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Abstract The effects of saccharin concentration and

pulsating peak current density on corrosion behaviour,

surface brightness and surface roughness of nanocrystalline

nickel coatings were investigated and the results were

compared with those of the conventional decorative chro-

mium coatings. The average grain size of nanocrystalline

nickel coatings was determined using X-ray diffraction

patterns. Corrosion behaviour was evaluated using elec-

trochemical impedance spectroscopy (EIS) in a 0.6 M

sodium chloride solution. A gloss meter and a Suftest

device were used to evaluate surface brightness and

roughness. Corrosion resistance and brightness of the

nanocrystalline nickel coatings increased with increasing

the saccharin concentration in the bath. Moreover, brighter

nanocrystalline nickel coatings were obtained with

increasing the peak current density. In addition, all nano-

crystalline nickel coatings were more corrosion resistant

than chromium coatings. Those nanocrystalline nickel

coatings with average grain sizes of less than 38 nm were

brighter and had smoother surfaces than conventional

decorative chromium coatings.
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1 Introduction

Chromium coatings have been used widely for functional

purposes in various kinds of industries due to their

excellent properties such as high hardness and good

resistance to wear and corrosion [1, 2]. They are also used

for aesthetic purposes. Bright decorative chromium is

plated as a thin layer on a relatively thick layer of nickel

to provide a decorative finish, while the function of the

underlayer nickel coating is protection against corrosion.

However, regarding the environmental concerns, conven-

tional chromium coatings are now considered to be a sig-

nificant problem. Chromates have been regarded as highly

carcinogenic chemicals. The Cr?6 ion can react with DNA,

forming chromium (V)-glutathione DNA adducts which

may be the cause of the tumour-initiating capability of the

Cr?6 ion and some of its other toxic effects. As a result,

electrodeposition of chromium requires specific equipment

such as special waste disposal methods and costly breath-

ing apparatus and exhaust systems [3–5]. Thus, it would be

reasonable to find an environmental friendly alternative to

chromium coatings.

Ni–P coatings obtained by electroless deposition of

nickel from solutions containing hypophosphate ions also

have desirable properties such as high hardness, good wear

resistance and corrosion resistance [6, 7]. However, elec-

troless nickel deposition technique can be an expensive

option due to the cost of reducing agents. The nanocrys-

talline nickel coatings would have different physical and

electrochemical properties in comparison with the con-

ventional polycrystalline nickel coatings [8]. One of the

most practical techniques by which nanocrystalline coat-

ings can be synthesised is pulse electroplating [9–11].

Grain refining agents such as saccharin have been used in

various amounts for further decrease in the grain size of

nickel electrodeposits. These additives are absorbed onto

the surface and shorten the mean free path for lateral dif-

fusion of ions. Consequently, the coefficient of diffusion is

decreased and the concentration of ions at the steady state
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would increase [12]. Previous studies have shown that the

corrosion resistance of some materials would be improved

as a result of grain size reduction to nano scale [13, 14].

Despite some reports in the literature regarding the

corrosion behaviour of nanocrystalline nickel coatings and

chromium coatings, there is no evidence of comparing the

corrosion behaviour of these two types of coatings with

each other. The aim of this study was a comparison

between the corrosion behaviour of the nanocrystalline

nickel coatings with the conventional chromium coatings,

using electrochemical impedance spectroscopy (EIS).

Another important property of decorative chromium coat-

ings is its brightness. Thus, brightness and surface rough-

ness of the pulse plated nanocrystalline nickel coating were

also compared with those of the decorative chromium

coating in order to nominate the former as an environ-

mentally acceptable alternative to the hazardous chromium

coatings.

2 Experimental

Nanocrystalline nickel coatings were pulse plated on copper

substrates using a Watt’s bath which contained 300 g L-1

nickel sulphate, 45 g L-1 nickel chloride, 45 g L-1 boric

acid, and saccharin with different concentrations (0, 1, 5,

and 10 g L-1). The range of saccharin concentration was

selected based on the optimum values that have been

reported by previous studies [9–11]. Sulfamate-nickel-anti-

pit (SNAP) was added to the bath, in order to facilitate the

removal of hydrogen bubbles from the cathode surface.

