Theoretical  and Practical  Aspects of Electrodeposition

Of Metal Coatings with Improved Properties

By Mois

The properties of electrodeposits, such as adhesion, cg
rosion and wear resistance, hardness, electrical condu
tivity and brightness, are important and even mandatory
for a broad spectrum of applications. Many of these
properties depend on the specific procedure for elec
trodeposition, because alternative procedures produc
significantly different properties. In general, electrode-
posited metal coatings with excellent properties mus
have fine-grained structure. A fine-grained structure,
however, is only one of the conditions necessary for
metal coating with good decorative and functional prop-

erties. Leveling power is suggested as an additional ad-

equate measure for quality estimation and as a criterion
of discovering the best plating regime. Part 1 of this pape
lays out the theoretical principles at work in the elec-
trodeposition of metal coatings with fine-grained struc-
ture. It also offers a model for precise experimenta
determination of those plating parameters and hydrody-
namic conditions under which fine-grained metal coat-
ings with maximum leveling power are electrodeposited

Theoretical Foundation for Fine-Grained  Stucture
The structure of electrodeposits determines their propet
Even minor structural differences often have a profo
effect on the properties of electrodeposited metals. |
typical structures are encountered with electrodepog
metals: (1) columnar, (2) fibrous, (3) fine-grained and
laminar (or banded)In general, fine-grained deposits 3
smoother, brighter, harder and stronger, but less ductile
columnar-grained deposits. Specific effects, suchasthe b
ness of certain deposits, may be caused by the formati
successive bands in which the grains are extremely s
Consequently, to achieve electrodeposits with excellent g
erties, metal coatings must have fine-grained structure.
The crystal structure depends largely on the relative 1
of formation of crystal nuclei as well as on the growth
existing crystals (Fig. 1). Conditions that favor crystal nu
will yield finer-grained deposits, while conditions that fay
the growth of existing crystals will result in fewer but larg
crystals. Accordingto the principles of electrocrystallizatia
the rate of formation of new nuclei on the electrode sur
increases exponentially as the cathodic po-
larization,n, increases:

K
w=Bexp{-——} (1)
n

Here, the constanBandK are specific for a

given metal and temperature. If all othe
conditions remain constant, the increase 1
cathodic polarization will result in a larger
number of newly-formed nuclei and in a
finer-grained structure of the electrodepos
fs. formation of n
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(Part 1)

Aroyo

r- Several types of polarization are distinguishable at an
-electrode, and the most important are the activation
overpotentialy,, and the concentration polarizatiar),?

o iizai

= For an electrochemical reaction to proceed at an appreciable

rate, activation energy is needed. If the cathode potential, E

[ is applied to an electrode with equilibrium potential, the

difference (E - E,) represents the activation polarization,
an, . Then, the rate of the cathodic process is:
i

c

)

For a given cathodic process at a given activity and tempera-
ture, a is constant and the Tafel equation is:

=i=i,exp [azFn, /RT]

®3)
(4)

The Tafel equation is valid when an electrode process is
rate-determined by an activation energy hump situated inside
tikee electric double layer. It then measures the extent of the
Luiterference with the equilibrium at the electrode.

Four
it€dncentration  Polarization
(Doncentration polarization results from concentration changes
réhat arise at the electrode/solution interface because of the
tledectrode reaction. When the cathodic reaction proceeds atan
igigpreciable rate, there will be a decrease in the activity of the
bmettal ions at the metal/solution interface. For example, at the
melectrodeposition of M ions at a bulk concentration,,Gf
rai@position is carried out at a current density i, then i/zF mol/
sec are removed continuously from the double layer and
atischarged. lons will be replaced by diffusion and migration
afntil a concentration, Cis established at the metal/solution
cleiterface, that is, throughout a diffusion layer of thickn@ss,
othe metal ion concentration falls from the bulk valygo®,
ehssuming that discharged ions are replenished only by diffu-
nsion (if migration is negligible), then, according to Fick’s
aleav, the number of gram ions transferred from the bulk

