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Abstract

:

The main features of electrochemical deposition of coatings based on Ni–W binary alloy in the pulse current mode using pyrophosphate electrolytes were studied. Two electrolytes with a pH of 8.7 and 9.5 were used. The deposition was carried out with the current density varying in the range of 0.01–0.1 A·cm−2, and the duty cycle (the relative pulse duration) was changed within the range 20–100%. The surface morphology and elemental and phase composition of the coatings were studied by scanning electron microscopy, energy-dispersive X-ray microanalysis and X-ray diffractometry. The experimental conditions allowing us to achieve the maximum Faradaic efficiency and W content in the coatings were determined. It was found that the pulse current mode enabled the fabrication of crack-free coatings with a thickness greater than 6 μm.
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1. Introduction


Electrodeposited metal and alloy coatings are widely employed to increase surface hardness, electroconductivity, wearability, corrosive and electroerosive resistance, to provide necessary decorative properties, etc. Among them, molybdenum and tungsten alloys with metals of the iron group, in particular Ni–W alloys, are regarded as very promising electrolytic coatings possessing good operating characteristics, especially electroerosive resistance [1,2,3]. The microhardness of these alloys depends on the relative W content and can reach 4.5–7 GPa. After the heat treatment this value increases to 9–10 GPa.



Binary Ni–W coatings could be a good substitute for hard chromium plating. As compared with Cr coatings, Ni–W coatings keep their hardness at elevated temperatures and exhibit higher corrosive and wear resistance [4,5]. Moreover, the deposition of Ni–W coatings is a nontoxic and environmentally friendly process [6,7], and it is less energy-consuming [8] than Cr electroplating technology.



The field of application of Ni–W electrodeposited coatings is vast [9]. For example, the proper corrosion resistance of these alloys has made possible their application as hard coatings [10,11,12,13,14,15,16,17,18,19]. It is known [20,21,22] that Ni–W alloys exhibit catalytic activities [20,21,22] and can be employed as catalysts for the oxidation of exhaust gases of internal combustion engines.



In electrical contacts, it is necessary to have effective barrier layers against corrosion and diffusion. Because nanocrystalline Ni–W can improve the corrosion resistance, minimize contact wear, and significantly reduce the formation of intermetallic compounds resulting from interlayer diffusion at interfaces, these alloys with 15.8 at.% of tungsten can be considered reasonably effective barriers for electronic/electrical contacts [23].



One of the main problems with electroplating technology is a high level of internal stress in the deposited coatings, causing damage (cracks). Using water-based electrolytes for Ni–W electroplating, one can observe significant hydrogen release, resulting in the distortion of coating structure due to its hydrogen saturation, which provokes the stress cracking of coatings. These microcracks significantly influence the operating characteristics of coatings, particularly their corrosion resistance [9]. To avoid crack development, different methods are used like introduction of special additives to electrolytes, application of the pulse current mode, employing a third co-precipitating metal, and deposition under supergravitation conditions [24].



In [24], the influence of the electrolytes with different ligands (citrate, glycine, triethanolamine, and their combinations) as well as the regimes of electrochemical deposition (DC and the pulse mode with reverse current) on the level of internal stresses in Ni–W coatings was studied. It was shown that in all cases internal stress in the coatings increases with the time from the beginning of deposition. To decrease internal stress, a complex electrolyte containing the three abovementioned ligands in equal proportions was proposed. Pulse-reverse current mode somewhat decreased such stresses, but did not prevent their development over the course of time. At the same time, adding 1, 3, 6 naphthalene trisulfonic acid and insertion of chloride ions in electrolytes by substituting nickel sulphite for its chloride compound along with application of the pulse-reverse current mode significantly reduced the probability of cracks developing in coatings. However, in that case the coatings exhibited high surface roughness and rather low W content (ca. 7–9 at.%), which limits their range of application.



It was shown [25] that electrochemical deposition of Ni–W alloys from citrate electrolytes under the conditions of high gravitation (within the range of 101–256 g) suppresses crack development. Effective removal of hydrogen bubbles from the coating surface by means of increased Archimedean force is considered the main mechanism responsible for improving the coatings’ quality.



