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Pulse electrodeposition was to produce nanocrystalline (nc) zinc from alkaline non-cyanide electrolyte
with primary and secondary additives. The combined effect of pulse parameters (ON-time (Ton), OFF-
time (Topr), pulse peak current density (Ip)) and additives on the corrosion properties (evaluated using
electrochemical techniques) of zinc electrodeposits are elucidated in terms of surface morphology (using
scanning electron microscope), topography and root mean square (RMS) roughness (using atomic force
microscope), crystallite size, its orientations and relative texture co-efficient (RTC, %) were evaluated
using X-ray diffraction. The corrosion resistance of zinc electrodeposits obtained at constant Toy and Ip
enhanced (i.e., low I and high R values) with increased Topr. At constant Togr and Ip, the o val-
ues increased and R values decreased with Toy while the former decreases and latter increases with
Ip at constant Ton and Togr. The inclusion of primary and secondary additives into the electrolyte pro-
duced nc zinc electrodeposits at 5 Adm~2, showed enhanced protective properties (Icorr—16 A cm~2 and
R—481.8 2 cm~2). Fine grained due to high negative overpotential, reduced roughness and higher per-
centage of basal plane [00.2] orientation have major impact for the enhanced corrosion resistances.
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1. Introduction

Nanocrystalline (nc) materials are desirable for a variety of
applications as they exhibit impressive properties ranging from
high strength and wear resistance, to unique functional char-
acteristics when the grain size approaches ~100nm or below
[1-5]. However, the latter yields a high volume fraction in grain
boundaries, which may result in enhanced corrosion performance
compared to coarse-grain materials [6-8]. Hence, many efforts
have been made in order to refine the grain size of metal deposits
and investigate its corrosion behavior.

Many studies have been recently dedicated to the corrosion
behavior of nc zinc electrodeposits [9-12]. Zinc deposits are
employed to provide good protection to iron and steel compo-
nents due to its sacrificial nature, low cost and ease of application.
Electrodeposition plays a major role compared to other methods
to produce zinc coatings. Conventionally adopted cyanide formu-
lations are becoming obsolete due to the increasing health and
environmental awareness and more of non-cyanide formulations
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are being practiced commercially. The alkaline non-cyanide elec-
trolytes have several advantages over the acid baths among which
the most important are (1) enhanced corrosion resistance of pure
zinc deposits and (2) produce deposits of single-phase alloys with
Fe group metals, which also exhibit excellent protective proper-
ties [12-14]. Of the various components present in the electrolyte
such as salts, buffers and additives, the latter is of importance as
they modify the deposition overpotential and nucleation kinetics
enabling the production of coatings with particular physical and
chemical characteristics (corrosion resistance) [15-17].

Pulse electrodeposition has been found to be a powerful tech-
nique for controlling the electrocrystallization process to produce
deposits with unique structural and protective properties com-
pared to those obtained by direct current (DC). In former, three
independent parameters ON-time (Toy ), OFF-time (Togg) and pulse
peak current density (Ip) could be varied [18-21] unlike DC where
the only variable is current density [13]. The complexity of pulse
electrodeposition process involving large number of experimen-
tal variables and shortage of standard route to study the behavior
of pulse parameters may produce contradicting results for the
same electrode-electrolyte systems. For instances, Youssef et al.
stated that longer Tony lead to grain refinement for zinc elec-
trodeposition from zinc-chloride based electrolyte [19]. However,
Ramanauskas et al. [11] and Chandrasekar et al. [20] observed
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grain-size refinement of zinc deposits (obtained from alkaline non-

cyanide electrolyte), with increasing Togg.

