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a b s t r a c t

Pulse electrodeposition was used to produce zinc–cobalt (Zn–Co) alloy deposits from an alkaline non-
cyanide electrolyte with and without additives. The influence of additives’ concentration and pulse
parameters, such as ON-time (TON), OFF-time (TOFF), and pulse peak current density (IP) on the surface
morphology, grain size, composition and crystal orientation were investigated using scanning electron
eywords:
lloy coatings
icrostructure

lectron microscopy (TEM and SEM)
tomic force microscopy (AFM)

microscope (SEM), atomic forced microscope (AFM), energy dispersive X-ray (EDX), X-ray fluorescence
(XRF), X-ray diffraction (XRD), respectively. At constant TOFF and IP, cobalt content in the deposits decreases
with TON and cluster size increases. Increase in TOFF at constant TON and IP, decreases the cluster growth
with increase in cobalt content. The same trend was observed with increasing IP (without additives) at
constant TON and TOFF. The presence of additives at 7 Adm−2 drastically decreases the cobalt content in
the deposits from 2.5 to 0.7 wt.%. Co and the preferred crystallographic orientation was [10.1] at 69.1% as

confirmed by XRD.

. Introduction

The application of sacrificial coatings of zinc onto steel and other
errous substrates has long been established as an effective and
eliable standard of the industry for corrosion protection. Recent
emands for higher quality, mechanical property, corrosion resis-
ant [1–6] and longer lasting finishes [7–12] have promoted a move
o zinc alloy deposits especially in the fastener, electrical com-
onents, bicycle parts and aerospace. Toxic and environmentally
armful chromium and cadmium plating are being replaced by zinc
lloy plating.

The differences in zinc alloys systems come from choice of
lloying element and the electrolyte used as well. Successfully
mployed alloying elements are iron, cobalt, nickel and tin. The
esired cobalt content of the alloy to achieve the above advantages

s only 0.6–0.8 wt.% compared to zinc–nickel alloy requiring around
0–12 wt.% nickel [13–15].

Acidic [16–21] and alkaline [22,23] plating baths can be used
or zinc and zinc alloy plating. Alkaline bath offers higher throw-
ng power [7], produce single-phase zinc–nickel deposits and
equired less percentage of alloying elements (0.6–0.8 wt.% cobalt

n zinc–cobalt and 10–12 wt.% Ni in zinc–nickel) for protective
pplications as compared to deposits obtained from acid baths
0.8–1.0 wt.% cobalt in zinc–cobalt and 14 wt.% nickel in zinc–nickel)
24]. Moreover, switching over from the existing neutral zinc plat-
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ing to neutral zinc–cobalt alloy plating is very simple unlike the
zinc–nickel system [25–30] due to lesser amount of cobalt and com-
plexing agent required to obtain the desired composition compared
to latter system. The operating conditions also are similar to zinc
plating system in the former.

According to Brenner co-deposition of zinc with iron group
metals follows the anomalous type in which the less noble metal
(zinc) deposits preferentially under certain conditions [1]. Dahms
and Croll [31] proposed the “hydroxide suppression mechanism”
for nickel–iron alloys, suggested that the discharge of more noble
Ni2+ ions is hindered by the formation of Fe(OH)2 on the cathode
surface, due to local pH rise, which inhibits the co-deposition of
nickel. For zinc–cobalt alloy, Decroly and coworkers [32,33] and
Higashi et al. [34,35] proposed that the discharge of Co2+ ions was
hindered in the same manner by the formation of Zn(OH)2 on cath-
ode surface. Based on this theory, deposition conditions that can
cause an increase in surface pH would enhance the anomalous
co-deposition. However several reports disagree with latter mech-
anism [36,37]. Bahrololoom et al. [38] reported that the deposition
mechanism changed from anomalous to equilibrium co-deposition
and consequently high cobalt containing zinc–cobalt alloys were
obtained if the Co3+ ions produced from anodic reaction were pre-
vented from entering the catholyte.