Nickel was used as the anode. The reason for using different

concentrations of saccharin was to produce nanocrystalline

nickel deposits with different grain sizes and to evaluate the

effect of saccharin concentration on the corrosion behav-

iour, surface brightness and roughness of these coatings.

Nickel pulse-plating was performed with rectangular pulses

(ton = 2.5 and 5 ms, toff = 95 and 45 ms) having peak

current densities of 2 and 0.3 A cm-2 for 10 min at 60 �C

and the bath pH of 3–3.5. Chromium was electrodeposited

on copper substrates with a lead anode (similar to the

anodes used in the industry) and a direct current density of

0.3 A cm-2 using a conventional chromic acid bath with a

composition of 250 g L-1 chromic oxide and 2.5 g L-1

sulphuric acid at 55 �C. The bath pH varied over the range

of 1 to 1.5 and the deposition time for chromium was

45 minutes. The electroplating processes were controlled in

order to have approximately the same thickness for all

coatings (Fig. 1a, b).

A Cu Ka radiation at a scan rate of 5�min-1 in a Bruker

D8 advance diffractometer was used to obtain X-ray dif-

fraction (XRD) patterns of the nanocrystalline nickel

coatings. The full width of maximum intensity (FWHM) of

the diffraction peaks were estimated by pseudo–voigt curve

fitting method. In the case of nanocrystalline materials

which have broadening from both lattice microstrain and

fine grain size, a combination of Stokes and Wilson for-

mula (the first term in Eq. 1) and Scherrer formula (the

second term in Eq. 1) should be used to determine the

microstrain and the average grain size [15].

Wf ¼ 2f tanhþ 0:9k=D cosh ð1Þ

where Wf is the FWHM of a Bragg reflection excluding

instrumental broadening, k is the wave length of X-ray

radiation, D is the average grain size, h is the Bragg angle

and f is the effective lattice microstrain. The microstrain

and the average grain size in the nanocrystalline nickel

coatings were calculated by linear fitting of X-ray data. The

slope and the intercept with sinh = 0 of the plot of Wf cosh
versus sinh provided the microstrain f and the average

grain size D, respectively.

Electrochemical impedance tests were performed using

a potentiosatat/galvanostat (lAUTOLAB Type III Eco

Chemie BV, The Netherlands) equipped with a Frequency

Fig. 1 SEM micrographs of the cross sections of a nanocrystalline

nickel and b chromium coatings
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Response Analyser 4.9 and a General Purpose Electro-

chemical System 4.9 software. A conventional three elec-

trodes Pyrex glass cell was used for these corrosion

experiments. Round copper disks, each having an exposed

area of 1 cm2, were coated with chromium and nanocrys-

talline nickel to be used as the working electrodes. A sat-

urated calomel reference electrode and a platinum counter

electrode were used. The aggressive environment was an

open to air solution of 0.6 M sodium chloride at 25 �C for

all tests. The working electrodes were immersed in a test

solution for approximately 45 min prior to each test, in

order to establish a stable open circuit potential. Electro-

chemical impedance spectroscopy (EIS) measurements

were made at the corrosion potentials Ec over a frequency

range of 100 kHz–10 mHz, with a signal amplitude per-

turbation of 5 mV.

The surface roughness of each coating was reported as

an average value using a Mitutoyo Suftest 201 device. A

Xinrui WGG60 mini gloss meter was used to evaluate

surface brightness of specimens under 60� reflected light

detector angle. The measured values for both surface

brightness and roughness tests were taken from two sepa-

rate measurements on each specimen.

