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Abstract:



Ni–B alloys deposited by the electroless method are considered to be hard variants of the electroless nickel family. Inclusion of Mo or W to form ternary alloys improves the thermal stability of electroless nickel coatings. Therefore, in the present work, Ni–B, Ni–B–Mo, and Ni–B–W coatings are deposited; and their tribological behavior at room and high temperatures are investigated. Electroless Ni–B, Ni–B–Mo, and Ni–B–W coatings are deposited on AISI 1040 steel substrates. The coatings are heat treated to improve their mechanical properties and crystallinity. Tribological behavior of the coatings is determined on a pin-on-disc type tribological test setup using various applied normal loads (10–50 N) and sliding speeds (0.25–0.42 m/s) to measure wear and coefficient of friction at different operating temperatures (25 °C–500 °C). Ni–B–W coatings are observed to have higher wear resistance than Ni–B or Ni–B–Mo coatings throughout the temperature range considered. Although for coefficient of friction, no such trend is observed. The worn surface of the coatings at 500 °C is characterized by lubricious oxide glazes, which lead to enhanced tribological behavior compared with that at 100 °C. A study of the coating characteristics such as composition, phase transformations, surface morphology, and microhardness is also carried out prior to tribological tests.
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1. Introduction


Electroless nickel (EN) coatings are widely used in industries and investigated by researchers as a result of their excellent surface finish, corrosion resistance, wear resistance, and low coefficient of friction (COF) [1]. One of the principal advantages of coating deposition using the electroless method is the uniformity of deposits [2]. As a result of this, it becomes easier to coat complex shapes. Furthermore, the use of electricity is avoided. Electrons are provided by a reducing agent present in the electroless bath. Primarily, sodium hypophosphite or sodium borohydride is used as the reducing agent, which leads to deposition of Ni–P or Ni–B based coatings [3]. This facilitates coating of a variety of substrates that are not catalytically active [4]. A third element co-deposited along with Ni–P or Ni–B leads to the formation of ternary [5,6,7,8,9] or poly-alloy coatings [10,11,12,13]. The choice of the third element depends on the application for which the coating is required. Inclusion of Mo or W improves thermal stability of EN coatings, tribological characteristics, and corrosion resistance [14,15,16,17,18]. Inclusion of Cu also leads to an improvement in corrosion resistance [19]. Recently, EN nano-composites have gained attention because they exhibit improved hardness, corrosion resistance, and tribological characteristics compared with the alloy coatings [20,21,22]. However, research work is still ongoing to improve the properties of alloy coatings as a tough EN matrix is necessary to prevent delamination of composite particles [3].



The Ni–B alloy coating has higher wear resistance and low COF compared with Ni–P alloy [23]. This is attributed to the high hardness, self-lubricating microstructure and columnar growths [24]. Consequently, a reduction in the actual contact area takes place, thereby improving the tribological characteristics [25]. Suitable treatments of Ni–B coatings may even lead to microhardness that is equivalent to chromium [26]. As a result of this, Ni–B coatings are considered to be a suitable alternative to chromium, which has environmental concerns. Friction and wear characteristics of magnesium and aluminium alloys that are widely used commercially could be improved by Ni–B alloy deposition [27]. An improvement of tribological behavior of Ni–B coatings is also achieved on inclusion of W or Mo [28,29]. In fact, co-deposition of nano Al2O3 results in an increase in microhardness by ~290 HV100 [30]. The mass loss and COF of Ni–B–Al2O3 coatings is almost six and two times lower, respectively, in comparison with Ni–B alloy in as-deposited state. Similar results have been also observed on inclusion of B4C nano-particles [31]. Impregnation of Ni–B coatings with PTFE (40%) results in a COF as low as <0.1 in non-lubricated, as well as 3.5% NaCl lubricated sliding condition [32]. Electroless Ni–B coatings have been applied in greaseless guns and barrel bores that are subjected to hostile environments proving to be a suitable replacement to chromium [33]. Recent studies have focused attention on duplex and multi-layer coatings that possess intermediate/enhanced tribological characteristics compared with the single layered binary alloys [34,35].



