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Nanocrystalline nickel-tungsten (Ni-W) coatings was obtained by pulse electrodeposition in the plating 
bath with and without containing β-cyclodextrin (β-CD). The mirco-structure and morphologies of 
coatings were characterized by energy dispersive spectrometer (EDS), X-ray diffraction (XRD) and 
scanning electron microscopy (SEM). It was found that smaller grain size and more compact surface 
structure can be realized by introduction of β-CD, which had no influence on the compositions of the 
coating. More importantly, the coating had better anticorrosion and mechanical performance. 
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1. INTRODUCTION 

Nanocrystalline Ni-W was developed as one of the surface treatments due to high hardness, 
ductility, good wear resistance and corrosion resistance [1]. It was well accepted that electrodeposition 
is a versatile technique for producing nanocrystalline Ni-W. During the process of electrodeposition, 
the surface structure, morphologies and properties of coating can be regulated using small amounts of 
organic additives [2-7]. 

In general, the organic additives contain the following groups: sulfo, hydroxyl, >C=O, >C=S or 
―C≡N [5-7]. They can adsorb on cathodic surface by their unsaturated molecular bonds, which would 
block the sites for Ni deposition and alternate deposition rate [4, 8, 9]. Recently, the widely studied 
organic additives in nickel plating baths were saccharin, 2-butyne-1,4-diol which contain aromatic 
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sulfonate and triple bonds, respectively [3, 4, 6, 10, 11]. The research results showed that addition of 
saccharin and/or 2-butyne-1, 4-diol can decrease the grain size of nickel plating. However, these 
organic additives can participated in the cathodic reaction, thus causing the consumption of additives 
during the process of electrodeposition [3, 12, 13]. For example, these research showed that the 
consumption rate of 2-butyne-1,4-diol and saccharin increased at agitation. To overcome these 
problems, it is necessary to introduce a new types of additives which will not be consumed during the 
process of electrodeposition. 

Cyclodextrin (CD) with cyclic oligosaccharides is consisting of six to eight a-1,4-D-glucose 
units, which were designated as α, β, γ-CD, respectively [14]. Among these, β-CD has been widely 
used as the ‘‘supramolecular host’’ in the areas of biotechnology, pharmaceutical preparation, 
purification and polymer science because of its low cost and suitable cavity size for stabling and 
increasing the solubility of labile xenobiotics. More importantly, owing to the unique structure, the 
hydroxyl groups of on the edge of CD can bind with active metal through coordination bond [15, 16]. 
Therefore, it can absorb on the surface the cathode and effectively prevent the electrodeposition of Ni, 
which is beneficial for obtaining the small grain size of Ni-W and compact surface structure.  

Herein, we report the β-CD as organic additives introduced in Ni-W electrodeposition bath. To 
our best of knowledge, the smaller grain size and more compact surface structure can be realized for 
Ni-W nanocrystalline coating, without affecting the compositions of the coating. The coating have 
good anticorrosion and mechanical properties. 
 
 
 
2. EXPERIMENTAL 

 
Figure 1. The used pulse-current waveform in the experiment 

 
Ni-W nanocrystalline coatings were co-deposited by a pulse current electrodeposition from a 

citrate electrolyte, which was composed of 0.06 M NiSO4, 0.14 M Na2WO4, 0.15 M NaBr, 0.50 M 
Na3Cit, 0.50 M NH4Cl. Citric acid was employed to adjust the pH of 7.5. The 15 mm×30 mm×2 mm 
C45 carbon steel sheet was used as a cathode, and the graphite electrode was applied as an anode. 
Before the deposition of coating, the substrates were polished by using 800 and 1200 grit emery-paper 
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and ultrasonically cleaned with acetone and deionized water. Next, the substrates were activated with 
1M sulfuric acid solution for 10 s at room temperature, followed by washing in distilled water and 
immersing into the plating bath. For all electroplating process, plating parameters were set as follows. 
As was shown in Fig. 1, the peak current density, frequency and duty cycle were set to be 6 A/dm2, 
1000 Hz and 0.8, respectively. The plating bath was maintained at 70 ℃ and underwent a magnetic 
stirring for 1 hour at a constant speed of 200 rpm. Ni-W nanocrystalline coatings were obtained in the 
plating bath with and without containing 0.1 mM β-CD, which were named as C and C-β, respectively. 

