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ABSTRACT

Nanocrystalline zinc was eectrodeposited on steel substrates from acid sulphate bath. The
condensation product formed between Glycyl-glycine (GGL) and Veratraldehyde (VTL) was
used as brightener. The effect of bath constituents, pH, temperature and current density were
optimized through Hull cell studies. Potentiodynamic polarization, cathodic current efficiency,
throwing power studies were carried out. Salt spray test and electrochemical measurements
showed that nanocrystalline zinc coatings have better corrosion resistance. The inclusion of
addition agent in the deposit was confirmed by FT-IR studies. The surface morphology of the
zinc deposit was investigated through SEM studies. The crystal structure was studied by X-ray
diffraction and TEM analysis.

Key words: Acid sulphate bath, Corrosion behavior, Hull célidies,Nanozinc coating, TEM
analysis.

INTRODUCTION

Nanostructured materials (1-100 nm) are known Heirtoutstanding mechanical and physical
properties due to their extremely fine grain sinel &igh grain boundary volume fraction [1].

Significant progress has been made in various &spésynthesis of nano-scale materials. The
focus is now shifting from synthesis to manufactafeuseful structures and coatings having
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greater wear corrosion resistance. Electrodeposit a versatile technique for producing
nanocrystalline materials [2]. It is a technologjicand economically viable production route to
metals, alloys and metal matrix composites, botlbuik form and as coatings. Properties of
nano-structured electrodeposits such as hardnesa, igsistance and electrical resistivity are
strongly grain size dependent [3]. The grain siizthe electrodeposits depends on the deposition
parameters such as pH [4], deposition techniquec[Btent density [3] and substrate [6], as well
as on the type and the amount of additives includelle electrolyte [7].

The use of additives in electrodeposition soluti@extremely important due to their influence
on the growth and structure of the resulting ddpo3ihe presence of additives has been shown
to influence physical and mechanical propertieslettrodeposits such as grain size, brightness,
internal stress, pitting and even chemical comjmos[8].

Electrodeposition technique can yield porous-frégisfied products that do not require
subsequent consolidation processing. Further thecess requires low initial capital and
provides high production rates with few shape ape lmitations [9].

During the past decade, extensive work on the cheniaation of nanocrystalline materials has
been conducted. However, there are only a few @xpetal tensile studies of nanocrystalline
materials with a grain size equal or less thanr®g10-11]. One reason for the scarcity of results
is the difficulty in processing pure and defecefreaterials [12].

In this investigation nanocrystalline zinc coatimgs obtained from simple acid sulphate bath. A
non-toxic and water soluble condensation product synthesized and used as brightener for
electrodeposition [13]. An attempt has been mad&udy the bath characteristics and the effect
of bath constituents and bath variables on theosmn behavior of nanocrystalline zinc deposit.

EXPERIMENTAL SECTION

2.1. Preparation of nanocrystalline zinc coatings

All the solutions were prepared from AR grade cleatsi (s.d.fine chemicals, Mumbai, India)
and double-distilled water. The standard Hull c#l267-ml capacity was used to optimize the
bath constituents and bath variables [14]. The Eeill experiments with the bath solution given
in Table 1 were carried out without agitation. Tité of bath solution was measured using a
digital pH meter (Equipetronix, model: 7020) anduated with 10% sulphuric acid or sodium
bicarbonate solution. Zinc plate of 99.99% puritgswsed as anode and activated each time by
immersing in 10% HCI followed by water wash. Miltesl (AISI-1079, composition C 0.5%,
Mn 0.5%, P and S 0.05% and rest Fe) plates of atdnHull cell size were mechanically
polished using emery paper (320-800 grit size) itaio a smooth surface and degreased by
dipping in boiling trichloroethylene. The scalesdatust on the steel plates were removed by
dipping in 10% HCI solution and then subjected leciocleaning process. These steel plates
were washed with distilled water and used for tkeeeiments as such. After electrodeposition
the plates were subjected to bright dip in 1% aiacid for 2-3 s followed by water wash and
drying. The nature and appearance of zinc depasstaarefully observed and recorded through
Hull cell codes (Figure 1).
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The additive was synthesized by the condensatioagaimolar amounts of GGL (1 g) with
chemical formula, gHsN2Os; and VTL (1.2589 g) with chemical formulaghd;oOs, under reflux
conditions for 3 h at 343 K in ethanol medium (2D-fh5]. The completion of the reaction was
monitored by TLC. The resulting product was diluted 00-ml with distilled water and a known
amount of this solution was added to the electtogjabath solution. The bath solution was
stirred for 30 min before conducting the experirsent

For the measurement of adherence and ductilitcle@aed mild steel plates of x46 cnf area
were electrodeposited in a 2.5 | rectangular &tperiments were done in triplicate. Standard
experimental procedures were adopted for the measnt adherence and ductility of the zinc
deposit [16]. In above studies the average thickoéshe deposit was 20 pum.

