt‘u‘ro to the air-formed oxide,
Harrington nnd Nelson (1940) found thnt by snodic trentment of
AL in ¥, 804 or }3BOy or other electrolytes, the oxide formed
was amorphous but on prolonged boiling in wnter was converted
into boehmite (AL, Op oF, 0) which, on igniting 4in o r, wns .
converted to YeAl,0ye They nlso found that on Tn »nd Ti, the
contings formed are sometimes cryastalline and sometimes
smorphous, They reported that when the snodic oxide coating on
AL was heated to nbout £50°C., no change in st ructure occurred,
Yiore yecont work in this laborntory (de Brouckere) showed that
prolonged henting resulted in ¥=il, 0y being formed.

Hal§fnwy (1948), working in this laborstory, showed
that the nmorphous film on anodised sluminium was converted into
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crystolline Y-form by igniting in eir for a minute only.
Usmafni (1941) obtnined twoedegree orientated Cu, Brmy, Cu, I, by
trenting n (111) face of Cu anodieally in bromige or iodide
solution, Huber and Bieri (1948) studied the oxidation of a
clenvage face of n Zn single crystal in K/10 NaOH solution

nt room temperature, They observed thet (0001) orientation of
the Zn0 conting was—ebtaineds

Feitknecht and Lepel (1944) examinedthe anodic oxide
conung on polyerystalline Cu by electron microscopy and X rays
and concluded thnt at Tirst Cu, O wns formed, which was later
converted into Cud (tenorite), and that in an unstirred
Mmd a film of Cu(oON), is formed over the surface,
The evidence is vrather indirect; from electron microscope
photographs it is only possible to distinguish the formation
of different compounds from their habit and this is sometimes
ambiguoun, The X ray datn are also not available,

The formntion of Cu, 0 and its quick conversion to Cud
by anodic oxidantion in an nlkaline bath at room temperature was
also reported by Hickling and Tnorlorﬁ :ogn\’ a study of variation
of potential by an oscillographic method, Here again the
conclusion is rather an {ndirect one, rrtu‘lv (1949) examined
the anodically treated single crystals as well as polyerystallim
copper in I/10 ¥auOH by electron diffraction., He could not get
sny distinet clenr pattern from the snodically trented surface,
and could not therefore identify the €ompbund formed,
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Probably his technique was at fault, But he reported that on
boiiing in water the compound gave a sharper pattern which had
no preférred orientation at all., Ie f{dentified the compound
fovatd, nfter boiling the mnodically treated surface in water,
as Cul.

Prom the above surfey of anodic oxidamtion processes, it
is seen that thoughf the chemical nature of the compounds
formed on oxidised metal surfaces nre generally known, their
crystnl structures, the modes of growth, the crystalline
orientations and habit are not yet fully explored, MNoreover,
how £ar this snodic crystal growth process is analogous to the
eathodic ervstal growth mechanism discussed by Finch snd his
coworkers (1947) is a matter of great interest, Further, an
analogy of this process with the general process of oxidation
might be drawn by a comparative study with the oxidsation
processes in solutions or in contnect with dry air or oxygen.

A brief survey of the work on oxidation of netals is given
below,

Thomson (1931) obtained two degree orientated Cu, 0 on
Cu single crystals. Yasmaguti (1938) studied the formation of
single crystals of Cu, 0 on Cu (100) and Cu (111) fnces nt nbout
1000°C, nnd observed thet often cube axes of Cu, O were parallel
to cube axes of Cu, but that sometimes nnother orientation wns

nlso developed, FPreston and Bircumshow (1935) studied the
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formation of Cu, 0 on polycrystalline copper, Thomson (1931)
obtained, by electron diffraction, a pattern duc to an oxide

of copper which he could not identify from structuresof Cyu, ©
nnd Cud known nt that time, Jurison (1934) and Miyske (1936)
obtnined a compound, Cuo'by heating copper in eir, Tunpell and
his coevorkers (1935) determined the structure of Cu0 Ly Xerays
and found it to be monoclinic and not triclinic as had hitherte
been supposed, It was shown by Finch (1938) that the pattern
obtained by Thomson was really a mixture of Cw, 0 and Cu0. Thus
the oxide obtained by Miynke nnd Murison mTE;O. Leu (49%8),
working in this laboratory, has observed that electropolished
Cu (111) forms an amorphous film both at room temperature and
at 100%C., but on treatment in water it is converted into
erystalline Cu, O,

Oxidation of Fe at room and higher temperatures has
been studied by Mehl and his coeworkers (1934), Neleon (1937)
and Miyeke (1937).

The oxide film fo“-on Zn at room temperatures has
been studied by Pinch nnd Cunrrell (1933=34) and they observed
pseudomorphism of Zn0 on Zn (001)es On heating such Zn0 regains
its nomal axinl ratio. Acharya (1948) observed (001) ZnO on
a cleavage plane of zinec,

Preston and Bircumshaw (1936) were the first to show
directly W electron diffrnction, in transmission technique,
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that the spontancously formed oxide on aluminium was

amo rphous at room temperature and began to be converted into

crystalline Y—m..o. on prolonged heating to about 700°C,
vilmen (1940) has obtained two degree orientated silve:

halides by the renction of halogen vapours on silvey film,

Usmani (1941) ns referred to before, obtained two degree

orientated Cu Br, and Cu X, with (111) planes parellel to

(111) surfaces of the Cu single erystals,

The growth of oxide films at room temperature and at
high temperature has been discussed theoretically by Cabrera
and Mott (1949)s They believed thnt during the formation of
oxide contings, metal fons diffuse through the oxide layers to
combine with oxygen ndsorbed on the surface, Finch (1950)
showed that in many ceseg oxygen nctually diffuses through the
eryntal boundaries down to the metal,

2e Txperimentale

ne Preparstion of single crystal substrates.

The copper single crystals used in the present work
were cut from a copper single crystal rod, about 1 c¢m, 4in
dismoter, which was kindly lent by Frofessor Finch for the
present investigations. The single crystal was carefully cut
with a jeweller's saw lubricated with watch oil, so as to
avoid much distortion of the crystal, The cut pieces of
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crystals weye then ground slowly with emery paper, of gredes
1, 0, 00, 000 and 0000, suecessively, lubricated with benzene,
#o as to develop n face, The crystals were then etched in

1:1 MNO, to remove the distorted layers and then electro-
polished in a solution recommended by Jaequet (1936), comtaining
63% by weight of HP0, and 375 by weight water, st room
temperature, The concentration of Iy PO, was not very critical
for eleetropolishings. The current sand voltage were controlled
by a rheostat, The voltage was maintained between 2 nnd 3
volts, taking care that no gmns evolution took piace at the
anode surfnce, The cathode wns n sheet of copper bent at right
angles and was kept about 3 cme sbove the nnode surface, as
shown in ¥ig.1. The surfaces to be electropolished were kept
horigzontal below the cathode surface, After electropolishing
the copper cryatals were taken out, thoroughly washed with
distilled water, then dipped into 5% ECN selution to remove
any trace of oxide fommed on the surface during electro=
polishing, and finally trensferrved, after appropriate washing
(1,0 followed by alcohol), to the electron diffraction camera,
under propyl aloohol, From the pattern the direction of %She
copper surface was identified, relative to the copper lattice,
The erystals were then further ground snd electropolished as
before to prepare the desired faces and were agnin examined
in the Aiffraction cemeérn before any further experiments were
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carried out on them.

gingle crystals of Cu, (110) nnd (100) surfaces,
trented in thi- way yielded the patterns shown in Fige.2 and
T™ge3le The sharp elongated diffraction spots together with
Kikuchi lines show the smoothness (ntomically) of the surfaces
and high lattice perfection of the crystalse

b, Anodic oxidation process,

The specimens to be used as anodes were surrounded by
a hollow cylindrical copper cathode, anbout 6 cm. in dimmeter,
{mmersed in the electrolyte, The temperature of the electrolyte
was noted from the thermometer reading and was maintained
within + 2°C, The specimens were immersed first in the bath,
alloved to attain the temperature of the bath approximately
during ome minute, and then the current was switched on for
anodic oxidation, Afterwards the specimens were taken out of
the bath, washed thoroughly in distilled water, and tranafe rred
to the Aiffraction camera under propyl alochols, The current
passed was measured with a millimmeter, nnd the current density
was cnleulnted from the known area of the anode speclmens,

ce Other oxidantion processes,

The freshly resurfaced copper crystals were alse
oxidised by immersion in alkali solution, or water, by heating

in air or by saxposing them to halogen vapours, IHalides were
almo formed by immeersion in a halide solution. Cw, Cl; was



SEMICAL

( maes)

formed on the copper crystais by pmt;on wd.th nhloﬂu.

which was prepared by dropping conee?
solution of Min0, and collecting the chlorine in a test-tube,
The copper erystal was brought pear the test tube and the
vapour was allowed to remet with the specimen in presence of
aly for n few seconds, It was then transferred quickly to the
diffrnction camera undey propyl aleohol and examined in vacuo.

3e Results,

fe Anodiec oxidation of a Cu (110! face in an
alkaline solution,

Yhen copper was oxidised snodically in NaOH solution
a conting was formed which varied in colour from brownish to

greenish to matt jet black, depending upon the temperature,
concentration of th' solution and the time of treatment,

Vhen the oxidantion was carried on for about {0 minutes or more,
evolution of oxygen took place at the anode, The electron
diffraction pntterns obtnined by treating Cu (110) in 107
NaON solution with 10 ma,/sc.cm. for sbout 5 minutes at 80°C,
were similar to Fige4e The comting was matt jet black in
appenrance, The specimen was examined in two or more ngzimuths
and in nll cases the pattern remained the same, 1ncucaun¢
that the coating was one~degree orientated with a net plane
parallel to the Cu (110) substrate, From the measurement of

;,(‘,-2(0&/3)
405
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the ring radii the m@-plm gspacings were calculated as
shown in Teble I, They correspond well to the spacings of

Cu0 obtnined hy Tungell, Podipak and Ksanda (1935) by Xeray
diffraction on the powdered minerel tenorite,

ZInble I.
Intensity Radius d Diffraction Leray spacings
in cmn, spneing indices (Tunpell and co=
in Ae hikl ) worke rs)we A,

- 0.930 24742 110 j/"- | 2,737

@ 14021 24497 111 002 24513

" 14105 20304 111 200 24307

£ 14301 14957 11200 1.954
e 1.375 14854 o2 <10 14855
vvf 1.450 1755 112 1769
8 14493 = 14705 020 14705
n 1577 14615 021 14615
£ 14609 1582 202 1.575

£ 1.697 14497 113 14499

. 1.805 14411 022 316310 14411

s 1.860 14369 220 113 1370
vt 14951 1304 ! ;; 312 14298
v 24021 14260 004 222 14258
m 2,185 1,165 %13 222 1,163
2,337 1.087 T3 1,086

s = gtrongs wn = mediumg f = faint; v = very,
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The structure of copper (cupric) oxide, necording to
them, is monoclinie with the following parameters:
a = 4,653 A,
b = 34410 A,
e = 5,108 A,
3 = 99° 29"
with Cu atoms at LL0, %Ja"i , 9790 ,Ja % B

U - -V) %
and oxygen stoms at O% N O'U-%: ‘li_ (w+Y) a2 ‘\i_L‘\; 4

where u -Og.