Nae= b log(ifi,)
where
b, = -2.3RThzF

(b}

Fig. 1—Crystallization mechanisms: (a) build-up of existing crystals; (b) nucleation and

ew crystals.
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electrolyte to the electrode surface by this process is give

zF ®)

P C
E(Q_ o)

whereD is the diffusion coefficient (cffsec), and is the
charge of the cation. AsincreasesC, decreases and wi
eventually become zero at the lirnit i, so that
ZFDC
o
C [

_f:]_-_

C i

Because the potentials corresponding to the concentra
C,and G are

L

(6)
and

)

b L

E,,=E°+ (RT/zF)In G, and E=E° + (RT/zF)In G,  (8)

nbyow then to increase the limiting current densify, i
According to Eq. (6), igrows when the thickness of the
diffusion layer,d, decreases. Three means are proposed to
decrease the thickness of the diffusion layer:

¢ Through increasing the rate of the laminar flow of the
electrolyte around the cathodic surface
In a flowing electrolyte during electrolysis, the changes in
concentration take place in a very thin layer adjacent to the
electrode surface. Nernst's presumption that the diffusion
layer is static does not seem possible, because the intermo-
lecular bonding forces prevent the layer that i$tbaL0° cm
thick from assuming a stable position on the surface of the
electrode. Levich’s theory of convection diffusion takes into
tippgsideration liquid movement in the diffusion layer and
enables a more precise assessment of the various factors with
an influence on the diffusion flow in stirred electrolytés.
the flow is laminar, the thickness of the diffusion layeis
a function of the flow rate, and, when the rate is unchanging,

it follows that the application of currenthas produced a (U,) thend is constant. The rate of the flow immediately

concentration overpotential of
RT
—1In
zF

AL o
= nt-— O

L

G

G

This equation applies whenever the diffusion species is
potential-determining ion.

In fact, the usage of additives (brighteners and o
organic species) can affect the deposit structure by blog
kink sites on the cathodic surface, thus increasing the ag
tion polarizationn), of discharged metal ions. Also, from E
(9), itfollows thatn_ — « wheni- | _.In other words, wher
the applied current density increases and reaches values
to I, the polarization of the electrodeposition process
creases infinitely (Fig. 2).

It seems that to obtain metal coatings with fine-grai
structure, the cathodic current should be very close ta
limiting current density, i wheren, — . Under such
conditions, however, the deposits become burned, e
sively rough, “treed” or spongy.

el

n.=E’-E,=

Evidently, the value of iis a factor limiting the practical

application of high current density. The higher the valug a
the higher the value of the practical applied current densi
the electrodeposition process. This, together with hig

values of the cathodic polarization, permits metal coat 5

with fine-grained structure.

Apphied cathodic current, log i

Fig. 2—Cathodic polarization curves showing increased valueg

polarization, Ik, and limiting current, i<, as a result of vigorous agitation,

addition of brighteners and a hydrodynamically active agent.

adjacentto the electrode surface is U =0, whereas, at a certain
distance, the rate reaches the same value of the flow rate,
which is U, That layer in the electrolyte, in which the flow
rate changes from U = 0 tg,Us called Prandtl's layeB,,
Fig. 3). The diffusion layerd, (the layer in which the
centration of discharged ions changes frqQro(,) is
positioned within Prandtl’s layed, .
therThe thickness dj,, depends on the flow rate, @nd on the
k_lﬂﬁematic viscosity of the electrolyte, (v = d/d). Because
it units of the coefficient of viscosity, are kg msec, and
dthe units of density, d, are kg/m has units of iisec (the
same units as a diffusion coefficient). The thickness,of
Q0S8 increases with the growth of the distance, x, from the

iBeginning of the flow:
_ /X
"V u

(0]

o)

P

ned (10)

the
The diffusion layerd, is considerably thinner than the

cegandtl’s layerd,,. In water solutions) is approximately ten

times thinner thad,:
o

4,

Pr

fi (3}/3
ty of v

her L . _
n&Be combination of Egs. (10) and (11) results in the following

(11)

expression:
5: Dll3v1/6X1/2U-1/2 (12)
i e e
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Fig. 3—Changes of the thickness of Prandtl’s layer and the diffusion layer
along the surface exposed to the flow.
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Fig. 4—Laminar liquid flow moving relative to the immovable me
surface, S.