The application of pulse current (PC) may be a possible approach
to achieve zinc–cobalt alloys with a very wide range of alloy

composition and properties by simply varying the applied pulse
parameters such as ON-time (TON), OFF-time (TOFF) and pulse
peak current density (IP). A qualitative review on pulse plat-
ing is elucidated in the literature [39]. In addition, the effect
of pulse parameters and additives on the morphology, texture

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:malathypush@yahoo.com
dx.doi.org/10.1016/j.matchemphys.2009.01.020
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(of 22.22%) (Fig. 4). The increase in cobalt content observed above
9 Adm−2 could be explained by the increase in partial current for
cobalt deposition compared to that of zinc deposition.
04 M.S. Chandrasekar et al. / Materials C

nd composition of zinc–cobalt is not exhaustively studied till
ate.

As a continuation of our earlier report on pulse electrodeposi-
ion of zinc from an alkaline non-cyanide bath [40], work on the
roduction of zinc alloys was initiated from the same bath [41].
he present paper deals with zinc–cobalt alloy deposition using PC
rom the same bath using the same organic additives. The depen-
ence of alloy composition, surface morphology, cathode current
fficiency (CCE) and crystal orientations were studied as function
f pulse parameters.

. Experimental

.1. Electrolyte and electrolytic cell

A zinc stock solution containing ZnO, 9–12 g l−1 (9–12 g l−1 Zn) and NaOH
0–120 g l−1 [40] was prepared with due pretreatments to remove the metal-

ic and organic impurities [42,43]. Cobalt sulphate (CoSO4·7H2O), 0.95–32 g l−1

0.2–6.5 g l−1 cobalt) was mixed with 15–30 ml l−1 of triethanolamine (TEA) and
ade as a homogenous solution in order to avoid its precipitation in the alkaline
edium. The pH of the electrolyte was 13–14. Required amount of cobalt solu-

ion was added to the zinc electrolyte before deposition. All chemicals used were of
aboratory grade, supplied by Merck or Fischer.

Pulse electrodeposition was carried out in a 175 ml capacity cell. Mild steel plates
ere used as the cathode with an exposed area of 2 cm × 2 cm to obtain 5 �m thick

inc alloy deposit and (99.99% pure, Aldrich) zinc sheet as a soluble anode. Before
lectrodeposition, the steel plates were degreazed with trichloroethylene and given
athodic and anodic cleaning for 120 and 30 s, respectively in the conventional
lkaline (cleaner) solution.

The experiments were carried out at 30–35 ◦C. The cathode current efficiency
%) was calculated from the mass gained after deposition [9].

.2. Pulse electrodeposition

A DC regulated pulse power rectifier (Saral Systems, model: PR 1010 TPS, India)
as used to generate the pulse waveforms. The effect of each pulse parameter on

he deposit quality and properties was studied maintaining the other two constant.
oatings were obtained by varying TOFF from 6 to 60.7 ms, TON from 6 to 15 ms and

P from 2 to 13 Adm−2. The effect of each pulse parameter on the deposit quality
nd properties was studied maintaining the other two at standard conditions: TOFF,
1 ms; TON, 6 ms and IP, 5 Adm−2.

.3. Characterization of zinc–cobalt deposits

The deposits were analyzed for their composition using X-ray fluorescence spec-
roscopy (CMI, XRX series, USA). A scanning electron microscope (SEM) (Hitachi,

odel: S3000H, Canada) together with energy dispersive X-ray (EDX) and atomic
orce microscope (AFM) (Molecular Imaging Scanning probe microscope, model:
ICOSPM, US) were used to characterize the surface morphology of Zn–Co deposits.
he grain size of Zn–Co platelet was calculated by averaging the length, width and
hickness of each platelet observed and the root-mean-square (RMS) roughness
RRMS) values were determined using AFM studies.

The electroplated sample was removed by washing with distilled water. The thin
akes floating in the water were then collected on to a copper grid. In this way the
ample could be prepared just few minutes before loading in to transmission elec-
ron microscope (TEM). TEM images were collected from Philips CM200 microscope
orking at 200 kV.

