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 This thesis covers the design and optimization of an electroless deposition process aiming 

to develop a novel range of Ni-P coatings exhibiting advanced features both at micro- and 

nanoscales using a proprietary low-P electroless nickel solution. At the microscale, the work 

focuses on the development of novel plating approaches enabling the production of multilayer 

coatings for functional applications, whereas at the nanoscale emphasis is laid on the production 

of ultrathin Ni-P coatings permeable to different wavelengths of the electromagnetic spectra. 

  In order to boost the performance of low-P electroless nickel coatings, the electrolyte 

underwent an optimization routine by the Taguchi method. First, it was possible to enhance 

individual coating properties via univariate optimization, such as P content, thickness, hardness, 

wear and corrosion resistance. Next, in order to achieve the best combination of wear and 

corrosion resistance, a multivariate optimization was carried out. The resulting electrolyte 

rendered coatings with three times lower corrosion rate in comparison with those derived from 

univariate optimization while maintaining the mechanical properties at the maximum values 

achieved in the univariate optimization. 

 The optimized solution was then employed for the production of Ni-P multilayer coatings. 

The multilayer architecture allowed, while keeping the mechanical properties at their best, 

increase the coating response towards corrosion thanks to the interphases generated during the 

plating process. In the as-deposited state, the presence of interphases delayed the corrosion 

attack. After annealing, the multilayer coatings are able to effectively protect the base material by 

modifying the path of the corrosive attack towards the substrate. Thus, when exposed to the 

corrosive environment, the interphases allow the lateral spreading of corrosion products which, 

when sufficiently accumulated, prompted the exfoliation of the outermost layer and exposed the 

fresh Ni-P layer underneath to the corrosive media. This behaviour was not observed in 

monolayered coatings. Tribocorrosion studies in open circuit potential conditions revealed that 

multilayer coatings exhibit 3.5 times less worn volume in comparison with monolayered coatings 

under the same testing conditions. These results highlighted the importance of the plating 

approach on the performance of low-P electroless nickel coatings. 

 Regarding the work performed at the nanoscale, a novel plating process leading to Ni-P 

coatings on polymeric materials has been developed, which allows producing ultrathin Ni-P 

coatings (75-150 nm) with permeability to radar waves in the 75-90 MHz band. Wave permeability 

was later enhanced by 50% after subjecting the coatings to cryogenic treatment. Interestingly, the 

same synthetic approach allowed the production of ultrathin Ni-P coatings featuring light 

permeability in the thickness range of 75-400 nm. The later makes it possible that the light passes 

through the coating, enabling an on/off aesthetic finishing depending on lighting conditions. This 

new process gives rise to a new range of Ni-P nanocoatings exhibiting unprecedented features, 

paving the way for novel applications in which electroless nickel has not been considered so far.
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 Esta tesis abarca el diseño y optimización de un proceso de deposición de níquel químico 

para el desarrollo de nuevos recubrimientos Ni-P con funcionalidades avanzadas, en la micro y la 

nano-escala, a partir de una formulación propia de níquel químico de bajo contenido en fósforo. 

En la micro-escala, el trabajo se ha focalizado en el desarrollo de nuevos procesos de deposición 

para la producción de recubrimientos multicapa para aplicaciones funcionales. Respecto a la 

nano-escala, se han sintetizado nuevos recubrimiento Ni-P ultra-delgados los cuales exhiben 

permeabilidad frente a distintas longitudes de onda del espectro electromagnético. 

 Para mejorar las prestaciones de una formulación propia de níquel químico de bajo 

contenido en fósforo se realizó una optimización de la misma mediante la metodología Taguchi. 

Así fue posible potenciar, de forma individual mediante optimización univariante, características 

tales como el contenido en fósforo, espesor, dureza y resistencia al desgaste y la corrosión. 

Posteriormente, mediante optimización multivariante, se optimizó de manera conjunta la 

resistencia al desgaste y la corrosión. Así, fue posible obtener recubrimientos con una velocidad 

de corrosión 3 veces inferior a la mejor solución alcanzada en la optimización univariante, 

manteniendo las mejores propiedades mecánicas.  

Esta formulación se empleó para la síntesis de recubrimientos Ni-P multicapa. Estos 

mostraron como, manteniendo las mejores propiedades mecánicas, ofrecen un mejor 

comportamiento frente a la corrosión gracias a las interfases generadas en el proceso. Una vez 

obtenidos, los recubrimientos multicapa permiten retrasar el avance del frente de corrosión 

gracias a la presencia de las interfases, capaces de detener el progreso de grietas y defectos. Tras 

un tratamiento térmico adecuado, los recubrimientos multicapa son capaces de proteger el 

material base de la corrosión promoviendo el desplazamiento lateral de los productos de 

corrosión derivados del ataque, que cuando se acumulan suficientemente provocan la exfoliación 

de la capa, exponiendo la siguiente al medio corrosivo. Este comportamiento no se observó en 

recubrimientos monocapa. Los recubrimientos multicapa ofrecen también mejoras significativas 

bajo la acción combinada de desgaste y corrosión. Ensayos de tribocorrosión en condiciones de 

potencial de circuito abierto y en presencia de NaCl 3.5 wt.% mostraron un desgaste 3.5 veces 

menor para las multicapas que para los recubrimientos monocapa. Estos resultados ponen de 

manifiesto la importancia del método de producción en las propiedades finales de los 

recubrimientos Ni-P. 

Por último, a partir de esta formulación fue posible sintetizar recubrimientos ultra-

delgados de Ni-P (75-150 nm) permeables a radar en la banda 75-90 MHz, permitiendo aumentar 

la permeabilidad en un 50% mediante el tratamiento criogénico de los recubrimientos obtenidos. 

Así mismo, mediante la misma técnica, se sintetizaron recubrimientos de Ni-P permeables a la luz 

visible en un rango de espesor 75-400 nm. Estos últimos permiten el paso de luz a su través, 

generando una estética on/off en función de las condiciones de iluminación. El nuevo proceso 

desarrollado permite obtener una nueva generación de recubrimientos Ni-P con propiedades 

avanzadas. 
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 ABS: acrylonitrile-styrene-butadiene 

 ANN: artificial neural networks 

 bct: body centered tetragonal 

 COF: coefficient of friction 

 CVD: chemical vapor deposition 

 DoE: design of experiments 

 DoF: degrees of freedom 
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 Er: reduced Young´s modulus 
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 This thesis has been organized in different chapters which are listed and described below: 

 Chapter 1 constitutes the introduction, which covers the description of the electroless 

nickel plating technology, focusing on the fundamentals of low phosphorous electroless 

nickel coatings. Optimization routines are outlined, highlighting the use of the Taguchi 

approach for electrolyte optimization. Moreover, the state-of-the-art of Ni-P based 

multilayers along with the latest developments in electroless nickel nanocoatings is 

compiled.  

 Chapter 2 lists the main goals of the thesis and includes a schedule of conducted work. 

 Chapter 3 addresses the experimental set-up employed for the production of Ni-P 

coatings at both micro- and nanoscales. A description of the main experimental 

techniques for coatings characterization is listed 

 Chapter 4 covers, as a compilation of articles, the experimental results dealing with 

electroless nickel electrolyte optimization and its use for the synthesis of Ni-P multilayers. 

The performance in terms of mechanical properties and corrosion resistance, both 

separately and jointly, by means of tribocorrosion studies, of such coatings is assessed.   

 Chapter 5 gathers the results dealing with the synthesis of electroless nickel 

nanocoatings and its utilization in radome and lighting applications. Two filled patents 

derived from the results of the research are included as annexes.  

 Chapter 6 includes the different annexes of the thesis, namely electroless nickel based 

multilayers book chapter as well as the patents related to radome and lighting 

applications.  

 Chapter 7 provides a general discussion of the results achieved in the different studied 

systems, namely Ni-P electrolyte optimization, Ni-P multilayer coatings and Ni-P 

nanocoatings.  

 Chapter 8 summarizes the main conclusions of the thesis. 

 Chapter 9 outlines future research in the field. 
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1 

INTRODUCTION 

 
 

Electroless nickel plating (ENP) is a chemical route for metal deposition which proceeds in 

the absence of electrical current. It is an immersion process that leads to a homogeneous metal 

deposition thickness on substrate areas in contact with the solution. Therefore, thickness 

homogeneity irrespective of substrate or component geometry is one of the main advantages of 

electroless plating in comparison with current-assisted processes such as electrodeposition [1]. As 

shown in figure 1.1, excellent corrosion resistance and superior mechanical properties are among 

the features of electroless nickel, making these coatings ideal protective layers for a wide range of 

materials, including non-conductive ones. These outstanding functionalities have made 

electroless nickel to find a niche in some of the most demanding industrial sectors like 

automotive, aeronautics, petrochemical, and electronics sectors. [2–5]. 

 First insights about chemical reduction of nickel cations by hypophosphite were reported 

by A. Wurtz in 1844 [6]. However, these early processes rendered just nickel powder due to the 

instability of the solution. In the coming years, several researchers (i.e. Bretau, Roux, etc.) 

continued working in the topic and were able to finally obtain bright metallic coatings on all the 

surfaces immersed in the reaction vessel after the addition of the reducing agent [7]. In 1911, 

Roux was granted a patent for the deposition of thick nickel coatings on aluminium substrates [8]. 

Yet, the method did not find any practical application at that time and so was consigned to 

oblivion. 
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It was not until 1946 when Brenner and Riddell, who were scientist at the General 

American Transportation (GTAC), reported the production of electroless Ni coatings in a 

controlled manner in their seminal paper “Nickel plating on steel by chemical reduction” [9], 

setting the foundations of electroless nickel technology from the mechanistic and practical points 

of view. Later, Brenner and Riddell expanded the electroless plating technology to other metals 

while the GATC continued maturing the technology in view to its industrial deployment [10]. 

 The electroless plating technology continued its evolution in the coming decades, pushed 

by the development of more stable electrolytes, which paved the way for its industrial 

implementation worldwide [11]. Moreover, the ability of electroless nickel to allow co-deposition 

of particulate matter expanded the potential applications of composite materials due to the 

synergistic effects achieved by particle incorporation into the Ni-P matrix [12]. A wide variety of 

particles, both at the micron and nanoscale, can be co-deposited along with the Ni-P matrix (i.e. 

Al2O3, SiC, TiO2, SiO2, Fe3O4, PTFE, Mo2S, diamond, CNT, etc.) for boosting the performance of 

regular electroless nickel [13–19]. Electroless nickel based alloy plating has been another 

important research niche in the field, although with limited industrial penetration. Ni-W-P was the 

firstly reported electrolessly plated alloy [20]. It has been the most widely studied ternary alloy 

due to the enhancement of both wear and corrosion resistance properties of tungsten-containing 

Ni-P deposits [21–23]. Besides, a wide range of ternary and quaternary Ni-P based alloys have 

been widely studied for several applications [24,25]. Nevertheless, other strategies for improving 

the performance of electroless nickel coatings, such as novel plating approaches (i.e. multilayer) 

and optimization of electrolyte´s chemistry, are more appealing to industry and need to be 

developed. 
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Figure 1.1. Main features of electroless nickel coatings. 

The increasingly stringent environmental regulations, along with an increased awareness 

for occupational health, are currently pushing both industry and academia towards the 

development of more sustainable and eco-friendly processes. Over the past few years the surface 

finishing industry, key player in some of the most leading industrial sectors, is progressively 

replacing some of their most hazardous processes (e.g. chromium and cadmium plating) thanks to 

the research carried out in recent years in the field. In this context, high performing coatings for 

functional applications are urgently required in the aeronautics, automotive, and electronics 

sectors, among others. In this scenario, ENP has emerged as one of the closest 1 to 1 replacement 

for some of the harmful plating technologies above mentioned due to its excellent features. 

Additionally, the outbreak of nanotechnology opens new venues in the development of novel 

metallic materials at the nanoscale exhibiting unforeseen features, representing a novel playing 

field for electroless nickel. 

1.1. Electroless nickel plating 

ENP involves metal deposition with the assistance of a reducing agent present in the same 

solution without the need of electrical current. During the process, a fraction of the reducing 

agent is incorporated into the coatings giving rise to a nickel alloy. Different reducing agents can 

be used for ENP, but hypophosphite remains the most used, accounting for 95% of the industrial 

application of electroless plating. In a simplified manner, electroless nickel deposition from acidic 

hypophosphite electrolytes can be expressed as [26]: 
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 Ni2+ + 2H2PO2
- + 2H2O  Ni + 2H2PO3

- + H2 + 2H+ (1.1) 

In the presence of a catalytically active substrate, hypophosphite anions reduce the nickel 

cations to its metallic state. Several side reactions are responsible for the production of ortho-

phosphite and protons along with hydrogen evolution, which are characteristic of this process. 

Despite the simplicity of equation 1.1, the mechanism behind electroless nickel deposition 

reaction is still not completely understood. Several pathways have been proposed since the 

discovery of the process in 1946. Brenner and Riddell proposed the so-called atomic hydrogen 

mechanism [9]. The reactions involved in this mechanism are depicted in Figure 1.2. However, this 

mechanism failed at explaining phosphorous co-deposition and was latter modified by Gutzeit 

[27].  

 

Figure 1.2. Schematic representation of the atomic hydrogen mechanism. 

Throughout the history of ENP other researches have postulated different mechanistic 

paths to explain the reactions involved in the electroless nickel process, namely hydride transfer 

[28], electrochemical [29] and metal hydroxide mechanisms [30]. In 1981, Van den Meerakker 

proposed the uniform mechanism, which was supported by the mixed potential theory and 

highlighted the catalytic nature and the high activation energy of the electroless process. It 

accounts for the influence of pH in the plating rate as well as the process efficiency [31]. However, 

this mechanism did not find the support of the research community in the field [32]. 
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The different mechanisms proposed for ENP consider the contribution of nickel cations, 

reducing agents, and suitable catalytic surfaces for explaining the reactions involved. However, 

the chemistry behind this process is much more complicated. Indeed, electroless nickel 

electrolytes are complex multicomponent solutions [33]. Table 1 gathers the main components of 

electroless nickel solutions and their role in the process. 

Table 1 Components of an electroless nickel solution 

COMPONENT ROLE 

Nickel cations Delivery of the metal cations to be deposited 

Reducing agent Reducing media 

Complexing agent 
Forms nickel complexes and prevents an exceedingly large 

concentration of free Ni. It also acts as pH buffer 

Accelerator 
Weakening of the P-H bonds in the hypophosphite molecule, 
making P to be more easily released and adsorbed onto the 

substrate surface 

Stabilisers 
Prevent sudden decomposition of the solution by masking 
the catalytically active nuclei generated during the process 

Buffers Keep the pH value constant over an extended working period 

pH modifiers For accurate adjustment of the pH of the solution 

Wetting agents Increase the wetting properties of the surfaces to be coated 

The chemistry of the solution and operational variables such as pH, temperature, stirring 

and working load, impact the final phosphorous (P) content in the alloy which, in turn, mainly 

governs the properties of the coatings [34]. Three different types of electroless coatings can be 

identified according to its P content: 1) High-P content alloys (10-14 wt.%P) possess superior 

corrosion resistance in acidic media but limited mechanical properties; 2) Low-P coatings (1-5 

wt.%P) exhibit high hardness and low wear rate at the expense of poorer corrosion resistance in 

acidic media, although they perform much better than high P coatings in alkaline solutions [35]; 3) 

Medium content coatings (6-9 wt.%P) offers a good trade-off between mechanical properties and 

corrosion resistance. Therefore, electroless nickel coatings exhibit a broadly tuneable range of 

functionalities to meet the needs of the most leading engineering applications (Figure 1.3) [36].  
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Figure 1.3. Main applications fields of electroless nickel coatings. 

Historically, corrosion prevention and hard memory disks have been the major target 

markets of electroless nickel coatings. This is why mid and high phosphorous electroless nickel 

coatings have been at the forefront of this technology, whereas low phosphorous coatings 

account for just 5% of the total business in electroless plating [37]. Yet, the excellent mechanical 

properties (hardness, wear, abrasion, etc.) provided by low phosphorous electroless nickel 

coatings, which rival those exhibited by chrome plating and other high-performing coatings, place 

them in a position of strength in the plating industry. Conversely, formulations and working 

parameters are yet being optimized in order to boost the overall performance of low-P electroless 

nickel coatings. Moreover, novel plating strategies (i.e. multilayer approach) would help enhance 

the performance of low-P electroless nickel coatings by turning them eligible for the most 

demanding working environments. 

1.1.1. Low phosphorous electroless nickel 

As discussed earlier, low phosphorous (Low-P) electroless nickel coatings have poorly 

evolved in recent years due to the preeminent position of high phosphorous coatings in the field 

of corrosion protection. However, the need of the European Chemical Agency (ECHA) for 

authorisation of hexavalent chromium alternatives has prompted, both industry and academia, to 

quest for alternative coatings with outstanding mechanical properties. Among the available 

alternatives, electroless nickel coatings have been considered as one of the most promising 

candidates to replace environmentally hazardous processes and metals due to their excellent 

physicochemical properties [38].  

As described above, the phosphorous content of the Ni-P layer mainly govern its 

microstructure and properties [39]. It is worth recalling that phosphorous has a negligible 

solubility in the nickel matrix of around 0.17 wt.%, correspondingly Ni-P coatings are considered a 
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supersaturated solution of P in the nickel matrix [40]. This kind of coatings are typically 

nanocrystalline and exhibit the face-centered-cubic structure (fcc) with preferred orientation in 

the (111) direction [41]. The increase of P content into the lattice of the nickel matrix promotes 

changes in the crystallinity of the coatings from nano/micro crystalline to amorphous for the 

highest P content. In turn, the properties of the coatings greatly vary as a function of the 

concentration of the co-deposited alloying element [42].  

