
ORIGINAL PAPER

Effect of additives on electrodeposition of tin and its structural
and corrosion behaviour

R. Sekar Æ C. Eagammai Æ Sobha Jayakrishnan

Received: 26 August 2008 / Accepted: 25 June 2009 / Published online: 15 July 2009

� Springer Science+Business Media B.V. 2009

Abstract The present investigation deals with the elec-

trodeposition of tin from chloride electrolytes. Gelatin,

b-naphthol, polyethylene glycol, peptone and histidine were

used as additives in the plating bath to improve the surface

morphology, grain size, smoothness and corrosion resis-

tance of the tin deposits. XRD data obtained for electrode-

posited tin show polycrystalline nature with single b-phase

and tetragonal structure. A uniform and pore free surface

was observed under SEM analysis. AFM results indicate

the grain refining brought about by the additives. Corrosion

rate measurements using the Tafel extrapolation method and

electrochemical impedance spectroscopy reveal the

increased corrosion resistance from baths containing

additives.

Keywords Additives � Tin electrodeposit � XRD studies �
SEM analysis � Potentiodynamic polarization � Atomic

force microscopy � Electrochemical impedance

1 Introduction

Tin deposits are widely used in foodstuff processing and

canning materials because it is a non toxic, ductile and

corrosion resistant metal [1, 2]. Tin is widely used in the

electronics industry because of its ability to protect the base

metal from oxidation. Tin plating ensures solderability of

the base metal, a critical requirement when plating for

electronic applications [3].

Stannous sulphate solutions are mostly used for deposi-

tion of tin in the electronic industries, but tin is electrode-

posited with low activation polarization from acidic

solutions of stannous sulphate in the absence of additives.

The deposits obtained under such conditions are porous,

coarse and poorly adherent with formation of needles,

whiskers and dendrites that cause short circuits between

anode and cathode [4–9]. Various organic additives such as

surface active agents like cetyl tetraalkyl ammonium bro-

mide, aromatic carbonyl compounds, and amine-aldehyde

reaction products, methane sulphonic acid and its deriva-

tives, etc. [10–12] are used in plating solutions. Excess

organic additives, higher current density and high metal ion

concentration in the plating solution may have a bearing on

solderability. Because tin readily forms an oxide, aging will

also play a role in the success and failure of the deposit [13].

Kanenk et al. [14] found that the presence of N–N-bis

(polyoxyethylene) octadecyl amine in stannous sulphate

solution induces a uniform deposition of tin over the whole

surface and produces smooth and compact electrodeposits.

Fine grained and smooth deposits were obtained from acid

stannous sulphate solutions containing some aromatic

ketones [15]. It was found that these organic compounds

were adsorbed on the cathode surface and enhanced the

overpotential. The presence of gluconate ions in the bath

improved the quality of the deposits and the throwing power

of the bath [16]. Molenaar et al. [17] observed that polyal-

cohols inhibit the growth of tin crystals in tin autocatalytic

deposition.

A review of the literature shows that the electrodepos-

ition of tin from chloride bath has not been investigated in

detail and hence this study on effect of additives in chloride

bath was taken up. In this paper results on bath charac-

teristics, namely deposition current efficiency and throwing

power, and deposit characteristics such as adhesion,
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porosity, surface roughness, XRD, SEM, AFM analysis and

corrosion resistance of the coatings by potentiodynamic

polarization and electrochemical impedance spectroscopy

are discussed.

2 Experimental details

The experiments were carried out in triplicate with mild steel

specimens. Surface preparation prior to deposition is an

important factor and can be achieved by mechanical and

electrochemical methods [18–20]. The procedure adopted

was removal of surface scales using acid dipping, mechan-

ical polishing to get a smooth surface, degreasing with tri-

chloroethylene and final electrocleaning at 2 A dm2 in a

solution of Na2CO3 and NaOH (30 g L-1 each). Mild steel

panels of 7.5 9 5 9 0.1 cm size were used as cathodes in an

electroplating assembly consisting of two 99.99% pure tin

anodes on either side of the cathode. The plating bath was

operated at 60 �C and at different current densities. The

cathodes were weighed before and after deposition and the

cathode current efficiency and rate of deposition were cal-

culated. Throwing power was measured using a Haring and

Blum cell [21, 22]. This is a rectangular cell consisting of two

sheet metal cathodes of 7.5 9 5 9 0.1 cm size filling the

entire cross section at both ends, and one perforated anode of

the same size. The latter was placed between the cathodes so

that its distance from one of the cathode was one-fifth of its

distance from the other. Values of throwing power for dif-

ferent solutions used were calculated using Field’s formula

Throwing power %ð Þ ¼ L�M

LþM � 2
� 100

where M is the metal distribution ratio between the near

and far cathode and L is the ratio of the respective distances

of the far and near cathodes from the anode.

