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Abstract : The structure and properties of Ni-W alloy coatings, deposited through pulse-plating route from an 
aqueous sulphate-citrate bath, have been evaluated and compared with those of coatings annealed under vacuum 
for durations of 2 h, 4 h or 6 h. The effect of annealing on microstructural evolution of the alloy coatings has 
been examined with emphasis on identification of constituent phases by X-ray diffraction, along with studies 
of their morphology by scanning and transmission electron microscopy with selected area electron diffraction. 
Annealing of Ni-W alloy coatings has resulted in the replacement of globular cluster-type appearance by a 
faceted morphology with the increase in crystallite size and reduction of the micro-strain in the alloy matrix. Both 
Nanoindentation hardness and elastic modulus of the coatings appear to reach their peak values on annealing for 
2 h owing to the formation of NiW and Ni4W intermetallic phases. However, on annealing for durations ≥4 h, 
the hardness is decreased owing to grain coarsening, whereas the Young’s modulus is lowered due to diffusion 
of Cu from the substrate. The corrosion resistance of the annealed Ni-W alloy coatings, evaluated through 
potentiodynamic polarization technique, is found to be inferior as compared to that of the as-deposited coatings.
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INTRODUCTION
Nanocrystalline Ni-W alloy coatings have emerged as one of the promising and appropriate alternatives to hard-
chromium coatings, because of the attractive properties such as hardness, strength, wear resistance, thermal 
resistance, corrosion resistance, etc [1–3]. In the protective coatings for high temperature applications, nickel 
and cobalt based alloys are generally preferred, because of their high melting temperatures [4]. Owing to high 
melting point and thermal stability, tungsten can provide excellent mechanical and anti-corrosion properties, 
when alloyed with iron-group metals like Ni, Co, or Fe. Higher service life and improved precision can also be 
achieved while using Ni-W alloy as the tooling material [5]. Materials researchers have put specific focus on the 
development of Ni-W alloy coatings, which find a wide range of engineering applications due to high hardness 
and impressive corrosion resistance [6–8]. 

Pulse electroplating has been identified to be a technologically feasible and economically viable technique for 
the preparation of nanocrystalline Ni-W alloy coatings [4]. The major advantages of this method, which make it 
suitable for use in industries, are rapid production, high purity, ability to overcome shape limitations, potential to 
develop coatings with wide grain size variation, ease of controlling composition, as well as lack of requirement 
for post-deposition treatment [9].

It has been reported that heat treatment of the Ni-based alloy coatings can lead to an improvement in mechanical 
and thermal properties along with corrosion resistance [10–12]. The structural changes occurring as a result of heat 
treatment of the coatings are believed to be responsible for modifying the properties of the coatings. Literature 
suggests that the hardness of the deposited Ni-W alloys increases with annealing; however, a clear understanding 
of the hardening mechanism is yet to be demonstrated [13]. Popczyk et al. [14] have reported that heat treatment of 
the Ni-W alloy coatings can lead to an improvement in the corrosion resistance. Earlier studies indicate that there 
is a window for improving the mechanical and electrochemical properties of the Ni-W alloy coatings through 
annealing under controlled conditions. However, systematic studies on the extent of annealing treatment required 
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for the optimum enhancement in the properties of the Ni-W alloy coatings are found to be missing in the literature 
and other research reports. Therefore, in this regard, the present work has been focused to study the effect of 
annealing for different durations on the structure and properties of the Ni-W alloy coatings. The evolution of 
microstructure and properties has been studied with emphasis on identification of the constituent phases along 
with the examination of their morphology, besides the evaluation of crystallite size and microstrain in the alloy 
matrix. Moreover, the results of a comparative study between as-deposited Ni-W alloy and annealed Ni-W alloy 
coating in terms of the above mentioned microstructural properties, hardness, elastic modulus and corrosion 
resistance have been reported.