Electroless Ni-P coatings, and low-P coatings in particular, exhibit a lamellar 

microstructure when suitably etched (Figure 1.4). This lamellar structure develops as a result of 

the local variations of the pH while plating. During deposition, the evolution of hydrogen makes 

the pH to rise, which causes slight variations of the phosphorous content in the growing layer, 

giving rise to the characteristic banded structure of electroless nickel coatings. This particular 

microstructure is retained even after annealing and has no apparent effect in the mechanical 

properties of the coatings [43]. The lamellar structure is still preserved when additional alloying 

elements (i.e. W, Sn, Re, Ce, etc.) are co-deposited with the Ni-P matrix with the aim to enhance 

specific features [44]. 

 

Figure 1.4. Optical micrograph of an etched cross-section of a Ni-P coating. Reprinted with permission from Elsevier 
[44]. 

 Excellent mechanical properties are one of the more demanding features of low-P 

electroless nickel coatings. As shown in Table 2, the lower the P content, the higher the hardness 

and the better the wear resistance of the coatings. The outstanding mechanical properties of low-

P electroless coatings are highly related to their nanocrystalline structure. It has already been 

reported that P segregation from the nickel matrix takes place at the grain boundaries of the 

coatings, inhibiting grain growth and favouring the development of its nanocrystalline structure 

[45]. The latter is characterized by an extremely high volume fraction of grain boundaries, and 

triple junctions, which inhibits the movement of dislocations. As a result, these coatings are 

characterized by a high yield and fracture strength, high hardness and enhanced wear resistance 

in comparison to micro-crystalline and amorphous materials [46].  
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Table 2. Effect of P content on crystalline structure and properties of as-deposited Ni-P coatings. The arrows up and 
down indicate in which direction the given property improves. Adapted from [42] 

P content 
(wt.%) 

 

Structure Properties 

Hardness Wear 
Corrosion  
resistance 

Magnetic  
moment 

1-5 Nanocrystalline  
 
 

6-9 

Mixture: small 
crystallites embedded 

in an amorphous 
matrix 

10-14 Amorphous 

 As-deposited low-P coatings usually exhibit hardness values in the range of 600-700 Hv, 

which are superior to those exhibited by high phosphorous coatings (i.e. 400-500 Hv), but still far 

below the hardness values of other electrodeposited metallic hard coatings such us hard 

chromium, which possesses hardness values as high as 1100 Hv in as-deposited state [47]. The 

hardness of low-P coatings is attributed to two phenomena which are mutually related. On the 

one hand, the effect of co-depositing low amounts of phosphorus and the derived nanocrystalline 

microstructure plays a role. Phosphorous exhibits a solid solubility of 0.17 wt.% in the nickel 

matrix in equilibrium [48], and therefore the Ni-P alloy becomes a supersaturated solid solution of 

phosphorous in nickel when this threshold is surpassed, promoting the so-called metallic matrix 

strengthening [49]. Inclusion of phosphorous in the nickel lattice is also accompanied by a 

remarkable increase in the internal stress of the coating, which also promotes higher hardness. 

On the other hand, low-P coatings are characterized by a nanocrystalline structure, with grain 

sizes ranging from 2 nm to 10 nm as a result of the grain refinement effect caused by 

phosphorous co-deposition. It has been widely reported in the literature that the presence of 

small grains in nanocrystalline materials strengthen the metallic matrix by hindering the 

movement of dislocations, thus imparting a positive effect on material’s resistance to plastic flow 

[50].  

Suitable thermal annealing can further enhance the hardness of low-P coatings up to 1100 

Hv, making them truly competitive as compared to hexavalent chromium, especially when hard 

chromium is heat treated because its properties worsen with temperature [51] . On annealing, 

recrystallization of the nickel matrix occurs by grain coarsening of the newly precipitated body-

centered tetragonal (bct) Ni3P phase. The Ni3P particles precipitate preferentially at the grain 

boundaries and triple junctions boundaries, impeding grain dislocation under the so-called 

precipitation hardening phenomena [52]. Hardness increase in low-P coatings upon annealing 
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depends on both temperature and heating rate, and it reaches a maximum in the range of 375-

400 °C. In this temperature range, differential scanning calorimetry (DSC) studies have confirmed 

the precipitation of Ni3P phase and their subsequent grain growth, with an associated energy for 

crystallization of 180 ± 4 kJ/mol. These values are lower than those reported for amorphous (high-

P) electroless nickel coatings, which require 240 ± 5 kJ/mol for crystallization of the reinforcing 

phase [53]. Above optimal annealing temperature there is a decrease in hardness values due to 

grain coarsening of both nickel and Ni3P phases. This trend is observed regardless of the 

phosphorous content of the electroless nickel coating as shown in Figure 1.5 [47]. 

 

Figure 1.5. Effect of phosphorous content and annealing temperature on hardness of Ni-P coatings. Reprinted with 
permission from [47].  

 Phosphorous co-deposition with nickel also improves wear performance of the material 

due to the lubricious nature of phosphorus. This fact, together with its nodular on-top 

morphology, which help retaining the lubricant character under high wear conditions, makes 

electroless nickel coatings one of the preferred choices for avoiding wear on metallic substrates. 

Addition of suitable secondary phases (i.e. PTFE, MoS2, etc.) can further reduce wear in these 

materials [54]. Wear performance correlates theoretically with material hardness, but the wear 

properties of a coating also depends on the nature of applied stress and surface morphology, 

among others [55]. In the case of electroless coatings, phosphorous content and thermal 

annealing play a key role in their wear performance. The trend with the phosphorous content is 

the same as that observed for hardness. Low phosphorous coatings exhibit the best performance 

towards wear among the three types of electroless nickel coatings.  
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Figure 1.6. Abrasion resistance of as-deposited Ni-P coatings as a function of phosphorous content and applied load. 
Reprinted with permission from Elsevier [50]. 

Low-P electroless nickel coatings outperforms their highly-alloyed counterparts under 

abrasion wear. On the other hand, they also exhibit better behavior under adhesive wear due to 

the improved load support they offer. One of the main applications of electroless nickel coatings 

with regard to wear is to avoid fretting wear, which originates from relative oscillatory motion 

between two surfaces in unlubricated condition. In this case, coatings with high hardness, which 

are capable of dissipating the heat generated at the contact points, are desired. Low-P coatings 

can dissipate thermal energy in metal-metal contact scenarios more efficiently than other 

electroless nickel coatings. Under erosion wear, low-P coatings also offer higher performance due 

to their higher melting point and better thermal dissipation of the heat originated during impact 

[56]. Suitable thermal annealing of low-P coatings improves their wear behavior due to the 

hardening of the metallic matrix [17]. However, Ni-P coatings become simultaneously more brittle 

and this should be taken into account when deciding the appropriateness of low-P coatings for a 

given application. Thus, the development of low-P coatings with the best mechanical properties in 

the as-deposited state, able to cope with the most demanding working conditions, is a current 

demand. 

Historically, the main application of electroless nickel coatings has been corrosion 

prevention. High-P coatings offer superior corrosion resistance because of their amorphous 

microstructure. Electroless nickel coatings are a barrier type coating because they protect the 

base material by sealing it off from the corrosive environment, as opposed to a sacrificial coating 

(i.e. Zn). Thus, coating thickness and defects play an important role in this respect, especially 

when coatings are applied on ferrous substrates, although other parameters should also be 

considered, as depicted in figure 1.7 [57]. 
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Figure 1.7. Main factors affecting corrosion performance of electroless nickel coatings. 

The superior corrosion resistance for high-P electroless nickel coatings over their low-P 

counterparts is a generally accepted feature. This holds true in neutral and acidic environments, in 

which P plays a key role by promoting the dissolution of nickel from the alloy matrix [58]. This 

enables the formation of a P rich region that blocks the access of the electrolyte towards the alloy 

surface, thereby preventing nickel hydration, which is considered the first step in nickel 

dissolution [57,59]. Conversely, low-P coatings offer superior corrosion resistance in alkaline 

environments over high and medium P coatings. In alkaline media, an outer Ni(OH)2/NiO layer 

forms, which protects the coating from the corrosive environment. The detrimental effect of P in 

alkaline environments has been demonstrated by X-ray photoelectron spectroscopy (XPS) 

analysis. Namely, P interferes with the precipitation of Ni2+ into Ni(OH)2 and/or NiO. In contact 

with an alkaline electrolyte, the P from the alloy is oxidized presumably to phosphate (PO4
3-), 

requiring Ni2+ cations to maintain electro-neutrality. These Ni2+ cations form Ni3(PO4)2, which 

possesses greater solubility than Ni(OH)2 in alkaline media. Thus, the higher the amount of P in 

the coating, the higher the concentration of nickel ions consumed in the process, leaving behind 

less Ni2+ available for forming the protective Ni(OH)2 film [35,59]. The performance of different 

electroless coatings under immersion in acid and alkaline media is shown in figure 1.8.  
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Figure 1.8. Corrosion rate of electroless nickel coatings under immersion test in a) 75% (v/v) phosphoric acid and b) 
35% (v/v) sodium hydroxide [56]. Reprinted with permission from Taylor and Francis. ‘EN’ stands for electroless 
nickel and ‘LP’, ‘MP’, and ‘HP’ stand for low, medium and high phosphorous-containing coatings. 

On annealing, precipitation of the bct Ni3P phase and grain coarsening may have an 

opposed effect on the corrosion performance. As mentioned earlier, low-P coatings exhibit a 

nanocrystalline structure. They undergo grain coarsening with annealing, with an increase of grain 

size in the range of 40-70 nm and a decrease of the number of grain boundaries and triple 

junctions. The latter are considered active paths for corrosion attack and thus, a decrease of their 

number generally improves the corrosion resistance of the coatings [46]. On the other hand, the 

presence of the Ni3P phase may promote the occurrence of active-passive sites, which trigger 

localized corrosion, therefore worsening the corrosion protection ability of the coatings.  

It is thus clear the need for improving the corrosion performance of low-P electroless 

nickel coatings in acidic and neutral solutions, including Cl- containing electrolytes, to widen their 

portfolio of potential applications. 

Under real working conditions materials are subjected to more than one single 

degradation mechanism at the same time. Tribocorrosion studies the degradation of materials 

subjected to the simultaneous action of chemical and mechanical effects in tribological contact 

[60]. Importantly, material degradation under tribocorrosion conditions is not just the sum of the 

mechanical wear and corrosion damage separately, but it is generally higher [61]. Although 

usually applied on passive materials, several studies regarding the tribocorrosion performance of 

electroless nickel coatings have been conducted recently. However, most of them have been 

conducted on high-P electroless nickel coatings, including nano/micro particle-containing coatings 

[62,63]. In high-P coatings subject to tribocorrosion, a P-rich layer forms as a result of preferential 

nickel deposition. This layer has a decisive role on coating performance under the combined 

action of wear and corrosion. Thermal annealing also has a big influence on the tribocorrosion 

performance of the coatings due to the thermal-induced hardening of the metallic matrix and the 
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presence of different outer layers that grew on annealing [64]. Since tribocorrosion studies of 

low-P coatings are scarce, it is timely relevant to deepen into the understanding of their 

tribocorrosion behavior. 

In summary, low-P electroless nickel coatings exhibit excellent mechanical properties but 

limited corrosion resistance in near neutral and acidic conditions. Their excellent mechanical 

properties rival those shown by other high-performing coatings but not their corrosion resistance, 

which needs to be improved. In order to boost their performance, a deeper understanding of the 

effect of the bath´s constituents on the final properties of the coatings would help enhancing the 

features of low-P coatings. Moreover, novel plating approaches leading to new coating 

architectures such as multilayers will allow developing coatings with superior features for use in 

highly demanding applications. 

1.1.2. Optimization of electroless nickel formulations by design of 

experiments (DoE) 

Electroless nickel electrolytes are multicomponent solutions involving a wide variety of 

chemical compounds of different nature, acting in a large range of concentrations, and having a 

direct impact on the P incorporation in the coatings and, so, on their final properties [65–68]. 

Moreover, experimental conditions such as plating time [69], temperature [70], pH [71] and 

stirring [72] also have a direct influence on the composition and properties of Ni-P alloys. The 

optimization of systems as such which involve a high number of parameters require tools that 

allow obtaining as much information as possible with a reduced number of experimental trials. 

Design of experiments (DoE) is a common approach for retrieving and organising the maximum 

amount of information from the system while reducing time, energy and cost of optimization in 

comparison with conventional research routines. 

Key concepts behind the DoE were first introduced by R. A. Fisher in 1920 [73]. Most of 

the research conducted in the field in those times was carried out at academic level. Yet, Fischer 

was able to prove the utility of DoE in agriculture. Specifically, he studied the optimal conditions 

of watering, sunlight exposure, rain, fertilizer and soil effect to maximize crop production. Later, 

DoE was successfully implemented in a wide variety of applications and become a valuable tool in 

process optimization. 

In general, a system can be defined as a combination of machines, processes, people and 

other useful resources able of transforming an input into an output with one or more observable 
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responses. Some of the variables of the process can be controlled (denoted by x in Figure 1.9), 

whereas some other variables cannot be controlled during the process (referred to as z in Figure 

1.9). During the deployment of the DoE approach, intentional changes are applied to the input 

variables to observe the corresponding modification on the output of the process. 

 

Figure 1.9. Scheme plot of a DoE routine. 

The main advantages of DoE with regard to classical research strategies can be 

summarized as follows [74]: 

 Fewer experimental trials are needed in comparison with traditional research 

approaches to obtain high quality information of a given process. 

 DoE allows studying the effect of each individual variable and its potential 

interaction with the other variables. 

 The results are firstly obtained from a mathematical framework and constitute a 

projection of the expected result for the studied variable. 

 It is possible to differentiate the meaning of the observed effect by distinguishing 

between real effects and random variations. 

The DoE approach, which includes in its methodology the use of multiple regression, 

response surface evaluation and several analysis of variance techniques, is carried out in two 

differentiated stages, as summarized below [75,76]: 

 Screening: some factors and their interactions are first evaluated through a 

reduced number of trials by means of a fractional design. This means that not all 

the factor related space is evaluated. The obtained information allows the 
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researcher to detect trends and, therefore, help his/her in the decision-making 

process. 

 Optimization stage: the optimum levels for the various factors considered are 

sought. The objective of the optimization stage is to detect the experimental 

conditions that give rise to the best possible solution. Also, it allows disclosing 

which effects are useful for the optimization and which ones can be neglected, 

so the final model used in the prediction is more simple, effective and robust. 

After running the DoE routine, a confirmatory (experimental) test must be carried out in 

order to validate the obtained value and the model [77]. The mathematical background at the 

core of the DoE methodology has been updated over the years. 

1.1.2.1. The Taguchi approach 

In the 60s, Dr. Genichi Taguchi simplified the ideas of R. A. Fisher to expand the use of the 

principles behind DoE to science and engineering applications, by abandoning the traditional 

approach which required a fancy use of mathematics and statistics. The development of the 

Taguchi approach gained its maximum credit in the 80s in the industrial production field. As a 

matter of fact, the term quality engineering was coined for its application to the design and 

development of industrial processes. The Taguchi approach puts the focus on the quality during 

the early stages of process/product design and recognizes the relative importance of the 

governing factors for diminishing the variability on the response of the desired process/product 

[78].  

The Taguchi approach is a fractional factorial design that uses orthogonal arrays (O.A.) for 

estimating the effect of the different factors involved in the process on the target response, 

minimizing their variability [79]. The O.A. allows the investigation of every factor separately, thus 

reducing the time and cost of the research [80]. While the objective of the classical experimental 

approach is the identification of the factors affecting the average response and their control, the 

Taguchi approach focusses on the reduction of the variability by identifying the factors that 

reduce the system performance variability, that is, the so-called noise. The results obtained from 

the experimental array are then transformed into a signal-to-noise ratio (S/N) to measure the 

deviation of the feature under study from the target values [81]. Higher S/N means higher quality 

response as the effect of noisy factors is minimized. There are three main categories for the 

analysis of the S/N ratio; namely “the lower the better”, “the higher the better”, and the “nominal 
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the better”. They express different logarithmic relations between mean and standard deviation of 

the obtained data that account for the quality of the optimization process and its sensitivity to 

variations [82,83].  

Optimization of electroless nickel process has been widely carried out with the Taguchi 

approach because of the large number of variables involved in the process, both from a 

compositional and operational points of view, and because of the profound effect they have on 

coating properties. A wide variety of examples of optimization of the different constituents and 

operating conditions of electroless nickel processes have been put forward in the literature based 

on this approach. These studies include the effect of reducing agent, citrate, pH, temperature and 

stabilizer on the P content for both Ni-P and Ni-P-W coatings. For example, Shu et al. determined 

the optimal electrolyte composition at pH 7 (20 g/L H2PO2
- and 60 g/L of citrate) for reaching 

minimum P content in the coatings. Moreover, the use of orthogonal arrays in the study allowed 

unravelling the effect that thiourea had on the process, namely, thiourea inhibited P deposition in 

Ni-P plating [84]. The effect of solution chemistry on different outputs has also been recently 

evaluated for glycine-based solutions. Even in the case of solutions containing a single complexing 

agent, it is possible to maximize different features by studying 4 factors at 3 levels, i.e., using a L9 

O. A. Thickness, roughness and hardness were maximized independently using different factor 

arrangements by Omar et al. [85]. In a similar manner, the optimization of the reducing agent 

concentration during replenishing events was shown to enhance plating speed by 42%, therefore 

expanding the lifespan of the electrolyte [86]. 

