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The present work investigates the deposition and 
tribological behavior of electroless Ni-B-Mo coatings 
under dry and lubricated conditions. The effect of heat 
treatment (350°C, 400°C and 450°C for 1 hour) on the 
coating microstructure and tribological behavior is 
observed. In as-deposited condition the coatings are 
amorphous and present a nodulated surface morphology. 
Heat treatment results in crystallization of the coatings. 
Vicker’s micro-indentation tests indicate the coatings 
have high thermal stability. In comparison with as-
deposited condition, heat treatment at 350°C results in an 
improvement in wear resistance and coefficient of friction 
(COF) of the coatings under dry as well as lubricated 
condition. Heat treating at 400°C or 450°C does not cause 
a significant improvement in wear rate of the coatings. In 
fact, lubrication results in a significant improvement in 
tribological behavior of the coatings. Heat treatment 
results in degradation of corrosion resistance of the 
deposits in 3.5% NaCl solution. An effort has been also 
made to correlate the microstructure and tribological 
behavior / corrosion resistance of Ni-B-Mo coatings. 

 
1.0 INTRODUCTION 

Deposition of nickel coatings by the electroless method has several advantages and has 
therefore gained significant attention by researchers. Their use in various industrial domains has 
also broadened due to the evolution of the coatings into a big family with several variants such as 
the poly-alloys or nano-composites (Sahoo and Das, 2011; Sudagar et al., 2013). Key advantages 
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of electroless nickel (EN) coatings include high hardness, wear resistance, low COF and high 
corrosion resistance (Loto, 2016; Mukhopadhyay et al., 2016).  EN obtained from sodium 
borohydride (reducing agent) based baths are nickel-boron (Ni-B) coatings (Anik et al., 2008) 
while that obtained from sodium hypophosphite-based bath are nickel-phosphorus (Ni-P) 
coatings (Hur et al., 1990). Ni-B coatings are more popular as hard and wear resistant variant with 
low COF compared to Ni-P coatings (Krishnaveni et al., 2005). Moreover, the inherent self-
lubricious microstructure proves to be beneficial for improving the tribological behavior of the 
Ni-B coatings (Bülbül et al., 2013; Çelik et al., 2016). Thus, Ni-B coatings are being further explored 
for their excellent wear reduction capabilities.  

B content plays a key role in determining the quality of the coatings. Depending on the B 
content, the coatings may be classified as low-B, mid-B and high-B (Vitry and Bonin, 2017). Ni-B 
coatings with low-B content are nano-crystalline while (Baskaran et al., 2009) those lying in the 
mid-B range are a mixture of amorphous and nano-crystalline phases (Vitry et al., 2012a; Balaraju 
et al., 2016). High-B coatings are completely amorphous. An increase in B content leads to an 
improvement in corrosion resistance (Anik et al., 2008). High-B coatings have higher resistance 
to abrasive wear while mid-B coatings have better wear resistance in sliding wear situations 
(Vitry and Bonin, 2017). The use of mechanical agitation or use of ultrasound does not affect the 
B content (Bonin et al., 2017) and it depends mainly on the bath constituents and deposition 
temperature. Thus, no significant change in tribological behavior is observed by the use of 
ultrasound.  