EXPERIMENTAL PROCEDURE
The investigated Ni-22 (at%) W alloy coatings were deposited from a sulphate-citrate bath by pulse current plating 
technique. The bath composition and operating parameters for electrodeposition of the coatings are presented in  
Table 1. The initial pH of the electrolytic bath was adjusted to about 8.0 by using dilute sulphuric acid or sodium 
hydroxide solution. The temperature of the bath was maintained at ~73 ± 2ºC by an automatically controlled hot 
plate. All the electrodeposition experiments were conducted for a duration of 4 h at a peak current density of 200 
mA cm-2 and a duty cycle of 25% with Ton and Toff of 50 ms and 150 ms, respectively using an electrochemical 
analyzer (Autolab, Netherlands). Copper sheet with a dipping area of 2 × 3 cm2 was used as the substrate, 
and a platinum-coated titanium sheet was used as the anode. Prior to electroplating, the copper substrates were 
polished, degreased in acetone and rinsed thoroughly in deionised water. The substrates were then activated by 
immersing in sulphuric acid solution (5vol%) for 30 s followed by washing in deionised water. The as-deposited 
Ni-W alloy coatings were annealed in a vacuum furnace (Nabertherm make, Germany) at a pressure of 10-5 mbar 
and temperature of 750ºC for durations of 2 h, 4 h and 6 h. 

Table 1 Electrolytic bath composition and pulse plating parameters used for the deposition of Ni-W alloy coatings.

NiSO4.6H2O 0.05 M

Na2WO4. 2H2O 0.10 M

Na3C6H5O7 0.5 M

NH4Cl
Temperature of bath
pH of the bath
Peak current density
Duty cycle
Stirring speed
Time

0.5 M
73± 2 oC
8.0
200 mA cm-2

25% (Ton50 ms; Toff150 ms)
150 rpm
4 h

The as-deposited and annealed Ni-W alloy coatings were analyzed using X-ray diffraction (XRD) by a 
diffractometer (Panalytical, Netherland), operated at a voltage of 40 kV and current of 30 mA, using Cu Kα 
radiation of wavelength equal to 0.154 nm. For XRD data acquisition, 2θ was varied from 20º to 80º with 
respect to the specimen plane at a speed of 2º per min. The average crystallite size (D) and microstrain have been 
calculated from the XRD peaks using the Williamson-Hall relationship [15] as follows:

Bcosθ  =Kλ/D  +  4sinθε (1)

where B is the integral breadth, θ is the diffraction angle, K is the shape factor (~ 0.9), λ is the X-ray wavelength 
(0.154 nm), and ε is the microstrain. The instrumental broadening has been determined by measuring the full width 
at half maximum (FWHM) of the peaks in the XRD patterns of annealed nickel. Subsequently, the broadening 
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due to grain size (Bactual) has been calculated using the following relation:

Bactual  =  √(B2
obs – B2

std)   (2)

where Bobs and Bstd are FWHMs of any reflection from the analyzed sample and annealed nickel sample, 
respectively.

The surface morphologies of the coatings were examined using a field emission scanning electron microscope 
(FESEM) (ZeissSUPRA40 Oberkochen, Germany),  and their elemental compositions were evaluated by 
energy dispersive spectroscopy (EDS). Further, the microstructures of the coatings were examined by using a 
transmission electron microscope (TEM) (JEM 2100, JEOL Ltd., Tokyo, Japan) being operated at an accelerating 
voltage of 200 kV. The specimens for TEM studies were prepared through a procedure involving mechanical 
thinning by polishing first on SiC-coated emery paper, and subsequently using a dimpler (Model 656 Gatan Inc., 
Pleasanton, CA, USA) to remove material from the side of Cu substrate. The mechanical thinning was followed 
by argon ion milling with the help of a precision ion polishing system (Model 691, Gatan Inc., Pleasanton, CA, 
USA) to develop electron transparency. 

Nanoindentation of the coatings for the evaluation of hardness, elastic modulus and load-displacement behavior 
was carried out at 10 positions for each sample using a UMIS nano-indentation system (Frisher-Cripps, Australia) 
with Berkovich indenter (face angle 65.30) of tip radius 150 nm. The corrosion behaviour of the coatings was 
evaluated using a potentiostat/galvanostat (CHI 660E, USA) equipped with a three electrode cell. For carrying 
out corrosion tests, the as-deposited or annealed coating acted as the working electrode, whereas a platinum 
wire and saturated calomel electrode (SCE) were used as the counter and reference electrode, respectively. The 
polarization curves were recorded for investigated coatings at a scan rate of 1 mV s-1 in 3.5 wt% NaCl solution 
at the ambient temperature. 

