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Abstract

:

In this study, electrodeposition of NiP composite coatings with the addition of SiC 100 nm was carried out on low carbon steel studying the effect of additives (sodium dodecyl sulfate, saccharin), particles load (10 or 20 g/L) and current density (1, 2 and 4 A/dm2). As a benchmark, coatings from an additive-free bath were also deposited, despite additives being essential for a good quality of the coatings. The coating’s morphology and composition were evaluated by scanning electron microscope (SEM) equipped with energy dispersive spectroscopy (EDS). It was shown that by addition of sodium dodecyl sulfate (SDS), pure NiP coating with a higher P content was achieved, and their morphology changed to nodular. SDS also reduced the codeposited fraction of SiC particles, while saccharin increased it. SiC loading and current density had less impact respect to the additives on codeposition of SiC particles. Finally, the microhardness of NiP coatings did not increase linearly by codeposition of SiC particles.
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1. Introduction


Nickel-based alloy coatings and composites have been studied as substitutes for hard chromium coating, in which the production is currently restricted by Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) regulations [1]. NiB and NiP coatings are two alternative coatings due to their properties. NiB coatings have high hardness, wear and abrasion resistance but are limited to applications within microelectronic industries and have much higher running costs. In contrast, NiP coatings have a more comprehensive industrial application due to their high corrosion resistance [2,3,4,5,6,7,8,9,10,11]. NiP coatings can be categorized into three groups according to phosphorous content: Low phosphorous, from 2 wt.% to 5 wt.%; medium phosphorous, from 6 wt.% to 9 wt.%; and high phosphorous, between 10 wt.% and 13 wt.%. By increasing the P content of the coatings, corrosion resistance improves while the hardness and wear resistance of the coatings decrease [3,7]. Although NiP coatings have been deposited mainly by the electroless technique, electrodeposited NiP coatings are a relatively new research topic and have attracted attention in recent years due to their low cost, easy manufacturability and rapidity [11].



The hardness of NiP coatings is not sufficiently high for some demanding applications, although there is a possibility of further hardening by heat treatment of NiP coatings when the substrate is able to withstand the heat treatment. In order to harden the coating without heat treatment, the coatings can be reinforced with hard particles, which has demonstrated high hardness and proper wear resistance compared to pure metal or alloy coatings [12,13,14,15,16]. The properties of composite coatings depend primarily on the matrix, the amount and the distribution of co-deposited particles. Meanwhile, the amount and distribution of particles are related to electrodeposition parameters including particle characteristics (particle shape, size, concentration and surface charge), electrolyte composition (additives, surfactant type and concentration), pH and applied current (direct or pulsed current and current density) [17,18,19,20,21]. Several studies have reported the effect of process parameters on the amount of codeposited particles in the metal matrix [18,19,20,21,22,23,24,25]. However, a low number of particles are usually codeposited in the case of nanoparticles, and they tend to agglomerate, which results in the poor mechanical behaviour of the coatings. Hence, increasing the amount of codeposition as well as improving the particle distribution in the matrix are the crucial issues that require further investigation.



It is well known that introducing additives to the electrolyte affects the properties and appearance of deposits [20,22,25]. Additives can be categorised based on their application as grain refiners, levelling agents, and wetting agents or surfactants. Saccharin is a common brightening agent in the electrodeposition of nickel, which refines grains, inhibits the hydrogen evolution reaction and reduces the internal stress of the coatings [25,26,27,28]. In previous studies, it was shown that the addition of saccharin significantly improves the cathode current efficiency of the NiP electrodeposition [29]. However, saccharin decreased the SiC codeposition and phosphorus content, compared to deposits obtained from saccharin-free baths [30].