The present paper aimed to study and optimize the synergetic
effects of pulse parameters and additives on the corrosion property
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of zinc electrodeposits obtained from alkaline non-cyanide elec-
trolyte. The causes of latter are substantiated in terms of different
morphology, topography and texture obtained due to varying the
pulse constraints and additive’s concentrations.
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Fig. 1. (a) Effect of pulse OFF-time (Topr, ms) on Icor (M=) and R (-®-) at constant Toy (6 ms) and Ip (5 Adm~2). (b) Effect of pulse ON-time (Ton, ms) on Ieor; (-M-) and R
(-@-) at constant Togr (60.7 ms) and Ip (5Adm~2). (c) Effect of pulse current density (Ip, Adm~2) on Iy (-M-) and R, (-®-) at constant Togs (60.7 ms) and Ton (6 ms). (d)
Effect of polyvinyl alcohol concentration (PVA, g1-") on Icor; (-M-) and R, (-®-) at constant Topr (60.7 ms), Ton (6 ms) and Ip (5 Adm~=2). (e) Effect of piperonal concentration
(PIP, g1-1) on Icorr (-M-) and R, (-®@-) at constant Togr (60.7 ms), Ton (6 ms), Ip (5 Adm~2) and PVA (0.9 g1-1) concentration. (f) Typical potentiodynamic polarization curves at
constant Topr (60.7 ms), Ton (6 ms), Ip (5 Adm~2): (-M-) without additive, (-@-) 0.9g1~! PVA, (-a-) 0.4 g1~ piperonal +0.9 gl-! PVA concentration. (g) Typical AC impedance
curves at constant Topr (60.7 ms), Ton (6ms), Ip (5 Adm~2): (-@-) without additive, (-M-) 0.9g1~! PVA, (-a-) 0.4gl-! piperonal+0.9gl-! PVA concentration. Inset is its

equivalent circuit model.
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Fig. 1. (Continued)
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Fig. 2. SEM images of the surface morphology of zinc deposits obtained at constant Toy (6 ms), Ip (5 Adm~2) and different Tog of (a) 18 ms, (b) 30ms, (c) 51.5ms, and (d)
60.7 ms.



2. Experimental

2.1. Electrolyte and electrolytic cell
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An alkaline non-cyanide electrolyte contained ZnO 10-12gl-!, NaOH
90-120g1~! and organic additives [13,20] was prepared with due pretreatments

using (60gl-! zinc dust activated with 0.1 ml of 50% HCI) to remove the metallic
and organic impurities [22-24]. The primary additive was prepared by dissolving
400 g of latter in 300 ml of water with constant heating while secondary additive
prepared by dissolving 30 g in 100 ml methanol.

Pulse electrodeposition was carried outina 175 ml capacity cell. Mild steel plates
were used as cathode with 2cm x 2 cm (exposed area) and (99.99% pure, Aldrich)
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Fig. 3. Effect of pulse parameters and additives on ohmically corrected overpotential: (-[J-) Togr (ms) at constant Toy (6 ms) and Ip (5Adm~2); (-O-) Ton (ms) at constant
Torr (60.7 ms) and Ip (5 Adm~2); (-A-) Ip (Adm~2) at constant Togr (60.7 ms) and Ton (6 ms); (-v-) PVA (gl-1) at constant Topr (60.7 ms), Ton (6 ms) and Ip (5 Adm—2); (-0-)
piperonal concentration at constant Topr (60.7 ms), Ton (6 ms), Ip (5 Adm~2) and PVA (0.9 g1-!) concentration.
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Fig. 4. SEM images of the surface morphology of zinc deposits obtained at constant Togr (60.7 ms), Ip (5 Adm~2) and different Toy of (a) 12 ms and (b) 18 ms.
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Fig. 5. SEM images of the surface morphology of zinc deposits obtained at constant Toy (6 ms), Torr (60.7 ms) and different I of (a) 3 Adm~2, (b) 5Adm~2, and (c) 7Adm~2.

zinc sheet as a soluble anode to obtain 5 pm thick zinc deposit. Before electrode-
position, the mechanically polished, mirror bright steel plates were cleaned with
trichloroethylene and given cathodic and anodic cleaning for 120 and 30's respec-
tively in the conventional alkaline cleaner solution (containing 35g1~' NaOH and
25gl1-1 Na,CO3). All chemicals used were of Laboratory Grade, supplied by Merck
or Fischer.