The bend test by ASTM Test method B571-84 [23] was

followed to evaluate the adhesion of the tin coatings. To

determine the coating porosity the ferroxyl test was used

[24]. This solution consists of sodium chloride (50 g L-1)

and white gelatin (50 g L-1), dissolved in distilled water at

45 �C. Filter paper strips of 25 9 25 mm area each were

impregnated with the above solution and dried. Before

testing the deposit porosity, the filter paper piece was dip-

ped in the above solution and placed at different locations

on the plated surface. After 10 min the papers were

removed and placed in 10 g L-1 solution of potassium

ferricyanide. The deposit porosity of was evaluated on the

basis of the number of blue spots formed.

Surface roughness was measured using a Surftest SJ-301

surface roughness tester (Mitutoyo, Japan) from the verti-

cal stylus displacement produced during its movement over

the surface irregularities.

X-ray diffraction patterns were obtained using the X-pert

pro powder diffraction system PE 3040/60 for tin deposits

obtained from various tin baths. The deposits produced in

the presence of additives and without additives were stud-

ied. The samples were scanned at 30–100� (2h) at a rate of

1 degree per minute using CuKa (k = 1.5405 Å) radiation.

The peaks due to the different phases were identified and the

corresponding lattice parameters calculated. The crystal

size of the tin deposits were calculated using the Scherrer

formula [25, 26] from the predominant peak

t ¼ 0:9k
B cosh

where t is the average size of the crystallites, 0.9 is the

Scherrer constant, k is the wavelength of the radiation, B is

the peak width at half maximum and h corresponds to the

peak position.

The deposits obtained from different electrolytes were

observed visually and by scanning electron microscopy.

SEM photographs were taken using the Model JEOL-JSM-

35 LF at 25 kV. Molecular imaging atomic force micros-

copy (AFM) was used in a contact mode with a silicon nitride

tip to reveal the 3D surface topography of the deposits.

The polarization behaviour was studied in the test

electrolyte for tin deposits of 15 lm thickness. The elec-

trodeposited specimens were masked to expose 1 cm2 area

on one side. A platinum foil (2.5 9 2.5 cm2) and saturated

calomel electrode were employed as auxiliary and refer-

ence electrode, respectively; 5% sodium chloride was used

as test solution. The working electrode was introduced into

the test solution and was allowed to attain a steady

potential value. Anodic and cathodic polarization was

carried out up to ±200 mV away from the OCP at a scan

rate of 1 mV s-1. Ecorr and Icorr values were obtained from

the plot of E versus log I curves by the Tafel extrapolation

method using an Electrochemical Analyser Model IM6

with THALES software. The same three-electrode cell

assembly and instrument was used for the AC impedance

measurements. The tin plated samples in the absence and

presence of additives were used as working electrode and

5% NaCl solution was used as the test solution. The elec-

trochemical impedance measurements were carried out at

open circuit potential in the frequency range from 50 mHz

to 100 kHz. The values of solution resistance (Rs), double

layer capacitance (Cdl) and charge transfer resistance (Rct)

were obtained from Nyquist plots of the real (ZRe) versus

imaginary (-Zim) components of the impedance. The

corrosion resistance of the coating was determined from

the Rct value, using the Stern–Geary equation [27].

Icorr ¼
babc

2:303 ba þ bcð Þ
1

Rct
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3 Results and discussion

3.1 Current efficiency of deposition

Plating bath compositions, additive concentrations and

operating parameters were optimized by preliminary

experiments. The bath compositions are given in Table 1

and the operating pH was 4.5–5.5 and the temperature

60 �C. The results of the current efficiency measurements

carried out at various current densities are given in Table 2.

For bath A, current efficiency decreased with increasing

current density above 0.5 A dm-2. This is due to the evo-

lution of hydrogen gas at the higher current densities. It was

observed that 0.5–1.0 A dm-2 was optimum for producing

a smooth uniform satin white deposit with high current

efficiency. The result of studies from bath B containing

1.0 g L-1 of gelatin as additive shows that the current

efficiency increases up to 1.0 A dm-2 and thereafter

decreases and the quality of the deposit is silvery white to

bright silvery white. For bath C containing b-Naphthol the

current efficiency gradually increases from 0.25 to

0.5 A dm-2 and decreases above 0.5 A dm-2. In general

this bath exhibits lower current efficiency, which may be

attributed to the fact that this additive is adsorbed at the

electrode surface thereby blocking the electrode.