The heat treatment temperature has a marked effect on the microhardness and tribological 
behavior of Ni-B coatings (Delaunois and Lienard, 2002; Oraon et al., 2008). Heat treating the 
coatings at 350-450°C results in crystallization and precipitation of hard boride phases such as 
Ni3B or Ni2B (Krishnaveni et al., 2005). This improves the microhardness compared to as-
deposited condition. Consequently, an increase in wear resistance is also observed. The heat-
treated coatings also present less instances of adhesive wear and hence the COF improves. But 
the corrosion resistance degrades on heat treatment due to the formation of grain boundaries and 
local heterogeneities (Anik et al., 2008; Hamid et al., 2010). Thermo-chemical treatments or 
nitriding improves the corrosion resistance of Ni-B coatings (Kanta et al., 2009; Vitry et al., 
2012b). Due to the ability to coat a wide variety of substrates, electroless Ni-B coatings has been 
utilized to improve the tribological behavior and corrosion resistance of several commercially 
used materials (Bülbület al., 2013; Çelik et al., 2016). Inclusion of W improves the oxidation 
resistance, microhardness, tribological behavior as well as corrosion resistance of Ni-B-W 
coatings (Eraslan and Ürgen, 2015; Aydeniz et al., 2013; Yildiz et al., 2013). A higher thermal 
stability could be achieved by the inclusion of Mo in the binary Ni-B alloy (Serin and Göksenli, 
2015; Serin et al., 2015). In fact, the co-deposition of nano-composite particles of Al2O3, SiC or 
TiO2 (Ghaderi et al., 2016; Georgiza et al., 2017; Niksefat and Ghorbani, 2015) has been 
successfully demonstrated to improve the properties of the binary Ni-B variant.  

The quest is still on to further tailor the Ni-B bath to impart superior properties and make 
them suitable for use in demanding conditions. Therefore, the present work aims to investigate 
the tribological properties and corrosion resistance of a ternary variant of Ni-B coatings by 
considering the inclusion of a third element i.e. Mo. In the present work, Mo is considered since 
previous instances reveal that high thermal stability could be obtained in EN coatings by the 
inclusion of Mo. Electroless Ni-B-Mo coatings are deposited on AISI 1040 steel. The coatings are 
heat treated at 350, 400 and 450°C. Coating characterization is carried out using energy 
dispersive X-ray analysis (EDX), X-ray diffraction (XRD) technique and scanning electron 
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microscope (SEM). Tribological behavior of as-deposited and heat-treated Ni-B-Mo coatings 
under dry and lubricated conditions are studied on a pin-on-disc type tribological test setup. 
Tribological studies under lubricated condition is carried out since borohydride reduced coatings 
are excellent retainers of lubricant and find usage in automotive sector where tribological contact 
under lubrication is common. The effect of heat treatment on the corrosion resistance of Ni-B-Mo 
coatings is also studied using potentiodynamic polarization (PDP) and electrochemical 
impedance spectroscopy (EIS) techniques. Furthermore, an effort has been made to find out the 
relation between microstructure and coating properties. 

 
 

2.0 MATERIALS AND METHODS 
Electroless Ni-B-Mo coatings are deposited on AISI 1040 steel blocks of dimension 15×15×2 

mm for characterization and cylindrical pin specimens of dimension Ø6×30 mm for tribological 
tests. All specimens are cleaned thoroughly in detergent water followed by cleaning in running 
water. The specimens are then rinsed in deionized water and degreased in acetone. After 
degreasing, the specimens are dipped in 50% HCl to remove any oxide scales and again rinsed in 
deionized water. Finally, the specimens are immersed into the electroless bath. The electroless 
bath is an alkaline bath with nickel chloride (20 g/L) as the source of nickel ions and sodium 
borohydride (0.8 g/L) as the reducing agent. Sodium molybdate (25 g/L) is added as the source 
of Mo. Additionally, ethylenediamine (59 g/L), lead nitrate (0.0145 g/L) and sodium hydroxide 
(40 g/L) are added as complexing agent, stabilizer and buffer respectively. The bath temperature 
is maintained at 90°C while the pH is 12.5. A bath volume of 200 ml is considered, and the 
deposition time is 4 hrs. A double bath coating deposition scheme is adopted i.e. the old bath is 
replaced by a fresh one after a deposition period of 2 hours. After deposition, the coated 
specimens are rinsed in deionized water and allowed to dry. Heat treatment of some specimens 
are carried out at 350°C, 400°C and 450°C in a muffle furnace for 1 hour and then allowed to cool 
in the furnace itself.  

