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1.
arcTION I,

INTRODUCTION .
- Te Genersl Iptroduction.

The chomienl displacement of metals by basevones
has been known for a long time, and the process has important
applications in the extraction of metals and in the metal
finishing industry. If a metsl is immersed in a selution
of the appropriste compound of a nobler metal this metal
is displeced to form n conting on the baser metal, It is,
therefore, quite easy to coat metals like iron mnd copper
~with nobler metalslike silver and gold which are extensively
used as contings for decorstion nnd prevention of eorromion,

Nowadays electyrodeposition is nainly used for
conting metal articles, This process provides the best
nethod of obtaining coherent snd thick deposits according
to requirements, No such thick depesit can be easily
obtained by chemieal displacement, Bepides, in thickness,
the deposits obtained by chemienl displacement differ
considerably in nature from the electrodeponita, All these
Tactors have focussed greater attention to electrodeposition
and the process of chemieal displacement has been
ove rehadowe d,

Gince the thinner depoeit of metals like siiver and
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gold can be easily ebtuined by chemical displacement the
substitution of the process of eleetrodeponition, in some
enses, by chemicnl displacement may prove more efficient and
nrofitable if done under proper conditions. It has been
obhserved 4in the present regearch that deposits of silver and
zold obtained bWy chemical displncement on copper from cysnide
haths are bright and coherent. As the qunlities and
properties of the deposits depend on the nature of the
crystal growth, a study of various sspects of crystal growth
in chemical displacement is denirable,

The most impor ant aspect of the study of cryatal
growth in chemicnl displecement is how and whether growth in
thin process is different from growth im other processes,
Crystals can be grown, for exmmple, by (i) condensation from
the state of vapourj (i1) from the solution; (iii) from the
melt; (iv) by electrodepositionj and alse (v) by chemical
dinplacement, Although extennive studies on most of these
processes have been made, little work on erystal growth in
chemienl displacoment has been done, A comparative study
of erystal growth in this process with growth in other
procesnses is likely to be useful,

A common fenture of the cyystal growth in different
processes is t! at the nature of growth is very much
influenced by the nature of the substrate on which erystals
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may b grown. The growing crystals are often influenced
in their structure by that of the substrate, This
phenomenon was observed long age Wy Wakkernagel (1825) and
Frankenheim (1836) in crystols obtmined from natural sources.
Mugge (1903) described many examples of naturally oriented
growths of different minerals. After Laue's discovery of
the diffrnotion of Xerays by erystals in 1912, Royer (1928)
made nan extensive study of the orientations of crystals
grown on erystalline substrates, and he used the Xeray
results Qn the orystal stuctures te interpret his
observations in terms of the atomiec mrrangement, Jie first
used the term "Fpitaxy" (Greeks orderly arrangeueu:) for the
phenomenon of erystal growth in which the deposited crystals
grow in an orientation such that there is n close it of
their ntomic arrangement with that of the sulstrate at the
interface, He ¢nmme to the conclusion that the most
fmportnnt famctor promoting epitaxial growth is the
similarity of the identity spacings of the pnrallel rows of
atoms of the growing crystals and the gubstrate surface and
that epitaxy cannot take place when the difference in
parameters of such parallel rows im more than 15%, Later
results (e.ge Wilman, 1951) have shown that such a limit of
157 ean no longer be nccepted as valid.

Plleman and Vilman (1949) have alsc shown eclearly
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that the initinl condition of epitaxy is that the loecal
atomiec fitting between the deposit and substrete crystals
~ust be good, the lattice fitting being a further
secondary consideration,

Prom the study of adsorption and mixed crystal
formation Bunn (1933) concluded that though similarity of
the three dimensional 1 :ttice is necessary for mixed crystal
formation good ntomie fit on the interface is necessary for
oriented growth,

’ Fpitaxial growth of metals condensed from the state
of vapour was studied by Bruck (193f8) who postulnted that the
distance between ntoms of the substrate and those of the
deposit, avernged over a cell, is minimum, fudiger (1937)
studied the growth of metals evaporated on crystalline
substrates and found that the tempernture of the substrate
must be greanter than n certain minimum to allow epitaxial
growth of the deposits. Prom the study of the growth of
sodium nitrate on polished faces of caleite Pinch and
Vhitmore (1938) coneluded that the forces determining epitaxy
ave generally short range and the orientstion of the deposit
is wholly determined by the atomie arrangement on the surf ace
of the substrate,

The influence of the substrate on the growth of
erystale during electrodeposition was first observed by
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Funtington (1905). Blum and Rawdon (1923) nnd Hothersall
(1935) made some systematic study of erystal growth in
electrodeposition, with the help of the optienl microscope
and observed the influence of the substrate on the
orientation of the depomit crystals, V¥ood (1331) and Hume~
Rothery nnd Wyllie (1943) used X-rays nnd obtained similar
results, The effec: of the substrate on the initial thin
electrodeposits has been studied by electron diffraction by
Thomson (1931), Cochrane (1936) and especinlly by Finch and
eollnborators (1936, 1937, 1947) who found many interesting
and useful results and definitely established the fact that
the substrate influence gradually diminishes with the
inereame in thickneas of the deposit, A nimiler effect has
been observed in the present experimentas in the growth of
eryastnls in chemicnl displacement,

As an illustration of the epitaxiel growth of
electrodeposits a ncw example observed by the author may be
eited, TTig.1(/) shows the electron diffrection pattern of
m thin deposit of silver condensed in vaewe in (111)
orientation on » fresh cleavage fnee of miea st about 200°C.
¥ig.1(3) shows the diffraction pattern obtnined from a thin
layer of nickel electrodeposited on the silver for 30 sec.
at 55°C, and 3.9 mi. per sqe.om. from a bath containing 240
grams of niekel sulphate and 30 grams of boric acid per litre,
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The nickel had grown epitaxinlly on the silver as is evident
from the pattern, A theoretical diffmmction pattern
expected from n (111) faee of a face-centred eubiec erystal
in [211] azimuth is drawn in Pige2s and the expected pattern
from parallel layers of asilver and nickel is drawn in Pig.28,
They ngree quite well with the diffranction pntterns obtainecd.

The influence of the substrate on the orientation of
compounds formed by chemicnl renctions hns nlso been studied
by many workers, A vreview of the earlier work is given by
Thomson nnd Cochrane (1939). More recent cases of such
effects have been studied by Thirsk end “hitmore (1940),
Flleman and Vilman (1948) and vilman (1940, 1949).

Though the process of chemical displacement has been
Xnown for » long time, crystal growth by this method has not
been mystematienlly studied, Very little dnta exists on
any aspect of erystal growth in this process. This process
differs from other processes by the fact that there is an
exchange of ions between the solution and the substrate,
Similar exchange does not take plece in crystal growth by
othey mothods which are generally one-way pProcesses. The
study of the substrate effect on cxyotal growth in chemical
displacement is, therefore, expected to be useful and
informative,

Anothey important aspect of the phenomenon of
exyntal growth is the effect of the relative lattice parsmetem
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of the deposit and the substrate on the structure of the
deposit, It has now been grnerally agreed that epitaxial
growth of erystnls takes place by ntomehy-atom secretion

to the initial crystal nucleus on the substrate, The
deposited atoms tend to form an initial monolayer in which
they take, as far as possible, the positions that would havs
been tnken up by atoms of the substrate if it were continue.
in space, If the lattice parameters of the deposit are
different from those of the substrate, the deposited atoms
renain under a strain which may produce profound effects on
the structure of the deposit, The strain may csumse even
contraction of the lattice parmmeter for the seke of close
fit with the substrate, Such changes have, in fact, been
observed by diffevent workers, Fineh and Cuarrell (1933,
1934) observed, for the first time, contraction of the
lattice Aimension of mine oxide formed on zinet: they camlled
this phenomenon “peeudomorphism”, Similer pseudomorphic
growths have been observed by Cochrane (1936) and recently,
by Clark, Pish nnd Veeg (1944),

Pinch and “uarrell concluded that pseudduorphic
strain does not persist in the thicker layers and is
confined to the first few atom lsyers adjoining the
substrate, As the thickness inereases, the strain is
genernlly relieved and the initisl oriemtation may change
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n result of twinning afid translational or rotational slip
(Pvans and Vilman 1950). Twinning of deposit crystals has
been observed by Bruck (1936), Cochrane (1936), Menmer (1938)
Goche and Wilmen (1939), Wilman (1940), Pinech, Vilman and
Yeong (1949), during erystal growth in electrodeposition and
condensation from vapour. Gimilar twinning of the deposits
of silver, gold nnd especially platinum has been observed in
the present work,

The process of chemienl displacement has a grester
degyee of similarity with electrodeposition then with the
other methods of erystal growth. It has now been universally
necepted that displacement of one metal by another from
solution of salts is an electrochemical phenomenon lLike
electrodeposition, TFvery metnl has a charscteristie
potentinl as referred to hydrogen electrode, When a metal
having » higher potential is placed in a solution containing
fons of a metal having a lower potential the latter ia
displaced and the displacing metal enters the solution as
entions. Hence the mechanism consists of the neutralisation
of the cation in solution as in the case of electrodeposition,
The nu{ntt-l difference between the two processes is that
in chemical displacement the ions which enter the solution are
of a different metal from the ions which are neutralised,
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Conmequently the concentrations of the ions of the two metals
involved in the resection gradually change.

Fxtensive researches have been earried out on
erystnl growth by eleectrodeposition by many workers, notably
by Pinch and his collaborators who have obtnined results
which now present a relatively clear pilcture of the eathodic
erystal growth, They have clearly established that two mein
1nﬂmnchhr: growth of the deposit, namely the influence of
the mubstrate nnd that of the bath conditions., These two
influences nre often opposite to eunch other, The substrate
influence when dominating cruses the deposit crystals to grow
epitaxially. The substrate influence gradunlly diminishes
when the thickness of the depesit increnses, “hen the
deposit is sufficiently thick it is the bath conditions which
take charge and wholly comtrol the nature of the depesit, /s
chemical displacement is essentially like electrodeposition,
gsimilar effects of the substrate are likely to be produced.
Thege results are, indeed, confirmed by the results obtained
in the present work,

It has also been found in electrodsposition that
there are many factors which determine the bath conditioms.

These are temperature, concentration, current density, ion
asnociation, over-voltage and presence of foreign materials

which may also be deposited on the eathode, The nature of
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the ions, empecinlly that of cntions, produces profound
effecte on the nature of the depositsj for example, good
electrodeposits of iron can be obtained from ferrous lons

but not from ferrie ions (D.W.Layton, D.I.C.Thesis, 1950).
Amorphous deposits are formed hy metals having weak cohesive
forces, such as arsenic and antimony (Pineh, Vilman and Yong,
1947), In chemical displacement, similar faetors which may
be present are likely to produce similar resultse, It has
been found in the course of the present work thet when silver
ig dinplaced from a simple bath of silver nitrate the deposit
is dark and non-adhesive, but when displaced from the complex
cyanide beth it is bright and adhe rent, It in, therefore,
worthwhile to study the effects of different fmctors on
deponits formed by chemical displmeement, In this connection
it may be noted that some of the fmotors such ns change of
current density and evolution of hydrogem are absent in
chemicnl displaeement; so in these m- it provides a
simpler system for the study of erystal growth,

The process of chemical displacement differs from
electrodeposition in other ways, apart from those mentioned
above, In chemicnl displecement metallic cntions from the
bath are exchanged with cations formed from the surface of
the smubstrate, This is a twowwsy process snd thus differs
from electrodeposition. This factor has sn important effeet
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on the nature of the depomits. In the course of the smell
amount of vesearch (vide 2 below) done on chemical
displacement formntion of alloys between the dieplaced and
Aisplmeing metnls has been reported in most ceses, Yo such
formation of alloys has been generally observed in the cmses
of electrodeposition from n soclution contrining only one kind
of cntion, nlthough alloys can be electrodepoeited from a
mixed cation bath, It is, therefore, highly desirable to
compare eryatal growth in the two processes from the sume
bath, Although our knowledge of the mechanism of electro-
denosition has considerably incressed in recent years a full
unde ratandi ng hn?;ont been renched, A comparative study of -
the two processes of deposition may throw new light aleo om
electrodeponition, which s a complex process, In the
present researches a comparative study of chemienl
displacement of silver, gold and platinum with the electro-
deposition of the metals has been made using copper single-
crystal substrates, The results show some interesting
differences in the nature of the deposits obtained bWy the two

pProce ssesn,

2. Historieal Heview.

Although the process of chemical displacement has

been known for a long time few results on the nature of the
erystals formed by thie process nre known. The earliest
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investigation on the structure of chemically displaced metals
was made by Tsuboi (1928) by Zeray diffraction. He studied
the structure of the apengy deposit of silver obtrined by
displacement with copper wire from silver nitrate solutionm,
The micro-crystals of the deposit were orientated with (111)
plane parallel to the axis of the wire, i.e. parailel to the
wire surfnoe, He also obtnined by displacement (111)
orientation for lend snd (00C1) orientntion for esdmium, on
zinc.

Nntta and collaborators (1934, 1935, 1937) made an
extensive study of silver, gold and platinum deposits
obtnined by chemical displacement on copper and gold and
platinum on silver, They removed the displacing metal from
the deposit by the octiom of nitric neid and then studied the
st ructure of the deposit by the transmission electrom
diffraction method,

Eatta (1934) found the lattice dimension of the
deposits to vary botween those of the displaced and
displneing metale mecording to compesition, =nd he concluded
that alloys of the two metals were formed, He further
concluded (1935) that the ordering structure of the nlleys so
formed depended on atom radii of the alloying metals and he
obtnined polid solutions of platinum, palladium nnd silver
in the copper lattice bWy displacing them by copper from
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solutionns of their salis,. The diffraction diangram revealed
Pollele structure of the precipitates whose lattice constants
weye found to depend on the thickness of the film obtained
and alse on the coneentration of the nitric ncid used,

The result of the study of platinum displaced by
.un;'::’l. found to be different. The lattice comstont of
the deposit was found to be equal to that of silver and the
value of the lattice constant was found to be diminished when
he nted, e explained the high value of the lattice constant
of platinum obtained, by assuming that an unstable alloy is
formed when the lattice dimension of the displaecing mstal is
greaters than that of the displaced one, He assumed that the
unstable variety of alloy formed changed into a more stable
form having lower lnttice constant, on henting.

Pinch and Sun (1936) investignted, by electron
Aiffraction, the structure of platinum deporits obtained by
displncenent by polyerystalline silver and copper, They
found that the lattice const.nts of the deposits did not
correspond to those of the pure components and that the
lattice conatant of displaced platinum decrensed when silver
was kept in contnet with selution for a lenger time, From
thege facts they came to the conclusion that slloys eof
displnced and diaplacing metals were formed.