3 Results and discussion

The results of EIS measurements (typical data) for the

nanocrystalline nickel coatings and chromium coatings are

presented in Figs. 2, 3, and 4 respectively. As seen,

decreasing the average grain size of the nanocrystalline

nickel coatings resulted in an increase in the size of the

Nyquist plots (Fig. 2a–e). Moreover, all Bode plots had

resistive regions at high and low frequencies, while

capacitive regions occurred at the intermediate frequencies

over the tested frequency range (Fig. 3a–e and Fig. 4b).

The impedance values were found to be dependent on the

average grain size of the nanocrystalline nickel coatings.

Decreasing the average grain size resulted in an increase in

the impedance of the interface and the maximum phase

angle (Fig. 3a–e). These results indicated that the nano-

crystalline nickel coatings with smaller grain sizes were

more corrosion resistant. In addition, all nanocrystalline

nickel coatings exhibited higher impedance of the interface

and the maximum phase angle in comparison with the

chromium coatings implying that the former had more

corrosion resistance than the latter. The impedance data for

all coatings in a 0.6 M sodium chloride solution were

analyzed using an equivalent circuit model Rs(QdlRp). For a

homogeneous system with a one-time constant, the transfer

function would be represented by a solution resistance (Rs)

coupled with a capacitor (C) which is parallel with charge

transfer resistance (RP) [16].

Z wð Þ ¼ RS þ 1=RP þ iCwð Þ�1: ð2Þ

However, when the frequency response is non-ideal, then

Eq. 2 cannot serve as a transfer function and the capacitor

is replaced by a constant phase element (CPE). The

impedance (Z) of the CPE is then:

Fig. 2 a–e The Nyquist plots of nanocrystalline nickel coatings with

grain size of 438, 38, 32, 22, 15 nm, respectively, in a 0.6 M sodium

chloride solution
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Z ¼ 1=Q iwð Þn ð3Þ

in which, i = (-1)1/2 is an imaginary number, w = 2pf is

the angular frequency in rad s-1, where f is the frequency

in Hertz, Q is a constant and n is an empirical exponent,

which varies between 0 for a perfect resistor and 1 for a

perfect capacitor. The corresponding electrochemical

parameters are presented in Table 1. The true capacitance

values (Table 1) were calculated from the following

equation

C ¼ Q wmaxð Þn�1 ð4Þ

in which wmax is the frequency of the maximum imaginary

impedance. The true capacitance is equal to CPE, if n = 1

and the CPE capacitance characteristics diminish when

n approaches zero [17]. The parameter n is generally

accepted to be a measure of surface inhomogeneity [18].

Capacitance values can be used to explain the type of

process associated with each time constant. Generally,

corrosion time constants have capacitance values in the

range of 1 to 20 lF cm-2 while capacitance values of more

than 100 lF cm-2 are believed to occur when diffusion or

surface adsorption occurs in conjunction with corrosion

[17]. Thus, according to the capacitance values (Table 1),

the low frequency time constants in Figs. 2 and 4 are due to

the corrosion phenomenon only. In addition, the accuracy

of the selected equivalent circuit model was estimated

using residuals plot. A model is a good fit to the experi-

mental data when the number of positive residual values is

approximately equal to the number of negative values. The

validity of the model should be questioned when signifi-

cantly more residual values are above or below zero or

periodicity of residuals is observed around zero. [19] As

seen from the residuals plots (Fig. 5a–f), the equivalent

circuit model was selected with a reasonable fit to the

experimental data. It can be seen from Table 1 that charge

transfer resistance (RP) for the nanocrystalline nickel

coatings increases as the saccharin concentration in the

nickel bath increases. This indicates that the corrosion

susceptibility of the nanocrystalline nickel coatings

decreases with increasing the saccharin concentration in

the bath. The effect of microstrain present in the

Fig. 3 a–e The Bode plots of nanocrystalline nickel coatings with

grain size of 438, 38, 32, 22, 15 nm, respectively, in a 0.6 M sodium

chloride solution

Fig. 4 a Nyquist, b Bode plots of decorative chromium coatings in a

0.6 M sodium chloride solution
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nanocrystalline nickel coatings on their corrosion behav-