Composition of the as-deposited coatings is determined using EDX which is equipped with a Si 
(Li) super ultra-thin window. The structural aspects of Ni-B-Mo coatings in as-deposited and heat-
treated condition is determined using XRD having a Cu Kα source at a scan rate of 1°/min and 20-
80° diffraction angle range (2θ). Surface morphology of the coatings is observed using SEM in as-
deposited and heat-treated condition and is equipped with an Everhart Thornley secondary 
electron detector. Microhardness of the coatings is measured using a Vicker’s diamond indenter 
at 100 gf load and an average of 10 readings is considered. 

Tribological behavior of the coatings is determined on a pin-on-disc type setup under dry and 
lubricated conditions. The coated pins in as-deposited and heat-treated conditions rub against EN 
31 counterface disc (hardened to 58-62 HRc). For the sliding wear tests under lubricated 
condition, a commercially available engine oil (Servo Pride, SAE grade 40) manufactured by 
Indian oil is used which is recommended for naturally aspirated, supercharged and turbocharged 
diesel engines. Tribological test parameters such as the applied normal load, sliding speed and 
sliding duration are kept fixed at 10 N, 0.419 m/s and 20 min respectively. Wear rate is calculated 
using the following formula: 

   
DL

V
W


=                (1) 

where V  is the volume loss of the coatings (calculated from mass loss) in ‘mm3’, L is the applied 
normal load in ‘N’ and D is the sliding distance in ‘m’. Mass loss of the coatings post sliding wear 
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tests under dry and lubricated condition is measured using a precision weighing balance having 
a readability of 0.01 mg. The frictional force is recorded using a 20 kg load cell with an accuracy 
of 0.1 ± 2% of measured friction force. From the recorded frictional force, the COF is calculated. 
In the present work, average COF after a sliding duration of 300 s is considered. Wear mechanism 
of the coatings is ascertained from SEM images of wear tracks. 

The PDP and EIS studies are carried out for determining the corrosion resistance of Ni-B-Mo 
coatings in as-deposited condition and post heat treatment in 3.5% NaCl using a potentiostat and 
three electrode cell. The three electrodes are the working electrode (Ni-B-Mo specimens), 
reference electrode (saturated calomel) and auxillary electrode (platinum). The surface area 
exposed to the electrolyte (3.5% NaCl) is 1 cm2. While performing the PDP tests, the working 
electrode is polarized in the cathodic and anodic direction at a scan rate of 1 mV/s. During the EIS 
tests, applied frequency is varied between 10 kHz to 0.01 Hz. 
 
 
3.0 RESULTS AND DISCUSSION 
 
3.1 Coating composition and structure 

The coating composition in as-deposited condition is analyzed using EDX and the spectrum is 
shown in Figure 1. The B content is ~ 5.45-5.77% by weight while the Mo content ~ 3.9% by 
weight. Rest of the coating is mostly Ni. In general, it has been observed that molybdates are one 
of the stabilizers in EN plating and the Mo(VI) species exist as MoO42- which may be easily 
adsorbed. Thus, it is fairly easier to co-deposit Mo in EN coatings (Lu and Zangari, 2003) compared 
to other variants. From the coating composition, it may be deduced that they lie in the mid-B 
range. This may affect the crystallinity of the coatings. To study the structural aspects, XRD is 
carried out and the results are shown in Figure 2. From the B content, it is predicted that the 
coatings could be a mixture of amorphous and nanocrystalline phases in as-deposited condition. 
But XRD reveals that Ni-B-Mo coatings are amorphous in as-deposited condition as can be 
observed in Figure 2(a). The inclusion of Mo may have promoted the amorphous phase and 
similar feature has been observed by Serin and Göksenli (2015) for Ni-B-Mo coatings. Krishnaveni 
et al. (2005) observed a broad peak in XRD for as-deposited Ni-B coating with 6.5 wt. % B and 
concluded the amorphous nature of the deposits. It was also concluded that a disorder in 
arrangement of atoms due to the amorphous characteristics lead to such broadened peak and the 
high segregation of metalloid alloy prevents the nucleation of Ni (Krishnaveni et al., 2005). A 
similar phenomenon may have occurred in the present case leading to amorphous characteristics 
of Ni-B-Mo coatings.  

