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Cadmiumgrows with a {000i} preferredorientationwhen electrodepositedon coppersinglecrystalswith puredc. Superim-
posedalternatingcurrent in suitableratioswith dc perfectsthe {oooi} orientationin cadmiumdeposits.Thesnowflakedendritic
growth producedin cadmiumdepositsunderthe influenceof superimposedac of a higher magnitudeappearsto initiate at the
cornersof hexagonalLplatelets.This is probablydue to the re-entranciescreatedby rotationinducedtwinning of thehexagonal
platelets.

1. Introduction on coppersinglecrystalplaneshasbeenreportedby
Satoshiet al. [9]. The electrolytic dendriticgrowth

Use of alternatingcurrent in depositiontechnol- of cadmium was studied by Wranglen [101, who
ogy is a familiar methodof improvingdepositcharac- found it to grow as single crystalsby a sequential
teristics [11. Deposit characteristicslike grain size, layer growth mechanisminvolving two-dimensional
brightness,hardnessetc., are shownto be influenced nucleationfor each layer. Price [11], in a study on
favourably by superimposingac during deposition vapour-growncadmium dendrites,reportedthat the
[2—4]. Morphologicalstudieshavebeenmadein our growthoccursat re-entranciesproducedby twinning.
laboratory of lead andzinc deposits[5,61produced Theorientationspredictedin cadmium-depositson
on copper single crystal substratesunder the influ- thebasisof microscopicallyobservedgrowthmorpho-
enceof superimposedac. Thesestudiesrevealedthat logical featuresin the presentstudy could not be
with suitable ratios of ac to dc,thecompactdeposits ascertainedusing electron diffraction or other tech-
obtainedare superiorin quality with respectto char- niquesbecauseof the lack of such equipmentin our
acteristicslike brightness,definition of growth fea- lab. The main intention has beento show the influ-
tures and epitaxy as comparedto depositsobtained ence of superimposedac on the morphologyandthis
with puredc. Further,with the knowledgethat super- hasbeenamply providedby the microphotographs.
imposedac retardsdendriticgrowth [71,thedendrite The experimentswere carried out systematically
initiation stageof zinc wasarrestedby superimposing on the (111), (100) and(110) planesof copper.The
ac during zinc deposition.It was foundthatzinc den- results obtainedwere similar. Hencewhile reporting
drites emanatefrom tips of pyramidsandthat spirals the results,no specific planehasbeenmentionedand
are the dendriteprecursors,as proposedby Diggle et only a generalmention of copper single crystals is
al. [8]. madeby which is implied the(111), (100)and (110)

In the light of theseeffectsof superimposedac on facesof copper.
the morphology,a study was madeon the morpho-
logical characteristicsof cadmium-depositsby depos-

2. Expenmentaliting them on coppersinglecrystalswith puredc and
superimposedac. The results of the study are pres- A high voltage batterywas usedas a constantdc
entedin this paper.The growth of cadmiumwith a source. Alternating current (50 Hz) drawn from
definite orientationin the initial stagesof deposition mainswith suitable adjustmentsto maintain a gal-
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vanostatic condition was superimposedon dc by copper substrateson the cadmiumdepositsand also
meansof a circuit describedearlier [12]. Theeffect show an inclination of cadmium to grow with a
of currentwith an anodiccomponent(Tac>‘dc) was {000l} preferred orientation on copper substrates.
only investigatedsincethe rippling current(Tac<Idc) The only justification, therefore,for the useof single
and pulsatingcurrent (‘ac = ‘de) showedno substan- crystals in the presentstudyis the goodreproducibil-
tial effect on the electrocrystallizationof cadmium. ity of resultsobtainedonthe orientedcrystals.
The ac current densities were calculated from the The sequenceof the morphological featuresob-
absolutevaluesof the strengthof the currentpassing servedin cadmium depositson coppersinglecrystals
through the cell. The preparationof the cathodesur- with increasingmagnitudesof puredc is asfollows:
face and general experimentalprocedurehavebeen At low dc densities (1 —5 mA/cm2), cadmium
describedelsewhere[13]. depositedas hexagonalblocks sparselycoveringthe