As Ni has a high melting point, the coatings may prove to be beneficial at high temperature sliding condition and demanding environments [36,37,38,39]. In fact, on heat treatment, the amorphous Ni–B coatings become crystalline and precipitation of hard boride (Ni3B, Ni2B) phases takes place [36,37,38,39,40]. These boride phases have a high melting temperature (~1150 °C). Hence, Ni–B coatings could be a suitable candidate up to 600 °C operating temperature. Pal et al. [40] observed that completely crystalline Ni–B coatings have the ability to retain their hardness at high temperatures of 100–400 °C. The friction and wear of Ni–B based coatings are governed by several factors at high temperature sliding condition such as formation of tribo-patches, phase transformations, microstructural changes, strain hardened debris, and so on [36,37,38,39,40]. In most of the research works, the tribological behavior of the coatings has been investigated individually [41,42,43]. The present work is therefore aimed at a systematic comparative study of tribological characteristics of the binary and ternary Ni–B based alloy coatings at room and high temperatures (100–500 °C). Tribological tests are carried out on a pin-on-disc configuration tribometer by varying the applied normal load (10–50 N) and sliding speed (0.25–0.42 m/s) at different operating temperatures. Electroless Ni–B based coatings are selected because they have been proven to have wear and friction reduction capabilities at ambient temperature. The tribological behavior of binary Ni–B is compared with ternary Ni–B–W and Ni–B–Mo coatings. The inclusion of W and Mo is considered because thermal stability of EN coatings is improved on the inclusion of W or Mo.




2. Materials and Methods


2.1. Deposition of Electroless Nickel Boron and Its Variants


The electroless bath in the present work is an alkaline bath with nickel chloride (20 g/L) as the source of nickel and sodium borohydride (0.8 g/L) as the reducing agent. For deposition of Ni–B–Mo and Ni–B–W, sodium molybdate (25 g/L) and sodium tungstate (25 g/L), respectively, are added. Suitable amounts of complexant, buffer, and stabilizers are also added. The bath composition is adopted as per a previous work,which gives 25-µm thick coatings [36]. The detailed composition and deposition condition may be found there [36]. A 200 mL bath volume with a double bath deposition system of 2 h each is adopted. Electroless Ni–B, Ni–B–Mo, and Ni–B–W coatings are deposited on AISI 1040 steel blocks of dimension of 20 mm × 20 mm × 2 mm for coating characterization. ‘Pin’ specimens with 6 mm diameter and 30 mm length are used for tribological characterization. The substrates used for coating deposition have centre line average roughness of 0.4 μm (N5 roughness grade). Prior to coating deposition, the specimens are rinsed thoroughly using deionized water and degreased in acetone. Any oxide scales on the steel specimens are removed by dipping in 50% HCl solution. Finally, the specimens are again rinsed in deionized water. Post deposition duration of 4 h following a double bath system, the coated specimens are withdrawn from the bath, rinsed thoroughly in deionized water, and dried in air. The coated specimens are then heat treated in a muffle furnace for 1 h and allowed to cool inside the furnace itself. This is done to improve the mechanical properties of the coatings because heat treatment results in precipitation hardening of the deposits. It has been well established that precipitation of hard boride phases take place on heat treating borohydride reduced EN coatings. This leads to enhanced friction and wear characteristics compared with as-deposited condition. Electroless Ni–B and Ni–B–W coatings are heat treated at 350 °C because they exhibit high wear resistance and low COF at room, as well as high temperature sliding condition on heat treatment at 350 °C [37,38]. On the other hand, Ni–B–Mo coatings are heat treated at 350 °C for room temperature sliding wear tests and 450 °C for high temperature sliding wear tests. This is again based on a previous work carried out by Mukhopadhyay et al. [39] where Ni–B–Mo coatings heat treated at 350 °C and 450 °C revealed enhanced tribological characteristics at room and elevated temperatures, respectively.




2.2. Characterization of Nickel Boron and Its Variants


An energy dispersive X-ray (EDX) analyzer with Si (Li) super ultra-thin window (SUTW) that has the capability to transmit low energy X-rays is used to determine the coating composition. EDX analysis is carried out for the as-deposited Ni–B based alloys at a low accelerating voltage of 10 kV. Phase structure of the coatings is determined using X-ray diffraction (XRD) technique with a Cu Kα source (λ = 0.154 nm). Scanning speed of 1°/min and 2θ value ranging between 20–80° is taken for the analysis. Surface morphology of the heat treated coatings is observed under a scanning electron microscope (SEM), which has an Everhart Thornley secondary electron detector (Quanta FEG 250, FEI, Hillsboro, OR, USA). The centre line average roughness of the coatings is measured using a stylus type profilometer (Talysurf, Surtronic 3+, Taylor Hobson, Leicester, UK) set to 0.8 mm sampling length, 4 mm traverse length, 1 mm/s traverse speed, and Gaussian filter. The probe is equipped with a diamond tip of radius 5 μm. The results are processed using Talyprofile software (Taylor Hobson, Leicester, UK), which gives the centre line average roughness. The average of six readings is considered to evaluate the roughness of the coatings. Vicker’s microhardness of the coatings is measured at an indentation load of 100 gf, dwell time of 15 s, and approach velocity of 25 µm/s. On the surface of the coatings, 10 indentations are considered to measure the microhardness.