Surfactants such as sodium dodecyl sulfate (SDS) are needed in the case of electrodeposition processes where the current efficiency is below 100%. Hydrogen evolution is the common secondary cathodic reaction, and SDS can reduce the residence time of the H2 bubble on the cathodic surface, and also pitting as well as porosity. Surfactants are beneficial for enhancing the stability and uniformity of the electrolyte by increasing the wettability and changing the surface charge of the particles [31]. The effect of surfactants such as SDS and cetyltrimethylammonium bromide (CTAB) on the electrodeposition of composite coatings has been studied, and improvement in the distribution of SiC particles in the composite coating was shown [32,33,34]. Hongmin et al. [35] reported that the dispersion of 40 nm SiC in Ni–SiC coating is superior with the addition of SDS to the electrolyte as opposed to the addition of CTAB to the electrolyte. Hou et al. [36] found that the addition of CTAB decreased the agglomeration of inherently hydrophobic SiC particles in the electrolyte. Besides, the co-deposition of sub-micron SiC particles content increased with increasing concentration of CTAB in the electrolyte. Malfatti et al. [20] concluded that the addition of anionic (SDS) and cationic (cetyltrimethylammonium hidrogensulfate, CTAHS) surfactants decreased the amount of co-deposited 600 nm SiC particles, indicating that the particle incorporation was practically independent of the surfactant’s charge. Rundik et al. [34] found the presence of CTAB on the particles reduced the current efficiency due to a decrease in the number of metal ions adsorbed on the particles. On the other hand, the fine-grained nickel matrix of the composite with high microhardness was obtained.



Apart from additives, current density and particle loading have their impacts on the incorporation of particles, and there is a threshold for current density and particle loading above which that particle codeposition reduces [16,36,37]. Proper co-depositing of reinforcing particles within the NiP matrix can produce a coating with improved hardness, corrosion and wear resistance. However, Hou et al. [36] reported that the addition of SiC particles increases the surface roughness of pure NiP coatings. This paper focuses on the comparison of the SiC codeposition in the presence of different additives, commonly used in industrial processes, under different deposition parameters. Therefore, NiP/SiC coatings were deposited on steel at different current densities and SiC loadings. Additives were added to the bath to find the optimized condition which can enhance the codeposition rate of nano SiC particles while maintaining the good quality of NiP matrix with low surface roughness.




2. Materials and Methods


Nickel high phosphorous (NiP) alloys were electrodeposited by direct plating from a modified Watts bath on low carbon steel sheets. The NiP bath was prepared according to Table 1 with additives. In order to study the effect of additives, three different baths, as listed in Table 1, were prepared. Bath 1 was additive-free, bath 2 had 3 g/L of saccharin, and bath 3 contained both saccharin and SDS. The deposition was carried out in a thermostated cell with a wall thickness of 2 cm, and a bath volume of 2 L. The distance between the vertical anode (Ni sheet with a purity of 99.9%) and cathode was 12 cm. The pH of the solution was adjusted by adding sulfuric acid or sodium hydroxide and kept constant (pH: 2.15) with continuous adjustment. Either 10 or 20 g/L of silicon carbide (β-SiC, provided by GetNanoMaterials, Saint-Cannat, France) particles with the average size of 100 nm were added and dispersed by magnetic stirring for 24 h before plating. During electroplating, stirring was maintained at 250 rpm with a magnetic stirrer (6 cm width and 0.7 cm diameter) to produce the composite coatings. The size of the SiC particles was chosen according to previous results [7]. Composite coatings were named according to the SiC loading in the bath as NiP/10SiC and NiP/20SiC in this study. Electrodeposition was carried out at 70 °C with 1, 2 and 4 A/dm2 current densities.



Before electrodeposition, the steel substrates were pre-treated by mechanically grinding with SiC paper (abrasive paper, grades #500 and #800) to remove the surface oxide layer, cleaned ultrasonically in an alkaline soap and activated by pickling for 8 min in 2.5 M H2SO4 at 50 °C. The current efficiency was evaluated by measuring the weight of the coating and comparing with the theoretical deposited mass. The weight of the coating (Δm) was determined by weighing the substrate before and after plating with high precisions scales (±0.0001). The Faraday law (Equation (1)) was used to calculate the theoretical mass (mt) of the coating during deposition, and finally, current efficiency was calculated according to Equation (2).


   m t  =  (   x 1     M 1     N 1    +  x 2     M 2     N 2     )  ×    I t   F     



(1)






  C u r r e n t   e f f i c i e n c y    (  C E  )  % =   Δ m    m t    × 100  



(2)




where, M1 and M2 are the molar mass of the Ni and P, respectively. N1 and N2 are the electrons exchanged during deposition by the Ni and P; x1 and x2 are the molar fraction of Ni and P, respectively; in the final coating, I is the applied current (A), t is the total time of deposition (s), and F is the Faraday’s constant (96,485 coulombs).



