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Abstract

:

The paper presents the results of research on composite Ni-B coatings with embedded particles of boron produced by a chemical reduction method and their influence on the mechanical, tribological, and corrosion properties of produced materials. Boron was used in two forms: an alloy component and nanoparticles incorporated into the Ni-B matrix. The coatings were deposited from a bath at different concentrations of dispersion phase. The paper also presents the characteristics of the used boron particles. Results of morphology and surface topography (SEM) as well as the structure (XRD) of the produced coatings are presented. The mechanical properties of the produced coatings, like Knoop hardness, Martens hardness, and indentation hardness, as well as the modulus of elasticity, were determined. The tribological tests were carried out using the ball-on-disc method. Electrochemical corrosion tests were conducted by the potentiodynamic method. The adhesion of the coatings to the substrate was evaluated by the scratch test method. Consequently, this investigation yielded a novel material in the form of Ni-B/B composite coatings, exhibiting significantly improved mechanical and tribological properties compared to Ni-B coatings without embedded particles of the dispersion phase.
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1. Introduction


Deposition of alloy coatings through chemical reduction gives great opportunities to modify the properties of metallic products. This method enables the coating of products with complex shapes made of various materials. Nickel alloy coatings, such as Ni-P coatings, are of great importance in the field of technology. Research on the production and properties of these materials being deposited on steel, copper, magnesium, and aluminum substrates, is found in numerous studies: [1,2,3,4,5,6]. Ni-B alloy coatings, although less explored, are equally interesting from the point of view of potential technical applications. Literature reports indicate that Ni-B coatings can enhance corrosion resistance, wear resistance, and oxidation resistance, while also serving as catalysts in the production of renewable energy [7]. Authors have described the antibacterial properties of electroless Ni-B coatings applied to stainless steel components for medical device usage [8]. Ni-B alloy coatings can also be used as a source of boron in the diffusion boronization of steel [9]. Moreover, compared to Ni-P coatings, Ni-B alloy coatings exhibit significantly higher hardness [10]. Additionally, the properties of coatings composed of such materials can be modified by incorporating dispersion phases from other materials into the coating material and through heat treatment. A study [11] investigated the influence of heat treatment on the properties, including the hardness, of coatings made from these materials. After heat treatment at 360 °C for 20 min, the Ni-B/B composite coatings had a hardness exceeding 1250 HK0.01. This value closely approximates the hardness of chrome coatings, making it possible to use them as substitutes for chrome coatings that are subject to restrictions in the European Union [12]. The choice of dispersion phase material, particle size, and concentration within the bath enables the customization of the properties of composite materials produced through chemical reduction as coatings. The embedding of dispersion phase particles into the coating matrix, whether via chemical or electrochemical reduction methods, typically leads to improvements in mechanical, tribological, and corrosion properties. Nanometric particles of the dispersion phase (<100 nm) are of great importance in shaping the properties of composite materials. Several studies have examined the influence of hard ceramic particles on the properties of Ni-B matrix composite coatings. For instance, SiC particles increased hardness and enhanced corrosion resistance [13]. Similarly, the embedding of TiO2 particles [14,15] and graphene oxide flakes resulted in increased hardness and improved corrosion resistance in Ni-B/graphene oxide coatings [16]. The mechanical and tribological properties were improved by the embedding of CeO2 particles into the Ni-B matrix, leading to a reduction in the friction coefficient, increased hardness, and improved modulus of elasticity [17]. Other dispersion phases incorporated into the Ni-B matrix included Si3N4 [18] and Al2O3 [19].



This study addressed the Ni-B/B composite coatings produced by chemical reduction on a steel substrate. These coatings can contain one of two forms of boron, which is either a constituent of the Ni-B alloy matrix or its particles of the dispersion phase embedded in composite coatings. The use of boron as dispersion phase particles embedded in the Ni-B alloy matrix represents an innovative approach. Reports on this subject can be found in our own previous works [11,20]. The first study focused on boron particles being embedded in a nickel matrix through electrochemical deposition. The second study involved the deposition of Ni-B/B coatings using the electroless method, with the main emphasis on comparing the properties of this type of material before and after heat treatment. In this work, the coatings were deposited at different concentrations of the dispersion phase (B) in the bath (0.1–1.0 g/dm3), and the resulting effect on the properties of the composite coatings produced was analyzed. The choice of boron is motivated by its desirable properties, such as high hardness and chemical and thermal resistance (melting point exceeding 2000 °C) [20].