With PEG-6000 in the bath (bath D), light grey deposits

were observed at 2.0 A dm-2 and smooth uniform satin

white deposits at 0.25–1.0 A dm-2, the current efficiency

increases up to 1.0 A dm-2 and then decreases. In the tin

plating bath E with addition of 0.5 g L-1 of histidine,

matte white deposits were observed at low current density,

whereas satin white and silvery white deposits were noted

at 1 and 2 A dm-2: the current efficiency decreased with

increasing current density.

With addition of 2.0 g L-1 peptone (bath F) the current

efficiency decreased with increasing current density.

Smooth uniform bright satin white deposits were obtained

Table 1 Composition of the baths

Bath Composition (g L-1) Additive (g L-1)

A Nil

B Stannous chloride (25) Gelatin (1.0)

C Tri sodium citrate (80) b-Naphthol (1.0)

D Potassium sodium tartarate (25) PEG-6000 (1.0)

E Ammonium sulphate (60) Histidine (0.5)

F Peptone (2.0)

Table 2 Current efficiency,

rate of electrodeposition and

visual appearance of tin

electrodeposited from different

baths at 60 �C

Bath Current density

(A dm-2)

Current efficiency

(%)

Rate of deposition

(lm h-1)

Visual appearance

of deposits

A 0.25 92.16 6.70 Satin white

0.50 98.34 14.30 Satin white

1.00 90.66 26.38 Bright satin

2.00 79.65 48.30 Bright satin

B 0.25 73.49 5.36 Silvery white

0.50 80.42 11.72 Silvery white

1.00 96.23 28.00 Bright silvery white

2.00 82.76 50.20 Silvery white

C 0.25 68.67 5.00 Bright satin white

0.50 78.61 11.44 Bright satin white

1.00 75.00 21.84 Silvery white

2.00 67.92 41.20 Silvery white

D 0.25 65.66 4.76 Bright satin white

0.50 87.95 12.80 Bright satin white

1.00 92.16 26.82 Bright satin white

2.00 86.59 52.52 Light gray

E 0.25 90.96 6.60 Matte white

0.50 85.84 12.48 Matte white

1.00 79.82 46.46 Satin white

2.00 65.17 39.52 Bright silvery white

F 0.25 95.78 6.96 Bright satin

0.50 84.64 12.28 Bright satin

1.00 79.96 23.28 Bright satin

2.00 66.97 40.06 Bright silvery white
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between 0.25 and 1.0 A dm-2 and bright silvery white

ones at 2.0 A dm-2 with lower current efficiency.

In general additives decreased current efficiency in most of

the cases. This can be attributed to the fact that additives may

be adsorbed at the electrode surface thereby blocking the

surface and decreasing the current efficiency. However, some

additives modify the quality of the deposit, probably by

incorporation in the deposit and modifying the crystal growth.

3.2 Throwing power

The effect of current density (0.5–2.0 A dm-2) on the

throwing power of baths A–F is illustrated in Fig. 1. Throw-

ing power decreases with current density in bath A without

additives. The decrease in throwing power with current den-

sity is less pronounced in baths B, D and E containing gelatin,

polyethylene glycol and histidine. In bath C containing

b-Naphthol throwing power increases with current density,

while in bath F, containing peptone, it is almost constant. The

increased throwing power observed at higher current density

for the additive containing baths can be attributed to modifi-

cation of the potential—current behaviour producing

increased cathodic polarization at higher current densities.

3.3 Adhesion and porosity

The coatings neither cracked nor peeled, illustrating good

adherence. Ferroxyl tests revealed that deposits from all

baths were non-porous at 12 lm thickness.

3.4 Surface roughness

Ra values obtained for the deposit produced from additive

free bath was 0.84 lm. Smoother deposits were observed

in the presence of gelatin and b-Naphthol with Ra values of

0.53 and 0.55 lm, respectively. While incorporation of

PEG 6000 produced deposits with Ra 0.98 lm, histidine

and peptone give deposits with low Ra values of 0.41 and

0.39 lm, respectively.