RESULTS AND DISCUSSION
Phase analysis
The XRD patterns of the as-deposited as well as annealed (2, 4 and 6 h) Ni-W alloy coatings, depicting peaks 
within the angular range of 20o-80o are shown in Fig. 1(a), whereas their magnified versions with smaller angular 
range are presented in Fig. 1(b) and (c). In the aforementioned XRD pattern from the as-deposited Ni-W alloy 
coating (Fig. 1), three diffraction peaks representing {111}, {200}, and {220} of FCC structured Ni are observed. 
On the other hand, the XRD pattern from the Ni-W alloy coating annealed for 2 h or more reveals additional 
peaks of intermetallic compounds, NiW and Ni4W, as shown in Fig. 1. However, the XRD patterns from the Ni-W 
alloy coatings annealed for 4 h or 6 h exhibit the peaks of NiW and Ni4W with reduced intensity, as well as an 
increased preference for <111> orientation of the Ni-W solid solution (Niss) alloy grains. Formation of surfaces 
parallel to densely packed {111} planes is preferred, probably because of their lower surface energy compared to 
other crystallographic orientations. 
According to the binary Ni-W equilibrium phase diagram, Ni4W and NiW are the stable phases for W contents 
of 18-19.2 at% (40.7-42.7wt%) and 49.3-50 at% (75.3-75.8 wt%), respectively [16]. It may be speculated that 
the enrichment of Cu in the Niss matrix during annealing as confirmed by the results of EDS analysis shown in  
Fig. 3, may have lowered the solubility of W, which in turn may have promoted the formation of Ni4w and NiW 
on annealing.

Using Williamson-Hall equation (1), a plot with 4sinθ along the x-axis and Bcosθ along the y-axis for the 
coatings was drawn, as shown in Fig.2. After conducting the linear fit to the data, the values of y-intercept and 
slope have been determined and then using the derived values of y-intercept and slope of the fit, crystallite size 
and microstrain, respectively for the coatings have been calculated and the results are presented in Table 2. 
Examination of the data presented in Fig. 2 and Table 2 shows that the average crystallite size of the Ni-W alloy 
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Fig. 1.  XRD patterns of the as-deposited and annealed Ni-W alloy coatings, (A) as-deposited, (B) annealed 
for 2h, (C) annealed for 4h and (D) annealed for 6 h for: (a) the range of angles (2q) from 20o to 
80º; as well as the magnified views of the peaks within (b) the range of angles (2q) from 20º to 45º; 
and (c) the range of angles (2q) from 45º to 80º.

Fig. 2.  Plots depicting the variation of average crystallite size and micro-strain with duration of annealing 
of the investigated Ni-W alloy coatings: (a) as-deposited, (b) annealed for 2 h, (c) annealed for 4 h 
and (d) annealed for 6 h.

(Ni-rich solid solution, Niss) matrix increases with the increase in the duration of annealing as a result of grain 
growth. The average crystallite size of the Niss matrix phase is found to be~28.6 nm, and after annealing for 2 
h the crystallite size is observed to increase by ~61.2% to ~46.5 nm. Further, the increase in annealing time to  
4 h and 6 h results in an increase in the crystallite size by 2 times and 2.3 times, respectively with respect to that 
observed in the as-deposited coatings. It may be noted that increase in grain size is much sharper for the increase 
in the duration of annealing up to 4 h, whereas the rate of increase is relatively less significant for annealing 
duration between 4 h and 6 h. This observation is well-expected as the driving force for coarsening is reduced 
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after initial rapid coarsening of grain size. In contrast to the trend observed for the Niss crystallite size, the micro-
strain is found to decrease with the increase in annealing time. Both observations in respect of the crystallite size 
and micro-strain with the increase in annealing time are consistent with the narrowing of the XRD peaks from 
the Niss, as shown in Fig. 1.