Obviously,d decreases with increasing fluid velocity, U
must be noted, however, that thnnot rise indefinitely, bu
only to values at which the fluid flow remains laminar. T
limitation is related to the Reynolds number, Re, and
condition, Re = ({x/v) < 10" If Re > 10, the flow is turbulent]
and the principles of convection diffusion are no longer v3
Itis apparent, also, that the thickness of the diffusion |a

Because the value of x in the different sites of the elect
is different, the thickness of the diffusion layer will
different on the various sites of the surface. This proble

of the disc. The thickness of the diffusion layers expecte
to increase from the center to the periphery of the
because the distance, x, is rising. At the same time, how
the rate of the laminar flow, Vis increasing proportionall
to the distance, x. According to Eq. (12), the ratio betwe

and U remains constant, so the thickness of the diffugion

layer will remain even and will depend only on the ang
velocity, w, of the rotating disc electrode:

0=1.62 D3 yY8ey2 (13)
Equation (13) is known as Levich's equation. The comb
tion of Egs. (13) and (6) results in

| = 0,62 ZFD? vt C, (14)

For examplé,substituting in Eq. (13), we can estimate thg

diffusion layer thickness for a one-electron reduction of (
a rotating disk electrode for, & 10° nsec’, v = 10° n¥sec

! aswincreases from 10 to 1000 rad/sec (from 100 to 10
rpm). The diffusion layer thickness is (1.62 x*10 - se€)w

250 that aso increases from 10 to 1000 rad/s®decreases
from 51pm to 5.1um. The limiting current for an electrod
of one mm diameter and € 1 mM is, from Eq. (14),

Pulse plating from Watts Bath
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Fig. 6—Leveling power (LP) dependence on pulse frequency for n

tal

t
S

!
9, is not constant, and its value depends on the distance,

K.
Q

5
the experiment can be solved if a rotating disc electro qﬁ

used. When the disc is rotating, the electrolyte flows $
result of the centrifugal forces pointing away from the ce '

C-

—

Distance from the cathode

Fig. 5—Concentration profiles of the two diffusion layers in pulse plating:
6p - thickness of the pulsating diffusion layar; thickness of the stationary
diffusion layer.

the i, =(3.03 x 16° A-m)/d

IiTherefore, over the dynamic range (1&< 1000 rad/sec),
e limiting current ranges from 6 to G@.

through addition of hydrodynamically active agents in
Sting solutions

drodynamically active agents are special substances that,
ded to plating baths, even in minuscule quantities, can
Yuce by several times the value of kinematic viscosity of the
@ctrolyte. The viscosity is caused by internal friction among
(ﬂuid layers during their movemehthis is the reason that

a flow is possible only if a force, F, is applied (Fig. 4). The
\?&ocity of the layer immediately adjacent to the immovable
\éﬁrr'face, S, equals zero. The velocity of the liquid layers
increases proportionally to their distance from the surface, S,
Afd at distance), reaches the value U
I The force, F, moving the liquid relative to the
fthmovable metal surface, S, is proportional to the surface
area, A, and to the flow velocity, U, and is reversibly propor-
tional to the distanca to S:

na- F=A (dU/dA)

where dU/d is a velocity gradient.

For different kinds of liquids under equal condi-
tions, the moving force, F, grows proportionally to their
scosity. This relationship can be expressed by the coeffi-

(15)

D &ent of proportionalityn (viscosity coefficient):

000 F = nA (du/d4) (16)

When the distancé, is comparable to the thickness of the
diffusion layer 9, the liquid viscosity can be expressed by the

efoIIowing formula:
1

A—
du/dd

As can be seen from Eq. (17), the viscosity is reversibly
proportional to the velocity gradient, d@dAccordingly,
reduction of viscosity coefficiem will make the diffusion
layer, 6, thinner.