The strong 020 ring and the medium 021 ring in the
plane of incidence apparently suggesty that the orientation
of the Cu0 is with either {010} or [021) parallel to the
surface, «:/d both of them nre present, As the structure of
the Cu0 is monoclinic an extension of the usual method (Fineh
and ¥ilman, 1937) had to be used to decide the orientation by
comparing the pattern with the theoretical one to be expected
in diffeyent orientations, '

The theoretienl pnttern has been calculated in the
"following way, developed in this laboratory by HyWilman,
Por lattice row [uvw] to be nowmnl to any plane (hkl) it must

have

= - » » * %
u v e w 7.2 3 7 Z z.s
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= 1/a {(l\/n) -u"( + (k/b) (comdcospf-cosy) + (L/c)

(cos { cosy -cos
o1/ gwa) (cos [cos f=cony) + (k/b) stnf) + /)
(co-,leo.y-co.og )
. 1/c§(h/a) (cosf cos) =cog f) + (k/b) (cos/dcosY -cono() ;
+ (1/c) sin ¥ %
Tor monoelinic crystels this becomes
utviw = 1/nfh/a- (1/¢c) °°'B§
. 1/bgk/b uin’ﬁzs
' 1/ g ~(w/) con [} + 1/ 23

Tor Cul
Wutviw = gh(.04619) +1 (.00693)§ \

2\:(.08364)% '
21:(.00693) +1 (.o3833)§
and for (021) orientation
usvew = 0693 10 16,73 ¢ 3.83.
The diffraction spots lie on layer lines of order h'
@iven by h' = hu + kv + 1w ) %
X k:'»':.1 = 3729
* assuming AL = 10, then the radius for (021) = 6,19 cm.y and
hence one h' unit = 0,166 em, |
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24milavly for the (030) orientation layer lime hl = 1.
The theoretical patterns for (010) and (021) orientntions are
shown in Pigm. 5 rmd 6, In the theoretiesl pattern of (010) .
srientation of CuC, 1t is seen that all the ‘aru iie on inll-
defined layer lines. The nbaence of such wellemarked leyer
lines in the Cud pattern by anodic oxidation, ¥ig.4, coupled
with the fact that the medium 021 arc is not in the same
layer Mine as the 020 are sugrests thet the orientation is not
(010)s Thie is more evident Trom the positions of tne T12,
702, 112 pres in the figure,

Comparing the pesitions of the a?c- in the thsoretical
(021) owvientrtion (Piget) with t,he'u in Pig.4, it is evident
that there ave simdlarities in the positions of the nres,
though the 020 arc should sppear in s position slightly awey
from the plane of incidence (Fig.6), whereas in Fig.4, it is
in the plane of ineidence nnd of strong intensity. This can
ve mecounted for by mscuning thet when rather long arcs appear
neny the plane of incidence they will conlesce and overiap 60
as to pive high intensity there, Thus the erdentation of Cud
in Tig.4 sppears to be {(021).

(14) 1uffects of Current Density.

The Cu (110) face wns snodieally oxidised at different
current depsities in 107 XNaO¥ solution, The results mre shown
in Toble 24



}\ig b
h 5 A0
20 o A w0 A Wty [ Cn?
Q,A SW\A L (-

Peasn~ 4{_';00}

?hia 9l
/ 0

ad, 227 A/ e g




22,

Inble 2.
Subst., Current Te Time Orientation Appe arance Mg.
“ ity o wws e
-3
mn/cm
cu(110) 5§ 80 9 (110)cw,0[/(110)cu) Brownisn
[1?0]0\1,0//[110]0‘1 conting nnd 7
at some
Handom Cu0 places
greyish
appe arence,
cu(110) 10 80 5 (021)cuo//(110)cu  Bleck
conting 8
One degree
orientated Cul
cu(110) 22 8 14 (110)cuo [[(110)cu  black
coating 9

It was observed that the higher the current density the
less time wns taken for complete oxidation to matt jet black
appearance, Vith lower current density, the epitaxiasl growth
of Cu, 0 with parallel orientation was observed along with
random Cu0 (Fig.7), whereas at higher current densities a
pattern appears corresponding to a different orientation.

The orientation of this CuO pattern (Fig.9) appears to be (110)
compared with the theorctical pattern of (110) orientation,
Tige9n, though the positions of 020 and 021 ares are slightly
up in the pattern of Fig.9. Another feature of this pattern is
a strong 202 arc nnd also the nbserce (or probmbly very fuint)
of 712 and 112 arcs. If the anodie oxidation was continued
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for nbout 4 mins., the pattern became slightly different
(PMg.9b)« The orientation appears to be a mixture of (110)
and (021), though they have not yet been fully investigated.

The sharp nnd elongated spots due to Cu,0 in Fige?

ghow that the Ow, 0 surfece wns smooth and bounced by a (110)
plene mainly. The epitexinl growth of Cw,C on[ cu (110) will

be discusmed in fuller detail in subesrction (d)e

(111) rffects of Concentration of alkalle
The effects of the concentration of the NaOH solution

on the oxidation products as well as on the crystal growth were
investigated, The results are shown in Table 3.

Subs,

cu(110)

cu(110)

cu(110)

Table 3.
Cont, Cedein Temp Time Orientation Appearance Fige
9% of s °Ce mins. ~
¥aOH mnn/cm
nolne
20 10 7942 6 (110)Cw 0 [/(110)Cu) Blue with
[170]cw. 0 [/[170]Cu ) slight 10
Yo formation of brown tinge
Cud
15 6 7542 6 (110)cw0/f(110)cu
[17clcw 0/ [170]cu
Twi of Cu, 0 ( Bluish 11
n 117% Plane s,
Trnces of random
Cu0
10 6 7542 6 (110)cw0)/(110)cu) Bromn S
[170]011.0//[110‘0\1 with bleek 9
Ponge ot

Aandom Cul places,
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The twoedegree orientated pattern of Fig,10 wie
identified as due to Cuy O and the measurement of the ring
radii are shown in Tnble 4,

Inble 4.
Intensity Radius d hkl & in L.
in ecn, -ggcg.ng plane
0887 3,013 110 44261 ag = 44259 Ae

4 1.093 2,460 11 4,236

8 1260 2,121 200 4,242

vs. 1,768 1,512 220 4,276

“$. 14974 14354 310 4,280

220 CGa = 220906
AL was calculated from the spacings of 220 Cu spots in

Pi2.10 mnd“nssuming its value to be 1,276 A,

The observed lattice constent for Cu, 0 is 4,259 A.
compared to 4,252 A, (Wyekofr, 1948), Hence there is no
effective change in lattice constant of Cu,0 during the
epitaxial growth.

At 209 NaOl, twoe-degree orientated Cu, 0 was formed on
tu (110), with n slight tendency of dimorientation. There is
no sign of the fomntion of CuO in the pattern. In Figell,
the two-degree orientation of the Cu, 0 is perfect and the
appearance of extra spots in the pattern is due to twinning
on 2_1111\ planes of Cu O, This twinning of Cw O appears te
have been observed for the first time., In Dana's system of
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mineralogy (Palnche etes, 1944) there is no reference about
the twinning of Cu 0., The twinned plane was decided from
the following considerstions.

Niffraction spots duc to twinning on hRL type of
planes nre more prominently observed when the beam is nlong
£110) « The type of twin plane was calculated from the
observations of the angle of the rotation of the main spot
patterns around the central spot until it coincided with the
twin spots., The angle of rotation is given ly

—
Onztm:é-

If the twin plane is {111’3 , then the angle of rotation will
be 70824', The angle wns found to be nearly 71°, hence the
twin plane is $111% type. Sometiwes the diffraction spots due
to twinned crystals become more prominent than the main
prtterns (Pige12)s In these capmes it seeme thet a new
orientntion is developed in contact with the substrate, Such
ensee will be demlt with in detail in sub section (d). The
patterns shown in Fige13, obtnined nlso by mnodic treatment
in 157 NaOH solution shows strong strenks normal to 5111'%
planes sand to the surfnce (110) plane, This effect is due to
refraction of the electron bomms nt Cu, O orystal facets of
2‘1111typu parallel to the bea-. or nearly so.

The results in Teble 3 show that at ebout 15-20% NaOH

coneentrntion, Cu, 0 is formed exclusively, wherens at a lower
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concentration, with the same current density, the tendency of
Cu0 formation becomes more and more prominent and results in
the formation of one-degree orientated Cu0 ultimately. At the
high concentration of alkali, where two-degree orientated
Cu, 0 is formed, due to the large lattice constant difference
between Cu and Cu, O (17.,7% approx.) a strain wiil be generated,
at the interface, which may probably be relieved either by
mechanical twinning, or by disorientation, or by rotational
glip., The twinning effect and slight disorientation are geen
in Figs. 14 and 10, The rotational slip process will be dealt
with in sub-section (d) later.

During anodic oxidetion of Cu (110) in 157 WaOH
solution at 80°C., in addition to two-degree orientated Cu,0
another two-degree orientated compound was obtained, the
lattice constants of which corresponded nearly to normal CuO,
with its one axis twice the 'b' spacings of the nromal Cu0,
and with /;ne arly about 90°, The patterns obtained from this
are shown in Figs. 14 and 15. The main patterns are due to
two-degree orientated Cu, 0, The short arcs are due to the
formation of a new compound. In the /110> azimuth of copper
(110), FPige.14, two sets of parallel spot rows (Laue zones)
perpendicular to each other are seen, the spacings of which
are found to correspond te 4,73 A. and 6,954 A, These rows of

spots are more prominent in Fig.16. The spacings were
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enlculnted fro-. KL obtained from the diffraction spots due
to Cw, 0, the cube axis of which was assumed to be the normal
value, 4,252 A, It was siready shown that from the
mensurement of the spot patterns of Cu, 0, Tnble 4, that in
epitaxinl overgrowth, the Cu, O retanined effectively its
normnl dimension, This wns also confirmed from the
mensurement of the Cu0 ring radil and finding the lattice
conastant of Cu, O in Fige.7. The lattice row spacing parallel
to the horizontal rows in the 90° azimuth of FPig.p parallel
to the shadow edge wes found to be 5,14 A,, which corresponds
closely to the spacing of the nomal CuO, The compound thus
formed has therefore the lattice axisl dimensions a = 4.73§
b = 6,95 ¢ = 5414 Auy with ﬁ- 90° or practically so.

In the nermal Cu0, the dimensions are a = 4,653 Aey
b = 34410 A, © = 54108 As, (3= 99°29* (TumjeNund co-workers,
1939), It appears that the compound formed is nlse (at least
approximately) Cu0 with slight modification of structure such
that its a nnd ¢ axes nre close to the a and ¢ of Cud but ite
b axis is approximately double that of the b axis of the
nomal CuQ,

This may be n came of pmeudomorphism such as first
observed by Pinch and Cuarrell (1933,34) in the case of thin
films of 7n0 on Zn. The orientation of this pseudomorphiec Cud
is (120), which corresponds to (110) orientation of the normal
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Cu0., Hence (120) of the pseudomorphic Cu0 is parallel to Cu
(110). Similar pseudomorphic Cul was »lso obtained by
immersing Cu (110) in hot 10% XaOH solution.

The presence of very faint rings as well as the arcing
of the diffraction spots due to cupric oxide suggests that the
crystals had a tendency to disorientate in all possible

directions.

ive Anodic exidation at room temperature.
Tlectropolished Cu (110) was nlso oxidised at 18'0,

with 10 ma./sc.cm, for 2 mins, A greenish coating appeared over
the surface, The specimen yielded the pattern shown in Fig.17.
The pattern appears to be similar to the normal Cu0 pattern,
though all the rings could not be thus accounted fore. A

similar pattern was nlso obtained by Lamchen (1937) by anodie
trenatmert of polycrystalline copper in 207 NaOH solution with

15 ma./s0.cnm.

of
be Anodic Oxidation,Cu(100), Polyerystalline Copper

and Brasse.