All electrodeposition experiments were carried out at room temperature
(30-35°C). The cathode current efficiency (CCE %) was calculated from the mass
gain obtained after deposition and found to vary between 60% to 85%.

2.2. Pulse electrodeposition

A DC regulated pulse power rectifier (Saral Systems, model: PR 1010 TPS, India)
was used to generate the square pulse waveforms. Measured uncompensated ohmic
resistance (R) was used to calculate the uncompensated ohmic potential drop (IR)
between working and reference electrodes. The ohmically corrected overpotential
was determined by deducting the open-circuit potential (OCP) from the ohmically
corrected working electrode potential. The coatings were obtained by varying the
Torr from 6 to 60.7 ms, Ton from 6 to 30 ms and Ip from 3 to 9 Adm~2. The effect of
each pulse parameter on the deposit quality and corrosion properties was studied
maintaining the other two at standard conditions: Tops, 60.7 ms; Ton, 6 ms and Ip,
5Adm~2.

2.3. Corrosion studies: cell assembly and electrolyte

A three-necked cell of 50 ml capacity was used. The working electrode was
electrodeposited zinc on steel plate with exposed area of 1cm? with a plat-

inum counter electrode and a saturated calomel (SCE) reference electrode. 5 wt.%
NaCl solution was used as electrolyte. Corrosion tests were conducted at room
temperature.

Potentiodynamic polarization and alternating current (AC) impedance studies
were carried out using BAS-ZAHNEER IM6 Impedance Analyzer and results were
analyzed using Thales 3.18USB software. The electroplated zinc was introduced into
cell immediately and allowed to reach equilibrium, which usually took 8-12 min.
Potentiodynamic polarization was obtained at a scan rate of 5mVs~! and the cor-
rosion potential (Ecorr) and corrosion current density (Icorr) Were determined using
the Tafel extrapolation method. Impedance measurements were made at the fre-
quency range of 50 mHz to 100 kHz with 10 mV peak amplitude about the corrosion
potential.

2.4. Characterization of zinc electrodeposits

A scanning electron microscope (SEM) (Hitachi, model: S3000H, Canada) and
atomic force microscope (AFM) (Molecular Imaging Scanning Probe Microscope,
model: PICOSPM, US) were used to characterize the surface morphology and topog-
raphy of zinc electrodeposits, respectively. In latter, SizsN4 cantilever was used to
obtainimages of 256 x 256 pixels resolution. Molecular Imaging SPM Lab grain anal-
ysis software and AFM image profile line analysis were employed to determine grain
size of electroplated zinc coatings. The grain size of zinc platelets was calculated by
averaging the length, width and thickness of each platelet observed and the RMS
roughness values were determined on the basis of AFM studies.

X-ray diffraction (XRD) measurements were performed with X’PERT PRO PAN-
alytical (model: PW3040 160 X'Pert PRO, Netherlands) equipped with Cu Ko
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radiation. Crystallite size was estimated by Scherrer’s equation [17]. Relative tex-
ture co-efficient (RTC, %) of the zinc electrodeposits was calculated from XRD datas
according to the method proposed by Berube and L’Esperance [25].

3. Results and discussion
3.1. Corrosion studies

The protective properties of pulsed zinc coatings were studied
using potentiodynamic polarization and AC impedance techniques
in 5wt.% NaCl solution [20]. For all experiments, OCP (open-
circuit potential) shown variation from —1.01 to —1.05V while
rest potential (Rp) ranged between —1.06 to —1.07 V. The corro-
sion properties of pulse electrodeposited zinc produced at each
pulse parameters and various additive concentrations were exper-
imented. These parameters were optimized based on the low
corrosion current density (Icorr), and high resistance to charge
transfer (Rct).