The deposition was carried out for 1 h, and the coating thickness varied between 20 to 35 µm depending on the current efficiency.



After deposition, the surface of the coatings was studied by scanning electron microscopy (SEM, JSM-7001F, JEOL, Akishima, Japan) equipped with energy dispersive spectroscopy (EDS, 55100, EDAX, Mahwah, NJ, USA) to characterize both the morphology and composition of the coatings. SEM and EDS analyses were run at 15 kV, and probe current of 14 A. SEM images were captured by secondary electrons. The spectrum of five different areas on each sample was collected, and then the average composition of the coatings and their standard deviation were calculated. The microhardness of the coatings was measured on the coating’s cross-section (centerline of the cross-section) by a Vickers indenter (NanoTestTM Vantage, 40.36, Micro Materials, Wrexham, UK) with an indentation load of 200 mN and dwell time of 10 s. Fifteen measurements were run for each coating, and their average and standard deviation were calculated.




3. Results and Discussions


3.1. Deposition Current Efficiency (CE)


Figure 1 shows the current efficiency (CE) of the deposition in different conditions. As seen, the current efficiency in baths 1 and 2 changed between 40% to 70% (considering the error bars) depending on the SiC loading and current density. In the additive-free bath (bath 1), increasing current density enhanced the CE of pure NiP, while adding either SDS (bath 3) or saccharin (bath 2), the highest CE was achieved at 1 A/dm2 for pure NiP coatings. In the case of the composite bath regardless of the SiC loading, maximum CE was achieved mainly at 1 or 2 A/dm2. Higher current density increased the H2 evolution and therefore reduced the CE. It has also been reported that SiC particles can adsorb protons and consequently, result in increased hydrogen evolution [29,38,39]. In this study, CE varies in a wide interval, and neither addition of SiC nor increasing current density decreased the CE values. Nor did CE increase with the addition of saccharin. Hence, the contribution of these different parameters demonstrates a complicated process which does not show a trend.




3.2. Coatings Morphology


Figure 2 exhibits the surface morphology of the coatings obtained at different conditions. NiP coatings (Figure 2a–c) deposited from bath 1 have a smooth surface without any features, and even by increasing the current density, their morphology did not change. Whereas, the addition of SiC particles in the bath results in nodular morphology (Figure 2d–f) and by increasing the SiC loading (Figure 2g–i) as well as current density, the nodularity increased. It seems that by increasing both current density and SiC particles, more nucleation sites can be produced which reduces the size of those domains and resulting in finer nodules. The nodular morphology was observed by other researchers as well [40,41,42]. Sarret et al. [40] found similar nodular morphology of NiP coating with the addition of nano-sized SiC particles, although NiP coatings were deposited from a different bath from that which was used in this study. Mafi et al. [41] deposited electroless NiP coatings with nodular morphology; they also observed that surfactant concentration affects the morphology of the coatings while in the presence of SDS, nodular morphology of NiP/Polytetrafluoroethylene (PTFE) coatings was achieved at all studied concentrations of SDS. The small white areas on the surface of the coatings (Figure 3a) are SiC particles as confirmed by EDS map in Figure 3b, and it can be seen that SiC particles were agglomerated. Figure 3d demonstrated the EDS map of P on NiP/20SiC coatings. It can be seen in Table 2, that the nodules (area 1) have the same wt.% P (around 14%) as the flat areas (area 3) while the nodule boundary (area 2) has less wt.% P (8%).



By comparing Figure 2d–i, it is shown that by increasing the particle loading and current density, the SiC codeposition is also enhanced.



