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Abstract Ni–Nb composite electrocoatings were

obtained on carbon steel from Watts bath, containing sus-

pended 20 lm size niobium powders. The effect of

cathodic current density, electrolyte stirring rate and

concentration of Nb particles in the bath on the deposit

morphology and texture, volume fraction of co-deposited

Nb particles and microhardness was investigated. The

Ni–Nb composite layers presented a rough morphology

with randomly oriented Ni grains, whereas pure Ni coat-

ings obtained under the same experimental conditions were

smooth and showed highly preferred orientation in the

[110] or [100] direction. Stirring rate of the electrolyte and

concentration of Nb particles in the bath are the main

parameters affecting the incorporation of Nb particles. The

Nb incorporated volume fraction was 11–14%, 17–19%,

27–32% and 34–37% for the 20 g L–1 Nb/550 rpm,

20 g L–1 Nb/400 rpm, 40 g L–1 Nb/400 rpm and 40 g L–1

Nb/550 rpm conditions, respectively. The microhardness

of the Ni–Nb composite coatings obtained at 20 and

40 mA cm–2 was higher than that of pure Ni layers, due to

grain refining. Incorporation of Nb particles in Ni coatings

improved the corrosion resistance of the deposits in NaCl

and H2SO4 solutions.

Keywords Electroplating � Nickel � Niobium �
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1 Introduction

Ceramics (SiC [1–6], Al2O3 [7, 8], TiO2 [7, 9], ZrO2 [7]),

polymers (polyethylene [10], polytetrafluorethylene [11]),

metals (Ti [12, 13], Al [14]) and other materials

(hydroxyapatite [15], diamond [16]) have been co-elec-

trodeposited with nickel in order to improve properties,

such as hardness, wear resistance, lubrication, corrosion

resistance and catalytic properties. The co-deposition

consists in electrolyzing a nickel plating bath containing

suspended solid particles using a suitable cathode material.

The main parameters that influence the properties of the

composites are electrolyte composition, pH, temperature,

cathodic current density, stirring rate of the solution and

particle concentration and size [17].

Electrodeposited Ni coatings are widely used for cor-

rosion protection but present some limitations in acid

solutions. Nb is more corrosion-resistant than Ni in almost

all aqueous media [18]. Thus, it can be expected that the

incorporation of Nb particles in a Ni matrix improves the

corrosion resistance of the coatings.

The present work aims at the codeposition of electrolytic

Ni and Nb powders by galvanostatic electrolysis in a Watts

bath. The effect of cathodic current density, stirring rate

and Nb particle concentration on Nb incorporation rate,

deposit morphology and texture, and microhardness was

studied. The corrosion resistance of the Ni–Nb composites

in NaCl and H2SO4 solutions was also evaluated. The re-

sults were compared with those of pure Ni electrocoatings.

2 Experimental procedure

The Ni–Nb composites were prepared by constant current

electrodeposition from a typical sulphate bath (Watts bath)
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[19], containing 20 and 40 g L–1 Nb powders. The Nb

powders were produced in-house by hydrogenation/dehy-

drogenation process [20] and their size ranged from 1 to

100 lm with a mean diameter of 20 lm. Figure 1 shows

the morphology of the Nb particles. The specific area of the

Nb powders was 0.4566 m2 g–1 and their typical chemical

composition was 30 wt-ppm Al, 100 wt-ppm Fe, 50 wt-

ppm Si, 600–2,000 wt-ppm Ta, 6,000 wt-ppm O and

2,250 wt-ppm N. The microhardness of the Nb particles

was 230± 15 VHN.

The bath composition and deposition conditions are

listed in Table 1. Sheets of AISI 1020 carbon steel with

100 mm · 6 mm · 1 mm dimensions were used as cath-

odes. These were previously ground to a 600 grit finish,

degreased and dried. Two electrolytic grade nickel sheets

(100 mm · 20 mm · 5 mm) were used as anodes. The

distance between the cathode and both anodes was about

25 mm. The bath was stirred by a magnetic stirrer with an

agitation rate of 400 and 550 rpm and its temperature was

maintained at 60± 2�C.

The plating times were 6 h 52 min, 3 h 26 min and 1 h

43 min for 10, 20 and 40 mA cm–2 cathodic current den-

sities, respectively in order to produce coatings of

approximately 100 lm thickness.