The average thickness of the deposit was calculated) the formula

W
ax d

T=

where T is the average thickness of the depogimn‘W’ is the weight of the metal plated, ‘&’
is the plated area in square centimeters and tiiiélensity of metal in g/cin

2.2. Current efficiency and throwing power measurerants
The cathodic current efficiencies (CCE) as the g@etage of the total current usually employed
for the cathode deposition of the metal. This iswdated from the relationship

Weight of the metal actually deposited><

Weight of the metal calculated from the
quantity of electricity is passed

%CCE = 100

Electrodeposition was carried out for 10 min inreaase.

Throwing power (TP) was measured using Haring-Bketh. A porous zinc anode was placed
between two plane parallel steel cathodes fillimg tectangular cell cross section. The cathodes
distance ratio was 5:1 from the central anode. féreentage throwing power was calculated
from Field’s formula [17].

where

The weight of the deposit on nearer cathode
The weight of the deposit on farther cathode

%P ="M 100
L+M-2
and
L= Distance of farther cathode from an

Distance of nearer ceodefrom anod:
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2.3. Electrochemical studies

The effect of additives on corrosion resistancehef zinc deposits was studied in 3.5% NaCl
solution by galvanostatic polarisation method. Aethelectrode cell assembly was used. The
electrodeposited steel specimen with an exposetafré x 1 cnf was used working electrode
(WE). A platinum foil was used as the counter etmd (CE) and saturated calomel as reference
electrode (RE). The working electrode was immeiige8.5% NaCl solution for 20 min before
applying the current to establish a stable resemg@l. The WE was polarized from the rest
potential (OCP) against SCE. The current was isa@@an steps from zero and the potential
between the WE and SCE was measured at a steddy Bkee corrosion potential {&) and
corrosion current () were obtained using Tafel extrapolation method.

The cathode potential was recorded galvanostatieath respect to saturated calomel electrode
at different current densities (i) and the poldrgacurve was obtained by plotting V vs i.

2.4. Scanning electron microscope (SEM) studies

The grain-size of the electrodeposit was obsensdguscanning electron microscope (model
JEOL-JSM-35 LF at 25kV). SEM images of the eleotqmukits before and after electrochemical
and chemical studies were taken to assess thatiohiproperty of the deposit.

2.5. Salt spray test

Salt spray test was carried out in accordance VABITM B 117 specifications. The
electrodeposited steel samples ok 5 cnf area under different experimental conditions were
taken for this study [18]. The specimens were célsebbserved for every 24 h and the time
taken for the formation of white rust was recorded.

2.6. X-ray diffraction studies

Powder X-ray diffraction patterns were recorded tfog zinc deposits obtained from the bath
solution with and without additive using Philips T8710 X-ray recorder. The nickel-filtered
Cu-K, radiations were used for determining the lattieeameter, crystallographic texture and
average grain size of the deposit. The grain-safethe coating were measured through the
Scherrer’s equation.

2.7. TEM studies

TEM was performed using JEOL/JEM-200LR microscopeigped with field emission gun. An
accelerating voltage of 200 kV was used. Sampla®wlispersed in acetone and a drop of the
solution was placed on the amorphous copper ghe. [ilquid was evaporated and the samples
were introduced into the microscope.

RESULTS AND DISCUSSION

3.1. Hull cell studies

3.1a. Effect of additive

The Hull cell experiments with basic bath soluti@rable 1) gave coarse dull deposit in the
current density range 1-5 Admat 1A cell current. To improve the nature of thepalsit
condensation product prepared from GGL and VTL added to the bath solution. The additive
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contains electroactive groups such as —C=N- and Nldddition to aromatic ring. In most of

the cases these groups form complexes with zin@lmens and controls the rate of metal
deposition [19]. The deposition potential for zilenis in presence of additive shifted to more
cathodic direction and leads to a regular and umiforystallization of the deposit. According to
the Hull cell results, the appropriate concentratid additive in plating bath to get mirror bright
deposit was 20 ml/l. The effect of additive on dgpoature is shown in (Figure 1b).