2. Materials and Methods


2.1. Materials


Ni-B alloy coatings and Ni-B/B composite coatings with embedded boron particles were deposited on S355 carbon steel substrates in the form of 25.4 mm diameter discs through chemical reduction. The substrate samples underwent preparatory steps, including grinding with 180–1200 grit sandpaper, degreasing in acetone, and activation in 15% H2SO4. These treatments were implemented to eliminate impurities, such as rust, dust, and oxides, which could adversely affect the coating adhesion to the steel substrate. The bath from which the coatings were deposited contained NiCl2 × 6H2O (nickel chloride), NaBH4 (sodium borohydride), C2H8N2 (ethylenediamine), NaOH (sodium hydroxide), and PbNO3 (lead nitrate). All reagents used were of high purity (PURE) and were supplied by Chempur (Poland). In the electroless coating deposition bath, nickel chloride is a source of Ni2+ ions. Sodium borohydride reduces nickel ions to their elemental form, and the course of this reaction is quite intense and rapid. Ethylenediamine (a complexing agent) is used to slow down the reaction and make the process stable. Lead nitrate acts as a stabilizer and protects the bath against decomposition. Sodium hydroxide is a pH corrector [21]. Sigma Aldrich boron powder was used as the dispersion phase for the production of composite coatings. Boron was added to the bath before the coating deposition process. All coatings were deposited using consistent process parameters: a bath temperature of 90 °C, a deposition time of 90 min, and a mixing speed of 100 rpm. The diagram of the laboratory setup is depicted in Figure 1.




2.2. Methods


The morphology of the boron powder and the surface of the produced coatings were characterized using a scanning electron microscope JSM-IT100 LA (Jeol, Akishima, Japan). The content of boron, being the alloy component, was determined by ICP-OES in the Ni-B coating without dispersion phase particles. The content of dispersion phase particles in the composite coatings was determined gravimetrically by dissolving previously produced Ni-B/B films and weighing the remaining boron particles. The internal structure of the Ni-B and Ni-B/B coatings was investigated by performing SEM analysis on cross-sections perpendicular to the surface on metallographic specimens. The samples were prepared by cutting off a 5 mm sample and embedding it in a thermosetting resin (Struers); then, the samples were sanded with 120–1200 grit sandpaper and polished with diamond paste. The metallographic microsections were also used to test hardness using the Knoop method (HK0.025) with a load of 25 g applied via a Wilson T1202 hardness tester (Buehler, Lake Bluff, IL, USA). Mechanical properties were evaluated using the DSI (depth-sensing indentation) method [22], applying a progressive load of 0–300 mN with an indentation rate of 1000 mN/min and a pause at a maximum load for 15 s. The DSI test provided material parameters, including Martens hardness (HM), indentation hardness (HIT), Young’s modulus (EIT), and the elastic deformation index (KH). Indentation hardness (HIT) was calculated as the quotient of the maximum applied force (Fmax) and the projection area of the contact surface between indenter and test material A(hc), as follows:


   H  IT   =    F  max     A   hc      



(1)







Martens hardness (HM) was calculated as the quotient of the applied load (F) and the indenter surface area As(h), as follows:


  HM =  F   A s   h     



(2)







The percentage of a given deformation (KH) was determined by evaluating the ratio of plastic (  Δ h )   to elastic (H) deformation during the testing of the fabricated materials [23], as follows:


   K H  =   Δ h  H  × 100 %  



(3)







The Ra roughness parameter was measured using a Surftest SJ210 profilometer (Mitutoyo). Abrasive wear resistance was evaluated using the ball-on-disc method on the T11 device (Łukasiewicz Institute for Sustainable Technologies). The tribosystem consists of the stationary pin (ball) pressed at the required load (P) against the disk (tested sample) rotating at the defined speed (n). The friction couple is inserted in the insulated test chamber (Figure 2) [24].