An acid cadmiumperchloratebathof composition substratesurface in the form of islands(fig. 1 ob-
0.25M Cd(Cl0

4)2+ 0.1 M HC1O4was usedto deposit served at a dc density of 1 mA/cm
2). On increasing

cadmium on copper single crystal planes.A deposit the magnitudeof dc, the active areaof the substrate
thicknessof 3.36jim wasmaintainedconstantbefore surfaceincreased,producinga densegrowthof islands
dendriteinitiation in thedepositby chosinga timeto which eventuallycoalescedwith one another(fig. 2
pass the current equivalentto 5 C/cm2. After themi- observedat a dc density of 10 mA/cm2) and pro-
tiation of dendrites,the depositiontime was chosen duced compactdepositsat higher current densities
at random. The cathodeswere removedafter deposi- (fig. 3 observed at a dc densityof 20 mA/cm2). A
tion without switching off the current and washed layermorphologycharacterizedthe compactdeposits
well with conductivity water anddried with ethanol. of cadmium. Gradually increasingthe magnitudeof
The surfaceof the depositswas examinedmicroscop- dc density, a valuewas reached(25 mA/cm2 in the
ically andthe resultsmicrophotographed.Eachexper- presentstudy)whenthe onset of dendriticgrowth in
iment was repeatedto ensurereproducibility.All the the depositswas indicatedby a slow evolutionof gas
experimentswere carriedout at the laboratorytern- on the substrateand a suddenincreasein the over-
perature. potential from the initial valueof 50 mV to a value

250 mV. The depositon examinationrevealedclas-
sical two-dimensionaldendritesin a backgroundof

3. Resultsand discussion .

compact deposit (fig. 4). Direct current densities
Cadmiumwas depositedontocoppersinglecrystal exceedingthis valueproducedthick dendriticsponge

planes (111), (100) and (110). The morphology of on the entiresurfaceof the substrate(fig. 5 observed
the cadmiumdepositsobtainedon thesethreeplanes, at a dc densityof 40mA/cm2).
in the range of current densities studied and the The sequencein the morphologyas observedfol-
experimentalconditionsemployed,was virtually the lowed the usualcourse,namely,sparsedepositspro-
same.Thecommonmorphologyin compactcadmium ducedat low dc densitiesleadingto compactdeposits
deposits obtained with pure dc on the different at moderatevalues of dc densities and ultimately
planeswas of layer type, but the compactdeposits turning into non-compactdepositsat high dc den-
obtainedunder the influence of superimposedac on sities. The morphologywas not rich with respectto
the different planesexhibiteda variety of hexagonal the variety of growth features.However, superim-
growth morphological features.Ridgegrowth,which posedac producedvariedand interestingmorphology
is a characteristicepitaxial morphology of a (110) in cadmiumdepositson coppersinglecrystals.
orientation in the fcc system, was not observedin
cadmium depositson copper (110) plane. Further,

4. Morphology of compact cadmium despositsob-
the cadmium desposited on polycrystalhne copper . .tamed under the influence of supenmposedac on
substratesunder the same experimentalconditions -

produced a morphology similar to that observedon coppersinglecrystals
the oriented copper substrates.Theseobservations The compact cadmium deposits obtained with
revealthe lack of any epitaxial influenceof oriented puredc exhibitedpredominantlyalayermorphology
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Fig. 1. Hexagonalblock growth of cadmiumon coppersingle Fig. 4. Classical two-dimensionaldendritesof cadmium on
crystals;c.d. = 1 mA/cm

2 dc. Magn.X 600. coppersinglecrystals;cd.= 25 mA/cm2 de.Magn. X 600.

