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Abstract

:

Ni-Mo and Ni-Mo-W coatings were electrodeposited on a stainless steel sheet, and then were annealed at 200, 400, and 600 °C. The effect of annealing heat treatment on the microstructure of Ni-Mo and Ni-Mo-W electrodepositions, their nano-hardness, and tribological properties were investigated. It was revealed that the average crystalline are refined and phase separation are promoted with formation of Mo-W related intermetallic precipitates at temperature exceed 400 °C on account of the co-existence of Mo-W elements within Ni-Mo-W coatings. Annealing heat treatment leads to hardening, and the hardness and elastic module increase significantly. The grain boundary (GB) relaxation and hard precipitated intermetallic particles are responsible for the annealing-induced hardening for ≤400 °C annealed and 600 °C annealed Ni-Mo-W coatings, respectively. In addition, both adhesive wear and abrasive wear are observed for coatings, and abrasive wear becomes predominant when annealing temperature up to 600 °C. The wear resistance of coatings is improved eventually by formation of a mixture of lubricated oxides upon annealing at 600 °C and the enhancement of H/E ratio for ≤400 °C annealed Ni-Mo-W coatings.
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1. Introduction


The processing of nanomaterials by electrodeposition is a conventional yet one of the most effective and low-cost bottom-up methods [1], e.g., electrodeposition of Ni-P [2,3], Ni-Fe [4,5], Ni-W [6,7] and Ni-Mo [8,9] alloy coatings and their composite coatings. Ni-based metals resulting in an alloy exhibit superior mechanical and electrochemical properties. Some other studies also showed that W additions in Ni coatings can refine the grain size of deposits, and the grain size reduces with the increment of W content, providing the improvement of the strength, thermal stability, corrosion and wear resistance with serving as several applications in the field of protective coatings and micro-electromechanical systems (MEMS) [10,11,12,13,14,15]. Mo as an alloying addition is also the suitability of Ni alloy for hard chromium replacement, due to its high thermal stability, electrical and thermal conductivity amongst refractory metals and low thermal expansion coefficient [16,17,18]. Nevertheless, the researchers reported that when the Mo content in the deposited Ni-Mo alloy coating exceeds 25 at.%, the coating is composed of amorphous phase and exhibits micro-cracks and pits, which reduce its mechanical properties at ambient and elevated temperature [19,20]. Thus, the content of Mo in Ni-based coating is adjusted in low level to avoid micro-cracks and pits. Furthermore, some literatures reported that the addition of hard second phase particles such as ZrO2 [21], SiC-TiN [22], Al2O3 [23] and diamond [24] could improve the mechanical properties of Ni-Mo coatings. Xu et al. [22] designed and electrodeposited SiC-TiN duplex nanoparticles reinforced Ni-Mo composite coatings and revealed that the composite coatings show superior hardness and wear resistance to Ni-Mo coatings. However, since the larger volume and more various shapes of the added particles within plating bath, it is difficult to ensure the uniform distribution of the particle phase in the coatings. In view of abovementioned shortcomings, the electroplating multicomponent elements, e.g., Mo and W alloyed Ni-based coating, are conducive to further improve the mechanical properties with uniformed microstructure.



Unlike for electrodeposited binary Ni-W and Ni-Mo alloy coatings, a limited number of reports on electrodeposited ternary Ni-Mo-W coating have been published in recent studies. The research of Ni-Mo-W coatings focuses on the hydrogen absorption catalytic effect [25]. These coatings are also used as cathode for hydrogen production using electrolysis from water [26]. Considering mechanical properties of Ni-W and Ni-Mo coating, the choice of electrodeposited Ni-Mo-W alloy coatings may impart better or equivalent mechanical performance. Moreover, heat treatment is an important and necessary technology to improve the mechanical performance of Ni-based coatings, such as Ni-Mo and Ni-W [27,28,29,30,31,32]. Recently, Liu et al. [27] studied the influences of Mo content and heat treatment on the structure and mechanical properties of Ni-Mo coating, and found that an increment in hardness was derived from the grain boundary (GB) relaxation and the segregation of Mo at GB when the annealing temperature lower than the phase transition temperature. Wang et al. [28] confirmed that nano-sized NiMo precipitates dispersed in the Ni(Mo) solution matrix were responsible for the secondary annealing-induced hardening of Ni-Mo coating while the temperature ranged from 500 to 700 °C. Considering rare references of the structure evolution and strengthening mechanism of annealed ternary Ni-Mo-W coatings prepared by electrodeposition, it is necessary to research the effect of annealing temperature on the microstructure and mechanical properties of these coatings.