The coated samples served as the discs and the counterparts were 6.35 mm diameter alumina balls. The sliding speed and sliding distance were, respectively, 0.1 m/s and 500 m. Wear tests were carried out under loads of 10 N with sliding distances of 500 m. The wear tracks were captured using a KEYENCE VHX 5000 digital optical microscope. The adhesion of the coatings to the substrate was evaluated by the scratch test method using the CSEM Revetest device with a progressive load of 0–100 N for 60 s at a Rockwell indenter speed of 10 mm/min. Electrochemical corrosion tests were conducted in a three-electrode system consisting of a saturated calomel electrode (SCE 0.27 V vs. HE) as the reference electrode, the counter electrode in the form of a platinum mesh and the tested sample as the working electrode. Polarization curves were recorded after an hour of potential stabilization in the potential range from −0.25 V to 0.25 V relative to the open circuit potential (OCP) at a potential change rate of 1 mV/s. Electrochemical tests were performed on the test surface of 1 cm2 in an aerated solutions of 0.15 M NaCl with neutral pH and a volume of 150 cm3. The tests were carried out using the SP-200 potentiostat (Bio-Logic, Seyssinet-Pariset, France). As part of the result analysis, the corrosion current density and corrosion potential were determined by extrapolating the Tafel curves.





3. Results and Discussion


3.1. Characteristics of Boron Powder


The morphology, the diffraction spectrum, and the chemical composition analysis of the boron powder used are shown in Figure 3 and Table 1.



The boron powder exhibits particles of various shapes and sizes within 1 µm along with an amorphous structure. It also tends to form agglomerates in the aqueous solution of the bath, which is an unfavorable phenomenon [20]. The embedding of agglomerates of dispersion phase particles into the coating material may have an adverse effect on the properties of the coatings produced. Research presented in another paper [17] indicated a decrease in the hardness of the composite material when agglomerates of dispersion phase particles were embedded in the matrix material.




3.2. Structure of the Produced Coatings


Images of the surface morphology and internal structure of the produced Ni-B and Ni-B/B coatings, observed on cross-sections perpendicular to the surface, are presented in Figure 4.



The produced coatings are characterized by diverse surface morphology. It is affected by the coating deposition from baths with different concentrations of the dispersion phase in the form of boron particles. The surface of the Ni-B coating without embedded boron particles resembles a cauliflower structure (Figure 4a), which is typical of electroless Ni-B coatings [17,26,27]. The formation of the Ni-B layer occurs in the process of chemical reduction of nickel ions in the presence of a reducer. The most commonly used reducing agents in this type of process are sodium borohydride NaBH4 and dimethylamino borate (DMAB). Baths containing DMAB can work at lower temperatures and in a wider pH range, and are less sensitive to changes compared to baths containing sodium borohydride [14]. However, NaBH4, due to its chemical properties, can only be used in alkaline baths, but it provides a higher reducing capacity compared to DMAB. The high efficiency of NaBH4 stems from its ability to provide more electrons. In addition, coatings deposited from baths containing NaBH4 have better properties compared to other reducing agents. These properties include higher hardness and better mechanical properties [7]. The process of chemical deposition of Ni-B coatings is multi-stage and occurs in varying conditions depending on the chosen reducer [26]. The structure of the Ni-B coating is columnar and becomes nodular as the layer develops [7]. The columnar structure of the Ni-B coatings is clearly evident in cross-sections perpendicular to the surface. In the case of alloy coatings, like Ni-B, selecting the deposition process parameters, such as bath volume, surface area of the coated element, bath temperature, mixing speed, and deposition time, is crucial. All these parameters influence the structure of the deposited coating. Another study [13] presents the investigation of supplementing the bath composition during the coating deposition process. This treatment aims to maintain constant concentrations of bath components throughout the process and prevent a decrease in yield. Refilling the bath also helps ensure that the pH remains at the right level. Lowering the pH below 12 leads to the formation of nickel boride (Ni2B), which can cause the self-decomposition of the bath. In this study, the authors selected the process conditions (deposition time, bath volume, sample surface, bath temperature, and mixing speed) to obtain homogeneous coatings with a thickness of approx. 20 µm without the need for bath composition supplementation during the coating production process. The embedded particles of the dispersion phase (B) cause changes in the surface morphology, while the cauliflower-like structures transform into spherical ones. This is due to the embedding of particles and agglomerates of the dispersion phase powder, which, during the process, are gradually encapsulated by the Ni-B matrix. The built-in particles of the dispersion phase in the microscopic images are visible as black dots both on cross-sections and on the surface of the produced composite coatings. Changes in the morphology of Ni-B/B composite coatings are related to the embedding of the boron particles and depend on the amount of dispersion phase particles in the bath [28]. The growth of the coating and the integration of the dispersion phase particles are simultaneous. Integration of the dispersion phase particles within the matrix contributes to the formation of new growth centers [17]. The effect of the concentration of boron particles in the bath on the quantity of built-in boron particles (the dispersion phase) in the fabricated Ni-B/B composite coatings is presented in Table 2.