3.1b. Effect of zinc sulphate

Zinc sulphate is the main salt of zinc ions in &lggating operation. There is a close relation
between the concentration of zinc sulphate and aappee of plating layer in Hull cell
experiment. In order to get highly corrosion resmistbright zinc deposit it is essential to strike a
balance between amount of zinc sulphate in the balition. To find out the effect of zinc
sulphate concentration on the deposit nature, siffghate concentration was varied from 60-300
g/l. According to the Hull cell experiment, the appriate quantity of zinc sulphate in plating
solution was 240 g/l. At this concentration the a@pwas bright in the current density range
0.5-5 Adni®. At lower concentration (< 240 g/l), bright defosias observed in the current
density range between 2-6 AdmAt lower current density region uncoated andightturrent
density region burnt deposits were obtained. Thiecefof zinc sulphate on deposit nature is
shown in Figure 1c.

3.1c. Effect of sodium sulphate

To increase the conductivity of the bath solutientain conducting salts having chlorides and
sulphates ions were added. To find out the effesbdium sulphate concentration on the deposit
nature, concentration of sodium sulphate was vdrged 10-60 g/l. At a concentration of 40 g/l,
the Hull cell panels were bright in the current signrange of 0.5-5 Adifi The effect of sodium
sulphate on deposit nature is shown in Figure 1d.

3.1d. Effect of Boric acid

The presence of boric acid in the bath solutionegaly results in an increase of current
efficiency of metal deposition and hence nucleatiensity of the deposit. These effects have
been attributed to the adsorptive interaction afidoacid at the electrode surface. Also, boric
acid acts as buffer to maintain the pH of the etdytic bath [20].

To see the optimum concentration of boric acid, acbecentration was varied from 10-60 g/l
keeping the concentrations of zinc sulphate andusodsulphate at 240 génd 40 g/,
respectively. Lower concentration of boric acid @<@/l) gave bright deposit in the current
density range 0.5-3 Adfn At a concentration of 40 g/l, mirror bright defids the current
density range 0.5-5 Adfiwas obtained. The concentration of boric acid viredfat 40 g/bs
optimum in the bath solution (Figure 1e).

3.1e. Effect of Cetyl trimethyl ammonium bromide (CTAB)

Fine-grained and brilliant coatings obtained oiflgppropriate surfactants are introduced into
the bath solution [21]. The surfactants exhibit ptexing property towards metal ions and
thereby control the deposition mechanism. They havwendency towards adsorption on the
surface of the cathode due to which the crystdibnaprocess becomes appropriate. Surfactants
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may also affect the kinetics of individual stagdstle zinc deposition process and hence
improves the physical and chemical properties efd@posits.

The concentration of CTAB was varied from 1-5 §fig¢ 1f). At low concentration (< 2 g/l), the
bright deposit was observed in the current densitge between 1-4 AdfnIn the low current
density region dull and at high current densityioagburnt deposits were obtained. At a
concentration of 2 g/l satisfactory bright depositss obtained in the current density range of
0.5-5 Adn¥ at 1 A cell current.

3.1f. Effect of pH and temperature

The pH of plating bath has great effect on brigihtent density region on Hull cell cathode. At
high pH the deposit may becomes spongy or poroherevas at low pH of the bath may lead to
cathode hydrogen evolution and a consequent deciaasurrent efficiency, throwing power.
This in turn may lead to an accumulation of hydtoxys in the vicinity of the cathode and
consequent precipitation of the basic salt, whicaiynget included in the deposit, there by
altering the deposit properties [16]. The Hull cedperiments showed that at a pH of 3 the
cathodes were bright in the current range 0.5-5 A@ml A cell current. At low pH (< 3) the
low current density region was uncoated and at pigh(> 3) the high current density region
covers burnt deposit (Figure 19).

Hull cell experiments showed that the optimum terapge range to get bright deposit was 293-
303 K. At higher temperature (> 303 K) the supgiyoms to the cathode is hastened so that bad
quality of deposit is obtained. And also rate adwgth of nuclei is increased, leading to coarse
grained deposit. Hull cell patterns showing theselffof temperature are depicted in the Figure
1h.

3.1g. Effect of current density

There is a close relation between appearance thgleyer and cathode current density. The
Hull cell experiments were carried out at differeall currents (1-4A) for 10 min using optimum
bath solution. The Hull cell patterns are showfim 1i. At a cell current of 1A, the deposit was
bright in the current density range of 0.5-5 AGmt a 2A, the deposit was bright in the current
density range of 1.5-5 Adfa At higher cell currents (> 3A) the Hull cell cattes covered with
burnt and trees like deposit at high current dgnsegion. This was attributed to the high
hydrogen discharge which leads to an increasedoRkytion concentration and subsequent
precipitation of metal hydroxides or basic saltstleé metals. The inclusion of these metal
hydroxides gave spongy-black layer on the cathantase. Because of the rapid discharge of
ions to form metal atoms, there was likelihoodred huclei growing outward toward the bulk of
the solution with high metal content. Under theseditions nodule formation or treeing of the
deposits occured [16]. Based on the above obsenvtiight current density was found to be
0.5-5 Adni?. Optimum bath composition and operating conditimese given in Table 2.