Scanning electron microscopy (SEM) (LEO VP-1450)

was used to examine the surface morphology and the

distribution of Nb particles in the deposits and X-ray

diffractometry (XRD) (Siefert-Debyeflex 1001, Cu-Ka)

was employed for compositional and texture analysis of the

coatings.

The percentage of embedded particles in the deposits

was determined from cross-sections photomicrographs

using the free Scion Image Beta 4.02 software. The image

analysis operations were performed at 500 times magnifi-

cation on at least ten fields of view for each coating and the

mean volume fraction of Nb was calculated.

The roughness of the composite coatings was deter-

mined using a surface roughness measuring instrument

(Mitutoyo SJ 201).

The microindentation hardness of the composite coat-

ings was measured on polished cross-sections using a

Vickers microhardness tester (Micromet 2004). A 100 g

load was applied for 30 s.

The electrochemical behavior of pure Ni and Ni–Nb

composite coatings was studied in naturally aerated and

unstirred 3 wt.% NaCl (pH 6) and 20 wt.% H2SO4 solu-

tions, using a typical three-electrode corrosion cell. The

counter electrode was a square-shaped platinum sheet of

18 cm2 area and the reference electrode was a saturated

calomel electrode (SCE). Prior to polarization, the open-

circuit potential was monitored until it reached steady state.

Polarization measurements, performed using a PAR 273A

potentiostat controlled with a microcomputer through

M352 Corrosion Software, were carried out potentiody-

namically at 1 mV s–1 potential sweep rate. The corrosion

resistance of the coatings was evaluated from the corrosion

current densities deduced from the polarization curves.

3 Results and discussion

3.1 Coatings morphology, texture and Nb particles

content

Figure 2 shows the typical superficial morphology of Ni

and Ni–Nb electrocoatings obtained for the same current

density and stirring rate. As distinct from the smooth Ni

coatings (Fig. 2a) which present a mean roughness of

1 lm, the Ni–Nb composite layers (Fig. 2b, c) have a

rough morphology, constituted of nodular agglomerates.

Larger agglomerates and rougher surfaces were obtained

for the coatings obtained in 40 g L–1 Nb containing bath,

whereas for both 20 and 40 g L–1 Nb the roughness tended

to increase with increasing cathodic current density

(Fig. 3). The rougher and nodular morphology of theFig. 1 SEM photograph of the Nb particles

Table 1 Bath composition and deposition conditions for Ni–Nb

composite coatings

Bath composition

Nickel sulphate (NiSO4) 300 g L–1

Nickel chloride (NiCl2) 45 g L–1

Boric acid (H3BO3) 40 g L–1

Nb powder (20 lm size) 20 and 40 g L–1

Deposition conditions

Temperature 60± 2�C

pH 3.5

Stirring rate 400 and 550 rpm

Cathodic current density 10, 20 and 40 mA cm–2
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composite layers when compared to pure Ni has been ob-

served by others authors [3, 12, 13, 15, 16, 21]. This

characteristic may be related to both the large size of the

Nb particles used and the significant nucleation rate of new

crystals on the particle surface before it is covered by the

growing surrounding Ni layer.

From the SEM images using secondary electron mode

(Fig. 4a), the deposited Ni and the Nb incorporated

particles cannot be distinguished. Figure 4b shows a SEM

image of the same region using a mixed secondary (20%)/

backscattering (80%) electron mode with low image

contrast. This allows differentiation of the chemical com-

position of the surface by atomic weight. In Fig. 4b, the

white region corresponds to Nb (higher atomic weight) and

the black region to the Ni matrix (lower atomic weight).

There is a good distribution of Nb on the coating surface,

but only a few individual Nb particles can be distinguished,

as most of the particles are partially or completely covered

by metallic Ni.

Fig. 2 SEM photographs of the surface of (a) pure Ni and (b, c) Ni–

Nb composite coatings obtained using 10 mA cm–2 cathodic current

density and 400 rpm stirring rate; (b) 20 g L–1 Nb concentration and

(c) 40 g L–1 Nb concentration

Fig. 3 Ra mean roughness of Ni–Nb composite coatings as a

function of cathodic current density, stirring rate and Nb particle

concentration

Fig. 4 SEM photographs of the surface of a Ni–Nb composite

coating obtained at 10 mA cm–2 cathodic current density and

400 rpm stirring rate: (a) secondary electron mode and (b) mixed

secondary (20%)/backscattering (80%) electron mode
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Figure 5 shows the XRD patterns of Ni and Ni–Nb