2.3. Tribological Characterization of Nickel Boron and Its Variants


Friction and wear characteristics of heat treated Ni–B, Ni–B–Mo, and Ni–B–W coatings are determined on a pin-on-disc type tribological test setup. Coated pin specimens slides against a rotating EN 31 steel counterface disc. Tribological tests are carried out at room temperature (25 °C), 100 °C, 300 °C, and 500 °C. For high temperature tests, the counterface disc is heated up to the desired temperature using a 15 kVA high frequency induction heating arrangement. The operating temperature is continuously monitored using a pyrometer having an accuracy of 1 ± 1% of measured value of temperature. Applied normal load and sliding speed is varied as indicated in Table 1. Test duration is held constant at 300 s. Experiments are carried out for all possible combination of the parameters laid down in Table 1. Frictional force is acquired using a button type load cell with an accuracy of 0.1 ± 1% of measured value of force. Wear is evaluated from the mass loss of the coatings using a high precision weighing balance having a readability of 0.01 mg. Wear mechanism and worn surfaces are characterized using SEM and EDX for the highest level combination of applied normal load and speed, that is, 50 N and 0.42 m/s, respectively.


Table 1. Tribological test parameters.





	
Parameters

	
Levels




	
1

	
2

	
3

	
4

	
5






	
Load (N)

	
10

	
30

	
50

	
×

	
×




	
Sliding speed (m/s)

	
0.25

	
0.29

	
0.33

	
0.38

	
0.42




	
Temperature (°C)

	
25

	
100

	
300

	
500

	
×




	
Test duration = 300 s












3. Results and Discussion


3.1. Composition, Structure, and Surface Morphology of Nickel Boron and Its Variants


Coating composition in terms of weight percentage of Ni, B, W, and Mo is given in Table 2 and is determined using EDX analysis. From the B content, it is seen that the coatings lie in the mid-B range [34]. Inclusion of Mo does not cause a significant change in coating composition, but a slight decrease in B content takes place due to the inclusion of W. The deposition of Mo in the coatings is higher compared to W even though the concentration of sodium molybdate and tungstate is same in the coating bath. This is due to the fact that Mo (VI) species exist as MoO42− while W (VI) species exist as cluster of complex ions [36]. This result in higher deposition of Mo compared with W in the coatings.


Table 2. Energy dispersive X-ray (EDX) analysis of Ni–B, Ni–B–Mo, and Ni–B–W coatings.





	
Elements

	
Weight Percentage in Different Coatings




	
Ni–B

	
Ni–B–Mo

	
Ni–B–W






	
Ni

	
94.5

	
90.7

	
91.4




	
B

	
5.5

	
5.4

	
5.2




	
W

	
×

	
×

	
3.4




	
Mo

	
×

	
3.9

	
×










The coatings in as-deposited condition are generally found to be amorphous [36,37,38,39]. XRD results of heat treated Ni–B and Ni–B–W coating at 350 °C for 1 h are shown in Figure 1. Heat treatment results in precipitation of Ni3B and Ni2B phases along with Ni (111). Similar results have also been obtained for Ni–B–Mo coatings heat treated at 350 °C, as can be seen in Figure 2. Although, stable Ni3B phases are observed along with Ni (111) on heat treating Ni–B–Mo coating at 450 °C for 1 h. Precipitation of hard boride phases on heat treating Ni–B and its variants has been also reported in the literatures [23,24,25,26,27,28,29].The analysis of XRD results is presented in Table 3. The procedure for calculation of absolute integrated intensity of peaks and crystallite size is mentioned elsewhere [13,40]. The highest intensity peak in Figure 1a corresponds to Ni (111), which is also superimposed with Ni2B. In the case of Ni–B–W coatings, the highest intensity peak shifts to ~44.9° and corresponds to Ni (111). Similar results are observed for Ni–B–Mo coatings heat treated at 350 °C or 450 °C for 1 h, where the highest intensity peak is observed at ~44.7° corresponding to Ni (111). The analysis in Table 3 is based on the highest intensity peak of Ni (111) and Ni3B peak, which follows after it as they are consistent in Figure 1 as well as Figure 2. The crystallite size of Ni (111) is the highest for Ni–B–Mo coatings and the lowest for Ni–B coating. The absolute integrated intensity of the peaks is also given in Table 3. From the analysis, it can be seen that as Ni–B–Mo coatings are heat treated at 450 °C for 1 h, the absolute integrated intensity of Ni (111) increases, while that of Ni3B decreases. This is consistent with other research works [40] and may happen because of inter-diffusion of B into the substrate. A significant change in crystallite size of Ni (111) or Ni3B is not observed though. Further, a coarser grained structure is observed for Ni–B–Mo coatings.


