Mechanism of Zinc Electrodeposition

in a Chloride

By Jeong-Real

Impedance spectroscopic measurements of sheet sté
under electrogalvanizing in anacidic solution of zinc
chloride as a function of pH, grain-refining additive,

current density and SEM morphological observations of
the electrogalvanized surfaces, haveevealed the elec-
trodeposition mechanism better than other methods. The
electrogalvanizing is simply under the mixed control of
charge transfer and diffusion. Thehydrogen ion acts to
inhibit the charge transfer slightly and to stimulate water

decomposition. The grain- refining organic additive ap-
pears to be adsorbed effectively on thgalvanizing sur-

face and to deactivate growing kink sites of
electrocrystallites at low current density, resulting in

nucleation- controlled deposits and considerable inhibi
tion of electrodeposition. With increasing current den-
sity, the electrodepositionbecomes controlled gradually
under the influence of the diffusion of zinc ion.

Electrodeposition of zinc and its alloys has been of g
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>dhe easy availability of wide-range frequency response
analyzers, comprehensive and detailed mechanisms of the
electrodeposition of zint$ nickeP® and silvet'®have been
extensively investigated, mostly by Widtt® and his co-
workers.

Specifically, electrodeposition processes of zinc have been
well accounted for by the Wiart model of multi-step ordinary
or autocatalytic discharge reactions involving adsorption of
intermediate species (hydrogen adatopy, ldinc monova-
lentadion Zn, ,, active kink site Zh and effectively adsorbed
additive Y, , if added), coupled with diffusion processes of
reactants and additives to the plating interface and of interme-
diates on the interface. Current and impedance expressions
for the overall deposition reaction were derived as a function
of rate constants of partial discharge reactions, surface con-
centrations of adsorbed intermediates, solute concentration
in the electrolyte, effective adsorption parameters of addi-
tives and diffusion data of reactants, additives and intermedi-
reges. Multiple steady states of the current as a function of

interest because of expanding demand for electrogalvanizathodic overpotential were proved to appear and the com-

and zinc-alloy electroplated sheet steels for automobile
appliance exterior panels, in addition to the increasing
ployment of zinc in electrochemical areas such as generg
The electrodeposition has been researched electrochem
and metallurgically to lead to industrially advanced plat
processes and to improved functions of the electropl
surface.

Electrochemical studies of electrode reactions have |
performed mostly by steady state and various transient p
ization methods and by a-c impedance techniques. The &
sis and interpretation of impedance data of an electroch
cal interface, generated simply, for exampleijrbgitu per-
turbation of the interface with a small-amplitude sinusoi
signal over its wide frequency range of*18z to 10 Hz,
typically, have provided more kinetic and mechanistic d
on the interface reactions than other polarization method
a result of intensive application of this impedance techn
to the studies of electroplating systems since the early 7
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Fig. 1—Schematic of an electrochemical and impedance meas
apparatus for an electrogalvanizing cell.
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goldx plane impedance spectrum could show multiple induc-
etive and capacitive loops by the corresponding intermediate
toms/erages on the deposition surface, proving the existence
icatlgt roles of the intermediates in the deposition processes.
nghese results were in good agreement with experimental
atedults obtained in an acid sulfate solution, a Leclanché cell
electrolyte and an alkaline zincate solution. Morphological
bextraracteristics of deposits, important to their metallurgical
olaeperties, were explained by the nucleation and growth
nphpcesses of the electrocrystallization, which were modified
elnithe deposition parameters and the presence of an additive.
Morphologies of deposits have been correlated with, and
dadterpreted in terms of, impedances of the electrodeposition
interface.
ataElectrochemical impedance analyses of electrogalvanizing
5.8l zinc-alloy electroplating on steel in a solution of concen-
gtrated zinc chloride at elevated temperature over awide range
Dobyurrent densities have rarely been published. Resulting
industrial processes and products have been extensively
applied, however, to protection against corrosion of high-
quality sheet steels that have been severely deformed, welded
and coated in high-quality painting processes. It has been
necessary to understand better morphological changes of the
electrogalvanized layer by the galvanizing parameters and
additives in terms of nucleation- and growth-controlled depo-
sitions and electrochemical impedances of the galvanizing
surface to modify microstructures of the layer and to develop
effective additives.