Copper (100) nnd polyerystalline copper and brass were
anodically oxidised at 80°C. with 10 ma./sc.cm. for 5 minutes
t111 2 black conting appeared over the surface, The results

are shown in Teble 5,
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Table 50
Substrate Temp ce.d.in Time Orientation Appe arance
°C, ma/sq. mnins.
Cm,
cu(100) 80 10 5 (021)Cuo{[substrate Bl nek
cu(Poly) 80 10 5 (021)Cuol/subatrate Black
Brass (Poly)80 10 5  (021)cuo /substrate Black

In all these cases the patterns obtained were similar
to the pattern obtained on Cu (110) surfaceg, under similar
conditions, as in Pig.4. Thus it is evident that whatever
the surface of the substrate the final coating is one degree
orientated CuO. It is interesting to note that even brass
after anodic oxidation produces Cu0 (BigstW) closely similar
to that on the copper single crystal. The substrate did not
show any effect on the orientation of Cu0 in thick deposits,.

c. Anodic Oxidation of Cu (110) in Acid Solution.

A Cu (110) face was anodically treated in HCL solutior
at different current densities, The results are shown in
Table 6,

By nnodic treatment in the FC1l solution the surface
of Cu (110) became rough due to etching and = sheen due to
small facets appeared on the copper surface. Fig.19 shows
copper spots together with spotty rings passing through the
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Table 6 .

Substrate Conc, of ce.de in Time Tige Results.
HC1 ma/s8G. mins.
solution cm,
cu(110) 16 10 2 18a Strong refraction
effects on spot
18b patterns of Cu
cu(110) 327 90 5 19 Spobty ring pattern
of Cu along with the
usual spot pattern.
normal diffraction spots of Cu., This indicaté@s that the
initial substrate, which was atomically smooth and perfect,
became disorientated owing to the vigorous anodic treatment.

An interesting ferature is shown in Tigs. 18a and 18b.
It 1s seen that most of the spots are not only elongated
townrds the shadow edge but are nlso drawn eut obliquely like
spikes and two distinet spots can be seen (Pig.18a) on the
spizes, as in Fig.20a.

These spots correspond to the displacement of the
normal spots along a direction perpendicular to g111§ planes,
It seems therefore that the habit of the anodically treated
copper surface is such that the erystal projections were
bounded by two predominantly octahedral plemes (111) »nd (117).
The patterns (Fig.18b) in the 90° szimuth also show strong
oblicue diffraction effects along directions normal to the

2100% planes, Trom the strong refraction effects normal to
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fﬂﬂand%oo} planes together wltl{'iﬁcplacemnt of the spots
due to refraction by {111} planes it appears that facets
which are bounded by (111), (11T), (10.0) and (010) plenes arve
formed by snodic treatment in HCl solution, Fig.21.

Due to the inner potential the beam is refracted when
it enters the 2111} surfaces at grazing incidence. The
appearance of the displaced spots is explained in the following
way.

i). If the beam penetrates into the crystal through
the front cube-face surface nnd leaves from the back without
any appreciable refraction, the spot Mﬂll be at'a'
(Fig.20a) effectively in the normal position.

41). If the beam penetrates through the plane A with
refraction and leaves through the back surface without
refraction, the normal spot will be drawn to ‘el

111)e If the beam penetrates through the front surface
(100) and leaves through B with refraction, the spot will be
drawn to 'd',

iv). If the beam penetrates through the plene A and
then leaves through B, the spot will be drawn to a position 'd’
(which could not be found in the present case).

Prom the displacement of the spots, the inner potential
of the crystal for the faces 21113 was measured, after Miyake
(1938), as follows.
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where v, inner potential of the erystal face in volts.

A7 = angular displacement of spots.
deyintio beam from one axh where”’
CP 1»1}4 l}ainfg' rnct’lng plme/.
A

'1"\!” 07*“\1
3 = VOlth@ us d‘( Wb J'Mv Iy n PPONIPYRN 1 S = ‘f/\u,c )
I'xperimental result. N
F = 4Hxv. L = 49 cms,
A = ,072/49
= 2 49
=1 F.E;B '/
Vo = 26 . AD, CF .__71 '01%‘.
2 .¢

Hence the inner potentisl of the Cu (111) surfsce is of the
order of 8 volts,

AAs\imilar displaced spot pattern due to inner potemtial
was also observed by Miyake (1938) from octahedral S.b,O, ¢ryst-

. Ercind .
nle on oxidised stibnite, and he estimated that the Mﬂotlvo
index of the 5b,0, was 17 + 2 volts,

d. Oxidation of Cu (110) and Cu (100) faces by
Imme rsion in Alksaline Solution and Water,

Cu (110) and Cu (100) faces were oxidised by imme rsion
in 107 NaOH solution at different temperatures. The results

are shown in Table 7,
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7
Table l.'.
Substrate & of Temp. Orientation Appear- Tig.
KaOH Ce Aance,
soln.
cu(110) 10 75 (110)Cu,,o// (110)Cu ] Bluish 22a
[170]cw, 0 //[ﬁoj.Cu 22b
cu(110) 10 75 (114)Cu0 // (110)CuY Eluish 23
[110]cw 0 //[1‘1.0}(;\1
Twinning of Cu, 0 on
{1113 planes.
cu(110) 10 20 (110)01@0// (110)Cu'\gBrownish 24a
[170]cw © /[ﬁoqu —e
Cu(100) 10 75 (100)Cu,o//(1oo)<:u 5
a a
forelcu 0 //01d]cu
Reddish
(221)0u.0//(100)Cu brown
=5

b, _
f11o]cu.o// [811]cu
Twinning of Cu,0 on
{111% planes.
cu(100) 10 20 Brownish 26
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The oxidation product of Cu in alkaline solution was
mm'y two~degree orientated Cu, 0, though in some cases traces
of Cud were observed, The orientation of the Cu, 0 on Cu (110)
was mainly (110) and sometimes (114) orientation aleo developed
Twinning occurred on gﬁ‘l'ﬁpl:mu and sometimes it was so
prominent as to suppress the diffracted spots due to initial
parallel orientations (Fige23). The development of (114)
orfentation on Ou (110) 1s due to $111] twinning ms shown in
Tge27. At first, Cu, P grew with its cube éxea parallel to
those of the Cu, i.e. (110) Cu, 0 parallel to (110) Cu snd = ‘
cube edge of Cu, O was along the cube edge of Cu, 4As the film
thickens, due to twinning of Cu, 0 on €111% planes, a new
plane i.e, (114) becomes parallel to the surface and hence
(114) orientation develops. In theg ﬁattem. Fige23, some
arcing is also observed, which shows disorientation during the
crystal growth.

An interesting pattern of Cu, 0 on Cu {110) is shown
in Mg.28a, The pattern wems teken on the same specimen and .1n
the seme azimuth as Pig.23, though at a different portion of
the specimen, The sharp snd elongated spots show that the
surfnce was atomically smooth, ‘The formation of leyer lines
sugga.nta that the coating of Cw,0 was onee-degree orientnted, f
though the pattern in the other 90° azimuth (Fig.2¢ b) indicate
a two~-degree orientation of Cu, 0., In order to decide the
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degree of orientation, a theoretical pattern of Cu 0 with
{110) orientation is drawn (Fige29) and compared with the
pattern (Fig.28a). Though the general features of the
patterns Tigs. 28a nnd 29 are similar, there ere some
discrepancies, The general asfymmetry of the spacings of the
spot pntterns, the position of the spotanot being exectly on
layer lines (Piz.28a) ns well as the nbesence of a spot in the
fourth layer line where it intersects the first row line in
7ig.29, shows that the pattern in Fig.28a is not dwe to one-
degree orientation of Cu, 0. The alternative tentative
explanation is that the patternm is due to the re-twinning of
Cu, 0 on 2111'Sp1anes. Due to the double twinning, the original
@1/0] becomes very nearly Eﬂ] of the second twin. Fige.27
shows the formation of the second twinned crystal.

The oxidation of Cu (110) surfaces at room temperature
by jmmersion in 107 NaOH solution also produces two-degree
orientated Cu, 0. The pattern is shown in Fig. 24 a end i
Sharp and elongated spots show that the Cu,0 crystels are
atomically smooth. Cu,0 grows with parallel orientation on
cu (110).

The Cu (100) face was also oxidised to Cu, 0 by
immersion in alkali at 75°0C. 7The orientation of the Cu,0 on
Cu (100) was (221)., The orientation was decided from

consideration of the spot patterns of Cw 0, relative to the
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copper spots, which determined the azimuth, The sharp rows
of spots along the horizontal lines are due to Cu,0 along EOﬁJ
and the row of spots ncarly normal to the shadow edge la due to
rows [111], The angle between the rows of spots in the plane
of incidence and 111]13 about 9°, This measurement agrees
well with (221) orientation, considering that the initial
surface of Cu was about 4=5° off from the (100) face. The
development of (221) orientation is again caused by the {1113
twinning, Initially probably Cu, O was growing with parallel
orientation on the Cu (100) face, as it does on the Cu (110)
face, and then probably due to mechanicel twinning on {111}
planes, the twin crystals are formed and continue to grow
prominently, with (221) planes parallel to the initial Cu
surface,

" The Cu, 0 formed on Cu (100) at room temperature in 10%
Wa0H solution shows a two-degree orientated rather diffuse spot
‘pattern probably due to the formation of very small crystals,
The pattern appears to be similar to the orientation of Ag
on Cu (100) by displacement, which will be discussed in
Section III, A further study of the formation of Cu, 0 at room
temperature on an exact cube face of Cu will be useful to
settle the orientation of the Cu 0.

The results of the oxidation of Cu (110) and Cu (100)

faces by immersion in water are showsy in Table 8,
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Znble 8.
Substrate rg,:?. ﬁf-: Orientntion Tige
cu(110) 100 Y4 (110)Cn, © || (110) cu 30
' [170])cu; 0 || (170] Cu%
cu(110) 20 14 (110)cu 0 |] (110) Cn‘g 3
[170’cw 0 |1 [170] cu

cu(100) 10C Y4 L §32a

32b
cu(100) 20 14 33

on Ca (110), again Cu, 0 grows with its cube uxes
parallel to thome of the Cu, though there is not much sign of
twinning, The patterns (Fige. 3¢ =nd 30) duc to Cw. 0 formed im
water at room temperature and nt 100°C. nre cuite sharp,
showing that the crystale were several hundred angstroms in
dinmeter, Om Cu (100), Cu, 0 was formed in bofling water with
(111) plene pearly parsllel to Cu (100) (Figs. 32a and 32b).
The pattern (Fige3:) of Cu 0 on Cu (100) st reom tempe rature
wag similar to those obtnined by trenting in NnOM solution at
room tempergture (F1ge26)s The diffuseness of the spots shows
that the crystal size of the oxide formed is very small. The
behaviour of Cu (100) 4n 1ts oxide crystal formation is a
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striking contrast to that of Cu (110) in water or alkali
solution at room temperature.

A new case of relief of epitaxial strain by "rotational
slip" (rlil;nan. 1950) was observed in the case of Cu0 on Cu
(110). The patterns obtained by treating Cu (110) in alkalil
at about 79°C., are shown in Pigs. 34a and 34b along /170\and
Z001) azimuths of Cu (110). The patterns are due to Cu, 0.
tlong 470> there is considerable arcing of the diffraction
spots, whereas in th04[901)>azinuth. there is practically no
sign of arcing. This suggests the disorientation of Cu, 0 by
rotational slip on a plane nxw normal to the rotetion axis
[170] on (110) plenes, Similar rotational slip has elso been
observed, though more prominently, in the case of Cd on Cu(110)
and will be described in Section II. Recently I'vans and Wilman
(1950) have amo observed such n rotational slip in the
formation of Zn0 on ZnS (110) by heating in mire. Due to large
lattice difference between Cu, O and Cu (17.7% approx.) a stress
is generated on or near the Cu, 0-Cu (110) interface. As the
Cu, O film thickfew, the stress will increase and ultimately it
may be relieved by a mechanical twinning or recrystallisation
or rotational slip process, In this case the strain was

relieved by rotational slip.
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e, Oxidetion of Polycrystallime Cu in Alr.