25

Scanned | —

Fig. 1a shows the effect of Togr on the I and Ret at con-
stant Toy (6ms) and Ip (5Adm~—2). The I values decreased
from 859 to 22 pAcm~2 while R values increased from 7.65
to 288.78 2 cm~2 exhibiting enhanced corrosion protection with
increasing Topg. Fig. 1b depicts that at constant Topr (60.7 ms)
and Ip (5Adm=2), the I, values increased from 25 pAcm—2
at 12ms (Ton) to 30pAcm=—2 at 30ms (Ton) while Ree values
decreased from 89.2 to 70.71Qcm~2, showing less protec-
tive ability compared to Tony of 6ms (Icorr =22 ]J,AC]TFZ and
Rt =288.78 2 cm~2). Moreover, the zinc electrodeposits obtained
with increasing Ip (between 3 and 9Adm~2) at constant Ty
(6ms) and Topr (60.7 ms) showed enhanced protective property
as shown in Fig. 1c. This is substantiated with R values decreas-
ing from 25.1 pAcm—2 (at 3Adm—2) to 18.5 pAcm—2 (at 9Adm—2)
while Cq value increased to 288.78 2cm~2 (at 5Adm~—2) and
then decreases. Hence, 5Adm~2 is optimized for the rest of the
experiments since this condition provide enhanced corrosion resis-
tance compared to other Ip (Fig. 1c). The ¢ values of zinc
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Fig. 6. AFM images of pulsed zinc coatings at constant Toy (6 ms), Torr (60.7 ms) and different Ip of (a) 3 Adm~2, (b) 5Adm~2, and (c) 7Adm~2.



522 M.S. Chandrasekar et al. / Materials Chemistry and Physics 124 (2010) 516-528

deposits obtained with inclusion of primary additive (polyvinyl
alcohol, PVA) and secondary additive (piperonal) into the elec-
trolyte at optimized pulse parameters of 6ms (Toy), 60.7 ms
(Torr) and 5Adm~2 (Ip) are shown in Fig. 1d-f. Zinc deposit
obtained at 0.9gl~! PVA concentration, exhibited 18.4 WA cm—2
(Icorr) and 278.13Qcm~2 (Rt) while deposits obtained with
electrolyte containing 0.4gl-! piperonal+0.9gl~! PVA exhib-

WD17.8mm 25.0kV x8.

ited lowest Icor value of 16 },LACI’D_2 and highest R. value of
481.8Qcm~2.

The Nyquist impedance plots for zinc electrodeposit obtained
with and without additives at 6ms (Tgy), 60.7ms (Torr) and
5Adm~2 (Ip) are in Fig. 1g. The Nyquist plots of all the zinc deposits
studied exhibit a single semicircle at higher frequencies; however,
the diameter of the latter is sharply increased with inclusion of

0kV 8.0k Sum

Fig. 7. SEM images of the surface morphology of zinc deposits obtained at constant Toy (6 ms), Tor (60.7 ms), Ip (5 Adm~2) and different PVA concentrations of (a) 0.3gl!,

(b)0.6gl",(c)0.9gl-1,(d)1.2gl"!,and (e) 1.5g1-".
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additives. This is indicative of much higher corrosion resistance of
zinc coatings. In addition, a diffusion controlled charge transfer is
observed at low frequencies, as depicted in Fig. 1g. Such a diffusion
process may indicate that the corrosion mechanism is controlled
not only by the charge transfer step but also by the diffusion pro-
cess. To account for the corrosion behavior of the zinc deposits, an
equivalent circuit model consists of solution resistance (Rs) double

25 um

Scanned T —

0 1000 nm

1000

523

layer capacitance (Cy;), charge transfer resistance (R¢) and Warburg
impedance (Zy) [26], in which the Cy; and Rt are parallel to each
other, have been proposed to simulate the metal/solution interface
[10]. Youssef et al. reported that the passive film formation on the
corroded zinc surface to be diffusion controlled and the enhanced
corrosion protection is believed due to the high nucleation density
sites for passive films [10].
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Fig. 8. AFM images of pulsed zinc coatings at constant Toy (6 ms), Togr (60.7 ms), Ip (5 Adm~2) and different PVA concentrations of (a) 0.3g1-', (b) 0.6gl~1, (c) 0.9g1-', (d)