Cochrane (1936), while studying the electrodeposition
of milver on (001) and (110) fnees of single crystals of
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copper found that a polyerystalline deposit of silver was
formed by simply dipping the copper crystal in a strong
solution of complex silver cyanide contnining sn excess of
KCN,
Nattn and Guiriani (1937) from a study of the

recipitated metnls and their alloys came to the conclusion
that although displacement of one metal by nmnohter is
possible, formation of a msolid molution is not poasible where
the ntomic dimmeters of the two metpls are widely different
and that n compact and coherent deposit is obtnined only
where solid solution is formed., From their study of the
solid molution o copper and platinum (Cu-Pt) obteined by
chemienl displncement they came to the conclusion that the
first step in the formation of nlloy is the substitutioen of
the surfnce atoms of the dimplaneing metal by those of the
displnced metal and then the process of diffusion through the
surfnce layer follows.

The electrochemienl properties of the different faces
of copper single crystals were studied by Leidheiser snd
Gwathmey (1947), who displaced silver and gold on (100) and
(111) faces of copper from silver nitrate and gold chloride
solutions, They obtained black deposits which, when rubbed
with a soft tiseue, left » definite pattern on the surface of
the copper., Otraumanis and Pang (1951) studied bWy Xeray
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diffraction the structure of gold and silver obtained by
chemicnl displacement on zine, They obtained pelycrystellins
deposits with lattice constante intermedinte between those
of the pure components and they concluded that alloys were
formed, Goswami (1950) made a brief study of the
displncement of silver on (100) =nd (110) faces of single
erystals of copper from = solution of complex cyanide of
silver, Je was the first nuthor to note an twoedegree
orientntion of n deposit obtained by chemicnl displacement.
He found that silver had the normal lattice dimension, FHe
alro studied displacement of copper from copper sulphate
solution on polycrystalline mild steel and iron and also

on single crxystal of ferro~silicon alloy. Polyerystalline
deposits were obtained in all cases.

It has been mentioned previously that crystal growth
has been studied so far mainly by optical microscopy, X-ray
diffrnotion, and recently by rlectron diffraction which
proves to be the most potent technique for the purpose, The
growth of eryatals takes place atom by atom nnd layer by
layer, though succeeding layers may start to grow before
lower layers nre complete, It is therefore obvious that
Xerays which penetrate deep into the bulk of the specimen
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wiil be wnsuitable for study of the nature of the initial
lnyers of thin deposits or of the surfece Layere of thick
© deyoeitds - Tn electyon diffraction; even a 60 LV, electron
e Uded at Prasing tnoldonoe in the *refleetion™ method
on 2 WPy miooth surfhce penetritew only # few tens of
aniget vomg’ Below' the $ur¥face arid thun pives the dewived
Infamintion frée Pron ohecurity of detwile arising from the
lowey yepgions, | |
T# the' Following resenrches electron diffraction
wan, therefore) the prineéipnl technigue employed to examine
the structure o the depenite wilcli, iy thelr initisl stoges,
‘were 80 thin ns to be somrevly visible to the eyey and even
‘the thicke r deposits were featureless when observed in the -
optienl mioroscopes In nll cnses the substrate surface was
made highly smooth by modeyn electropolishing teclmigue.
o The pragent work studies 4n detail the epltaxinl
)a:;:leif wilvery gold and platimem on (100), (110) and (111)
facew of Coppe ¥ mingle orystals Ly displacesent from both
complex oynnide bBathe ne well &8 wisple dathe, The results
T obtnl ne'd’ revesl wmahy new imteresting festured,
Perfoct epitmiinl growth of the doposite of wll
EHyee Wet nl'd Nie Ween obadrved, eapecially Trom Complex bath
The ‘depority’ fron stmple’ bathw Fontsined both random snd
L orierited SRt s NAving two~degres orientativn with relnatiq
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to the copper substrate, 'rh- ffect of the thickness of
the deposit has been studied by changing the concentration
of the baths as well as the time of deposition, The
substrate effect on orientation hns been found to decrease
with inecrease in thickness, as in certain cases of crystal
growth by other processes, especially electrodeposition,
The nature of the orientation has been found to change with
inerense in thickness of the deposit on the (100) fmoce of
copper. The couse of this change has been explained and e
enahlen n mechanism of deposition to be suggested,

gome interesting points of difference between
frowths from simple and complex baths have been obse rved and
some points of dissimilarity between growths of the three
different metals from baths of similar nature have been noted.

The lattice dimensions of the deposits have been
determined by ealibration with graphite, The results show
errpuedhE> differences in the noture of bonding of the
deposits of the three different metals with copper, The
lattice constant of platinum is much lower than the normal
value; thus suggesting the formation of an alloy with the
copper. The lattice dimension of gold also is slightly
lowey when the deposit is thin but it appears to be normal
when the deposit is thick, Silver has the normal value of
Llattice dimension under all conditions investigated.

Flhs B 62 3577 (%43)
KD
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Vith a view to comparing the nature of the initial
stage of the erystal growth by chemical displacement with
that by electrodeposition, the electrodeposition of silver,
gold nnd platinum on twe surfaces of single crystals of
copper from cyanide and complex baths has also been studied
under identicnl conditions, Some remarkable differences
botwoen growths in the two processes have been observed,

Displacements of copper, silver, gold, platinum nn,
nickel on single crxystal of iron have nlso been studied, snd
only random deposits have been obtained, Nickel was found
to form only Ni(OM), mnd copper sniso formed Cu, 0 from dilute
solutions, Yo deposits of the sbove metals could be
obtnined by displacement by iren from cyanide baths,



The copper single crystals used for the present work
were cut from = copper single erystal rod which was kindly
lent Wy Professor Finche The rod was carefully cut with a
Jeweller'n saw lubricated with oil so that the c¢rystal might
not b distorted during cutting. The cut pleces of the
erystal were ground with emery on a revolving wheel
moistened with benmene, until suitable faces were obtained,
The fages were then polished with emery of grades 1, 0, 00,
000 and 0000, moistened with benmene, The faces thus
polished wore etehed with nitric neid (121) to remove the
distorted layer, After etching, the crystal faces were
electropolished in a phosphoric mecid bath containing 637
W, POy and 37 water (Jsequet 1936)., The cathode was a sheet
of copper, cut into strips to allow free evelution of hydrogen.
The voltage of the circuit was earefully regulated between
2 and 2,5 volts to prevent anodic oxidation of the face of
the ecrystal, Afteyr electropelishing, the c:rystal was taken
out, washed with water and then etehed by a 107 ECN selution
for n~bout 30 meconds to remove any oxide which might have
been left on the copper surface after electropolishing,
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Pinally it was thoroughly washed with distilled water and
acetone and then transferred to the camera under propyl
aleohol, which was used to prevent oxidation by air. From
the diffraction pattern the type of face obtained was
fdentified, The crystals were further ground and polished
as above until the approprinte faces were obtrined, From
the diffraction pattern the dfirection of a suitable main
agimuth on the cryetnl face wan i{dentified and marked on the
erystal, The (100), (110) and (111) faces of the copper
single erystals that were prepared yielded the diffraction
patterns shown in Pigs., 3-7. The elongated diffraction spet.
and Kikuchi bdands indicate the ntomically smooth surface of
the erystals and their high lattice perfection.

2. Preparation of Simgle Cryvstal Surfaces of Irem.
The single crystals of iron used in these experiment.

were lent by Professor Finch., These were eanch about 2 mm,
thick and sbout 4 sq.om, in area, and were cut from a sheet
of decarbonised mild steel in which large crystals had been
grown by the strain-anneal wmethod, Fvery possible care was
taken mo that the crystal might not be distorted during
cutting, The surfaces were polished with graded emerxy in

sequence of grades as was used for pélishing copper and then

electropolished in a bath conteining 185 ec. perchloric neid,
Q5 ee, nootic anhydride snd 50 ee, water per litre of

solution (Jncquet and Roecquet, 1939).
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IABLE I.

- Composition of the Baths Usecd,

Simple Naths *

“ilver bnth sessen AglO, dissolved in distilled water

Gold bath  .essseses AWCl 2,0 *  ° " .

Platinum bath  seeee H, PRCLG.OH, 0 ~ " " .

Copper dath  seecers CuSO 5K, 0 = ° E v

Nickel Bath  seecese NABO,.7H,0 " * " "
The concentrations used nre expressed in terms of
molarity (¥).

Complex Cymnide Batha.

ASCHN 3.5 grams/litre
8ilver bath ..eee A" KON 3.6 grams/litre

K. €Oy 347 grams/litre

Gold bath essse "B AWON 11,5 grams/litre
ECN 15 grems/litre

The concentrations used are expressed in terms of
A" and "B%,

-u ¢ bath® 4is rather loosely used in the case
of ma M In solution the d chloride and
chloroplantinie uul foym more or less complex snions
containing the metal anions; but these anions are mueh less
stable than the complex anions in the cyanide baths,
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After electropolishing, the crystels were washed
with water and then etched for a few seconds by a 1%
solution of pieric acid in absolute Aleohol to remove the
film of oxide that otherwise tends to be present on the
surface, The de-oxidised crystnls were washed thoroughly
with water and ncetone and then transferred to the camere
under propyl alcchol to avoid oxidation by contact with air.
The approximate (100) and (112) faces when examined in the
diffraction enmera produced diffraction patterns like
Pig.8 mnd 9,

3+ Displacement of Metals.

For displacement of any of the metals, the
appropriate solution (Table I) of desired concentration was
placed in a clean porcelain basin, After electropolishing
and de-~oxidation of the substrate it was thoroughly washed
with distilled wnter and most of the water still adhering
to the polished face was drawn off with the edge of a clean
plece of filter paper, The rest of the body of the erystal
was dried with the help of filter paper, The crystal was
then put into the renction bath with a pair of tweezers
conted with insoludle varnish, so that no reanction with the
metal of the twoemers could take place, After the desired
period of renetion the erystal was taken out, transferred
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quickly to nnother paiy of clean metnl tweczers and then
wnghed thoroughly with distilled water followed by acetone.
The washing was done as quickly as possible to avoid
oxidation nnd the specimen wns immedi-tely trensferred under
propyl dootu; to the diffraction cameran.

4, Iectrodepesition.

Tor electrodeposition on faces of single crystals
of copper the degired crystal fnce was electropolished and
de-oxidined ns before mnd then thoroughly washed with
distilled water, The face nnd body of the crystal were
dried an described before and electrodepesition was earried
out, A sheet of the pure metal to be electrodeposited on
the copper face was used as anode and the crystal forming
the enthode was held in position with its polished face Jjust
in contact with the bath, The current was drawn from a
12 volt battery and it wasregulated by a variable series
resistance, The current was msasured with a millismmeter,
Yhen the time of deposition was short the adjustment of the
resistances in the circuit was made before electropolishing
was done for the puppose of electrodeposition so as te keep

the current density at the desired limit, After the
electrodeposition, the erystal was washed with water,

followed by ncetone, nnd then transferred under propyl alechel
to the diffrnction camera,
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S« Ilectron Diffraction Studye.

The specimens were examined by electron diffraction
with the help of the ususl type of Pinch camera (Fineh and
fuarrell 1933, Pinch and Wilmean 1937). The accelerating
voltage producing the electron bdeam was between 45 and 60 KV,
The diffraction patterns were examined and interpreted in
the way described by Pinch nnd Vilman in the publication
mentioned above.
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Ae Displacement from Simple Baths.

The results on displacement of silver from silver
nitrate solution and of gold and platinum from gold chloride
and chloroplatinie acid are set forth in PMigs, 10-29 and
Tnbles 2«4, The deposits of all thege metals, when thin
(after n few seconds deposition) were not visible snd the
colour gradunlly ineressed from faint greyish-pink to deep
grey ms the thicknesas inerensed., In the case of -unr("”’i

v(uf when the deponit was very thieck,

The deponits of all the thre: metals consisted of
both random and oriented crystals in varying proeportions as
in evident from the diffraction patterns, The preportion
of orientated growth was highest for the thinnest deposit.
As the thickness of the deposit inereased the prepertion eof
the orientated crystals diminished mnd ultimately the surface
region consisted of only random erystals., It is therefore
clenr that the influence of the substrate on the orientation
of the deposit graduslly falls off as the thickness ‘
inerensen, The nature of the substrate influence in
chemicnl displacement of these metals is thus similar to that
in the electrodeposition of metals,
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DISPLACTMENT OF SILVER FROM SILVER NITRATE
SOLUTION ON THE (001) FAGF OF COPPER,

Concentration Time Colour of Structure and Figs.
deponit Oriextation of
the deposit#*
¥/2000 1 see ¥o colour ©C(001)+C(111) 10-12
| +5(101) + n,
/2000 30 sec No colour C(001)+C(111) 13
. +H(101) + ®,
/2000 5 min Light grey R+C(001)+C(111) 14
+1(101)

¥/2000 10 min Drek grey Revery littleC(111) 19
+1ittle H(101)

»/100 1 see Greyish c(oo1)+c(111) 16
+H(101) + R

%/10 1 see Light grey R+C(001)+c(111) 17
+ H(101

*#¢(001) = euble,(001)// Cu(001), (110}ypgo //1110]ge0r [110]c,
c(111) = cuble,(001)// cu(111), (119\'““ //1110] g 0¥ [1'19]“

R = random (cubic)
K(101) = hexagonal,(101)// Cu(001).<019\$”' //I10])g, ox(110]



TABLE 3,

/
DISPLACFMENT OF GOLD FROM GOLD CHLORIDE SOLUTIOE
OX (001) FACE OF COPPER.

COncentration Time Colour Structure and Figure
Orientation of
the D0p081t.*

/2000 10 sec XNo colour C(111) + R

¥/2000 30 see Ko colour C(111) + R 18
M/2000 3 min  Grey R + C(111) 19
¥/2000 7 min Grey R + Cuy0(111) 20
¥/1000 30 sec No colour C(111) + R 21
%/500 30 see Greyish R + C(111) 22
/250 30 seec Grey R + Cu, O(random) 23

* ©(111) = cuble, (111) // cu(001), 41@“10// [110]gyer [110]cy |

R = random (cubiec)



TABLE 4.

DISPLACFMENT OF PLATINUM FROM CHLOROPLATINIC
ACID ON (001) FACE OF COPPER.