A comparative study of electrochemical deposition of Ni–W alloys from citrate electrolytes under the DC and pulse current (PC) modes was carried out in [26]. It was revealed that the PC mode promotes an increase of W content as compared to the DC mode, and a significant decrease of the surface roughness of coatings was achieved under a duration of cathode pulse of 1 millisecond (at the ratio of cathode pulse duration to the pause as 1/10).



Well-proved citrate electrolytes on a base of organic ligands glycine and triethanolamine are widely employed for the fabrication of Ni–W coatings. However, their use is not always possible due to the aggressive interaction of citrate and citric acid with substrate materials.



The main disadvantages of these electrolytes are the following:




	
The deterioration of the coatings’ adhesion due to the formation in electrolytes of the products of anodic oxidation of ligands’ ions;



	
The presence in the coatings of carbon-containing organic impurities, which can cause carbon diffusion towards the surface of coatings;



	
The rather low stability of the electrolyte composition.








Among various electrolytes with inorganic ligands, pyrophosphate electrolytes can be employed for the production of coatings on the base of refractory metals, including Ni–W coatings. The main advantages of such electrolytes are their stability, an absence of anodic oxidation of ligands ions, the high scattering power, an ability to produce “smooth-faced” coating (with low surface roughness), carbonless composition of electrolytes, and environmental safety. However, the features of electrochemical deposition of Ni–W alloys from pyrophosphate electrolytes are insufficiently investigated. For example, in [27,28] the deposition of these alloys in DC mode was studied but the presence of surface cracks in coatings was revealed.



One should point out that the processes occurring on an electrode during electrodeposition are very complex. They include ion transfer towards the surface of electrode, direct discharge of ions, formation of new substances and many others. One of the important factors promoting the formation of the deposited film is the surface charge of the electrodeposited materials and substrate. This surface charge is mainly associated with the isoelectric point of the materials and the variation in the local pH over the course of deposition. In our opinion, an approach that considers the surface charge and is based on the use of schematic zeta potential curves [29] provides rather good results in the case of deposition of colloidal particles from solution but cannot be considered as a key criterion for the electrodeposition of Ni–W coatings on copper substrate studied in our work.



The present work studies the electrochemical deposition of Ni–W binary alloys using pyrophosphate electrolytes in the pulse current mode and, based on the results of this study, reveals the main features of the fabrication of crack-free coatings.




2. Materials and Methods


Binary Ni–W alloy was electrochemically deposited from a pyrophosphate–ammonium electrolyte [28] containing NiSO4·6H2O (nickel sulphate hexahydrate) 0.2 M, Na2WO4 (sodium tungstate) 0.2 M, K4P2O7 (potassium pyrophosphate) 0.6 M, and (NH4)2SO4 (ammonium sulphate) 0.15 M. All these components are dissolved in bi-distilled water with resistivity of 1 MΩ·cm. Two electrolytes with different pH, namely 8.7 and 9.5, were used. Such a choice is determined by the range of electrolyte stability (8.5–10.0) and by significant differences in the ligand content of electrolytes depending on the pH value [28]. This value was adjusted by means of adding H2SO4 (0.1 M solution) and NaOH (0.1 M solution). Pyrophosphate ions P2  O 7  4 −    form complex ions with Ni2+ ions of Ni(P2O7  ) 2  6 −    composition, and the addition of    NH  4 +   ions significantly increases the Faradaic efficiency [27]. The volume in each experiment was 250 mL.



The acidity of electrolytes was monitored with a multiparameter pH Meter HI 2020 by Hanna Instruments (Woonsocket, RI, USA). Even in the longest experiment (6 h in duration), the pH value changed by no more than 0.1. Such variation could not appreciably influence the results of our experiments.