Apart from electrolyte design, one of the main applications of the Taguchi approach is the 

enhancement of the properties of the coatings for specific applications. Roughness is one of the 

features to control when coating a substrate. Taguchi approach has been used for optimizing 

working parameters to achieve the most convenient roughness. Depending on the experimental 

set-up, it is possible to obtain surface roughness values in terms of average roughness coefficient 

(Ra) in the range 1.03-0.23 µm by just optimizing temperature and concentrations of nickel ions 

and hypophosphite in the electrolyte in a L27 O. A. [87]. Similarly, the Taguchi approach has been 

used for optimizing surface roughness in coatings deposited from sodium dodecyl sulfate (SDS) 

containing electrolytes. SDS favors the formation of finer nickel particulates during the electroless 

process [88]. Hardness is one of the main features considered when applying a protective coating 

and it can be also optimized by this approach. From simple electrolyte formulations, it is possible 

to obtain coatings with hardness values from 388 HV200 up to 1065 HV200 depending on parameter 

configuration [89]. Comparable hardness values were found in coatings for which the nickel 
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content and hypophosphite concentrations and operating temperature had been optimized in 

alkaline conditions [90]. Namely, hardness values up to 983 HV10gf were obtained, which increased 

up to 1120 HV10gf after suitable annealing of the coatings. On the other hand, wear resistance can 

be minimized upon suitably optimizing the parameters, although thermal annealing is the 

principal strategy for wear reduction due to concomitant nickel crystallization and Ni3P phase 

precipitation [55]. The research carried out with alkaline electrolytes also revealed not only the 

influence of electrolyte temperature on the wear resistance but also the interaction between the 

reducing agent concentration and electrolyte temperature. This interaction had the highest 

contribution on the frictional force, allowing a 67% reduction in the friction coefficient [91].  

 As mentioned above, high-P coatings are employed for corrosion protection due 

to their amorphous nature. The occurrence of an amorphous structure of Ni-P coatings mainly 

depends on the P content, which can be tuned by the pH of deposition. This factor is the most 

influential one at enhancing the corrosion protection ability of Ni-P coatings, reaching jcorr values 

of 0.757×10−6 A/cm2 for Ni-P coatings on low carbon steel substrates [92]. The addition of anionic 

surfactants to the electrolyte formulation can serve to improve the corrosion performance of the 

coatings. However, their concentration in the electrolyte requires optimization. Optimal 

concentration of surfactant helps reducing porosity due to a decrease in the amount of nickel 

particles generated during deposition [93]. Composite plating is another strategy for improving 

the corrosion resistance of the electroless coatings. High-P electrolytes are frequently selected for 

incorporating particles into the electrolyte due to their higher protection ability. Finding the 

optimum particle concentration is crucial as particle concentration can affect both the 

functionality of the coating and the stability of the electrolyte due to the dramatic enhancement 

of the active surface caused by the very large surface-to-volume ratio of the particles, especially 

at the nanoscale. In the case of TiO2 based composites, plating temperature and particle 

concentration are the most important parameters to enhance the corrosion performance of the 

coatings [94]. 

For the optimization of electroless nickel formulations and coatings’ performance, the 

Taguchi approach is typically carried out on simple electrolytes composed of a nickel ions source, 

a reducing agent, and a single complexing agent. In most of the cases, these formulations yield 

high-P coatings, hence optimizations of multicomponent low-P electrolytes are currently lacking. 

Another limitation of the Taguchi approach is the difficulty of facing multivariate response 

optimization. This is of great importance in the optimization of the properties of electroless 

coatings as they are subject to multiple degradation mechanisms simultaneously (i.e. corrosion, 
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wear, etc.) during its service life. In recent years, the Taguchi approach has been updated in order 

to deal with multivariate analysis. The most common approach is the so-called Grey Relational 

Analysis, but many other methodologies have emerged for its implementation in the optimization 

of multi-response problems such as genetic algorithms [95], artificial neural networks (ANN) and 

Response Surface Methodology (RSM) [47]. In order to obtain efficient electroless nickel 

processes and high-performing coatings under very demanding working environments, we need 

to deepen into the understanding of multi-response optimization. This knowledge will help 

designing the best coating configuration depending on the target application, thereby increasing 

the versatility of low-P electroless nickel coatings. 

1.2. Electroless nickel based multilayers 

The multilayer architecture has been explored in recent years for enhancing the 

performance of metallic coatings as they outperform the single layer counterparts (also known as 

monolayered coatings). In the multilayer approach several interfaces parallel to the substrate are 

generated during deposition, which act as barriers for dislocation motion and impede crack 

propagation [96]. Moreover, the combination of layers of the same or different nature into a 

single coating’s architecture allows enhancing mechanical and tribological properties, and 

corrosion resistance. Historically, vacuum-based technologies such as physical vapor deposition 

(PVD), chemical vapor deposition (CVD) or similar have been the preferred technologies for the 

production of multilayered metallic coatings. However, the low throughput and high initial capital 

investment hinder their industrial application [97]. In this sense, ENP can be regarded as a facile 

route for the production of multilayered materials due to the simple equipment involved, the 

versatility in terms of composition derived properties and their ability to homogenously coat 

complex geometries. These features make ENP technology a suitable technique for the 

production of high-performing multilayered metallic materials. 

Three different strategies are currently pursued for the production of electroless nickel 

multilayered coatings; namely, single bath approach, dual/multiple bath approach and the so-

called hybrid electro-electroless coating deposition technique. The later combines electroless and 

electrodeposition for the production of multilayered materials [98,99]. Bilayered coatings are the 

simplest multilayered coatings. Ni-P/Ni-B bilayered coatings have been investigated in recent 

years due to the complementary properties they exhibit in terms of corrosion protection and 

mechanical properties [100,101]. These studies highlight the importance of proper selection of 
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the inner and outer layer depending on the end application of the coatings. The role of the 

interfaces on the performance of bilayered materials is another issue to consider. In the case of 

Ni-B/Ni-P coatings, the columns of the columnar growth of the boron-based coatings constitute 

preferential paths for the progress of corrosion. However, corrosion attack can be effectively 

blocked by the presence of the interfaces generated during the plating process, thus enhancing 

the corrosion resistance of the coatings. The use of a composite layer in the bilayered coatings has 

also been deeply studied with the aim to enhance the corrosion resistance of the coatings. A 

composite-based outer layer helps blocking the progress of the corrosion in chloride media.  

Several combinations are possible in multilayered coatings made of more than two Ni-P 

layers offer to meet the requirements of the end application. Among them, graded coatings are 

one of the preferred options within electroless coatings. For example, one can combine the 

excellent mechanical properties and adhesion force of low-P coatings with the superior corrosion 

resistance of high-P coatings. The multilayer approach also allows combining several Ni-P/Ni-B 

layers sequentially. In this sense, a 2-3 fold increase of the Taber Wear Index (TWI) has been 

reported for multilayered materials compared with monolayered coatings, highlighting the 

importance of the plating approach on the final properties of the coatings [102]. Multilayered 

coatings can also involve ternary or quaternary alloys layers as well as composite layers in the 

coating architecture, especially in multilayers intended for corrosion prevention. Moreover, 

electroless based multilayered coatings can benefit from suitable thermal annealing for enhancing 

their mechanical properties via precipitation hardening, as in the case of conventional 

monolayered coatings. Yet, limited information of the effect of annealing on the properties of 

multilayer coatings is available in the literature. 

A detailed review of the latest research on electroless nickel based multilayers can be 

found in Annex 1. This review deals with the most recent developments in electroless nickel 

multilayers, including the impact of plating parameters, layer arrangements and the effect of 

thermal annealing on the final performance of the coatings. Future trends in the field are also 

outlined.  

1.3. Electroless nickel nanocoatings 

Metallic nanocoatings are defined as metallic layers in which at least one of their 

dimensions, or constituents, is at the nanoscale. ENP allows obtaining metallic coatings at the 

nanoscale in a very simple manner over a wide range of substrates, including both conductive and 
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dielectric materials. A vast number of studies dealing with electroless nickel nanocoatings 

incorporating nanoparticles as reinforcing materials can be found in the literature, which exhibit 

thicknesses of several tens of microns or even higher [13,15,103–105]. Although they content 

nanosized materials, so they can be correctly referred to as nanocoatings, this section will only 

focus on coatings exhibiting thickness at the nanoscale. Metals other than Ni (i.e. palladium, 

silver, gold, copper, etc.) can be electrolessly plated at the nanoscale but this section will cover 

only nickel-based nanocoatings [106]. 

Electroless nickel coatings are usually applied in the range 10-400 µm, far away from the 

characteristic thickness of nanosized materials, in order to meet functional properties such as 

hardness, wear and corrosion resistance, etc. However, the ability of ENP to coat dielectric 

materials and its homogeneous thickness distribution, even at the nanoscale, makes electroless 

nickel coatings potential candidates for the production of novel functional nanocoatings in a 

sustainable, efficient, and scalable manner. 

 One of the first uses of electroless nickel nanocoatings was as a conductive layer in the 

plating on plastic (PoP) process. It is the nanocoating typically employed in the metallization of 

acrylonitrile-styrene-butadiene (ABS) substrates in order to render them electrically conductive. 

ENP is then followed by the galvanic deposition of copper-nickel-chromium layers. To avoid 

deformation of plastic substrates, an alkaline electroless solution is used. The process renders Ni-

P layers in the thickness range of 200-500 nm which exhibit an electrical resistivity of 50-150 

Ω/cm suitable for subsequent galvanic deposition onto the ABS surface [107]. Another common 

nanocoating obtained from regular ENP is the the so-called black electroless nickel. In fact, black 

electroless nickel is not a deposited layer but it is obtained after exposing the Ni-P coatings to an 

acid-oxidizing solution. The thickness of the black layer is in the 500-700 nm range and it can be 

produced from any electroless nickel coating regardless of the phosphorous content. The 

characteristic black colour originates from the particular microstructure obtained after the 

oxidation treatment along with the formation of nickel oxides (NiO and Ni2O3) and nickel 

phosphates [108]. 

 The possibility of coating dielectric materials has placed electroless nickel in a preeminent 

position for the production of nanostructures for several applications. Thus, electroless nickel 

coatings have been deposited on micro-, meso- and nano-sized particles and nanostructures (e.g. 

fullerene, nanotubes, etc.), giving rise to new uses in sensors, as catalyst, hydrogen storage 

materials, etc. [109]. Recently, mesoporous Ni-P nanowires arrays with superior catalytic activity 
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towards the hydrogenation of sugars for polyols production have been produced on SiO2 

templates. The wires have a diameter of around 5 nm and show an enhanced catalytic activity in 

comparison to Ni-P nanoparticles, ordered mesoporous pure nickel nanowires and commercial 

Raney® catalyst [110]. On the other hand, it is possible to create nanostructures without the need 

of templates. Hydrazine as a reducing agent allows obtaining nickel nanospikes that can be 

employed as electrocatalyst in the hydrogen evolution reaction (HER) (figure 1.10). The use of 

other reducing agents (H2PO2
-, NaBH4) do not allow the production of spiky structures, probably 

because hydrazine adsorbs on specific planes of nickel leading to anisotropic growth for spike 

formation [111]. Nickel nanospikes rendered a much higher catalytic activity towards HER in KOH 

media in contrast to nickel plates and electrodeposited nickel coatings. The higher catalytic 

activity is ascribed to the enhanced electrochemically active surface area (EASA) provided by the 

rougher surface derived from the presence of the nanospikes on the material’s surface. 

 

Figure 1.10. Top-view and cross-section FE-SEM images of Ni nanospike arrays. Electroless deposition time: (a–c) 5 
and (d) 60 min [111]. 

 ENP also allows the production of nanocoatings in macrostructures for the synthesis of 

low density materials (< 10mg/cm3). It is possible to produce Ni-P micro-lattices using open-

cellular polymer templates (figure 1.11). Suitable etching allows removing the polymeric template 

once the metallization process is completed. The metallic lattice shows hardness values of 6 GPa 

and Young´s modulus of 210 GPa. When subjected to compression experiments, the micro-lattice 

showed nearly complete recovery from strains exceeding 50%, exhibiting compressive modulus of 

523 KPa. These materials may found applications in fields such as battery electrodes, catalyst 

supports or shock energy dumping, among others [112].  
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Figure 1.11. Production of cellular architecture of ultralight microlattices. (A) Polymer microlattice templates. (B) 

Open-cellular templates electroless plated with a conformal Ni-P thin film followed by etch removal of the template. 
(C) Ni-P: 0.9 mg/cm3. (D and E) Images of two as-fabricated microlattices showing the breakdown of the relevant 
architectural elements. Reproduced with kind permission from The American Association for the Advancement of 

Science [112]. 

 Finally, the blossoming of 3D printing from both polymer and metallic feeds have widened 

the portfolio of micro/macro structures that can be electrolessly coated, giving rise to a complete 

new range of nanolaminated materials with advanced features [113,114]. The ability to plate non-

conductive materials also endows electroless nickel with a dominant position within metallic 

nanocoatings. It is worth mentioning that nanocoatings are usually produced from vacuum-based 

technologies such as PVD, CVD, etc. These technologies have a very low industrial penetration 

mainly due to their high costs and low throughput, which are considered the main barriers for its 

industrial deployment. Although ENP technology is present in a wide range of key industrial 

sectors (i.e. automotive, aeronautics, electronics, etc.), it is still visualized as a standard 

technology for the production of functional coatings, disregarding its potential for nanocoatings 

with advanced features. There is currently a need for finding novel and cutting-edge applications 

for electroless nickel coatings at the nanoscale, enabling its use in applications in which they are 

not even considered. Thus, novel formulations and plating approaches are required for the 

production of novel high-performing electroless nickel nanocoatings exhibiting unforeseen and 

unprecedented features. 
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2 

OBJECTIVES 

This thesis addresses the optimization of a low phosphorous (low-P) electroless nickel 

formulation and the design and development of novel coatings exhibiting unreported features at 

micro- and nanoscales, thus opening new avenues for the production of advanced coatings by 

electroless plating.  

The main objectives of this thesis are summarized below: 

1. To deepen into the understanding of the role of the different constituents and 

experimental conditions of a proprietary low-P electroless nickel formulation. This 

includes a correlation between the chemical composition of the electrolyte (and 

deposition parameters) and the performance of the resulting coatings by the Taguchi 

approach. This will allow tuning the production method to meet the requirements of 

specific applications. The optimal set of parameters which lead to an improvement of 

multiple features simultaneously (i.e. corrosion and wear) by multivariate optimization 

will be also investigated. 

2. To study the effect of the multilayer approach on the properties of the coatings produced 

from the optimized low-P solution, with the aim (i) to disclose the impact of the plating 

approach on the mechanical properties and corrosion resistance of micron-thick 

multilayered coatings (10-30 µm), (ii) to understand the role of the interphases generated 
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during the multilayer approach on the coatings´ performance, and (iii) to draw a 

comparison with the properties of conventional monolayer coatings. 

3. To unveil the contribution of the multilayer approach on the performance of multilayered 

coatings subject to the joint action of corrosion and wear by tribocorrosion studies under 

open circuit conditions. The mechanisms governing the tribocorrosion performance of NiP 

coatings will be unravelled through an in-depth characterization study.  

4. To synthesize coherent and homogeneous Ni-P nanocoatings (thickness < 400 nm) from 

the previously optimized formulation on polymeric substrates exhibiting permeability to 

different wavelengths of the electromagnetic spectra (radio and ultraviolet) for their 

application as decorative and functional coatings, rivalling those obtained by vacuum 

assisted technologies. 
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2.1. Schedule 

The schedule of the experimental work and related activities during the thesis project is 

outlined below. Notice that the whole work was carried out in an equivalent full-time work of 2 

years and 6 months. 
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3 

EXPERIMENTAL 

 This chapter describes the experimental setup and characterization techniques employed 

during the research of the thesis project. The fundamentals of the different techniques are not 

given as they can be found in related textbooks. 

3.1. EXPERIMENTAL SET-UP FOR SYNTHETIZING Ni-P COATINGS  

3.1.1. Production of functional coatings in the micro-scale 

The deposits obtained during the thesis were produced in glass vessels with volumes 

ranging from 1.0 to 1.5 L. Double-jacketed cells were used for accurately controlling electrolyte´s 

temperature and avoiding temperature gradients. In the case of the optimization studies, the 

coatings where obtained from freshly prepared electrolytes with targeted concentration of 

reagents according to the experimental design. The electrolyte was magnetically stirred using 

Teflon® coated magnetic bar of 4 cm long with a diameter of 0.7 cm. Initial low-P formulation 

composition is described in Table 1. 
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Table 1. Low-P original formulation used in the optimization studies. 

Component 

 

Concentration 

(g/L) 

Ni(II) 5.6 

Complexing 1 2 

Complexing 2 9.3 

Complexing 3 0.5 

Complexing 4 3 

Complexing 5 2.4 

Reducer 25 

Ammonia 25 

Stabiliser 1 0.0025 

Stabiliser 2 0.0040 

 

The substrates were low carbon steel (UNE-EN 10111) flat panels with a total exposed 

area of 1.5 dm2 (7.5 x 10 cm). The substrates were coated on both sides, thus avoiding the use of 

masking products which could contaminate the plating bath. Before plating, the substrates were 

subjected to chemical degreasing (Uniclean 251, Atotech Deutschland GmbH.). Subsequently, the 

substrates underwent anodic/cathodic electrolytic degreasing cycles in separate vessels using the 

same degreasing solution. Prior to deposition, an acid pickling stage in 40 vol.% HCl- 5vol.% H2SO4 

mixture was carried out in all the cases (Figure 3.1).  

 

Figure 3.1. Experimental set-up used during the thesis project for production of Ni-P coatings at the microscale. 

The substrates were placed in the same position inside the vessel in all experiments, 

avoiding the vortex produced by magnetic stirring. The total plating time was 1 hour in the case of 

the electrolyte optimization experiments whereas a total plating time of 3 hours was used in the 

production of multilayered coatings. Multilayer coatings were obtained following the single bath 

approach. Following 1 hour plating, the samples were taken out from the reaction vessel and kept 
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in a suitable holding solution to avoid surface oxidation. Meanwhile, the electrolyte chemistry was 

put back to its initial parameters (concentrations of Ni(II), reducer, complexing agents, stabilizers, 

buffers and pH) following standard analysis routine for electroless nickel.. Once the replenishment 

of the electrolyte was completed, the samples were placed back into the electrolyte to continue 

plating.  

For comparison purposes, two different monolayer coatings were grown without 

removing the sample from the cell. The total plating time for monolayered coatings was 3 hours. 

On one hand, a set of monolayer coatings were grown including hourly bath replenishment (R-

monolayer) which was carried out while plating. On the other hand, another set of monolayer 

coatings were grown for 3 hours without replenishment steps (Ur-monolayer). 