X-ray diffraction (XRD) measurements were performed with X’pert PRO PANa-
ytical (model: PW3040 160 X’pert PRO, Netherland) equipped with Cu K� radiation.
rystal size was estimated by Scherrer’s equation (D = K�/ˇ cos �), where D is the
rystal size, � is the wavelength of the X-ray irradiation (1.5406 Å), K usually taken
s 0.9, ˇ is the full width half maximum (FWHM) of the diffraction peak and � is the
iffraction angle [44].

. Results and discussion

.1. Effect of bath composition on cobalt content in the alloy

The cobalt concentration in the alkaline electrolyte was var-
ed from 2 to 45 wt.% Co, at constant 21 ms (TOFF), 6 ms (TON)

nd 2 Adm−2 (IP) (optimized DC current density [41] to obtain
.5–0.8 wt.% Co content in the alloy). In Fig. 1, the cobalt content in
he deposit is low initially and increased gradually with increase in
obalt concentration in the electrolyte. The CCE decreased from 90%
t 7.65 wt.% Co to about 50% at 40.85 wt.% Co. At 7.65 wt.% cobalt in
Fig. 1. Effect of cobalt concentration in the electrolyte on the cobalt content (wt.%)
in the deposits and CCE (%) at constant 21 ms (TOFF), 6 ms (TON) and 2 Adm−2 (IP): (�)
Wt.% Co; (©) CCE.

the electrolyte, optimum cobalt content was obtained and the same
was used in the rest of the studies. It is understood that to produce
an alloy deposit of the same cobalt content, less amount of cobalt
in solution is required for PC than DC (9.4 wt.% Co [23,41]).

Figs. 2–4 show effect of each pulse parameter (TOFF, TON, IP) on
the cobalt content in deposits and their corresponding CCE obtained
from the optimized electrolyte (7.65 wt.% Co) while maintaining the
other two constant. At constant 6 ms (TON) and 5 Adm−2 (IP), the
cobalt content in the deposit [23] increased from 3.5 to 4.5 wt.% with
TOFF while CCE decreased from 82 to 60% (Fig. 2). The cobalt con-
tent falls from 3.65 to 3.07 wt.% with increased TON at constant TOFF
(21 ms) and IP (5 Adm−2) but CCE increased from 78 to 84% (Fig. 3).
At constant TON (6 ms), TOFF (21 ms), the cobalt content increased
with IP and levels off above 11 Adm−2 irrespective of the additive’s
presence as shown in Fig. 4. Since the alloy deposition is decided
by the surface pH, the cobalt content attains a peak at 5 Adm−2

itself whereas it is attained only at 11 Adm−2 at constant duty cycle
Fig. 2. Effect of TOFF on the cobalt content (wt.%) in the deposits and corresponding
CCE (%) at constant 6 ms (TON) and 5 Adm−2 (IP). (Additive free electrolyte; Co in
solution 7.65%.). (�) Wt.% Co; (©) CCE.



M.S. Chandrasekar et al. / Materials Chemis

Fig. 3. Effect of TON on the cobalt content (wt.%) in the deposits and corresponding
CCE (%) at constant 21 ms (TOFF) and 5 Adm−2 (IP). (Additive free electrolyte; Co in
solution 7.65%). (�) Wt.% Co; (©) CCE.
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ig. 4. Effect of IP on the cobalt content (wt.% Co) in the deposits at constant 6 ms
TON) and 21 ms (TOFF). (Co in solution 7.65%). (�) Without additive; (©) with PVA;
�) with PVA and PIP.
Deposits of 0.68–0.7 wt.% Co were obtained from electrolyte
ontaining additives polyvinyl alcohol (PVA) and piperonal (PIP)
t 5–7 Adm−2. The organic additives inhibit deposition but, refine
he grain size by specific adsorption onto the electrode surface.

ig. 5. SEM images of the surface morphology of zinc–cobalt deposits obtained at 6 ms (T
try and Physics 115 (2009) 603–611 605