Pure NiP coatings (Figure 4a–c) deposited from bath 2 (only saccharin addition) have a smooth surface, similar to the ones deposited from bath 1 (additive-free). While at 4 A/dm2 (Figure 4c), some nodules were observed. In the case of composite coatings (Figure 4d–f), nodularity is evident, and the size of nodules decreased; while their population, as well as SiC particles codeposition increased by increasing SiC loading (Figure 4g–i) and current density, similar to what was observed in Figure 2. By comparing Figure 2 and Figure 4, it seems that saccharin increased the SiC codeposition and reduced the nodular size.



In the presence of both SDS and saccharin (bath 3), nodularity appeared even in pure NiP coating at current densities of 2 and 4 A/dm2 (Figure 5b,c). Less SiC particles are seen on the surface of composite coatings. The morphology of the composite coatings in Figure 5 is similar to the ones in Figure 2 at current densities of 1 and 2 A/dm2.



These results showed that higher current density and addition of SiC particles changed the morphology of the coatings to nodular. On the other hand, SDS addition reduced the SiC incorporation, while increasing nodularity.



This nodular morphology has been observed by Grosjean et al. [43] where micron-sized SiC particles are incorporated into a NiP matrix, but also in NiP deposition without particles [3,44]. Grosjean et al. [43] related the nodular morphology to the formation of phosphorus, while Kalantray et al. [44] attributed it to an increase of the bath pH since by increasing the pH the phosphorus content of the deposit reduces and the number of nodules on the surface increases. Sarret et al. [40] believed that the formation of these nodules is not due to a reduction of the phosphorous content but related to a change in the growth mechanism promoted by the incorporation of the nanoparticles. The codeposition of particles to the NiP matrix modify the surface finish in terms of brightness and surface roughness. The NiP coatings obtained in this study are bright and smooth, while after the addition of SiC particles, the surface becomes matt and rougher, depending on the codeposition percentage. Amell et al. [45] attributed the formation of nodules to the weight fraction of nanoparticles in the coating. In this study, pH was adjusted before plating. However, the local pH can increase due to the H2 evolution during the deposition. The EDS map, also in Figure 3d, confirms that some nodules boundaries have less P content than the other areas. As a result, the formation of the nodule can be attributed to a local increase in pH by increasing current density and changing growth mechanism by adding nano SiC particles.




3.3. Coatings Composition


Coatings composition was analysed by EDS on the surface of the coatings, and the results are plotted in Figure 6. According to Figure 6a, all coatings have more than 10 wt.% P which confirms the deposition of Ni high P coating. Pure NiP coating has a bit higher P content than composite coatings. Lower wt.% P was obtained by increasing SiC loading in deposited coatings from bath 2. Moreover, increasing current density decreased wt.% P for coating produced in baths 1 and 2. The composition of the coatings produced from bath 3 does not obey the same rule as the others and the wt.% P of pure NiP coating from bath 3 is higher than the pure coatings obtained from baths 1 and 2.



The wt.% SiC particles in the coatings are shown in Figure 6b. Maximum wt.% SiC was achieved from bath 2, and by increasing the current density, more SiC particles were codeposited in bath 2. Meanwhile, the dispersion of wt.% SiC became less uniform by increasing current density since higher error bars can be seen at 2 and 4 A/dm2 respective to 1 A/dm2. According to Figure 6b, saccharin has the most impact on codeposition of SiC particles, and SDS decreases SiC particles incorporation. Figure 6c shows only a slight trend between wt.% P and codeposition of SiC particles in the NiP matrix, but some other factors might affect the wt.% P in the matrix.



The increase in wt.% SiC particles in bath 1 by increasing current density to 4 A/dm2 can be attributed to the increasing tendency for adsorbed particles to arrive at the cathode surface, which is in agreement with the Guglielmi model. However, the increase in wt.% SiC by increasing current density is not observed in other conditions. The inconsistency of particle codeposition was also observed by Ünal et al. [23]. This inconsistency can also be explained by considering that the amount of codeposited particles is governed by the particle flux to the metal surface, which depends on current density according to Equation (3) [46].