The pH of the low-P electrolyte was adjusted using H2SO4 10 vol.% or NH4OH solutions. 

During plating, the reaction vessel was covered with a polyethylene foil in order to avoid 

evaporation, which could alter the concentration of the electrolyte constituents. All the reagents 

used were of analytical grade and dissolved in distilled water for electrolyte formation. When 

required, samples were subjected to a thermal annealing process in a tubular oven (Hobersal, 

ST1611580) at 400 °C during 1 hour in argon atmosphere to avoid surface oxidation. 

3.1.2. Production of functional coatings in the nano-scale 

Nanocoatings were produced using the low-P formulation described in Table 1 after 

optimization studies. Glass vessels with volume capacity ranging from 500 mL to 1000 mL were 

used as plating cell. The electrolyte was slightly stirred using a teflon® coated magnetic bar. 

Polycarbonate (PC) substrates (7x5x0.5cm) (SABIC®) were used for coatings production. The 

substrates were masked from one side using polyester tape to avoid plating. The samples were 

first cleaned with soap and gently rinsed afterwards. Afterwards, regular substrate activation 

process for polymeric materials was carried out based on colloidal palladium followed by acid 

rinse (Neolink®, Atotech Deutsland ) prior to Ni-P plating, including rinse steps in between (Figure 

3.2). Nanocoatings plating time varied in the range of 10-60s depending on the target 

functionality. Transfer time among different steps was kept at minimum. The resulting Ni-P 

coatings were gently rinsed and dried using compressed air. 
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Figure 3.2. Experimental set-up used during the thesis project for production of Ni-P coatings at the nanoscale. 

 

Radar permeable coatings underwent liquid nitrogen immersion process for improving 

wave permeability. Immersion time varied in the range of 10-600 s. Light permeable samples 

were kept as deposited without further post-treatment. 

3.2   CHARACTERIZATION TECHNIQUES 

3.2.1. Imaging Techniques 

3.2.1.1. Electron microscopy 

Scanning electron microscopy (SEM) was used for evaluating thickness, compositional and 

morphological features of Ni-P coatings. Two different SEM devices where used depending on 

magnification and resolution needs (Figure 3.3). Regular SEM observations were carried out on a 

JSM-5500LV (JEOL) equipped with an energy dispersive X-ray (EDX) probe INCA X-sight (Oxford 

Instruments). For obtaining more detailed images of the samples, a Field Emission Scanning 

Electron Microscope (FESEM) Ultra-Plus (Zeiss) equipped with Apollo X (Ametek EDAX) EDX 

analyser was used. The microscopes were operated in the range of 1-20 kV for imaging and at 15 

kV and 20 kV for EDX analysis in FESEM and SEM, respectively. 

 

Figure 3.3. Scanning electron microscopes used during the thesis project: a) SEM and b) FESEM. 
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Thickness of the coatings was evaluated from the cross-section of selected samples 

embedded in hot mounting resin. For metallographic preparation, samples were cut using a low 

speed precision cutter Secotom 10 (Struers) in order to avoid damaging the coating during 

cutting. Samples were then embedded in hot mounting resin and mechanically grinded using 

different SiC sand papers. Finally, samples were polished on cloth using 1 µm diamond paste up to 

mirror finishing.  

For detailed observation of different microstructural features, the samples were 

chemically and electrochemically etched. Chemical etching was done in HNO3:CH3COOH mixture 

at 50% (v/v) at different etching times depending on the sample. Electrochemical etching was 

carried out in a H3PO4 70% (v/v) electrolyte, stainless steel was used as anode and a total 

potential of 6 V was applied for times ranging from 10 to 30 s in a slightly stirred electrolyte. The 

etching routine can be observed in figure 3.4. 

 

Figure 3.4. Chemical/electrochemical etching workflow for investigating coating´s microstructure. 

 When necessary, the samples were observed in a transmission electron microscope (TEM) 

Tecnai F20 from FEI, operated at 200 kV for imaging and compositional analysis purposes. 
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3.2.1.2. Confocal microscopy 

Surface topography and worn volumes after tribological tests were evaluated by confocal 

microscopy on a DCM 3D (Leica Mycrosystems) using a 10X-EPI objective (Figure 3.5). For detailed 

observations, 20X and 50X EPI objectives were used. Due to the high reflectance of metallic 

coatings a LED blue light (λ= 460 nm) source was used. Image processing and calculation of worn 

volumes after tribological studies were performed with a dedicated software LeicaMaps (Leica 

Microsystems). 

 

Figure 3.5. Confocal microscope DCM 3D from Leica microsystems. 

3.2.2. Chemical analysis techniques 

3.2.2.1. X-Ray fluorescence 

Thickness and composition of micron-thick low-P coatings were analysed by X-ray 

fluorescence using a XDV-SDD (Fischer Instruments) analyser equipped with a silicon drive 

detector which is especially suited for Ni-P coatings analysis. No further metallographic 

preparation was required so samples were directly put into the measurement chamber. The 

equipment was calibrated with regard to composition and thickness standards in the range of 

interest. Each sample was analysed in 9 different points embracing all the coating as shown in 

figure 3.6.  
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Figure 3.6. a) X-ray fluorescence device and b) punctual analysis pattern. 

3.2.2.2. Glow discharge emission spectroscopy (GDOES) 

Compositional profiles along thickness of the samples were obtained by means of Glow 

Discharge Optical Emission Spectroscopy (GDOES) using a JY RF-GD PROFILER HR instrument 

(Horiba Jobin-Yvon) (Figure 3.7). is the setup was equipped with a standard 4 mm diameter anode 

and a polychromator with 28 acquiring channels, one for a different chemical element. The source 

conditions were Ar pressure of 650 Pa and applied power of 35 W. These conditions were 

selected to obtain a flat crater, thus increasing the depth resolution. All results were obtained 

with the same source conditions and calibration method. Calibration was performed from 21 

samples selected among Setting-Up Samples (SUS) and Certified Reference Materials (CRM). 

Despite the great number of detectable chemical elements, only phosphorous, nickel, iron and 

oxygen were chosen for analysis. The obtained data were analysed with the dedicated software 

Quantum XP. As-deposited and annealed flat samples were directly measured by GDOES without 

further preparation. 

41 



 

  Experimental techniques 
 

 

Figure 3.7. GDOES JY RF-GD PROFILER HR. 

3.2.3. X-ray diffraction 

The crystalline structure of the coatings was evaluated with a D8 difractometer from 

Bruker in the Bragg-Brentano geometry using the Cu Kα radiation (1.5406 Å) (Figure 3.8). The step 

size was 0.02°, 1 s of holding time, and the 2Ө evaluation range was 20-100°. Analysis of the 

diffractograms was carried out with a dedicated software (Eva, Bruker) installed in the 

diffractometer workstation and through the Rietveld method using the full-pattern fitting 

software “Materials Analysis Using Diffraction” (MAUD). Cell parameter, crystallite size, 

microstrains and stacking fault probability were determined.  

 

Figure 3.8. Bruker D8 diffractometer. 
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3.2.4. Evaluation of functional properties 

3.2.4.1. Micro-Hardness 

Micro-hardness and Young´s modulus were evaluated according to UNE-EN-ISO 14577 

using a Fischerscope HM2000 (Fischer) (Figure 3.9). The device was equipped with a pyramidal 

diamond tip (Vickers indenter). Micro-hardness of the different coatings was evaluated at 100 mN 

of load and 20 s of holding period. Due to the possible influence of the underlying material 

(substrate) on the evaluation of micro-hardness, the measurements were carried out on the 

cross-sections of selected coatings. Metallographic preparation was the same as for the 

SEM/FESEM observations. 

 

Figure 3.9. Micro-Hardness tester device from Fischer Instruments. 

3.2.4.2. Nanoindentation 

Nano-hardness and reduced Young’s modulus of the samples were evaluated by means of 

a Nano Hardness Tester (NHT) from Anton Paar equipped with a pyramidal diamond Berkovich tip 

(Figure 3.10). Nanoindentation measurements were performed on both Ni-P multilayers and 

monolayer coatings. To evaluate separately the mechanical properties of the different layers 

forming the multilayer architecture, 15 indentations were performed on each layer with the 

following parameters: 10 mN maximum load (Pmax), 10 s holding time at Pmax and 20 mN/min of 

loading/unloading rate. The nano-hardness and reduced Young´s Modulus were calculated 

according to the Oliver and Phar method. 
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Figure 3.10. NHT device from Anton Paar for nanoindentation measurements. 

3.2.4.3. Wear resistance  

Evaluation of the wear resistance of the coatings was performed in a TMH tribometer 

from CSM instruments under ball on disc configuration (Figure 3.11). The counter-body was an 

Al2O3 ball (Ø=6 mm) and a normal load of 10 N was applied. Total testing length was 3000 m, and 

spin radius was 3 mm at speed of 10 mm/s. The wear resistance was evaluated on square-shaped 

samples of 3 x 3 cm previously cut with a precision cutting machine Secotom-10 from Struers.  

 

Figure 3.11. CSM tribometer for wear resistance evaluation. 

3.2.4.4. Electrochemical techniques for corrosion resistance 
analysis 

The corrosion resistance of the Ni-P coatings was evaluated by electrochemical 

techniques. Experiments were conducted on an electrochemical cell referred to as Flat Cell 

(Princeton Applied Research) with a total volume of 250 mL (Figure 3.12). The exposed area for 

electrochemical measurements was 1 cm2. The selected electrolyte was NaCl 3.5 wt% (0.6 M). The 
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samples were placed as working electrode, a K0260 Ag/AgCl (KCl 3M) served as reference 

electrode (Princeton Applied Research) and a platinum mesh acted as counter electrode (3-

electrode cell). The measurements were carried out on stagnant and aerated conditions at room 

temperature. For electrochemical measurements, a VSP-300 (Biologic) potentiostat was used. A 

Faraday cage was used during the investigation to isolate the system from external 

electromagnetic interferences.  

The open circuit potential (OCP) was recorded for 1 hour prior to polarization studies in 

order to achieve a stable resting potential within the system. Polarization resistance (Rp) was 

determined by potentiodynamic scan at 0.167 mV/s in a ±15 mV range from OCP. The Rp values 

were obtained from the slopes of the E-j curves. Anodic and cathodic potentiodynamic curves 

were recorded separately. The anodic branch was acquired in the range of -0.050/+1.000 V with 

scan rate 0.167 mV/s. Meanwhile, the potential window for the cathodic branch was +0.050/-

1.000 V with the same scan rate. Corrosion current density (jcorr) was usually evaluated using the 

Tafel approach and, occasionally, the Stern-Geary equation. 

 

Figure 3.12. Equipment used for corrosion resistance evaluation by means of electrochemical techniques: a) 

experimental set-up and b) detailed image of the 3-electrode cell. 

3.2.4.5. Tribocorrosion 

The performance of the coatings under the synergistic effect of wear and corrosion was 

evaluated by means of tribocorrosion studies in a TR-20-bio-2 multistation bio-tribometer from 

DUCOM (Figure 3.13). The tribocorrosion device is formed by a 3-electrode electrochemical cell 

coupled to a tribometer in ball on disc configuration. The Ni-P sample was the working electrode, 

a cylindrical graphite bar was used as counter electrode and a RE-3VT Ag/AgCl electrode from 
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Biologic was the reference electrode. The electrolyte was NaCl 3.5 wt.%. The electrochemical 

system was connected to a Sp200 potentiostat from Biologic. The tribometer worked in 

reciprocating mode, with 20 N normal load being applied to all samples for a total of 3600 cycles. 

Before rubbing, the system was stabilized at the OCP for 3600s. While rubbing, both OCP and 

coefficient of friction (OCP) were recorded. 

 

Figure 3.13. Bio-tribometer TR-20-bio-2 multistation for tribocorrosion studies. 

3.2.5. Wave permeability assessment for nanocoatings 

3.2.5.1. Radar permeability evaluation  

Measurement of the transmission of millimetre waves throughout the coatings (given as 

attenuation values) was carried out using a quasi-optical bench with focusing lens attached and 

equipped with vector network analyzer Keysight PNA-X E3861 attached with VDI frequency 

extender for W band as shown in figure 3.14. Selected band for measurements was 70-85 MHz 

and attenuation values were obtained from centre of the band at 77 MHz. 

 

 
Figure3.14. Equipment for radar permeability measurements 

46 



 

   Experimental 
  

3.2.5.2. Light transparency characterization 

Evaluation of coating´s transparency to light was evaluated by means of the device 

depicted in figure 3.15. It is composed of a square shaped LED panel (40 x 40 cm), working at 24 

W and delivering 2400 lumens. Apart from white light, it is possible to select different colours in 

order to better evaluate the light transparency of the coatings. The surface of the lighting device 

was masked leaving two slots for transparency measurements so, avoiding the contribution of the 

light coming from the remaining illuminated surface. 

 

 
Figure 3.15. Device for characterizing light permeability of Ni-P nanocoatings. 
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4 

RESULTS: Compilation of articles 

4.1. Optimization of low-P electrolyte and multilayer study 

The following articles cover the optimization of a complex low-P electroless nickel 

formulation with the aim of disclosing the effect of the chemical composition and the working 

conditions on the final properties of the produced coatings. The optimized formulation was used 

to grow Ni-P multilayer coatings and the impact of the plating approach on the performance of 

Ni-P coatings, including tribocorrosion behaviour, was assessed. The multilayer approach offers 

further enhancement of corrosion resistance and tribocorrosion performance of Ni-P coatings in 

comparison to conventionally grown Ni-P coatings. 

The Taguchi method, a particular approach of the design of experiments, was used for carrying 

out both univariate and multivariate optimization of the electrolyte in a time and cost-effective 

manner. Univariate optimization revealed the importance of complexing agent 2 concentration 

for controlling the performance of the coatings in terms of hardness and wear. On the other hand, 

the pH and stirring rate proved to be the most influential factors for diminishing corrosion rates 

on low P coatings. The multivariate optimization revealed the importance of stirring rate, pH, 

temperature and concentration of complexing agent 2 for rendering coatings exhibiting 3 times 

lower corrosion rates while able to keep the best mechanical properties (hardness and wear) of 

the Ni-P layers reached in the univariate optimization. 
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 Results 
  

Next, the optimized formulation was used for the production of nanocrystalline Ni-P 

multilayer coatings by sequentially stacking layers of the same composition, comparing its 

performance towards two different monolayer coatings before and after thermal annealing. The 

multilayer approach, which involves the interruption of the plating process for chemical 

replenishing, promotes the appearance of interphases capable of blocking the advance of defects 

in the as-deposited state. Replenished monolayer coatings (R-monolayer), although exhibiting 

alike interphases, but grown in continuous manner, failed at effectively preventing crack 

propagation. Interphases-free un-replenished monolayer (Ur-monolayer) coatings suffered from 

microstructural changes, derived from unbalance chemistry at long plating times, resulting in 

severely impaired coatings under the same testing conditions. Thermal annealing at 400°C during 

1 hour time promoted the recrystallization of the nickel matrix (ten-fold grain coarsening) and 

precipitation of the body centered tetragonal (bct) Ni3P phase inducing a hardening effect. Similar 

enhancement of the mechanical properties were exhibited by the different coatings but corrosion 

resistance of multilayer coatings showed a higher shift in Ecorr values towards more noble values 

along with an increase in polarization resistance and Tafel slopes. Regarding corrosion 

mechanism, cross-section evaluation revealed that multilayer coating still protected the substrate 

whereas monolayered coatings failed. It is proposed that the interphases of the multilayer coating 

play an active role in the corrosion mechanism by modifying the advance path of the corrosive 

attack. 

To conclude, the performance of the coatings under the joint action of corrosion and wear 

was investigated for as-deposited coatings. Multilayer coatings exhibited a 3.5 times lower worn 

volume in OCP conditions under 20 N normal load in reciprocating mode in the presence of NaCl 

3.5 wt.% electrolyte. In contact with the solution, multi-layered coatings showed a more noble 

character with regard to monolayer coatings. Multilayer coatings showed a more compact 

tribolayer formed during rubbing time whereas monolayer´s tribofilm detached from the surface 

being transferred to the Al2O3 ball as well as into the wear path. The improved performance of 

multilayer coatings during tribocorrosion tests is linked to the presence of the interphases 

generated during the synthesis of the coatings, which boost the load bearing ability of the 

coatings, thus resulting in an enhanced damping effect for such coatings, a phenomenon not 

observed in monolayered coatings. 
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 Full optimization of a commercial-like electroless nickel solution: boosting the performance of 

low-phosphorous coatings 

 

For consistency’s sake, this chapter is structured like a research article: 

Abstract 

Univariate and multivariate optimizations of a novel electroless nickel formulation have been 

carried out by means of the Taguchi method. From the compositional point of view, adjustment of 

the complexing agent concentration in solution is crucial for fine-tuning the free Ni2+ ions 

concentration and, in turn, the mechanical properties of the resulting coatings. The Ni(II) 

concentration and the pH are the main parameters which help restrict the incorporation of 

phosphorous into the Ni layers. On the other hand, the stirring rate, the pH and the reducing 

agent concentration are the most influential parameters for the corrosion resistance of the 

coatings. Multivariate optimization of the electrolyte lead to a set of optimized parameters, in 

which the mechanical properties (hardness and worn volume) of the layers are similar to the 

optimal values achieved in the univariate optimization but the corrosion rate is decreased by 

three times. 

1. Introduction 

Since the discovery of electroless nickel plating (ENP) by Brenner and Riddle in 1946 [1], 

this formulation has become one of the preferred solutions for engineering applications in which 

high corrosion resistance and superior mechanical properties are required [2]. In essence, and 

leaving aside the mechanistic phenomenon behind the electroless formation of Ni-P, which still 

remains unsolved [3,4], electroless plating method is an autocatalytic metal deposition in which 

the reduction of metallic cations is driven by a reducer, present in the same solution, without the 

use of external power supply [5].   
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ENP electrolytes are multicomponent electrolytes typically containing a source of nickel 

cations, a reducer and several complexing agents, in addition to stabilizers, buffers, accelerators 

and wetting agents [6]. All these components fulfil essential functions during the electroless 

process and their careful selection, along with the fine tuning of the experimental conditions, 

have a pronounced effect on the properties of the resulting coatings [7].  