Fig. 2. Coalescedislandgrowth of cadmiumon coppersingle Fig. 5. Heavy dendritic spongeof cadmium on copper single
crystals;cd. = 10 mA/cm2 dc. Magn.X600. crystals;c.d. = 40 mA/cm2dc.Magn. X600.

______ ________ (cf. fig. 3 recordedat 20 mA/cm2 dc). On superim-
_________ position of increasingmagnitudesof ac on 20 mA!

_______ crn2 dc (1ac always greaterthan Idc) during deposi-
__________________________ tion, the following morphologicalpatternsdeveloped

______ in thedeposits:
_______________ ______ Hexagonalblocks in asmoothbackground(fig. 6, ob-
_______________ servedat 20 mA/cm2 dc + 25 mA/cm2 ac);

________ __________ Hexagonalbuttongrowth(fig. 7, observedat 20 mA!
_______ crn2 dc + 30 mA/cm2 ac);

______ Hexagonal flower growth (figs. 8a—8d, observedat
_____________ 20 mA/cm2 dc + 30 mA/cm2 ac);

Hexagonal star growth (fig. 9, observed at 20mA/
.,r. / 2Fig. 3. Layer growth in compact depositsof cadmium on cm uc 30 m~tIcmac

coppersinglecrystals;c.d.= 20 mA/cm2dc.Magn. x 600. Hexagonal pyramidal growth (fig. 10, observed at
20 mA/cm2 dc + 35 mA/cm2 ac);
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Fig. 6. Hexagonal blocks in a smooth background of cad- -‘?
mium depositson copper single crystals: cd. = 20mA/cm

2 . -

dc + 25 mA/cm ac. ~. ~

— ~

Fig. 7. Hexagonal button growth of cadmium on copper
single crystals; c.d. = 20 mA/cm2 dc + 30 mA/cm2 ac.

1~

• . . . . .~

r* * . . Fig. 8. Hexagonal flower growth of cadmium on copper- singlecrystals; c.d. = 20 mA/cm2 dc + 30mA/cm2 ac.

~• . .. 1.-.

• .~.. . Network of hexagonalplatelets(figs. 11 and 12 ob-

~. ~ ~ servedat 20 ma/cm2dc + 40 mA/cm2 acand20 mA!- cm2 dc + 45 mA/cm2 acrespectively);

• ~ ~ . .-~ ~ Lunips of deposit (fig. 13 observed at 20 mA/cm2 dc
+5OmA/cm2ac).

t ‘. -- . ~. On the basis of microscopically observedgrowtha ~•. •.. ~.. ._~ ~. i~ morphological features describedabove,it is inferred
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Fig. 9. Hexagonal star growth of cadmium on copper single Fig. 12.Network of hexagonalplatelets of cadmium on cop-
crystals; cd. = 20 mA/cm

2 dc + 30 mA/cm2 ac. per singlecrystals;c.d. = 20mA/cm2 dc + 45 mA/cm2 ac.

that the hexagonalblocks andcompactdepositswith
a layer morphologyresulting from their coalescence
are suggestiveof a preferred 10001} orientation in
cadmium depositsobtainedwith pure dc. Cadmium
being ahcp metal,the ~0001} orientationin compact
cadmium deposits(lateral growth) would be more
clearly representedby hexagonally shapedgrowth
features. we have observed a variety of hexagonal

growth featuresin cadmiumdepositsobtainedunder
the influenceof superimposedac. Henceit isinferred
that the {000 1 } orientationin cadmium depositsis
perfectedunder the influence of superimposedac.

Fig. 10. Hexagonalpyramidal growth of cadmium on copper Superimposedac, however,is beneficialonly in a cer-
singlecrystals; c.d. = 20 mA/cm2 dc + 35 mA/cm2 ac tam range.Higher magnitudes(magnitudein relation.