Experimental  Procedure

The electrolyte was a concentrated zinc chloride solution
prepared with high-purity reagents and distilled and deminer-
irmlized water: 1.5 M ZnChnd 4.7 M KCI; pH adjusted to 2.0
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Fig. 2—Cathodic galvanodynamic polarization curves of
electrogalvanizing interface in quiescent pH 2 chloride solution at 60
as a function of additive concentration.

and 4.0 with HCI. A commercially available polyethylern
oxide-base additive was added at concentrations of
0.25, 0.50 and 1.00 mL/L. The electrolyte was quiescent
maintained at 60C for all electrochemical tests. The amot
of the electrolyte for a test was 800 mL.

Athree-electrode method was employed for all the eleg
chemical measurements and controls, as shown in Fig. 1
counter-electrode (CE: anode) was a plate of 99.9-pe
zinc. The working electrode (WE: electrogalvanizing s
face) was a sheet of very-low-carbon steel degreased
alkaline solution and then ultrasonically in acetone
alcohol to remove trace amounts of rolling lubricant j
before the test. The surface (1.Ccof the WE was expose
to the quiescent electrolyte, using a PTFE specimen hg
The potential of the WE was measured and controlled ag
a saturated calomel electrode (SCE) as reference eleg
(RE), which was maintained at room temperature and jo
with the electrolyte at 60C, using a Luggin capillary prob
with its tip positioned to the center of the WE surface
minimize contamination of the RE.

Electrochemical measurements were performed usi
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afrig. 3—Cathodic galvanodynamic polarization curves of an
Y&lectrogalvanizing interface in quiescent pH 4 chloride solution at 60 %C

as a function of additive concentration.

eWE specimen and a new electrolyte were used for each

D.6asurement of a galvanodynamic polarization curve and

aeath measurement of an impedance spectrum. The counter
rdand reference electrodes were rinsed thoroughly with the test
electrolyte before the test.

tro-Surface morphologies of the WE electrogalvanized for the

. Tatal 22 min in the measurement of an impedance spectrum

cevetre examined using a scanning electron microscope (SEM)

ute observe the influence of electrogalvanizing conditions on

maarostructures of the deposits.

and
uSesults and Discussion
dFigures 2 and 3 reveal galvanodynamic polarization curves

Id=frthe electrogalvanizing interface in the pH 2 and pH 4 zinc

aicisbride solutions at 60C as a function of the additive

tromiecentration. First, all the polarization curves are smooth
naad show gradually accelerated increase of potential with the

eincrease of applied current up to the limiting values—appar-

ently charge transfer control at low current density and
diffusion control at high current density. No noticeable

N -ahapedcurrent-potential relationship is observed in these

commercially available electrochemical interface, fre-
guency response analy2tar impedance measurement, al

polarizations. The limiting current densities for electro-
dalvanizing in the pH 2 and pH 4 solutions are about 200 and

a personal computer for experimental control and data |I&20 mA/cni, respectively, in the absence of the additive, and
ging and processing, as diagrammed in Fig. 1. Cathpthey increase to slightly higher values in the presence of the
galvanodynamic polarization curves of the WE were detexdditive. The hydrogen ion tends to stimulate water decom-
mined from the open-circuit condition to the limitinge( | position, while the additive inhibits water decomposition. A
greatly hydrogen-evolving) current density at the scan ratgefidency that the more the amount of additive, the higher the
1.0 mA/sec after the WE was stabilized at the open-cica#thodic polarization, indicating an inhibitive effect of the
condition in the electrolyte for 10 min, to obtain a brjeddditive during electrogalvanizing, is generally observed in
overall electrogalvanizing polarization behavior. the pH 2 solution. This relationship disappears, however, at
Impedance data of the WE were measured at galvanost@fanA/cnt and more in the pH 4 solution.
conditions of 5, 10, 50, 100 and 180 mA/fdig superposin Figures 4 and 5 delineate complex plane impedance dia-
a small amplitude (one tenth of the galvanostatic curregtams of the interface being electrogalvanized in the addi-
sinusoidal current after the WE was electrogalvanized fiwe-free pH 2 and pH 4 zinc chloride solutions, as a function
five min at a galvanostatic test condition. Frequency of|tbé the current density, and depicts morphologies of the
a-c signal was swept downward from 10 kHz throughHD | electrogalvanized surface under the conditions of Fig. 4 for
by decreasing the frequency 0.63 times stepwise (5 meas@&-min, showing irregular and rough deposits leading to
ments per decade). Application time of the signal was madendritic growth with increasing current density.
tained atthe minimum value, so the total frequency-sweepingrhe impedance data in Fig. 4 show two capacitive loops
time at a galvanostatic condition was about 16 min. A newaly, so no negative polarization resistance appears in a
spectrum. The capacitive loops appear to be depressed slightly
to the real axis from a semicircular shape. The high-fre-
quency capacitive loop is thought to correspond to an imped-