In this paper, both Ni-Mo-W ternary coatings and Ni-Mo binary coatings were prepared, and then annealed at 200, 400, and 600 °C respectively. The first aim of the present study was to understand the co-existence of Mo-W and annealing temperature on microstructure evolution of coatings. Subsequently, mechanical properties of Ni-Mo-W and Ni-Mo coatings were investigated as the influence of the annealing temperature. Thus, the surface morphologies, microstructure, phase composition, hardness, elastic module and tribology performance of as-deposited and annealed Ni-Mo-W and Ni-Mo coatings were analyzed and compared, and further the corresponding strengthening mechanism and wear mechanism were revealed.




2. Materials and Methods


Ni-Mo and Ni-Mo-W coatings were electrodeposited on a stainless steel sheet (50 × 50 × 1 mm3) as the experimental samples and control samples, respectively. Before electrodeposition, the substrate surface was polished with successive grades of sand paper. The samples were then ultrasonically cleaned and HCl solutions activated. The plating bath were prepared using distilled water and analytical-grade chemicals including NiSO4·6H2O (60 g/L), Na2MoO4·2H2O (5 g/L), and Na2WO4·2H2O (0 and 20 g/L) as metal sources for Ni-Mo and Ni-Mo-W coatings, respectively. Na3C6H5O7·2H2O (50 g/L) and NH4Cl (3 g/L) were used as complexing agent and conductive salt, respectively. Sodium dodecyl sulfate (SDS 0.1 g/L) and C7H4NNaO3S·2H2O (Saccharin: 2 g/L) were also added to avoid pinhole and cracks in coatings, respectively. The graphite plate (99.9% purity) was applied as inertia anode. The electroplating process was carried out at the temperature of 25 °C, pH of 8, and current density of 2 A/dm2 without agitation in all procedures. To maintain the composition homogeneity of coatings, the clean and dried of as-deposited Ni-Mo and Ni-Mo-W coating were annealed at temperatures of 200, 400, and 600 °C for 1 h in an operating chamber with a highly purified argon atmosphere, where the oxygen and moisture content did not exceed 1 ppm. The heating rate of 10 °C/min was utilized, and then the samples were cooled to room temperature in the furnace conditions.



The microstructures and chemical compositions of Ni-Mo and Ni-Mo-W alloy coatings (as-deposited and annealed) were analyzed by field emission scanning electron microscope (FESEM, Zeiss Merlin Compact, Jena, Germany) equipped with energy-dispersive spectroscopy (EDS, Oxford instruments X-Max 20, Oxford, UK). A transmission electron microscopy (TEM, Tecnai G2 Spirit TWIN, FEI Company, Hillsboro, CA, USA) was used to characterize the representative annealed coatings, which were prepared by the focused ion beam (FIB, FEI Company, Hillsboro, CA, USA) technique using an FEI QUANTA 3D Dual Beam, operating at beam currents from 20 to 0.1 nA. The phase composition and crystallite (grain) sizes of as-deposited and annealed coatings were analyzed by grazing incidence X-ray diffraction (GIXRD, Bruker D8 Advance, Bruker AXS Advanced X-ray Solutions GmbH, Karlsruhe, Germany) at 1° angle of incidence to the surface of the sample with a Cu Kα radiation operated at 40 kV and 40 mA in ambient. The angle of diffraction ranges from 30° to 80° with a step size of 0.02°. The crystallite sizes dXRD were estimated by using Scherrer’s equation [33]:


   d XRD    =   K λ / β cos θ  



(1)




where K is the Scherrer constant, usually K = 0.9; λ is the X-ray wavelength (1.5406 nm), β is the half peak width (FWHM), expressed in radian unit rad; θ is the Bragg diffraction angle.