   J p  =   3  V  m , M     4 π  r 3  z F  N A       x v    1 −  x v    i  



(3)




where Vm,M is the molar volume of the metal, r is the radius of the particles, z is the charge of the metal ion, F is Faraday’s constant, NA and i are Avogadro’s constant and current density, respectively, and xv is the volume fraction of the particles in the coating. At high current densities, nickel ions are transported faster than SiC particles, which results in a lower wt.% SiC. The occurrence of hydrogen evolution also increased by increasing current density, which can hinder the codeposition of SiC particles to the matrix. There is not a clear trend for the codeposition of SiC particles with current density in bath 2 and the coatings produced in bath 3, current density did not affect the codeposition rate. It seems that the addition of these additives changed the surface states of SiC particles. SiC particles are inert while physical adsorption of ions or surfactant molecules from the electrolyte modifies the particle’s surface which tends to be surrounded by an ionic cloud and promotes electrophoretic migration of the particles towards the cathode. SDS is an anionic additive that can increase the negative surface charge of particles [46] and reduce the particle’s incorporation. Nevertheless, Rezaei et al. [22] observed in their study that the particles’ surface charge is not the dominant factor for codeposition.



According to Figure 6b, increasing the SiC loading did not increase the codeposition of SiC particles at all current densities and wt.% SiC varied more in 20 g/L SiC loading. Increasing particle concentration in the electrolyte can increase the incorporation of SiC particles by increasing the number of SiC particles that reach the cathode. Meanwhile, higher SiC particles concentration may lead to their agglomeration due to their poor wettability, which ends up lowering SiC incorporation as seen by Walsh et al. [25]. It should be noticed that SiC particles that touched the cathode surface for a sufficient period can be successfully entrapped by growing the Ni matrix around it [16]. Hence, if higher SiC loading caused agglomeration, their entrapment adhesion in the matrix is lower, and they can be removed by the flow of the bath as seen by Ger et al. [47]. Therefore, not only SiC loading but also capturing capacity of the NiP layer determines wt.% SiC in NiP matrix. Hou et al. [36] also observed that a high concentration of SiC particles shielded the cathode surface from the flux of incoming SiC particles. It should also be considered that the same value of codeposited SiC particles (in bath 3), despite twice SiC loading in the bath, can be due to the less concentrated ratio of surfactant to SiC in NiP/20SiC than in NiP/10SiC bath.



According to the above results, it can be seen that 10 g/L SiC loading, the addition of Saccharin and current density of 1 A/dm2 are the optimum conditions for deposition NiP/SiC coatings. Higher SiC loading results in SiC agglomeration, thus reducing their codeposition. SDS reduced the SiC codeposition, which can be due to the increase in the negative charge of the particles. Saccharin produced the finer nodular with more boundaries which can enhance the mechanical entrapment of SiC particles and hence increase their codeposition in the matrix.




3.4. Coatings Microhardness


Microhardness of the coatings was measured on their cross-section by Vickers indenter, and the results are shown in Figure 7. Coatings deposited from bath 1 have microhardness values around 800 HV0.02, and neither increasing current density nor increasing SiC loading affect their microhardness values. A slight increase of hardness can be achieved by SiC addition in bath 2 (with saccharin), but the hardening is quite limited despite the high wt.% of SiC. Maximum microhardness (900 HV0.02) was achieved in NiP/20SiC coating deposited from bath 2 at 2, and 4 A/dm2. All the coatings deposited from bath 3 have lower microhardness values (about 750 HV0.02) than the others, even in the pure condition.



Moreover, presence of SiC particles and saccharin can change the residual stress of NiP coatings as seen by Alexis et al. [48] and Berkh et al. [30] which can influence the microhardness of the coatings as well. Alexis et al. [48] showed that the tensile stress of the coating decreases with the increase in SiC content in the electrolyte and Berkh et al. [30] exhibited that deposits with compressive stresses can be formed with increasing particle size and concentration. They also reported that by adding saccharin, internal stresses were close to zero throughout the investigated pH range. It must be considered that not only the weight percentage of the particles but also their dispersion as well as their interface coherency with the matrix, have crucial roles in their impact on the hardness values.