Polyervetalline copper was oxidised in sir by placing
it on a heated metal bloeck at nbout 400°C, for 30-60 seconds.
Pige35 shows the pattern of Cu® so obtmined, The pattern shows
an orientation different from those obtained by anedic
oxidation process (Fig.4), The orientation was determined from
a comparison with theoretical patternms, !’1th 5, 6 and 9a and
found to agree mostly with (110) orientstion, though the
position of 203 ares is slightly Low down and the 020 arc is
slightly high up in the theoretical pattern, compared with
the observed pattern (Pige35).

f. Halide on Cu (110) Surface.

Cufl, =nd Cu. Br, were prepared by exposing Cu (110)
surface to Cl, or Br, vapour in presence of air, by anodic or
chemienl treatments, A bath containing 10 g./l. NeCl and
25 ee./l1., of HCL was used for Cu,Cl, preparation by anodic
treatment., A bromide bath of commosition 5 g./l. ¥eBr and
25 ge/1 M, 50, (cone.) was used for anodic or chemical treatment,
Attempts were made mainly forg;aparation of two-degree
orientated cuprous halides, The results are shown in Teble 9,
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Table 20
Substrate Treatment Orientation Fig.
cu(110) Cl, vepour for (311) and (R44) planes 36a

5=10 hewezA2Ce  parallel to the surface S

cu(110) Anodically treated two-degree orientated
in chloride soln, Cu,0( Parallel growth) 37
for 1 min. at and random Cu,Cl, .

4- ma./8q.Cm,

cu(110) Anodically treated ,ftwo-degree orientated
in bromide soln. Cw, Br, &

for 10 secs. at (111)0ug3x-,// (110)cu
2,1 ma,/sq.cm, [ 10 jCu, Br, /"./ [ 1Tgcu 38
Cu(110) As above for 20 Twinning on 51115
SeCH. \ planes.
3
> Random - - - 9
cu(110) Imme rsion in twoedegree orientation ) 40

bromide soln for 6111)()“2]3:1, // (110)Cu
10 secs. \Tolew, Br, // [ ITOCu

Twinning on {1115:)18!1‘8

In all the experiments Cu,Cl, obtained wns @ither
random or one-degree orientated (Pigs.36e and 37). Cu,Br,
grows with (111) plane parallel to (110) of Cu nnd the
twinning plnnebm@ﬁ\) o Usmani (1941) nlso observed similar

-

twinning of Cu.Br, on {1113 planes, working with Cu (111) face.
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In nnodic treatment, when the time of treatment was about

10 sees., two-degree orientnted Cu,Br, was formed (Fig.38a)

but when the time of treatment was nbout 20 seecs., the pattern

becomes random (Fige39). This shows that Cu, Bxy which was

growmjepitaxislly was transformed into random disposition
,‘QMWM

with thickness of the coating. The epitaxial growth of Cw, Br,

simply by immersion is also shown in Fig.40.

ge I'ffects of Unidirectionsl Rubbing of CuQ
formed anodically.

An interesting new phenomenon wes observed when a
polycrystalline one-degree orientated Cu0 obtained by anodie
oxidation wes rubbed unidirectionally with cotton wool., It
was found theat the onc-degree orientation of Cu0 similar to
Pige4 was transformed into an approximately two-degree
orientation (the second degree of orientation being related
to the direction of rubbing) snd the matt black surface was
gimultaneously changed to a polished reflecting ome. The
specimen yielded asymmetric patterns of arcs (7ig.41) when the
beam was perpendicular to the rubbing direction and
symmetrical patterns (Fig.42) when the beam was along the
rubbing direction.

' The shortness of the 117 and 222 ares in the plane
of inecidence in the asymmetrical pattern together with the
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long arcs in the symmetrieal pattern shows that the Cu0
crystals werc orientated so that a lattice row in thei® (117)
plane was closely parallel to the rubbing direction; but
otherwise with considerable disorientntlon due to rotation
nbout this direction as axis, The asymmetrical pattern thus
amounts to a partial rotation pattern about sn axis normal to
the beam and parnllel to the shadow edge.

Ve may estimate the direction of this rotation axis by
a trial and error process as follows. Trying first [101] as
rotation axis normel to the beam with nn initial crystal
orientation such that (117) plene is parallel to the specimen
surface, a rotation of nbout 40° ie recuired to bring the (020)
plane into the reflecting position, but this plane is then
prrallel to the surface and would therefore give a Bragg
reflection sre in the pleane of incidence. This is contrary
to the observed pattern (Tige41). Turther evidence of its
incorrectness is obtained from the consideration of the
diffraction expected from planes such as (110) and (110).

1f [170] were the rotation axis, then starting from the
orientation such that (117) plane is prrallel to the surface,
a rotation of mbout 20° brings the (110) plane parallel to the
surface snd it should therefore give a strong arc inm the plane
of incidence, but it does not, At the same time also a 020
reflection should appear to the left of the plane of incidence
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at about 40° from this plane approximately as observed, but a
710 reflection would occur low down near the shadow edge, and
this is not the case, Thus [110] cannot be the rotation axis.

On the other hand a trial of [011] as rotation axis
gives good agreement with the pattern Pig.41, starting from
(117) plane parallel to the surface, Thus a small rotation
brings a §110) plane set into the reflecting pesition and the
110 are would then be about 34° to the left of the plane of
ineidence, About 30° further rotation brings (020) plene into
the reflection position. This mlso gives an arc along the
some wadius as the 110 arec to a good approximation, as obsetved
in Fig.41. Rotation in the opposite direction b¥ings the
202 plane so as to give a reflection on the opposite side of
the plene of ineidence, as also 113 reflection., These
expectations slso agree with the figure, and 021 and 7112
reflection should occur on the left gide of the plane of
incidence, nlso at the observed positions. The only discrepanc)
appears to be the occurrence in the pattern of what might be
the 202 arc of medium intensity to the right of the plane of
incidence, whereas it should have been on the left, though
recuiring 90° rotation from the initisl orientation taken as
(117) parallel to the surface,

However a [011] axis of common orientstion of the

crystal is most in agreement with Pig.<| and it can be readily
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explained in terms of the known cleavage planes C(ﬂﬂ and the
usual {1003 plate ond lath habit of Cu0 (falache, Bgrmen and
Frondall, 1944). Rubbing a layer of Cu0 having such = {100}
habit would probably cleave the ecrystals into latheshaped
fragments, whose length is along [011] snd owing to the raking
action of abrasive materisl these laths will tend to align
nlong the mbrasion direction, probably with some disorientation
about the nabrasion direction as axis,.

This picture therefore accounts for [011] axis parsllel
to the abrasion direction, suggested from the diffraction
pattern, though it is difficult to see, in this case why an
asymmetric pattern is obtained when the beam is normal to the
abrasion direction, because the lath shaped fragments could
have their length equelly well parallel to the rubbing
direction or anti-parellel to it. However, this asymmetrie
pattern has been repeatedly obtsined and when the uni-direction
-al rubbed surface was Turther rubbed at right angles to the
initial rubbing direction, the same agymmetric pattern was
again obtnined, in the same way relative to the new abrasion
direction, Since trnnslational slip directions of Cu0 are not
yvet known it is not clear whether nan nlternative interpretation
in terms of slip is possible,

Similar asymmetric patterns, though less prominent, were
nlso observed from Cu0 formed by heating polycrystalline Cu in
air by unidirectional rubbing.
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4., Discussion.

The present experiments go considerably further than
the seanty previous ‘nowledge on the anodic erystal growth
processes,

It is seen from the nbove experimental results (Sectiom
I, (3), that during the anodic oxidation of Cu in alkaline
solution, both Cu, O and CuO nre formed, The preponderance of
ene or other of these oxides depends upon the conditions of
treatment, The formation of two-degree orientated (pseudo-~
morphic), random nnd one-degree orientated CuO in the
different experiments together with the fact that two-degree
orientnted Cu, 0 is formed by immersion in slkaline solution
suggests that even in the anodie crystnl growth process,
initially the CuO crystals tend to grow epitaxially on the
Cu, O surface, This is further confirmed by the initial
formation of twoe-degree orientated Cw Brny =and its transformstion
into random Cu, Br, with increasing time of treatment, It may
thus be suggested that, in the nnodic crystal growth process,
there are several different stnges analogous te those
demonstrated by Finch, Wilman and Yeng (1947) in the case of
the cathodic deposits, In the first stage, the oxygen or
halogen combines with the metal to form oxide or halide
epitaxinlly. Depending upon the nature of the substrate and
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that of the deposit, the initiasl orientation tends to be
degene rated into random disposition., PFinally the deposit
cryatals will tend to grow preferentielly either with a
simple net plane parallel to the substrate or a densely
populnted lattice row normal to the substrate, according to
the solution concentration and temperature, which determine
the relantive importance of the supply of anions to the ~node
by diffusion or by electrieal migration.

The nbove picture of}ﬁenodic crystal growth process
probably holds good in the case of the formation of halides
by halogen vapours, Thus it may be said that the crystal
growth process either in anodic or cathodic deposition is
fundmmentally the same, with the m¢ain difference being that
in the anodic process, oxygen combines initially with the
anode metal to Torm oxides but further growth depends on the
supply of metal atoms through the anode.

The formation of the oxide or halide film by amodic
oxidation can be visuelised in the following way.

The first layer of anions adsorbed on the metal
combine with it to form a film of the oxide or halide over the
metnl surface, PFor the next layer to grow, the metal ions
dif7use through this film and combine with the anions and
continue the depesition on the previous oxide or halide
conting. In this way the film grows in thickness nnd the
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orientation of the film also changes from the epitexial
growth to random and finally to one-degree orientation.

Turing the epitaxisl growth of the Cu,0 on the Cu
surface a stress will be generated nesr the Cy 0 - Cu
interface, due to the misfit between the atoms in the deposit
and the substrate., Vith increasing crystal size of the Cy O
this stress will incrense snd such a stress may be relieved
by mechanical twinning, retwinning of the twinned crystials,
rotational slip (Tvens and Vilmen, 1950; Wilman, 1950), or
in some cnases Tlexural translational slip.

In the Cu, 0 deposits em Cu (110) a {111} twinning
(and possibly secondary {111} twinning slso) and rotationsal
slip on {110) planes have been observed in the present

experiments.



SICTION I1I.

CATHODIC CRYSTAL GROYIH.

Ae Tpitaxial Crystal CGrowth in Cathodic Deposits.

1« Int uction.

Huntington (1905) observed thet the microstructure of
copper deposited on o copper base could be influenced by the
substrate, Similar observations were nlso made by Blum and
Rawdon (1923) =nd Graham (1923), Hothersall (1935) mnde a
further study of the cathodic deposits by optical microscopy.
He observed thet several metnal deposits followed the micro-
structure of the bese metal, though they sometimes belonged
" to different crvastal systems, The continuation of the micro-
structures of the annesled copper, annesled nickel, silver
and enst {~brass by copper deposits was observed by him., Tin
followed the microstructures of mnnealed tin sand annealed
copper., He also noticed that metnls belonging to the same
erystallographic system should have lattice difference less
then 15¢2 7 &f the substrate microstructure was to continue.

The conclusions drawn by these nuthors about the
continuntion of the substrate structures are rather misleading

because what they observed was the habit of the aggregate of
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innume rable crystals formed on the polycrystalline substrates.
The crystals growing over the substrates might not follow
the substrate at all (in the sense of atomic fitting) and
might be random while still possessing a habit in the
aggrepgate crystnals similar to that of the base metals. In
fact, Pinch and Rim his co-workers (1946, 1947) by electron
diffraction have shown that under suitable conditions
epitaxinl crystal growth occurs in electrodeposits, but that
the t;le.poait on a single crystal substrate often grows without
any relation to the substrate lattice after attaining a
thickness of several hundred angstroms.

with respect to deposits on polycrystalline substrates,
wood (1931), by X-ray diffraction, observed thet Ni and Cu
follow the orientation of a one-degree orientated Cu (110)
substrate. Clark, Pish and Weeg (1944) have also observed
n definite orientating relationship between Zn and Ni on Cuj
Zn on Ye, The substrates were all cocld worked polycrystalline
mnetzls,

The epitaxial growth of cathodic deposits has been
studied by Thomson (1931), Cochrane (1936) and in particular
by Pinch and his collmborators (1936, 1937, 1947) by electron
diffraction. Thomson (1931) observed parallel growth of silver
on =n etched single crystal of Cu, PFinch and Sun (1936)
observed the strong influence of the substrate on the cathodic
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deposit. They studied the crystal growth on substrates of
different nature, such as nmorphous and crystalline, one

degree orientated or nearly single crystals. Tpitaxial crystal
growth of many metal deposits were observed by them.