Figure 1. X-ray diffraction (XRD) results of heat treated (a) Ni–B and (b) Ni–B–W coating at 350 °C for 1 h.



[image: Lubricants 06 00067 g001]





Figure 2. XRD results of electroless Ni–B–Mo coating heat treated at 350 °C and 450 °C for 1 h.
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Table 3. XRD results analysis of Ni–B, Ni–B–W, and Ni–B–Mo coatings.





	
Coating

	
Peak Position (2θ)

	
Absolute Integrated Intensity (au)

	
Crystallite Size (nm)




	
Ni

	
Ni3B

	
Ni

	
Ni3B

	
Ni

	
Ni3B






	
Ni–B (350 °C)

	
46

	
47

	
2455

	
2014

	
18.1

	
18.15




	
Ni–B–W (350 °C)

	
44.9

	
45.95

	
715

	
639

	
38.2

	
26.64




	
Ni–B–Mo (350 °C)

	
44.7

	
46

	
1892

	
1209

	
51

	
24.96




	
Ni–B–Mo (450 °C)

	
44.7

	
45.85

	
2268

	
708

	
51

	
23.81










Surface morphology of Ni–B and Ni–B–W coatings after heat treatment at 350 °C for 1 h is shown in Figure 3. The surface of heat treated Ni–B coating typically resembles a cauliflower-like nodular morphology with distinct cellular boundaries. This cauliflower-like morphology is responsible for excellent anti-friction characteristics of Ni–B coatings. In fact, Ni–B–W coatings also present a compact and nodulated morphology in Figure 3b. SEM micrographs of Ni–B–Mo coating post heat treatment at 350 °C and 450 °C are shown in Figure 4. The surface appears to be quite coarse in the case of Ni–B–Mo coating heat treated at 350 °C (Figure 4a) with cellular boundaries. On heat treatment at 450 °C for 1 h, oxide scales can be observed on the surface of Ni–B–Mo coating in Figure 4b. The nodulated structures also grow in size, indicating grain growth and an increase in degree of crystallization.


Figure 3. Surface morphology of (a) Ni–B and (b) Ni–B–W coating post heat treatment at 350 °C for 1 h.
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Figure 4. Scanning electron microscope (SEM) micrograph of Ni–B–Mo coating heat treated at (a) 350 °C and (b) 450 °C for 1 h.



[image: Lubricants 06 00067 g004]






The centre line average roughness (Ra) of the coatings is laid down in Table 4. Electroless Ni–B–W coatings exhibit lowest roughness, while Ni–B–Mo exhibit the highest. Ni–B coatings have Ra intermediate to that of Ni–B–W and Ni–B–Mo coatings. The Ra values also indicate a coarse morphology of Ni–B–Mo coatings, observed in Figure 4, in comparison with Ni–B or Ni–B–W coatings (Figure 3). Therefore, the SEM and roughness results corroborate well with each other. Furthermore, the roughness of Ni–B and Ni–B–W coatings are close to the substrate, which is attributed to the fact that EN coatings follow the substrate roughness. The Ra of Ni–B–Mo coating is significantly higher on heat treatment at 450 °C because of the formation of oxide scales along with grain coarsening.


Table 4. Surface roughness of Ni–B, Ni–B–Mo, and Ni–B–W coatings.





	
Coating

	
Surface Roughness, Ra (μm)




	
Heat Treated at 350 °C

	
Heat Treated at 450 °C






	
Ni–B

	
0.66

	
-




	
Ni–B–Mo

	
0.76

	
0.87




	
Ni–B–W

	
0.46

	
-











3.2. Microhardness of Nickel Boron and Its Variants


Vicker’s microhardness of the coatings is given in Table 5. A high microhardness is observed for the coatings heat treated at 350 °C for 1 h and is attributed to the precipitation hardening phenomenon. Electroless Ni–B–W coatings possess higher hardness due to solid solution strengthening caused by the inclusion of W [28,38]. The microhardness of Ni–B–Mo coatings is lower compared with Ni–B or Ni–B–W coatings. This is attributed to the coarse grained morphology of Ni–B–Mo coating in comparison with Ni–B or Ni–B–W (Figure 3 and Figure 4). Such coarse grain morphology may arise when Mo is co-deposited as a result of its higher growth stresses [36]. When Ni–B–Mo coatings are heat treated at 450 °C, a significant change in microhardness is not observed. This could be an indication of higher thermal stability of the deposits [29,39]. High microhardness of heat treated Ni–B and its ternary variants are in accordance with the literature [23,24,25,26,27,28,29].