The properties of electroless nickel coatings are mainly governed by the phosphorous (P) 

content in the alloy [8]. Low phosphorous deposits (3-5 wt.% P) exhibit superior mechanical 

properties but poor corrosion resistance in acid media; medium phosphorous coatings (6-9 wt.% 

P) show moderate corrosion resistance and good mechanical properties and, finally, high 

phosphorous layers (10-12 wt.% P) exhibit superior corrosion resistance at the expense of limited 

mechanical performance [9–13]. In addition to the phosphorous content, careful choice of bath 

composition, operating pH and temperature of the system have an effect on the properties of 

ENP layers [14].  

In this work, the best mix of bath composition (i.e., components and their concentration) 

and operational parameters were targeted in order to optimize a proprietary electroless nickel 

formulation. As a result of the large number of factors to be considered, the Taguchi method was 

used to elucidate the effect each factor had on the performance of the bath and the properties of 

the resulting coatings. The Taguchi method consists of three phases; namely system design, 

parameter design, and tolerance design [15]. System design involves the selection of the optimal 

factor levels for developing the quality characteristics. In this research, system design was utilized 

in combination with multivariable analysis to determine the optimum set of bath components 

concentration and working parameters which yielded the best corrosion resistance, mechanical 

and tribological properties of the coatings.  

In contrast to full factorial analysis, the Taguchi method reduces the number of 

experimental runs by using orthogonal arrays (OAs) in which all the factors and their levels are 
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included, defining the experimental setup during the research [16]. In our study, an L8 OA was 

utilized to explore the effect of the most influential parameters of the new ENP bath, where the 

letter L in this notation stands for latin square. The concentrations of the nickel salt (A), the 

reducing agent (B), the complexing agents 1 (C) and 2 (D), the stirring rate (E), the temperature (F) 

and the pH (G) were selected as the most influential parameters. Additionally, two levels were set 

for each factor, depicted by “-“ for the lowest and “+” for the highest levels, respectively, 

completing the L8 OA as shown in table 1. The effect of process parameters and bath composition 

on the thickness, hardness, corrosion resistance and wear of the coatings was evaluated 

separately based on individual optimization stages for each feature. Nonetheless, coatings 

working under real-life conditions are usually subject to more than one degradation mechanism 

(i.e. corrosion, wear, fretting, etc.) simultaneously. For this reason, a multivariate analysis was 

carried out aimed at gathering the conditions leading to both best wear and corrosion resistance 

for the here considered low phosphorous electroless nickel coatings.  

2. Materials and methods 

2.1. Electroless nickel bath and operating conditions 

A proprietary low P electrolyte has been used in this study. Main components of the 

solution include Ni(II) cations, sodium hypophosphite as reducing agent, short chained organic 

acids as complexing agents and ammonia as pH modifier. The solution also contains organic 

stabilisers, accelerator species and secondary complexing agents. However, the latter were not 

included into the optimization routine as preliminary experiments (not shown) revealed they 

were not imparting a major role. Apart from bath compositional factors, some working 

parameters, namely solution pH, temperature and stirring rate were included as parameters to be 

optimised. 

All the reagents were of analytical grade and were dissolved in distilled water. Note that 

the quality of reagents is important in electroless nickel formulations as these electrolytes are 
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very sensitive to metallic impurities, usually present in low purity chemicals. Importantly, the ENP 

formulation used here meets the requirements of the RoHS and WEE standards [17]. Coatings 

were plated in 1L cylindrical glass cells for a total plating time of 1 hour. Four Ni-P coatings were 

manufactured per condition during the optimization stage. Temperature of the electrolytes was 

kept fixed by means of a PT-1000 probe attached to a magnetic stirrer (RTC basic, IKA). The probe 

ensured a maximum temperature deviation of ±1 ºC. The electrolyte was stirred with a Teflon®-

coated magnetic bar placed at the bottom of the cell. Meanwhile, a polyethylene cover was 

placed on top of it to prevent from water evaporation and consequent changes in the 

concentration of the species in the electrolyte, and to maintain a stable temperature across the 

cell. 

2.2. Substrate conditioning 

The substrates were low carbon steel (AISI 1010) flat panels (100 x 75 x 1 mm3). In order 

to assure good adhesion between the substrate and the electroless nickel coatings, the former 

was subject to surface conditioning. Firstly, after soak cleaning, the substrates underwent 

chemical degreasing (UniClean 251, Atotech Deutsland GmBH.) for 5 min at 60 °C followed by 

electrolytic degreasing at 4 V during 1 min in the same solution. A stainless-steel anode was 

employed during the electrolytic degreasing. The substrates were then subject to acid pickling for 

removing the outermost oxide layer from their surface. The acid solution was composed of HCl 

and H2SO4 at 40% and 5% (v/v), respectively. Once gently rinsed, the substrates were transferred 

to the plating cell. 

2.3. Selected orthogonal array 

The parameters subject to optimization were the concentrations of nickel cations (A), 

reducing agent (B) and complexing agents 1 (C) and 2 (D), the stirring rate (E), the temperature (F) 

and the solution pH (G). In the Taguchi approach the degrees of freedom (DoF) of a system are 

defined as DoF = number of factors – 1. In our case, as there were seven parameters to explore, 
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the system had six DoF. Thus, the smallest OA able to allocate six DoFs is an L8 (2
7) matrix, which 

enables the study of seven factors at two levels, where “-” and “+” in the OA stand for lower and 

upper levels, respectively, for each factor. The different factors and their levels are distributed in 

the resulting matrix, giving rise to the sequence of experiments to be done. Each row defines the 

experimental setup for every single test. 

Careful positioning of the factors in the L8 OA needs to be done beforehand in order to 

anticipate possible interactions between factors [18]. An interaction between two factors occurs 

when the effect of a factor on the considered feature or property depends on the level at which 

the other factor is operating, thereby hiding or polluting the real effect of the former. As the OA 

was populated with seven factors, these were placed in matrix positions for which, according to 

common knowledge in electroless plating, interactions between parameters are not expected. 

The final experimental matrix derived from the OA is shown in Table 1. 

Table1. Experimental matrix derived from L8 OA. 

 

The Taguchi methodology involves graphical representation of the parameters, which 

further facilitates detection of the most influential ones on the properties we wish to boost. The 

results are converted into signal-to-noise (S/N) ratio according to three main categories, namely 

lower-the-better, higher-the-better, and nominal-the-best. The objective of the optimization stage 

is to maximize the S/N ratio in order to get the best quality characteristics. According to the 

FACTORS A B C D E F G 

   
Interaction 

A-B 
 

Interaction 
A-D 

Interaction 
B-D 

 

Exp 
Ni(II) 

 
g/L 

Reducer 
 

g/L 

Complexing 
1 

g/L 

Complexing 
2 

g/L 

Stirring 
 

rpm 

T 
 

°C 

pH 
 
 

1 4.8 20.0 1.0 7.0 100 75 5.2 
2 4.8 20.0 1.0 12.0 250 90 6.5 
3 4.8 30.0 3.0 7.0 100 90 6.5 
4 4.8 30.0 3.0 12.0 250 75 5.2 
5 6.5 20.0 3.0 7.0 250 75 6.5 
6 6.5 20.0 3.0 12.0 100 90 5.2 
7 6.5 30.0 1.0 7.0 250 90 5.2 
8 6.5 30.0 1.0 12.0 100 75 6.5 
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methodology, it is possible to predict the response of each feature according to the optimal set of 

parameters derived from the optimization stage. The prediction is then validated in a 

confirmation test or experiment [19]. 

Thus, in order to unveil the effect that the different bath components and the working 

parameters (pH, stirring rate, and temperature) have on the properties of the resulting coatings, 

thickness, hardness, wear and corrosion resistance were selected as the outputs of individual 

univariate optimizations. On a further step, a multivariate optimization was carried out for all the 

features mentioned above, by prioritizing corrosion and wear resistance as the properties to be 

improved. 

2.4. Characterization of the coatings 

Surface topography and thickness analyses were carried out on a Jeol JSM 5500LV 

scanning electron microscope (SEM). Compositional analyses of the samples were performed in 

the SEM by means of an Oxford instruments INCA X-sight X-ray spectroscopy (EDX) detector. 

Occasionally, some features of the coatings were analyzed on a Zeiss Gemini field emission 

scanning electron microscope (FESEM) equipped with an Ametex EDAX Apollo X detector. 

Thickness and composition of the coatings were double checked by means of Fischer Instruments 

XDV-SDD X-ray fluorescence instrument (XRF). Cross-sections of the coatings were cut and 

embedded in hot mounting epoxy resin, grinded with SiC paper (1400-4000 grit) and polished 

down to mirror-like finishing using diamond paste (1 µm). Crystalline structure of the coatings was 

analysed on a Bruker D8 X-ray diffractometer using CuKα radiation in Bragg Brentano geometry. 

Phase analysis was done using Bruker EVA® software package. Crystallite size was evaluated using 

the Scherrer’s formula.  

 Hardness of the coatings was assessed with the help of a Fischer Instruments 

Fischerscope HM 2000, using a pyramidal-shaped diamond Vickers indenter, by applying a normal 

load of 100 mN. The obtained values correspond to the average of 10 indentations performed on 
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the cross-section of the coatings. Wear performance of the coatings was evaluated using a CSM 

THT tribometer in ball-on-disc configuration. The tribo-pair consisted of an Al2O3 ball (Ø = 6mm) in 

contact with the Ni-P coatings. The applied normal load was 10 N during a total sliding distance of 

3000 m at a rotating speed of 10 mm/s. The wear tracks were evaluated by a Leica Microsystems 

DCM3D confocal microscope, operated with a blue light (λ = 460 nm) at a 10 X magnification by 

means of a 10X EPI objective. The total worn volume was calculated using LeicaMaps (Leica 

Microsystems) dedicated software. 

 Corrosion performance of the coatings was studied by electrochemical techniques. 

Experiments were conducted on a Princeton Applied Research cylindrical cell with a total volume 

of 250 cm3 and an exposed testing area of 1 cm2. The electrolyte was NaCl 3.5 wt.% (Scharlau, 

ACS), a Crison 52-41 Ag/AgCl/KCl (3M) was employed as a reference electrode whereas a 

platinized titanium mesh was used as a counter-electrode. All the measurements were conducted 

under stagnant conditions and at room temperature. During the experiments, open-circuit 

potential (OCP) values were recorded during 1 hour in order to ensure a stable value before 

running the polarization curves. Separate cathodic and anodic potentiodynamic curves were 

recorded in the range of (-0.050/+1.0) V vs OCP and (+0.050/-1.0) V vs OCP, respectively. 

Corrosion rate was extrapolated from the analysis of the corresponding Tafel slopes.  

 

3. Results and discussion 

3.1. Univariate optimization 

3.1.1. Composition and crystallographic structure  

In the pursuit of achieving the best mechanical properties, the lowest possible P content 

was targeted. Therefore, the lower-the-better approach was utilized to find the optimal 

combination of factors leading to the lowest P content. Note that the S/N ratio is determined 

differently depending on the type of characteristic being analysed [20]. 
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Table 2. Phosphorous content in the coatings obtained from L8 experiments. ‘S.D.’ stands for standard 
deviation. 

Exp 1 2 3 4 5 6 7 8 

P content 
(wt.%) 

7.0 3.2 7.8 6.4 2.2 6.7 8.5 4.0 

S.D 0.1 0.2 0.1 0.1 0.3 0.1 0.3 0.1 

 

As can be seen in Table 2, the phosphorous content varies in the range from 2.1 to 8.5 

wt.%P as a function of both bath components concentrations and working parameters.  

 

Figure 1. S/N ratios for a) P content, b) thickness, c) hardness, d) wear resistance (worn volume), 
and e) corrosion resistance (corrosion current) of ENP layers for the differently analysed factors and their 

levels (-, +). 

 

Figure 1a shows that the pH value (G) and the concentration of reducing agent (B) are 

decisive in achieving the lowest P content. Meanwhile, stirring and temperature also have, 

although lesser, an effect. This can also be observed in the mean response values based on S/N 

calculations (Table 3). 
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Table 3. Mean effect plot for S/N ratios for P content in the ENP layers obtained following the lower-the-
better optimization approach. 

Factor [Ni(II)] [Reducer] [Complexing 1 ] 
[Complexing 

2] 
Stirring T pH 

- -15.3 -12.6 -14.4 -15.0 -15.8 -13.0 -17.0 
+ -13.5 -16.2 -14.3 -13.7 -12.9 -15.8 -11.7 

Difference 1.8 3.6 0.1 1.3 2.9 2.8 5.4 
Rank 5 2 7 6 3 4 1 

 

Taking into account the data displayed Table 3, next step in the Taguchi’s methodology 

consists in solving a prediction equation in which a projection of the P content is obtained 

according to the optimum parameter sequence. In our case, the optimal combination of factors 

towards the lowest P content was A+B-C+D+E+F-G+, forecasting a value of 3.3 wt.% P. A 

confirmation experiment was run at the optimized conditions and the resulting P content was 

3.1±0.2 wt.%, in full agreement with the prediction.  

Remarkably, the profound effect of pH on the P content in electroless nickel coatings has 

been described elsewhere [21]. On the contrary, the reducing agent concentration is not typically 

considered a key factor in the literature [7]. As can be seen in Figure 1a, lowering the reducing 

agent concentration brings a decrease of the P content (maximum S/N). Likewise, an increase of 

the Ni(II) concentration in solution decreases the P content in the layer. These results confirm the 

importance of the Ni(II)/H2PO2
- ratio in solution, so that the higher the ratio within a certain 

range, the lower the P content [7].  
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Figure 2. XRD pattern of the Ni-P coatings obtained from Experiments 1-8 as listed in Table 1. 

The crystalline structure of Ni-P coatings is also strongly dependent on the P content. 

Figure 2 shows the XRD patterns of the eight samples derived from the experimental matrix. All 

the peaks can be indexed considering the face-centered cubic (fcc) phase of Ni, the (111) being 

the preferred orientation in all cases. Besides the (111) reflection, the patterns related to 

experiments 2, 5 and 8 show a sharper and better resolved (200) peak, indicating a higher degree 

of crystallinity. Accordingly, coatings derived from these experiments had the lowest P contents, 

namely 3.2, 2.5 and 4.0 wt%, respectively. Because phosphorous has very low solubility in nickel, 

the Ni lattice becomes severely distorted when both elements are co-deposited [22]. The 

broadening of the (111) peak in the XRD patterns of coatings having higher P percentages results 

from the increased lattice distortion caused by the incorporation of P in the Ni matrix [23]. Note 

that P tends to accommodate at the grain boundaries, thus inhibiting grain growth, which 

ultimately causes the observed peak broadening (i.e., smaller crystallite sizes) [24]. 

3.1.2. Thickness and surface morphology 

In this study, maximum thickness of the ENP layers was pursued during the optimization 

stage. Unlike P content, the optimization of thickness fell within the higher-the-better category. 
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Figure 1b shows the main effects on thickness, for which temperature and reducing agent 

concentration emerged as the most influential parameters. Higher concentrations of nickel 

cations and reducing agent caused an increase of thickness, in agreement with the empirical rate 

law for auto-catalytic deposition [25]. Thus, the best configuration of parameters to achieve the 

maximum thickness was A+B+C-D-E-F+G-. The predicted thickness value was 24.1 µm, very close to 

that obtained in the confirmation experiment (24.3±1.6 µm), thereby confirming that the chosen 

configuration of parameters was indeed optimal. 

 Temperature is the driving force in electroless plating processes and its influence on 

coating thickness can be seen in Figure 1b. For completeness, Figure 3 shows the SEM images of 

the coatings’ cross-sections for the different studied conditions. The results indicate that 

experiments 2, 3, 6 and 7 yielded the thickest coatings. In these experiments, the temperature 

was set in its upper level (90 °C), pointing to a greater effect of temperature on thickness than the 

other parameters. Theoretically, experiments 2 and 3 were the most favourable conditions 

toward thicker coatings. However, in the case of experiment 2, lower Ni(II) concentration and 

higher concentration of complexing agent 2 (see Table 1) decreased the amount of free Ni2+ 

cations available for reduction by H2PO2
-. As a result, this experimental configuration reduces the 

effect of temperature on the plating rate, although it is still greater in comparison with 

experiments operating at lower temperatures. Meanwhile, experiments 6 and 7 were conducted 

with the temperature factor set at the upper level (90 °C) and the pH at the lower level (5.2) 

(Table 1). The coating derived from experiment 7 was the thickest. Importantly, in this case the 

concentrations of both Ni(II) and H2PO2
- were in the upper range, whereas the concentration of 

complexing agents 1 and 2 were in the lower level, thus setting a scenario in which the amount of 

free Ni2+ cations to be reduced is higher. 
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Figure 3. SEM images of the cross-section of ENP coatings obtained from experiment number a) 1, b) 2, c) 
3, d) 4, e) 5, f) 6, g) 7 and h) 8. Scale bar is the same for all images. 

Bath components concentrations and working parameters also had an effect on surface 

topography of coatings as can be seen in Figure 4. All the coatings showed the typical nodular 

growth with cauliflower-like endings randomly distributed on the surface. Minor changes in 

surface topography were observed as a result of the experimental configuration. Nevertheless, as 

surface roughness was not a magnitude subject to optimization, it is not possible to determine 

the main factors governing changes in surface topography. Among the different factors able to 

impact surface topography, pH and the nature and concentration of complexing agents are the 

most important ones and, presumably, they act together (i.e., mixed effect) on surface 

topography of electroless nickel coatings [26–28].  