The heat-treated coatings (350°C-450°C) show almost similar XRD patterns and indicates the 
crystallization of the coatings on heat treatment. Precipitation of hard boride phases is also 
indicated in Figure 2(b)-(d). At ~ 44.7° a crystalline peak of face centered cubic (F.C.C) Ni (111) 
may be observed. Since the solubility limit of Mo is around 38 wt. % (Balaraju et al., 2014) it is 
expected to be present in the coating in solid solution form and hence any inter-metallic Ni-Mo 
phase could not be observed in Figure 2. The crystallization of the coatings and precipitation of 
borides on heat treatment is consistent with the literature (Krishnaveni et al., 2005; Balaraju et 
al., 2016; Vitry et al., 2012a; Serin and Göksenli, 2015; Anik et al., 2008). 
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Figure 1: EDX spectrum of as-deposited Ni-B-Mo coating. 

 

 
 (a) (b) 

 
 (c) (d) 

Figure 2: XRD plots for Ni-B-Mo coatings in (a) as-plated condition and heat treated at (b) 350°C, 
(c) 400°C and (d) 450°C for 1 hour. 
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3.2 Coating surface morphology 
SEM micrographs of Ni-B-Mo coatings in as-deposited and heat-treated conditions are shown 

in Figure 3. The as-deposited Ni-B-Mo coatings present morphology similar to that of a cauliflower 
with a cluster of nodules forming agglomerates of big nodules separated by boundaries (Figure 
3(a)). Hence, the surface tends to present a cracked morphology. Similar features are obtained in 
EN coatings on inclusion of Mo due to an increase in growth stresses (Chou et al., 2008). A 
cauliflower like morphology and cluster of nodules has been also observed for Ni-B-Mo coatings 
in as-deposited condition by Serin and Göksenli (2015). Balaraju et al. (2014) observed a cloudy 
surface morphology on inclusion of Mo in Ni-P coatings. The present observation is therefore in 
accordance with previous studies. On heat treatment at 350°C (Figure 3(b)) or 400°C (Figure 3(c)) 
it seems that a slight inflation of nodules takes place. The coatings heat treated at 450°C appear 
dark which may be due to the formation of an oxide scale (Figure 3(d)).  
 

 

  

 
Figure 3: SEM micrographs of Ni-B-Mo coatings in (a) as-plated condition and heat treated at (b) 

350°C (c) 400°C and 450°C for 1 hour. A cross-cut section of as deposited coating is shown in (e). 

 

a b 

c d 

e 
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A cross-cut section of as-deposited Ni-B-Mo coating is shown in Figure 3(e). The coating 
thickness is ~ 25µm and seems to be closely connected to the substrate. Columnar growths may 
be also observed which is common in borohydride reduced coatings. These columnar growths act 
as pocket for retaining lubricants and improve the tribological behavior of the coatings. 
 
3.3 Crystallite size and microhardness 

The crystallite size of the coatings (pertaining to Ni (111)) is determined using Debye-Scherrer 
formula (Balaraju et al., 2016). In as-deposited condition, the crystallite size is not determined 
due to the amorphous nature of the coatings. Nevertheless, in as-deposited condition Balaraju et 
al. (2016) observed a grain size of 19 nm for Ni-B coatings. Vitry et al. (2012a) observed a grain 
size close to 1 nm for as-deposited Ni-B coatings (5 wt. % B) due to which they concluded that the 
deposits are neither fully amorphous nor fully nanocrystalline and presents short range order. 
Heat treatment at 350°C, 400°C or 450°C for 1 hour results in a crystallite size of ~51 nm. This is 
higher compared to the grain size of 38 ± 4 nm reported for binary Ni-B alloy (heat treated at 
400°C) by Vitry et al. (2012a). It may be seen in Figure 2 that the full width at half maximum 
(FWHM) for Ni (111) at ~ 44.7° is almost same. Hence the crystallite size obtained is same for all 
the three heat treatment condition. This is also an indication of good thermal stability. 
 