Concentration Time

¥/4000
¥/2000
/2000

%/2000

¥,/2000
¥,/2000

¥/1000

30
10
20
30

5

10

30

see
sec
sec
gec
min

min

sec

Colour Structure and Figure
Orientation of
the Deposit¥

No ecolour C(111) + R(little) 24

No eolour C(111) + R

No colour C(111) + R &
No colour €(001)+C(111)+R 26, 27

Light grey c(001) + R 28
Grey R 29

Very light c(111) + R

grey

* ©(001) = cubie (001) // Cu(001) (119‘““0// [110]5, or [110],

¢(111) = cubdie (111) // Cu(001) (11%““// [110]g, or [110],,



sflver Displaced on (001) Fnce of Copper from Silver Nitrate

Fig.10 CFige11
/2000 1 sec M/2000 1 sec,
azimuth (110, azimuth /001)




. Tige6 W10 1 sec
/100 1 sec azimuth (110)¢y
agimuth (1100 gy



P18.18 -1/2000 3 "'1”"3.
M/2000 30 sec

agimuth 110 Cu
azimuth 110 Cu

Fig.ao ’Pi{t.Q.‘
/2000 7 mins, /1000 30 see
azimuth 110 ¢, azimuth 110 Cu

Tige22
8023 ]

00 30 sec
/250 30 sec M/sazimuth o'



Platinum Displaced from Chloro=-platinic Acid on
(001) Face of Coppers

o &£
Fig.24 Fige29
¥/4000 30 sec h/QOOOi‘ t;o1$gc |
azimuth 110 Cu azinutn Cu

Pige 26 9
¥,/ 2000 30 sec ,
Ve simuth 001 cu Pige2?
¥/2000 30 sec
azimauth 110
Cu

f4 29

Pig.28 o
M/2000 5 mins. y/2000 10 minse

azimuth

azimuth \11éCu



25.

The orientated deposits had two-degree orientation
with relnstion to the substrate but the nature of the
orientation differed in some » spects for the three metals,

Silver deposits * The diffrnetion patterns of silver deposits
(Figs. 10=17) show, in the plane of incidence, orders of 001
and 111 Aiffractions from normal face-centred-cubie silver
erystals and orders of 1071 diffractions from close-packed
hexagonal Ag erystals. The diffraction pattern obtained from
these silver deposits is thus n composite pattern consisting
of n number of independent patterms corresponding to the (001)
and (111) orfentated cubic erystals and (101) orientated
hexagonal crystals in various ssimuthal orientations, For
clarification the theoretieal patterns expected from the
suggested azimuths are drawn in Pigs. 31=30 explained below,
The diffraction pattern Fige10 of the deposit,taken
in the {110) aztmuth of the substrate, shows a centred v2
rectangular pattern, showing that the U‘H) orientated cubiec
deposit crystals have their (110) lattice row parallel to
{110) of the substrate surface, The expected theoretieal
pattemn, 7ig.31, from a face«centred cubdbic crystal when the
beam gragzes a (111) face in the (110) asimuth is a network
of spots in a centred V2 yectangular pattern with one of the
dingonals along the plane of incidence, As the (111)-
orientated eruble orystals in (110 azimuth can occcupy twe
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equivalent asymmettric pesitions the diffraction pattern
contnains a second rectabgular pattern of spots which can be
obtained by reflection of the first pattern across the plane
of ineidence.

The diffraction pattern Fig,10 from the deposit,
taken in the (110> azimuth of the substrate, also shows a V2
rectangular pattern with the longer side along the shadow edge.
It is therefore clear that some cubic crystals of the deposit
had (001) orientation with a /110) lattice row parallel to
{110) of the substrate surface, It is clear from the body-
centred reciprocal lattice of face-centred-cubiec crystals that
the pattern from the (001) oriented crystals in (110) asimuth
is a set of V2 centred rectangles with longer side along the
shadow edge as drawn in Fig.32,

The second rectangular spot pattern drawn in this
diagram is associated with the (111) orientated cubic erystals
with the bemm in ( 211) azimuth, The (111) orientated cudie
erystals can oceupy four equivalent positions relative to the
substrate, such that a (110) lattice row is along {110) of
the substrate surface, In two of these positions the
erystals will give the pattern shown in Fig.31 as already
described, The remaining two components will be
symmetrieally placed with relation to the beam with their
[211] row along 110 of the substrate, These two components
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will give the rectangular pattern with sides in the ratio
= 3 3 V8., The construction of the pattern has already B;en
explained in Section I (Fig.24). |

The diffrectioh patterns, such as Fig.10, from the
deposits of silver on the (001) face of copper show strong (101
type of hexagonal diffrasctions in the plane of incidence, and
the hexagonal diffractions elsewhere in the pattern appear in
the same vertical rows (Laue zones for 110 rows of the cubi
crystals) as the cubic diffractions (Figs.10-12). This
suggests that a (010D row of the hexagonal silver is parallel
to a ({10) row of the (001) face of the copper substrate.
These hexagonal crystals so orientated may occupy four
eouivalent positions with relation to the substrate. In two
of these positions the electron beam passes along a,<p1Q)
type of lattice row and the [001] row is orthogensl to the
beam and is at an angle of 28° with the (101) face, i.e. with
the substrate surface. The expected diffraction pattern,
Fige.33, ffom the (101) face of the hexagonal crystals with the
beam grazing along the [010] row, will be two sets of
rectangular networks of spots with one diagonal of eéch set
parallel to the plane of incidence. One set of rectahgles
is the reflection of the other set across the plane of
incidence. |

But these expected diffractions do not appear in the
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nlong the shadow edge, These spots are indeed strong in
Fige10 and their form shows that they are due to transmission
of the benm through the thin (0001) lamellne,

It 48 further noticed that tmﬁ;:akor and more
diffuse spots which appear at the points of intersections of
the diaponals of the rectangular pattern of strong spots.

In viﬁw of the above evidence of the Tormetion of the (0001)
lamelline, these spots can be accounted for in terms of the
very extenaive elongation and almost coalescense of the
ncipmad-lntuu intensity regions slong [C]*.

- Pige35 mhowa the elongated intensity regions as
mentioned above, These elongated intensity regions will
touch the approximmtely plane central region (nenr the
origin) of the Fwald sphere at points indicated by eircular
apots in Pige.34, which is the expected diffrsction pattern
from those two components of the (101) orientnted hexagonal
erystals situated with their [010] row normal to the beam,

The complete pattern has been drawn in Fig.36 teo
the same scale for the cubic and hexagonal erystals, It
agrees with the diffrsction pattern obtained (Fig.10).

The hexagonal deposit of silver as mentioned sbove
is not due to twinning of the cubie deposits on (111) plenes
Such twinning has been observed in many cases in the
following researches; but'in this particular case of
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deposition of silver on the (001) faee, no formntion of
twinned cudbic crystols was observed, If the hexagonal
eryastals had arisen from twinning of the cubic crystals the
[001] Lattice row of the hexngonal deposit would have been
at an angle of 35°16' with the (001) plane of the (001)
orientnted cubiec deposit, since the angle between (001) and
(111) planes of cubiec crystalas is 54°44°,

On the other hand if the (111) orientated cubic
deposit erystals had twinned on another (111) fnee to form
the hexagonnl crystnls then the [001] hexagonal row would
have been inelined at 19° to the substrate surface, From
the (101) orientntion of the hexagonal erystels it is clear
that the [001] hexagonal row is at an angle of 28° with the
sudbstrate surface, Hence the hexagonal deposits must be
formed from the beginning as hexagonal erystals which are
stabilised ns such by their epitaxisl relationship with the
copper substrate,

Gold and Platinum deposits * In the case of gold only
random and (111) orientated cubiec erystals were formed and

this orientation persisted even in the thicker deposits.

The deposits of platinum contnined random and (111)-orientated
cubiec crystals at the beginning (10 seconds deposit) but when
the thickness was increased (001)-orientated deposits
appenred, Geold and platinum did not form any hexagonal
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crystals like silver, In some cases platinum in (001)
orientation was twinned on the octahedral planes (Fig.27)e

Origin of the (111) orie ti  the A € t
on cs ‘291).

The (111) orientntion of the deposits of =ll the
three metals on the (001) face of copper is rather unusuasl at
first sight, This apparent disagreement between the
substrate effects in the present case and in electredepesition
(see Section I) can be explained by the fact that some cuprous
oxide is always present on the (001) face of copper, which is
a metal susceptible to easy oxidation. In some cases
definite evidence of the presence of Cu, 0 on the (001) face
after electropolishing and etching was obtained (Pige30)s The
spot pattern in this figure wans identified as being due to
Cu, 0, The value of the lattice dimension was canloul ted
from the pattern by calibration with graphite, It wae foun:
to be 4,29 + 0,03 hx which fnirly agrees, within the
experimental error, with the nomnl value (4.263“ of the
lattice dimension of Cw, 0 (Wyckeff, 1948). In some cases
Cuw, 0 was present nlong with the metal deposits formed from
dilute molutions by renctions for longer times (Pige20) and
slso from stronger solutions, especially when the deposit
was random (Pige.23).
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It is evident from Fig,30 that the Cu, 0 crystals
have (111) parallel to the substrate Cu (001) surface, with
a 110 lattice row parallel to a 110 row of the Cu (001)
face, The (111) orientation of the displaced-metal deposita
on the (001) fnce is, therefore, due to the substrate
influence produced by Cu, 0, The nature of the substrate
influence on deposits formed by chemical displacement is
thus similar to that of the substrate effect on electro-
deposits. The substrate effects observed in the present
resenrches are further discussed in Section IV,

The lattice dimensions of the deposits of the three
metals (Tnble 14) were determined by calibration with
graphite (Finch nnd ¥ilman, 1937). Silver waes found to have
effectively the normal lattice constant, The lattice
dimension of gold wns Tound to be apprecimbly low, especially
for thin deposits, The lattice dimension of platinum
deposits was always found to be much lower than the normal
value, thus indicating the formation of an alloy of platinum
with the substrate copper, The lattice dimensions of these
motals are more fully discussed in Section IV,

The results of displacement of silver and gold from
¢ranide baths are shown in Trble 5 and Pigs.37-48, Platinum



Table 5.
Displacement from Cyenide Baths on (001) Pace

of Copper
Concentration Time Colour Structure and Figure
Orientation of
the Deposit
Crystals¥*,
A. BSilyer,
A/25 1 seec No eolour c(111) 37
A/10 1 sec No colour c(111) 36«39
A/10 30 sec Ko colour c(oo1) 40
A/10 5 -min Silvery c(o01) 41
A 1 sec Very faintly cC(001) 42
silvery.
B. Gold
B/100 5 seec No colour Cu, 0(111) similar
to 30.
B)25 10 see No colour c(111) 43
B/2% 30 see¢ No colour c(111) -
B/25 1 min Very light c(oo01) 44
golden
B/25 10 min Golden c(001) 45
B/10 5 sec Ko colour c(111) 46
B/10 5 min Light golden C(001) 47

* ¢(111) = cudie (111)//0u(001), 10} ,\, o //[110]5, or [110],,

¢(001) = Cubie (001)//6u(001), (10Qeypic //(10(90;;



Silver Displaced from Cysnide Bath on (001) Face of Coppere

”1Ro37
A/25 1 sec
azimuth [001]

™ Pige. 39
ne it A/10 1 see¢
A/10 1 sec A 3
azimuth [001] azimuth [110]
. (



iilver Displnced from Cynnide DBnth on (001) Frnee of Copper,




0old NDisplnced from Cyanide Bath on (001) #nece of Copper

Fig <43




Gold Displaced from Cymnide Bath on (001) 'nce of Coppe r
- | Te

Fig.%
B/10 5 _sec
azimuth [001 ]Cu

Fig.47
/10 ? minse
azimuth | 001 ]
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was found to be mot displaced on copper from the cyanide
bath, From the diffraction patterns it is evident that only
two-degree orientated crystals nre formed and ne random
deposit was obtained, such as was found in the case of
deposition from ltnplo baths, The deposits of both silver
and gold, when thin, appeared in (111) orientation on the
(001) copper face, but the orientation of the surface regloms
of the thick deposits of both the metals was parallel to that
of the substrote, There is therefore an apprnrent change in
orientation of the deposits from (111) to (001) with relation
to the substrate, The (111) orientation of the deposit is
evidently due to the influence of the Cu, 0, such as was found
in the case of the deposition from the simple baths.

Definite evidence of the formation of cuprous oxide was also
obtained from dilute eyanide baths (Table 5).

There is n general similarity in orientation of the
deposits of gold and silver on this face of copper and also
a similar increase in erystal size with inereasing time of
deposition, On the other hand there are some diffe rences
in the nature of the silver snd gold deposits. The
diffraction patterns from both short time and long time
deposits of gold show spots due to the copper substrate and
correspond to atomically rough surfaces., Similar spote
due to the substrate are, however, not found in the



34.

difraction patterns obtained from the silver deposits, and
there the elongated dAiffrnetions show the surface to be
highly smooth and parallel to the substrate surfece, Silver
deposits form » uniform layer on the substrate surfaces
wherens gold deposits are not uniformly distributed.

The diffraction spots due to the copper substrate
in the patterns obtained from specimens of gold deposits
for longer times nre bifurcated at the lower end (Pige45).
gimilar bifureation of the diffraction spots was observed
when the face was etched for 10 minutes in a solution of
KCY nlone, of strength equal to tle caleculated strength of
the free KCN in the solution of gold used for displacement,
It i= therefore concluded that the effect is due to the
formmation of facets on the copper due to etching by the
excess KON, The observed angle between the facets and the
(001} planes of copper 1s found to be 25°30', whemce it
follows that the facets are of {3113 type.

In the case of the gold deposits some additional
Aiffraction spots were observed (Fig.47). These
ndditional diffractions were due to secondary diffraction
of the main primary Aiffractions as they pass through
neighbouring parts of the deposit, The lattice dimension
of silver (Tnble 14) was found to be nommal, ns in the case
of deposition from the simple bath., The lattice dimension
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of the gold was found to be appreciably lower when the
deposit was thin and showed a tendency to inerense with the
thickness of the dopb.tt. This ie further discussed in
Gection 1V,

2. Displacement on the (111) Fnee of Copper,

he Erom Simple Baths.

The results of displacement of silver, gold and
platinum from simple baths (Table 1) are shown in Tables (-8
and Pigs, 49-67, The results are much more straightforwari!
than those obtained on the (001) face,

In this case alse the deposits contained both
random crystals and orientated face-centred cubiec erystals
having relatively perfect two-degree orientation with
relation to the substrate, No change in orientation of the
deposit crystals with ineremse in thickness was found, such
as occurred in the ecase of deposition on the (001) face.
There was evidence of the formation of Cw, 0 on this face also
(Pigs60) dut the Cu, 0 produced no change in orientation of
the deposits like that in the case of the (001) face, The
reason is obvious from the diffraction pattern (Pig.60) given
by the Cu, 0 on this face, The cuprous oxide had grown with
its axes parallel to those of the copper substrate;



Zabie 6.
Displacement of Silver from Silver Nitrete Solution

on (111) ¥nee of Copper.