electrocoatings obtained for the same current density and

stirring rate. As expected, the spectrum of the pure Ni layer

only shows the diffraction peaks relative to the Ni phase,

whereas the spectra of the composites reveal the presence

of two phases, a Nb phase and a Ni phase from Nb

embedded particles and Ni matrix, respectively. The higher

intensity of the peaks relative to Nb for the deposit

obtained in 40 g L–1 Nb containing bath (Fig. 5c) suggests

a higher incorporation of Nb particles. Very similar XRD

patterns were obtained for the composite coatings

performed under other experimental conditions.

The orientation index was estimated using the following

relation:

Orientation index ¼ Ihkl=
P

Ihkl

IASTM hkl=
P

IASTM hkl

where Ihkl and IASTM hkl are the integrated intensities from a

(hkl) peak relative to Ni phase, obtained for the deposits

and for nickel of random texture [22], respectively.

Figure 6 shows the orientation index of the (111), (200),

(220) and (311) planes for pure Ni and Ni–Nb composite

coatings (obtained in 20 g L–1 Nb containing solutions and

400 rpm stirring rate) as a function of cathodic current

density. The Ni deposits are clearly textured in the [110]

direction for both 10 and 20 mA cm–2 current density and

in the [100] direction for 40 mA cm–2. This observation is

in accordance with published data [23], as the Ni coatings

produced in Watts bath were shown to present the fol-

lowing order of texture, (110), (100) and eventually (210),

when the deposition rate increases. When Nb particles are

co-deposited the Ni grains do not now show preferential

orientation, but rather a random orientation (Fig. 6). The

present results agree with those of Stroumbouli [24] who

recently showed that pure Ni deposit obtained in Watts

bath for 70 mA cm–2 current density presented a high

quality (100) preferred orientation, whereas Ni–WC

composites obtained in the same conditions had an almost

random orientation of Ni crystallites. The orientation of Ni

grains in the Ni–Nb composites does not depend on

cathodic current density, on stirring rate or Nb concentra-

tion, as similar orientation index values were calculated for

the Ni–Nb coatings obtained in 20 g L–1 containing solu-

tions at 550 rpm and in 40 g L–1 Nb containing solutions at

both 400 and 550 rpm. Thus, it seems that the incorpora-

tion of Nb particles has perturbed the growth of the Ni

matrix, probably due to the nucleation of randomly

oriented new Ni crystals on the embedded Nb particles.

Figure 7a and b shows the cross-sections of composite

layers obtained for the same cathodic current density and

stirring rate in 20 and 40 g L–1 Nb containing baths,

respectively. A good distribution of the Nb particles in the

coatings shown in Fig. 7, as well as in the composites

obtained in other experimental conditions, was noted.

Fig. 5 XRD patterns of (a) pure Ni coating and (b, c) Ni–Nb

composite coatings obtained using 10 mA cm–2 cathodic current

density and 400 rpm stirring rate; (b) 20 g L–1 Nb concentration and

(c) 40 g L–1 Nb concentration
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Figure 7b depicts the higher incorporation of Nb particles

for the composite obtained in 40 g L–1 Nb containing

solution. The composite coatings were compact and no

void at the steel/deposit interface, which could be harmful

to adhesion, was observed. The good adhesion of the

coatings was verified by bend test according to B 571-91

ASTM standard [25], as the Ni–Nb composite layers did

not separate from the steel substrates, even after several

bendings and breaking of the electroplated substrates.

The Nb incorporated volume fraction in the different

composites, measured by image analysis, is presented in

Fig. 8 as a function of cathodic current density, stirring rate

and Nb particle concentration.

Higher Nb incorporation was measured for the com-

posites obtained in 40 g L–1 Nb containing solutions. The

increase in incorporated ceramic, polymeric or metallic

particle fraction in Ni composite coatings with increasing

particle concentration, with constant current density and

stirring rate, has been shown by several authors [3, 6, 10–

12]. As the hydrodynamic conditions used in this work

were sufficient to maintain the Nb powders in suspension,

higher particle concentration provided more collisions of

particles against the cathode, resulting in an increase in Nb

incorporation. Nevertheless, when the particles are not

efficiently suspended under a given hydrodynamic condi-

tion, which is usual in solutions of very high particle

content, an increase in particle concentration can decrease

the particle incorporation [1, 9].