Elemental compositions and surface morphologies of the coatings were characterized by energy 
dispersive spectrometry (EDS, INCA) and scanning electron microscopy (SEM, JSM-7500F), 
respectively. The grain structure and crystals orientation in film state was identified by X-ray 
diffraction (XRD, PANalytical X’Pert Pro diffractometer) with Cu Kα radiation. Crystallite size was 
calculated by using the Scherrer equation. 

Corrosion resistance were studied using electrochemical measurements by the conventional 
three-electrode cell, a platinum plate used as counter electrode, a saturated calomel electrode (SCE) as 
reference electrode and the samples as the working electrode. The exposed area of working electrode 
was 1cm2. The electrochemical impedance tests were conducted in the frequency range of 10-2-105 
Hz with AC amplitude of 10 mV. The potentiodynamic polarization tests were taken with scanning 
from 250 mV vs SCE below OCP (open circuit potential) to 1000 mV vs SCE, with a scanning rate of 
1 mVs-1. The parameters of corrosion current density (icorr) and corrosion potential (Ecorr) were 
calculated from the intersection of the anodic and cathodic by using the Tafel extrapolation way. 
Before all the tests, the working electrodes were immersed in the corrosive media for 1h to get a 
relatively steady OCP. The all measurements were carried out at room temperature and normally 
repeated at least three times under the same conditions to obtain reproducible data. 
 
 
 
3. RESULTS AND DISCUSSION 

The composition and morphology of Ni-W coatings were investigated by EDS and SEM, 
respectively. The result of EDS was presented in table 1. The element content were no obvious 
difference except carbon element. Since β-CD can adsorb on the cathode surface [16], β-CD may be 
incorporated into the coatings with Ni-W crystal growing during deposition, causing the increase of 
carbon content. 

 

Table 1. The different element contents (wt.%) in the Ni-W nanocrystalline coating 
 

Coatings Element Carbon Oxygen Nickel Tungsten 
C Element 

content 
(wt.%) 

7.38 1.62 50.13 40.87 

C-β 9.44 1.12 49.92 39.52 
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The effect of β-CD on crystal structure of the coatings was investigated by XRD, as shown in 
Fig. 2. 

The patterns showed crystalline fcc structure of coatings with the predominant plane (1 1 1). 
With the addition of β-CD into the bath, the absorption intensity of the diffraction peak decreased, 
which indicated an decrease in the size of Ni-W grains as well as increased film stress [17, 18]. And 
the crystallite sizes of Ni-W coatings were calculated by Scherrer equation (1). 

   (1) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. XRD patterns of the Ni-W nanocrystalline coating 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 3. SEM images of the Ni-W nanocrystalline coating: (a) and (b) of C, (c) and (d) of C-β 
 

Where D is the diameter of the crystal (nanometers), K is the shape factor (typical value is 
0.89), λ is the incident radiation (1.5418 Å), B is the corrected peak width (radians) at half-maximum 
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intensity and T is Bragg’s angle (degrees). The grain sizes of (1 1 1) plane of C and C-β, were 21.0 and 
4.6 nm, respectively. It indicated that the smaller nanocrystal size of Ni-W alloy can be gained by the 
introduction of β-CD in the plating bath. This is due to the fact that β-CD adsorbing on cathodic 
surface inhibit the growth of Ni-W crystalline grain. 

Typical surface morphology SEM images were shown in Fig. 3. Compared to the image of C 
(Fig. 2 a, b), the image of C-β (Fig. 2c, d) exhibited a more compact and uniform surface structure, 
indicating that the introduction of β-CD can obtain smooth surface.  