Concentration Time Colour Structure and Figure

Orientation of

the Deposit

Crystals *
¥/2000 1 sec No coiour C(111) + R » H 49
/2000 30 see No colour C(111) + R + K 50
/2000 5 min Grey R+ e(111) + H 51
¥/2000 10 min Deep grey R + €(111) + N 52
¥/100 1 mec Greyish R+ e(111) 53
¥/10 1 nec Deep grey R + tn.; of 0(111) 5a

’ +

* 0(111) = cubte(111)// u(111), §102,,, . //1110], or mo]c"

R ' = Rendom (cubie)
R = hexagonal (0001) ))( 1M ou (.(u. K comSSrmnn "“k’ff”)



Iakle 7.
Displncement of Gold frem Gold Chioride Solution

on (111) Face of Copper.
Coneent ration Time Colour Structure and Pigure
Orientation of
the Deposit
Crystals*
¥/2000 5 mec No eolour C€(111) + R 55
W/2000 10 seec Yo colour C(111) + R -
M/2000 30 see Mo eolour C(111) + R 56
¥/2000 2 min Greyish e(111) + R -
¥/2000 7 min Grey R+ On0(111) 57
u/1000 30 see Yo ecolour c(111) + R 58
/500 30 mee Oreyish R+ e(111) 59
¥/100 30 sec Grey R + CuO(randem) similar

to 23

* €(111) = oudte(111)// ou(111), 4100, //1110];, or [110],,

R = random(cubie)



Inble 8,
Displacement of Platinum from Chloreplatinic Aeid

Solution on the (111) Fuee of Cepper.

Concentration Time Colour Structure and Figure
Orientation of
the Deposit
Cryatals*
/10,000 30 sec Mo colour Cw,0(111) + 60
trnce of C(111)
¥/4000 2 sec No colour C(111) 61
¥%/4000 10 see ¥o colour C(111) + R(little) 62
¥/ 4000 30 mee No colour C(111) + R 63
¥/4000 10 min Grey C(111) + n 64
/1000 2 seec No colour C(111) + = 65
u/1000 10 see No eolour C(111) + R -
¥/1000 30 see very Light C(111) + R 66
greyiash
¥/1000 3_lll grey R+ trace of C(111) 67
w/1000 10 min grey R
/200 30 sec grey R 4 treece of C(111)

#o(111) = mm.(ni) //bnun),(no}.““ /7 [110], or ['—"]u



Displacement of Silver from Silver Nitrate Solution
on (111) Face of Copper.

¥/2000 1 SeC
azimuth [211]

, 12450 Mgt
¥/2000 30 sec ¥/2000 5 mine

azimuth [211] azimuth [110]

x

o



Nsplacement of Silver from Silver liitrate Solution
on (111) Pace of Copper,

Fige52
¥/2000 10 mins
azimuth [211].

T o ’ 1zeH4
/10( 1-5%4 VW10 1 sec



L ‘.i/’/l‘
M}/ 2000 5 _sec
azimuth [110]
“Gu

) ot 'i"fn;‘ {
,‘5. --'.b.\, n/;-jo(‘(] -~ wl__n:.
/2000 30, 0% agimuth [211

ozimuth (1101 e L



FigeH9
¥/500 g3(5) sec
azimuth [110]‘,.“



Displacement of Platinum fyom Chloro-platinic Acid
on (111) Fnce of Coppere

4'.1 ..!’)\: ' i o6 ;
M/10000 ¢ 30 09€ W/4000 2 pee
/et 1 211] nziomth [110]

- L ((

ﬂi,".(’? j ..63
¥/4000 10 sec 1/ 4000 30 see
aziouth [110] 4 nzimutn [110],



. . ) N P d a 111
e OUA ey koLl ’ by

: Tige67?
S e M/1000 3 min
azimath [211]
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consequently those deposit crystals which followed the
orientation of the Cu, 0 were nlso orientnted with their axes
parnllel to these of the substrate,

There was, however, a point of particular interest
observed in the orientation of some of the depesits. Two
equivalent azimuthnl orientntions of the (111)-orientated
deposit erystals often ocecurred on the (111) copper face in
mirror symmetrical relstion to the vertieal plane through the
7110] azimuth, but one of the orientations (the "antiparallel”
one) nppeared in greater proportion in seme cases, egpecially
thin deposits nnd those from dilute solutions (Vig.55). This
must be due to the substrate influence of the Cw, 0 becamuse the
cuprous oxide formed on the copper (111) face had alse in
some cnses only this "sntipnrallel” orientation with relation
to the substrate (Pig.6). The crystols of the metal deposit.
thus tended to follow the orientation of the cuprous exide,
This faect lends further support to the view that 1t 4is largely
the Cu, 0 which exerts the main influence on the orientation
of the deposit erystals, in the initial stages,

In the case of silver displaeed from silver nitrate
solution a small proportion of hexagonal crystals was found
to be formed, ms in the ense of deposition on the (001) face,
From the patterns, Pigs. 49«54, it is concluded that the
orientation of this hexagonal part of the deposits is such



37.

thatthe (0001) plame is parallel to sn octahedral plane of
the cubie silver erystals whose normal is inclined at 19°30"
~ to the oop.ptr substrate (111) surface., In this positien
those hexagonsl crystals which have their ¢ axis in the plane
of incidence when the beam is slong n symmetrical azimuth
of the substrate, ns in Figs. 49, 50 and 52, give rise, near
the undeflected beam, to a pattern of diffractions some of
which coineide with the strong cubic diffractions in the
8/3-rectangular array, while the remaining diffractions iie
at the centre of these rectangles, The latter set of
a4 f7rnetions 1ie on ring positions corresponding to the
hexagonal structure, These conclusions follow by imsgining
first the hexagonal silver crystal with a (100) plane paralle.
to the substrate nn¥ its ¢ sxis along the beam; then rotating
this erystal through eos™'(2¥2 ) = 19°30° about the [010]
axis, which lies in the substrate plene and normal to the
beam, If the reciprocal lattice intensity regions are
elongated along ¢*, corresponding to a {0001)~lamellar shape
of the hexagonal crystals, then these elongnted regions
{ntersect the Pwald sphere at the points described above ,
Purther evidence for such an elongation of the

reciprocnl lattice intensity regions is provided by Pige5a,
which was obteined at an asimuth a few degrees away from the

symmetricnl 4211> type of egimuth, Here the short ares
lying between the cubie 220 and 311 rings occur practically
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nmidway between these rings instead of close to the 220
ring as in Pigs. 49, 50 and 52,

'i'he hexagonal d4iffractions of 101 type observed
1; Tige51, in the symmetrical azimuth, also support the
above conclusions on the orientation of the hexagonal
crystnls, Thus {t seems clenr that the se hexagonal
erystals ave of lammellar type and nre probably associated
with abnormal stacking secquence of the initially-formed
cubic crystals whose lattice ie parnllel to that of the
copper substrate,

The effect of the thickness of the deposits of gold,
silver and platinum on the orientation is found to be normal
as in the case of the deposition from similar baths on the
(001) faece of copperj the proportion of random deposits
inereaned with incrense in the thickness. The deposits of
silver generally formed bigger crystals in a given time, than
those of gold and platinum, ns s evident from the patterns,
The values of the lattice dimensions were found to be the
same as in the case of deposits from similar baths on the
(001) face of copper.

As in the case of the displacement on the (001) fa
platinum was not displaced from the complex cyanide bath,
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The deposits of silver and gold showed perfect epitaxial
growth with relntion to the substrate, The results are
shown in Table 9 and Pige, 68-81, Like the deposits from
the simple baths nlso these deposits did not show any
change in oriemtation with ;mnnung time of deposition, as
was observed in the case of the deposits on (001) face of
coppe¥s The reasons have already been explained in
conneotion ﬂ;.h deposition on this face from simple baths.
As in the case of the deposition from simple baths
some of the deposits from cymnide baths also showed a greater
proportion of antiparallel orientation, as is ovident from
their Aiffraction patterns (Fig.74). Vhen the deposit was
thick both the 111 orientations generally appeared in
equal proportions. The reesons have already been explained.
Like the gold deposits from the cyanide bath on the
(001) faee of copper, the deposits of gold on this face also
gave diffrnction patterns showing diffractions from both the
deposit and the substrste, and like the silver deposits on
the (001) face the silver deposits on this face did mot show
d1ffractions from the substrste, The remsons were the same
ns described previously, i.e, deposits of gold were not
uniform like those of silver., In this case there was no
clear formation of facets on the substrate such as were
formed on the (001) face,



Zable 9.

|
|
|

4 £ Bat
on t 1 ¥ £ .

Coneentration Time Colour Structure and Figure

. Orientation of
the Deposit
) Crystals*

A.Silver.
A/25 1 sec No colour c(111) 68
A/25 30 sec No colour c(111) 69
' A/25 5 min Light silvery C(111) 70-71
A/25 10 min Silvery c(111) 72
A/10 1 see No colour c(111) 73
A 1 sec Very light c(111) 74

gilvery

Bofold.
B/25 5 sec No colour c(111) '}5
B/25 30 sec No colour c(111) -
B/25 1 min X¥o colour cf111) 76
B/25 5 min light golden C(111) 77
B/25 10 min Golden c(111) 78
B/% i gsee No colour c(111) 79
B 5 see No colour c¢(111) 80

* ¢(111) = cubte(111) // Cu(111), Q10 //[110] gpor [ e



'isplacement of Gilver from the Cyanide Bath
the (111) ¥nee of Copper

‘e

Fige73 211
/.
A/10 -t
azimuth ! 211},;,\



Displacement of Gold from the Cyanide Bath on
the (111) Face of Coppere

/ ) ins e TN
uth [211] W a2y 10 mine.
S agimuth [211) ..



Displacement of Gold from the Cyanide Bath on
the (111) Face of Coppere

o Flae79
Ve, o mins,
azimuth [211]

213}

Pi F{,‘.81

= S€c¢

azimuth f11o]_

Fig.80
5 sec
azimuth [211]

B
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There was, however, indication of the formation of
projections or steps on this face of the substrate due to
etching by KCN., The more intense points at the upper end
of the elongated diffraction spots due to the substrate
(Pig.78) are due to transmission of the electron beam
through such projections,

As in the case of the deposits on the (001) face
there are additional diffractions due to secondary
A1ffraction from some gold deposits on this face nlso (Fig.77)
the cause being that mentioned previously. The values of
the lattice dimensions of silver and gold deposits have been
found to be similar to those of the deposits on the (001)
face, This is further discussed in Seection 1V,

It is clear from the diffraction patterms that most
of the surface of the substrate was stomically smooth although
it wns more or less wavy. The highly elongated diffraction
spots indieating a greater degree of refraction are due to
extreme gegeral smoothness of the surface, The degree of
refraction was greater in the case of deposition of gold
from the cyanide bath, especially for longer duration, It
is likely to be due to etching by the free KCN present in

the bath,
One partieular feature of some of the diffraction

patterns obtained from gold deposits from the c¢ysnide bath
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could not be explained, In some patterns (Pigs. 79, 80)
some unexpected diffractions appeared midway between the
nommnl diffraction spots, These could not as yet be clearly
accounted for nnd furtheyr study is necessary to clarify them,

3) ener f Silver
(110) Fmce of Copper,

Ae Zrxom the Simple Baths.
The results anye set forth in Tnbles 10-12 and Figs,

8299, The results of displacement on this face were simple
and straightforward. As on the other faces, both random ~nd
rientated deponits crystuls were obtained and the orienmtated
fraction of the deposit had perfect epitaxial growth,

There was evidence of the formation of Ow, 0 on this
face as well, espécially from the simple bath of gold (Fig.87)
but it produced no change in orientation of the deposits such
as was observed in the case of deposition on the o'o"lr (o01)
face becnuse the oriemtation of the Cw, 0 was parallel to the
subst rate copper as was observed in the case of the (111) face,
Cuprous oxide orientated with its axes parallel to those of
the copper substrate was formed on the copper (110) face in
the case of the deposition of gold for longer time (Fige90).
The electron Aiffraction arec pnttern was due to Cw, 0, which
cnn be yendily identified from the relative spracings of the



Inble 10.

m-yuonnt of Silver from Silver Hitrate
Solution on (110) Face of Copper.

Concentration Time Colour Structure and FPigure
Orientantion of
the deposit
Cryltall.
¥/2000 1 seec Yo eolour C(110) + R 82-3
u/:boo 30 mec No colour C(110) + R 84
/2000 10 min Grey R + trace of C(110) 85
%/500 1 seec very faint C(110) + R 86
greyish
w100 1 sec  Grey R

Lattice dimension of silver displnced from M/2000 solution
for one second is normal (4,077 A.)

©(110) = eudte (110) // Cu(110)s (1Qubse// 4900u /100y

R = Rendom (ocubic).



Inble 11.

Nispl ace of from C . 1 [

the (110) faee of Coppex.

Concentration Time Colour Structure and Figure
Orientation of
the Deposit
Crystals®
¥/ 4000 30 seec No colour Cw, 0 (110) 87
/2000 10 sec XNo colour C(110) 88
¥/2000 30 sec No colour C(110) + R
/2000 3 min Greyish ¢(110) + R 89
14/2000 7 min Grey R+ Cw0 (110) 90
¥/1000 30 see very faint C(110) + R 91
grey
/500 ,30 see Lightegrey R + Cu,O(R) 92

* 0(110) = cudie(110) // 0u(110), Q10 .00 /7 a1,

R = random (cubie)
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Displ acement of Platinum from Chloreplatinie Acid
on the (110) Face of Copper.

Concentration Time Colour Structure and Figure
Orientation of
the Deposit
Crystals*
¥/ 4000 30 sec Ko colour C(110) 93
/2000 5 sec No colour C(110) 94
/2000 10 see XNo colour C(110) 95
¥/2000 30 sec No colour C(110) 96=-97
/2000 2 min Light grey R + C(110) 98
/2000 5 min Grey R + €(110)
¥/1000 30 sec very faint C(110) + R 99
grey

* €(110) = eubie(110) // cu(110), 400) 54, // [100] o,

R = random (cubiec) deposit,



Displacement of Silver from AgNO, Solution on
the (110) Face of Copper.

s '
lieOc

/2000 1 _sec
azimuth {001 )

Tig.84
Tige83 ¥/2000 30 sec
M/2000 r’.1 sec azimuth [110;1

asimuth (1107



Displacement of Gold from Gold Chloride on
the (110) Face of Coppere.