For a given stirring rate and Nb particle concentration, a

slight decrease in incorporated Nb particle fraction

occurred when the cathodic current density increased from

10 to 20 mA cm–2 (Fig. 8). This may be attributed to the

increase in transport velocity of Ni ions to the cathode by

diffusion (concentration overvoltage). As the velocity of

Nb particle transport by mechanical agitation is main-

tained, this increase results in lower incorporated Nb

fraction. Further increase in current density up to

40 mA cm–2 did not significantly affect the incorporation

of Nb particles, which may mean that the Ni ion reduction

rate was at its limiting value. Such effects of current den-

sity increasing on embedded particle fraction were also

observed for the incorporation of SiC [1] and Al [14].

Several authors agree that there is an optimum stirring

rate that leads to higher particle incorporation [1, 11, 26]. Up

Fig. 6 Orientation index of Ni crystallographic planes for pure Ni

and Ni–Nb composite coatings as a function of cathodic current

density; Ni–Nb composites obtained in 20 g L–1 Nb containing

solutions at 400 rpm stirring rate

Fig. 7 SEM photographs of cross-sections of Ni–Nb composite

coatings obtained using 40 mA cm–2 cathodic current density and

400 rpm stirring rate: (a) 20 g L–1 Nb concentration and (b) 40 g L–1

Nb concentration
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to the optimum value, the collisions of particles against the

cathode increase with increase in agitation rate, leading to an

increase in the amount of co-deposited particles. Above the

optimum value, the particles reaching the cathode surface

may remove already adsorbed particles, resulting in a

decrease in particle co-deposition. This optimum stirring

rate was shown to increase with increasing particle con-

centration [11, 26]. In our investigated conditions, the higher

Nb particle incorporation for 20 and 40 g L–1 Nb containing

solutions was obtained at 400 and 550 rpm stirring rate,

respectively, which is congruent with this trend.

From the data of Fig. 8, the stirring rate, as well as the

Nb particle concentration have much more influence on the

volume fraction of incorporated Nb particles than the

cathodic current density.

3.2 Microhardness

Figure 9 shows the microhardness of the Ni–Nb compos-

ites as a function of cathodic current density, stirring rate

and Nb particle concentration, as well as the microhardness

of pure Ni layers for comparison. The microhardness of

pure Ni decreases with increase in current density, as re-

ported in the literature [27], and is associated with grain

coarsening. The microhardness of Ni–Nb composites is

close to the value measured for pure Ni when they were

obtained using 10 mA cm–2 current density, but is higher

when 20 or 40 mA cm–2 current densities were used. The

difference between Ni–Nb composite and Ni hardnesses

increases with increasing current density.

The higher microhardness of Ni-particles composites

has been observed for almost all kinds of incorporated hard

particles, such as SiC [2], Si3N4 [28], Al2O3 [29], and even

for soft particles such as Al [14] and polyethylene [10].

There are three reasons for this increase in hardness: par-

ticle-strengthening [2, 28], dispersion-strengthening [2, 10,

29] and grain refining [10, 14]. Particle-strengthening is

related to the incorporation of hard particles and volume

fraction above 20%. In this case, the load is carried by both

the matrix and the particles and strengthening is achieved

because the particles restrain the matrix deformation.

Dispersion-strengthening is associated with the incorpora-

tion of fine particles (<1 lm) and volume fraction lower

than 15%. In this case, the matrix carries the load and the

small particles hinder dislocation motion. The third

mechanism is related to the nucleation of small grains on

the surface of the incorporated particles, resulting in a

general structural refinement. In this case, the presence of

smaller grains impedes dislocation motion resulting in an

increase in microhardness. The results cannot be explained

by the first and second mechanisms, as an increase in mi-

crohardness was observed for particle volume fraction in

the 11–17% range (composites obtained in 20 g L–1 Nb

containing solutions), and the mean Nb particle size is

much higher than 1 lm.

Figure 10 shows the microstructure of both pure Ni and

Ni–Nb composite layers obtained at 40 mA cm–2 (and

20 g L–1 Nb concentration), after etching in a 5 mL

HNO3 + 2.5 mL CH3COOH + 2.5 mL H2O solution. The

pure Ni coating has a characteristic columnar structure

(Fig. 10a). A refining of the columnar grain structure in Ni

deposits was observed as the current density decreased.