 
Figure 4: Microhardness of Ni-B-Mo coatings. 

 
The microhardness of the coatings in as-deposited condition is ~ 640 HV100 (Figure 4) which 

is slightly lower compared to the binary Ni-B alloy (~670 HV100) reported by Mukhopadhyay et 
al. (2017). This may be due to the cracked surface morphology observed in Figure 3(a). But this 
is higher compared to the microhardness of 570 HV100 observed by Krishnaveni et al. (2005). The 
coatings heat treated at 350°C has microhardness of ~ 735HV100. Further heat treatment at 400°C 
or 450°C do not lead to a significant change in microhardness. Again for the binary Ni-B coatings, 
a microhardness of 908 HV100 has been observed when heat treated at 450°C for 1 hour 
(Krishnaveni et al., 2005). This is may be due to the high thermal stability of the coatings and is in 
accordance with the crystallite size obtained. A slight increase in hardness post heat treatment in 
comparison with as-deposited condition may be attributed to the precipitation of the boride 
phases. 
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3.4 Wear rate and coefficient of friction 
The wear rate of Ni-B-Mo coatings under dry and lubricated conditions is shown in Figure 5. 

The as-deposited coating has a very high wear rate under dry condition which improves on heat 
treatment. This may be attributed to the cracked morphology observed for the coatings in as-
deposited condition (Figure 3(a)). The probability of a dislocation looping along the cellular 
boundaries instead of shearing them in such a case is higher leading to higher wear rates. On heat 
treatment, the wear resistance improves due to an improvement in microhardness. Under 
lubricated condition, the wear rate decreases especially for the as-deposited coatings. A 
significant improvement in wear resistance (both under dry and lubricated conditions) is not 
observed on heat treating beyond 350°C which is likely due to the similar crystallite size observed 
in the 350°C-450°C heat treatment temperature range. 
 

 
Figure 5: Wear rate of Ni-B-Mo coatings under dry and lubricated conditions. 

 

 
Figure 6: COF of Ni-B-Mo coatings under dry and lubricated conditions. 
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Figure 7: Evolution of COF with sliding duration in (a) dry and (b) lubricated conditions. 

 
The average COF of Ni-B-Mo coatings under dry and lubricated conditions may be observed in 

Figure 6. A high COF may be observed for the as-deposited coatings under dry sliding condition 
which improves on heat treatment at 350°C and is similar to the trend observed for wear rate in 
Figure 5. The COF again increases on heat treatment at 450°C. This may be due to the fact that 
oxides of Mo tend to be brittle at room temperature (Zhen et al., 2016). Formation of oxide scales 
could be identified in Figure 3(d) for Ni-B-Mo coating heat treated at 450°C. A significant 
improvement in COF occurs under the influence of lubricant. This again indicates the ability of the 
deposits to retain lubricants. The columnar growths as well as the nodulated structures act as 
retainer of lubricants and improve the COF of the coatings. The evolution of COF with duration for 
sliding wear tests under dry as well as lubricated conditions may be observed in Figure 7. 
Significant fluctuations could not be observed after a sliding duration of 300 s. Generally, 
fluctuations denote periodic formation and removal of tribo-patches. The flowing lubricant 
carries away the heat generated as well the debris formed and improves the COF of the coatings 
under lubrication. 
 