Cochrane (1936) obtained parallel growth of Ag, Ki
and Co on nn etched single crystal of Cu (110) and Cu (111)
at a very low current density. He also obtained two degree
orientatddn with (110) €% perallel to (111) Cu and cube edge
of Cy along the eube face diagonal of Cu, He observed
pseudomorphism (first observed by Finch and “uarrell (1933-34)
in Zn0 on Zn) of ¥i on Cu single crystal.

Thirsk (1939), under Professor Finch's supervision,
observed epitaxial growth of Au:}gg on Pe (110) face, when the
deposition was carried out at a low current density, He nlso
observed parallel growth of Ag, Xi, Co on approximately (110)
and (100) surfaces of Cu. Homes and Maquestinu (1945) also
observed epitaxial growth of Cu on Pe (100). Tinch, ¥Wilmsn
and Yang (1947) have shown that in the cathodic crystal growth
there nsre three distinet stages. In the first stage the deposit
st ructure nnd orientation is greetly influenced by the substrate
and in the second stage the substrate influence 1is
counterbnlanced by the effect of the bath conditions. In the
finsl stage the orientation of the deposit is determined by the
bath conditions. They also recorded many cases of epitaxial

growth of different metals on various faces of Cu and iron
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substrntes,

Tow cases of two-degree orientated hexagonasl metal have
yet been reported, Ysng (1948) has investigated epitaxial
growth of Sb on Sb ecleavage face (111) and Sb on (100) and (111)
Bi. A study of new cases of epitaxianl growth of metals
belonging to the hexzgonal system will be of great interest,
‘nother sspect of this epitaxial erystal growth is that unless
the stomic fit between the two metals is very close, a stress
will be genernted mear the deposit-substrate interface, which
might affect the crystal orientetion of the deposit on the

substrate (Ven der YMerwe, 1949, 'vans and ¥ilman, 1950),.

2. I‘Xpﬂ.ﬂtﬁlo

The methods for preparing the Cu (110) and Cu (100)
faces have already been described in Section I nnd hence are
not included here,

Tlectrodeposition procedure :=-

The circuit for the electrodeposition was similar to
the electropolishing circuit described in Hection I.

The bath solution was kept in a besker of about 250 cec.
capacity nand it was heated by a bunseén burner over a wire gauze.
The temperature of the solution was maintained constant within
# 2°C, The cathodes were electropolished single crystal copper
surfaces, which were conted with collodion so that only the
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required surfanee was kept exposed for electrodeposition. The
specimens were held by crocodile clips which were also coated
with collodion. The anode and cethode were kept vertically
facing each other, The distance between the anode and cathode
was nbout 3 em, The anodes used were of the same materiols
as those which were to be deposited on the cathode. In order
to minimise the inclusion of impurities, the solutions were
electrolysed for about 5-10 mins., using unwanted cathodes,
before deposition on to the copper crystal surface, The nnodes
were also coated with thick deposits of the same metals. The
current density was calculated from the known area of the
copper surface and the current passed. The composition of the
baths used for deposition sre given below.

C bath.
Copper bath avaita/t
CuAc, 21,0 25
Fn, 80y« 1,0 50
KCY 35
a, COp 10
Lednion cdo 32
KCE 88
Aron
res0, (M, ), 50, 7H,0 350

¥, 80, ]
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grams/litre
Yickel
¥180,. 7 K, 0 240
Hp B0 30
Zinc
zn(cr), 48
ECE 64
FKa, COp 4
Silver
AgCH 365
xer 3e7
K COp 3.8
_I_gag
PbO 10
a)
NaOX 78
”Pb(OH), , 2PbC0, 150
b) | 507 mP 240
\ H, BOy 105

3., Results.

Pe, CA snd Zn were deposited on (110) and (100) faces
of Cu under the conditions of the epitaxial crystal growth.
The results and the conditions of the deposition are shown in
Table 10, The experiments were repeated several times, uwd

gsimilar results w re obtained,
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Iron.

Two degree orientnted Fe deposits were obtained on
Cu (110) and Cu (100) faces and the patterns are shown in
Tigs. 44n, 44b, 45a and 45b, On the Cu (110) surface, Te
crystels grew with a (211) plane parallel to Cu (110) and the
cube face dingonal of Pe alongz the cube axis of Cu. In Figse
44a nnd 44b, in addition to the normal two-degree orientated
Pe diffroction spots, there are some additienal faint spots
due to two-degree orientated oxide of iron, either formed
during the deposition of iron, or during the transfer of the
specimen to the camera, The lattice constant was estimated to
be 8,37 A., assuming the (211) difTracted spot of Pe, which is
in the plane of incidence (Fig.44n) to have a spacing of
1.166 A. Fence the oxide is either cubic X -Fe,0p or Fe,0,,
the Lnttice constant of which is 8437 A. This iron oxide had
its (110) parallel to the (211) plene of two-degree oricntated
Fe on Cu (110).

On the Cu (10C) surfnce, two depree orientested Me is
formed with a (110) plane parallel to the (100) surface of the
Cu crystal and the cube dingonal of Te mlong the cube fnce
dingonnl of the Cu crystal. It is nlso seen that though the
Pe deposits are two degree orientated with respect to the
substrate in general, there snre some rings passing through the
Te spot pattern. This suggests that though the crystsls are
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mainly in two degree orientation, a u;n vpmua of the

Pe crystals lie in all possible directions in space, without
any relation to the substrate, The atomic and lattice fitting
of the Te on the Cu substrate in their contact planes is
shown in Pigs. 50 =nd 51. |

c Wi

The electron diffrsction patterns Figs. 46a nnd 46d
were obtained from the epitaxial growth of Cd en Cu (110) with
the beam slong Cu [170] and Cu [001] respectively. The two
sets of parallel spot rows (Laue zomes) perpendicular to each
other in Fig.46a are due to the ¢ and a lattice rows of the
¢d, The smeller spot separstion correspends to ¢* of Cd and
the other corresponds to a*. The orientation was determined
from the spot appgnring in the plane of 1neidemw. The 103
diffraction of Cd;’m the plene of incidence and hence (103)
was parsllel to the (110) plane of Cu; the [100] row of Cd
being along the Cu [170] row. The lagtice copstant of Cd was
also calculated.From the Cu spots in Fige46umh L was
enloulated snd from the herizontal spacing between the n'rtieal
gspot rows of the Cd the a sxis length wss found to be 2.974A.
which ngrees well with the Xeray data 2.973 A. (Wyekoff, 1948).
The lemgth of the ¢ axis was also calculated from the pattern
Pig.4ba, and was Tound to be 5.55 A., which also agrecs well
with Xeray data 5.607 A. (¥yckeff, 1948). The deposition of
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Ca on Cu (110) was nalso tried § room temperature A1 w& 75°C.
In all cases the (103) of Cd was found to be parallel to (110)
of Cu.

A speeial feature of the pattern of (103) orientstionm
of Cd on Cu is that when the beam was along [170] direction of
cu (110), the pattern showed ~trong areing) Wb das 1n the 90°
azimuth, i.e. along [001] of Cu, there was much less arcing
and the spots were sharp. This shows thst the Cd deposit
cerystrls wer- slightly disorientsted by rotation about nn axis
parallel to [170] of Cu. In the (103) orientation of Cd4 this
rotationnl slip thus occurs on planes which sre normal to this
rotation sxis, i.e. on {1120 planes of the Cd. This
disorientation on 211?203 is due to the stress cnused near the
deposit-substratc interface due to the misfit in the atomic
positions of the deposit crystals and those of the substrate,
This is the “irst instance, so far known, of the relief of
epitaxial stress by rotational slip in eloctrodeposits,
Similar relief of epitexisl stress by rotstiomal slip has also
been observed by me in the case of Cw, O on Cu (110) (see
Section I) snd such slip was Tirst observed by T'vans and
wilman (1950) in the case of Zn0 formed by heating Zni (110)
surfnces,

During the depeosition of Cd ‘on Cu (110) in one case, =t
75°¢,, the epitaxial growth of C4(CH), on Cu (110) wes =lse
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observed., The patterns obtained along [170] of Cu are
similar to ¥ig.5%. In the other main asimuth, [001], the
pattern 7ig.59b shows not only Cd(OH). but also the normal
pattern of Cd. ‘

The Cd(0H)ps (Hexagonal, a = 3.47 Aey ¢ = 4,64 Ae) had
(0001) parnllel to Cu (110) nnd [100] of Cd(CH), was along the
cube face diagonal of the Cu.

The patterns from the epitaxial growth of Cd on the
cu (100) face dhe shown in Figs. 4¥a and 4Pb. The strong 203
aiffraction in the two azimuths ([001] and [011] of the Cu)
lies in the plane of incidence, thus the orientation is (203).
In addition to the (203) orientation, some (0001) orientation
of Cd was also shown by 718-4;}- The vertical rows of
diffraction spots in PigA"L_show that the (0001) of Cd was
parallel to the Cu (100) surface and [100] of Cd was along the

cube face diagonal of the Cu.

Zinc.
The patterns from the epltaxial growth of Zn om Cu

(110) nre shown in Figs. 40a and 48b, It is seen from Pige48a
that two perpendicular sets of parallel spot rows are present,
in which the spot separstions correspond to the c¢¥ nnd a* of
the hexagonal zinc. The 205 diffraction appears in the plane
of incidence whereas the 103 diffraction spot is not quite inm

the plane of incidence in Mig.48a. Hence the orientation of
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Zn is (205), though in similar conditions Cd has (103)
orientation.

The pseudo cubic structure of zine is seen in the
[001] azimuth (Pig.48b). The sharp and elongated spots show
that the Zn crystals were atomiceally smooth. The appearance
of » strong 103 dif “raction spoet in this azimuth is probably
due to the fact that the centre of the zero order Laue zones
is slightly above the centrel spot and hence diffraction due
to (103) plane slso appears.

The lattice constant of the zinc was calculated from
Tig.48b, using the spacings of [110] rows of Cu as reference.
+a"for zinc was found to be 2,642 A, The value for“a'by Xersys
is 2.6595 Ae (Wyckoff, 1948). From Pig.48s the valus of “c'was
found to be 4,180 A, The Yeray value for'c"ef zmine iz 4.937 A.

The ¢ axis of the zinec was thus sbnormelly compressed
by 15.3 during the epitaxinl growth, though the a axis was
effectively of normel length.

when Zn was deposited epitaxially om the Cu (100) face
Figs. 49n and 49 were obtained., The 107 and 202 diffraction
apots appear in the plane of incidenee in both agimuths., The
(101) plane of zinc is therefore parallel to (100) of Cu, with
[1067 of Zn slong the cube face diagonal of the copper.



Intensity Radilus
in cm

vl
vf

0.580
0.618
0.699
0.738
0.839
0.91%
1.08%
1.125
1.174
1.301
1.400
1.485
1.618

Table 11,

d
in A.

hkl

200
011
210
201
120
021
202
400

0!
420
402
040

Theoretical

value in A.
4,24
3.96
3.48
3.27
2.89
2.64
2.21
2.12
2.08
1-90
1.74
1.64
1.54
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Lend.