In the case of the rotating disc electrode, the relation
between the thickness of the diffusion layer and the solution’s
kinematic viscosity is demonstrated by the Levich equation
(13). According to this equation, the diffusion layer thick-
ness,o, is proportional to the 1/6 power of the kinematic
viscosity,v. For example, if the viscosity is decreased by a
factor of four, the thickness of the diffusion layer will

(kdelcrease by a factor of six.
Ccke

n=F a7)

coatings deposited from a Watts solution.
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¢ Through the application of pulsed current

In pulse plating with short pulse durations, two disti
cathodic diffusion layers can be defined instead of one,
d-c operation (Fig. 5). In the immediate vicinity of t
cathode, the concentration pulsates with the frequency @
pulsating current—decreasing during the pulses and relg

mental conditions for leveling measurements of metal coat-
néhgs include motion of the cathode (rotating-disk electrode),
agddition of hydrodynamically active agents and the applica-
héion of pulsed current.

f the

xlreyeling  Performance of Bright D-C and

in the interval between them. Consequently, a pulsatiRgise-Plated  Coatings

diffusion layer formed close to the cathode does not h
time to extend very far into the solution; it does not reach
region where convection takes over the mass transport
Interms of the double diffusion layer model, the two disti
layers are related to two kinds of limitations. The depletio
the cationic concentration in the pulsating diffusion la
limits the pulse current density, and the depletion of
cationic concentration in the outer diffusion layer limits 1
average current density. The outer diffusion layer is essen
stationary. According to Fick’s law for the pulse curre
density and for the average current dengityie can write:

i =2zFD (G, - C)/&, (18)
_=27FD (G,- C)/&, (19)

The current density, |dur|ng apulse is proportional to t
concentration gradlent in the pulsating layer, whereas

average current density is proportional to the concentratig

gradient in the stationary outer diffusion layer. The thicknesgs
of the pulsating diffusion layer is defined, according to Ibl,
the following equation:

3 = (2DT, )" (20)

It is evident thab depends only on the diffusion coeffj

cient D of the cations and on the pulse length @nd is
proportional to the square root of the product of these
quantities. It follows, from Eq. (20), that the shorter the pu
length, the smaller the thickness of the pulsating diffus
layer, 5. The decrease of Tis constrained by the tim
required to charge the electrical double layer; this time pe
should be much shorter than the pulse duration. Wher
charging time is longer than the pulse length, a capac
effect occurs—the metal deposition current is more or
strongly damped and d-c conditions are imminent. In
case, the potential benefit of pulse plating for the structu
coatings is lost.

The experimental part of this study is based on the ¢

bined application of the above three approaches to decre

the thickness of the diffusion laye¥, and, respectively, t
increase the limiting current density, and cathodic polar
ization,n , which results in deposition of metal coatings w

aAdine-grained structure is a necessary, but not sufficient,
tbendition for deposition of a metal coating with good deco-
rative and functional properties. Among numerous pulse-
nelectrodeposited metal coatings with fine crystal structure
n @fbtained under a variety of plating conditions corresponding
y@0 a vast number of combinations involving the three param-
tieters, T, T, and |), there are only a few with the desired
heroperties. It is necessary, therefore, to find an objective
ighiterion for those pulse plating conditions under which
rrelectrodeposits with the best properties are obtained. The
leveling (microthrowing) power could be such a criterion.