The nano-hardness and elastic modulus values were estimated based on the Oliver-Pharr method [34] using a Berkovich indenter (Agilent Technologies, Santa Clara, CA, USA) on an Agilent G200 nanoindention tester (Agilent Technologies, Santa Clara, CA, USA) at the maximum force 200 mN and loading and unloading rate: 50 mN/s, respectively. At least 10 independent measurements were performed on each sample in different areas of the coating surface. The tribological properties in a rotary ball-on-disk configuration was evaluated by the friction and wear tester (RTEC MFT3000, RTEC INSTRUMENTS, San Jose, CA, USA). Reciprocating ball-on-disk tests were carried out in air to determine the friction and wear properties of as-deposited and annealed coatings under dry friction condition at room temperature. All samples slid against 52,100 ball (a diameter of 6.35 mm) at the load of 2 N and the frequency of 5 Hz. The wear rate (Wr) of the coatings was calculated using the equation of Wr = Wv/(Fn × L), where Wv is the worn volume in mm3, Fn is the normal force applied, and L is the sliding distance [35]. The volume loss was determined from the cross-sectional area, profiled by the confocal laser scanning microscope (Olympus OLS4100, Olympus, Tokyo, Japan), and the perimeter of the wear track.




3. Results and Discussion


3.1. The Microstructure


The EDS analysis results of as-deposited Ni-Mo and Mo-Mo-W coatings are listed in Table 1, the impacts of Na2WO4·2H2O addition on Mo and W contents are observed in Ni-Mo-W coating. With the occurrence of Na2WO4·2H2O in plating bath, the Ni content drops, while Mo content changes mildly in the being formed Ni-Mo-W coating. As reported of induced co-deposition principle of Ni-Mo-W coating [36], the electrodeposition process would be promoted with the increase of the concentration of Na2WO4·2H2O as the competition relation in the deposition process of Mo and W. Moreover, the graphite anode rather than nickel anode is employed in this experiment, the concentration of nickel ion in electroplating bath is constant. The nickel (II) ions are insufficient to satisfy the requirement for induced co-deposition as the reduction of tungstate radical ions in the bath with the increasing of W content, leading to the decline of Ni content in the coating.



A series of XRD patterns for as-deposited and different temperatures (from 200 to 600 °C) annealed Ni-Mo coatings and Ni-Mo-W coatings are presented in Figure 1a,b, respectively. It can be seen the absence of Mo peaks or Mo-W peaks on the XRD spectra of as-deposited Ni-Mo and Ni-Mo-W coatings. Mo atoms or Mo-W atoms with larger radius are dissolved in the lattice of Ni, showing face-centered cubic (supersaturated) solid solution in as-deposited coatings. In comparison of Ni-Mo coating, the peaks of Ni(Mo,W) solid solution shift to smaller 2θ values due to a larger expending of the lattice constant in Ni crystal with co-existence of both W and Mo atoms for ternary Ni-Mo-W coating. Ni-Mo-W coating in as-deposited state exhibits the broadening peaks of Ni(Mo,W) solid solution as reflected reduction of average crystallite size estimated from XRD results. This reveals that the crystalline can be refined with incorporation of W element for Ni-Mo coating. After annealing, the average crystallite sizes of all the coatings increase slightly up to 400 °C as shown in Figure 1c, which is deduced to initial annihilation of dislocations and subsequent grain boundary relaxation. When the temperature is lower than 400 °C, the (111) orientations of Ni(Mo) or Ni(Mo,W) solutions are dominated, and the sharpening of higher-order Ni peaks corresponding to (200), (311) and (222) planes exhibit more obvious with the increase of annealing temperature. A further grain boundary relaxation is considered as a reason of these effects correlated with the grain growth and grain boundary segregation of Ni-based coating reported in ref. [37]. No other peaks are found for Ni-Mo coating annealing at no more than 400 °C without phase separation occurred. It is worthy to note that the peak ascribed to the Ni4W intermetallic phase is presented on the diffraction pattern of 400 °C annealed Ni-Mo-W coating. This is inconsistent with Ni-W binary phase diagram for presence of Ni4W intermetallic phase when W content less than 12 at.%, indicating that the Mo-W co-added in Ni-based solid solution promotes the precipitation of W-related intermetallic compounds at lower temperature. Upon post-annealing at 600 °C, the appearance of new peak corresponding to Ni3Mo intermetallic phase is observed with the narrow and sharpen peaks for Ni-Mo coating. Meanwhile, XRD results reveal that 600 °C annealed Ni-Mo-W coating shows phase separation obviously with precipitating both Ni3Mo and Ni4W intermetallic phases, and grain coarsening with size of 37 nm, which is inferior to that of corresponding Ni-Mo coating. This suggests that Mo-W co-existing facilitates in grain refinement of Ni-based coatings due to grain boundaries segregations of refractory atoms [38] and intermetallic precipitations playing as the grain growth inhibitor within Ni-Mo-W alloys.