The deposition of Ni-B/B coatings, together with increasing the concentration of the dispersion phase in the bath, leads to a higher quantity of embedded particles within the deposited coating. The highest content of embedded boron particles, around 4%, was observed in coatings deposited from a bath with a concentration of 1.0 g/dm3. However, these particles predominantly formed agglomerates. The degree of surface development of the Ni-B/B coatings decreased as the concentration of the dispersion phase in the deposition bath increased. This phenomenon can be explained by the change from cauliflower structures (Figure 4a) to spherical structures in the case of composite coatings (Figure 4b–d). A summary of the roughness parameter Ra for both Ni-B and Ni-B/B coatings is provided in Table 3. For composite coatings, the efficiency of the deposition process decreased as the content of boron particles in the bath increased. The embedding of dispersion phase particles led to a reduction in the thickness of the deposited coatings (Figure 4d). Similar findings were also reported by Gültekin et al. [17], who investigated the Ni-B/CeO2 coatings deposited through chemical reduction.



An important parameter in the deposition process of composite coatings is the rate of solution mixing during the coating deposition. Mixing plays a crucial role in dispersing particles of the dispersion phase throughout the bath, facilitating the mixing of other bath components, preventing local overheating and pitting caused by hydrogen release [13]. However, excessively high mixing rates can have negative effects, resulting in a heterogeneous structure of the composite coatings. In the case of hard particles, high mixing rates can lead to erosion of the deposited coating due to abrasion by fast-moving particles of the dispersion phase [13]. The analysis of the chemical composition of the Ni-B alloy coating was performed using the ICP OES method, and the results are presented in Table 4. The results of the XRD analysis of the phase composition of the Ni-B and Ni-B/B coatings are shown in Figure 5.



The boron content in Ni-B alloy coatings can vary depending on the deposition process parameters, such as bath component concentration, bath temperature, and deposition time. The literature reports indicate that Ni-B coatings with a boron content of up to 5 wt% exhibit a mixed crystalline–amorphous structure. For boron content below 5 wt%, a broad band at 45° 2 theta is observed in the diffraction pattern, indicating the presence of a mixed crystalline–amorphous structure [29]. Coatings with boron content above 5 wt% are typically amorphous [17]. In the studied case, the boron content in the coating exceeds 7% by weight, which indicates the amorphous nature of the coating. Slight crystalline reflections may come from the steel substrate (base). The concentration of the reducing agent in the bath from which the coating is deposited has a significant impact on the content of boron as an alloying component in the Ni-B coating. In another study [30], the influence of NaBH4 concentration on the rate of coating deposition and the structure of the deposited coatings was investigated. Lower concentrations of the reducer (approximately 0.4 g/dm3) resulted in lower boron content in the alloy (around 3%) and the presence of peaks from crystalline nickel in the diffraction pattern. Higher concentrations of the reducing agent in the bath led to a higher boron content in the deposited alloy and an increased share of the amorphous phase. Moreover, the rate of thickness increase was lower for lower borohydride concentrations.