Table 5. Microhardness of Ni–B, Ni–B–Mo, and Ni–B–W coatings.





	
Coating

	
Microhardness (HV100)




	
Heat Treated at 350 °C

	
Heat Treated at 450 °C






	
Ni–B

	
1060 ± 20

	
×




	
Ni–B–Mo

	
738 ± 20

	
690 ± 20




	
Ni–B–W

	
1181 ± 20

	
×










It should be noted here that coating hardness was measured using Vicker’s micro-indentation rather than nano-indentation technique. The microhardness results presented in Table 5 correspond to a diagonal length of ~13 to 18 µm. From the diagonal length, the indentation depth is estimated to be ~4 to 6 µm. As the thickness of the coatings in the present work is 25 µm, the indentation depth is accordingly estimated to be about 16% of the coating thickness. This may affect the hardness results by introducing the effect of substrate as reported in other research works [44,45,46].The indentation depth is recommended to not exceed 1/10 of the measured coating thickness [44,45,46]. Therefore, for thin coatings, it is always suitable to address nano-hardness instead of micro-hardness, keeping in mind the thickness of the films. While EN coatings have been widely characterized by the micro-indentation technique in other research works [23,25], the microhardness results reported in Table 5 are in line with them. Furthermore, as the present work considers a similar group of coatings and their comparative study with consistent indentation depth for all the three variants, the results are comparable within the coating groups.



The elastic modulus of the coatings has a significant effect on the tribological behavior of the coatings. Such observations have been made in recent studies from nano-indentation tests [15,24,40]. It may be obtained from depth of indentation after removal of the indenter [44]. Pal et al. [40] reported that completely crystalline Ni–B coatings have the ability to retain their elastic modulus even at high temperatures of 100–400 °C. Nano-indentation responses, as well as the elastic modulus of the coatings at elevated temperatures, may be addressed in future research works.




3.3. Tribological Behavior of Nickel Boron and Its Variants at Room Temperature


Mass loss of borohydride reduced EN coatings at room temperature is presented in Figure 5. With an increase in applied normal load, the increase in mass loss is quite significant for Ni–B coating compared with Ni–B–Mo or Ni–B–W coatings. Furthermore, at 50 N load, mass loss of Ni–B coatings shows a steep rise. It is also observed in Figure 5 that wear resistance of Ni–B–W coating at room temperature is the highest in comparison with Ni–B or Ni–B–Mo coatings owing to its high hardness. Although the microhardness of Ni–B coatings is higher in comparison with Ni–B–Mo coatings, wear of Ni–B coatings is still found to be higher. The boride phases, along with the presence of Mo, may lead to enhanced wear resistance of Ni–B–Mo in comparison with the binary Ni–B alloy [15].


Figure 5. Wear behavior of nickel boron and its variants at room temperature.
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The COF of Ni–B, Ni–B–Mo, and Ni–B–W coatings can be observed in Figure 6. The COF of Ni–B–W coating increases significantly with load. The coatings do not exhibit significant variation in COF with speed. A reversal in trend for COF is observed, that is, Ni–B–W coatings exhibit the highest COF, followed by Ni–B–Mo and Ni–B (Figure 6). Even though heat treatment improves microhardness and wear resistance of Ni–B–W coatings, it also facilitates diffusion of W to coating surface through the cellular boundaries [28,38]. Oxides of W are generally found to be brittle at room temperature, which in turn increases COF of Ni–B–W coating [47]. Thus, wear resistance improves but COF deteriorates in the case of Ni–B–W coatings. Ni–B–Mo coatings exhibit higher COF in comparison with Ni–B, even though the wear resistance of Ni–B–Mo is higher than Ni–B alloy. This may be attributed to the coarse morphology and higher roughness as observed in Figure 4a.


Figure 6. Coefficient of friction (COF) of nickel boron and its variants at room temperature.
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Worn surfaces of the coatings at the highest level of load (50 N) and speed (0.42 m/s) at room temperature is illustrated in Figure 7. Ploughing and scratches on the Ni–B coating is observed in Figure 7a accompanied by the formation of cracks. It could be well observed in Figure 7b that the wear track is filled with fine and some coarse debris particles scattered on the wear track of Ni–B–Mo coatings. These fine particles have a self lubricating effect, leading to the low wear of the coatings. However, some of the coarse ones present may tend to increase the COF. In the case of Ni–B–W coating (Figure 7c), the worn surface appears to be comparatively smoother and characterized by flattened nodules. Thus, wear is significantly higher for Ni–B coatings in comparison with Ni–B–Mo or Ni–B–W. The wear mechanism observed in Figure 7 could be another reason for Ni–B–Mo coatings exhibiting tribological characteristics intermediate to Ni–B and Ni–B–W.