An usual two-electrode cell was used in our experiments. As substrates, oxygen-free copper Cu-DHP plates with a size of 1 × 2 cm2 and a thickness of 1 mm were employed. Substrates were polished by means of a felt circle without any abrasive and then were degreased in a solution containing NaOH and Na2CO3 at a concentration of 100 g·L−1 for each component at the temperature of 70 °С. Before electrochemical deposition, substrates were immersed in a 15% solution of HCl for 30 s and then washed in bi-distilled water. As an anode, a 4 cm2 platinum plate was used. The current density ranged within 0.01–0.1 A·cm−2, and both DC and PC modes were applied. The pulse repetition period did not change and was 100 ms; the cathode pulse duration varied within 20–50 ms, and the pause duration was chosen in the range of 50–80 ms. A potentiostat IPC Pro 3A by Volta (St. Petersburg, Russia) was employed to provide the electrical currents during electrodeposition.



The electrolyte’s temperature in our experiments was 55 ± 1 °С. It was provided by means of a magnetic stirring with heating C-MAG HS 7 digital by IKA ( Staufen, Germany) using the feedback via a temperature sensor PT1000 by Thermometrics (Northridge, CA, USA). Stirring of the electrolyte was not performed.



Microstructural images were collected using a scanning electron microscope JSM-6610LV by JEOL (Tokyo, Japan) equipped with an energy-dispersive X-ray microanalyzer INCA X-MAX by Oxford Instruments (Abingdon, Oxfordshire, UK), which allowed for determining quantitative elemental composition of the coatings. We used a 30 keV acceleration potential in our experiments. The thickness of coatings was determined by means of cross-section microstructural measurements on the scanning electron microscopy (SEM) images. The relative accuracy of these measurements was estimated within the range of ±3.5%. The phase composition of the coatings was studied by X-ray diffractometer D8 Discover by Bruker (Billerica, MA, USA) at the Research Centre “Physics and technology of micro-and nanostructures” of the Institute for Physics of Microstructures of the Russian Academy of Science (Nizhny Novgorod, Russia).




3. Results and Discussion


During our experiments more than 150 coatings with different thicknesses using two electrolytes with a pH of 8.7 and 9.5 were produced and studied. The electrochemical deposition was carried out in the DC and PC modes for different current densities.



Below we consider the chemical reactions taking place in the course of Ni–W deposition from pyrophosphate electrolytes [27,28].



The nickel reduction occurs via a three-stage reaction:


     [  Ni    (   P 2   O 7   )   2   ]    6 −   +  OH −  →  P 2   O 7  4 −   +    [  Ni  (  OH  )     (   P 2   O 7   )   2   ]    3 −      ads    



(1a)






    [  Ni ( OH )   (   P 2   O 7   )  2   ]   3 −     ads  +  e −  →  NiOH    ads  +  P 2   O 7  4 −      



(1b)






NiOHads + e− → Ni0 + OH−



(1c)







In the first stage, a complex pyrophosphate ion [Ni(P2O7)2]6− interacts with hydroxide ion OH−, which results in the formation of complex ion [Ni(OH)(P2O7)2]3−. This ion is adsorbed on the surface of the growing coating. In the second stage, it is reduced to NiOH, which in turn is reduced to metallic nickel.



In accordance with [28], co-precipitation of tungsten occurs via the chemical reaction, resulting in the formation of a cluster heterometallic compound containing an Ni–W bond:


   NiOH ads  +  WO 4  2 −   → [  WO 4  ( NiOH ) ]    2 −     ads   



(2a)







This compound is reduced by means of one of the reactions:


[WO4(NiOH)]2−ads + e− → [WO4(Ni)]2−ads + OH−



(2b)




or


[WO4(NiOH)]2−ads + e− → [WO4(NiOH)]3−ads



(2c)







In the compounds formed, the W–O bond is very weak, and these compounds are reduced to tungsten on the cathode:


[WO4(Ni)]2−ads + 4H2O + 6e− → W0 + 8OH−



(2d)







Representative SEM images of Ni–W coatings produced in the DC mode with different current densities are presented in Figure 1. Inserts in the upper right corner in both panels of this figure show energy-dispersive X-ray spectra (EDS). The pH in both cases was 9.5, and a thickness of the coatings was ca. 6 μm. In these figures, one sees a rather dense net of microcracks on the surface, resulting either from hydrogen embrittlement or residual stress [30,31]. This net is formed in a stochastic manner and coincides with globule boundaries, but only for some fragments. Also, the number of cracks and W content increase with an increase in the current density. As mentioned in [1,2,28], a coating of a thickness bigger than 5 μm is practically impossible to prepare without cracks using the DC mode.