All above results demonstrated anomalous deposition [1,45], in
the sense that the cobalt content in the deposits was always less
than the relative proportion present in the bath due to preferen-
tial deposition of less noble metal zinc. Stankeviciute et al. had
reported that the “hydroxide suppression mechanism” to be a plau-
sible explanation for latter since precipitation of scarcely soluble
compounds during the current pulse take place. The decreased CCE
during TOFF increase had been attributed to the higher cobalt levels
in the bath and deposit, which promote hydrogen-evolution reac-
tion [45]. Ibl et al. had reported hydrogen is adsorbed during pulse
TON and desorbed during TOFF. When a new pulse comes, the sur-
face is less covered with hydrogen and its deposition is facilitated,
the result being lower CCE [46].

3.2. Morphology and topography

The nucleation rate is enhanced and the grain size of deposit is
usually decreased because of higher IP, however, the effect of TON
and TOFF on deposit characteristics cannot be predicted for certain
systems, because the crystallization process is strongly influenced
by adsorption and desorption phenomena. Therefore, each sys-
tem may react differently during the electro-crystallization process
yielding different surface morphology.

3.2.1. TOFF effect
TOFF is not a “dead” time from the standpoint of crystalliza-

tion during which active center or recrystallization seems to takes
place [47]. The fine-grained deposit obtained in practice depends
upon what happens during the TOFF period when the current is
interrupted. Desorption of impurities and encouragement of renu-
cleation with the formation of new, smaller grains can be allowed
during this period [39]. Fig. 5a–c shows the SEM micrographs of
deposits obtained at constant TON (6 ms), IP (5 Adm−2) and at vari-
ous TOFF. At 6 ms (TOFF) (Fig. 5a), the deposit consisted of ∼5–7 �m
sized cauliflower-like clusters corresponding to quasi-pure cobalt
deposits [1,9,48]. The micro-clusters were aggregates of cobalt
nanoparticles (each sized ∼45.7 nm) as analyzed by EDX. When
TOFF was increased from 21 to 30 ms, the micro-clusters diminished
gradually forming modified stem-like dendrite deposit as shown in
Fig. 5c. The increase in the TOFF values caused the decrease in crys-
tallites values from 7 to 2 �m and simultaneous slight decrease in
grain size to 33.4 nm.

3.2.2. TON effect
Fig. 6 shows the SEM micrographs of deposits obtained at con-
stant TOFF (21 ms), IP (5 Adm ) and at various TON. At 6 ms (TON),
compact deposit with fewer interstices was obtained (Fig. 5b). With
increased TON from 9 to 15 ms, Fig. 6a–c, the deposits obtained con-
sisted of ∼5–6 �m sized cauliflower-like micro-clusters. There were
no appreciable decreases in cobalt content (3.65–3.07 wt.% Co) with

ON), 5 Adm−2 (IP) and different OFF-time (TOFF) of (a) 6 ms, (b) 21 ms, (c) 30 ms.
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ig. 6. SEM images of the surface morphology of zinc–cobalt deposits obtained at 2
c) 15 ms.

ncrease in TON values (Fig. 3). EDX analysis demonstrated that the
lusters consisted of cobalt sized between 40 and 90 nm as shown
n Fig. 6a (inset). The reappearance of the large crystallites at the
ongest TON (15 ms) may be explained by a large duty cycle value,

hich is approaching DC electrodeposition [27,49]. However, clus-
er deposits resembling Fig. 5a were obtained, which could be due
o increased duty cycle (∼42.86%).

.2.3. IP effect
Increase in the overpotential enhances the free energy to form

ew nuclei, which results in a higher nucleation rate and a smaller
rain size. Therefore, an increase in IP in the pulse plating of met-
ls usually increases the overpotential that causes a decrease in
he grain size. A similar effect was also observed for Zn–Co pulse
lectrodeposits [45].