3.5 X-ray diffraction studies

The XRD data of the as deposited tin produced from the

stannous chloride bath (bath A–F) at 60 �C are shown in

Fig. 2a–f. Figure 2a indicate that the deposit from the bath

without additives consists of single b-phase with tetragonal

structure. The observed ‘d’ values are in good agreement

with the standard values of tin [28]. The peak intensity

corresponds to the (220) preferential orientation. XRD data

for tin electrodeposited from bath B containing gelatin

(Fig. 2b) shows a (220) peak with strong intensity, and the

crystal size is decreased in comparison to that of the

deposit obtained from the additive free bath (Table 3). This

indicates that the texture changed in the presence of the

additives [29] and gelatin acts as a grain refiner. Figure 2c

shows the XRD pattern of electrodeposited tin from bath C.

In this case also a (220) peak with strong intensity was

noticed. The other peak intensities are reduced, as reflected

in the change in surface morphology of the deposit.

The XRD pattern from the bath containing PEG-6000

(bath D) shown in Fig. 2d shows a (301) diffraction peak

with higher intensity and suggests a preferred orientation

with the (301) plane parallel to the surface. Similarly in

Fig. 2e, the pattern of electrodeposited tin obtained from

bath E containing histidine as additive shows preferred ori-

entation with (101) plane parallel to the surface. From Fig. 2f

the XRD pattern from bath F, containing peptone as additive,

a preferred orientation with the (101) and (002) plane parallel

to the surface can be observed and the crystal size calculated

using Scherrer formula is 42 nm. Thus it can be seen that

peptone reduces the grain size and has a significant effect on

the preferred orientation of the deposit, thereby producing

smooth bright silvery white deposits of tin.

3.6 Scanning electron microscopy

The morphology and texture of tin coatings are important

with respect to susceptibility to whisker growth. The sur-

face morphology of the as deposited tin examined by

scanning electron microscopy (SEM) are shown in Fig. 3a–

f. Figure 3a shows the deposit produced in the absence of

additive (bath A) with block-like crystals and sharp edges

on the surface. Figure 3b shows that SEM of electrode-

posited tin obtained from bath-B containing gelatin has a

more regular and smooth surface morphology, suggesting

that the coatings are quite dense with no tendency to

dendrite formation. Figure 3c shows the change from block

Fig. 1 Effect of current density on throwing power for different baths

at 60 �C: (a) bath A, (b) bath B, (c) bath C, (d) bath D, (e) bath E, (f)

bath F
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grain size into fine grain size showing that b-Naphthol acts

as a grain refiner. With addition of polyethylene glycol

(PEG-6000) a different surface morphology, Fig. 3d, with

block size reduced to fine grain size and characterized by

clusters of non-uniform large nodules growing on the

surface was observed. Figure 3e shows that on addition of

histidine, deposits with a surface morphology with

boundaries scattered throughout as clusters of crystals are

produced: the crystal size is decreased in comparison to

that for additive free bath A. Figure 3f shows that addition

of peptone produced a surface morphology with the block

size completely reduced to very fine grained structure

suggesting the dense compact nature of the deposits.

3.7 AFM measurements

AFM imaging give a perspective of the ‘Z’ direction with

three dimensional images [30–33]. Figure 4a, the represen-

tative AFM scan over an area of 5 9 5 lm, indicates that the

deposit obtained from bath A without additive shows the

presence of flat mount like structures with no well defined

grain boundaries and average grain size of 5 lm.

Figure 4b–f are the AFM images for deposits from baths

B to F containing the additives Peak structures with well

defined grains and crevices are observed in Fig. 4b and c

with grain size 2.6 lm and 1.8 lm, respectively. In Fig. 4d–

f homogeneous topography with low dispersion in height

Fig. 2 a–c XRD patterns for tin deposit obtained from baths A, B and C. d–f XRD patterns for tin deposit obtained from baths D, E and F

Table 3 Crystal size for tin deposits obtained from various baths

Bath 2h FWHM 2h Plane Rel. Int. (%) Crystal size (nm)

A 44.1246 0.0816 220 100 105

B 44.2782 0.1020 220 100 84

C 44.2244 0.1020 220 100 84

D 55.6679 0.1632 301 100 55

E 31.5754 0.1020 101 100 81

F 36.5157 0.2040 002 100 42
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and no predominant peak structure are observed. Grain sizes

observed are 0.6 lm, 0.06 lm and 0.02 lm, respectively,

from baths containing PEG-6000, histidine and peptone,

respectively. These results confirm that the additives studied

act as grain refiners with peptone being the best among them.