Attempts were also made to depesit two-q-gmn
orientsted Pb on Cu (110) face from alkalirh::hn. But in
both cases, instead of metallic Pb, a random or one-degree
orientnted Pb-compound was obtained, The compound was
{dentified ns lead carbonate. The pattern obtained from a
one-degree orientnted lend carbonate which was formed during
deposition in the alkaline bath for 2 mims. at § ms./8qeCMm,
is shown in Fige%3. The measurement of ring dimemsions and
spacings are shown in Table 11,

The lattice constants of rhombic lend carbonate are
(wyekoff, 1948) n = 8,468 Aey b = 64146 hey € = 56166 A.
Thus it is seen that the one-degree oricntated PuC0, formed
had practically the némal lrttice dimensions.

4, DNigcussion.

Prom the sbove results it is seen that metals and
compounds of different classes, such as body-centred~-cublic e
and hexagonel Cd, 7?n and Cd(OH), grow epitaxially on clectro-
polished Cu (110) and Cu (100) faces. ¥ith inceeasing time of
deposition the deposits tend to be more and uro:;;x:ientntod.

Cd retains its normal lattice dimensioms on Cu (110),
whereas the ¢ axis of Zn is compressed by about 157, althoubx

B retained its nommal value, similar to the pseudomorphic Zm0
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formed at room temperature on 2Zn, first observed by Finch and
tuarrell (1933-34). Though Zn and Cd both belong to close
packed hexsgonal system their orientations on Cu (110) and

Cu (100) are quite different. The orientations taken by Cd
on Cu single crystal substrates are the same as those of Zn0O
on ZnS. Aminoff snd Broome (1936) and Yamaguti (1935)
observed (103) orientation of 2Zn0 on (110) ZnS. The Lest [Vt
authoré}E?Zo observed (203) orientation of ZnO on (001) 2ZnS.
Siefert (1940) has discussed the orientation of ZnO on (110)
end (100) ZnS from the point of view of the ionic fitting
across the junction region.

The rotational slip of Zn0 on (110) ZnS in the plenes
{}150 z observed by Twans and Wilman (1950) has also its
close =nalogy in the behaviour of Cd on Cu (110).

Zn neither behaves in the same way as regards
orientstions on Cu single crystals, nor shows any rotational
slip tendency at n211. This different behaviour of the two
metals and the large compressibility of the ¢ axis of Zn must
be sccounted for by the close similarity of the Zn stom radius

to that of Cu, and the much larger radius of the Cd atoms.
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Possibly Zn forms an alloy with copper, such as€ brass,
having a composition varying between 80-86%7 Zn (by otomie
proportion) at room temperasture. Such alloys are also of the
close-packed hexagonal types, like Zn, and have the following
lattice parameters (Strhkturberieht, 1937):

80% Zn (atomic proportion) a = 2.74; © = 4.294 (¢/a=1.56)
867 Zn (atomic proportion) a = 2,763 ¢ = 4,286 (e/a=1.55)

Thege dimensional values agree approximately with the
experimental results

a = 2.64 Aoy c = 4018 A and C/B - 10580

B. Influence of Alternating Current superimposed on

Direct Current in Cathodic Crystal Growth.

1. Introduction.

Many workers have investigated the structures of
cathodiec crystals by optical microscopy, X-rays and clectron
diffraction. TFinch and his cellaboretors (1936, 1937, 1947)
distinguished three different stages in cathodic crystal growth
process. During the first stage of depesition, the crystal
growth and orientation are strongly influenced by the substrate
The second is a transition stage in which the bath conditions
begin to affect the orientation at the expense of the substrate

influence. In the final stage, the deposit assumes a crystal
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habit and orientation governed wholly by the bath conditions.
This third stage is reached only in thicker deposits (but far
more cuickly with polycrystalline as compared with single
crystal substrates). The orientations developed at the final
stage have been explained by the above investigators from
consideration of ionic mobility, byhkydwvogncodeposition and
fault and crystal houndary effeets. They pointed out that
odeorption of hydrogen ions or atoms is a very important
factor in determining the orientation.

The cathodic deposits so far investigated were obtained
by a steady direct current., The influence of superposing an
alternating current over a direct current in the cathode
deposition process has not been studied in its effect on the
crystal habit end orientation, though Kohlschutter and Schodl
(1922) investigated the bahviour of dissolution and depesition
potential of nickel as influenced vy the superposition of A.C.
on D.C,

By superposing A.Ce on DeCe both the potential and the
current become undulating, but always of pesitive value if the
A.C, amplitude is suitable &nQggggjgggrzgg—zg;i?varies with
phase. Thisg undulaeting potential and current might affect the
crystal growth and orientation of the deposit, both of which
might behave in a way different from that of the steady

potential and current on the deposit conditions. Moreover this
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undulating chrrent might heve some effect on the adsorption

of hydrogen ions or atoms at the cathode surface, which has a
strong influence on orientstion, as was pointed out by Fineh

and his co-workers. Due to the variastion in the intensity of
potential snd current, end the polarity (sometimesg) of the
cnthode (which may rever$ to positive), the physical properties
of the c-ystal may well be different from that of normal deposity
Hence a study of the deposits, especially their orientstion, may
throw some light on these properties. With these idesas in

view, a preliminary investigation was carried out as described

bel Owe

2, Experimental.

The A.Co and DeC. systems sre shown disgrammatically in
Pig.54 . The main A.C. line was connected to the electrode
through a series of condensers, variable re sistances, =a key
and an A.C. nrmeter, These condensers were of sufficient
capacity to prevent D.C., from short-circuiting through the A.C.
system., The D.C, voltage used was tepped from the main through
o sultable resistance. The two leads werc then connected to
the two electrodes through a series of chokes, keys, a
variable repistance and a D.C. milliammeter. The chokes were
of sufficient velue to prevent any short cirecuiting of A.C.
through the D.C. system. During the depogition of any metal
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the same precautions were taken as were described in Section

II, A.2). Polycrystalline copper wes used as the specimen,

The method of preparation of its surface is already described

in Section I. The specimen was dipped first and then both the
A.,Co and D.C. lines were switched on. The A.C. used in the main
was of 50 cycle frequency. The compesition of the baths used
for depo~aitioh have already been shown in Section II, A.

3. Results.

The effects of superposing A.Ce on D.Cs in erystal
orientation st different temperatures were investigated in the
cases of iron and nickel deposits. A rather detailed study of
crystal orientation at different current density was made with
nickel deposits., The results are shown in Tables 12 and 13.

It is seen from Table 12 that, though the orientation
of nickel varies from weak (111) to medium (110) and strong
(210) with different current densities, at room temperature,
there is no change in orientation caused by superposing A.C. on
D.C. At high temperature of deposition, though the
orientations chenged from those at room temperature, no

Trgsaa. g1k
influence was observed by superposing A.Ce. on D.C.P In the iron

deposit, also, A.C. had no effects on cry-tal orientations,

either at low or high temperature (see Table 13).
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Table 12.
Nickel bath composition - NiS0,.7H,0 240 g./1;

He BOg 30 g./1.
Txpt, Direct Alternating Temp Time Orientation.
Current Current °C. in
mins,
c.de in c,de. in
ma/sq.cm  ma./sq.cm, e
1 360 27 40 weak (111)
3.0 4,8 27 40 weak (111)
2 6.4 27 20 medium (111)
6.4 8 27 20 weak (111)
3 12,7 27 40 we ak %110;
strong (210
12.7T 14,2 27 40 medium i110
strong (210
4 $2.7 75 30 strong 5100) 53
medium (1070)
12.7 14.2 75 30 st rong £1oo)
medium (1070
Table 130
Iron bath composition Feso, (VE, ), 80, .7H.0 350 g./l.
H; 80, 2.5 80/1-
1 12.7 27 20 me dium §1003
strong (111
12.7 14.2 27 20 medium 100;
strong (111
2 12.7 75 20 strong (110)

12.7 14.2 75 20 strong (110)
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4, Discussion.

In a very thick deposit, the orientation developed
depends on the bath conditions, i.e. temperature, current
density, etc., The effect of superposing.A.C. on D,C. is that
in one phase, the magntidue of the D.C. component is sugmented
by the A.C, component and in the next phase it is decreased by
the same amount, and if the A.C, component is larger than the
D.C., the polarity of the specimen will change with the phase.

With this picture in mind, the experimental results can
be explained easily. In the above experiments, the magnitude
of the A.C. was slightly higher than that of the D.C., hence
the polarity of the cathode changed to positive, for a small
part of the time, As a result, the deposition occurred with
variable magnitude of current during one half eycle and in the
next half cyele the deposit must partly have gone into solution
(with change of polarity), then again deposition oecurred and
80 on. It seems from the results that polarity changes do not
affeet the orientation of the deposit, but only lesad to
dissolution of part of the crystals. Thus the orientation is
solely determined by the bath conditions, i.e. mobility of ioms,
current density, concentration, etc. As practically no other
change is caused in bath conditions, except slight varistion of
current density, due to superposition of A.Ce on D.C., it secms
natural that the orientation should remsin the same. The only
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other change that msy possibly be caused i8 the modification
of physical properties, i.e. shape, stress and strain in

the crystal, hardness, etc, It is cuite likely that stress
in electrodeposits may be modified to some extent by this way,
'but this has not yet been tegted. Norhas the effeet on

adhesion been investigated,
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C. Cathodic Crystal Growth in a Magnetic Field.

1. Tohvo duelren: -

Crystal growth in a magnetic field has been studied

by some workers, but without much positive result. Bergals

end Gorski (1934) observed that the rates of crystallisation

of water, salol and diphenylamine arétﬁgfected by fields wup

to 15,000 gauss. Steacie and Stevens (1934) found that the
rate of crystallisation of sodium thiosulphate was not affected
whereas in the case of nickel suiphate there was a slight
increase in the rate of growth which, however, was not much
greater than the experimental errors.

Atma (1938).foﬁnd that Bi powder was orientated with
its principal crystael axis in the direction of the field if
allowed to fall freely in the magnetic field. He also observed
that erystals of bismuth can grow from cooled liquid bismuth
in the direction of the field, when the nucleus of the
crystallisation was able, after formation, to rotate freely
in the field. Blandin (1949) studied the crystzl growth of
various salts from concentrated solutions in a magnetic field
of 15,000 gauss with a polarising microscope. He observed
that sulphates of Mg, Zn and Ni crystals align themsclves in a
direction perpendicular to the field. He also observed that
in the formation of copper sulphate crystals the axis of more

magnetic permeability was along the direction of the lines of
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force, The double sulphates of ammonium and magnesium, and
potassium nnd iren, align themnelves in different directions
in the magnetic field.

Bogorth (1925) did pot find ary change in the
orientation of electrodeporited nickel in a megnetic field,
but he did not state the strength of the field.

Yang (1948), working in this lnboratory, has observed
thet electrodeposited Fe, i and Co on a polycrystalline
polished brass, do not change their ususl orientations even
when deposited in n mngnetic field of 5400 geuss strength, He
slso observed n tendency of outgrowing habit of the Fe deposit
in the magnetic field when the substrnte was iron,

The present work wns intended to investigate the effect
of n magnetic field on the orientation and hebits of Fe
deposits on 7e single crystals ns well ns polyerystalline brass
substratens., Some experiments were also carried out to ses if
the habit of electrodeposited iron in n magnetic field is
analogous to the powder patterns or Bitter figures (Bitter,
1938) formed on ferromagnetic substrates, when a colleidal
v};égntite is nllowed to settle on a ferrommgnetic material
under a wenk magnetic field.

Bitter figures of various ferromagnetic materinls
have been studied by mamy workers (Bitter, 1932; “lmore, 1937;
7illimng Bozorth and Shockley, 1949; Bates and Heals, 1949;
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and others). The formation of these Bitter figures is due tb
the presence of magnetic domeins in a ferromagnetic material
(Neel, 1944; Brown, 1945) .
2. Ixperimental.
The technique of deposition of iron is similar to those
nlrendy described in Section IY, A.2,

Tlectropolishing of Iron.