iour has been reported [20]. The results of microstarin

calculations from the XRD data for nanocrystalline nickel

coatings (Fig. 6) are listed in Table 2. The equation of the

Wf cosh as a function of sinh is presented in this table. The

nature of plots indicates that all nanocrystalline nickel

coatings bear compressive strain. Increasing the saccharin

concentration in the nickel bath enhances the lattice mi-

crostrain in nanocrystalline nickel coatings which can be

attributed to the higher sulphur content with saccharin

addition [20]. Also, it has been shown that compressive

strains in nanocrystalline nickel coatings retard their anodic

dissolution [20]. So, adding more saccharin to the nickel

bath leads to more corrosion resistant nickel coatings.

A comparison between the charge transfer resistance of

nanocrystalline nickel coatings and that of the chromium

coating (Table 1) indicates that the corrosion resistance of

the nanocrystalline nickel coating is superior to that of the

conventional chromium. It seems that separate zones with

anodic (dissolution) and cathodic reactions are formed

initially on a nickel or chromium coating which is

immersed into NaCl solutions. Study of the surface mor-

phology of these coatings after corrosion showed that

corrosion was not uniform. As shown in Fig. 7a, different

zones (dark and bright patches) were formed on the chro-

mium coating after corrosion. The dark patches could be

the corrosion products formed on the anodic zones and the

bright areas seem to be the cathodic zones on the chromium

coatings which were not corroded. Similar phenomenon

was also observed for the nickel coatings after corrosion.

As seen in Fig. 7b, the dark grey and black areas could be

those parts of the nickel coating which were corroded (the

anodic zones). In contrast, the cathodic zones which were

not dissolved due to corrosion are seen as white and light

grey globular structures, indicating that corrosion was not

uniform. Q values are associated with the surface area

available for the cathodic reaction [21]. The Q values of

nanocrystalline nickel coatings decreased with increasing

the saccharin concentration. According to the data, calcu-

lated from the XRD patterns of nanocrystalline nickel

coatings (Table 2), increasing the saccharin concentration

in the bath resulted in decreasing the average grain size in

the nanocrystalline nickel coatings. Similar behaviour has

been reported by other researchers [9, 22]. Thus, with more

saccharin in the bath, the surface density of grain bound-

aries in the coating increases. Atoms in grain boundaries

have lower residual cohesive energy and consequently they

possess more energy and exist in an unstable state [23]. As

a result, increasing the saccharin concentration in the bath

would cause a decrease in the surface area available for

cathodic reactions and hence diminish the Q values. As

seen from n values of nanocrystalline nickel coatings

(Table 1), increasing the saccharin concentration in the

electroplating bath results in n values closer to unity, in

other words, the surface roughness of nanocrystalline

nickel coatings decreases with increasing the saccharin

concentration in the bath. In addition, a comparison

between the n values of nanocrystalline nickel coatings and

that of chromium indicates that the surface roughness of

the chromium coating was higher than that of nanocrys-

talline nickel coatings which have grain size less than

38 nm. These results are in good agreement with the sur-

face roughness data presented in Fig. 9.

Long term corrosion stability of these coatings was

estimated as follows. The Stern and Grey relationship

(Eq. 5) was used to convert the corrosion resistance to the

corrosion current as follows:

icorr ¼ 1
�

2:303Rp

� �
� ba � bcð Þ= ba þ bcð Þ: ð5Þ

In which, icorr is the corrosion current density in

lA cm-2, (RP) is the corrosion resistance in X cm2, ba is

the anodic Tafel slope and bc is the cathodic Tafel slope in

V/decade. To estimate the service lifetime of a metal

structure, corrosion currents can be converted to the

corrosion rates by the following equation

MPY ¼ icorr Ke=qð Þ ð6Þ

where K is a combination of several conversion terms,

which is equal to 1.2866 9 105 (equivalents.sec.mils)/

(Colombs.cm.year), icorr is the corrosion current density in

Table 1 Impedance parameters for nano-Ni and chromium coatings in 0.6 M sodium chloride solution