4. Conclusions


This paper focused on the codeposition of SiC nanoparticles in NiP coatings produced by electrodeposition. Due to the typical application of additives during the industrial production of such coatings, the work compared the codeposition in the presence or absence of saccharin and SDS under different process parameters. In particular, the effect of current density, SiC loading in the presence of the different additives on the codeposition of SiC particles were studied, and the following results were obtained:




	
Additive-free bath produces smooth surfaces due to the amorphous state of the NiP alloys. However, the presence of the 100 nm SiC powder induced a nodular morphology. Higher current density, as well as SiC loading, resulted in more and finer nodular morphology. Regarding the additives, the addition of SDS promoted the formation of the nodules in the pure NiP coatings and promoted coarser nodules in other cases.



	
The particles slightly influenced the current efficiency of the process, and therefore, pH changed a bit (From 2.15 to 2.32) during the deposition which led to a slight reduction in wt.% P of the coatings by increasing SiC particles codeposition. Additives did not influence the current efficiency noticeably, while SDS increased the P content of pure NiP coatings.



	
The addition of saccharin increased the SiC codeposited fraction from 7 wt.% (maximum content of SiC in the coatings without additives) to the maximum 13 wt.%, while SDS, reduced it to 1 wt.%.



	
There is no direct relation between codeposited wt.% SiC and the coating´s microhardness values since SiC codeposition rate is not the only factor determining the hardness of these coatings, as the particles might interact with the microstructure as well.
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Figure 1. Effect of SiC loading, SDS, saccharin as well as current density on current efficiency of electrodeposition NiP coating. 
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Figure 2. SEM images of surface of (a–c) NiP, (d–f) NiP/10SiC, (g–i) NiP/20SiC. (a,d,g) i: 1 A/dm2, (b,e,h) i: 2 A/dm2, (c,f,i) i: 4 A/dm2 deposited from bath 1. 
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Figure 3. (a) SEM and (b) EDS map of Si for NiP/10SiC coating deposited from bath 2 at 1 A/dm2; (c) SEM image and (d) EDS map of P of NiP/20SiC deposited from bath 3 at i: 1 A/dm2. 






Figure 3. (a) SEM and (b) EDS map of Si for NiP/10SiC coating deposited from bath 2 at 1 A/dm2; (c) SEM image and (d) EDS map of P of NiP/20SiC deposited from bath 3 at i: 1 A/dm2.



[image: Coatings 09 00554 g003]







[image: Coatings 09 00554 g004 550] 





Figure 4. SEM images of the surface of (a–c) NiP, (d–f) NiP/10SiC, (g–i) NiP/20SiC. (a,d,g) i: 1 A/dm2, (b,e,h) i: 2 A/dm2, (c,f,i) i: 4 A/dm2 deposited from bath 2. 
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Figure 5. SEM images of the surface of (a–c) NiP, (d–f) NiP/10SiC, (g–i) NiP/20SiC. (a,d,g) i: 1 A/dm2, (b,e,h) i: 2 A/dm2, (c,f,i) i: 4 A/dm2 deposited from bath 3. 
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Figure 6. The composition of NiP and composite coatings deposited at different conditions (a) wt.% P in the metallic coating, (b) wt.% SiC (c) The relation between wt.% P and wt.% SiC in the coatings. 
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Figure 7. (a) Microhardness values of the coatings at different conditions; (b) the relation between microhardness and wt.% SiC. 
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Table 1. Deposition baths and parameters.
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	Chemical Compositions
	g/L
	Bath 1
	Bath 2
	Bath 3
	Parameters





	NiSO4·7H2O
	100–150
	✓
	✓
	✓
	i: 1, 2, 4 A/dm2



	NiCl2·6H2O
	15–30
	✓
	✓
	✓
	T: 70 °C



	H3BO3
	15–30
	✓
	✓
	✓
	Agitation: 250 rpm



	H3PO3
	100–130
	✓
	✓
	✓
	Anode: Pure Ni sheet



	SiC
	10, 20
	✓
	✓
	✓
	pH: 2.15



	Sodium dodecyl sulfate
	0–1
	–
	–
	✓
	–



	Saccharin
	0–3
	–
	✓
	✓
	–
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Table 2. wt.% P of NiP/20 SiC coating, on the nodule surface and nodule boundary.
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	Areas
	Area 1
	Area 2
	Area 3





	wt.% P
	14.35
	8.02
	14.28
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