Pe (100) fuces were electropolished in a solution
containing 767 ec. of ncetic anhydride, 185 ce. perchloric seid
(5404 1461) nnd 50 ec. wnter, The tempernture was kept below

-’5‘0. The cede used wns 8 smpe/sgedm. The cathode was =a

¢

rectangular piece of soft iron about 10 sge.cms in aren and was

were kept vertically fneing each other,

After rlectropolishing, the specimens were dipped in
17 pieric acid solution in ethyl alcohol to remove the oxide
(1f any) formed during electropolishing.

The deposition of iron was carried out in a test tube
of mbout 3.5 cm. diemeter, placed within the pole gap of a
permanent horseshoe magnet. The anode and cathode were rigidiy
fixed in n bakelite f. ame which could be moved freely inside
the test tube. A slow constant flow of electrolyte solution
wns maintnined by the inlet and outlet tube attached to the test
tube =0 ns to svoid changes of concentration. Screws used

in the frame were made of brass. The frome was
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then coated with a collodion Tilm to prevent contamination
—~ sdvo
with the electrelyte. The magnetoused wém of q.ooo gouss

at rength.

Preparntion of Colloidal Magnetite,

1 gram of ferrous chloride and 2,7 groms of ferriec
chloride were dissolved in 150 ec. of water and 2,5 grams of
WaO¥ in 25 cec, of water wore andded to it with stirring, The
precipitatfesr was nllowed to setile and was washed thoroughly
with distilled water and finally rinsed with 0,01 K HClL., The
precipitate was then mixed with 500 ce. sorp solution (0.5
concentration) and boiled., Before use the colloidal magnetite

<4
wns always cooled to room tempernture,

Technioue of forming Bitter figure patternms.

A drop or two of colloidnl magnetite wns placed on the
electropolisned specimens kept in o week magnetic field and a
thin glnss slide was placed on the licuide The pattern formed
on the surface wns then exanined under a low power microscope
and microphotographs were teken.

The specimens wore always demagnetiscd by placing in
an alternating field and decreasing the current gradually to
zero, before any further experiment was made.

A typical Bitter figure pattern formed on a ferro
silicon slloy (about 2,57 i) single erystal is shown in Pig.56
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The results of the deposition of Fe on the Pe (100)

surfaee nre shown in Teble 14,

Pe (100)
Pe (100)
Fe (100)
e (100)

& W N -

Ye (100)
é Pe (100)

Table 14,
Txpts “ubstrate Temp Time Pielad

*C min,
20 6¢
20 60
2 60
8 10
g0 60
& 60

ol

- -

[l

e.d - 3.8 M]va:'"
Orientation 7ige

(111)
(111) .- - { 7a
75
(111) ;
Continuous
growth and
rendom,
lo pattern 59

Io pattern

It is seen that the orientation of the deposit crystsals

was not affected by the magnetic field nt all, though the

depoeits formed in the magnetic fleld were comparatively roughe.
The orientation =nd microphotographs of the deposit

erystals in experiment 2 are shown in Pigs. 572 end $7b.

Fig2.57b shows that the deposit erystals hnd 2 tendency to grow
nlong the [010] axis of the Fe (100) surfsce, Gimiler results
were nlso obtained in experiment 3, though the rows of crystals

were not so prominent,

Tig.58, in experiment 5, shows the rows

of erystnls nligned nlong the [011] direction of the Fe (100)

surface,
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when Pe wne deposited on a wcaﬂub, in a tm&@gz
inelined at nbout 45° to the ca'hode, it wns observed that the
deposit crystals had & tendency teo grow outwards along the
divection of the magnetic field (Fige.$y). wavtm field was
nomeal to the surface the crystals nlso formed long outgrowths
in the direction of the field. Fig.t0 shows strong outgrowth

n TR Jorm 2 A5

of the Pe deposit on brass with the field nommal to the -urface
It was also further observed that on the part of the deposit
neavest to the pole of the wngnet, the outgrowth tendency ftmr
much grenter than at any other plnce further away from the pole.

A Bitter figure pattern formed on the ¥e (100) surface
is showm in Pig.61. The pnttern consists of parallel lines
slong the [010] axis. The pnttern was similar, whether there
was a magnetic field present or not, or whether the direction
of the field was along the nxis or in any other direction.

4. Discussion.

It is seen from the snbove results that the hebit of the
Ye deposite 18 grently influenced br the field, The cry-tnls
have a tendency to grow slong the lines of force, Torming long
outgrowths when the fleld is strong.

On iron single crystal substrates, the tendency of the
deposit crystals to grow along [010] and [011] is rather
snnlogous to the formation of Bitter figures, On the Fe (100)
fnce the lines in the Bitter figures are generelly along [010]
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though in » strong field they may nlso be elong [011]. The
Bitter fipgure pettern is generally influenced by the magnetic
anlostropy of the substrate, In the case of the Fe single
crystal, thi® direction of ensy magnetisation is mainly along
[100] (Bates, 1948).

™e¢ colloidal mngnetite prrticles are attracted along
this naxis end settle there, and hence the pattern formed
consigts of rows of lines parallel to [010) nxis on Fe (100).

Yhen iron was deposited in thn’ﬁ.sld normal to the
eanthode surfnce due to the strong magnetic anisotropy of the Te
erystals nlong the [010] axis of Fe (10C), the mngnetic vector
is the strongest along [010]. As a result, the Fe iomns, which
are themselves parsmagnetic will be more attracted along this
[010] nxis nnd deposited there, This will help further
outgrowth of ths deposit crystals and the erystals grow along
this direction of easy magnetisation.

Pe crystnls have slso [011] as n direction of easy
nagnetisation. Hence, under certnin conditions, the Pe deposit
may grow nlong that direction, as has been found inm Pig. 58.

Thus the form of the Te deposit in the megnetic field is
nnnlomous to the Bitter figure pattern, obinined on the same
substrate, in the case where there is a crystal having strong

magnetic anisotropye.
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Gection 1IIXY,

Crystal Crowth in Chemicnl Displrcement of Metnls,

1e Introduction.

The deposition of n metal by the chemical displacement
of another is a process much used in the metal~finishing industr
For exmmple, iron can be coated with copper, nickel, silver
or gold, simply by immersing in suiteble salt solutions of
these metnls,

Depoits obtanined in this way often vary considerably
in physicel properties, i,e, crystal habit, adhesion,
reflectivity, etc, from those obtained by the corresponding
electrodeposition processes, Thus if copper is deposited on
irvon or zinc by chemicnl displrcement n spongy noneadhe rent
coating is usunlly produced (Blum and Hogsboom, 1930).

Hickel depomited on zine in this way is usually black snd non-
adherent, Silver deponited by 1-n£nion on moat of the metnls
is sleso pgenerslly non-adherent, Since the deposition of
precious metals like silver, gold or platinum by displacement
is of considerable technical importance, the process is
controlled in such a way that an adherent deposit is obtmined,
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This displacement process has its specinl applications in
many fieldse '

The study of crystsl growth in chemical displacement
proceas is of grent importance, brcause the physical propertics
of a metal depend largely on its mode of growth, In order
that a metnl may be used as n coating on mnother, efither for
protection ngainst corrosion or for decorative purposes, its
adhenion to the substrate, its mode of growth, habit and also
appearance are of importance. A study of crystal growth in
the displacement process is therefore desirable, Another
aépoct of the problem is how far the process of crystal growth
may be compared with other processes, like growth from the
vapour state, solution or melt, or from the fonic state by
the process of neutralising the charge (electrodeposition).

Comparatively few results on the structure of metal
deponits formed by displacement nre yet available, Tsuboi
(1928) investignted by Yerays the spongy de osit of silver,
obtsined by immersing n pelycrystalline copper wire in ’gEQ,
solution, NHe found that in the silver deposit the micro
crystals had (111) orientation. !ieoi.l,zm obtained (4-939—)01111)
orientation for Pb and (0001) for Cd on zinec by displacement,

Pinch and Sun (1936) investigated by electronm
Aiffraction the structure of platinum deposits obinined by the
displacenent of polycrystalline copper and silver, They found
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that the lattice constant of the deposited metal did not
correspond to the pure platinum or pure copper, and concluded
that =n alloy of platinum, possibly PtCy , was formed.

An extension of the work of Finch and Sum has been
made in the following researches, Since andhesion of a metal to
another depends much on whether the crystal growth is
epitaxial or otherwise, the growth on single~crystal substrates
has been studied,

2, Txperimental.

In these investigations the substrntes used were (110)
and (10C) faces of copper single crystals, n single crystal of
ferro-silicon anlloy (about 2,87 Si), a pelycrystalline mild
steel surface, and a thin film of electrodeposited iron. The
methods of preparation of the (110) and (100) faces of copper
single crystnls were described in fJection JR nnd those for
iron and ferroe-silicon alloy in Seection II.

The iron film was prepared in the following way:-

Copper wns deposited on a polished stninless steel
dise nt a current density of 0.2 smp./sc.dm, for 30 minutes,
using C(;ﬁ“:. an anode, from the copper cyanide bath referred
to in Section II A. The stainless steel disc, coated with
copper, was then taken out from the solution, washed thoroughly
and then {mmersed in the irom bath ns cathode, The composition
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of this bnth has already been stnted in Section II, A,

Iron was deposited at n current density of 1-3 amp/sc.dm. for
15=20 seconds, using an iren snode, The cathode was then
washed thoroughly in distilled water, The composite coating
of iron and copper was stripped from the stainless steel by o
knife and the coating was kept immersed in 407 KCN solution
until all the copper had dissolved, The thin iron film wae
1ifted out on a nickel gnume nand washed thoroughly hy floating
on severnl changes of watér, The film was then treated as
below:

ne Tor deposition of copper: I/10 solution of copper
sulphate,

be For deposition of silver: ,Agll = 3,5 go/l
FCF = 3.7 8./1.
K, COp = 308 8-/1

After displacement, the specimens were washed, wetted
with propyl aleohol, and cuickly transferred to the electron
adiffraction camern.

In order to mensure the lattice constants of the
deposited metals, cither graphite powder or 'Acuadag’® wors
used, Compnring with dyyz¢o = 1,228 kx = 1,230 A. for graphite,
the AL was calculated and the lettice constrnts found.
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3¢ Hesults.

The results oblasined by various treatments are
degeribed bhelow.

Ny trenting the ferro-silicon single crystal in XN/10
solution of copper sulphate for 20 secs., n copper deposit was
obteined which ylelded Fig.62., The ring dimensions and the
lattice constent found experimentally are shown in Table 15,

Thus the lattice dimensionf of the deposit corresponds
to that of copper within the experimental error.

The copper deposit obtnined hy treanting mild steel
had the lattice Aimensions shown in Tnable 16. (Pig.63).

The lattice constant, 4,292 A,, corre:ponds to Cy Q.
The Terny value = 4,252 A,

The measurements of the pattern obtained by treating
an electrodeposited iron film in copper sulphate solution
nre shown in Trble 17. Pig.64 shows the pattern.

The lattiece constant found = 2,861 A, which corresponds
to Ye, the lattice constant of which is 2,860 A. (Wyckoff, 1948)



Intensity

r(a)

alwan

R in ecm,
1.160
1.326
1.878
1976
2,198
2.301
24,676
2.891
24983

Table 15.

a in Ae

24095
1.833
1+294
1230
1106
1,054
0 «9082
b «8408
046934

# geaphite ring 1720

# result too high and hence neglected.

m
200

311
222
400
422

333

a in Ae
34629
34666
34661

3665
34659
3+633
3,760 £
34602

m = mediung £ = faint; v.f. = very foint, d= i

Avernge value @ for Cu found = 3.641 A.
a for Cu (Wyekof?, 1948)

= 3.608 Ae
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129
vf
4

A 4

vf

w = = = B

Trble 16,
A in cnm, 4 in 4.
0.790 3.17%
0«999 24509
1.158 2,165
1.230 2,038
1.324 1.893
1.425 1.760
1.647 14524
1.853 14326
14936 14295
2,038 1.230
2.333 1.074
2.547 0.,9841
2,629 0.9500

* praphite ringe.