Type of

coating

PDS

(A cm-2)

SC

(g L-1)

D
(nm)

Ec (V) RS

(X cm2)

RP

(KX cm2)

Q
(X-1 sn cm-2

9 10-5)

C

(F cm-2

9 10-5)

n

Nano-Ni 0.3 0 438 -0.51 ± 0.02 32.5 ± 1.05 4.54 ± 0.11 1.42 ± 0.09 1.32 ± 0.08 0.85 ± 0.01

Nano-Ni 0.3 10 38 -0.49 ± 0.03 34.1 ± 2.51 5.13 ± 0.36 1.33 ± 0.14 1.22 ± 0.13 0.92 ± .0.20

Nano-Ni 2 1 32 -0.32 ± 0.01 35.4 ± 1.36 5.36 ± 0.19 1.21 ± 0.07 1.11 ± 0.06 0.92 ± 0.01

Nano-Ni 2 5 22 -0.31 ± 0.02 30.2 ± 1.21 6.08 ± 0.46 1.19 ± 0.10 1.08 ± 0.09 0.92 ± 0.01

Nano-Ni 2 10 15 -0.26 ± 0.01 28.7 ± 1.28 9.23 ± 0.28 1.13 ± 0.07 1.07 ± 0.06 0.94 ± 0.01

Chromium 0.3 – – -0.54 ± 0.01 28.9 ± 0.62 3.59 ± 0.13 1.65 ± 0.07 1.85 ± 0.08 0.88 ± 0.01

PDS peak current density, SC saccharin concentration, D average grain size, Ec corrosion potential at which EIS measurements were made

J Appl Electrochem (2009) 39:2489–2496 2493

123



A cm-2, q is the metal density and e is the equivalent

weight in g/equivalent. [24] The results of these calcula-

tions are summarised in Table 3.

Surface brightness values for the nanocrystalline nickel

which were pulse plated at various operational conditions

are illustrated in Fig. 8 and compared with that of the

conventional decorative chromium. As the saccharin con-

centration in the bath increases the surface brightness of the

nanocrystalline nickel coatings increases. According to the

X-ray diffraction patterns of nanocrystalline Nickel coat-

ings (Fig. 6), the preferred orientation of the deposits

changed from (111), (200) and (220) fibre texture for a

saccharin free bath to a (111) and (200) double fibre texture

for the saccharin containing baths. This result is in agree-

ment with the observations reported by previous studies

[20, 23]. Some researchers related this phenomenon to the

decrease in the grain size, crystallographic anisotropy,

surface energy, and nucleation rate [25, 26]. It is obvious

from Fig. 8 that if sufficient amount of saccharin is added

to the bath (i.e. 10 g L-1) brighter nanocrystalline nickel

coatings (with respect to the conventional decorative

chromium) can be produced using high (2 A cm-2) or low

(0.3 A cm-2) peak current densities. Also, nanocrystalline

nickel coatings with the average grain size less than 38 nm

have brighter surfaces than the conventional decorative

chromium. According to a recent report by Bayramoglu

et al., the brightness of chromium plating increases with

increasing chromic acid concentration in the bath. This

might be due to the fact that fine crystal sizes are required

to electrodeposit the brightest chromium coatings, and

these are achieved from the baths with high chromic acid

Fig. 5 The impedance residuals plot for a, b, c, d, e nanocrystalline

nickel coatings with grain size of 438, 38, 32, 22, 15 nm, respectively,

and f chromium coatings in a 0.6 M NaCl solution

Fig. 6 The X-ray diffraction patterns of nanocrystalline nickel

coatings pulse plated at various operational conditions
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concentrations [27]. In other words, to electrodeposit

brighter chromium coatings, more hazardous baths have to

be used. Thus, nanocrystalline nickel coatings which were

studied here can be a good alternative to bright decorative

chromium coatings. Furthermore, a decorative chromium

coating is usually electroplated on a nickel underlayer

protective coating while the function of the chromium top

layer is mainly aesthetic due to its brightness. Conse-

quently, nanocrystalline nickel coatings with equal

brightness as decorative chromium coatings can eliminate

the process of chromium plating which is hazardous to the

environment.