3.1. Influence of the Conditions of Electrochemical Deposition on the Faradaic Efficiency and W Content in the Coatings


To study the influence of the cathode current density on the Faradaic efficiency (FE) and W content in coatings, we produced a set of coatings under the conditions of constant charge passed through electrolyte.



The Faradaic efficiency was estimated in accordance with


  η =  η W  +  η  N i   =    w W    Δ m /  E W   q  +    w  N i     Δ m /  E  N i    q   



(3)




where ηW is the component of the FE for W, ηNi is the component of the FE for Ni, EW is the electrochemical equivalent for the six-valent W equal 0.318 × 10−3 g/C, ENi is the electrochemical equivalent for the bivalent Ni equal 0.304 × 10−3 g/C, Δm is the mass of coating (in g), wW is the relative mass content of W in alloy, wNi is the relative mass content of Ni in alloy, q is the charge passed through electrolytes, calculated as


  q = ∫ I  ( t )  d t  



(4)




where I is the working current and t is the time of deposition.



Figure 2 and Figure 3 exhibit the dependencies of the Faradaic efficiency and W content measured in the different current modes for electrolytes with pH of 8.7 and 9.5, respectively. The relative accuracies of the FE and W content measurements were ±2.5% and ±1.5%, respectively.



For electrolytes with pH 8.7 in the PC mode, a decrease in the Faradic efficiency of 20%–30% was observed in comparison with the DC mode (Figure 2a). Within the current density of 0.02–0.1 A·cm−2 for both modes, the monotonic rise of the FE values was revealed, but a decrease of the duty cycle (the relative pulse duration) results in the decreasing of FE. Such dependencies can be explained by the fact that for a pH range from 8.5 to 9.5 the Faradaic efficiency exhibits an increase, and the current density rise provokes the rise of pH in the near-cathode area. Contrariwise, a decrease of the duty cycle reduces the pH value of the electrolytes in this area.



An evident difference of the dependencies presented in Figure 2 in the range of small densities of the cathode current (0.01–0.02 A·cm−2) as against the current range discussed above indicates the transition to the other kinetics of electrochemical reactions that occurred in that range.



For an electrolyte with pH of 9.5 the FE dependencies showed a more complex character (Figure 3a). However, for both current modes they look similar: a decrease in the range of 0.01–0.02 A·cm−2, then a rise in the range of 0.02–0.05 A·cm−2, and, finally a decrease in the range of 0.05–0.1 A·cm−2. Two contrary reasons can be responsible for the maximum in the intermediate current range: on the one hand, an increase in the current density results in a rise in the pH value in the near-cathode layer, which increased the FE; on the other hand, an increase in the current density leads to the depletion of the near-cathode layer a to decrease in the concentration of ligand metal ions in it, which in turn decreases the FE. The use of the PC mode for a given electrolyte leads to an increase in the Faradaic efficiency, and its value also increases with the decreasing of the duty cycle. This can be explained by more effective restoration of the concentration of ligand metal ions in the near-cathode area due to diffusion occurring during the pauses between pulses.



For the PC mode in the current density ranging within 0.03–0.1 A·cm−2, a higher W content in the coating is achieved as compared to the DC mode (Figure 3b). A decrease in the duty cycle results in an increase of this content, and for the given experimental conditions a maximum W content of 8.2 at.% is provided at the duty cycle of 20% and the cathode current density of 0.05 A·cm−2.



When comparing the results obtained for electrolytes with pH 8.7 and 9.5, one can see that the lower pH value enables higher W content in the alloy, namely, 12–14.5 at.% as against 4.5–8.5 at.%. However, the FE of electrolytes with pH 9.5 is higher than for pH 8.7, by 2–3 times in the pulse current mode. For the DC mode the more complex character of the FE dependencies is revealed: in the range of 0.01–0.05 A·cm−2 the FE for pH 9.5 increases 1.2–1.6-fold; in the range of 0.08–0.1 A·cm−2 it decreases 1.4–1.8-fold.