3.3. Mechanical Properties of the Produced Coatings


The mechanical properties of the Ni-B and Ni-B/B coatings were evaluated using the DSI method and the Knoop method. The test results are presented in Table 5 and in Figure 6 and Figure 7.



The load–unload curves illustrate the resistance of the tested Ni-B and Ni-B/B composite coatings to indentation with progressive loading. The embedding of boron particles into the Ni-B matrix enhances the material’s strength. Coatings deposited from baths with higher concentrations of the dispersion phase show greater resistance to indenter pressure during the test. The least resistant is the Ni-B coating without embedded particles, for which the penetration depth of the indenter is over 1700 nm. As the concentration of boron particles in the bath increases, the depth of the indenter pressing against the coating material decreases. The coatings deposited from baths with a concentration of 0.5 and 1.0 g/dm3 of the dispersion phase show the highest indentation hardness (HIT), Martens hardness (HM), and Young’s modulus (EIT). The analysis of the elastic strain rate in the DSI study of deposited Ni-B and Ni-B/B coatings indicates the dominant role of plastic strain. The Ni-B/B (1.0) coating exhibits the largest portion of elastic deformation (KH), amounting to 36%, while the Ni-B coating without embedded particles exhibits the smallest share of approximately 30%. The embedding of boron particles in the dispersion phase into the Ni-B material causes an increase in the share of elastic deformations. The results of the DSI tests align with the microhardness measurements conducted using the Knoop method (Figure 7), which revealed an increase in hardness with the increasing concentration of the dispersion phase in the bath in which the coatings were deposited. The Ni-B coating without embedded particles exhibits the lowest hardness (approximately 700 HK0.025), whereas the Ni-B/B (1.0) coating demonstrates the highest hardness of about 900 HK0.025. Slight differences in hardness results in DSI and Knoop measurements may be attributed to a non-uniform coating structure and variations in measurement locations. Ni-B alloy coatings are well-known for their high hardness. In this type of materials, the quantity of boron as an alloying component in the Ni-B matrix significantly influences the hardness. As the boron content in the matrix increases, the hardness of the coating material increases [30]. Strengthening of the Ni-B matrix due to the embedding of particles of the dispersion phase may arise from the utilization of particles with high hardness.




3.4. Tribological Properties of the Produced Coatings


The outcomes of tribological tests conducted using the ball-on-disc method are presented in Table 6, along with the average friction coefficient values, wear track width, and wear track depth. Images displaying the damage after the tribological test are shown in Figure 8.



The friction coefficient of the tested Ni-B and Ni-B/B coatings is rather unstable and shows large fluctuations. The Ni/B sample without embedded particles was the least stable in the test data. Scatter in the determination of the friction coefficient for this type of material is also reported in papers [31,32]. The average value of the friction coefficient for the Ni-B coating is relatively high and is 0.8277. The incorporation of boron particles into the Ni-B matrix results in a decrease in the average friction coefficient value. The lowest average coefficient of friction (0.6879) is characteristic for a coating deposited in a bath with a boron concentration of 1.0 g/dm3. With the increase in the concentration of boron particles in the bath in which the coatings were deposited, the coefficient of friction decreases, which is a favorable phenomenon from a technical standpoint. The tribological properties of the tested coatings are influenced by both the hardness of the coating material and the degree of surface development of the deposited composite coatings [33]. In the case of the tested Ni-B and composite Ni-B/B coatings, the predominant damage mechanisms during tribological tests are the following adhesive wear and abrasive wear. The much harder alumina ball wipes a trace in the softer Ni-B coating material, and the friction pair also results in the chipping of coating particles and the dispersion phase (B), which further contributes to the micro-ploughing effect (Figure 9) [34]. Natarajan also reports improved wear resistance in composite materials [35].




3.5. Combination of the Produced Coatings with the Substrate Materials


The combination of Ni-B and Ni-B/B composite coatings with a steel substrate was scratch tested. Images of coating damage after the test are shown in Figure 10.