As shown in Figure 2a, the cross-sections SEM observations of the representative 600 °C annealed Ni-Mo-W coating confirm that the coating with layer thickness about 15 μm is crack-free and adhered well to the stainless steel substrate. In general, qualitative analysis of the chemical composition along the scan line (parallel to the direction of the coating growth) is demonstrated in Figure 2b, proving the composition homogeneity for coatings annealed at 600 °C. The tiny gradual fluctuations of relative proportion among Ni, Mo, and W in the coatings, and the slight diffusion of Fe from the substrate into the layer and Ni in the opposite direction, are observed.



The SEM micrographs illustrating surface morphologies of as-deposited and annealed Ni-Mo alloy coatings are presented in Figure 3. From the SEM images it can be observed that as-deposited Ni-Mo coatings exhibit dense and nodular surface morphology. For annealed Ni-Mo coatings, the changing from fine nodular to coarse granular surface morphology with increasing annealing temperature in Ni-Mo coatings can be attributed to crystalline growth, which is confirmed by XRD results. Note that the significant increment of the sizes is observed for the larger granular structures in surface morphology as shown in Figure 3c,d, indicating that abnormal grain growth happens at both 400 and 600 °C annealed Ni-Mo coatings. This can be deduced that the granular structures grow continually and the sizes of granular structures are large enough to contact and then aggregate each other with forming the inhomogeneous bigger granular structures when annealing exceed 400 °C. In additions, the scattered tiny white particles can be observed in Figure 3d. Combined with the XRD analysis results, it can be inferred that the white particles reside as the precipitation of Ni3Mo intermetallic compound phases.



The SEM surface morphologies of Ni-Mo-W coatings as-deposited and annealed ranging from 200 to 600 °C are shown in Figure 4. The coexistence of W-Mo element has an obvious influence on the surface morphologies of the as-deposited and annealed coatings. As shown in Figure 4, the morphology of both as-deposited and annealed Ni-Mo-W coatings displays smoother surfaces with the growth of smaller crystals, and there seems that a denser structure is provided in comparison with the morphologies of Ni-Mo coatings in the same annealing states. This case can be account for more nucleation sites on the Ni-based coatings with incorporation of more Mo and W contents, and thus Ni-Mo-W coatings show inferior roughness and grains size. It can be also observed that Ni-Mo-W coatings after annealing lower than 400 °C perform nodules-type morphology as the presence of nanocrystalline phase. This nodules-type structure transforms into cauliflower-type morphology with the temperature increasing to 600 °C. This can be attributed to the more columnar crystals growth of Ni-based solid solutions [27]. Similar to 600 °C annealed Ni-Mo coating, it is obvious that fine and dispersed white particles appear on the surface morphology of both 400 and 600 °C annealed Ni-Mo-W coatings. Those white particles may be involved to phase separation to obtain sophisticated relevant intermetallic compounds phases for 400 and 600 °C annealed Ni-Mo-W coatings, and hence it is essential to further investigate by TEM characterization and analysis.