3.2. Current efficiency and throwing power studies

Current efficiency and throwing power were measuaedlifferent current densities by using
optimized bath solution. At 1.0 Adfnthe current efficiency was found to be 94%. Atuarent
density of 2 Adrif, the current efficiency was found to be 96%. Withrease in the current
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density above 3 Adi the current efficiency was found to be decream®tiat 5 Adrf it was
89%.

However, increasing the current density from 1-5w%d decreases the throwing power of the
bath solution from 26% to 24%, as a result of iase&l polarization. The variation of throwing
power and current efficiency with current densityld 3 is given in Table 3.

3.3. Polarization studies

The polarization curves showed that the presenamoflensation product in the bath solution
shifts the cathodic potential to more negative gal(Figure 2). Generally, condensation product
containing electroactive functional groups like MG=-NH,- etc, adsorb at the electrode surface
and reduce the surface stress at the gas-eleetiotgrface.

3.4. Corrosion resistance studies

Figure 3 and 4 present the effect of additive omasion behavior zinc deposits in 3.5% NaCl
solution. The values are given in Table 4. Fromfityeres it can be seen that thg values for
zinc deposits obtained were considerably low. Hetheedeposit obtained in the presence of
condensation product showed maximum corrosiontegsis.

3.5. Salt-spray test studies

The neutral salt spray test was conducted for ithe deposits. The fog of droplets accumulated
on the surface of the articles facilitates the @sion resulting in zinc salts called white rusteTh
number of hours for the formation of white rust lheen indication of the corrosion resistance.
The higher corrosion resistance delays the proomiatf white rust. In the present case zinc
deposit obtained from the basic bath produced whigt after 24 h and the bright deposit
produced white rust after 96 h. Chromate passivatede did not show white rust even after 96
h of testing. This confirmed the enhancement ofasion resistance of zinc in presence of
condensation product.

3.6. Surface morphology studies

The nature of crystal growth in the presence arsgmte of condensation product is explained
with the help of SEM photomicrographs (Figure Spufe 5A is the SEM photomicrograph of

the deposit obtained from the basic bath showsseegirained deposit having irregular crystal
size. SEM photomicrograph of deposit obtained fribiw optimum bath shows perfect crystal
growth, uniform arrangement of crystals, refinementcrystal size and hence bright deposit
(Figure 5B).

The zinc deposits obtained from the bath with afttiout condensation product were treated in
3.5% NacCl solution for 15 days. The large numbecafosion products are noticed in the SEM
image of zinc coated sample obtained from basib lfgigure 6A). Very little corrosion is

observed on the zinc deposits coated in presencenafensation product (Figure 6B). Figure 7A
and 7B represents the SEM images of pure zinc aightbzinc respectively, after cathodic

polarization in 3.5% NaCl solution. SEM images aficzdeposits of 7.5 and 15 um after
potentiodynamic polarization in 3.5% NacCl solutisrshown in the Figure 8 (Figure 8A,B) and
Figure 9 (Figure 9A,B) respectively. The SEM stsdiedicated that the deposits obtained in
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presence of additive showed higher corrosion @st&t and the similar results obtained by
weight-loss and electrochemical measurements.

3.7. Adhesion and porosity studies

Standard bend test was used to measure both adbexed ductility of zinc deposits. Mild steel
panels of 1mm thick (¥ 10 cnf area) were electroplated with zinc to a differéitknesses (5-
20 um). The samples were subjected to bending thro8gh No crack or peel off in the deposit
was noticed even after 180ending. This indicated good adherence and dyctifizinc deposit
on steel.