Leveling can be qualitatively characterized as the ability to
diminish the difference in height between protrusion peaks
and recesses in a surface microprofile. The greater this
ability, the thinner the coating with the same functional
roperties For quantitative leveling estimation, a reliable

precise method has been develdpdthis method in-

fides roughness measurements of both the uncoated sub-
Sttate, R, and the coated surface, RThe following expres-
RYon determlnes the leveling power (LP) of metal coating
electrodeposited on half of the surface of the disc electrode
under given plating conditions:

_(Re=RJ

R
two

Iselt should be noted that all experiments have been per-
idprmed in agalvanostatic regimeof electrodeposition,
s satisfying the requirement thagtiT_ = const. and with the
rigdpply of a constant amount of electricity necessary for
fclei formation during a single pulse. Therefore, the rela-
ithienship between average current density,and pulse

LP (21)

eggrent density i
this ;
- T
e of i = (22)
Ton + Toff
Pl transformed as follows:
ase
= f-const. (23)

t'.:rxpressmn (23) also shows that the cumulative number of
Hawiclei formed for a fixed time period is proportional to the

very fine-grained structure. This is the reason that the ex

Table 1

pulse frequency, f. Plating time is precisely defined to ensure
a constant number of pulses for each value of pulse
frequency used. The metal coatings were deposited

Bath Composition for Bright ~Watts on a rotating disk electrode (0.5 Ynunder the
&Sulfamate  Nickel  Deposition following conditions: (a) constant speed of rota-
Watts N tion, 250 rpm; and (b) comb!ned_motion, consisting
NSO, - 7HO 2509l Ni-sulfamate 80 g/L of rotation at 50 rpm and vibration at 600 cpm.
,'j';'g)a eHO 28 S;IL" :3'%3 eHo 33 g;'[ Leveling  Performance of Bright ~Nickel,
Brightener 5 mL/L Brightener CHT* 007 g/ Palladum &Gold Coatings
Hydrodynamically active Hydrodynamically active Nickel coatings for engineering purposes are usu-
additive (SA-LFPP) 4 x 10g/L additive (SA-LFPP) 4x10g/L ally electrodeposited from standard Watts and
Bath temp 50C  Bathtemp 50C sulfamate electrolytes containing commercially
pH 35  pH 4.0 available brighteners. Bath compositions and oper-

* Bulgarian patent 54663 (1981); US patent 4,585,531 (1988).
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ating conditions are shown in Table 1. Because of
the presence of a hydrodynamically active additive
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Pulse Flating from Sulfamate Bath

—a— rolation 250 rpem
—8— wibwation BOD cpm

Fig. 7—Leveling power (LP) dependence on pulse frequency for nickel coa

deposited from sulfamate solution.

Pd - As alloy electroplating
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Fig. 8—Leveling
electrodeposits.

LP %
qt-l

power (LP) dependence on pulse frequency for Pc-)\%

Pd - As alloy electroplating

O withaut HOA additive
W with HO#, additive

Fig. 9—Influence of a hydrodynamically active (HDA) additive on the leveli

power of Pd-As alloy deposits.
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Fig. 10—Influence of vibration on the leveling power of Pd-As alloy deposits.

in the plating solutions, the concentration of the
brighteners s 3-4 times lower than thatrecommended
for d-c plating.

The leveling power dependence on pulse frequency
in Watts nickel plating shows the roughening ten-
dency of the pulse-electrodeposited nickel coating in
the beginning of the frequency range (Fig. 6). At 7
Hz, the leveling power begins to increase gradually
and reaches its maximum value at 10 Hz. With the
increase of pulse duration (up to 30 msec), the rough-
ening maximum is reached at 6 Hz, and the leveling
maximum at 12 Hz. Here, the maximum value of
leveling power is twice as large as that in d-c plating.

ingsThe same leveling performance is also characteris-
tic of the semi-bright nickel coatings deposited from

a sulfamate bath. In Fig. 7, a comparison of leveling
power dependences on pulse frequency is depicted by
using: (a) rotation speed of 250 rpm; and (b) fre-
quency of vibration 600 cpm for the rotating disk
electrodes. It was observed that, on the one hand, the
vibration doesn’t change the character of the leveling
performance (as in Fig. 6). On the other hand, how-
ever, the vibration decreases both roughening and
leveling over nearly the whole frequency range.