Gradually increasing the load while moving the indenter on the tested material induces initial elastic and subsequent plastic deformations, eventually leading to the destruction of the tested coatings. The harder the material is, the more resistance it exhibits, and its damage can be more severe. The critical load Lc1, which denotes the formation of the first cohesive cracks in the tested material, is a significant parameter. Cohesive cracks occur due to the frictional forces between the moving indenter and the coating, caused by stress accumulation before and after the indenter [36]. In the case of the tested Ni-B and Ni-B/B coatings, slight chippings resulting from the surface morphology were observed. For all the tested composite coatings (Ni-B and Ni-B/B), the first radial cracks (Lc1) were observed within a load range of 15–20 N. As the indenter progresses, the cracks propagate, but the material retains its cohesion. The cracks are formed at the bottom of the scratches and are perpendicular to the direction of the scratches. Both the size and number of radial cracks increase with increasing loading force [37]. There were no specific differences in the scratch test for the tested coatings depending on the concentration of the dispersion phase in the bath. No delamination or destruction of the coatings occurred in the tested materials. Scratch tests of the electroless-deposited Ni-B coatings are discussed in the paper [31], which shows similar trends in coating preservation.




3.6. Corrosion Properties of the Produced Coatings


The results of corrosion tests conducted on the studied Ni-B and Ni-B/B coatings are shown in Figure 11 and Table 7.



The polarization curves recorded for both Ni-B and Ni-B/B composite coatings demonstrate a similar nature of corrosion processes under the tested conditions. In all cases, general corrosion was observed. With the embedding of B particles in the baths with the B content in the range from 0.1 to 1.0 g/dm3, a shift in the corrosion potential towards more positive values was recorded, from −380 mV for the Ni-B coating without embedded particles to −321 mV for the Ni-B/B (1.0). Furthermore, there was a gradual decrease in the corrosion current density, which was 2.2 µA/cm2 for Ni-B and (1.0) 0.85 µA/cm2 for Ni-B/B (1.0). Therefore, it can be concluded that the embedding of boron particles into the Ni-B coating increases the corrosion resistance of the composite coating. For the tested surface, both the anodic and cathodic portions of the polarization curve exhibited the lowest current density values. This phenomenon may be attributed to changes in the coating’s morphology occurring with an increase in the amount of incorporated boron particles.





4. Conclusions


Using chemical reduction on a carbon steel substrate, Ni-B/B composite coatings were successfully produced from baths with varying concentrations of boron particles. The embedding of boron particles into the Ni-B coating significantly influences the structure, morphology, and properties of the produced composite coatings. The Ni-B/B composite coatings exhibit a compact structure and strong adhesion to the steel substrate. Increasing the concentration of the boron dispersion phase in the bath changes the surface morphology from cauliflower-shaped to spherical and reduces the degree of surface roughness of the coatings produced. It also has a positive effect on the tribological, mechanical, and corrosion properties of the produced Ni-B/B composite coatings. The coating deposited from a bath with a dispersion phase particle concentration of 1.0 g/dm3 displayed the most favorable corrosion, mechanical, and tribological properties compared to the Ni-B coating without embedded B particles. The findings are as follows:




	
The average coefficient of friction of the Ni/B-B coating (1.0) is 17% lower compared to the Ni-B coating without embedded particles; for all tested coatings the main failure mechanisms are adhesive wear and abrasive wear.



	
The hardness of the Ni-B-B (1.0) coating is higher than the hardness of the Ni-B coating without embedded particles: HK0.025 by 28%, HIT by 17%, and HM by 15%.



	
The higher corrosion resistance of the Ni-B/B (1.0) coating compared to the Ni-B coating without embedded particles is visible in the lower values of the corrosion potential (−321 mV) and the corrosion current density (0.85 µA/cm2).








Coatings of this type can be applied to metal components to improve their performance properties.
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Figure 1. Schematic diagram of laboratory setup for the deposition process. 
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Figure 2. Scheme of the T11 tribosystem [25]. 
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Figure 3. SEM image and diffraction pattern of used boron powder. 






Figure 3. SEM image and diffraction pattern of used boron powder.