?'/16'3:(}‘/‘
30 sec B
U/ g Mg :
'] )Cl"; : .()2
30
2

azimuth [110]
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Displacenent of Silver from the Cysnide
the (111) Pnce of Coppers

u.69

ok A/25 5 mins.
o azimuth [211]

“

Fige70  Pig.7

25 mins. A/25 5 mins
agimuth [ 110}, azimuth [110]
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NDisnlacement of Plastinum from Chloropletinic Ac
: the {110) Pace of Copper,
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Displacement of Platinum from Chloroplatinic Acid on
the (110) Face of Coppere

Pige3h > i
¥/2000 2 mins. /3 18499
azimuth [110] #1000 30 see

azimuth [0013
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rings due to Cu, 0 nnd due to the gold, which appeared as
rendom eryatale,

The deposits of sll the three metals on this face
of copper contnined (111) -twinned crystals, ~s is evident
from some of the pntterns, The twin spote appeared
prominently in the aiffraction patterns ob nined in the [110]
agimuth of the substrate (Fige97). Similar (111) twinning
has beeh observed by Cochrane (1936) in electrodeposited
nieckel on copper, and by Goche nnd Vilman (1939) =nd other
workers on silver crystals formed by condensation from
vopour on a hot cleavege face of EaCl. A theoretical
pattern showing (111) twinning of faee-gentre! cubie eyystal:
is shown in Pig.97A, and it ngrees fully with the diffrsection
pattern obtained with the beam in the [110] azimuth of the
substrate, _ _

The proportion of twinning was found to be highest
in the deposits of platinum, and smong the three faces of th
copper substrate, the (110) face produced the lLargest
proportion of the twinned erystnls. The value of the
lattice dimensions were found to be of the srme order as
in the ense of the deposits on the other faces of copper
(Tnble 14),

In the deposits from simple baths the effeet of the
deponit thickness on the orientation was the seme as in the
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other casmin of deposition i.,e., the proportion of the random
orystals in the denosit Inereased with inerense in the
thickness until the erystals in the @ppermost reglons of the
d-po-!.t.u were completely yandomly disposed,

Be Displnacement from the C .

Fyen pold Tormed veyy little deposit from the
eyanide bath on the (110) face ef copperws, The deposits of
gilver had parfeet two-degree orientation with relation to
the substrate, The results are shown in Table 13 and Figs.
100~104,

There wns evidence ._:,Uﬁ) twinning (71g.103) as ir
the case o!" deposition from the silver nitrate bath, The
sizme of the silver erystals inevemsed with incremse in the
thickness o‘f the deposits, Among the three faces of copper
on which deposition by displacement has been studied the
(110) face appeared to be the least sctive, This fnee
apneared most polished of the three faces, and this may be
the main cause of ite relstive inactivity,.



Displacement of Silver from Cyanide Both on
the (110) face of Copper

Fige100
/25’ TN 1 sec

b/
azimuth [001]
G

Fig.101
i azimuth [10 %ﬂns N gig’1°21 -
¢ 001]¢, azimuth [001],



3 oy a Bath on
1 ment of Silver from Cyanide
Jisplacerthe (110) Pace of Copper.

A/10 1 sec
azimuth [11°~cu

Fig.104

A 1 sec
azimuth [001)
: Jou



Pace Maplammnt from simple Dlspib.«lem. from
baths, eyanide baths,
fiath  Time HUmture of Latties Roth Time Iature of Lattice
gece the deposit Dimension secs the depesit Di;:aas.
Ao !
1/2000 1 c(001)+C111) Normaul £/10 1 C(111)  4.07+.02
AgliOp +H(101) +R "*gggf
001 300 ¢{001)+C(111) * 30 ¢(e01)
4-1! 01)+1
600 0013 . 306  C(001) 4.08:.02
bR ( 101 ’
/2000 10 c(111)+18 4,01+.02 B/25 10  C(111) 4,01+.01
gold AuCE
chioride 180 R+0(111) . ECH €60 C(001) 4403101
420 R«Cw, 0(111) 4,06+,02 600 €(001)  4,041,01
¥/ 2000 10 C(111)+R 3479202 ‘o displacement of
ehloro- ‘ : platinum from eyanide
platinie 30 (E(OO1§+ buths,
c{(111)+ R
00 c(eot1) + R
600 R
¥/2000 1 ¢(111)+ Formmal  4£/25 1 ©(111)
AgYiC, AgCk
6oe n+{111) " Bey 600 ¢(111)
1M1 #1{100)
¥ /2000 10 C(111)+R  4,024,02 B/25 5 C(111) 4.,012+.008
gold © AMCK ,
chloride 120 C(111)+R ECH 60 C(111) 44033+.005
420 R+0w 0(111)4.064,02 éco

on Copperxe

C{111) 3.94 +.005
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The results of electrodeponition of silver, gold
ond platinue from simple baths (Teble 1) sre shown in
Trdle 15 and Pigs. 105-113. These resulte sre um«mni
differeht from the results of chemicsl displucement om this
face from identically simflar batha.

The elsctrodeposits of silver contsined beth
orientated ond random faec-centred cuble orystals but did
net eontain any hexagonal crystels such as ocourred in the
chemionl depositss The twoedegree orientated erystals had
(001) and (111) ordentations with relation to the substrate,
as in the ease of chemiesl displncement, bmdthe {111)
orisntation was more prominent than the (001) ordentatien.

The electrodeposits of silver had some (111)e
orientated erystals twinned on the (111) planee (Pig.107).
Sidver deposited in some capes of chemical displacement
studled in the presemt work had shown some twinning (Fig.83),



Zable 35,

Iv’l‘dﬂﬁmlitgm from the Simpler Baths on_the

001) Faee of Copper,

Bath . Come™, Time Colour Gtrueture and rig.
Orientation of
the Deposit
Crystala*
1. Agio, M/2000 3 mee Mo colour cm;)’c(oou 105
+
¥/2000 10 sec No colour c(n;{)w(oﬂ) 106_7
+

/2000 5 min very light R + 1ittle ©(111) 108
arey
de MICLy JL 0 H/2000 ¥ see Ko colour ¢(001) 109
¥/2000 10 see Xo colour ¢(001)
¥/2000 10 min &lightly C(001) + A{trace) 110

greyish
ile g,mxs H/2000 10 see XNo colour  €(001) 111
H, © :
/2000 45 sec No colour c(oo1) 112

W2000 2 min ¥eo eolour c{001)

/2000 10 min very light ©(001) +
grey little R 113

C(111) = eubte(111) // €ul001), (11034 o // (10}, 023105

€(001) = eudte(001) /7 Cul001) {10Gupge /7 (000
R = pandom (eudiec),
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"lectyodeposition from Chloroplatinic Acid on the (c01)
fece of Copper,
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¥/2000 4?
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but no (111)-orientated silver was found to be twinmed on

the (111) planes, In sll the cases of chemical

displacement theve was ne case of twimning of the (111)
orientated erystals except in chemicel deposits of platinum
from chloro-platfnie seid onm the (111) fnee of copper (Fig.é2)
The absence of the hexagonal deposits end the presence of

the (111)~orientated twimned erystals mey be dus to the
1mmn§o of th_i stronger eleetrie field foree present in

the electrodeposition bath,

The general nature of the substrate effeet was
similar to that observed in ehemical displacement; the
proportion of orientated erystals diminished as the
thickness of the deposit inereased, The electrodeposits,
espeelally the (111) orientated crystals had a perfectly
smooth surface as is evident from the highly elongated
spots axid stresks along (ﬁ1)* directions (Fig.107).

Seld and Plntinum depositst  The electrodeponmits of gold
and platinum from gold chloride mnd chlereplatinie meid

were strikingly differemt from the deposits obtained from
the same haths by chemicnl displacement. The electro-
deponits of gold and platinum contsined when thim mo random
erystals such ne were found in chemical deposits. Only
traces of random erystals were found in 10 minute deposits
of both gold and pluun@ This difference in the nature

of the deposits obtained by the two processes appears to

be due to the slow rate of deposition of the ¢lectro-
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deposits. The solutions of gold chloride and chlore-
platinic acid were found to eveolve hydrogen on the ecethode
during electrodeposition, The rate of evolution was quite
high and it appeaved to be higher im the case of gold bath.
It 1= therefore probable that the rate eof deposition of
thepe metals was niy low. This is also supported by the
faect that the grey colour of the deposits from simple baths
developed much more slowly in the ease of electrodeposits.

The orientsted erystals of the electrodepesits had
perfect two degree orientstion with relation to the substrate.
'rhc (119)~orientated crystals found in the deposits formed
by chemienl displacement Trom these baths wers not found to
be present im the eleetrodeponits, There wes no indication
of the formation of Cuw, 0 on the copper substrate during
electrodeposition, These results sre sccounted for by the
faet that hydrogen is cvoivcd on the esthode during electro-
deponition,. It appears that Cw, 0, which was the ceause of
the (111)-orientated erystals formed on the copper (001)
fage during chemical displecement, iz reduced hy hydrogen
and thus its effect on the orientation of the electrodeposite.
erystale iz removed.

The lattice dimension of the electrodeposits of
silver, gold and platinum are similar to those of the deposits
formed by chemical displacement, The results are shown in
Table 25 and are discussed in Seetion IV,
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4B, o tion £ Baths on the €

(001 2 Fnge,

The results on elcuﬂdopo;ition of milvey sand gold
from cyanide baths ave set forth im Table 16 and Figs.115~-
122, The vepults Aiffer considerably from the results of
chemiesl displacement of thesc metals from identically
similar baths.

The electrodeposits show, like the chemicsl deposits
perfect two-degree orientation with relastion to the '
substrate, but both the nature and degree of orientations

are different in the two cases, In electrodeposition both
| {(111)~ and (001)-oriented erystals appenr from the
beginning and both the orientntions persizted as the
thicknens of the deposits incremped, In chemienl
diaplacement only a small proportion of (111) eorientations
in the deposite of doth silver snd gold was noticed at the
veginning when the deposit wes very thin (a few seconds
deposition), As the thickness inereassed the (111)
orientotions disappeared and (001) orientsation sppemred and
gradually decame stronger with inerease in thickness,
- The causos of these differences in the results ave discussed
in Section IV, The abmence of the (111) oriented deposits
erystals in the electrodeposita from simple bathe on the
(001) face and their presence in the electrodeposits from

cyanide baths is nssocinted with the faet that eyenide baths



Iable 16.
Fleetrodeposition from Cysnide lg'lu on the
| (001) Fnee of Copper.

Current density in all cases was 2 ms/sq.om,

Bath  Cone®, Time Colour Structure and Pigure
_ ' Orientstion of
the Deposmit
Crystel g

, ﬁ?gx A/10 3 sec  No colour €(111) + Cc{001) 15

A/10 1 min Very light ¢(111)
silvery

A/10 5 min  Silvery €{111) + c(001) 118«9

*

c(oo1) 116-7

1. &“‘;" B/2% Y see ¥o eolour €(111) + ¢(001) 120
: B/25 10 mee Ko colour C(111) + c({oo1) 121
B/25 7 min  Golden €(111) + c(o01) 122

* e(111) = eudte(111) // Cu(001), MGyrie /7 [110]gy or [T10]¢,
€(001) = eubte(001) // cu(001), §00Qunse // 00) gy



lectrodeposition of Silver from Cysnide Iath on
the (001) Tnce of Copner,

"//1 { |
azimath r:;,

Fige117

o 1 min
2Ean al Onf" 1)

Fige116 a
e A 1
A/10 1 min /10

azimuth [001 ' . with [001



TlLectrodeposition of Silver from Cyenide Bath on
the (001) Face of Copper,

™" oo 42

C FlZe 110
A 0 2
/1;' S ming
azimuth f()(',«] 1




"lectrodeposition of Gold from Cyanide Bath on
the (001) Face of Coppers

"h. -
ige122

‘i:r’?.‘:/" ™ /

vy Lo 0o Wy <

.J/ d‘) 1 see / ) 7 minﬁ
azimuth [11¢0°

“Chn
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were not found to aio).n hydrogen on the cathede like the
simple baths; so the substrate effect of the Cuy O is
obaerveds

A further important observation in connection with
the electrodeposition of gold nnd silver from eyanide baths
{8 thnt the same specimen of the deposits sometimes showed
‘ene or other of these two types of orvienmtetions when the
beam Toll on Aifferent parts, especimlly in certaln
azimuths. This is evident from the differsnt diffraction
prtterns obtained from the seme specimen (Figse 116=7) and
(118=9). It is thought to be connected with the presence
of Cu, 0 on some parts of the surface of the substrate more

than on sthers,

5A. TFlectrodeposition from Simple Bathe on the (110) Face
of Coppers

The repults are get fordth in Table 17 and Fige. 123«

130, The results of electrodepesition of silver, mi‘ and
platinum on this faee are straightforward and simpler than
these on the (001) face of coppers As expected from the
results on the (001) face, the deposite of silver contained
both random snd orientated crystals wherems most of the
deposites of gold and platinum contained only orientated
crystals in perfect two-degree orientstion with relationm to
the copper substrate, The esuse of this difference is.the

same asg omun( in lnuonw;ti’ 6. The rete of deposition



Table 17,

Flectrodeposition Trom Simple Baths on the

(110) Face of Coppere

The current density wes 2 mn,/sget¢m., in sll cases,

Beth conele

fs AgHO, 1/2000
K/2000

i, AuCl, /2000

/2000
¥/2000

114, N, PtClg
6L, 0 M/2000
/2000
u/2000

Time

3 mee

6 wmin
10 see
30 see

7 min

5 mec
10 sec
10 min

Coleour

Yo colour

Greyish
¥o colour
No wolour

Yo colour

¥o eolour

Yo colour

Ztructure snd
Orientsation eof
the Deposit
Urystale®

c(110)
c(110)
Vevy little
deposit
c(110)
c(110)

c{110)
¢(110)

Very faintly C(110) + R

grey

Flgure

123
124

125
126

127=-8

12930

* ©(110) = eubie(110) // cu(110), Q0 3¢ /7 A90)cy
c(111) = oubie(110) // cu(110) (MPuypge /7 119)cy

R = pandom (eubie).
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riéctrodeposition of Gold from Gold Chloride
the (110) Face of CoppeTe

Fige125
1/2000 §0 sec
Cu azimuth [001 8
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of gold and platinum was low, ss is evident Trom t.hl colour
of the deposits, The platinum deposits were found to de
highly twinned (¥ig.129) in the octnmhedrsl plsne, The
degree of twinning in this cmse is much higher than that of
the chemienl deposits. Fven thin silver deposits showed

. appreciable twinning in the octmhedral plsne (Pig,123).

5Be. Flectrodeposition fyom Cyanide Beths on the Copper

(110) Pace.

The slectrodeposition of silver and gold from
cynnide baths has been studied sand the results are shown in
Toble 18 and FPigs. 131~133. As expected from the previous
réesulta the deposits contrined only orientated crystels
deposited cpitaxinlly on the substrote,

The deposits hnd a highly smooth surface parallel
ﬁo the substrate as is evident frem the highly elongated
diffynetion spots which slmost coslesce in some cuses (Fig.
132)e

The diffraction patterns from the silver deposits
contained some faint vertieally elongsted streaks aidway
laterally between the main diffrnction spote (Figs. 131 and
132), Similar spots were observed in the cease of the
chemical deposite of gold from the cyanide bath on the (111)
fnee of copper. The cause of these diffractions cannot ss
yet be explained. TFurther work is necessary on this point,



Iable 18.