aSolartron Model 1286
b Solartron 1250
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4—Impedance diagrams

a

of an

electrogalvanizing interface in a pH 2 chloride
solution without an additive as a function of current
density;e 100 Hz,00 1 Hz,m 0.01 Hz.

=
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50 mA/cntand more, as summarized
in Table 1. These values are nearly in
the same range of other electroplat-
ing systemg:° The difference in the
values of ¢, at the low and high
r e current densities in this study seems
har¥ ol partly to result from the actually larger
area at high current densities for the
. given apparent area of 1.0 ¢ifthe
T o value of G, for a true area of 1.0 ém
—--— 5O e ? is assumed to be roughly constant in
the polarization range for the electro-
galvanizing. This large-area effect at
high current density means more po-
rous morphologies, as shown by the
-1 numerous and microcrystalline fac-
ets in Fig. 6. On the other hand, an
impedance spectrum for the parallel
circuit of R and G, on a porous
electrochemical interface has been
IR ) proved to exhibit a depression from a
Vi semicircular shap&;®® so this fact
seems to account for depression of
the high-frequency capacitive loops
——— 10 mAiom? of impedance diagrams in Figs. 4
—=— [ mACm and 5
The proper frequency for the low-
frequency capacitive loop in an im-
o e 3 pedance spectrum in Fig. 4 is in the
i s lmH::;rE?e cgri'labrams of arange of 1.0 Hz to 0.01 Hz and close
elgc'trogalvanipzing interface ir?a pH 4 chloridg0 0.1 Hz. Cons_lder_lng the thickness
solution without an additive as a function d?f the Nernst diffusion layer () to be
current density. in the range of 0.1 mm, the following
calculation, may be made, wheyést

1.2 Real (0 - cm?) 22

ance feature by the double-layer capacitanggiOparallel | the time constant (about 0.1 Hz) of the low-frequency relax-
with the charge-transfer resistance) @ in the impedance ation:

analyses of all other electroplatifif. The value of Rsimply

the length of the real axis of the high frequency relaxation to ot = &2mf, = 6.28 x 16 cnt/sec = D

a first approximation, decreases from 1.30 to 0.33 ohfh{cm

with the increasing current density 5.0 up to 50 mA&/¢hen | This is reasonably in the range of magnitude of the diffusion
remains nearly constant with further increase of curretnefficients of a simple ion like Zhin water at 60C. From
density, similar to ohmic resistance. The value gf@@n be| this relaxation analysis, the low-frequency capacitive loops
obtained from the capacitance expression for a parallel cifcintthe impedance diagrams in Fig. 4 seem to reflect diffusion

C, = (2t R)

impedances of the electrogalvanizing reactions. The differ-
ence of this diffusion impedance spectrum from the general
semi-infinite diffusion impedance spectrum characterized by

where f{ is the proper or characteristic frequency for the45-degree slope on a complex plane plot may be due to the
capacitive relaxation and may be taken as approximately éitect of partly finite diffusio® on the porous surfac&®
frequency at the highest imaginary valuef the high-| The presence of the charge-transfer and diffusion imped-
frequency capacitive loop in Fig. 4. The calculated value afices in the electrogalvanizing at all the current densities in

Cq

Table 1

Extracted Values of Charge Transfer
and Double Layer Capacitance

of the Electrogalvanizing

in an Additive-free
C.D. (mA/cm?) R, (ohm-cn)
5.0 1.30
50.0 0.33
* from Fig. 4

110

ranges from 19.4 F/chat 5 mA/cni to 48.2 F/crhat | Fig. 4 implies more clearly than in Fig. 2 that the electro-