 

Figure 4. Top-view SEM images of ENP coatings obtained from experiment number a) 1, b) 2, c) 3, d) 4, e) 
5, f) 6, g) 7 and h) 8. Scale bar is the same for all images. 
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3.1.3. Hardness  

As can be seen in Figure 5, the hardness of the coatings, obtained from the different 

experimental conditions, shows that experiments 2, 3, 6 and 8 led to the highest coating hardness 

values, with a top value of 873±31 Hv0.1. These values were near those typically exhibited by hard 

chromium coatings (HCC) obtained by both direct current and pulse plating, which lie in the range 

of 1000-1100 Hv, and also near the hardness of some HCC substitutes like electrodeposited Ni-W 

alloys [29,30]. These results confirmed the preeminent position of electroless nickel coatings as a 

greener alternative to HCC coatings in terms of hardness. This fact along with the main benefits of 

electroless plating technology (i.e. thickness homogeneity, low concentration of metallic ions, 

tuneable properties depending on P content, no need to apply an external electric field, etc.) 

make ENP one of the most promising alternatives to HCC for functional applications.  

 

Figure 5. Hardness values of electroless nickel coatings obtained from experiments 1-8. 

Figure 1c indicates that the most influential parameters to secure high hardness were pH 

and concentration of complexing agent 2, followed by temperature and reducing agent 

concentration to a lesser extent. The optimum configuration of parameters to maximize hardness 

of coatings was A+B+C+D+E-F+G+. According to this parametric setup, the prediction equation 
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yielded a hardness value of 870 Hv0.1. Coatings fabricated in the confirmation experiment had a 

hardness of 863±27 Hv0.1, thereby validating the model.  

 Table 4 shows that the coatings from experiments 3 and 8 exhibit the highest hardness 

values among all samples. Interestingly, these coatings also feature the highest P contents (see 

Table 2). The influence of complexing agents on the P content has been reported elsewhere for 

ENP layers [31]. However, in our case, several complexing agents are playing a role simultaneously 

and their effect cannot be straightforwardly deconvoluted. Complexing agents 1 and 2 can be 

regarded as ‘real’ complexing agents whereas other chemicals like short chained organic acids act 

mainly as buffers in the Ni-P electrolyte. In double-complexed systems, it has been reported that 

higher ratios of complexing agents can lead to higher P percentages in the Ni-P layers [32]. 

Experiment 3 had a [complexing1/complexing 2] molar ratio of 0.236, whereas that for 

experiment 8 was of 0.083. Besides differences in Ni(II) and complexing agents concentration, 

both systems exhibited similar free Ni2+ ions concentration. Thus, free Ni2+ concentration was 

6.8·10-5 and 3.8·10-5 for experiments 3 and 8 respectively. Accordingly, experiment 8 yielded 

coatings with lower P content and enhanced crystallinity (Figure 2) in comparison with 

experiment 3 whose coatings featured higher P content and were mechanically harder (Figure 5). 

3.1.4. Wear resistance 

Evaluation of the mechanical performance of ENP coatings was completed with the 

analysis of their wear resistance. Figure 6 gathers the 3D images of worn surfaces from Ni-P 

coatings subject to wear tests. As can be inferred from Figure 6c and g, coatings from experiments 

3 and 7 displayed the highest worn volumes among all samples. For the sake of comparison, the 

worn values, together with the P content, thickness, hardness, and corrosion rates are listed in 

Table 4.  
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a) b) c) d)

e) f) g) h)

 

Figure 6. Confocal microscopy images of 3D wear tracks of coatings obtained from experiments 1-8 (a-h) 
and subject to wear tests. 

 

Table 4. Summary of the values of the properties of the Ni-P coatings obtained from the eight experiment 
setups. 

 

Upon looking at Figure 1d, it was concluded that temperature, complexing agent 2 

concentration and reducing agent concentration were the most influential parameters for 

hardness. According to this, the optimal configuration of parameters was A+B-C-D+E-F-G-. The 

prediction equation rendered a worn volume value of 0.045·10-3 mm3. The confirmation 

experiment analysis demonstrated that the resulting coating was characterized by a soft wear 

track. The worn volume determined from the 3D image was 0.045·10-3 mm3, again confirming the 

model. Smoothness and the characteristic cauliflower-like microstructure of electroless nickel 

coatings greatly account for their good performance in terms of wear. The latter is linked to the 

self-lubricant character of Ni-P coatings [33]. The conditions optimized for maximum wear 

resistance simultaneously promoted a higher degree of crystallinity of the coatings, which 

L8 P 

wt.% 

Thickness 

µm 

Hardness 

Hv0.1 

Worn volume 

(x10
-3

) mm
3
 

Corrosion rate 

µA/cm
2
 

1 7.1±0.1 11.6±0.1 714±32 0.049±0.005 1.20±0.04 

2 3.2±0.2 16.5±0.3 853±23 0.068±0.012 0.30±0.01 

3 7.8±0.1 24.4±1.6 860±7 0.230±0.085 0.50±0.02 

4 6.4±0.1 13.1±0.3 792±7 0.051±0.003 0.40±0.01 

5 2.2±0.3 11.1±0.2 788±10 0.050±0.004 0.20±0.01 

6 6.7±0.1 20.3±0.3 834±5 0.045±0.008 1.50±0.06 

7 8.5±0.3 25.6±1.0 777±28 0.150±0.021 0.40±0.03 

8 4.0±0.1 15.4±0.4 873±31 0.045±0.005 0.30±0.02 
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exhibited crystallite sizes in the range of 5-10 nm. The presence of small crystallites prevent 

movement of dislocations and other deformation mechanisms involved in plastic deformation due 

to higher number of atoms placed at grain boundaries and triple junctions [9,34].  

3.1.5. Corrosion resistance  

Corrosion resistance optimization was based on lower-the-better criteria. The cathodic 

and anodic polarization curves of the different coatings are displayed in Figure 7. Significant 

variations were observed in the corrosion potential (Ecorr) values, with differences higher than 100 

mV, suggesting the possibility to prepare coatings with variable noble character depending on the 

experimental conditions. Nevertheless, Ecorr values do not give by itself information about the 

kinetics of the corrosion phenomena and, therefore, the corrosion rate obtained from icorr by Tafel 

extrapolation is regarded as a better indicator [35]. In this sense, coatings obtained from 

experiments 2, 5 and 8 showed the lowest corrosion rate among all the samples (Table 4). The 

cathodic branches indicate that their Ecorr values are in the order of experiments 8  2  5.  

a) b)

 

Figure 7. a) Cathodic and b) anodic branches of the polarization curves for the various ENP coatings 
obtained through experiments 1-8. 

 

 Overall, the cathodic branches shown in Figure 7a indicate a very similar behaviour in all 

samples except for the coating derived from experiment 7. In this case, an extended transition 

zone in the region from -0.35 V to -0.70 V vs. Ag/AgCl was observed before the diffusion 

controlled region. Meanwhile, the other samples all showed a diffusion-controlled region from -

0.5 V vs. Ag/AgCl. At potentials more negative than -1.0 V vs. Ag/AgCl a change in the slope of the 
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cathodic branch is observed indicating the beginning of hydrogen evolution as described 

elsewhere [36]. 

 Similarly, the anodic branches showed alike trend in comparison with the cathodic ones. 

Coatings resulting from experiments 2 and 5 are among those with higher corrosion resistance 

(see Figure 7b). In particular, coatings from experiments 2 and 5 showed a more positive Ecorr 

value than coating from experiment 8, although all of them exhibit similar anodic slopes giving 

rise to comparable corrosion rates (see Table 4). In the three cases, the curves exhibited a 

pseudo-passive region for values of +150 mV vs. Ecorr. Similar behaviour was observed for the 

sample from experiment 7 although it showed a slightly higher corrosion rate. Experiments 2, 5 

and 8 corresponded to coatings with high crystallinity (Figure 2), characterized by the occurrence 

of the (200) plane and the (111) preferred orientation of the fcc nickel phase. High corrosion 

resistance has already been reported in aerated NaCl media for nanocrystalline Ni-P coatings 

irrespectively of the P content, with corrosion rates comparable to those obtained in this study for 

the best performing coatings [36]. Except for experiment 7 derived coating, samples with low P 

contents (< 4wt.% P) showed lower corrosion rates, which is directly linked with their crystalline 

structure. The transition from nanocrystalline to mixed nanocrystalline-amorphous structure 

corresponds to coatings with medium wt.% P and affects negatively the corrosion performance. 

This is due to the presence of smaller crystals which create more active sites prone to corrosion 

attack through grain and nodule boundaries. Moreover, P enrichment of the outer coatings’ 

surface can occur under anodic polarization conditions, which is caused by preferential nickel 

dissolution according to previous studies [14,37,38]. However, this effect was not observed in our 

case. 

According to Figure 1e, the analysis of the most influential parameters revealed that 

higher pH, lower stirring rate and higher reducing agent concentration led to coatings 

characterized by lower corrosion rates. Complexing agents and stabilisers present in ENP baths 

have been described as corrosion performance modifiers [39,40]. However, the concentration of 
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the complexing agents had little influence on the corrosion performance of the studied Ni-P 

coatings according to the S/N ratio values in Figure 1e.  

On the other hand, the marked influence of the stirring rate on the corrosion resistance of 

the coatings was somewhat unforeseen. Upon analysing the interactions between factors, Ni(II) 

and complexing agent 2 concentrations showed a strong interaction as suggested by the x-shaped 

plot depicted in Figure 8b, which indicates that the stirring effect could be poisoned by this 

interaction. Moreover, the interaction between factors A and B (i.e., concentrations of Ni(II) and 

H2PO2
-), although present, was not considered significant according to common knowledge in 

electroless plating (Figure 8a). 

 
Figure 8. Interaction plots for some of the factors considered in the L8 matrix for a) Ni(II) and reducing 

agent, (b) Ni(II) and complexing agent 2, and (c) reducing agent and complexing agent 2. 
 

In order to elucidate the real contribution of the interaction between the concentrations 

of Ni(II) (factor 1) and complexing agent 2 (factor 4), a dedicated Taguchi study was conducted 

using a L4 matrix, which allowed the study of two factors at two different levels in a separate 

manner including the effect of their interaction in studied feature. (Figure 9).  
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Figure 9. Main effect plot for a dedicated Taguchi design to determine the influence of Ni(II) and 
complexing agent 2 concentrations on the corrosion performance of ENP coatings. 

 

The closed-up analysis of this interaction revealed that it was indeed not significant 

(Figure 10), thus validating our previous outcome that stirring was key to achieve the lowest 

corrosion rate. 

 

Figure 10. Interaction plot for a dedicated L4 matrix to determine the influence of Ni(II) and complexing 
agent concentrations on the corrosion performance of the ENP coatings. 

 

Once confirmed the effect of all factors, the prediction equation for corrosion resistance 

was defined as A+B+C-D+E+F-G+, yielding a theoretical value for corrosion rate of 0.3 µA/cm2. A 

confirmation experiment conducted under the optimal parameter sequence resulted in coatings 

with a corrosion rate of 0.25 ± 0.05 µA/cm2, confirming the predicted value derived from the 

model. This result also confirms the importance of stirring in electroless nickel plating. It is 

advisable to stir the solution while plating, in order to avoid hydrogen pitting and the occurrence 

of patterns, although too vigorous agitation can negatively affect the plating process [41]. 

Moderate stirring rates are therefore recommended to secure higher diffusion rates, conveyed by 
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convection, to facilitate the arrival of fresh reactants to the substrate through the diffusion layer. 

On the other hand, higher agitation regimes can lead to Ni-P coatings characterized by increased 

corrosion rates in chloride media [42]. Suitable agitation promote, in acid electrolytes, the raise of 

pH in the diffusion layer which, in turn, facilitates the incorporation of low amounts of P in the 

layers as well as the growth of more compact and smoother coatings [7]. As a result, compact Ni-P 

layers with fewer defects are obtained, which is ultimately responsible for a better response in 

electrochemical corrosion tests in chloride media. 

3.2. Multivariate optimization 

The design of novel coatings is typically aimed at enhancing a given property without 

considering the effect that the experimental parameters might have on other properties. In this 

study, the most favourable set of factors have been independently determined following a 

univariate optimization approach (Table 5).  

Table 5. Summary of the univariate optimization results for the features or properties considered in this 
study. 

On the other hand, in multivariate optimization more than one feature is considered in 

the same optimization run, thus allowing for a more realistic coating design. This is of utmost 

importance in real world applications, where coatings are exposed to more than one degradation 

mechanism (i.e. wear-corrosion, fatigue-corrosion, etc.) during their service life [43–45]. Hence, 

multivariate optimization was run for all the features that were considered separately in the 

previous univariate optimization.  

 this 
study.Feature 

Units 
Equation 

Predicted Experimental 

 P content wt.% A+B-C+D+E+F-G+ 3.3 3.1±0.2 

Thickness µm A+B+C-D-E-F+G- 24.1 24.3±1.6 

Hardness Hv0.1 A+B+C+D+E-F+G+ 870 863±27 

Worn volume (x10-3) mm3 A+B-C-D+E+F-G- 0.045 0.045±0.005 

Corrosion 

rate 

µA/cm2 A+B+C-D+E+F-G+ 0.30 0.25±0.03 
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Several approaches for multivariate optimization based on the Taguchi methodology exist 

such as grey relational analysis, genetic algorithms, etc. [19,46,47]. The multivariate optimization 

workflow used in this study is shown in Figure 11. 

 

Figure 11. Multivariate optimization workflow used in this study. 

 

The relation between different factors should be first evaluated to check whether they 

can be expressed as a lineal combination, which permits to reduce the dimension of the original 

matrix. Several methods can be used for reduction of data dimensionality. Calculation of 

correlation coefficient was selected in this study. The correlation coefficient r is defined in 

Equation (1), where n corresponds to the number of samples, and xi and yi to the values of the 

different factors involved in the comparison. 

 
𝑟 =  

𝑛 ∙ ( 𝑥𝑖 ∙ 𝑦𝑖)− ( 𝑥𝑖
𝑛
𝑖=1 ) ∙ ( 𝑦𝑖

𝑛
𝑖=1 )𝑛

𝑖=1

 𝑛  𝑥𝑖
2𝑛

𝑖=1  −   𝑥𝑖
𝑛
𝑖=1  

2
∙  𝑛  𝑦𝑖

2𝑛
𝑖=1  −   𝑦𝑖

𝑛
𝑖=1  

2
 

 

(1) 

 A value of r = 0 means that there is not a lineal correlation between factors, r = 1 means 

perfect positive correlation between factors and 0 < r < 1 indicates a certain degree of lineal 

correlation. The same is true for negative correlations for which r = -1. Using the values shown in 

Table 4, and applying Equation (1), the resulting correlation matrix is (Equation (2)): 
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𝑟 =

 

  
 

𝑟11 𝑟12 𝑟13

𝑟21 𝑟22 𝑟23

𝑟31 𝑟32 𝑟33

𝑟14 𝑟15 𝑟16

𝑟24 𝑟25 𝑟26

𝑟34 𝑟35 𝑟36
𝑟41 𝑟42 𝑟43

𝑟51 𝑟52 𝑟53

𝑟61 𝑟62 𝑟63

𝑟44 𝑟45 𝑟46

𝑟54 𝑟55 𝑟56

𝑟64 𝑟65 𝑟66 

  
 

=

 

  
 

1 0.634 0.281
0.634 1 0.364
0.281 0.364 1

0.670 0.495 0.442
0.201 0.741 0.055
0.410 0.211 0.302

0.670 0.201 0.410
0.495 0.741 0.211
0.442 0.055 0.302

1 0.489 0.480
0.489 1 0.232
0.480 0.232 1  

  
 

 

 

(2) 

 The matrix depicted in Equation (2) shows that the highest value for the correlation 

coefficient among the different factors correspond to position r25 = 0.741 for thickness and worn 

volume features. Yet, although there is apparently some degree of correlation, the value does not 

support the existence of a lineal combination. Thus, it was not possible to reduce data dimension 

as there were no lineal combination of variables. 

According to the procedure described in Figure 11, data resulting from the univariate 

optimization were transformed into a normal distribution using the Zscore, as shown in Equation 

(3), where x is the value of each feature in the different experiments, µ is the average of all the 

measurements for that feature, and σ the standard deviation. 

 
𝑍 =  

(𝑥 − 𝜇)

𝜎
 

 

(3) 

A synthesis indicator (SI) was defined for the different features depending on the specific 

weight a definite feature would have on the overall response. Thus, according to this research, 

minimum wear volume and lowest corrosion resistance were the features with the highest impact 

in the response derived from the multivariate optimization, followed by the P content, thickness 

and hardness of the coatings. As the optimization of wear and corrosion resistance fell within the 

lower-the-better category, the sign of these features was negative. The SI values for the different 

properties are listed in Table 6. 

 Table 6. SI values employed in the multivariate optimization. 

 

 P Thickness Hardness Wear Corrosion 

S.I -0.2 0.1 0.1 -0.35 -0.25 
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Applying the S.I to the obtained values it was possible to elucidate the main effects on 

wear and corrosion resistance in an analogous manner to the Taguchi methodology used in the 

univariate optimization, but considering the two properties simultaneously. Optimal factors were 

achieved in positions for which the overall effect is maximized. Table 7 show the main effects 

values, its ranking within the factors considered, and the optimal level (+, -) for each factor.  

Table 7. Main effect chart on wear and corrosion resistance of ENP coatings for multivariate optimization. 
 

Factor [Ni(II)] [Reducer] 
[complexing 

1] 
[complexing 

2] 
Stirring T pH 

- -0.131 0.080 0.057 -0.251 -0.204 0.186 -0.258 
+ 0.131 -0.080 -0.057 0.251 0.204 -0.186 0.258 

Main effect 0.263 0.160 0.115 0.502 0.408 0.372 0.516 
Rank 5 6 7 2 3 4 1 

Optimal 
level 

+ - - + + - + 

 

Table 7 demonstrates that the most influential parameters to secure coatings with the 

lowest wear volume and highest corrosion resistance were pH, complexing agent 2 concentration, 

stirring and temperature, followed by Ni(II), reducing agent and complexing agent 1 

concentrations. Thus, resulting optimized factors arrangement for multivariate analysis was A+B-C-

D+E+F-G+. In order to obtain the prediction equation for each individual feature, the results were 

brought back into the univariate Taguchi matrix, where the new configuration of factors was 

implemented. The final projected values for each feature are shown in Table 8. 