3.2. Influence of the Conditions of Electrochemical Deposition on the Morphology and Microstructure of the Coatings


Figure 4 shows representative SEM images of Ni–W coatings made using electrolytes with pH 8.7 (Figure 4a) and pH 9.5 (Figure 4b). In both cases the duty cycle was chosen to be 20%, and the current density was 0.05 A·cm−2. The coatings possessed a characteristic metallic lustre and good adhesion to the substrate. The surface microstructure of the coatings differs. A coating produced in electrolytes with pH 8.7 (Figure 4a) exhibits microcracks and smaller numbers of separately located globules, the dimension of which ranged from 0.5 to 3 μm; in the case of electrolytes at pH 9.5 (Figure 4b) microcracks are not observed but the globular structure is more pronounced.



The influence of the cathode current density on coating microstructure was studied for a coating produced in electrolytes with pH 9.5 (Figure 5). An increase in the current density leads to an enlargement of the lateral dimensions of globules, from values of 0.3–1.5 μm at 0.01 A·cm−2 to 1–3 μm at 0.05 A·cm−2. At that point, the number of globules slightly decreases. With a high degree of probability, this is due to the local amplification of the electric field and, correspondingly, the current density on the surface of globules, which ensures the rapid growth of their dimensions [27]. It can be mentioned that the noticeable growth of globule dimensions ceases after reaching a current density of 0.05 A·cm−2 (Figure 5c,d). For coatings produced in electrolytes with pH 8.7, such regularity was not found. Also, the duty cycle does not contribute to a great extent to the development of surface microstructures.



At present, the mechanism of the processes responsible for the development of globular structure and the increase in the total number of globules in the course of pH changing from 8.7 to 9.5 is not clear. A rise in the rate of Ni ions’ reduction in pyrophosphate electrolytes in the process of pH increasing (alkalization of electrolyte) can be considered one of the probable reasons. Also, it should be mentioned that globular structures arose as a result of the complex electrolyte ions reduction occurring on the surface of the electrode. A detailed study of the globules’ formation and their further development depending on the experimental conditions will be an object of our further research.



To study phase composition and the revealing of oxides and intermetallic inclusions in Ni–W coatings, X-ray diffraction (XRD) analysis was carried out. The samples were prepared in the PC mode with different current densities using electrolytes of pH 8.7 and 9.5. The lines of Cu originating from the substrate and of the solid solution of W in Ni with f.c.c. lattice were observed, which is in agreement with the data published in [28,32]. The lines of the solid solution were significantly broadened due to the small dimensions of the crystalline grains. Using these data, the average size of the regions of coherent scattering of Ni–W phase was estimated to be 8–10 nm for all the samples studied.



The X-ray diffraction patterns shown in Figure 6 were obtained for the Ni–W coatings produced in the PC mode using electrolytes with pH 8.7 (sample #94) and pH 9.5 (sample #96). The current density was 0.05 A·cm−2 for both samples. One can see that the lines related to the Ni–W phase are different for these samples, and the shift of the lines is greater for those measured at bigger diffraction angles. In our opinion, this fact indicates a difference in the lattice spacing and in Ni1-x–Wx composition too, both of which, as found above, depend on the pH of the electrolyte. Also, no lines indicating the presence of other crystalline phases (oxides, nitrides, intermetals) were observed.



Post-heat treatment of the deposited coatings was not conducted in this work. In our opinion, any thermal treatment of the electrodeposited alloys of refractory metals, whether they are saturated or unsaturated solutions, can improve their mechanical properties, first of all by increasing the microhardness. In our case, the treatment of (super)saturated solid solutions causes their decomposition and the formation of a Ni4W intermetallic phase. In turn, an increase in the microhardness of unsaturated solid solutions of tungsten occurs due to the presence of a small amount of impurities in their composition dissolved in Ni along with W. Solid solution based on f.c.c. Ni, in addition to atomic W, comprises oxygen- and hydrogen-containing impurities and represents a supersaturated solid solution. In the process of thermal treatment of such solid solution, these impurities tend to concentrate on the grain boundaries, which inhibit the movement of dislocations and result in the dispersion hardening of the coatings.