The TEM images and grain size distribution of Ni-Mo-W coating after annealing at 400 °C is illustrated in Figure 5. It can be seen from the bright field images (Figure 5a) that the coating consists of nanocrystalline. The corresponding electron-diffraction pattern of coating in Figure 5b shows that the existence of Ni(Mo,W) solution in major, which is consistent with the results of XRD as demonstrated in Figure 1b. The grain size of 400 °C annealed Ni-Mo-W coating ranges from 0 to 90 nm as shown in Figure 5c, and the average size is about 28.2 nm which is slight higher than the calculated value by XRD in Figure 1c. This may be attributed that entire sub-grains inside the coatings with lower dimensions are hardly measured by TEM observation. The representative nano-grain as Ni(Mo,W) solution can be found in the region marked A within HRTEM image of Figure 5d, and the orientation of these grains is Ni(Mo,W) (111) plane. Moreover, the fine crystallized domain with a size of about 20 nm in length is found in the labeled B region of Figure 5d, showing a spacing of about 0.208 nm of the lattice fringes extracted from FFT and corresponding IFFT results, which is in accordance with the (211) plane of Ni4W intermetallic phase. It is indicated that the onset temperature for phase separation of Ni(Mo,W) solution with formation of Ni4W intermetallic precipitation is smidgen lower than 400 °C in annealed electrodeposition of Ni-Mo-W ternary coatings.



Figure 6 illustrates BF-TEM images and grain size distribution of Ni-Mo-W coatings after annealing at 600 °C. The grains in the bright field images (Figure 6a) exhibit crystallized and coarsened completely, and the diameter of the coating ranges from 20 to 80 nm. Both the Ni(Mo,W) solution and intermetallic compounds phases, e.g., Ni3Mo and Ni4W, are presented in the discrete spots in corresponding SAD patterns of Figure 6b. Figure 6c presents the grain sizes distribution of the Ni(Mo,W) matrix and precipitated phases in 600 °C annealed Ni-Mo-W coating. The size of them is in the range of 10~110 nm with the average size of about 52.5 nm, which is bigger than that in Figure 5c due to the promotion of grain growth by increasing annealing temperature. Further analysis using HRTEM allows confirmation of significant changes in precipitated phases of 600 °C annealed Ni-Mo-W coating as shown in Figure 6d. Figure 6e–g illustrates that the corresponding IFFT of FFT results of the square regions marked A, B and C in darker contrast in Figure 6d reveals Ni3Mo intermetallic phase within marked A and B regions and Ni4W intermetallic phase within marked C region, respectively. In addition, Ni(Mo,W) solution phase are identified for the labeled D region in brighter contrast in Figure 6d. Based on HRTEM analysis, it is deduced that Ni3Mo and Ni4W intermetallic phase are precipitated, and then are coarsened to form larger and denser dispersed nano-particles involving in phase separation of 600 °C annealed Ni-Mo-W coating.




3.2. Mechanical Properties


Figure 7 shows the hardness and elastic modulus values measured by nano-indentation of both Ni-Mo and Ni-Mo-W coatings as a function of the annealing temperature. It can be clearly observed that the increment in hardness ranging from 0.8–2.3 GPa are obtained for Ni-Mo-W coating in compared with Ni-Mo coatings at the same annealing temperature. In the case of as-deposited and annealed Ni-Mo-W coatings, three different factors may be associated with the enhancement of hardness, namely, solid solution strengthening and grain refinement, and precipitation strengthening [8,27,28,30,31]. As discussed in the relevant literatures [37,38], refractory metals such as W and Mo additions in Ni-based coatings cause little change in solid solution strengthening. The interaction between dislocations with the symmetric strain field induced by additions of substitutional elements for nanocrystalline Ni-based coatings are weak, showing small effect of solid solution strengthening [39]. Moreover, the hardness of coatings is enhanced by reduction of grain size due to a significant increase of intercrystalline volume fraction [40] according to Hall-Petch (H-P) relation, which could be attributed to the very slow diffusion of Mo and W atoms in Ni-Mo-W coatings on the basis of diffusional creep and grain boundary sliding theory [39]. After annealing exceeds 400 °C, Ni4W and successive Ni3Mo precipitations formed by phase separation can be regarded as the hardening phase in comparison of the Ni(Mo,W) solution phase. The Orowan mechanism can be contribute to the increase in strength by means of rendering the dislocations bypass the harder precipitates [41]. On the other hand, annealing-induced hardening of both Ni-Mo and Ni-Mo-W coatings are obtained. While the annealing temperature is lower than the onset temperature of phase separation, the remarkable increments in hardness could be ascribed to grain boundary relaxation with annihilation of excess dislocations at the grain boundary, which are transforming to a more stable configuration without obvious grain growth [27,30,37]. It is worthy to note that the hardness of the coatings shows slight improvements with annealing temperature up to 600 °C. The fact of a lower contribution to the H-P strengthening component in coatings are substantiated due to grain coarsening on annealing [27,31], and the hardness can be compensated by the strengthening effect of the fine Ni3Mo or Ni3Mo-Ni4W precipitates resulting from phase separation.