Comparison of Fig. 10a and 10b clearly shows that the

incorporation of Nb particles in a Ni matrix led to a change

in microstructure from a columnar to a non-columnar

structure and to general grain refining.

Fig. 8 Volume fraction of incorporated Nb particles as a func-

tion of cathodic current density, stirring rate and Nb particle

concentration

Fig. 9 Microhardness of Ni and Ni–Nb composite coatings as a

function of cathodic current density, stirring rate and Nb particle

concentration
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This grain refining, which was observed for all the

composites obtained using 20 and 40 mA cm–2 current

density, may be due to the periodic nucleation of small

Ni grains on the conductive surface of the Nb particles.

The grain refining is less pronounced for the coatings

obtained in 20 g L–1 containing solutions at 550 rpm,

probably due to the lower incorporated Nb fraction. This

results in a lower increase in microhardness for these

composites. On the other hand, the microhardness of the

composites obtained in 40 g L–1 Nb containing solutions,

which have higher incorporated Nb fraction (27–35%), is

lower than the microhardness of the composites obtained

in 20 g L–1 Nb containing solutions at 400 rpm, that

have an incorporated Nb fraction in the 16–17% range.

For high Nb content deposits, the embedded particles

begin to affect the microhardness more significantly than

the Ni grain refining. This may explain why these

composites have microhardness values (231–246 VHN)

close to the hardness of the Nb particles (= 230± 15

VHN).

At the lowest current density (10 mA cm–2), the grain

size of pure Ni deposit is already small and cannot be

significantly refined by Nb incorporation. Thus, very close

microhardness values were measured for Ni and Ni–Nb

composites obtained using 10 mA cm–2 (Fig. 9).

3.3 Corrosion resistance

Typical potentiodynamic polarization curves of pure Ni

and Ni–Nb composite coatings of different incorporated

particle volume fractions, obtained in 3% NaCl and 20%

H2SO4 solutions at room temperature, are shown in

Fig. 11a and 11b, respectively. Table 2 presents the values

of the null-current potential Ei=0 and corrosion current

density icorr, the latter deduced by extrapolation of cathodic

Tafel slopes. The Ni–Nb composites are more corrosion

resistant than pure Ni layers and an increase in Nb particle

volume fraction tends to decrease the corrosion current

density in both salt and acidic media, thus improving the

corrosion resistance. An increase in particle content for

other composites obtained in Watts bath, such as

Ni-polyethylene [10] and Ni-mica [30], was also shown to

increase the corrosion resistance in NaCl solutions. On the

other hand, Ni–SiC composites obtained from Watts bath

[31] were more corrosion resistant than pure Ni in NaCl

Fig. 10 SEM photographs of etched cross-sections of (a) pure Ni and

(b) Ni–Nb composite coatings obtained using 40 mA cm–2 cathodic

current density, 400 rpm stirring rate and for Ni–Nb composites,

20 g L–1 Nb concentration

Fig. 11 Polarization curves obtained for pure Ni and Ni–Nb

composite coatings of different Nb incorporated volume fraction in

(a) 3 wt.% NaCl and (b) 20 wt.% H2SO4 solutions at room

temperature
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solutions, but their corrosion resistance was independent of

the amount of incorporated particles.

The lower corrosion rate of Ni–Nb composites when

compared to pure Ni may be attributed not only to the

presence of Nb particles in the deposits, which intrinsically

presents a higher corrosion resistance than Ni in most

aqueous media, but also to the change in coating

microstructure from columnar to non-columnar and small

grain-size produced with particle incorporation. Such a

change in microstructure, due to process conditions or to

incorporation of solid particles, was shown to improve the

corrosion resistance of the coatings [23, 31].

4 Conclusions

The Ni–Nb composite electrocoatings obtained from Watts

bath containing suspended Nb powders presented a rough

surface morphology with randomly oriented and small Ni

grains. The pure Ni coatings obtained under the same

experimental conditions were smooth, showed highly

preferred orientation and presented a columnar structure.

Nb particle content in the bath and stirring rate had more

influence on Nb incorporated volume fraction than catho-

dic current density.

The microhardness of the composite coatings was higher

than that of pure Ni obtained under the same electrolysis

conditions, due to grain refinement.

The corrosion resistance of Ni–Nb composites was

higher than that of electrolytic Ni in NaCl and H2SO4

solutions.
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