Electroplated palladium and palladium alloys are
used in a variety of applications, including deposition
of protective coatings on decorative articles such as

jewelry and watches, and of electrical-contact coat-
ings on electronic devices. The use of palladium or
palladium alloys in these applications is preferred
because of their lower cost compared to traditionally
used metals, such as gold and platinum. The electro-
plated palladium, however, is frequently not adher-
ent, tends to be porous, often develops cracks and is
generally quite brittle. Investigations into the reason
why electroplated palladium layers exhibit such poor
quality reveal that this is the result of incorporation of
hydrogen into the electroplated palladium layers.

Because of very high values of the exchange cur-
rent, j,,,, for hydrogen evolution on Pd, those elec-
trodeposits are prone to hydrogen adsorption and
incorporation. To solve effectively this detrimental
problem, cathodic deposition can be employed in
combination with alloying metals for whicfyjis ten
nghousand times lower (Pb, As, Sb).

The developed bright Pd-As alloy electroplating
process works even at acidic pH (5.5-6.5). This
promotes adhesion of palladium alloy coatings on
base metals and, correspondingly, no preliminary use
of pure palladium strikes is needed for high-quality
deposition of these coatings. Bath compositions and
operating conditions are listed in Table 2.

The leveling power dependence on pulse frequency
of Pd-As plating processes, shown in Fig. 8, is similar
to those of Watts or sulfamate-nickel electrodeposi-
tion. As can be seen, aroughening tendency occursin
the beginning of the frequency range (0-6 Hz). Above
6 Hz, the leveling power begins increasing gradually,
and, at 10 Hz, it reaches its maximum value, which is
higher than that in d-c plating. Further increase of the
pulse frequency leads to a steep decrease of the
leveling power (LP) percentage, the values of which
become negative at 12 Hz. Beyond this frequency,

the palladium coatings become increasingly rougher.
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Table 2

Bath Composition for Pd-As Alloy Deposition

R A S Bl S —————— 9.0 g/L
Complexing agent (aliphatic polyamine) ................. 40 g/L
ASE(AC e dIAST N [ —————————— 2.0g/L
Brightener CHT ......coooiiiiiiiiiiiccee e 0.07 g/L
Hydrodynamically active (HDA) agent ............... 0.4 mg/L
Bath temp ..ooveeiiiiic °C45
PH e 6.0

(HDA) additive on the leveling performance of bright Pd-
alloy deposits for pulse frequencies 0, 6, and 10 Hz, at

the extreme LP% values are obtained. The addition
of an HDA agent to the plating bath enhances|the
leveling or roughening effects of the cathode sur-
face over the whole pulse frequency range. This
fact can be explained if it is assumed that the HDA
agentreduces the thickness of the diffusion layer by
several times and therefore increases the concen
tration gradients and rates of brightener diffusjon

Fig. 9 shows the influence of a hydrodynamically a:}k\
hich

Table 3
Bath Composition for Hard Gold Alloy Deposition
Gold (as KAU(CN)) ..o 8.0 g/L
CitriC @Cid ..eeeeieveeeiiiiee e
Sodium citrate
KOHPO, oo

Hydrodynamically active (HDA) agent ............... 0.4 mg/L
Bath temp, ..eoooiiiiiiiiiie °C38
PH e BE5)

Au elactroplating

—4— rotation 250 rpm
with HD& adddive

flows. It is worth noting that the maximum LP
value (38%) of bright Pd-As alloy coatings, elec-
trodeposited at 10 Hz with an HDA agent, is exactly -2
twice as great as the d-c plating value (19%) wjth- .1z .
out an HDA agent. S

Gold electroplating is used in many industries
confer good electrical properties and corros|
resistance on finished components. Pure gold
poor wear characteristics, however, and this pf
lem can be overcome by developing gold al
plating processes operating at acidic pH. All the
acid electrolytes currently in use are alloy plating
baths from which gold is co-deposited with nickel,
cobalt or iron. The composition of a gold plating
bath is shown in Table 3.