Table 2 Variation of average crystallite size and micro-strain of as-deposited and annealed Ni-W alloy coatings 

Sample No. Duration of annealing
(h)

Crystallite size (nm) Strain
(ε)

1 0 (as-deposited) 28.6 0.0020

2 2 46.5 0.0013

3 4 57.7 0.0009

4 6 65.8 0.0006

Study of microstructure by scanning electron microscopy 

Plan-view
The FESEM micrographs depicting the surface morphologies of as-deposited Ni-W alloy and annealed 
Ni-W alloy coatings along with average bulk compositions obtained by EDS analysis are shown in 
Fig.3. Furthermore, the morphology of grains at the surface is depicted at higher magnification in  
Fig. 4. On qualitative observation, the coatings appear to be dense and well-adhered with the substrate. 
The concentrations of Ni and W in the as-deposited Ni-W alloy coating are found to be about ~78 at% 
and ~22 at%, respectively as shown in Fig. 3(a). The compositions of the annealed samples shown in  
Fig. 3(b)-(d) indicate that Cu has diffused from the substrate to the coating, with its concentration scaling with 
the duration of annealing. The FESEM image in Fig. 4(a) depicting the surface morphology of as-deposited Ni-W 
coating at higher magnification shows the presence of globular clusters of  Niss grains. It is observed that after 
annealing of the coatings in vacuum, the globular appearance of grains gradually disappears and gets transformed 
to typically faceted morphology, as shown in Fig. 4(b) and (c). Furthermore, qualitative comparison of Fig. 4(a) 
through (c) suggests that the grains of Niss on the surface have grown in size.

Cross-sectional view
The average thickness of the deposited Ni-W alloy coating samples was determined as ~30 µm by examining their 
cross-section in the FESEM at low magnification (Fig. 5(a)). Examination of the FESEM images depicting the 
cross-sectional microstructure of the Ni-W alloy coating annealed for 6 h at different magnifications as shown in 
Fig. 5(b) and (c), indicates that grain-coarsening has happened primarily at the surface, whereas it is insignificant 
at sub-surface locations. The coarsening of Niss grains along the cross-section may have been inhibited by the 
formation of Ni4W and NiW, as evidenced by the results of EDS analysis. Considering the inhibition of grain 
growth due to the formation of Ni4W and NiW, it may be inferred that the volume fraction of these intermetallic 
phases is lower near the surface, where the observed grain size is coarser. The change in the composition of 
Niss due to increase in Cu concentration in course of annealing may have also influenced the grain-coarsening 
behaviour, which needs to be further investigated. Further study is required to confirm the above-mentioned 
hypothesis.

Study of microstructure by transmission electron microscopy
Bright-field plan-view TEM micrographs and the corresponding indexed SAED patterns of the as-deposited 
Ni-W alloy and annealed Ni-W alloy coatings are shown in Fig. 6. The results of TEM studies are in close 
agreement with those of XRD regarding phase identification and the average grain size. The SAED patterns 
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Fig. 3.  FESEM micrographs and EDS spectra of Ni-W alloy coatings (a) as-deposited, (b) annealed for 
2 h, (c) annealed for 4 h, (d) annealed for 6 h.
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Fig. 4.  FESEM images of Ni-W alloy coatings (a) as-deposited, (b) annealed for 2 h, and  
(c) annealed for 6 h.

Fig. 5.  Cross-sectional FESEM images of the Ni-W alloy coatings: (a) in as deposited condition and 
after annealing for 6 h at (b) lower magnification, (c) higher magnification. 
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from the coatings (Figs.6(b) and (d)) consist of rings representing Ni (111), (200), (220), (311) and (420) planes. 
Contrary to the results of XRD analysis, the SAED pattern in Fig. 6 (d) does not provide any evidence for the 
presence of intermetallics, NiW and Ni4W, which suggests that these phases were not present near the surface. In 
other words, their formation may have happened at sub-surface locations, where grain growth has not occurred. 
Such an inference is drawn because the polishing and material removal for TEM sample preparation was carried 
out from the side of the substrate, such that the prepared thin foil contained the near-surface location of the 
coating. It is, of course, noteworthy that the rings in the SAED pattern from the annealed Ni-W alloy coating  
(Fig. 6 (d)) appear discontinuous with spots unlike the continuous ring pattern observed in case of the as-deposited 
coating (Fig. 6 (b)). Such a difference between the SAED patterns obtained from as-deposited and annealed Ni-W 
coatings is ascribed to the presence of coarser grains in the latter sample. The inference is drawn regarding grain 
coarsening from the results of TEM studies qualitatively in agreement with the results of grain size assessment by 
XRD analysis (Table 2). The absence or lower volume fraction of the intermetallic phases, NiW and Ni4W may be 
considered to have promoted unhindered grain coarsening of the Niss phase near the surface, as shown in Fig. 5.