1.2gl-',and (e) 1.5l 1.
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The above corrosion protection ability of pulsed zinc elec- 3.2. Morphology and topography
trodeposits were elucidated in terms of morphology, topog-
raphy, root mean square (RMS) roughness and preferred Surface morphology and topography of zinc electrodeposits are
orientation. based on SEM and AFM measurements, respectively. SEM, AFM

WD17.6mm 25.0kV

WD18.0mm 25.0

Fig. 9. SEM images of the surface morphology of zinc deposits obtained at constant Toy (6 ms), Tor (60.7 ms), Ip (5Adm~2), PVA concentration (0.9g1-") and different
piperonal concentrations of (a) 0.2gl-!, (b) 0.4gl-",(c)0.6g1-1,(d) 0.8gl-',and (e) 1.0g1-".
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micrographs and overpotential representing the effects of pulse
plating parameters and additives are shown in Figs. 2-10. Influ-
ences of pulse constraints and additives on grain size and its
distribution and RMS roughness are determined based on these
studies.

Hexagonal flake-shaped platelets were obtained at 18 and 30 ms
(Torr) as shown in Fig. 2a and b. These platelets of reduced dimen-
sions stacked at 51.5 and 60.7 ms (Togg) (Fig. 2c and d). This might be

Scanned T =

Scanned T —

due to the adsorption of an inhibiting species probably the hydroxyl
anion, which blocks the growth centers of the cathode and enhance
new nuclei at each pulse. Therefore, longer the Tggf, finer would
be the platelets which pile together. Another plausible explana-
tion for latter may be due to the lower overpotential associated
with increasing Togr (Fig. 3a). Meanwhile, increase in Toy (=12 ms)
increases the stack size (Fig. 4a). According to pulse plating theory,
the thickness of the pulsating part of diffusing layer is a function

25

Scanned | —

Fig. 10. AFM images of pulsed zinc coatings at constant Toy (6 ms), Torr (60.7 ms), Ip (5 Adm~2), PVA concentration (0.9 g1-') and different piperonal concentrations of (a)

0.2gl1,(b)0.4gl',(c)0.6g1-1,(d)0.8gl~',and (e) 1.0gI 1.
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of Ton. If the diffusing layer’s thickness is small compared to the
surface roughness of the base metal, which is possible at suffi-
ciently short Ton, compact deposits are formed. Further, increase
in Ton (=18 ms), decreases the stack size (Fig. 4b), might be due
to increase in overpotential associated with Tgy (Fig. 3b). These
results of Topr and Toyn effects are in contradicting with Youssef
et al. [19] who produced nc zinc from chloride-sulfate electrolyte.
Hence, with increase in Topf, the stack size decrease from 3.5 to
1.5 wm that might result in decrease of Icorr and increase (resis-
tance to charge transfer) Rc; values. With increase in Toy, the stack
size increased from ~2.8 to 2.82 wm which may contribute to high
Icorr and decreased R values.

Fig. 5 depicts that increase in Ip increases the overpotential
(Fig. 3¢), which results in decreases of stack size. These results are
consistent with the results obtained by a number of investigators
[21,29,30]: increasing the overpotential increases the free energy
to form new nuclei, which results in a higher nucleation rate and
smaller grain size. Surface topography investigations on the pm
level (30 wm x 30 wm scanned surface area) have shown that zinc
deposits consisted of micron sized granular crystallite agglomer-
ations (Fig. 6a—c). The average dimensions of these agglomeration
being ~1.45 wm. The average RMS roughness for zinc deposits (with
30 wm x 30 pm scanned surface area) was ~530 nm.