Figure 7b shows the comparison curve of elastic modulus for Ni-Mo and Ni-Mo-W coatings with annealing temperature. Primarily, it can be observed that Ni-Mo-W coatings show higher elastic modulus compared with Ni-Mo films at the same annealing temperature due to stronger solid solution effect with W addition [8]. The elastic modulus of coatings is enhanced significantly upon annealing at 600 °C, this can be attributed to the fact that the precipitations of intermetallic phase exhibit a superior elastic modulus (Ni4W: 234 GPa [42]; Ni3Mo: 230 GPa [42]) compared to Ni (198 GPa [42]).



Figure 8 shows the friction coefficient curves of Ni-Mo and Ni-Mo-W coatings at different annealing temperatures sliding against 52,100 ball. The typical curves of friction coefficient are observed with obvious running-in process for as-deposited and annealed ≤ 400 °C Ni-Mo and Ni-Mo-W coatings. On the contrary, the absence of running-in stage of 600 °C annealed Ni-Mo and Ni-Mo-W coatings are presented, owing to the shorter time of compacting shallow worn tracks of harder coatings subjected to 52,100 ball. In addition, the friction coefficient of the stable-stage decreases gradually with the increase annealing temperature up to 400 °C, and then drop below 0.4 for 600 °C annealed coatings. This may be ascribed to the upgrading of hardness at elevated annealing temperature.



Figure 9 displays the influence of annealing temperature on the friction coefficient and the wear rate of Ni-Mo and Ni-Mo-W coatings. The values of friction coefficient reduce significantly with the increase of annealing temperature for both Ni-Mo and Ni-Mo-W coatings, implying the evolution of wear mechanism for annealed coatings. The wear rate is also found to be decreasing with increase in annealing temperature and the inferior values of wear rate are provided for Ni-Mo-W coatings in same annealing condition as evident in Figure 9b. As list in Table 2, for coatings annealed at ≤400 °C, this coincides with the results of previous reports that the wear resistance of coatings is improved with the enhancement of H/E ratio determined from the values of hardness and elastic modulus [43,44]. Meanwhile, H/E ratios are reduced for 600 °C annealed coatings, implying other reasons may affect wear resistance of these coatings.



The SEM worn surface morphologies of as-deposited Ni-Mo and Ni-Mo-W coatings and annealed in different temperatures are shown in Figure 10. It can be illustrated that the width of wear track becomes narrow with increasing annealing temperature particularly in 600 °C annealed Ni-Mo-W coatings, indicating that the wear resistance of coatings is improved with Mo-W co-existence and annealing heat treatment. The wear mechanism of both adhesive and abrasive in character can be deduced to the intense chipping of the superficial material of coatings [30], which is visible on the worn tracks of as-deposited coatings and annealed in temperature ≤ 400 °C. Meanwhile, fluctuations of the friction coefficient can be observed in the friction coefficient curve especially for as-deposited coatings, and thus the higher wearing losses are provided by presence of wider grooves. On contrary, for Ni-Mo and Ni-Mo-W coatings annealed at 600 °C, the wear character changes into typically abrasive, owing to occurrence of plough groove [45]. This case is consistent with the results of stable friction coefficient and lower friction coefficient for 600 °C annealed coatings as shown in Figure 9.