Figure 7. Worn surface of (a) Ni–B, (b) Ni–B–Mo, and (c) Ni–B–W coatings at 50 N load, 0.42 m/s speed, and room temperature operating conditions.
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3.4. Tribological Behavior of Nickel Boron and Its Variants at 100 °C


Wear behavior of the coatings at 100 °C can be observed in Figure 8. The mass loss of Ni–B coatings increases with load, as well as sliding speed. Compared with 10 N, mass loss at 30 or 50 N is higher for Ni–B–Mo and Ni–B–W coatings. At 100 °C, the highest wear resistance is observed for Ni–B–W coatings, followed by Ni–B–Mo and Ni–B. The high wear resistance of Ni–B–W coatings at 100 °C is again attributed to its high hardness. The COF of Ni–B, Ni–B–Mo, and Ni–B–W coatings at 100 °C operating temperature can be observed in Figure 9. The COF of the coatings increases with an increase in sliding speed (Figure 9). With an increase in load from 10 N to 30 N, the COF of the coatings increases. Although at 50 N, the COF decreases in comparison with 10 or 30 N load. It may be also deduced that Ni–B–W coatings show high COF at 100 °C, and Ni–B–Mo show the lowest COF, particularly at high load and speed.


Figure 8. Wear behavior of nickel boron and its variants at 100 °C.
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Figure 9. COF of nickel boron and its variants at 100 °C.
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Wear surface morphology of Ni–B, Ni–B–Mo, and Ni–B–W coatings at 50 N, 0.42 m/s and 100 °C is shown in Figure 10. The worn surface of Ni–B coating is characterized by deep grooves caused by the ploughing action of strain hardened debris (Figure 10a). SEM micrograph of worn surface of Ni–B–Mo coating reveals plastically deformed patches and a deep crater (Figure 10b). In the case of Ni–B–W coatings, plastically deformed and broken nodules and loose scattered debris are present on the worn surface (Figure 10c). These broken nodules are smeared on other parts of the coating. The higher wear of Ni–B or Ni–B–Mo in comparison with Ni–B–W may be attributed to the strain hardened debris cutting through the softer EN matrix leading to partial delamination of the coatings at high load and speed. In the case of Ni–B–W coatings, mainly the coatings are plastically deformed and ground severely by the counterface disc, as observed in Figure 10c. Although no delamination of Ni–B–W coatings is observed. This again reveals higher wear resistance of Ni–B–W in comparison with Ni–B or Ni–B–Mo. The embrittlement of Ni–B–W coatings due to formation of WOx could lead to higher COF and cracks (Figure 10c). Thus, at 100 °C, the highest wear resistance is concluded for Ni–B–W coating. If both the properties are desired simultaneously, Ni–B–Mo is observed to be a suitable candidate in comparison with Ni–B or Ni–B–W.


Figure 10. Worn surface of (a) Ni–B, (b) Ni–B–Mo, and (c) Ni–B–W coatings at 50 N load, 0.42 m/s speed, and 100 °C operating conditions.
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3.5. Tribological Behavior of Nickel Boron and Its Variants at 300 °C


The wear characteristics of borohydride reduced EN alloy coatings at 300 °C can be observed in Figure 11. With an increase in load, mass loss of Ni–B–Mo coatings increases significantly. In the case of Ni–B coatings, mass loss decreases at 50 N in comparison with 30 N. Similar behavior is also observed for Ni–B–W coating. The mass loss of Ni–B and Ni–B–W coatings increases with an increase in speed from 0.25 m/s to 0.33 m/s at all values of normal loads. Although mass loss again decreases at 0.38 m/s and 0.42 m/s. Wear resistance of Ni–B–W coatings is the highest at 300 °C, while that of Ni–B–Mo is the lowest. The COF of the coatings at 300 °C can be observed in Figure 12. The COF of the coatings do not exhibit significant variation with applied normal load and speed. The COF of Ni–B–Mo coating is higher than Ni–B or Ni–B–W coating, especially at 50 N.


Figure 11. Wear behavior of nickel boron and its variants at 300 °C.
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Figure 12. COF of nickel boron and its variants at 300 °C.