3.3. Preparation of Crack-Free Coatings with Maximal Thickness


To study the preparation of crack-free coatings with maximum thickness, a set of samples in identical experimental conditions with a stepwise increasing deposition time for each subsequent sample was fabricated. The beginning of crack formation was determined from SEM images.



It was found that in the pulse current mode the thickness of crack-free coatings is significantly (several-fold) bigger than in the DC mode. Figure 7 shows the maximum coating thickness versus the duty cycle (the duty cycle of 100% corresponds to the DC mode). The experiments were conducted with a constant current density of 0.05 A·cm−2 for electrolytes with pH 8.7 and 9.5, and the thickest crack-fee coating was obtained for electrolytes with pH 9.5 at the duty cycle of 20%. This result can be explained by the lower hydrogen content in the coating due to its effective removal from the coating surface during the pauses between pulses.





4. Conclusions


The conducted studies have shown that the crack-free coatings of binary Ni–W alloy with a thickness more than 6.2 μm can be deposited using pyrophosphate electrolytes in the pulse current mode with duty cycle of up to 20%. It was found that under the experimental conditions determined in this work, it is possible to fabricate high-quality coatings with a rather homogenous and fine-crystalline structure (crystallite dimensions of 8–10 nm) without oxides, nitrides and intermetallic inclusions.



The following conclusions and recommendations on electrochemical deposition of binary Ni–W alloy using pyrophosphate electrolytes are formulated.



	
The greatest Faradaic efficiency is reached for electrolytes with a maximum stable pH value of 9.5. In that case, the optimal duty cycle is 20%.



	
The greatest W content is reached for electrolytes with a lower pH value of 8.7. In that situation, the dependence of W content on the current density and duty cycle is rather weak.



	
The surface morphology of coatings fabricated in electrolytes with pH 9.5 exhibits a globular structure. An increase in the current density from 0.01 to 0.05 A·cm−2 leads to an increase in the dimensions of individual globules in the range from 0.3–1.5 μm to 1–3 μm, which is accompanied by a decrease in their number.
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Figure 1. SEM images of Ni–W coatings produced in the DC mode with different current densities, A·cm−2: (a) 10−2, (b) 5 × 10−2. The inset box in the upper right corner in both panels shows the EDS spectra. 
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Figure 2. Faradaic efficiency (а), and W content (b) in Ni–W alloys versus the cathode current density in the DC and the pulse current modes with the different duty cycles (50% and 80%). The pH of the electrolyte is 8.7. 
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Figure 3. Faradaic efficiency (а), and W content (b) in Ni–W alloys versus the cathode current density in the DC and the pulse current modes with the different duty cycles (50% and 80%). The pH of the electrolytes is 9.5. For both modes a weak dependence of W content on the cathode current density was observed (Figure 2b). In comparison with the DC mode, in the pulse current mode a certain increase in W content occurs in alloy. At the same time, a decrease in the duty cycle leads to an increase in W content, which can be explained by the restoration of the concentration of W-containing ligand ions in the near-cathode layer due to their diffusion during the pauses between pulses. 
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Figure 4. SEM images of Ni–W coatings of 5 μm in thickness made using the PC mode in electrolytes with different pH: (a) 8.7, (b) 9.5. The inset box in the upper right corner of panel (a) shows an enlarged microcrack. 
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Figure 5. SEM images of Ni–W coatings of a 5 μm in thickness made in electrolytes with pH 9.5 in the PC mode with different current densities, A·cm−2: (a) 0.01, (b) 0.02, (c) 0.05, (d) 0.1. 
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Figure 6. X-ray diffraction patterns obtained for Ni–W coatings produced in the pulse current mode using electrolytes with pH 8.7 (the sample #94) and pH 9.5 (the sample #96). The thickness of the coatings in both cases was 5 μm. 
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Figure 7. The maximum thickness of crack-free coatings versus the duty cycle (the duty cycle of 100% corresponds to the DC mode). The current density was 0.05 A·cm−2. 
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