The further analysis of worn surface for representative as-deposited and 600 °C annealed Ni-Mo-W coatings is illustrated in Figure 11, respectively, which exhibits obvious grooves and debris within the morphologies at high magnification. For as-deposited, part of debris adheres to the worn surface under the action of compressive stress. EDS analysis results of debris (1 & 2 select locations) as listed in Table 3 display the existence of considerable content of Fe element, suggesting the transferring of adhesive debris between worn surfaces and corresponding counterparts. This indicates that the severe wear is subjected to as-deposited Ni-Mo-W coating and the subsistence of both adhesive and abrasive wear. As shown in Figure 11b, worn surface morphology of 600 °C annealed Ni-Mo-W coating demonstrates typical abrasion wear due to observation of plough grooves and abrasive particles. The micro-cracks are also observed with absorbing lubricants applied for improving the wear resistance [46]. It can be referred that the formation of a mixture of oxides such as NiO, Ni4MoO2 [47], MoO3, and WO3 [8] through the result of chemical composition (EDS) at select positions (3 & 4) on the worn surface, providing lubrication during abrasive worn process with lower friction coefficient and wear rate of 600 °C annealed Ni-Mo-W coating. This may be attributed that the localized friction heat at the asperity contact leads to oxidize the Ni(Mo,W) solution, even Ni3Mo and Ni4W intermetallic compounds with formation of oxide particles and cracks distributed in whole worn surface as evident from Figure 11b. Therefore, the wear resistance of coatings is improved eventually by formation of a mixture of lubricated oxides upon-annealing at 600 °C and the enhancement of H/E ratio for ≤400 °C annealed Ni-Mo-W coatings, respectively.