The leveling performance of cobalt-hardened
gold coatings, d-c or pulse deposited from this acid
bath, exhibit a character identical to those of the o1
nickel and palladium-arsenic alloy coatings. As %1
can be seen, the only differences are manifested in-10 1
those values of the pulse frequency at which mini- -#
mum and maximum values of LP% are obtainedl. It =% -
is worth noting that the maximum LP value (33
of a gold coating electrodeposited at 11 Hz with
HDA agent is nearly twice as great as the
plating value (19%) without an HDA agent.

to

has
ob-
oy

10
L]

d-c

LP %
a0 4

Leveling Mechanism
The results of the precise experimental determjna-
tion of leveling power dependence on pulse fre-
quency in nickel, palladium and gold bright plating
form the basis of the current considerations. The
same leveling performances of the above plating
processes are obviously based on a common level-
ing mechanism that makes possible its application
in any other low-frequency pulsed electrodeposi-
tion. This leveling mechanism can be clearly de-
scribed by using the schematic pictures shown in
Figs. 14 and 15.

The following principles, based on the adsofp-
tion-diffusion mechanism, explain the leveling per-

-10

-2
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wu 1
Pulse frequency, HE

on Fig. 11—Leveling power (LP) dependence on pulse frequency for gold electrodeposits.

Au electroplating

B withowt HDA addities
B wilh HDA additiee

13

1
Fulse frequency, Hz
A1

A7

0) Fig. 12—Influence of a hydrodynamically active (HDA) additive on the leveling
an performance of gold deposits.

Au selectroplating

B rotation 250 rpm 25
W vibration 600 cpm
5
1§
16
. v T T T T T
o 1 3 T E 1
FPulse frequancy, Hr
A8

AT

Fig. 13—Influence of vibration on the leveling performance of gold deposits.
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Bulk concentration of the brighlener species

]

!

Fig. 14—Brightener diffusion flows toward the cathode surface with r
microprofile.

c

.

LP%

¢ Electrodeposition is preferentially inhibited on
those portions of the electrode surface that are more
accessible to these agents by diffusion (Fig. 14). As
a result, there occurs a considerably greater polar-
ization than that in the recessed or valley areas. This
means that the number of new nuclei on protrusions
formed per pulse will be much greater than that in
recesses.

+ The difference between the quantities of bright-
ener species adsorbed on protrusions and in re-
cesses creates a concentration gradient of the sur-
oface diffusion flow, j, forcing the transportation of
inhibiting agents from protruding areas to the re-
cesses during the time interval, Toetween two
pulses. This causes increased coating roughness in
the beginning of the frequency range (this corre-
spondstothe line ABinFig. 15). At pulse frequency
b, the surface roughness reaches its maximum value,
B. At frequencies higher than b, Tbecomes pro-
gressively shorter and the influence @fg a rough-
ness factor gradually decreases (this corresponds to

egular V-grg

(=]

Pulse frequency, He

= L%

-

a8

Fig. 15—Scheme of the experimental leveling power (LP) dependences on

frequency.

line BC).

¢ The pulse frequency c, at which the leveling
power reaches its maximum value, C, is called the
“limiting” frequency. Above it, the rate of bright-
PE®r diffusion flow towards the microprofile sur-
face becomes lower in comparison to the ever

Rata of Nuclal Formation

increasing rate of nuclei formation. The crystalliza-

tion process takes place under conditions of bright-
ener deficit. As a result, the leveling power gradu-
ally decreases (line CD).

¢ In accordance with the definition of surface
diffusion flow j, as a roughness factor, low rates of
this flow should correspond to high values of level-
ing power and vice-versa. If the interval between
pulses is sufficiently long, the flow rate will be
defined solely by the surface concentration gradi-
ent, dgdx.. In d-c bright plating, this gradient is
small because of the low concentration difference,

Brightener Specles

Relative Surface Concentration of

m

Fig. 16—"Limiting” pulse frequencyn, at which the leveling maximu

formances of metal coatings deposited in low-frequ
pulse plating with brightener additives and hydrodyn
cally active agents:

¢ The participation and consumption of various spegjas

s, ..., such as metal ions, organic molecules of additives
in cathodic reactions, create diffusion layers with respeq
thicknesses od,, 9,, 9, ... Each species consumed at

cathode has its own concentration gradient representi
driving force of the different flows.