3.5 Wear mechanisms 

SEM micrographs of worn specimens under dry condition are presented in Figure 8. The as-
deposited coating present very rough patches with some pits and prows indicating adhesive wear 
in Figure 8(a). This leads to a high wear rate and COF. In as-deposited condition, adhesive wear 
may be observed in EN coatings to the high mutual solubility of Ni and Fe of the counterface disc 
(Krishnaveni et al., 2005). When the coatings are heat treated at 350°C, micro-furrows and 
grooves are observed in Figure 8(b) which is indicative of abrasive wear. The surface appears 
smoother leading to low wear rate and COF. This may be attributed to the precipitation of borides 
and an increase in hardness. The cluster and agglomerates of nodules of the coatings heat treated 
at 400°C or 450°C appear to be plastically deformed with clearly visible network cracks in Figures 
8(c) and 8(d). This could be due to the brittleness of the oxide scales formed and this leads to an 
increase in COF of the coatings. Nevertheless, an improvement in tribological behavior is observed 
on heat treatment compared to as-deposited condition under dry sliding condition due to the 
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increase in hardness and no gross adhesion. Moreover, due to the similar grain sizes observed for 
the heat-treated coatings, a significant change in the wear mechanisms is not observed. 

Worn specimens of the coatings under lubricated condition may be observed in Figure 9. 
Fractured nodules are observed at places and other remains intact for the as-deposited coatings 
in Figure 9(a). The fracture of the nodules seems to take place along the cellular boundaries of the 
clusters and columnar growths are visible. Now these columnar growths are beneficial for 
improving wear resistance and COF. Moreover, they act as pockets for retaining lubricants. Thus, 
a significant improvement is observed in wear rate and COF in Figure 5 and 6 respectively for the 
as-deposited coatings in lubricated sliding condition. Broken cluster of nodules may be also 
observed for the coatings heat treated at 350°C and 400°C in Figure 9(b) and (c) respectively. But 
most of the nodules remain intact.  The inherent self-lubricious mechanism of the coatings is 
clearly visible in Figure 9. The entrapment of the lubricant by the columnar growths and the 
nodular pockets may also prove to be beneficial for the reduction of consumption of lubricants. 
But in Figure 9(d), for the coatings heat treated at 450°C, some cracks could be observed. An 
increase in COF observed under lubricated condition observed in Figure 6 for the coatings heat 
treated at 450°C may be attributed to the same and brittle nature of the oxide scales. 

 

 
 (a) (b) 

 
 (c) (d) 

Figure 8: Wear mechanisms of Ni-B-Mo coating for different heat treatments (a) as-deposited, (b) 
350°C, (c) 400°C and (d) 450°C under dry sliding condition. 
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 (a) (b) 

 
 (c) (d) 

Figure 9: Wear mechanisms of Ni-B-Mo coating for different heat treatments (a) as-deposited, (b) 
350°C, (c) 400°C and (d) 450°C under lubricated sliding condition. 

 
3.6 Corrosion resistance 

The corrosion resistance of the coatings is determined using PDP and EIS and the plots are 
presented in Figure 10. In the PDP analysis in Figure 10(a), it can be seen that with an increase in 
heat treatment temperature, the corrosion potential (Ecorr) shifts towards more negative side 
indicating degradation in corrosion resistance. The as-deposited coatings have higher corrosion 
resistance compared to the heat-treated ones. The corresponding values of Ecorr and corrosion 
current density (Icorr) are presented in Table 1. In fact, Icorr is also seen to increase with heat 
treatment.  But this is contrary to the results obtained by Serin et al. (2015) for Ni-B-Mo coatings 
with 1.6 wt. % Mo. There, an improvement in corrosion resistance has been observed with an 
increase in heat treatment temperature. In the present work a higher Mo content may have 
resulted in deterioration in corrosion resistance (Chou et al., 2008). Further investigation of 
corrosion resistance is therefore carried out using EIS and the results in Figure 10(b) also 
corroborate the PDP results. A big loop may be observed for the as-deposited coatings meaning 
higher corrosion resistance compared to the heat-treated ones having shorter loops. The 
corrosion resistance deteriorates on heat treatment due to the appearance of nickel-boride 
phases which may cause local sites with different corrosion potentials (Anik et al., 2008). 
Moreover, formation of grain defects and boundaries on crystallization may also lead to higher 
corrosion. Degradation in corrosion resistance of Ni-B coatings on heat treatment has been 
observed by other researchers (Anik et al., 2008).  In comparison with Ni-B, Ni-B-TiO2 or Ni-B-SiC 
coatings reported by other researchers, the Ni-B-Mo coatings in as-deposited condition have 
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higher corrosion resistance (Georgiza et al., 2017; Niksefat and Ghorbani, 2015). Therefore, 
inclusion of Mo has a positive influence of the corrosion resistance of Ni-B coatings. 
 