Nano-indentation hardness and Young’s modulus
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Fig. 6.  TEM study of the Ni-W alloy coatings: (a) TEM image and (b) SAED pattern of as-deposited 
coating, (c) TEM image and (d) SAED pattern of coating annealed for 6 h.
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The plots of load against depth obtained from the nanoindentation tests carried out at a load of 10 mN are shown 
in Fig.7(a). The as-deposited Ni-W alloy sample was found to exhibit a penetration depth of 0.54 µm, which is 
higher than that observed for the Ni-W alloy coatings annealed for 2 h and 4 h and equivalent to that noticed for 
the coating annealed for 6 h. Under similar load application, the average penetration depth (~0.3µm) is found 
to be the least, which provides a qualitative indication of the hardness being the highest in case of the Ni-W 
alloy coating subjected to annealing for 2 h. Lower depth of penetration along with higher hardness of the Ni-W 
alloy coating annealed for 2 h compared to that recorded for the as-deposited condition may be attributed to the 
precipitation of the intermetallic compounds such as NiW and Ni4W as well as limited coarsening of the Niss 
grains in the matrix of the Ni-W alloy at the sub-surface locations as a result of annealing.

Plots depicting the variation of hardness and elastic modulus of the Ni-W alloy coatings as a function of the 
annealing duration are shown in Figs. 7(b) and (c), respectively. As shown in these figures, after annealing for  
2 h, the hardness of the annealed coatings increases by ~22% to a maximum value of ~8.3GPa (Fig. 7(b)), 
whereas with annealing for longer period of time beyond 2 h for 4 h and 6 h, the hardness of the coating has 
decreased by ~5.4% and ~28.4%, respectively. A similar trend in hardness increment was reported by Hou et al. [5]  
and according to them, the precipitation of NiW and Ni4W intermetallic phases contribute to such enhancement 
in the hardness of the coating. Furthermore, they have stated that excessive annealing at 700ºC tends to decrease 
the hardness of Ni-W alloy coating due to grain coarsening. On the other hands, Hayata et al. have reported an 
increase in hardness of the Ni-40.7W alloy from 15 kN/mm2 to 22 kN/mm2 after annealing temperatures in the 
range of ~450–550ºC as a consequence of precipitation of Ni4W and NiW phases in the alloy matrix [17]. A similar 
observation has been also reported in case of the Ni-Mo-P coatings [18], which have exhibited a very sharp increase 
in hardness from 309 Hv to 1041 Hv as a result of the formation of Ni3P and NiMo phases in the alloy matrix on 
annealing at 600ºC. 

 

Fig. 7.  The results of nanoindentation experiments on as-deposited and annealed Ni-W alloy coatings: 
Plots depicting (a) variation of load with depth, as well as variation of (b) hardness and (c) Young¢s 
modulus with duration of annealing.
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After annealing the Ni-W alloy coating for 2 h, Young’s modulus is found to increase by ~44.8% to 284GPa 
(Fig. 7(c)). Such an increase in Young′s modulus of the Ni-W alloy coating on annealing may be attributed to 
the formation of intermetallic phases, NiW and Ni4W in the alloy matrix. These intermetallic phases are found to 
possess higher Young’s modulus compared to that of pure Ni or Niss matrix, because of their strong directional 
bonding. However, annealing for a longer time of 4 h or 6 h has resulted in a decrease in Young’s modulus by 
~14.8% or ~36.9%, respectively. The decrease in Young’s modulus as a consequence of the increase in the 
duration of annealing may be attributed to the enrichment of the Ni-W alloy matrix with Cu during annealing, 
with the amount of NiW and Ni4W remaining more or less unchanged. As Cu has a lower melting point as well 
as Young¢s modulus compared to that of Ni and W, its enrichment in the Niss matrix is expected to reduce both 
these properties.