Table 8. Predicted values for all the properties subject to multivariate optimization. 
 

 

 

 

 

According to the predicted values, lower phosphorus content and lower corrosion rates 

could be achieved through a multivariate optimization, thus improving the results achieved in the 

univariate optimization (cf. Table 5). It should be pointed out that a different factor arrangement 

Feature Units Predicted 

 P content wt.% 2.2 
Thickness µm 10.8 
Hardness Hv0.1 842 

Worn volume (x10
-3

) mm
3
 0.045 

Corrosion rate µA/cm
2
 0.02 
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was obtained with regard to the univariate optimization, demonstrating the suitability of the 

multivariate approach for the optimization of this kind of multifactorial systems. 

3.2.1. Results of the confirmation test 

P content, thickness, hardness, wear and corrosion resistance were evaluated on coatings 

obtained from the formulation and working parameters derived from the multivariate 

optimization and shown in table 7. As shown in Figure 12, phosphorous present in the EDX 

spectra, amounting to 2.2 ± 0.2 wt.%, thereby confirming the predicted value. Mean coating 

thickness was 12.1 ± 0.4 µm, which was slightly higher than the projected value but in the range 

of the model considering the standard deviation of the measurement. 

 

Figure 12. Confirmation test results for P content and thickness (see inset) of a coating obtained from 
multivariate optimization. 

 

Hardness measurements yielded a value of 851 ± 27 Hv0.1, which was again in full 

agreement with the prediction. The worn volume determined after a tribological test was 0.068 ± 

0.010 x10-3 mm3. This value was slightly higher than the predicted value but of the same order of 

magnitude, and it was also higher than the best value achieved in the univariate optimization (cf. 

Table 5). Note that this is a global optimization and therefore some features may not reach their 

optimal values. 
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Figure 13. 3D image of the worn surface of a ENP coating produced for the confirmation test in the 
multivariate optimization. 

 

Finally, the corrosion resistance of the coatings produced for the confirmation test was 

assessed by electrochemical techniques. The polarization curve (cathodic plus anodic branches) of 

the coating obtained in confirmation experiment is shown in Figure 14. The corrosion rate was 

0.070 ± 0.02 µA/cm2, which was moderately higher than the 0.020 µA/cm2 value predicted by the 

model. Nevertheless, it is worth pointing out that the value obtained after the multivariate 

optimization is three-fold lower than the values obtained in the univariate optimization (cf. Table 

4). Despite the fact that corrosion rate was not the feature with the highest specific weight in the 

optimization run, the experimental setup derived from the multivariate optimization had a 

positive effect on the corrosion performance of the coatings. In particular, higher stirring rate and 

lower plating rate (favoured by a lower temperature) boosted the corrosion resistance, as 

observed in the univariate optimization (see Table 5). Low plating rate allows the growth of more 

compact electroless nickel coatings with lesser defects, thereby improving the corrosion 

performance of the Ni-P coatings. On the other hand, higher pH promotes the incorporation of 

lower amounts of P in the nickel matrix, which is beneficial for the mechanical properties.  
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Figure 14. Cathodic (red) and anodic (black) polarization curves of ENP coating resulting from multivariate 
optimization. 

 

Table 9 summarizes the predicted and experimental results obtained from the 

multivariate optimization. The experimental values match very well the predicted values, 

validating the methodology proposed for the optimization of complex electroless nickel 

formulations. Remarkably, the optimized solution renders Ni-P coatings with three times lower 

corrosion rate than that obtained in the univariate optimization, without compromising hardness 

and wear performance. 

Table 9. Predicted and experimental values of ENP coatings subject to multivariate optimization. 

 

 

 

 

4. Conclusions 

The Taguchi method has been employed for the optimization of a complex 

multicomponent electroless nickel formulation. In this study, two approaches have been 

employed for optimizing different features or properties, first individually (univariate approach) 

and later globally (multivariate approach). In either case, it has been possible to obtain valuable 

Feature Units Predicted Experimental 

 P content wt% 2.2 2.2±0.2 
Thickness µm 10.8 12.1±0.4 
Hardness Hv0.1 842 851±27 

Wear (x10
-3

mm
3
) 0.045 0.068±0.010 

Corrosion (µA/cm
2
) 0.02 0.07±0.02 
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information from a reduced number of experiments. The P content, thickness, hardness, wear 

volume and corrosion resistance were chosen as the optimizable features. From the 

compositional point of view, the role of complexing agent 2 in modulating hardness and wear 

resistance of the coatings needs to be highlighted. On the other hand, pH and stirring rate have 

been determined as the most influential parameters for achieving coatings with low corrosion 

rates. Moreover, lower operation temperature favours the growth of more compact and defect-

free Ni-P coatings. 

As opposed to univariate optimization, multivariate optimization allows improving more 

than one feature at the same time. In this study, wear and corrosion resistance were selected as 

features with the highest specific weight in the multivariate optimization response. The optimal 

experimental setup derived from the multivariate optimization rendered a configuration of 

factors which was different from any of the combinations obtained in the univariate optimization. 

Moreover, it has been possible to obtain coatings exhibiting three times lower corrosion rates in 

comparison to the best result achieved in the monovariate optimization stage for this feature. 

Surprisingly, corrosion resistance was not the feature with the highest specific weight on the 

overall response but was best optimized under the given set of factors.  

Accurate, forehand design of experiments is as a powerful tool for the optimization of 

complex electroless nickel electrolytes, providing useful information with a limited number of 

trials, what turns this methodology into time and cost effective. The proposed univariate and 

multivariate optimization methodologies could be extrapolated to other complex systems in 

which bath components (and their concentrations) and experimental conditions play important 

roles on the performance of the coatings. 
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A B S T R A C T

Electroless nickel-phosphorous (NiP) coatings were produced on low carbon steel substrates for a total plating
time of 3 h. Different preparation modalities were pursued. Multilayered coatings were produced by stacking
three layers of the same composition by successive electroless plating with rinsing steps in between. On the other
hand, coatings termed ‘monolayered’ for the sake of comparison were deposited by one step electroless process,
with and without undergoing bath replenishment of the electrolyte during plating. All the samples were sub-
jected to thermal annealing at 400 °C for 1 h under argon atmosphere.
The results show that the multilayer approach prevents crack propagation in the as-deposited coatings be-

cause the interfaces between layers block the advance of defects. Bath replenishment during monolayered
coatings production creates pseudo-interfaces similar to those of the multilayered case but they are ineffective in
terms of corrosion protection. Un-replenishment of the electrolyte promotes a change in the coating's micro-
structure from lamellar to columnar which severely worsens their performance. Upon annealing, the presence of
interfaces, along with the recrystallization of the metallic matrix, promotes an upgrading of the corrosion
performance of the multi-layered coatings. The corrosion products spread laterally at the interface where they
stockpile. At a certain point, the accumulation of these by-products provokes the exfoliation of the outermost
layer exposing the layer underneath to the corrosive media, thereby delaying the advancement of the corrosion
attack. The results of this study highlight the importance of the plating approach selection, as well as the need for
proper electrolyte maintenance during the production of high-performance electroless coatings.

1. Introduction

Electroless nickel plating was firstly reported in the seminal paper
by Brenner and Riddell, published in 1946 [1]. Since then, and based on
their excellent mechanical properties and corrosion resistance, it has
become one of the preferred engineering solutions for high demanding
applications [2]. Recently, the increasingly stringent environmental
regulations on the use of hexavalent chromium has pushed, both in
academia and plating industries, the need for more sustainable alter-
natives to hexavalent chromium [3,4]. Hexavalent hard chromium
deposits stand out for their excellent mechanical properties, including
hardness and wear, as well as their superior corrosion resistance in
functional applications [5]. Electroless nickel coatings have emerged

over the last few years as a realistic alternative to hexavalent chromium
[6].

In electroless processes, the electrons required to reduce the me-
tallic cations (e.g. Ni2+) are provided by a reducing agent, present in
the electrolyte, without the assistance of electrical current [7]. The
resulting deposit is an alloy because the reducing agent gets in-
corporated into the growing layer (e.g., P), thereby enhancing the
properties of the bare metal (e.g. Ni) [8]. Among all the metals that can
be electrolessly plated, nickel and its alloys represent 95% of all the
industrial applications, hypophosphite being the most used reducing
agent [9]. The properties of nickel-phosphorous (NiP) coatings greatly
depend on the phosphorous content in the alloy. Accordingly, three
main classes of NiP coatings exist. Low phosphorous coatings (1–5 wt%

https://doi.org/10.1016/j.surfcoat.2019.04.013
Received 15 December 2018; Received in revised form 8 March 2019; Accepted 3 April 2019

⁎ Corresponding author.
E-mail address: egarcia@cidetec.es (E. García-Lecina).

Surface & Coatings Technology 368 (2019) 138–146

Available online 04 April 2019
0257-8972/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

85 

http://www.sciencedirect.com/science/journal/02578972
https://www.elsevier.com/locate/surfcoat
https://doi.org/10.1016/j.surfcoat.2019.04.013
https://doi.org/10.1016/j.surfcoat.2019.04.013
mailto:egarcia@cidetec.es
https://doi.org/10.1016/j.surfcoat.2019.04.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2019.04.013&domain=pdf


P) exhibit very good mechanical properties at the expense of limited
corrosion resistance. High phosphorous coatings (10–14 wt% P) present
superior corrosion resistance but poor mechanical properties. Medium
P content coatings (6–9wt% P) offer a good compromise over the for-
mers in terms of mechanical properties and corrosion resistance [10].

This versatility in terms of composition derived properties has
broadened the application fields of electroless nickel, which is indeed
the preferred solution in the automotive industry, electronics, petro-
chemical and aeronautics sectors [2,11–14]. These application fields
match those in which hard chromium coatings were historically em-
ployed for the enhancement of properties of base materials commonly
employed in engineering applications. Additionally, the performance
offered for as-deposited electroless NiP coatings can be further en-
hanced by subjecting the coatings to thermal annealing. Generally,
annealing at 400 °C during 1 h under inert atmosphere offers the max-
imum increase in the properties due to nickel matrix re-crystallization
and Ni3P phase precipitation [15]. Meanwhile, crack development
during hard chromium plating has a detrimental effect on their corro-
sion resistance, which is even magnified upon annealing [16]. This
underpins the role of electroless nickel as an alternative to hexavalent
chromium plating.

In traditional one-step electrodeposition, the properties of the NiP
coatings are dictated by the P content, excluding the possibility to bring
together the properties of NiP layers with dissimilar P content in the
same structure [17]. In recent years, especially in the plating industry,
multilayered coatings have gained much attention due to the ad-
vantages offered by these coatings in terms of mechanical and elec-
trochemical behaviour [18]. Narayanan et al. reported the production
of electroless multilayered coatings and showed that their corrosion
resistance improved if properly selecting the outer layer [17]. Similar
results were found by Gu et al. in multilayered systems by incorporating
an intermediate electrolytic nickel layer [19]. Recently, Vitry et al.
showed the beneficial effect of combining NiP and NiB monolayers in
the same deposit. The resulting coatings showed superior wear re-
sistance while maintaining a good corrosion resistance when compared
to single layered coatings [20]. As can be inferred from the above, the
combination of different layers into a coating offers the possibility to
enhance the performance, and thus broaden the functionalities, over
single layered materials. Despite the progress in the field, little atten-
tion has been paid to the effect of the interfaces present in multilayered
systems.

Therefore, the purpose of this investigation is to deepen into the
understanding of the impact of the multilayer plating approach, parti-
cularly on the role of the interfaces, on the properties of electroless NiP
coatings. For the study, an optimised electroless low phosphorus for-
mulation, combining the best performance in terms of corrosion re-
sistance while maintaining its excellent mechanical properties, has been
employed (unpublished results). The low phosphorous electroless
nickel layers were sequentially stacked to give rise to the multilayered
coating. Their mechanical and corrosion resistance properties were
compared to those of monolayered deposits of the same thickness
grown by one step electroless deposition. The effect of bath replenish-
ment during electroless nickel plating of the monolayers was also in-
vestigated. The impact of the plating approach on the microstructure of
the coatings as well as on their mechanical properties and corrosion
resistance is assessed.

2. Materials and methods

2.1. Electroless nickel bath and plating approach

A proprietary low phosphorous electroless nickel electrolyte was
employed in this investigation. The volume of the electrolyte was 1 l in
all the cases. The nickel concentration in the electrolyte was 6.5 g L−1

and sodium hypophosphite was used as reducing agent at a con-
centration of 20 g L−1. Nature and concentration range of complexing

agents, buffers and stabiliser present in the electrolyte remain undi-
sclosed due to confidentiality issues. It is worth mentioning that the
electrolyte was organically stabilised, thus avoiding the use of heavy
metals as stabilisers to meet the criteria established in the RoHS and
ELV directives [21]. The pH of the solution was maintained at 6.5 by
NH4OH or 10% H2SO4 correction. The working temperature was set at
75 °C by means of a PT-1000 probe attached to the magnetic stirrer at
ω=250 rpm (IKA, RTC Basic). All the chemicals used in the prepara-
tion of electroless baths were of analytical grade and dissolved in
deionized (DI) water. The total plating time was 3 h for all coatings.

Three different plating conditions were considered in this work. The
multilayer approach involved removing the sample from the electrolyte
following the first electroless cycle (1 h), rinsing it in DI water and
immersing the coating in H2SO4 10% solution to avoid surface oxida-
tion before the second and third electroless steps were attempted. In the
interim, the exhausted components of the electrolyte were replenished,
and the pH readjusted to its initial value. Electrolyte's replenishment
consisted in Ni2+ and H2PO2− addition to the electrolyte from freshly
prepared stock solutions. Complexing agents, stabilisers and buffers
were also added accordingly. Higher stirring rate was used during re-
plenishment events to assure proper solution homogenization. On the
other hand, electroless plating was done only once and the resulting
coatings are generically labelled as ‘monolayer’ for the sake of com-
parison with the trilayered coatings fabricated on purpose. Chemistry
replenishment of the electrolyte while plating was performed hourly in
some cases without withdrawing the coating from the electrolyte. The
resulting coatings are termed ‘rebalanced monolayer (r-monolayer).’
Alternatively, one step plating was also performed without readjust-
ment of the chemistry of the solution; this type of coatings is named ‘un-
rebalanced monolayer (ur-monolayer)’.

In order to study the effect of the thermal treatment on the prop-
erties of the coatings, all the samples were subjected to a thermal an-
nealing process. A tubular furnace (Hobersal, ST1611580) was em-
ployed for the annealing of the samples at 400 °C for 1 h time at a
heating rate of 10° min−1.The process was carried out under argon
atmosphere in order to prevent from surface oxidation. The system was
properly purged with argon three times before starting the heating
routine to assure the protective environment inside the SiC tube. Once
the annealing process was completed, the samples were kept inside so
allowing natural cooling to room temperature.

2.2. Substrate preparation

Low carbon steel (AISI-1010) flat foils (75× 100×0.6mm3) were
used as working electrodes. The surface/volume ratio was fixed to
1.5 dm2 L−1 for all studied conditions. Prior to plating, the substrates
were chemically degreased and rinsed thoroughly afterwards. Then,
electrolytic degreasing was carried out with a cathodic/anodic cycle for
2 and 1min, respectively. After rinsing, the samples were etched in an
HCl 40%: H2SO4 5% (v/v) mixture for 3min before electroless nickel
plating.

2.3. Characterization

Surface topography and cross-section morphology of the specimens
were examined by field-emission scanning electron microscopy
(FESEM) (CARL ZEISS ULTRA PLUS). The weight percentage of phos-
phorous incorporated into the deposit was determined using an energy
dispersive X-ray (Ametek® EDAX, APOLLO X EDX) detector coupled to
the electron microscope. For cross-section analysis, representative
coated areas of the substrate were cut and embedded in hot mounting
epoxy resin. Samples were polished with SiC paper (120–4000 grit) and
diamond paste down to 1 μm to achieve a mirror-like finishing of the
embedded sample. Chemical etching was carried out in all samples
using an HNO3:CH3COOH 1:1 (v/v) mixture for microstructural ob-
servation.
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Composition of the coatings was analysed by means of glow dis-
charge optical emission spectroscopy (GDOES) using a JY RF-GD
PROFILER HR instrument (Horiba Jobin-Yvon). During GDOES ex-
periments the samples were sputtered at an Ar pressure of 650 Pa under
an applied power of 35W. Confocal microscopy (Leica Microsystems,
DCM 3D) was used to evaluate surface roughness of the as-deposited
coatings as well as surface topography of both as-deposited and an-
nealed coatings. A blue light source (λ= 470 nm) was employed for
better resolution with objective magnification of 20× and 50× for
high resolution images. The obtained images were analysed with the
LeicaMap software (Leica Microsystems). The microstructure was in-
vestigated by means of X-ray diffraction (Bruker, D8) using CuKα ra-
diation in the Bragg Brentano geometry. Crystallite size was evaluated
using the Scherrer's equation which is implemented in the EVA soft-
ware® (Bruker) of the diffractometer.

The hardness and reduced Young's modulus of the obtained coatings
were evaluated using a nanoindenter (Anton-Paar, NHT2 model)
equipped with a Berkovich pyramidal-shaped diamond tip operating
under load control mode. To determine the variation of hardness along
the coatings' thickness, 45 indentations were made on their cross-sec-
tions, distributed into three separate rows parallel to the substrate
surface (i.e., in a region close to the substrate, in the middle, and in a
region close to the air surface of the coating). L1 (line 1), L2 (line 2) and
L3 (line 3) were located at ~3.5, ~11 and ~17 μm from the substrate,
respectively. The maximum applied load was 10 mN with a holding
time of 10 s, and a loading/unloading rate of 20 mN min−1. Prior to
nanoindentation, cross-sections of the samples were embedded in hot
resin and were mechanically polished with 1 μm diamond suspension as
the last step.