[image: Lubricants 06 00067 g012]






SEM micrographs of the worn surface of Ni–B, Ni–B–Mo, and Ni–B–W coatings at 300 °C are shown in Figure 13. The worn surface of Ni–B coating appears smooth with flattened patches and microgrooves along the sliding direction (Figure 13a). The mechanical properties of Ni–B–Mo coating seem to deteriorate and the worn surface is characterized by coating delamination and an increase in adhesive component (Figure 13b). The worn surface of Ni–B–W coating is characterized by smeared nodules and scattered oxidized debris (from EDX analysis) (Figure 13c). The smeared patches are tribo-oxidative patches, which improves the tribological behavior of Ni–B–W coating. An increase in adhesive component leads to a significant increase in wear of Ni–B–Mo coatings in comparison with Ni–B or Ni–B–W, because their worn surfaces are characterized by flattened coating patches and act as load bearing areas. Consequently, COF of Ni–B and Ni–B–W coatings also show an improvement in comparison with Ni–B-Mo. In fact, Ni–B coatings exhibit superior anti-friction characteristics at 300 °C. Therefore, based on high wear resistance, Ni–B–W coating is suggested, while Ni–B is suggested for anti-friction applications at 300 °C. Considering the overall performance at 300 °C test temperature, if both wear resistance and low COF are desired, the use of Ni–B–W coating is suggested.


Figure 13. Worn surface of (a) Ni–B, (b) Ni–B–Mo, and (c) Ni–B–W coatings at 50 N load, 0.42 m/s speed, and 300 °C operating conditions.
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3.6. Tribological Behavior of Nickel Boron and Its Variants at 500 °C


Wear behavior of borohydride reduced coatings at 500 °C is shown in Figure 14. With an increase in applied normal load, the mass loss of Ni–B and Ni–B–Mo coatings increases. While for Ni–B–W coatings, the mass loss at 10 N and 30 N is almost similar, but increases at 50 N. With sliding speed, mass loss of Ni–B and Ni–B–W coating increases, but a curvature is observed in the case of Ni–B–Mo coatings. Within 0.25–0.33m/s, mass loss of Ni–B–Mo coating increases and from 0.38m/s onwards, it starts decreasing again. The COF of the coatings at 500 °C is shown in Figure 15. The COF of Ni–B, Ni–B–Mo, or Ni–B–W coatings do not show a significant variation with load and speed at 500 °C. Wear tracks of the coatings are presented in Figure 16. The worn surface of Ni–B coating consists of smooth and lubricious oxide glazes of Ni (Figure 16a), while that of Ni–B–Mo consists of oxides of Mo and Ni (Figure 16b). In the case of Ni–B–W coatings, oxide glazes of Ni and W are formed (Figure 16c). The formation of oxide glazes is mainly deduced from the EDX point analysis.


Figure 14. Wear behavior of nickel boron and its variants at 500 °C.
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Figure 15. COF of nickel boron and its variants at 500 °C.



[image: Lubricants 06 00067 g015]





Figure 16. Worn surface of (a) Ni–B, (b) Ni–B–Mo, and (c) Ni–B–W coatings at 50 N load, 0.42 m/s speed, and 500 °C operating conditions.
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Ni–B–W coatings exhibit excellent wear resistance in comparison with Ni–B or Ni–B–Mo coatings at 500 °C. Inclusion of W or Mo raises the crystallization temperature of Ni–B coatings [36,37,38,39]. Naturally, complete crystallization of the coatings is delayed. Microstructural changes result in toughening of Ni–B–W; and Ni–B–Mo coating facilitating support of the oxide patches and an improved wear resistance than the binary Ni–B alloy. At high temperatures, WOx and MoOx offer self-lubricating capabilities in comparison with room temperature conditions [47]. Therefore, at 500 °C, Ni–B–W as well as Ni–B–Mo exhibit low COF. Nevertheless, a very high COF of Ni–B coating is also not observed. Therefore, it is concluded that Ni–B–W coatings are suitable at 500 °C, considering both high wear resistance as well as low COF.