4. Conclusions


In this study, an investigation on the influence of annealing at temperatures from 200 to 600 °C on microstructure and mechanical properties of Ni-Mo and Ni-Mo-W alloy coatings electrodeposited on stainless steel substrate was undertaken. It is found that, up to 400 °C, the Ni-Mo-W coatings mainly consist of nano-crystalline Ni-based solid solution with the average crystallite size lower than 30 nm. Compared with corresponding Ni-Mo coatings in same condition, the grains of coatings are refined with the coexistence of Mo-W elements and annealing heat treatment causes the slight grain growth. In addition, phase separation occurs with formation of Ni4W and Ni3Mo-Ni4W intermetallic precipitates in the 400 °C annealed and 600 °C annealed Ni-Mo-W coatings, respectively. The Mo-W additions in coating and annealing heat treatment result in enhancement of the hardness of coatings significantly. The highest values of hardness and elastic module reach about 10.8 ± 0.6 GPa and 222 ± 7 GPa, respectively, due to strengthening effect of precipitated Ni3Mo and Ni4W particles corresponding to 600 °C annealed Ni-Mo-W coating. The wear resistance increases with the annealing temperature for both Ni-Mo and Ni-Mo-W coatings, which can be mainly attribute to the improvement of H/E ratio for ≤400 °C annealed Ni-Mo-W coatings and formation of a mixture of lubricated oxides upon-annealing at 600 °C, respectively. The combination of adhesive wear and abrasive wear are presented as the wear mechanism of Ni-Mo-W coatings, which are dominated by abrasive wear for 600 °C annealed coating. In conclusion, Ni-Mo-W coatings show excellent hardness and wear resistance upon post-annealing at elevated temperature.
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Figure 1. X-ray diffraction patterns of as-deposited and annealed coatings in the temperature range from 200 to 600 °C: (a) Ni-Mo coatings; (b) Ni-Mo-W coatings, and (c) Estimated average crystalline size using Scherrer equation from XRD results. 
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Figure 2. (a) The cross-section of SEM micrographs of the representative 600 °C annealed Ni-Mo-W coating and (b) with corresponding qualitative chemical analysis (EDS) along the line of scans (profiles of Ni, Mo, W and Fe counts). 
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Figure 3. SEM surface micrographs of Ni-Mo coatings: (a) as-deposited and annealed at (b) 200 °C, (c) 400 °C and (d) 600 °C. 
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Figure 4. SEM surface micrographs of Ni-Mo-W coatings: (a) as-deposited and annealed at (b) 200 °C, (c) 400 °C and (d) 600 °C. 
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Figure 5. TEM images of the Ni-Mo-W coating annealed at 400 °C: (a) Bright-field image, and (b) corresponding selected area diffraction (SAD) is shown in inset of (a); (c) Grain size distribution represented in histogram; (d) HRTEM image, and insets of (d) are respectively the fast Fourier transformation (FFT) results and corresponding inverse fast Fourier transform (IFFT) results of the square regions marked A and B. 
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Figure 6. TEM images of the 600 °C annealed Ni-Mo-W coating: (a) Bright-field image, and (b) corresponding selected area diffraction (SAD) is displayed in inset of (a); (c) Grain size distribution represented in histogram; (d) HRTEM image, and FFT result of labeled D region is shown in inset of (d); (e), (f) and (g) are in response to IFFT of FFT results of the square regions marked A, B, and C, which are shown in inset of (e), (f) and (g), respectively. 
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Figure 7. The nano-indentation measured mechanical properties of as-deposited and 200 to 600 °C annealed Ni-Mo and Ni-Mo-W coatings: (a) Hardness; and (b) elastic modulus. 
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Figure 8. The curves of friction coefficient vs. sliding time for as-deposited and 200 to 600 °C annealed: (a) Ni-Mo coatings; (b) Ni-Mo-W coatings. 
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Figure 9. Friction coefficient and wear rate of Ni-Mo and Ni-Mo-W coatings with varying annealing temperatures. (a) friction coefficient; (b) wear rate. 
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Figure 10. Worn surface morphologies of coatings observed by optical microscope: (a) as-deposited, (b) 200 °C annealed, (c) 400 °C annealed and (d) 600 °C annealed Ni-Mo coatings; and (e) as-deposited, (f) 200 °C annealed, (g) 400 °C annealed and (h) 600 °C annealed Ni-Mo coatings. 
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Figure 11. SEM micrographs of worn tracks and the select locations of corresponding EDS spectra for (a) as-deposited and (b) 600 °C annealed Ni-Mo-W coatings, and the corresponding morphologies at low magnification are shown in insets of (a,b), respectively. 
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Table 1. The concentration of Na2WO4·2H2O in plating bath and EDS analysis results of as-deposition coatings.
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	Coatings
	Na2WO4·2H2O Concentration
	Ni (at.%)
	Mo (at.%)
	W (at.%)





	Ni-Mo
	0 g/L
	81.9
	18.1
	0



	Ni-Mo-W
	20 g/L
	75.4
	16.9
	7.7
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Table 2. The H/E ratio determined from the values of hardness and elastic modulus of as-deposited and annealed Ni-Mo and Ni-Mo-W coatings in Figure 7.
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Annealing Statements

	
Coatings

	
H/E






	
As-deposited

	
Ni-Mo

	
0.03736 ± 0.00435




	
Ni-Mo-W

	
0.04021 ± 0.00272




	
200 °C annealed

	
Ni-Mo

	
0.04118 ± 0.00333




	
Ni-Mo-W

	
0.04560 ± 0.00521




	
>400 °C annealed

	
Ni-Mo

	
>0.04205 ± 0.00239




	
Ni-Mo-W

	
0.04879 ± 0.00368




	
600 °C annealed

	
Ni-Mo

	
0.03991 ± 0.00421




	
Ni-Mo-W

	
0.04865 ± 0.00437
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Table 3. The chemical composition acquired corresponding results of EDS spectra for the select locations in Figure 11.
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	Selected Locations
	O (at.%)
	Ni (at.%)
	Mo (at.%)
	W (at.%)
	Fe (at.%)
	Cr (at.%)





	1
	17.1
	39.8
	7.2
	4.6
	30.9
	0.4



	2
	21.5
	42.4
	7.7
	3.8
	24.3
	0.3



	3
	55.2
	22.7
	8.7
	7.0
	6.3
	0.1



	4
	70.2
	16.5
	9.4
	2.1
	1.8
	–
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