[image: Coatings 13 01535 g003]







[image: Coatings 13 01535 g004] 





Figure 4. Surface morphology and cross-sections of produced coatings: (a) Ni-B; (b) Ni-B/B (0.1); (c) Ni-B/B (0.5); (d) Ni-B/B (1.0). 
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Figure 5. Diffraction patterns of steel substrate material (base), Ni-B, and Ni-B/B coatings. 
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Figure 6. Dependence of load on depth in the process of penetration of the indenter into the material of the tested Ni-B and Ni-B/B coatings. 
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Figure 7. Microhardness of Ni-B and Ni-B/B coatings. 
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Figure 8. Friction coefficient as a function of sliding distance for Ni-B and Ni-B/B coatings. 
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Figure 9. Images of damage after tribology test of Ni-B and Ni-B/B coatings: (a) Ni-B; (b) Ni-B/B (0.1); (c) Ni-B/B (0.5); (d) Ni-B/B (1.0). 
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Figure 10. Images of damage after scratch test of Ni-B and Ni-B/B coatings: (a) Ni-B; (b) Ni-B/B (0.1); (c) Ni-B/B (0.5); (d) Ni-B/B (1.0). 
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Figure 11. Polarization curves recorded for Ni-B and Ni-B/B coatings. 
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Table 1. EDS analysis of the chemical composition of boron powder.
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	Element
	Mass (%)
	Atom (%)





	B
	97.77
	98.48



	O
	2.23
	1.52










 





Table 2. Boron content in the form of dispersion particles in produced composite coatings.
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	Concentration of Boron Particles in the Bath (g/dm3)
	Weight of Ni-B/B Coating (g)
	Mass of Embedded B Particles in Ni-B/B Coating (g)
	Content in the Coating (%)





	0
	0.3345
	0
	0



	0.1
	0.3744
	0.0026
	0.69



	0.5
	0.2689
	0.0052
	1.93



	1.0
	0.2687
	0.0101
	3.76










 





Table 3. Surface roughness of the tested Ni-B and Ni-B/B coatings.
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	Coating
	Surface Roughness Ra (µm)





	Ni-B
	0.707



	Ni-B/B (0.1)
	0.700



	Ni-B/B (0.5)
	0.591



	Ni-B/B (1.0)
	0.460










 





Table 4. Chemical composition of Ni-B coating tested by the ICP OES method.
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	Element
	Result (ppm)
	SD (ppm)
	RSD (%)





	B
	71,536.67
	895.40
	1.25



	Pb
	9090.33
	376.72
	4.14



	Ni
	932,400.00
	3500.00
	0.38










 





Table 5. Mechanical properties of Ni-B and Ni-B/B coatings from DSI tests.
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Coating

	
Microhardness

	
Depth (nm)

	
Elastic Modulus

Eit (GPa)

	
KH (%)




	
HIT (MPa)

	
HM (MPa)






	
Ni-B

	
5454 (±47)

	
3919 (±47)

	
1711 (±11.1)

	
130 (±6.1)

	
30




	
Ni-B/B (0.1)

	
6194 (±105)

	
4289 (±58)

	
1636 (±12.9)

	
128 (±1.55)

	
33




	
Ni-B/B (0.5)

	
6869 (±94)

	
4812 (±82)

	
1544 (±12.8)

	
150 (±4.4)

	
32




	
Ni-B/B (1.0)

	
6408 (±195)

	
4496 (±103)

	
1595 (±19.2)

	
140 (±4.6)

	
36











 





Table 6. Friction coefficient of the tested Ni-B and Ni-B/B coatings.
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	Coating
	Average Friction Coefficient





	Ni-B
	0.8277 ± 0.2019



	Ni-B/B (0.1)
	0.7618 ± 0.1037



	Ni-B/B (0.5)
	0.7203 ± 0.1244



	Ni-B/B (1.0)
	0.6879 ± 0.1250










 





Table 7. Corrosion parameters of the tested coatings.
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	Coating
	Ecor (mV)
	Icor (µA/cm2)





	Ni-B
	−380
	2.2



	Ni-B/B (0.1)
	−370
	1.85



	Ni-B/B (0.5)
	−345
	1.42



	Ni-B/B (1.0)
	−321
	0.85
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