 
(a) 

 

 
(b) 

Figure 10: Corrosion behavior of Ni-B-Mo (a) PDP (Tafel) and (b) EIS (Nyquist). 
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Table 1: PDP parameters of electroless Ni-B-Mo coatings. 
Heat treatment condition Ecorr (mV) Icorr (µA/cm2) 

As-deposited -379 1.21 

350°C for 1 hr. -510 5.79 

400°C for 1 hr. -575 9.24 

450°C for 1 hr. -500 3.72 

 
The corrosion resistance of the coatings depends on several factors such as porosities, 

microstructure, columnar growths, heterogeneities caused due to precipitation of new phases, 
etc. (Baskaran et al., 2009; Yildiz et al., 2013). To further understand the corrosion behavior, the 
phase plot (logf vs. theta) is shown in Figure 11. The as-deposited coatings exhibit a single-phase 
angle maximum suggesting a single time constant. But the coatings heat treated at 450°C exhibit 
two phase angle maximums and hence two-time constants. This has been related to the 
electrolyte/coating and electrolyte/substrate interfaces (Baskaran et al., 2009). In the present 
case, from Figure 11 it may be seen that the electrolyte may have penetrated to the substrate for 
Ni-B-Mo coatings heat treated at 450°C. Therefore, it may be concluded that degradation in 
corrosion resistance for the Ni-B-Mo coatings heat treated at 350°C or 400°C is due to the 
heterogeneities arising on precipitation of the nickel-boride phases while for the coatings heat 
treated at 450°C an additional phenomenon occurs i.e. penetration of electrolyte to the substrate. 

 

 
Figure 11: EIS phase plot of electroless Ni-B-Mo coating. 

 
CONCLUSION 

Ni-B-Mo coatings are deposited on AISI 1040 steel substrates by the electroless method. The 
coatings are heat treated at 350°C, 400°C and 450°C for 1 hour. The as-deposited coatings present 
a cauliflower like morphology with cluster of nodules separated by specific boundaries. Heat 
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treatment results in slight inflation of the nodules. EDX analysis reveals that the coatings lie in the 
mid-B range. XRD results indicate that the as-deposited coatings are amorphous while 
crystallization occurs on heat treatment. The crystallite size of Ni (111) does not change with an 
increase in heat treatment temperature and so do the microhardness. Therefore, the coatings 
seem to possess good thermal stability. The tribological behavior of the coatings is investigated 
on a pin-on-disc type setup. Under dry sliding condition, a high wear rate and COF is observed for 
the as-deposited coatings which improve on heat treatment at 350°C. Again, the tribological 
behavior is excellent under lubricated condition for the as-deposited as well as heat treated 
coatings. This is attributed to the inherent self-lubricating mechanism and ability to retain 
lubricants.  But PDP and EIS analysis reveals that heat treatment results in degradation in 
corrosion resistance due to formation of local sites of attack when nickel-boride phases are 
precipitated. The tribological behavior, corrosion resistance and coating microstructure is seen 
to be closely related. 
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