3.8 Potentiodynamic polarization studies

The parameters derived from E versus log I curves for

different tin deposits of 15 lm thickness in 5% NaCl

solution are given in Table 4. Figure 5 (curve A) presents

the potentiodynamic polarization curve obtained on mild

steel with no coating, which exhibits a corrosion potential

at more active values and higher corrosion current com-

pared to tin coated steel. Curve B correspond to the deposit

produced from bath A; the corrosion potential shifts in the

noble direction and the corrosion current is decreased,

showing that the tin coating protects the steel substrate

from corrosion. Curve C for the deposit obtained from bath

B containing gelatin, indicates that the corrosion potential

and corrosion current still decrease. This increased corro-

sion resistance can be attributed to the compact, dense and

fine grained nature of the deposit from bath B confirmed

from SEM and AFM results.

A similar trend was observed for the deposits obtained

from baths C, D, E and F. Among these baths, bath F gave

the lowest corrosion current. This indicates that the deposit

produced from bath F has the most dense and fine grained

structure, which was also clear from SEM and AFM studies.

3.9 Electrochemical impedance spectroscopy (EIS)

The Nyguist impedance diagrams obtained in 5% NaCl

solution are shown in Figs. 6 and 7. Curve a shows the

diagram for bare mild steel without any coating, curve b for

the tin deposit from bath without additive and curves c, d,

e, f and g show the EIS for tin deposits from baths B, C, D,

E and F with additives.

The impedance plots relevant to the bare mild steel and

tin deposits obtained from various baths showed a well

defined capacitive loop and there was no evidence of other

inductive or capacitive loops at lower frequencies. The

corrosion of tin coatings is purely charge transfer con-

trolled, as revealed from the impedance spectrum of perfect

semicircle shape [34]. The shape of the impedance spectra

supports the assumption that the polarization resistance

(RP) value is the same as the charge transfer resistance

(Rct), which is easily estimated on the real impedance axis

Fig. 3 a–c SEM photograph of

tin deposit obtained from baths

A, B, and C. d–f SEM

photograph of tin deposit

obtained from baths D, E and F
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by extrapolating the impedance trend at the lowest fre-

quencies. Bare mild steel exhibited the lowest Rct value of

about 900 mX cm2, whereas the values for baths A, B, C,

D, E & F were 11,000, 16,000, 9,000, 11,500, 13,000 &

41,000 mX cm2, respectively. The protective properties of

the coatings increase with increasing diameter of the

semicircle [35, 36]. Among the six deposits studied, that

produced from the bath containing peptone (bath F) pro-

duced a larger semicircle with the highest Rct value on the

real axis indicating the highest corrosion resistance. This is

in clear agreement with microstructural studies indicating

that peptone acts as the best grain refiner for the tin coat-

ings from chloride bath.

Fig. 4 AFM images of tin

deposit obtained from baths A,

B, C, D, E and F

Table 4 Parameters derived from E-log I curves for tin deposits in

5% NaCl solution

Deposit

from bath

Corrosion current

(lA cm-2)

Corrosion potential

(mV versus SCE)

Tafel slopes (mV

decade-1)

Anodic Cathodic

Bare 2.4 -528 80 31

A 1.5 -510 69 38

B 1.1 -487 52 18

C 1.4 -513 45 15

D 1.3 -504 65 16

E 1.1 -508 92 18

F 0.7 -462 70 40
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4 Conclusion

Smooth and adherent deposits of tin are obtained from

chloride based electrolytes with high current efficiency and

good throwing power. X-ray diffraction spectra reveal the

characteristic XRD pattern of tin but different preferential

orientation of lattice planes; the (220) plane is more domi-

nant for deposits from baths A, B, and C, while deposits

from baths D, E and F showed the highest reflection of the

(301), (101) and (002) planes, respectively. The crystal size

calculation based on XRD data reveals that the deposit

obtained from the peptone containing bath, F, has the

smallest crystal size. SEM photographs show that the

deposit obtained in the absence of additives has a uniform

cluster of block like structures with sharp edges, whereas

deposits obtained from the additive containing baths have

dense, fine grained, pin hole free structure. AFM analysis

reveals the smoothening of three dimensional surface ima-

ges and the grain refinement brought about by the additives

studied, peptone being the best among them.

Potentiodynamic polarization studies reveal the higher

corrosion current for deposits obtained in the absence of

additives compared to additive containing baths. Among

these baths studied, the deposits obtained from the peptone

containing bath has the highest corrosion resistance which

can be correlated with its dense and fine grained structure.

This is further confirmed from the highest Rct value

obtained in electrochemical impedance measurements.
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