Corrosion resistance of the coatings were studied in 3.5 wt% NaCl solution. Potentiodynamic 
polarization curves were presented in Fig. 4(a). From the result of polarization, it was found that the 
curves of C-β shifted to left in the higher potential of the anode Tafel curves (by circle), which is 
attributed to the formation of protection layer before occurred the passivation [19]. The icorr and Ecorr of 
the corresponding coatings were displayed in Table 2. It can be found the Tafel slope of the C-β 
increased and icorr significantly decreased and Ecorr increased, which indicated C-β had better 
anticorrosive performance. From the result of SEM and XRD, the surface of C-β was more compact 
and the crystal size was smaller. The qualitative surface was easier to form a layer of protective oxide 
film before completely passivated. This indicated that the introductin of β-CD on the coating was 
conducive to corrosion resistance. The Nyquist plots and Bode plots of the coatings were presented in 
Fig. 4 (b) and (c). As the figure presented, those coatings exhibited semicircle at the high frequency, 
implying a capacitive loop. Besides, the C-β had a different trend compared with the C at low 
frequency.  

To explain electrochemical behavior of the coating surface, the C and C-β were fitted by the 
equivalent circuit in the Fig. 4, respectively. In the Fig. 5 (a), a simple (RQ) parallel circuits was used 
to represent charge transfer resistance and the double layer capacitance, respectively. In the Fig. 4 (b), 
R and Q were representative the charge transfer resistance and the double layer capacitance in the high 
frequency, respectively. 
 
Table 2. Electrochemical parameter for the coatings in the 3.5 wt% NaCl solution 
 
The coating βc (mV dec-1) βa (mV dec-1) icorr (μA/cm2) Ecorr vs SCE (V) 

C 101.35 -565.32 8.16 -0.4827 
C-β 294.87 -297.25 4.11 -0.4535 
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Figure 4. Electrochemical curves of Ni-W nanocrystalline coating in 3.5 wt% NaCl solution: (a) 
Polarization curves, (b) Nyquist diagram and (c) Bode plots 
 

In the low frequency, the second (RQ) parallel circuits was employed to represent the 
electrochemical activities of the passive film and the film/solution interface [20]. Rf and Qf were the 
film resistance and the film capacitance [21], or the resistance and capacitance of the space charge 
layer [22]. The fitted results were shown in Fig. 4, the experimental and fitted data were basically 
consistent in the Nyquist plots and Bode plots. And the impedance data obtained for the coatings were 
displayed at table 3. In the current research, Ni dissolved from the alloy matrix by galvanic action [23]. 
The coarse surface of C enlarged the reacted active sites, which caused the accelerated dissolution of 
Ni. The dissolving reaction would be inhibited on the compact surface, which also more easily formed 
oxide film than the coarse surface. The formed impedance membrane would resulted in the increase of 
impedance arc radius at the low frequency. The coating resistance (Rcot) was used to represent 
corrosion resistance of the coatings. The coating resistance (Rcot) indicated that the C-β had the best 
corrosion resistance, revealing that the compact surface were conducive to corrosion resistance. 

 

 
 

Figure 4. Equivalent circuit model for the Ni-W coatings 
 

 



Int. J. Electrochem. Sci., Vol. 11, 2016 
  

5109 

Table 3. Electrochemical parameters of equivalent circuit with experimental plots 
 

The coatings Rs (Ω·cm2) Q (F) R(Ω·cm2) Qf (F) Rf (Ω·cm2) Rcot=R+Rf 

C 11.68 7.7×10-4 3856 - - 3856 

C-β 12.23 5.6×10-5 5234 4.3×10-4 12570 17804 
 

The hardness of the coating was measured by loading of 300 g for 15 s. The micro-hardness for 
Ni-W alloy films increased from 263 to 288 Hv. The mechanism of strengthening the polycrystalline 
metal and alloys was majorly influenced by grain refinement strengthening and dispersion hardening 
[24]. The C-β had the small grain size, so micro-hardness value increased by grain refinement 
strengthening. 
 
 
 
4. CONCLUSION  

Through introduction of β-CD in electrodeposition bath, the smaller grain size and more 
compact surface structure can be realized for Ni-W nanocrystalline coating, without affecting the 
compositions of the coating. Due to compact surface, C-β was easier to form a layer of protected oxide 
film before completely passivated, the anticorrosion performance of Ni-W nanocrystalline coating was 
greatly improved. The C-β had the small grain size increasing in micro-hardness value by grain 
refinement strengthening. 
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