We observed that another contribution for increasing the (more
negative) overpotential resulted from addition of additives. The
addition of primary additive namely, polyvinyl alcohol (PVA)
into electrolyte modify the morphology along with reduction of
grain size (Fig. 7a—e). These might be due to (1) polarity of the
carbon-oxygen bond and (2) possibility of this material to be
present in significant amounts in the cathode film, forming a weak
physical barrier that hinders zinc deposition. The grain refining
properties of PVA could be due to (1) the energy needed to break
the PVA complex at cathode and (2) increase in overpotential with
its concentration (Fig. 3d). The grain size decreased from ~1.2 to
~150 nm (Fig. 8a-e). At 0.9g1~! PVA, 5Adm~2 (Ip), 60.7 ms (Torr),
6 ms (Ton), nc zinc deposit (~50 nm) was obtained while the aver-
age RMS roughness (with 30 wm x 30 wm scanned surface area)
was ~350 nm. To obtain bright zinc deposits from this bath, addi-
tional organic brighteners are needed in addition to PVA. These
organic brighteners are smaller molecules having unsaturated and
polar characteristics by which they are attracted to the cathode and
influence the deposition [13,27,28]. The role of brightener additives
is to further refine the structure or produce leveling by selec-
tive adsorption and to the surface film formed by PVA. Piperonal,
an aldehyde is of such a brightener additive. The bright, com-
pact and adherent zinc deposits were obtained with inclusion of
piperonal to electrolyte containing 0.9 gl-! PVA (Fig. 9). At 0.4g1-!
piperonal concentrations, nc zinc deposit containing grain size of
~33 nm was obtained (Fig. 10b). This could be due to increase in
overpotential associated with increase in piperonal concentrations
(Fig. 3e). Further increase in its concentrations results in porous
deposits containing numerous pits (Fig. 10d and e). The average
RMS roughness for zinc deposits with brightener additive (with
30 wm x 30 wm scanned surface area) was ~200 nm.

Zinc coatings produced at 6 ms (Toy), 60.7 ms (Topr), 5 Adm—2
(Ip), 0.9g1-1 PVA+0.4¢g1-1 piperonal concentrations have shown
enhanced protective property compared to other Ip and additive’s
concentrations. The corrosion resistances observed at different
additive concentrations were attributed to differences in morphol-
ogy, topography, RMS roughness (Fig. 11) and grain size of the
zinc deposits. Compact, adherent and more homogeneous struc-
ture (more uniform agglomeration/grain size) might be plausible
explanation for low Icorr (16 WAcm—2), high Ret (447.26 2 cm~—2)
and low Cy (12.6 wFecm~2) values. Hence, the relationship
between the structural parameters and corrosion behavior were
regular.

30

(c)
i (a)
20 (b)

o (RACM?)

200 250 300 350 400 450
RMS Roughness (nm)

Fig. 11. Typical effect of root mean square (RMS) roughness on corrosion current
density (Icorr): (@) Ton (6 ms), Tor (60.7 ms), Ip (5 Adm~2),0.9 g1=1 PVA; (b) Ton (6 ms),
Torr (60.7 ms), Ip (5Adm~2),0.9g1-! PVA+0.4g1-! PIP; (c) 6 ms (Ton), 60.7 ms (Torr),
5Adm—2 (Ip).

3.3. Crystallographic orientation

Different crystallographic orientations of zinc polycrystalline
grains might have effect on corrosion rates. The activation energy
for dissolution increases with increase in packing density. In such a
case, the plane with the highest packing density must have the low-
est corrosion rates and the packing density of zinc crystallographic
planes decreases in the following order [0 0.1] >[h k.0]>[h 0.0] [31].
Furthermore, it was shown that the growth of zinc oxide (ZnO) films
on zinc surfaces is dependent upon the index of the specific plane
[32]. The integrity of the oxide film on the basal [0 0. [] plane of zinc
surface, relative to other orientations was attributed to be quite
protective [33]. Therefore, the deposits, that possessed a low-index
plane texture, might be more stable due to a higher metal packing
density and due to the fact that oxide films on such surfaces were
more resistant.
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Fig. 12. Percentage RTC as a function of crystallographic planes at constant Toy

(6ms), Ip (5Adm~2) and different T of (a) 18 ms, (b) 30ms, (c) 51.5ms, and (d)
60.7 ms.
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Fig. 14. Percentage RTC as a function of crystallographic planes at constant Toy
(6 ms), Topr (60.7 ms) and different Ip of (a) 3 Adm~2, (b) 5Adm~2, (c) 7Adm~2, and
(d)9Adm2.