.2.3.1. Without additives. Fig. 7a–d shows the SEM micrographs
f deposits obtained at constant TON (6 ms), TOFF (21 ms) and at
ifferent IP values. At 5 Adm−2, the deposits of ∼4–5 �m sized
icro-clusters were obtained. When IP increased to 11 Adm−2, the

ormer size gradually decreased to form compact deposits consist-
ng of uniformly distributed clusters (∼2–3.5 �m) Fig. 7b–d and
FM shows decrease in micro-cluster’s size from 1.2 to 0.2 �m

Fig. 8a–d). Small particles of 20–80 nm collected together to
orm hemispherical (formed at 5–7 Adm−2) and pyramidal (formed
t 9–13 Adm−2) cluster. The root-mean-square roughness of the
eposits (260–210 nm) decreased with increase in IP. The decrease

n the size of grains was due to increase in overpotential that favors
he nucleation process at the expense of the grain growth [50].

.2.3.2. With PVA. Fig. 7e–h shows SEM micrographs of deposits
btained at 6 ms (TON), 21 ms (TOFF), and at 5–13 Adm−2 (IP). With
.5 g l−1 PVA inclusions, the deposits morphology changed enor-
ously. The micro-clusters and interstices decreased (to ∼1–2 �m)
ith increased IP. The micro-cluster shape is gradually modified to

ompact deposits having less interstices and adherent prismatic
latelets (Fig. 7 h). AFM studies depicted that deposits obtained
t 5–9 Adm−2 consisted of micro-cluster containing 40–70 nm
articles (Fig. 8e–f). Micro-cluster is formed by many 30–45 nm
hick layers at higher IP (Fig. 8g–h). RMS roughness increases
132–170 nm) with IP, but comparatively less than the deposits
btained without additives. The ability of PVA to refine the grain
ize may be due to: (i) increasing the high overpotential and (ii)
etardation of growth and increase in the effective nucleation rate
51].
.2.3.3. With PVA and PIP. On addition of 0.2 g l−1 PIP to the
lectrolyte containing 0.5 g l−1 PVA, clustered deposits were not
btained. Instead, bright, compact, adherent deposits (∼0.5–1 �m)
ith least interstices were obtained. The length of prismatic
TOFF), 5 Adm−2 (IP) and different ON-time (TON) of (a) 9 ms (inset: 2 �m), (b) 12 ms,

platelets size increased (300–550 nm) at higher IP. The presence of
60 nm average-sized particles uniformly distributed over the latter
is confirmed by AFM figures (Fig. 8i–l). The RMS roughness of the
deposits decreased to ∼100 nm comparative to deposits obtained
with 0.5 g l−1 PVA.

At 6 ms (TON), 21 ms (TOFF) and 7 Adm−2 (IP), TEM images con-
firm the existence of cobalt nanoparticles in the micro-cluster as
shown in Fig. 9a. The presence of oxygen and cobalt in deposits
are predicted by EDX (Fig. 9b). From EDX analysis, the deposit con-
tained 0.68 wt.% Co. The ring pattern (Fig. 9c) obtained by using a
selected area electron diffraction (SAED) aperture favoring many
micro-crystallites diffraction [7]. The latter is shown in Fig. 9d that
containing nanoparticles.

3.3. Phase composition

Zn–Co alloy coatings have the same structure as zinc deposits
[52]. For accurate measurements of preferred orientations, area
under each peak of the XRD patterns was determined. Relative tex-
ture co-efficient (RTC in %) for the reflections (h k l) were calculated
by the formula [53]:

RTC (h k l) = (TCh k l)E

(TCh k l)S
× 100 and TC (h k l) = (Rh k l)E

(Rh k l)S

Where TC, texture co-efficient of the planes (h k l); Rh k l, area under
reflection intensity corresponding to (h k l) plane; E, sample under
study; S, zinc powder sample to serve as a reference for the zinc
samples.