3.7. Effect of Temperature on Tribology of Nickel Boron and Its Variants


The effect of operating temperature on wear and friction characteristics of the coatings is presented in Figure 17 and Figure 18, respectively, at lower level (10 N, 0.25 m/s), mid level (30 N, 0.33 m/s), and the highest level (50 N, 0.42 m/s) of combination of load and speed. It can be seen that mass loss of Ni–B, Ni–B–Mo, and Ni–B–W coating shows a steep rise when the operating temperature is raised from room temperature to 100 °C. At 100 °C, the wear behavior is characterized by strain hardened debris cutting through the coating producing deep grooves, as well as delamination as can be seen in Figure 10. In fact, mass loss of Ni–B and Ni–B–W coatings tend to decrease at 300 °C or 500 °C in comparison with 100 °C. This happens as a result of the formation of oxide glazes and flattened patches that act as load bearing areas (Figure 13 and Figure 16). Whereas mass loss of Ni–B–Mo coating increases further at 300 °C in comparison with 100 °C, and at 500 °C, again the mass loss decreases because of formation of MoOx with self-lubricating capabilities [43]. It may be finally concluded that based on wear characteristics, Ni–B–W possess superior wear resistance in comparison with Ni–B or Ni–B–Mo throughout the temperature range. The COF of Ni–B–W or Ni–B–Mo coatings do not indicate significant variation with temperature at the lowest level of load and speed (10 N, 0.25 m/s), but in the case of Ni–B coating, COF increases with an increase in operating temperature. At the highest level of load and speed (50 N, 0.42 m/s), COF of Ni–B and Ni–B–W coating decreases at 300 °C or 500 °C in comparison with 100 °C. However, COF of Ni–B–Mo coating increases at 300 °C and decreases at 500 °C, especially at mid-level and the highest level of combination of load and speed. The COF of Ni–B–Mo coating at 300 °C is higher compared with 500 °C as a result of the formation of adhesion patches as can be seen in Figure 13b.


Figure 17. Effect of operating temperature on wear behavior of nickel boron and its variants.
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Figure 18. Effect of operating temperature on COF of nickel boron and its variants.
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3.8. Selection of the Coatings Based on Tribological Behavior


At room temperature, Ni–B–W coatings exhibit high wear resistance, while Ni–B shows low COF. Considering both wear and COF, Ni–B–Mo coatings are suggested. Further, at 100 °C, high wear resistance is observed for Ni–B–W coatings, while a low COF for Ni–B–Mo coatings is observed. Overall, enhanced tribological behavior is concluded for Ni–B–Mo coatings at 100 °C. At 300 °C, high wear resistance is observed for Ni–B–W, while the binary Ni–B alloy shows low COF. Ni–B–W coating is suggested based on overall performance at 300 °C. At 500 °C, Ni–B–W coatings show better tribological characteristics in respect of both high wear resistance and low COF. However, if the entire operating temperature range is considered, that is, 25 °C–500 °C, then Ni–B–W coatings would be preferable.





4. Conclusions


The present work considers the deposition of electroless Ni–B, Ni–B–Mo, and Ni–B–W coatings and their tribological characterization at room and high temperatures. Coatings are deposited on AISI 1040 steel substrates. The following conclusions may be directly drawn from the study:

	
EDX analysis of the as-deposited coatings reveals that the deposits lie in the mid-B range (within 5–6 wt % B).



	
To improve the mechanical properties of the coatings, they are heat treated. XRD analysis of the heat treated coatings indicates the precipitation of crystalline Ni (111) and boride phases.



	
SEM micrograph of the heat treated coatings show that the surface is characterized by nodulated self-lubricating structures. Ni–B–Mo coatings present a coarse morphology with visible cellular boundaries; whereas Ni–B–W coatings have a densely nodulated morphology. The surface of Ni–B coating resembles cauliflower like morphology, which is common in borohydride reduced coatings.



	
Because of precipitation of hard boride phases, a high microhardness of the coatings is observed on heat treatment. Ni–B–W coatings exhibit the highest microhardness followed by Ni–B and Ni–B–Mo coatings. Because of the coarse structure, Ni–B–Mo coatings have lower microhardness compared with Ni–B or Ni–B–W.



	
The heat treated coatings are subjected to tribological tests at room and elevated temperatures of 100 °C, 300 °C, and 500 °C. For the temperature range considered, Ni–B–W coatings exhibit the highest wear resistance. Based on COF, Ni–B coatings exhibit lower values at room temperature, Ni–B–Mo at 100 °C, and Ni–B at 300 °C.



	
At the highest value of test temperature, that is, 500 °C, almost all the three coatings exhibit similar values of COF. Although if one coating among the three has to be selected, Ni–B–W would be a suitable option.



	
Ni–B–W coatings show higher COF at room temperature or 100 °C, but it improves at 300 °C or 500 °C. This is due to the fact that oxides of tungsten tend to be brittle at room temperatures, but have a lubricating effect at high temperatures.



	
The wear mechanism also varies at different temperatures for Ni–B, Ni–B–Mo,or Ni–B–W coatings. In fact, the tribological behavior, wear mechanisms, and microstructural changes are inter-related.








From the present work, it would be possible to judge the suitability of borohydride reduced coatings for high temperature applications. Depending on the requirement such as anti-wear, anti-friction, or both, it would be possible to select the suitable alloy. Future research work may be carried out to evaluate the mechanical properties of the coatings at high temperature using nano-indentation techniques, which would further shed light on the tribological characteristics of the coatings. Profilometry techniques may be employed to evaluate the specific wear rate or wear coefficient of the coatings at high temperature.
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