# wvnalue too high and hence neglected.

11¢
mMm
200

210
211
220
310
311

330
420

a i Ae

40330

4,234
4,315
44308
4,197
44295

44296
4,275
44291
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Table 17
Intensity R in cn, d in 2. hkl a in A
vs 1241 2,030 110 2.860
n 14762 14430 200 2,860
* g 2,048 14230 .
5 24158 1167 211 2,856
2,484 1.014 220 2,863
m 2,778 09066 310 2,865
o 34038 0.8291 222 24870
™ 3.289 0.7657 321 2,856

* gwaphite »ing (1120)

A similar determination of the lattice con:tant, of
silver obtained by displacement at o copper single crystale
surfnceswns made nnd the results are shown in Table 18 slong
with those of the other metals.

Tﬂb;‘ !8.
Jubstrate Deposit 8y (found) 8y (Vyekoff)
in A. in As

Yerrosilicon Cu 3.641 3.608
single crystal

Pol.yerytnnllim Cw, © 4,292 44252
iron.

cu (100) Ag 4,082 4,077

cu (110) A 4,041 4,077



'-}nj (5 o




83

The observed orientntions of Ag growing on Cu (110)
and Cu (100) faces nre shown im Table 19,

Table 19,
Subst rnte Depoeit Orientation Pige
cu(110) rg (110) 2g [l (110) cu‘g 65n

[o01] ag (] [001] cu

Sometimes with twinning
on €1 11"6 planes.

cu(100) Ag (100) Ag // (100) Cu 66a
fo01] 2g [/ [o01] an 66

Sometimes with twinning
on 21111 planes,

The sharp and clongated diffracted spots due to silver
(Pigs. 65n and 65b)show that the deposited crystals were
astomicnally smooth nand wéll defined, The extra spots
occurring (Pig.65b) nre due to twinning of Ag on {1113 planes,

An interesting pattern of Ag on Cu (110) is shown in
7 g.67. Here, in nddition to the nommal spots and those due
to twinning of g, two series of faint straight lines appear
which pass through the twinspots, This indicates that the
beam was refracted by some well-defined facets on the iAg
formed by the displacement process. From a coasideration of
the straight lines, the facets nre found te be {1115, A
similar pattern of nickel on a Cu (110) frace wns obtnined by






)
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Cochrane (1936) by electrodeposition. The orientation of the
Ag developed on Cu (110) wans nlm(/'l\wth a cube edge of Ag
paranllel to the cube edge of the Cu, nnd usuelly accompanied
by twinning on 511‘& planes,

On the Cu (100) face Ag developed (100) orientation
the cube edge of the silver deposit being along the cube edge
of Cu (Pigs. 66a and %b)aﬁﬁbwtth some twinning. An
interesting case of the development of n new ordentation in
addition to the parailel growth on. the Cu (100) faces is shown
in Pigs, 68a and 68b, In nddition to the elongated diffraction
spots due to the parallel orientrtion of Ag, there are sharp
spots of rectangualy pattern, which suggest that the (111)
plane of Ag was parallel to the Cu (100) face., Further it is
seen that these diffracted spots do not pass through the
centrnl spot, but ~re shifted sidewnys to a position of the
next higher order. This sugpests that the plapne (111) is
nearly parslilel to the surface but is tilted by about 10°,
This is again confirmed from the diffraction pattern when the
beom was slong [001] azimuth (Pig.68b). The dAiffracted spots
due to parnllel growth also nre visible, The 222 diffraection
spot is not exactly in the plane of incidence., The curving of
the Leue mones nlso show thet the centre of these diffrnction

spots nye about 10-12° awny and slightly below the shadow.ed2e
The prientation thus appenrs to be not Txte (111), paraliel to
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the surface, but in between (111) end (112), parsllel to the
surface, A similar sort of orientation was sleo observed in
the cnme of Cw 0 forwed on Cu (100) in water (het—mmit—cold)
or in cold alkaline solution (see Section 1).

ilver nlso showed twinning on planes other than {111).
Fig.69 shows such a pattern. In addition to the normsl silver
spots, there nre some strong spots due to the fomation of
twinned erystals, The pattern is similar to thet obtained by
Flleman and Wilman (1948) when Pbo twinned on {332 plenes. e
This suggests that the twinning planes of silver, in this case /
o2}

The epitnxial growth of Ag on = Cu (110) face is shown
in 74g.70. The lattice comstants of Ag and Cu belng 4,078 Ae
and 3,608 A. respectively, the percent coptraction of A s;long
the gnha edge would be 13,00/,

Discussion.

Cuy, Cip O gyl Fe - Cu obtained by displacement on a
ferrosilicon crystal retains its normesl latlice structure.
As copper oxidises relatively aanm in air; a film of Cu
obtained by the displacement process was oxidised to Cu, 0.
The lattice constant of such Cu, O is also normsl.

filver:- silver obtanined by displacement on Cu single
crvstals seems to retain its normmal lattice constant value,
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gilver grows with parallel orientation on Cu (110).

On the Cu cube famce it has not only parallel (100) erientation,
but also appears to develop orientation in between (111) and
(112) planes parallel to Cu (100).

It has been observed, Pige (71, that during the
parallel growth of Ag on Cu (110), {111] facets apprar. The
appearance of n refracted besm along p direction perpendicul ar
to facets {1113, shows that the crystals nre formed in such a
wey that two well defined facets of 5111 ftm appe ar.

In the epitaxinl crystsl growth of Ag displacing Cu,
the Ag ntoms nre deposited on the copper crystal layer by
layers Due to the difference in the lattice constants of
Ag and Cu (about 13.0;’), the ntomic fitting will not be
perfect, As n result of "misfit" of atoms, a stress will be
senernted near the Ag-Cu interface. As the film thickens,
the stress will be more nnd more pronounced mnd Tinslly may
be relieved by a mechanical twinning precess. The {111 w{ssg
twinningsobserved in epitaxiel growth of Ag on Cu &ﬁmbauy
of this type.

Consider the mechanism of the displacement of the
metal, T'very metnl has a characteristic electrode potential,
as referred to that of the hydrogen electrode, FHence the
mechanism of chemical displacement is essentially that of
electrodeposition. Vhen a copper crystal is immersed in
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sikver solution, due to electrode potential difference,
filver cations ewee discharged and deposited on the copper
substrate and copper ions go into solution. In this way
deposition continues till the whole surface is covered by
silver,

The deposition of silver by displacement process ia
analogous to the electrodeposition process, the only difference
being that in this case, the current though feeble, is drawn
from the gelvanic eell itself, During the displacement process
the smolution is eclectrolysed by this feecble current end the
metnl is deposited over the exposed surfnce,

During this deposition process, the substrate meterial
also goes into solution and if the concentration of substrate
metal ion in solution is high or if other conditions are
favourable it may be deposited agein slong with the other
motal, Hence co-deposition in the form of alloy is cuite
possible on the bulk of the substrate surface,

It will be seen from the anslogy of displacement to
electrodeposition that the epitaxial growth is also an
essentinl mechanism in this casge of displacement of metals.

It may be suggested that a further analogy is likely, in that
if the metal could be deposited, by displacement, to a
reasonable thickness, probmbly the deposit would {2 finally
one degree orientated, i.e, all the crystals would have a
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common plane parallel to the substrate otherwise randomly
disposed ina‘:u-nthal directions. /n electron diffraction
study of deposited metnals by displacement on single crystal
substrates from simple ion baths as well as complex baths

at different thickness should throw light on this aspect and
teat the nbove hypotheses.
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Surmary .

Prom the alectron diffraction study of the erystal
growth in the different processes, i.e. sncdic, cathodie, or
displncement , it can be concluded that the erystal growth
processés are Tundamentally similar, though the mechanism of
the deposition is different im ecach case,

During the first stage of the erystal growth, the
deposit, in general, grows epitaxially either with the nommal
1nttice structure or with a modified pseudomorphie fomm,

Due to the misfit between a[tonic positions in the deposit
and the substrate, s stress will be generanted at the
interface, and it may be relieved either by mechanieal
twinning or trnnslational, or rotational silip or by
reerystallisation.

with the inercase of thickness of the deposit, the
substrnte influence becomes loss and less and e stage is
reached when the aubs‘tmte influence ie counterbalanced by
other Tnactors such as bath conditions, In thies stage, the
erystal growth tends towardes a random disposition.

vith further increase of thickness of the deposit,
the influence of the bath comditions will prevail and a
preferentinl growth will occur in those crystals which have a
definite net plame parallel to the substrate, The orientation



thus developed depends upon the bath comditions.

In the case of the deposition by displacement the
gecond end third stages of the process have not yet been
tested,

In the thick deposit = magnetic field does not appear
to affect the cryetal orientation, though it may greatly modify
the erystal habit, so that the growth occurs along some
particular directions depending upon the magnetic anisotropy of
the substrate and the direcstion of the fileld.

The superposition of ‘A.C. on D.C. also did net cause
any change in the orientation of ¥i and Fe deposits on
polycrystalline copper discs.

The other main results obtained are summariged below.

1« In the initisl stage of anodic exidation of Cu
(110), n pseudomorphic cupric oxide was formed, with its B
axis nearly double the b axis of the normal CuO. With increass
of deposit thickness @@ the Cu0 was formed with its normal
structure. The orientation of Cu0 varied with the current
density used.

2, ¥ith 15-207 ¥aOH solution meinly two-degree
orientated Cu O was formed on Cu (110), having a parallel
ovientation. Twinning of Cu, 0 on 2111_3 has been observed for
the first time,
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3« Anodic oxidation of Cu (110), Cu (100) and
polycrystalline copper =and brass geve rise to the same one~
f;egna erientation of Cul under the s=me bath conditions.

Yo sign of zinc or zinc oxide was observed in the case of
brassat abend £0°C.
Knaadvmant

4, Anodic oxidation of Cu (110) in cone. HCl developed
facets of §111% and $100% and the inner potemtial of the {1113
Cu surfnce was neasured. Anodie men‘*:&xﬁ”i: HCl also produced
disorientation sf a large proportion of the copper crystals.

5¢ By immersion in alkaline solution or water, Cw, O
grows with (110) parallel to Cu (110) surfaces and with (221)
of Cu, O parallel to Cu (100) surfnce., There is some evidence
of the relief of epitexial stress by rotational slip on the
Cuyp O=Cu interface,

6. Tpitaxinl growth of Cu Br on Cu (110) by =snodie
treatment yielded (111) ordentntion on Cu (110) =and with grester
thickness it became random,

7. One degree orientatédf CuO, when rubbed unidirectien
ally, was transformed to two-degree orientsted CuC, with (117)
plane parallel to the surface and [011] along the rubbing
direction,

8. The epitaxisl growth ef ¥e, Cd, Zn, Cd(OH); on Cu
single crystals was also studied. Te grows with (211) and (110)!}
Cd with (103) and (203) and ”n with (205) and (101) parsllel to
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Ocu (110) and Cu (100) remcectively. Ca(0OH), also developed
(0001) orientstion on Cu (110). 7%n appenrs to have either a
pesudomorphie structure or m an ephnn alloy with the
copper, Cd, on the other hand, had its normal lnttice
Aimensfionn, but showed n Airected dsorientation, which may be
due to rotatiomal slip on $1120% planes.

9. Cu nand Ag obtained hy dispiacement process retnined
effectively their normal lattice dimensions., Ag deposited by
Adinplncement grows in parsilel orientation on Cu (110) end
cu (100). Twinning on {111 plants was observed and there is
cevidence in onc aspecimen of twinning of ig on 5332’{ planes,
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