Fkectre t £ (% i@

the {110) Paee of Gepper,

Bath Cone®

ARCY A/10
RCY

A/16

AuCH /25

KON ,

B/25

Time

g see

10 min

10 seec

5 min

Colour

He colour

gilvery

¥o colour

Golden

Ztructure and Figure

Orientation of

the Depesit

Crystnla™
¢(110) 131
c(110) 132
¢(110) 133
c{110) Similar to

133

* 6(110) = eubte(110) // Cu(110), A00) o yp1 o/ /(100 ¢y

The current density was 2 ma./sq.em. in sll cases,



31,“,’.131
Silver electroe
deposited from
eyoanide solution
on copper (119)
1/1Cy 5 seCe_
ﬂ?'illut;. [(_01_:( u

731‘550132
Silver electrodeposited
on copper (110) from
cyanide solution.
."\/10. 1(/ T'inS‘-.
azimuth r001ﬁc

u

Fige133
Gold electrodeposited
from cyanide solne on
cu{110) B/25 10 sec

azimuth [001] Cu
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6o Chemical Displecement on the Flectropolished Surfasee

The chemieal displacement of copper, ailver, geld,
platinwa mnd nieckel from simple baths (Tsble 1) was studie.

and the results are get Torth inm Toble 19 and Pigs. 134-141,
The Aisplscement of these metals from the solutions of their
eyanide complexes wae tried but none of the metals could be

displnced hy iron.

De ts of Silve 1 t The deposits of
these three metnls were found to comsist of randomly
‘disposed crystale with lLattice dimeneions approximately
the pormal values (Tnble 19)., The deposits of silver
contained crystals of larger sizme then those of the gold
snd platinum as is evident from the patterns, Yrom very
dilute solutions of gold and platinum traces of irom oxide

were formed due to oxidation of the substraste,

Deposits of Copper and Nigkel: The deposit Tormed from
¥/500 solution of copper sulphate contained montly Cu, ©

mixed with = small smount of copper (Pig.134). £ strongey
solution produced = greater proportion of copper as is
evident from the pnttern obtained from ¥/50 solutiom (Fig.135)
The lattice dimension of the Cu, O and copper (Table 20) werve
found to be noxmal within the limits of experimental error,
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In the case of nickel no metallic deposit could be
obtained hy displacement with iron from nickel sulphate
solution but instead dlapoutt of random erystale of some
‘other subatance was obtained. From the diffraction pattern
the nubstance was identified to be nickel hydroxide, which
was the only product formed alzo frem stronger solution of
nickel sulphate. ~The value of the basal sxial diemsnion
of the hexagoanl lattice was caleulated (Tnble 24) to be
3005 + .02 kxo The value is rather too low compared with
. the value of the latties dimension (3.11 A.) found by
Comme r (1938).. The total absence of metallic nickel is
in agreement with the resulis obtained by Germer, who
obzerved electron diffraction rings due to contamination
b Fi(oH); formed from Germsn silver slloy which he used
ag a suppert for specimens in some electron diffraction
experiments, In th ;ruont case displacement of nickel
_ Yy 1mn must hl vuy nlew due to tbur close positions in
the oloctrmttvo urns. It 4s therefore clesr thet a
| gmall amount of nickel is displsced hy irom snd it is
ccnnloﬁu oxidised to nickel hydroxide.



Bath Cone®™ Deposit Ittntun of Lattice Pige

he Dimensions
’ Depoait (Calculated
: - in kx )
Cuso, /500 Cw, 0 + Polycryste o:,=3.61£.02 134
- amall smount random
of Cu, B uly ‘4027_‘.’.02
3/50 . Cu + btraces Polyeryst. 135
of Cu, O random.
AgH O, ¥/10 Ag . . 4,06 + .02 136
1/2000 Ag *w 137
qfucxnonw. ¥/1000  Au " " 4,08 & .03 138
QYT oF YISO,
Chloro-~ ¥/2000 Pt a s 3:90 £ .03 139
nlatinic .
. ﬂcid¢ H/ROO Pt fa n 1‘9
Yiickel M/125 wi(oM), |TMexagonal 3.05 % 02 141
sul phate Polycryst,
rendom
/10 Fi(OR), as sbove similar

to 141
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Zable 20

Lattice nmu;.ons of Copper and Cupreus Oxide

formed on Iren from M/500 Cus0, Solution (Fige134).

A ML = 2,598 kx from Rpgqqo = 10284 em. and ap, = 2486 kx.

Intennity® R::i:' hlg; ®ou(xx) mc&a o ®tu, 0(kx)
VeFs 04962 - ~ 110 (4.35)
¥, 1,058 - ~ 11 4,23

¥ 10246 111 3.61 200 (417)
201 X
VeVoP, - 200 - - -
\ AN - - - 211 -
8. 12721 - - - 220 4.27
* 8. 2,021 220 3.63 X 311 4,26
M. 24375 311 3462 % 400 (4438)
7. 2,628 - - 331 4,31
VeFs 24964 - - 422 4+29
Fe 3,168 331 398 N = -
3.61.«;;92-- 40274002

* g = ghyong, M = medium, T = Taint, V = very.
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Iable 27,

Silver displaced on Irom from /10 Silver
Hitrate Selution (Mige136).

A ?\Xo = 30‘48 kx from Rre 110‘ 1:21em. nnd ﬂ.m = 2.86 kx.

Intenaity Rgaus hikl & aglex)
8 1,055 111 L4.9:::2)
g 14212 200 4,05
8 1.704 220 4,06
3 ‘ 2,003 311 - 4,04
VP, 2,085 222 4,07
M 2,628 331 4,06
U 2,705 420 4,05
» 2,933 420 4,09
v 36131 333 4,06

e s 4,06 + 02

Zggo Z.
Gold displaced from 1/1000 Gold Chloride on Iron (Fige138)

I = 2,41 kx ealeulated from Roe 110° 1.192 em, L 2486kx

Intensity Radius hkl a AM(kx)
Velle 14020 111 4,06
o 1179 200 4409
2} 1.676 220 4,07
8 1 .986 mn 4,06
¥ 2,615 420 (4e12)

Vi oa W N

4408 & «03



Znble 23

Platinum displaced on Iron from /2000 Chleroplatinie
Acid Selutien (P1g0139).

AL = 2,961 kx ealculated from R, ...~ 1e466 em,  m, =2486kx

Intensity Andius hikl n Ptkx)
LN .
8 10298 111 396
Y 14530 200 3.88
7 2,149 220 3090
M 2,501 311 3492
¥ 30400 420 389

Mean 3¢90 £ 03

Table 24,
Hickel Hydroxide formed on Iron frowm
. Selution (Fig.141)
AL = 2,53 kx from Feyqo = 1,292 om, and ay, = 2,86 kx,
Intensity %ﬂo hkl ag (kx)
] 0.968 110 3.2
Ve 14663 110 3604
1915 200 3405
2.515 210 ' 307
2,873 300 305

Mean 3,05 & .02



Tige134

Cu displaced on Fige139

iron from ¥/500 Copper displaced orn

Cus0, solution iron from /50 CuSOy
solution.

Fige136 Fige137
Silver displaced on gilver displaced
iron from M/10 on iron from ¥/2000

Agli0, solution. Agl0, solution,



Tige138

from 1/1000 gold Platinum displaced
chloride solution, on iron from /2000

chloroplatinic acid

o, Y18e14C Fige141

-2tinum digpl neen I‘\‘iCkel hydroxide on
ron from 1t /sen iron formed from M/125

roplatinie :“ff Nis0, solution,
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It has been pointed out in Seetion I that chemica:
displacenent as a process of erystal growth has not been
systematieally studied, The present work was undertaken
with a view to studying it in detail as far as
practicables The results described in Section III arve
discussed below in the light of present knowledge of the
other main processes of crystal growth, especially the

process of electrodeposition.

1« Orientation of the Deposit Crystals,

The orientation of the deposit erystals ebtained
in diffeyent proceases is found to be dependent en various
factors such as the nature and surface form of the
substrate, the rate of growth, amd the nature ol the
substance forming the erystais, In electrodeposition the
bash characteristics play a very prominent part in
determining the deposit orientation. The effects of these
factors on oriontation of the deposit crystals obtnined by
chemionl Adisplncement of smilver, gold and platinum on

coppér arve discussed below.

ne I'ffect of the concentration of the cations ahd of t_.h.
rate of deposition,

The degree of orientation of the deposits
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obtained by chemical displacement was found to be very much
dependent on the nature of the bath. The deposits of silver,
gold and platinum obtained from the simple duthe on the
single erystal face of copper contained both orientated and
randorn orystals, u!n;tu the erystals obtained Trom the
ecyanide baths all had twoedegree orientation with relation
to the substyate, In the case of electrodepesition a
proportion of randomly dispomed crystals of silver from a
silver nitrate solution was formed but no randomly disposed
erystals were found in the deposits from simple bathe of
gold and platinum, In the case of chemienl deposition on
iron single erystals only random cyystals rnre¢ obtained from
nimple baths, |

: The fommntion of random crystale on copper subateate
is nanocinted with the higher rate of displacement eaused by
higher coneentration of the eations in the simple baths,
Similar results were obtained Ly Cochrane (1936) and Pinch,
Wilman and Yang f‘lé‘?) in electrodeposition, wheve high rate
of deposition tends to lead to the formation of randomly
dtnp'oued exyetalse In deposition of metals by
condensation from vapour snd in formation of deposits by
rapid veaction of gases on single erystal substrates deposits
of randomly disposed crystals nre produced (Wilman 1940),
In chenmiconl displacement the rete of displacement will
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inerease with inerease in concentration of the cations im the
baths. ' In t;u pregent work the formation of randeom erystale
on coppexr from the simple baths, which have a relatively high
fonie concentration is, therefove, in ngreement with the
results obtained in othey processes of deposition, The
formation of random crystals on iron appenrs te be sssociated
no.t' with high réto of deposition but disorientoted or
amo rphous oxide films,

The absenee of the random erystals in the deposits
obtained on copper single crystals from the cyenide baths
is evidently due to low concentration of the ione of the
metals to be displesced, The coinage metals ure welleknown
for .tlﬁir ability to form complex cyanides in solutiom.
frm.mtnl atoma ave fimly bound with the cyoenide groups in
the form of complex anions such as Ag(CN). . These anions
unde rgo secondary dissociation only to a limited extent teo
set free some wetal as eations. The dissociation constant
of .t.hese complex cyanide anions of asilver, gold and platinum
are alro LOwWe .

The dissociation constant of Ag(Cl). iz 3.8 x10~19
that of Au(CH), is § x 10-3? (Lotimer 1938), The
dissocistion eonstant for the platinum anion =must be still
lovey as the platinum complex is the most stadble smongst them.
It 4is thus eclear that the concentrstion of the metal foms in

the cyanide bathe is low, and conseguently no rnndem deposit
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{s formed frommthe cyanide baths of silver and gold, The
sase reason accounts for the absence o7 ony appreciashble
Aiaplneement of platinum from the eysnide bnths on copper.
Prom the shove resulis 4t is clear that the eflect of the
rate of renetion on the orientstiom of the chemicnl depesits
is similar te that in other crystal growth processes,

including elect rodeposition.

he I'ffect of the Substyate,

The effect of the substrate on the orientation of
the deposit erystals on (111) and (110) faces of copper is
.tound to be normal, thot s the deposits essume an
epitaxinl orientation centhmulnc ns far as possible the
ntomic arrangement snd co-ordinetion of the substrate, In
the ense of chemiesl displacement on the (001) face of copper
the orientation of the deposit is found to be different from
that of the substrate, having (111) oriemtation instead of
the (001) of the substrate copper. It has slready been
pointed out (sse article 1A,, Jectiom 1II) thnt the (111)

riuntatton of the deposit is due to the presence of (111)-
ovientated Cu, O which acts as the effective substrate
producing this orientation of the deposits. It iz cleayr
from the results that the (111) ortentation of Cu, 0 is
consistently obtained on the smooth electropelished copper
cube faee when this is oxidised in moist conditions. It is,

therefore, worth while to examine first of all the crust g
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of the (111) orientation of Cw, 0 on the (001} fnce of copper.

‘ The (111) erientation of Cu,0 on this face appears
rather wiusual at Tiret sight, but cleser exsminstion reveals
that this gives n less strained fitting together of the Cu, 0
with the underlying copper nt the interface than would the
growth in persilel (001) orientation on the copper., Tige142
shows the atomie fit of the copper ntoms between (111)«

orientated Cu, O on the (001) face of copper, =nd Pig.143
shows the atomic fit between Cu-atoms on the (001) faces of
both Cw, 0 and eopper, It is meen Trom the two diasgrams that
the (1:!1) orientntion of Cu, 0 gives better ntomie it with
the (001) faee 61‘ COPDE 1y

It has slready been mentioned (see Seetiom I) that
of all the fsetors promoting orienteted growth of ¢ ystals
consideration of the ntomic fit nt the interface is the most
important (Fllemmn and Wilman 1949) although Lattice fitting
is an important secondary considevation. A typlesl waxa
in the case of eleectrodeposita is provided by the growth of
@gold crystale oniron with their (001) faee parallel to (001)
face of the fivon and [001] vow parallel to [110] of fren
instend of [001] row of iron for the sske of better atomie |
fit (Pineh and Layten 1951). '

In the present cage the (111)-orientated Gy © has its
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[110] inttice .row parsilel te [110] of copper. The lattice
misfit slong tMs row iz 18% whieh 1s else the misfit siong
this row for the parallel orientation of Cu, & on copper.
Along the perpendicoular 110 row of the (001) faee of copper
there i8 n 211 row of the (111) oriemtated Cuw,0 with a

pe riod of 1044 As (4[2"3 of Cu, ©) which ie very neariy detle -
ﬂlﬁt’ﬂof (T 490 ) of the (001} faee of copper, thus givimg =
much smelley lattice misfit of nbout 27 emiy. This cnse of
Cu, 0 provides s new exsmple where comsiderantion of stomie it
at the interface cnused erientation other thnn paralliel
orientation slthough parallel growth is normslly expected,

It may furthey be noted thet this erientated growth
of Cu, 0 on (001) faee of copper is n case where the lattice
minfit snlong the common lattice rows of the deposit snd ths
substrate 1s move than 157, walch was formerly considered
to be the maximum limit below which oriemtnted growih mey
toke place (Royer 1928). It, therefors, lends further
support to the later view (Vilman 1951) that the limit of
197 ean ne longer be seeepted ne valid, In the present case
of metal erystole grown by chemical displscement the lettiee
miafit between the deposit nnd the substrate is muech lewsr
than 15¢ in every case (Tohle 27). So for as the effect of
lattice dimension on orientation of the deposits is concerned
no strong adverse effect on the orientsted grewith can be



coused by thie factor.