¢ The brighteners act as inhibitors of crystal growth at

sites of their adsorption. In pulsed electrodeposition,
sites of adsorption are the new nuclei formed by each

(Fig. 1b). The higher the pulse frequency, the more ag

sites available for adsorption.

August 1998

Pulse frequency, Hz

dc, of the brightener species adsorbed onto

microprofile protrusions and recesses. In this case,

the leveling power is a positive quantity. At the

“limiting” pulse frequency, c,js zero because J

np¥comes much shorter than the time needed for the transpor-

miation of brightener species over the surface from peaks
toward valley areas. The increase in frequency, however, also
leads to a larger difference, (} j,), and at c, the leveling
maximum is achieved. This maximum could be several times
@jeater than the LP% in d-c plating.

tive

[he From the condition T, = const., valid for all the experi-

O ifents, it can be concluded that increasing the pulse duration,
T, leads to a decrease in pulse current denggy the
higher the T value, the smaller the number of nuclei formed

tiper pulse). This is the reason that the “limiting” frequency, c,

ushdisplaced toward a higher frequency value (see Fig. 6).

ugem the expression for pulse frequency, f = (1T _.)?, it

tigeclear that an increase in, Feduces T.. Therefore, the
“critical” time, T, needed for the transportation of bright-
ener species by the surface diffusion flowis reached at a
lower frequency, b.

m OcCcurs.

]

9

n

9

¢
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+ The addition of a hydrodynamically active (HDA) agent
plating baths reduces by several times the diffusion I
thickness, which increases the concentration gradient
brightener diffusion flows,j j,, and j. This leads to enhance
ment of the roughening or leveling effects.

+ The effect of vibration (600 cpm) on the leveling perf
mances of pulse-electrodeposited coatings is opposite t
influence of an HDA agent. The vibration causes turbu
flows, interfering with the brightener diffusion and adso
tion. This results in a lower degree of roughening or leve
of the coatings in comparison to the leveling performanc
the coatings deposited in a plating regime of laminar eleg
lyte flow.

Conclusions

The interpretation of the results obtained justifies the follg

ing generalizations and conclusions, which are valid for

bright pulse-plating process:

1. The combined application of (1) the pulsed current, (2
addition of hydrodynamically active agents into brig
plating baths, and (3) the solution agitation, create
synergistic effect manifested in an efficient decrease
the thickness, d, of the diffusion layer, which results
electrodeposition of metal coatings with very fine-grain
structure.

. The presence of a fine-grained structure, however, is

to the leveling power can be used as an additional criterion
wyerfor discovery of the best plating regime.
s3ofPulse frequency is the major rate-controlling factor of
leveling performance in bright electrodeposition when a
galvanostatic regime of pulse plating is used. By varying
pulse frequencyevery bright pulsed electrodeposition
or- processcould be schematically divided into two simulta-
0 th@eous and related processes—nuclei formation and ad-
ent sorption of brightener species (Fig. 16). Increase of pulse
p- frequency leads to a rising number of new nuclei, and to
ing decrease of the relative surface concentration of adsorbed
e of brightener species. At a definite pulse frequency, m, the
tro-rate of brightener diffusion flow reaches the limiting
value, above which crystal growth takes place under the
condition of brightener deficit. This value of the pulse
frequency, providing the optimal coordination of the rate
w- of both processes, coincides exactly with the “limiting”
any frequency, c, at which the leveling maximum occurs.
4. The theoretical model of pulsed plating with brighteners
theand hydrodynamically active additive appears appropri-
ht ate, especially for industrial reel-to-reel plating of nickel,
s agold, palladium and tin-lead on wires, strips, and other
2 of objects with a simple shape and profile. These industrial
in applications can meet the hydrodynamical conditions
ed under which there is a practical possibility to achieve a
diffusion layer that is evenly thick over the entire surface
pnlyof the cathodic substrate.

one of the conditions for deposition of a metal coating w
good decorative and functional properties. In this resp
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