Table 2

Resistance Extracted Values of Charge Transfer Resistance

and Double Layer Capacitance

Interface of the Electrogalvanizing Interface
Solution* in an Additive-containing Solution*

f (Hz) C, (F/lcnm?) C.D. (mA/cn?) R, (ohm-cn) f.(Hz) C, (Flcm?)
6,300 19.4 5.0 4.89 630 51.5
10,000 48.2 100.0 0.464 6,300 54.4

* From Fig. 7
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Fig. 6—SEM micrographs of an electrogalvanized surface in a pH
chloride solution without an additive at current densities: (a) 5.0; (b) p(

(c) 100; and (d) 180 mA/céyfor 22 min.

galvanizing is under mixed control simultaneously at neat

all the current densities in this quiescent solution. Rela
size of the diffusion impedance, compared with the cha
transferimpedance in an impedance spectrum, increase
increasing current density, as shown in Figs. 4 and 5, ind

ing gradual diffusion-limited electrogalvanizing with in-

creasing current density, as in Fig. 2.
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analyzed by the
same method as
inFig.4and are
listed in Table
2. The charge
transfer resis-
tance decreases
with increasing
currentdensity,
as in charge-
transfer-con-
trolled reac-
tions. Values of
R, however,
are larger than
those in the ad-
ditive-free so-
lution (Figs. 4
and 5), indicat-
ing the charge-
transfer-inhib-
iting effect of
the additive.
The larger
value of G, at
low current
density, com-
pared with that
in the additive-

Comparing Figs. 4 and 5, the decrease of the cha
transfer resistance from 1.28 to 0.25 ohn-with increased,  rig 7—mpedance diagrams of an electro- [1€€ Solution
current density from 5 to 180 mA/éim the pH 4 solution i galvanizing interface in a pH 2 chloride solution (Fig. 4), may
revealed by the analyses of the high-frequency capaditiveontaining 0.25 mL/L of the additive as afunction suggest micro-
loops. These values of &e slightly smaller than those in the ©f currentdensitys 100Hz[J1Hzm 0.01Hz. scopically
pH 2 solution, as in Table 1, indicating that hydrogen iong act larger area of
as an inhibitor of the charge transfer at the electrogalvanizihg electrogalvanizing interface in the additive-containing
interface. Additionally, the diffusion impedance in the pH golution, resulting from grain refinement, as shown in Fig. 8a
solution is slightly larger than that in the pH 2 solution. | (compare with Fig. 6a).

Figure 7 shows complex plane impedance diagrams of arf he medium-frequency inductive loop may be associated
interface being electrogalvanized in the pH 2 zinc chloritdth the relaxation’s® of the electrogalvanizing interface,
solution containing a small amount (0.25 mL/L) of theovered with intermediates by adsorption, Hn",,, Zn*
additive as a function of the current density. Figure 8 depiésd Y,,. This loop seems to be very closely related with the
morphologies of the electrogalvanized surface under| @&in refinement by the additive. The relaxation time con-
conditions of Fig. 7 for 22 min, showing transition from fine
granular and nucleation-controlled deposition to coarse
dendritic) and growth-controlled deposition with increas
current. No negative polarization resistance has been
served in the present impedance spectrum measuremse
Presence of the additive changes significantly the imped
features from the spectrum composed of the two capadit
loops, as in Figs. 4 and 5, to that of the high-frequen=
capacitive, medium-frequency inductive and low-freque
inductive loops at low current density. The low-frequenc
inductive loop is reduced, however, and transformed tg
low-frequency capacitive loop accompanying the reduct
high-frequency capacitive loop and the highly diminishe -
medium-frequency inductive loop as current density |ir
creases. The magnitude of this low-frequency capaciti
loop increases with increasing current density.

The high-frequency capacitive loop in the impedang
spectrum may develop by relaxation of the double-lgy -
capacitance in parallel with the charge-transfer resistan
the interface. The values of &d G, for this loop, typically
at low and high current densities (5.0 and 100 A)cmere

C%i&t 8—SEM micrographs of an electrogalvanized surface in a pH 2
chloride solution containing 0.25 mL/L of the additive at current densities:
(a) 5.0, (b) 50, (c) 100 and (d) 180 mAfchor 22 min.
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Findings

Galvanodynamic polarization, impedance spectroscopic
morphological observations of an electrogalvanizing in
face in a quiescent acidic zinc chloride solution have sucq
fully revealed detailed galvanizing features occurring at
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