9 Specis)l Tenturea of the Orie n of the Deponits
on the Cepper (001) Free. (Swfatl u) % (7ald 25)

In nddition to the presence of (111) erientation

the follewing peculiarities of the nature and chonge of
orvientstions of the deposits on thie fuce were obmerved,

i¢ Ip the case of the silver nitrste gelution the cubdie
silver deposit had (111) and (001) orientations from the start
and hoth these orientstions persisted effectively umtil
wltimately the top layer of the depoeit became completely
random,

iie In the cese of the gold deposit from the gold
chloride solution there was ne (CC1) orientation, onmly (111)
orientation which gave way to rondomly disposed crystnlé /e
the depoeits beenme thieker,

iii. The platinum deposits from the simple bath ~nd the
ellver and gold deposits from the cysnide baths started with
(111) orientntion which soon disappeared to moke room for
(001) orientstion,

_ The above reszulte appear very diverse at {irst
sight but these results can be seen to e due to the effect
of eertain faetors (mee further diseussion below) that m'

>o’pornt1n in these processes. The most fmportant factoy ie
the presence of Cuw, O which plays sn hportant_ rele to '

determine the mechenism in the present cases of displacement

on ecopper substrate,
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24 ;_;;"‘: Hecnani s ¢ (A4 BD4 A0 S I pE U0
and its Agreement with Results Obtained.

While considering the orientation of the deposits
obtained in the present work the following factors must be
taken into secount: (i) The displecement was studied on
a highly smooth electropolished surfaece of the substrate and
(11) this surface contained some erystale of cuprous oxide
which nve likely te provide the mnin points of discontinuity
on the polished surface, In the novmal case of
displacement the precipitation of the nobler metal by
displacenent probably beging at sueh projecting parts of the
surface of the displmeing metel whose fons enter inte
solution fyrom the remaining parts of the surfree, Vhen the
initial nuclei have been formed further precipitation on
thege requires less energy then the formation of new nuele
for precipitation on the surface (Streumanis and Fang 1951)
On the electropolished smooth surface of copper such peints
of discontinuity must be very rare; on the other hend theye
will always be some Cu, 0 cerystals present on the surface,
The deposition evidently starts on the projeeting semie
conduecting cuprous oxide crystals and this is the cause of
the initial predominence of the (111) orientation of the
deposit,

- \ As the deposition continues the deposits will grow

outw}rﬂy and laterally, and this lateral growth will cxnad
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the depesits on‘to the surface of the copper., It is,
therefore, reasonable to think that growth of the erystals
wil)l first begin on the surface of Cu, 0 and the growth on
coppe r will begin later, The deposits that will grow om
copper will amssume the (001) orientation of the copper face
becsuse this deposition will continue the same ntomic
arrangement and will not imvolve large nisfit relative to
the substrate,

On the basis of the above suggested mechanism of the
procesa of displacement let us exemine the peculiarities that
are observed in the nature and change of orientation of the
deposits formed on (001) faee of coppers:

The presence of only (111) orientation at the
beginning directly follows from the sbove sugge sted mechanismo
which appears to be guite probable under the conditione of the
experiments, If the rete of growth of erystels be slow the
time taken by the deposits to extend to the surface of copper
will be longer nnd consequently the diffraction pattern will
show nt the beginning only (111) orientation due to the depesit
crystals fomed on the Cu, 0, Fven 4if there may be some
initial deposit at a few points on the copper substrate, the
A4 rretions from such deposits nre net likely to sppear
strongly on the electron diffraction pnttern from the short-
time deposits, as the deposits on top of the Uu, 0 will oceupy

/n/ relatively higher position then the deposits on the copper
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surface, Tm‘.s type of effect is cuite expected in view of
the fact that nn electron besm at grazing incidence and undery
an accelerating voltage of even 5C to 60 EV. ¢nn penetrate
only » few tens of angstroms below the surface,

The deposits obtained from dilute golution of
chlovoplatinic acid and of complex cyanides of silver and
gold show at the beginning only (111) orientation which
subsequently changes to (001) ordientation. This result is
in full agreement with the reasons stated above because the
rate of deposition must be low due to low ionie eoncentratio
4n the baths, partioularly the cyanide baths. If the rate
of deposition is high such as is observed in the case of
‘deposition from silver nitrate solution, the time lag between
the stort of (111) and (001) orientations will be negligible
and both the orientations will appenr simultsneouslyj this
is indeed found in the case of depoeition from silver nitrate
solution,

The disappearsnce of the initial (111) orientation
of the deposits obtained from the bathe having low ionie
concentyntion appears to be due to relatively higher rate of
growth of the deposits on copper than the rete of growth of
thome on Ow, O, Although the deposition will start earlier
on the Cu, 0 necording to the suggested mechanism the higher
rate of growth on copper which will fellow will make the

latter deponits thicker than the fomer in course ef tiﬁ,
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which will depend on the rate of deposition.

Tue to the relatively non-conductivéty of Cw 0 such
a higher rate of growth on the surface of copper is not
unlikely. Conssquently only (001) orientation of the
deposit im likely to nppear in the diffenction pntterns
obtained f rom deposits for comparatively longer time.

Tn the case of displacement from the cyanide baths
the (111) orentation of the deponits disappenrs much more
guieckly than in the other caseés, This ean be ascribed to
the effect of the free cysnide which disselves Cu, 0 and removes
1ta effect cuickly.

In the case of the displacement from geld chloride
solution, the (111) orientntion is the only type of
orientation exhibited by the deposit erystals, This
orientntion does not disappeer and it persists up te the end.
It is &ua te the fommation of a thick layer of cuprous oxide
which covews the face of copper nlmost completely. As a
result the deposits are formed only on Cu, 0. The copper ions
fovmed Cwom the surface of the substrate seem to enter the
solution by difrfusion through the intererystailine Woundaries
of this Laysr of cuprous oxide crystals, Sueh a process is
not 1nponniblc. The above view nbout the presence of a thick
lsyer of Cu, 0 formed on copper in the gold chloride bath iz
supported by the facts that even thiek randem deposits of gold

obtningd from gold chloride baths on all the three faces
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contnined erystalline cuprous oxide (Pigs. 20, 570, =nd even &
)

very dilute selution of gold chloride formed o large quantity
of Cu,© on (110) face of copprer (Fige87) in = short period.
fuch formation of cuprous oxide from sny other bath was not
observed particularly on the (110) fmee, which rarely formed
any cuprous oxide when put in =2y other bath.

The rapid oxidetion of copper substrete in the gold
chloride bath was due to the presence of free chlorine which
could be easily identified by the stareh-iodide test. This
fact further supports the view that the (111) erientation of
the oiopuﬂc on the (001) face of cepper is due to the
substrate effect produced by Cw, O,

In the case of electrodeposition from the ssme baths
used for chemicsl displmcement the results om the (110) sna
(001) feoces of copper were studied and those on (110) were
found similar to the vesults of chemical displecement on the
samn face, The following points of difference in the
results obtnined in the two processes on only the (001) face
of copper were ohserved, .

}(/ 'he electrodeposits from the gold chloride bath
had only (001) orfentstion uniike the chemical depesits which
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Compnrative view of the results of Chemical Displacement
and Ulectrodeposition of Silver, Gold and Flatinum from

identienl Boths on Gopver.

Face Bathand Chemicsl displacement Flectrodeposition
Coneent (cedy = 2 mmmp)
-ration 7Time Nature of Lattice Time Xature of Lattice
sees,deporit Dimension seeca, depomit  Dimeneion

kx kx
001 /2000 1 ¢(001)+C{111)Normnl 3 e(111)+¢(00t)
ﬁﬂOp 360 Ct"'g'm?l“("')*k * &

6oo fz +0{ Qa1 300 R + little

Lt (101 c({111)
A/16 1 c(111) Yo rital 3 c(111)+c(001)
Koy 30 c(o01)

300 ¢(oo1) Normal 308 C(171)+C{001)
u/zggo 10 C(111)+R  4,014.02 5 G(o01)  3e98s.02
cmg:rua 180 R + ¢(111) 10 c(001)  4.02s.02

420 R¥Cu, Oyqq 4.06%.02 600 c(001)+R

traces
B/25% ¢ ¢(111) 4,01:,01 5 6(111) +  4,03#.02
gold {001)
eyanide 60 c{oe1) 4,03+.01
420 C(111) +  4,08+,02

600  €(001) 4,04+,01 ¢(oc1)

/2000 10 C(111)4R  3.794.02 5 c(o01) 3.804,02
chloro

plntinie s 3479202 10 c(001) 3792402
neid c{111 4—R

300 €(c01)+R 600 C(001)+R 34814402
600 R




¥rnee Bath and

Tahle 29 {continued)

Chemienl displacement

Plectrodepesition

coneant-
ration., Time Hature of Lattice Time lianture of Labttie:
geen deposit Dimennion secs depomit  Dimension
' ' kx kw
110 /2000 1 €¢{110)+R Formal 3 C{110)+R
AghO,
10 R + trace 300 R4 (110)
of ¢(110)
Aég 1 c¢{110) 5 ©(110)
Tsolm. 600  C(110) 600  c(110)
¥/2000 10  ¢{110) 10 ¢(110)
gold
enloride 180 C(110)4R
420 R+0u, 0(110) 600 c(110)
B/25 Very little 10 c{110)
gold displaeement
cyanide 300 ¢(110)
uﬁ.moo 5 0{(110) 3.78z.02 g C{110) 3.782.02
ehlore
platiniec 300 R+G(110) 3.801.02 600 02110) + 3e83r.02
noid R{ emall

amount )
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hed only (111) orientation,

"§i. The electrodeposite of gold snd platinum from
the simple baths contained very little randomiy disposed
eryatals such ns were observed in the chemiesl deposits from
the same Bbaths,

iiie The electrodeposits of pliatinum from chloree
platinie neid had only (001) orientation unikke the chemicnl
deposit whieh had (111) orientetion followed mnd displmeed
by (001) orientntion,

ive The electrodeposits of egilver and gold from the
evanide hathsg showed both (001) »nd (111) erientetion which
pereisted throughout wherens the (111) erientation of the
chemiea] deposits from the cyanide baths dissppesred quiekly
to moke room fer (001) erienteticn whieh then persisted =ll
throughout .

ve The electrodeposite of silver obtained from the
silver nitrate solution sterted with both (111) =nd (001)
orientntions as in the esse of chemical displacement but there
wag no hexagonal crystals as were found ir the chemieally
formed deposits, Moreover the (111) orientations of the
eleectrodeponits peraisted longer,

?hnnc pointe of difference are discussed below.

The abmence of the (111) orientation of the electro-
deposits of gold and platinum from the simple baths can be
ascribed to the faet thet in electrodepesition from these
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baths hydrogen wns evolved on the cathode. The nnascent
hydrogen on the enthede is likely to reduce the Cuy 0 and thus
eause the sbhsence of the orientation corvesponding to that
of Cu, 0

The abmenece of the rnndom eryastals in the electro-
aopo-ita from these baths is pnrtly due to hydrogen evolution
and partly to the low rate of depesition. The evolution of
hvdromen indiestes that the rate of deposition of the metal
ptoms on the surface of the substrate must be low in relation
to the bhath current, and hydregen must have produced a
stirring action snd so helped quick supply of ions from the
bath to the substrate surfsee, Both these facters, 1.8, good
supply of ions to the substrete snd low rete of depesition,
fovour orientated growth. It is therefore clear that the
obseyved absence of random and (111)-orienteted crystals i2
in agreement with expeectation.

The persistence of the (111) orientotion of the
electrodeposited erystols from the cysnide beths snd its quick
diseppearance in the chemical deposite from the same daths is
accounted for by the Taet that in electrodeposition there
exists a tendency for outw,rd growth from the projections on
the surfece of the csthode (Fimch, Wilmwan snd Yand 1947).
Although the wate of deposition on the tep of the Oy, O appears
to be mlower than the rate Qf deposition on the surface of
coppexr this factor is counterbalanced by the tendency of
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outward growth on the top of Cu, 0., Hence in clectro~
deposition the growth on boti substrates appesrs teo proeeed
nt equal rate and thus both types of orientetions nre
observed even in the long time deposits. This also appears
to e the cause of the peraistence of the (111) orientmtion
longer than the [001) orientation in the slectrodeposits
from the silver nitrate solution.

The effect of the free cynnide to ceuse cuick
disappearance of the (111) orientation by dissolving the Cu, 0
sueh ans was observed in chemiceal displacement from cyamnide
baths, cannet be expeected in the cnse of electrodeposition,
The ecyanogen ions whieh act on the Cu, 0 are drawn towards
the =node nnd thus kept awsy from the substrate which forms
the ecathode,

Prom the above discussions it is elear that the
d4fferences in the nature of orientntion of the electro-
depoaits and the chemical deposits are due to well founded
ruwon;. The absence of the hexagonal cpystals in the
electrodeporits of ailver {s discussed below in connectidn
with the abnormal stmc'ure of the deposit erystals.

Nefere discussions on orisntemtion of the deposit
erystala obtanined nre concluded it should be pointed out that
in the present work on chomienl displacement the ons-degree
orientation of the thiek deposits, often obtained by electro-
deposition, is due to the speeific effeet of the bath
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conditions (¥inch, Vilman and Yang 1947). 1n chemical
displacement such thick depesits cennot be ensily prepared
due to the fall in concentratiom of the metal ions in the
bath as well as due to inerease in the thickness of the
deposit. Toth these factors cause lowering of the rate of
deposition which graduslly becomes siower nnd slower, and
may W timately stop completely.

4, Abpovmsl Strueture of the Deposit Crystalm.

The structure of the chemicsl depesits of gold and
platinun was slways found to be¢ face-centired cubie, except
in the case of silver deposited from silver nitrate solution
on copper, In the case of AgiC, hexagonel erystals of silver
were obtnined in addition to the cubic crystels, The
tendeney to form hexagonal crystals was observed evem in
silver compounds by other workers (Bioch and Meller 1931)

It has been suggested that many metals ineluding silver
generally form hexagonsl crystals in the first deposited
layers asMd that there i{s a gradual transition from hexagonel
to T'ece contred cuble arrangement with inereasing thickness
(*uarrell 1937).

In the present case of chemicanl displscement the
silver deposits contnined some hexagonal c¢rystals which
persisted in even long time deposits. It appears that a

high rate of displacement is responsible for the formation
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of hexagonal crystals. Jhen the rate of growth is rapid,
the deposits cystels do not get opportanity to underge %=
change to cubiec structure before the succeeding layers begin
to form, In the hexagonal and fece centred cubie erystals
the array of ntoms in the firet two layers of (0001) and
(111) type respectively are similar. The diffe rence begins
with the third layer (see e.g. Mume-Rothery 1936). In the
close packed hexagonal arrangement an atom in the third
loyer iz directly sbove an atom in the first layer whereas
in the face centred cubie arrangement it is situated
divectly above an empty space in the first layeyre The
latter arrangement ie more stable than the former, Vhen
the rrte of depomition is rapid all the atoms may not find
thé moat stable position of minimum potentinl before the nexi
Layers begin to forme Consequently crystals of hexagonal
st ructures may be formed with the cuble crystnls.