3.3.1. TOFF effect
Fig. 10 depicts TOFF effect at constant TON (6 ms) and IP (5 Adm−2)

on the lattice orientations of the Zn–Co deposits obtained. The
micro-cluster depicted in SEM and AFM is in agreement with XRD
that showed very sharp peaks characteristics of coarse grains. Con-
siderable increases in the intensity of [10.1] peaks were observed
when TOFF increased from 6 to 60.7 ms while [00.2] and [10.0]
showed no significant variation in intensity. This might be due
to the change in orientation of the zinc crystallographic planes
by the cobalt incorporation. The persistence of those peaks,
although with less intensity, suggests the appearance of a zinc-
rich (�-phase) Zn–Co alloy [54] since the diffraction pattern of the
Zn–Co solid solution �-phase is very similar to pure zinc diffrac-
tion pattern [12]. The intensity of peak associated with cobalt
hydroxide [2� = 37.65◦] (peak i) (JCPDS 45-0031] and cobalt oxide
[2� = 42.59◦] (peak ii) (JCPDS 43-1004] increased with decrease in

TOFF followed by a decrease in intensity of [10.1] of the �-phase
[54,55]. However, the basal [00.2] and pyramidal [10.1] peaks were
dominant with increasing TOFF that corresponds to the low over-
potential [56,57]. With decrease in TOFF, the peak associated with
plane [10.1] shifted from 43.51◦ to 43.31◦ and for [00.2] from
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a

ig. 7. SEM images of zinc–cobalt deposits obtained at 6 ms (TON), 21ms (TOFF) and va
IP; (a, e, and i) 5 Adm−2; (b, f, and j) 7 Adm−2; (c, g, and k) 9 Adm−2; (d, h, and l) 11

6.48◦ to 36.36◦, indicating deformation of Zn–Co alloy crystal lat-

ices.

.3.2. TON effect
Fig. 11 depicts the effect of TON at constant TOFF (21 ms)

nd IP (5 Adm−2) on the lattice orientations of Zn–Co deposits.
IP: (a–d) without additives, (e–h) with 0.5 g l−1 PVA, (I–l) with 0.5 g l−1 PVA + 0.2 g l−1

2.

The sharp peaks confirm the microcrystalline morphology. A

decrease in the intensity of the peaks associated with planes
[00.2], [10.3] and [11.0] and corresponding increase in the intensity
of the cobalt oxide, cobalt hydroxide and low angle pyrami-
dal [10.1] peaks of the zinc-rich (�-phase) were observed, when
TON increased from 9 to 15 ms. This might be due to the
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ig. 8. AFM images of zinc–cobalt deposits obtained at 6 ms (TON), 21 ms (TOFF) and va
IP. (a, e, and i) 5 Adm−2; (b, f, and j) 7 Adm−2; (c, g, and k) 9 Adm−2; (d, h, and l) 11

ower inclusion of cobalt content in the deposit at higher TON

9].

.3.3. IP effect

.3.3.1. Without additive. Fig. 12 explicitly shows the different ori-
ntations obtained by variations of IP at constant TOFF (21 ms) and
IP: (a–d) without additives, (e–h) with 0.5 g l−1 PVA, (I–l) with 0.5 g l−1 PVA + 0.2 g l−1

2.

TON (6 ms). The intensity of the peaks associated with [00.2], [10.2]

and [10.3] diminished with increased IP. This may be attributed to
the cobalt inclusion in the deposits. At higher IP values, the peak
[10.0] of prismatic plane shifts from 39.3◦ to 38.9◦ (2� values). The
peak [10.1] corresponding to the high angle pyramidal plane of the
zinc-rich �-phase dominates at higher IP. No significant RTC value
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Fig. 9. TEM images of Zn–Co deposits at 6 ms (TON), 21 ms (TOFF), 7 Adm−2, with 0.5 g l−1 PV
pattern; (d) microcrystalline view.

Fig. 10. XRD patterns of zinc–cobalt deposits at 6 ms (TON), 5 Adm−2 (IP) and various
OFF-time (TOFF) of (a) 6 ms, (b) 21 ms, (c) 30 ms, (d) 60.7 ms.
A + 0.2 g l−1 PIP. (a) Grain distribution; (b) EDX pattern; (c) selected area diffraction

could be observed in the absence of additives (Table 1). Neverthe-
less, 17.2, 20.9 and 39.9% of crystallites oriented to the [10.1], [11.0]
and [11.2], respectively.