Fig. 11.Network of hexagonalplatelets of cadmium on cop- lig. 13. Distorted growth in cadmium depositson copper
per singlecrystals; c.d. = 20 mA/cm2 dc + 40 mA/cm2 ac. singlecrystals; c.d. = 20 mA/cm2 dc + 50 mA/cm2 ac.
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tocurrentdensity) of superimposedachave a deteri- _______ ~

orating effect on the morphology,as seenin fig. 13. r

Superimposedacis consideredto effectthesechanges
in the depositsby virtue of its anodic component. ~ *__1 .

The anodiccycle is accompaniedby a currentreversal
and hencedissolution.A constantrecurrenceof this
process at regular intervals during the course of
depositionwith superimposedac servesasa cleansing .

agentandproducesbrightand clean deposits.Super-
imposedac also has a slight depolarizingeffect. In — ______________

suitable ratios of acto dc,this probablyimprovesthe _____________________________________
conditions for cadmium to nucleateand grow pre- N~

dominantlywith a {000l} preferredorientation. —— _______

~ ~

•
5. Snowflakedendritic growth of cadmium on copper
singlecrystals obtained under the influence of super- .

imposedac 0

~
The appreanceof dendritesis consideredto be due .

to a slow supply of depositing ions to the cathode.
Sucha conditionof depletion of ionsat thecathode
were set in at a dc densityof 25 mA/cm2 in thebath b
used for depositionof cadmiumin thepresentstudy.
The depositsobtained at this current densityexhib-
ited classical two-dimensionaldendritesin a back-

groundof compactdeposit(cf. fig. 4).The growthof
dendritesis a very fastprocess.Henceit wasnot pos-
sible to observethe initiation of dendritesevenwith
very short time of deposition.However, it has been
suggested[7] that by providing somerelaxationtime
in the systemin the form of currentinterruption or *

reversal, the supply of ions to the cathodecould be -

made more efficient and dendritic growth thereby
controlled.Utilizing this fact, acwas superimposedat
themomentof dendriteinitiation andthis enabledus
to record the dendrite initiation stage.The deposits
obtainedafter oneminuteof depositionwith 25 mA! . .

2 2 Fig. 14. Cadmiumsnowflakesdendriteson coppersinglecrys-
cm dc + 50 mA/cm ac revealedhexagonalplatelets tals; cd. = 25 mA/cm2 dc + 50 mA/cm2 ac (time of deposi-
andsnowflakedendritesin different stagesof growth tion is 1 mm).
(figs. 14a, b, c). The snowflake dendritesappearto
initiate at the corners of hexagonalplatelets. The
snowflakedendriteinitiation andgrowth as observed deposit (fig. 15 observedafter five minutesof deposi-
is more clearly shown schematicallyin fig. 16. With lion).
prolongeddepositionat the sameac/dcratio, themi- Screw dislocations and separationplanesin twin-
tiation stage of dendriteswas obliterated and fully ning (re-entrancies)areconsideredto be two particu-

grown hexagonal star dendrites appeared in the larly favourablesites for thecrystal lattice extension
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- f~,
1,% ~. . . ; rotated crystals,grow into leaf dendrites.Thesepos-

• . . ~ sess (0001) compositionplane anda stalk which is
the [1230] twin axis. A similar twinning mechanism

~ seemsto operatein thesnowflakedendriticgrowth of

4

cadmium observedin the presentstudy. The hexa-

~ ‘~ . rotatedwith respectto thosebelow them,producinggonal platelets probably have their upper layers

___________ ~ .~ ~ :• ~ nucleationandgrowth.HencethehexagonalplateletsJ. •-, . ~. . .‘~ : re-entranciesat the cornersas shown in fig. 16. The- re-entranciesat these positions are the site of easy

_____ * grow into snowflakecadmiumdendrites.

Fig. 15. Hexagonal star dendrites of cadmium on copper Acknowledgments
single crystals; cd. = 25 mA/cm2 dc + 50 mA/cm2 ac (time
of deposition is 5 mm).
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