Thet the fommation of hexagonsl corystals is dus to
the high rate of depesition is borne out by other factes OF
the Tnoes of copper the (001) face formed a greater
proportion of hexagonal Ag deposits than the (111) face and
the (110) face foymed no hexagonal 4 eposit at all, This is
i{n ordeyr of the observed renctivity of the three faces of
which the (001) face was the most netive., No hexmgomal
erystal was formed Trom the silver cyanide baths, which have

low ionic concentration, Fence it is comecluded that e hi.&



69.

rote of deposition was responsible for formstion of
hexagonal erystnls. The nbsence of hexagonal crystals in
the electrodeposite from the silver nitrate solution appears
te be due to the effect of the greater field foree in
electrodeporition baths which helped the deposited ntoms to
£ind the places of minimum potentiml corresponding to the
faee centred structure of the erystals.

Se Lattéee Dimemsion of the Depoddts.

The lattice dimension of all the chemically displac-d
silver deposits had under all conditions the normal value
within the limits of experimental er-or. This result is in
general ngreement with the results obtasined by other workers.
Sneklowski (1925) stated that the soluibility of silver in
copper is very limited, The alloy with less than 927 Cu
has lattice dimension between 4,03 snd 4,07 A., while alloys
richer in copper are not homogeneous and give = composite
diffraction pattern from the two solid solution limits,

Frdal (1927) concluded thet the solubility of Cu im silver

is still lower, omly up to 6,37, lNatta (1937) caleulsted

the lattice dimension of silver precipitated on polycrystalline
copper to be 4,023 A. dbut at the seme time he admitted that

he found it veyy difficult to get a precipitste of silver
suitable for electron diffraction study. His results thus

appear to be rather doubtful,
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Goswami (1990) observed the lattice dimension of
chemienlly displaced silver to bé normal,

From the other results in conjunction with the
vesults obteined in the present work it can be concliuded that
silver obtnined \v_dupluuont on copper ia either pure
silver or n solid solution comteining only a few per cent of
copper which will change the lattice comstant of silver by
a very marrow margin, It will thus be of the same order as
the possible experimental error. It is therefore not
possible to state definitely that pure silver is deposited
on copper in the present cnse, although the obperved lattice
dimension suggests it,

The lattiee dimension of gold has been found to vary
vetween 3,99 and 4,04 kx (Table 2$), These results are in
genernl agreement with the valuea found by Hatta (1937) for
gold chemieally désplaced on polycrystalline cepper., He
found the value to vary between 4,02 and 4,04 A, corresponding |
to 89.57 and 9343% of gold in the selid solutiom respectively.
He furthey stnted that st leant in one case the deposit was
pure gold. In the present work the lattice dimension of
gold has been found to vary with the time of deposition

Table 26) exeept in the case of deposition on the (111)
face Trom the cyanide bath, It is clear from the general
trend of the results that sn alloy of gold and eopper in

varinble composition is fommed, The lowest value of the
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tiece 8 £ Gol o ais ed from
Cyanide Bnths.
Displaced on (001) fnee Mepleced on (111) face
of copper of copper.
Cone, Time Lettice Aimension Comc., Time Lattice dimensior
(kx) (ex)
8/25 § gec 399 & 01 W25 5 sec 4,012 + ,008
10 sec 4,01 e d «01 1 min. 4,033 ¢ «005
w sec 4,01 s «01 5 min 3.96 - .005
1 min 4,03 + .01 10 min  3.94 % 005
10 min 4.04 X «01 Ns 5 sec 4.04 et <01
V‘ 5 sec 4,04 o «01
ZIable 27.
Lattics Miafit slong gorresponding Lottice Fows on
simdlar plones.
Deposit agep.in kx Lattice misfit = (agup = Rdep ) x 100

gyl
Yor substrate Cu
.Cu = 3.‘1 u.

Por substrate Cu, 0
A Cu, 0 426 kx,

Ag 4,078 4,277 12495
Au 4, 07 4, ‘6;' 1 207“
Pt 3.91 8.2 % 8e3 %

Cu, O 4,26 - 182
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lattice dimension of gold observed in the present work is
approximately equal to the lnttice dimension of the hexagonal
alloy AuCu which has the basal parameter of 3.96 A, In the
present cases of chemical displacement the deposition of the
metals must have taken place ntom by atom as is evident from
the highly orientated parallel growths of the erystsals on the
surface of the substrate, It is therefore not uniikely that
at the initial stage the alloy Au Cu may be formed. The
abnormally low value of the lattice dimension of a 10 minute
deposit of gold on the Cu (111) face from a cyanide bath is
not elearly understoed. It may be connected with some
physienl change produced as result of etching by free cyanide
from the bath.

The Lattice dimension of platinum (Toble 25) was
low, indieating the foyrmation of alley with copper., The
vanlues of the lattice dimensions did not show much change
with the time of deposition, nlthough a slight trend te
increnze is observed, Ordered alloys of piatinum and copper
with values of Lattice dimension comparable to the lowest
value of the lattice dimension obtained in the present case
are known, Similar alloys may be formed in these cases,

The lattice dimensions of the electrodeposite of
gold and platinum on copper are of the same order as those of
the chemical deposits. These also indicete formation of

slloys, Although alley formation from daths containing one
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type of metal dons is not common, such cases have been
reported (Clark, Pish nnd Veeg, 1944). The formation of
alloy of gold nnd platinum with copper is so comuon that
alloy Tormation Ly electrodeposition is not unlikely.

6. Brightness and Adhesion of the Deposit.

The adhesion =nd brightness of the deposits obtained
by chemieal displacement are found to be dependent mainly on
the orientation of the deposit crystols. ALl the deposits
obtnined from the oysnide baths were bright and adherent,
and these were in strong two~degree orientation relative to
the copper. The thick deposits of random ¢rystals obtained
from the simple baths were grey and comparatively softer,
being partly removable by rubbing with a finger., The strong
adhesion obtnined with epitaxially orientated deposits is a
conseauence of the clese fitting together of the atoms of the
dnbo\-tt erystals with the substrate on waich they grew,

These results are in genersl agreemcnt with the
results obtained in electrodeposition. The bdrightness and
adhesion of the clectrodeposits are preportional to the degree
f orientation of the deposit crystals (Weed, 1935; Polatnik,
193¢). Small size of the erystals is alse considered to de
a Tactor contributing to drightness although crystals of large
size are sometimes found to be bright (Jsequet 1936). Henece

it is conecluded that the faectors comtributing to brightness
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and adhesion of the deposite nre similar in the cases of
deposition formed by both chemicsl dieplacement and eleetro-
deposition.

7« ZIwinning of the Depesit Cxystals.

The deposit crystals of silver, gold and platinum
obtained by chemical displecement were found te be (111)«
twinned in some cames, The degree of twinning was more
prominent in the case of eilver and platinum deposits
(especinlly in the platinum deposits). In every case
twinning appeared to be more prominent on the copper (110)
face and is more easily seen when viewed on the Cu 110
azimuth. In all the cases twinning occurred on the (111)
plane, These results are in genersl agresment with the
results obtained by other workers in the cases of electro-
deposition (Cochrane, 1936; Finch, Wilman and Yong, 1947).
In the present cases of electrodepesition of silver and
platinum, similar prominent twinning has been observed,

Twinning {s generally considered to occur due to
the strain at the interface, This strain is proportional
to the lattice misfit between the deposit and the substrate,
In the present case strong twinning e¢f platinum ean oceur in
this way, due to local strnins as-ociated with the formation
of an mlloy in which the meétanl atoms sre of different sizes.

The reason why twinning was much lese prominently observed
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in the gold deposits is not at present clear,

8. Oenernl Conclusion.

From/the nbove results rnd discussions it can now
be seen that the growth of crystals im chemienl displaeement
occurs anton \IX ntom to form the deposits and under favoursble
conditions the kcnata.l-. which are however in some cases
solid solutions containing subatrate metal atoms, are built
up on single crystal substretes in definite orientation with
relation to the substrate., The orientation preduced is
suech that there is a close fitting together of the atoms of
the deposit snd the substrate nt the interface, tending in
effect to continue the substrate structure, Similar result.
nre obtained in the procesmes of crystal growth such as by
condensation from the vapour, crystallisastion frem ui.nt!.on
or = melt or by slectrodeposition, The general neture of
the growth is the same in all the processes dbut the results
vary widely according te the conditions like the nature of
the substyate surfaee, nature of bath and presence of foreign
erystnlline materimls , such as oxide films, on the surface
of the substrate,

Yrom these facts a general conclusion can be drawm
that erystal growth in chemical displacement is essentially
similar to that in other processes, especially the process of
electrodeposition which bears a grest degree of similarity
with t he process of chemicnl displacement,
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SINMARY.

The investigation of the process of erystal growth
by chemienl dhpluoono:‘/ﬁzl not been systematically studied
s0 far, was undertaken with aview to getting clear idess
about the mechanism of the growth of the deposits in this
process and te get n comparative view of this process with
relation to the other processes of crystal growth, especially
the process of electrodeposition,

With thies end in view crystal growth by displacement
of silver, gold and platinum from both simple baths and
complex cyanide baths have been studied on the (001), (111)
and (110) foces of cepye r single crystals, and the results
have been compared with those obtained by the study of electro-
deposition of thege metals from identically similar bathe on
two of the same copper faces, The displacement of these
three metals as well as those of copper and nickel from simpl:
baths on a single crystal iron substrate has also been studied

The mnain results are enumersted below.

1, ZThe fesults on the Deposits formed by Chemicsl

Displaeenent.

i, The deposits of silver, gold snd platinum displsced
from sclutions of silver nitrate, geld chioride and chloro-
platinie neid contained doth orientated and random erystals
of the three metals having normal face centred cubie structure
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and the dsposits of silver on (001) and (111) faces
contnined hexagonel erystals in addition to the cubie
crystals, The deposits on iron contained only random
crystaln.

i1, The deposits of the three metanls obtained from
the eyanide boths contained only orientated crystels in two
degree orientation with relation to the substrate,

iii., The orientated crystalline deposits on the (111.)
snd (110) faces of copper had snlweays parallel orientation
with relation to the substrate, but the deposits emn the
(001) fnece were “ound to have (111) orientation in addition
to (001) orientation and sometimes only one of the two
orientations.

ive The deperits of platinum from chloroplatiniec aecid
and those of silver and gold from cysnide baths on the
copper (001) face had at the beginning only (111) orientation
which soon gave way te (001) orientation,

ve The deposit of gold frem gold chleride on copper
(001) face had only (111) orientation which persisted
throughout,

vie The hexsgonal deposits of silver from silver nitrate
solution on the (001) face of copper had (101) orientstion
and the erystals had (0001) lamellar shapej the hexagonal
deposits on the (111) face of copper had erientetion

intermediote between (101) and (100) ordientations with
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relstion to the substrate but it corresponded to (0001)
layers dbuilt up on the inelined (111) faces of the (111)
arientated Tnee centred cubie erystals,

vii, The lattice dimeneions of silver on copper and
those o:}the metals deponited on iron were practically normal .
The 1attice dimensgions of gold nnd pleatinum on copper were
lower than the normsl values indicsting formation of alloys
of variable composition with copper.

viii, The deposit crystals of silver and platinum,
espeeinlly platinum, were found to be twinned on the
octnhedral plane. Twinnipg of gold deposits was rather rare,

2. [Results on the Flectrodeposits.

i, Of the electrodeposits only the silver from the AgNO,
bathe contained rendom orxystals but it contnined ne
hexagonal erystrls like the chemienl deposits. The electro-
deposits of gold and platinum from the simple baths
contained no random crystals.

i1, The electyodeposits of gold and platinum from the
simple bnths on the (001) face of copper did not show (111)
orientation, as wexe shown by the chemical depomits,

iil. The electrodeposits from the cyanide baths on the
(061) faece of copper had persistent (111) orientation unliks
the chemical deposits from the same beths,

iv, The leattice dimensions and the twinning of the
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electrodeponits were more or less similar to those of the
chemiecal deposite.

3« Interpretation and Correlation of the fesulbs.

The =bobe results obtained on copper substrates
have been eompared and expleained on the basis of a mechanis:
in which Cu, O wre formed on the surface of the ecopper took
a pronminent part.

i, The cuprous oxide hand parnllel orientation on the
(111) and (110) faces of copper but it had (111) orientation
on the (001) face, giving better atomic fit at the interfamee.

i1, The rate of deposition hnd been found to influence
the structure and degree of orientation. High rate of
deposition was found to be rosponsidble for formation of
" hexagonal silver and rendom deposits,

141, The absence of random crystals in the deposits
from the cyanide baths was dus to the low rate of deposition
caused by low econeentration of the metal fons in the bath,

ive The ouick disappearnnce of the (111) orientated
of the deposits from the eyanide baths on copper (001) face
was Tound to be due to the affect of free cyanide which
dissolves Cu, 0,

ve The (111) orientation occurring nlone in the gold
deposits on the (001) faee of copper from the gold chloride
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bath was found to be due to the formation of excessive
ouantity of Ow, O on copper due to oxidation by free chlorine
present in the solution.

vi. The lowering of the lattice dimensions of the
deposits of gold and platinum was due to the formntion of
alloys of these metels with coppere

vii, The absence of the rondom erystels in the electro-
deposits of platinum end gold from the simple baths was due
to comparatively lower rate of depositien,

viii., The nbsence of the (111) orientation of the
platinum and gold electrodeposits from simple baths en the
(001) face of copper was due to evolution of hydregen on the
enthode. It reduced the Cy, 0 and ite effect on the
orientation of the deposite.

ix, The persistence of the (111) orientation in the
electrodeposits on the (001) face of copper was found to be
due to the tendeney of deposition to oceur on the projections

%o In electrodeposition the absence of the effects of
free cysnide in stopping the (111) orientation of the
deposit cxystals on the (001) face of copper, was dus to the
fact that the cyanide ions are drawn awsy from the cathode.

xie The lattice dimensions of alsc the thin electro-
deposits of gold and platinum were found to be similar to
those of the chemical deposits due to formation of alloys.



4. Cenclusion.

The results obtained im the present work are found
to show n clemr analogy between the nature of the cxystal
growth in chemical displacement end that in the other
processes of crystal growth, especially the process of
electrodeposition, It im, therefore, conciuded that the
nature of the crystal growth in chemieal displacement im
essentinlly similar to the nature of growth in the other

proecenges,
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