3.3.3.2. With PVA. The intensity of the peaks [00.2], [10.0], [10.3]
and [11.0] diminished while the prismatic peak [10.1] correspond-
ing to zinc-rich �-phase, cubic Co5Zn21 [58] and cobalt hydroxide
increased with IP up to 9 Adm−2 in the bath containing 0.5 g l−1 PVA
(Fig. 13). The peaks [10.2] and [11.0] showed slight deflections. Pres-
ence of PVA showed a pseudo-texture (Table 1). 37.6 and 43.7% of
crystallites oriented to the [11.2], [10.1], respectively.

3.3.3.3. With PVA and PIP. The intensity of peaks corresponding to
[00.2], [10.2], [10.3] and Co5Zn21 diminished while the high angle
pyramidal plane [10.1] associated with zinc-rich �-phase domi-
nates at higher IP and prismatic plane [10.0] persist up to 7 Adm−2

and then decreases gradually (Fig. 14). From Table 1, in the pres-

ence of PVA and PIP, 69.1% of crystallites are orientated parallel to
the [10.1] crystallographic plane. This indicates that in the presence
of additives, [10.1] is the preferred crystallographic orientation. This
might be due to the fact that additives adsorbs onto the grow-
ing deposit. This affects the electrocrystallization process with a
consequence to alter the texture of the deposits.
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Fig. 11. XRD patterns of zinc–cobalt deposits at 21 ms (TOFF), 5 Adm−2 (IP) and various
ON-time (TON) of (a) 9 ms, (b) 12 ms, (c) 15 ms.

Fig. 12. XRD patterns of zinc–cobalt deposits at 6 ms (TON), 21 ms (TOFF) and various
peak current density (IP) of (a) 5 Adm−2, (b) 7 Adm−2, (c) 9 Adm−2, (d) 11 Adm−2, (e)
13 Adm−2.

Table 1
Relative texture co-efficient (RTC in %) of Zn–Co alloy.

(h k l) IP (at 7 Adm−2)

Without additive With PVA With PVA and PIP

00.2 6.67 3.95 6.5
10.0 8.3 2.8 9.0
10.1 17.2 43.7 69.1
10.2 7.1 2.9 1.5
11.0 20.9 9.1 4.9
11.2 39.9 37.6 9

Fig. 13. XRD patterns of zinc–cobalt deposits at 6 ms (TON), 21 ms (TOFF), 0.5 g l−1

PVA and various peak current density (IP) of (a) 5 Adm−2, (b) 7 Adm−2, (c) 9 Adm−2,
(d) 11 Adm−2, (e) 13 Adm−2.

Fig. 14. XRD patterns of zinc–cobalt deposits at 6 ms (TON), 21 ms (TOFF), 0.5 g l−1
PVA, 0.2 g l−1 PIP and various peak current density (IP) of (a) 5 Adm−2, (b) 7 Adm−2,
(c) 9 Adm−2, (d) 11 Adm−2, (e) 13 Adm−2.

4. Conclusion

Adherent and bright microcrystalline Zn–Co deposits containing
grain size ranging from 40 to 45 nm were produced from an alkaline
non-cyanide electrolyte with additives. Increasing TON, increases
micro-cluster with decreased cobalt content in the deposits while
vice-versa with increasing TOFF. Grain refinement was also observed
by increasing IP. Microcrystalline deposit containing 0.68–0.7 wt.%
Co having [10.1] as preferred orientation was produced at 6 ms
(TON), 21 ms (TOFF) and 7 Adm−2 from electrolyte containing addi-
tives. The advantages of pulse electrodeposition from this study
includes (1) less wt.% Co electrolyte sufficient to obtain required
cobalt content, (2) an agent for effective grain refinement, at mod-

erate current densities of deposition, enabling the preparation of
compact, (3) 50% less additive concentration is sufficient to obtain
high quality deposit as compared to DC [41]. The new bath also has
the additional advantage of being eco-friendly in that it uses only
easily disposable organics.
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