Corrosion resistance of the coatings
The potentiodynamic polarization curves of the as-deposited and annealed Ni-W alloy coatings obtained in 3.5 
wt% NaCl solution are presented in Fig. 8. The corrosion potential (Ecorr) and corrosion current density (icorr) 
have been calculated from the intersection of the cathodic and anodic Tafel curves using the Tafel extrapolation 
method, and are summarized in Table 3.  The results clearly reveal that among the investigated Ni-W alloy 
coatings, the as-deposited samples hows the highest corrosion resistance. From the results in Table 3, it can be 
observed that with the increase in the duration of annealing of the Ni-W alloy coating, both corrosion potential 
and polarization resistance decrease, while the corrosion current density and corrosion rate of the composite 
coating increase. From the results in Table 3, it is noticed that the polarization resistance (rp) has decreased by 
23.7% on annealing for 2 h, whereas it has decreased more drastically, i.e. by 67.6% and 71% on annealing for 4 
h and 6 h, respectively. Therefore, it may be inferred that the corrosion resistance is worsened more severely after 
annealing for durations ≥ 4 h compared to that after 2 h.

Table 3 Corrosion potential (Ecorr) and corrosion current density (icorr) for as-deposited and  
annealed Ni-W alloy coatings

Ni-W alloy 
coating type

Ecorr
(vs. SCE), 

V

Error Ecorr
(vs. SCE), V

Icorr
(A cm-2)  
(× 10-5)

Polarization 
resistance, Rp 

(ohm)

Error Rp
(ohm)

Corrosion 
rate 

(mil year-1)

As-deposited -0.534 ± 0.012 3.545 1230 ± 12 7.664

Annealed 2h -0.547 ± 0.010 6.208 938 ± 15 12.461

Annealed 4h -0.576 ± 0.017 12.41 398 ± 13 24.282

Annealed 6h -0.580 ± 0.011 15.09 357 ± 09 28.753

The significant decrease in corrosion resistance of the annealed Ni-W alloy coatings may be attributed to the 
formation of the intermetallic compounds such as Ni4W and NiW, such that their interfaces with the matrix act as 
cathodic regions with respect to the alloy matrix grains, leading to galvanic corrosion of the coating. Furthermore, 
the coarsening of grain size caused by annealing leads to a significant decrease in the net grain boundary area. 
As the grain boundaries are anodic with respect to grain interior, a decrease in the grain boundary area with the 
increase in grain size is also expected to decrease the number of corrosion micro-cells. Due to less number of 
corrosion micro-cells formed in the Ni-W alloy, localized corrosion is also promoted. Considering that grain 
coarsening is more significant, i.e.≥2 times on annealing for durations ≥4 h, it is intuitive that the corrosion 
resistance will also be worsened more significantly.
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Fig. 8. Potentiodynamic polarization curves obtained for the as-deposited and  
annealed Ni-W alloy coatings

Based on the results of the present study the Ni-W alloy coatings annealed for 2 h have exhibited the highest 
hardness and Young’s modulus with a limited decrease in polarization resistance, and therefore these coatings 
appear to be preferred for protective applications, if corrosion inhibition is not the most significant requirement. 
However, the as-deposited Ni-W alloy coatings appear to be more suitable for use, if corrosion resistance is the 
primary requirement. 

CONCLUSIONS
The structure-property relationship of the as-deposited and annealed Ni-W alloy coatings deposited through pulse 
electrodeposition technique has been investigated. Annealing of the Ni-W alloy coatings results in an increase 
of the crystallite size and consequently leads to significant grain growth at the surface. Furthermore, a preferred 
orientation of <111> is observed in the Niss with the increase in the duration of annealing. The FESEM images of 
cross-sections have indicated the occurrence of substantial grain coarsening at the surface of the coating, keeping 
nanocrystalline structure unaltered in the core. 

The hardness and Young’s modulus of the Ni-W alloy coatings have increased to maximum values after annealing 
for 2 h as a result of formation of Ni4W and NiW intermetallic phases. However, on annealing for durations  
≥ 4 h, the hardness has decreased due to grain coarsening, whereas the Young¢s modulus has been lowered due 
to diffusion of Cu from the substrate.

The corrosion rate of the coating is increased on annealing due to the occurrence of more localized corrosion 
owing to the reduction of the grain boundary area, with the increase in the interfacial area with the formation of 
NiW and Ni4W phases. The present study has shown that the use of annealed Ni-W alloy coatings can be a good 
option for specific applications requiring high hardness and elastic modulus. However, the use of annealed Ni-W 
alloy coatings may not be an ideal choice for the applications involving protection against corrosion.  
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