Increasing Topr at constant Ton and Ip exhibit prevailing basal
[00.2] texture compared to high angle pyramidal [10.1], [11.2]
and prismatic [11.0], [10.0] planes (Fig. 12). The relative texture
co-efficient (RTC, %) of [00.2] increased from 10.3% at 18 ms (Togr)
to 35.5% at 60.7 ms (Torr). According to the fundamental aspects
discussed above, the zinc deposits with highest [00.2] plane’s
RTC values exhibited significant low I¢orr (22 uAcm*Z) and high
Ret (171.15 2 cm~—2) values. Meanwhile, the Toy variation tends to
increase the Icorr and decrease Rqt values may be due to low RTC
value of [00.2] planes (Fig. 13) and low intensity oxide plane. The
RTC values of [00. 2] planes increased significantly with increasing
the Ip, along with drastic fall of Icorr values (Figs. 1c and 14) [34].
This is a due to surface energy differences, which are responsible,
for the selective growth of the grains that have the lowest surface
free energy. For the zinc crystal the lowest surface energy is the
basal [00.2] plane owing to its compactness [35].
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Fig. 15. Percentage RTC as a function of crystallographic planes at constant Toy
(6 ms), Torr (60.7 ms), Ip (5 Adm~2) and different PVA concentrations of (a) 0.3 gl 1,
(b)0.6gl-1,(c)0.9gl"1,(d)1.2gl"1,and (e) 1.5g1-1.
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Fig. 16. Percentage RTC as a function of crystallographic planes at constant Ton
(6 ms), Torr (60.7 ms), Ip (5 Adm~2), PVA concentration (0.9 g1-') and different piper-
onal concentrations of (a) 0.2gl~!, (b) 0.4gl-', (c) 0.6gl-", (d) 0.8gI-1, and (e)
1.0gl-1.

However, at 0.9gl~! PVA, zinc deposit contained about 80%
of its crystallites preferably orientated to basal [00.2] plane
(Figs. 1d and 15) while only 10% of crystallites were orientated
with inclusion of piperonal+0.9gl-! PVA (Figs. 1e and 16). The
remarkable decrease in RTC values of basal [00.2] plane were
due to increased overpotential [36] for zinc deposition and the
decrease of grain size due to piperonal addition. But the deposits
obtained at 0.4gl-! piperonal+0.9gl-! PVA concentrations are
1.25 times more corrosion protective compared to those obtained
with electrolyte containing only 0.9 g1-1 PVA, which contradict the
above-mentioned aspects. Therefore, presences of additives modify
the morphology, the crystal orientation and the surface roughness
of deposited zinc which inturn have an effect on its corrosion prop-
erty.
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4. Conclusion

Application of pulse electrodeposition resulted in adherent
and bright nanocrystalline zinc deposits with average grain size
ranging from 30 to 50nm from an alkaline non-cyanide elec-
trolyte containing additives. The corrosion properties of pulsed
zinc varied depending upon the plating conditions. Icorr decreased
with increase in Topr and Ip (both with and without additives)
and vice-versa for Tgy effect. Bright, compact and homogenous
nanocrystalline zinc coating with best corrosion resistance of
16 pAcm=2 (Icorr) Was obtained at 6ms (Toy), 60.7ms (Togg),
5Adm—2 (Ip),0.9g1~1 PVA+0.4g1-! piperonal concentrations. RTC
values of zinc [0 0. 2] crystallographic plane vary with pulse param-
eters and additive concentrations and attribute enhance corrosion
properties of zinc coatings. Therefore, pulse plating served as an
agent for effective grain refinement, at moderate current densities
enabling the preparation of compact and bright zinc deposits at
less additives concentrations. The new bath also has the additional
advantage of being eco-friendly in that it uses only easily disposable
organics.
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