3.8. X-ray diffraction studies

Figure 10 and 11 show X-ray diffraction patternstioé zinc electrodeposits obtain from the
basic and optimum bath respectively. All the defsosvere crystalline in nature and have
hexagonal structure. The observed' 2alue is in good agreement with the standard eslior
zinc deposition (Joint committee on Powder DiffractSystem/ASTM File No. 1* 40831Zn).
Crystal size of the deposit was determined fromftilevave at half maximum (FWHM) of the
X-ray peaks present on the diffractogram and cpoeding results are presented in Table 5. The
X-ray patterns of the deposit in the presence afleasation product showed a broadening of the
diffraction peaks. This broadening can be attridute the decrease in grain size. The average
grain size of the zinc deposit obtained from battutoon in presence and absence of
condensation product is 19 nm and 38 nm respeytivel

3.9. TEM studies

Figure 12 shows TEM bright-field and selected arddfraction pattern (SADP).
Photomicrographs revealed that the grain size ot zleposit obtained in presence of
condensation product found to be around 15 nm. $h@wvs the refinement of grain-size in
presence of brightener.

Table -1: Basic bath composition and operating coritlons

Bath composition | Quantity (g/l) Operating conditions
ZnSQ,.7H,0 200 Anode: Zinc metal (99.99%
Na,SO, 30 Cathode: Mild steel
H3BO; 30 Temperature: 293-303 K
CTAB 1 Cell current: 1 A

Table -2: Optimum bath composition and operating caditions

Bath composition Quantity (g/l) Operating conditions
ZnSQ,. 7H,0O (g/l) 240 Anode: Zinc metal (99.99%
Na,SO, (g/l) 40 Cathode: Mild steel
HsBO; (g/l) 40 Temperature: 293-303 K
CTAB (g/l)Bright current density range: 2 Bright currzent density range:
Condensation product (GGL-VTL) (ml/[) 20 ggtgtgiTAir
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Fig. 1. Hull cell figures: (a) Key, (b) Effect of aditive, (c) Effect of ZnSQ,, (d) Effect of
Na,SO,, (e) Effect of KBO;, (f) Effect of CTAB, (g) Effect of pH, (h) Effectof temperature, and (i) Effect of
cell current.
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Fig. 4. Typical potentiodynamic polarization curvefor coating thickness 15um in 3.5% NacCl solution. (A),
Basic bath; (B), Optimized bath.

9260 20KU  R4,000  ew WDIG

Fig. 5. SEM photomicrographs of the deposits obtaid at 3 Adm? in the presence and absence of addition
agents at 298 K: (A) Basic bath (BB), (B) BB + CTAB(C) Optimized bath, (D) Passivated deposit.
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b e

%4,000  1vn UDIS

Fig. 6. SEM images for two samples after 15 days mersion 3.5% NaCl solution (A) without additive, B)
with additive

T 05 20KV X4,888 I WDIS

Fig. 7. SEM images for two samples after cathodicgtarisation, (A) without additive, (B) with additive
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000 1¥n HD16

Fig. 8. SEM images for two samples of coating thicless 7.5um after potentiodynamic polarisation (A)
without additive, (B) with additive

4,000 1pn WD1S

Fig. 9. SEM images for two samples of coating thiciess 15um after potentiodynamic polarisation (A)
without additive, (B) with additive
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Fig. 10. X-Ray diffraction pattern of the zinc depagited from the electrolyte without additive.
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Fig. 11. X-Ray diffraction pattern of the zinc depaited from the electrolyte with additive.
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Fig. 12. TEM photomicrograph of the zinc depositedrom the electrolyte with additive

Table- 3: Current efficiency and throwing power for optimum bath solution at different current densities

Current density (Adm™) | Current efficiency (%) | Throwing power (%)
1.0 94 25
2.0 96 26
3.0 95 26
4.0 92 25
5.0 89 24

Table- 4: Galvanostatic polarization in 3.5% NaCl solution

Bath system E. i
H H orr corr
IiECorr Deposit thicknesspfn) (-mV vs SCE)| (uA cm?)
corr
Basic bath 75 1550 35.48
Optimum bath ' 1300 19.95
Basic bath 15 1100 28.18
Optimum bath 1200 15.84
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Table- 5.Parameters derived from XRD data

. \ 20
Bath system | Average crystal size (nnt) Observed Standard hkl
37.5 36.153 | 36.295 | (002)
Basic bath 44.8 43.09 43.23 [ (101)
76.97 86.395 | 86.553 | (201)
17.41 36.200 | 36.295 | (002)
Optimum bath 19.41 43.120 4323 | (101)
19.46 86.400 86.553 (201)

CONCLUSION

A nanocrystalline zinc was electrodeposited on matlekl from simple acid sulphate bath. The
addition agent is a simple condensation produchéar between GGL and VTL, which is water
soluble and non-toxic. The developed bath had abeUt throwing power, 96% cathode current
efficiency and 0.5-5 Adff current density range. The deposit obtain frominmpin bath are
highly corrosion resistance as it was evident bil$iad electrochemical studies.
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