The average surface roughness of nanocrystalline nickel

coatings are compared with that of the conventional dec-

orative Chromium in Fig. 9. As seen, the surface roughness

of nanocrystalline nickel coatings decreases as the sac-

charin concentration in the bath increases. This result is in

agreement with the surface brightness values presented in

Fig. 8, indicating that specimens with less surface rough-

ness are brighter than the coatings with higher roughness

values. Generally, brightness can be attributed to low sur-

face roughness and small grain size. The present investi-

gation showed that these physical characteristics were

present in the pulse plated nanocrystalline nickel coatings.

4 Conclusions

As the grain size of nanocrystalline nickel coatings

diminishes (from 438 to 15 nm), the corrosion resistance

enhances, the surface heterogeneity decreases and the

surface area available for cathodic reactions decreases too.

In addition, all nanocrystalline nickel coatings with various

grain sizes (in the range of 438 to 38 nm) exhibit more

corrosion resistance than the chromium coating. As the

saccharin concentration in the nickel bath increases (from 0

Table 2 Estimated grain size

and microhardness of the

nanocrystalline nickel deposits

PDS peak current density,

SC saccharin concentration,

D average grain size

PCD (A cm-2) SC (g L-1) Wf cosh = 2f sinh ? 0.9k/D D (nm) Microstarin 9 10-3

0.3 0 Y = -4.3 9 10-5X ? 3.2 9 10-4 438 0.0022

0.3 10 Y = -2.1 9 10-3X ? 3.7 9 10-3 38 1.05

2 1 Y = -3.2 9 10-3X ? 4.3 9 10-3 32 1.6

2 5 Y = -4.7 9 10-3X ? 6.3 9 10-3 22 2.4

2 10 Y = -8.6 9 10-3X ? 9.5 9 10-3 15 4.3

Fig. 7 SEM micrographs of a chromium and b nanocrystalline nickel

coatings after corrosion tests

Table 3 Long term corrosion stability of nanocrystalline nickel and decorative chromium coatings in 0.6 M NaCl solution

Type of coating PDS (A cm-2) SC (g L-1) D (nm) RP (KX cm2) ba (V/decade) bc (V/decade) icorr (lA cm-2) MPY

Nano-Ni 0.3 0 438 4.54 ± 0.11 0.09 ± 0.002 0.18 ± 0.004 5.72 ± 0.008 2.43 ± 0.004

Nano-Ni 0.3 10 38 5.13 ± 0.36 0.10 ± 0.005 0.18 ± 0.009 5.44 ± 0.01 2.31 ± 0.05

Nano-Ni 2 1 32 5.36 ± 0.19 0.09 ± 0.004 0.15 ± 0.004 4.55 ± 0.02 1.93 ± 0.008

Nano-Ni 2 5 22 6.08 ± 0.46 0.11 ± 0.003 0.13 ± 0.006 4.25 ± 0.15 1.80 ± 0.06

Nano-Ni 2 10 15 9.23 ± 0.28 0.09 ± 0.002 0.11 ± 0.003 2.32 ± 0.005 0.98 ± 0.003

Chromium 0.3 – – 3.59 ± 0.13 0.11 ± 0.002 0.17 ± 0.004 8.07 ± 0.12 2.51 ± 0.04

PDS peak current density, SC saccharin concentration, D average grain size
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to 10 g L-1) the surface roughness of nanocrystalline

nickel coatings decreases and their surface brightness

increases. Moreover, nanocrystalline nickel coatings with

an average grain size of less than 38 nm can be brighter

than conventional chromium coatings.
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