The corrosion resistance of the coatings was evaluated by electro-
chemical techniques by means of a potentiostat/galvanostat (Biologic,
VMP3). All measurements were conducted in an aerated 3.5 wt% NaCl
solution at room temperature in a typical three electrode cell config-
uration (flat cell; EG&G Princeton Applied Research, Oak Ridge, TN,
USA) and with a geometrical working area of 1 cm2. A Pt mesh and Ag/
AgCl/NaCl (3M) electrode were used as counter and reference elec-
trodes, respectively. At immersion, the samples' corrosion potential,
Ecorr, was measured and recorded until no further changes were ob-
served (less than 10mV h−1). In order to obtain the anodic and
cathodic Tafel slopes (ba, bc), partial potentiodynamic scans
(0.1667mV s−1) on different areas of the same sample were performed,
starting from the open circuit potential in the anodic or cathodic di-
rection. The corrosion current density (jcorr) was calculated by means of
Stern-Geary relation [22].

3. Results and discussion

3.1. Morphology and composition of obtained coatings

After the plating process, the surface of all the NiP coatings pre-
sented a lustrous silvery-white appearance for the unaided eye. Surface
evaluation by FESEM showed that all samples present the typical
globular topography of electroless coatings before (Fig. 1a–c) and after
annealing (Fig. 2a–c). In all cases they were dense, homogeneous and
relatively smooth as can be inferred from the average surface roughness
(Sa) values listed in Table 1. The smoothness is maintained after an-
nealing. However, a close-up look of the surface topography showed
that the multilayered and r-monolayered exhibit a very similar defect-
free surface morphology, whereas small pores and/or defects can be
clearly observed on the surface of the ur-monoloyered ones. A priori,
one would expect to find more defects on the ur-monolayered coating
produced without electrolyte replenishment because the working piece
remains in the electrolyte for longer plating time compared to the
multilayer case. Long plating times can promote the adsorption of hy-
drogen bubbles on the catalytic surface, thus blocking the growth of
new nickel crystals and ultimately causing the formation of the defects

visible on the surface of the sample. In the case of the r-monolayer
coatings, the more vigorous stirring applied during the chemistry re-
balance for faster homogenization of the electrolyte, might trigger H2
bubbles desorption, giving rise to a defect free surface. Multilayered
coatings are removed from the plating bath and rinsed several times
between replenishment events, so there is a fresh surface free from
defects associated to adsorbed species ready to be plated each time.

Multilayer and r-monolayer conditions showed thickness values of
22.7 ± 1.7 and 23.4 ± 0.3 μm and a phosphorous content of
2.0 ± 0.3 and 2.5 ± 0.2 wt% respectively. In the case of the ur-
monolayered coatings, the thickness was slightly lower showing a
higher standard deviation standing at 19.2 ± 3.2 μm and having a
phosphorous content of 3.0 ± 0.5wt%. Chemically etched cross sec-
tions of the coatings were also evaluated as shown in Figs. 1d–f and
2d–f. Multilayered coatings showed the characteristic lamellar structure
in each of the three stacks, which is typical of NiP coatings [23]. This
lamellar structure is assumed to be caused by local fluctuations of the
phosphorous content due to pH changes in the diffusion layer at the
vicinity of the catalytic surface. Apart from the lamellar structure, two
interfaces can be clearly distinguished as a result of the interruption of
the electroless process. As depicted in Fig. 1d, the three different layers
have similar thickness (about 7 μm each). After annealing, the lamellar
structure becomes a bit ill-defined due to metallic matrix re-
crystallization (Fig. 2d). The interfaces resulting from the on-off elec-
troless, though, remain more distinguishable. GDOES analyses clearly
demonstrate the occurrence of these interfaces created throughout the
coatings' thickness (estimated from sputtering time), as can be seen in
Fig. 3, in concordance with the phosphorous content profile measured
by EDX and depicted in Table 1. Interestingly, no phosphorous diffusion
occurred during annealing since the stepped profile remained the same
as in the as-deposited state (Fig. 3).

The cross-section of the NiP monolayered coatings produced from
the un-rebalanced solution (ur-monolayer) was drastically different
from the multilayered coatings, evolving from a lamellar to a columnar
structure as the deposit builds up (Fig. 1e). This behaviour is assumed
to be associated with the unbalanced chemistry of non-replenished
electrolytes at long plating times. The occurrence of defects, some of
them being “V” shaped, and promoted by substrate's roughness, are also
visible. Annealing of these coatings had a similar effect on coating's
microstructure, blurring the original microstructure (Fig. 2e). No ap-
parent changes in phosphorous distribution upon annealing can be
gleaned from GDOES analysis (Fig. 3).

Fig. 1f shows the cross-section microstructure of the as-deposited r-
monolayer coating obtained from the balanced electrolyte. The char-
acteristic lamellar structure is clearly visible as well as two pseudo-
interfaces matching the replenishment events performed during plating.
Such interfaces are analogous to those observed in the multilayered
coating and are similar to those reported by Vitry et al. [24]. The oc-
currence of these interfaces is thought to be associated with unbalanced
solution chemistry during replenishment, which leads to a different
grain growth until the equilibrium is reached again. Defects of the
coatings related to substrate roughness were also clearly identified.
Thus, flat areas of the coatings showed defect free regions whereas
rough areas were more prone to promote defects. “V” shaped defects
were also detected, which crossed the coating's thickness almost en-
tirely, reaching the substrate in many cases, and indicating a decreased
ability for an effective protection of the substrate. After annealing the
lamellar structure was almost lost but the pseudo-interfaces originated
from bath replenishment were still visible (Fig. 2f). Similar to the
multilayered coatings, cracks associated to substrate roughness
smoothed and could not be further straightforwardly identified. In
terms of chemical composition, these coatings showed a similar trend as
the multilayer coatings. The location of the interfaces can be gleaned
from the profile and the overall phosphorus content is slightly higher.
Again, the distribution of phosphorous inside the coating did not
change upon annealing (Fig. 3).

A. Salicio-Paz, et al. Surface & Coatings Technology 368 (2019) 138–146

140
87 



3.2. XRD analysis

Fig. 4a shows the diffractogram of the coatings obtained from the
three different conditions. The deposits are all nanocrystalline as ex-
pected from the relatively low phosphorous content in the coatings [7].
Diffraction pattern analysis revealed that the peaks can be indexed to
the face-centred cubic (fcc) phase of Ni. The strongest reflection ob-
served at 2θ= 44.5° in all diffractograms corresponds to the (111)
plane. Besides, a weaker reflection at 2θ= 51.8° matching the (220)
plane and other characteristic less intense reflections of the fcc Ni phase
are observed, in agreement with PDF 065-2865. Only as-deposited ur-
monolayer coatings showed some slight differences in the (200) plane
probably due to a different crystal growth resulted from unbalanced
bath chemistry at long plating times. The crystallite size determined
from the Scherrer's equation is around 5–6 nm for all coatings (Table 2).

Annealing of the deposits promote the re-crystallization of the
nickel matrix as seen from the narrowing of the diffraction peaks
(Fig. 4b). Again, the (111) reflection is by far the most intense. The
relative intensity of the (200) plane is lowered for the ur-monolayered
coating compared to the other two. The precipitation of the tetragonal
(BCT) Ni3P phase is detected in all cases. Cristal size analysis confirms
the re-crystallization of the metallic matrix. As a result, the crystal size
increased by almost 10 fold (44–51 nm) after annealing for all studied
conditions except for the ur-monolayer coating, for which the crystal
size is slightly lower. Yet, the crystal sizes remain in the nanoregime.

3.3. Mechanical properties

Representative load-unload displacement curves for the different

coatings are shown in Fig. 5, both in the as-prepared and annealed
states. Table 3 lists the corresponding hardness (H) and reduced Young's
modulus (Er) values. Results indicate that Er and H values are very si-
milar among the three samples, in agreement with the similar crystal
structure and crystallite size measured from XRD diffraction. These
results also indicates that the mechanical properties are not sensitive to
the change from lamellar to columnar growth revealed by the cross-
section FESEM images in the coatings fabricated using the different
synthetic approaches. Typically, low P amounts are added to Ni coat-
ings to increase its hardness [25]. The enhanced mechanical perfor-
mance has been attributed to the supersaturated solid solution
strengthening and to grain size refinement caused by P addition fol-
lowing the Hall-Petch relationship [25]. Upon annealing, an increase in
H and Er can be observed for the three different coatings. This increase
can be mainly attributed to the precipitation of hard Ni3P intermetallic
phase (detected by XRD, Fig. 4b) leading to precipitation hardening.
Commonly, formation of Ni3P phase in heat-treated NiP coatings has
been reported to effectively increase its hardness [15,25]. The mono-
layered coating prepared from the unadjusted solution shows, on

Fig. 1. Surface morphology and corresponding etched cross-sections of as-deposited electroless NiP coatings, respectively, for (a, d) multilayered, (b, e) ur-mono-
layered and (c, f) r-monolayered cases.

Fig. 2. Surface morphology and related chemically etched cross-section of annealed electroless NiP coatings: (a, d) multi-layered, (b, e) ur-monolayered and (c, f) r-
monolayered cases.

Table 1
Coating characterization (thickness, P content and average surface roughness)
for the different electroless nickel coatings in the as-deposited state.

Condition Thickness
(μm)

P content
(%wt.)

Surface roughness (Sa)
(μm)

Multilayer 22.7 ± 1.7 2.0 ± 0.3 1.8
r-monolayer 23.4 ± 0.3 2.5 ± 0.2 1.7
ur-monolayer 19.2 ± 3.2 3.0 ± 0.5 1.6
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average, a slightly higher H. Note that hardness values in excess of
10 GPa are obtained after annealing, which is comparable to the
hardness of electrodeposited chromium [26] and the recently published
electrodeposited Fe-25at%W [27].

3.4. Corrosion resistance

Table 4 summarizes the electrochemical corrosion parameters ob-
tained for the as-deposited and annealed coatings in a chloride-con-
taining electrolyte. As observed in the table, the corrosion potential
(Ecorr) was very similar for all the as-deposited electroless nickel sur-
faces (−300 ± 25mV vs Ag/AgCl), in agreement with their analogous
chemical composition. Among the as-deposited coatings, multilayered
coatings showed a slightly lower corrosion current density although no
significant differences on polarization resistance neither on the Tafel
slopes were observed.

Potentiodynamic behaviour (Fig. 6a) of all as-deposited nickel
coatings present similar characteristics. The anodic potentiodynamic
curves show two regions: in the first region from the OCP to ca.
−150mV vs Ag/AgCl, the current density shows a pseudo-passive
corrosion mechanism with an anodic Tafel slope of about 80 ± 5mV
dec−1. In the second region, at potentials more positive than −200mV

vs Ag/AgCl, the current increases rapidly with the applied potential,
indicating a breakdown of the passivity and the on-set of localized
corrosion [28]. No significant differences were observed among the
cathodic branches of the polarization curves.

To further understand the corrosion behaviour of the nickel coat-
ings, both surface and cross-section observations were carried out by
FESEM after the potentiodynamic polarizations. In all cases, surface
micrographs of as-deposited coatings (Fig. 7a–c) indicate that the cor-
roded areas show intergranular corrosion located at the boundaries of
the nodules. A closer examination of the ur-monolayer coating reveals
the presence of some debris on the surface of the coatings, not present
on the multilayered and r-monolayered coatings. Observation of the
surface at higher magnifications (Fig. 8) indicated that the debris cor-
responded to NiP fibres that form the columnar microstructure, de-
tached during the electrochemical polarization from the matrix by se-
lective dissolution attack at the fibre boundaries. As a result, a fray-like
effect along the thickness up to 5 μm depth into the coating's was ob-
served. This feature must be directly linked to the columnar micro-
structure shown by the ur-monolayer coating. The Cl− anion pre-
ferentially attacks the coating through the column boundaries, creating
multiple attack paths toward the substrate. This phenomenon, not ob-
served on the multi-layered and r-monolayered coatings, points to dif-
ferences in the coating's performance as a function of the plating mode
that were not evident from the potentiodynamic tests.

Cross-section evaluation of chemically etched corroded samples was
helpful to understand the corrosion mechanisms operating in the dif-
ferent as-deposited electroless nickel coatings. As shown in Fig. 9a, the
multilayered coating did not fully protect the substrate, but the mi-
crograph shows that the interfaces created in the synthetic approach
hinder the progress of the corrosion attack; thus, some of the cracks
promoted by the corrosive media become effectively blocked and do
not reach the substrate. In the case of the ur-monolayer coatings, the
corrosive attack consists of a microselective dissolution at the fibre

Fig. 3. Compositional profiles obtained by GDOES analysis for a) as-deposited and b) annealed NiP coatings where a) multilayer, b) ur-monolayer and c) r-
monolayer.

Fig. 4. XRD patterns of a) as-deposited and b) annealed NiP coatings where a) multilayer, b) ur-monolayer and c) r-monolayer.

Table 2
Crystallite size obtained using the Scherrer's equation on the (111) peak width.

Crystallite size
(nm)

As-deposited Annealed

Multilayer 5.6 51.1
r-monolayer 4.7 44.4
ur-monolayer 4.9 32.4
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boundaries (Fig. 9b). Finally, in the r-monolayer coatings, the corrosive
attack proceeds along the intrinsic defectivity of the coatings. Thus,
when the Cl− anions reach a defect, the attack progresses directly to the
substrate, indicating that the pseudo-observed-interfaces of the r-
monolayer do not efficiently block the defect advancement.

Annealing brings about an enhancement of the corrosion resistance

regardless the followed plating approach (Table 4). Thus, after an-
nealing there is a shift of about 150mV toward more positive values of
the Ecorr, an increase of the polarization resistances and anodic Tafel
slopes and a decrease of corrosion current densities, indicating changes
in composition, better passivity and a decreased corrosion suscept-
ibility. A possible explanation for the generalized improvement of the
corrosion resistance upon annealing for all coatings relies on the dif-
ferences in crystallinity before and after thermal annealing. As-de-
posited coatings are nanocrystalline, with crystallite sizes in the range
of 4.7–5.6 nm, and therefore characterized by a great amount of grain
boundaries. These grain boundaries trigger the development of micro-
cells which can pave the way for the advancement of the corrosive
attack [29]. Annealing of the coatings brings about an increase of al-
most ten-fold in the crystallite size which diminishes the density of
grain boundaries and, in turn, improves the corrosion resistance. This
reduction in the grain boundaries due to grain coarsening dominates
over the effect imparted by Ni3P phase precipitation, which could act in
parallel as active sites for corrosion attack [30].

Corrosion performance of annealed coatings was found to be no-
tably different from that of the as-deposited coatings (Fig. 9). Surface
observation revealed a change in the corrosion mechanism from loca-
lized intergranular corrosion initiated at the nodule boundaries for the
as-deposited coatings to localized pitting corrosion when annealed

Fig. 5. Load vs depth curves obtained from nanoindentation tests for as-deposited and annealed NiP coatings where a) multilayer b) ur-monolayer and c) r-
monolayer.

Table 3
Hardness and Young's modulus values of the electroless NiP coatings de-
termined by nanoindentation.

Condition As-deposited Annealed

H
(GPa)

Er
(GPa)

H
(GPa)

Er
(GPa)

Multilayer L1 9.48 ± 0.17 174.5 ± 2.2 10.42 ± 0.21 214.5 ± 6.4
L2 9.40 ± 0.15 166.4 ± 2.2 10.36 ± 0.17 213.3 ± 4.9
L3 9.15 ± 0.32 140.3 ± 8.6 10.15 ± 0.23 197.0 ± 6.4

r-monolayer L1 9.80 ± 0.15 171.6 ± 2.3 10.98 ± 0.39 220.6 ± 4.8
L2 9.52 ± 0.23 168.2 ± 2.6 11.11 ± 0.25 218.7 ± 3.8
L3 9.47 ± 0.09 156.8 ± 3.2 10.40 ± 0.27 201.5 ± 8.3

ur-monolayer L1 9.57 ± 0.17 168.5 ± 2.3 11.15 ± 0.23 215.3 ± 3.8
L2 9.54 ± 0.12 166.6 ± 3.0 11.34 ± 0.17 210.9 ± 4.0
L3 9.44 ± 0.15 151.7 ± 5.2 10.68 ± 0.08 188.6 ± 9.7

Table 4
Electrochemical parameters obtained after electrochemical corrosion tests.

Condition −Ecorr
(mV vs Ag/AgCl)

Rp
(kΩ cm2)

ba
(mV dec−1)

−bc
(mV dec−1)

jcorr
(μA cm−2)

As-deposited coatings
Multilayer 282 ± 5 29 ± 1 76 ± 5 92 ± 1 0.63 ± 0.05
r-monolayer 322 ± 8 23 ± 2 84 ± 9 96 ± 2 0.85 ± 0.11
ur-monolayer 332 ± 11 16 ± 1 78 ± 9 90 ± 1 1.14 ± 0.15

Annealed coatings
Multilayer 154 ± 9 41 ± 4 109 ± 3 65 ± 3 0.43 ± 0.09
r-monolayer 161 ± 15 31 ± 7 124 ± 9 68 ± 4 0.61 ± 0.15
ur-monolayer 186 ± 13 25 ± 9 129 ± 6 44 ± 4 0.57 ± 0.19
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coatings were tested. Pitting corrosion phenomena was exacerbated in
the monolayered coatings (Fig. 7d–f). Cross-sections analysis of the
samples after corrosion tests, also indicated additional differences
among the coatings. Annealed multilayered coatings were still pro-
tecting the substrate and no sign of red corrosion was observed. The
multilayered coating dissolves layer by layer underlining the layer-type
morphology of the coatings. It is hypothesized that once the corrosive
attack proceeds through the first layer, it stops at the interface where
the corrosion products spread laterally, leading to exfoliation of the
outermost layer and causing the exposure of the layer beneath to the
corrosive media (Fig. 9d). A similar mechanism has been previously
proposed for NiP electrodeposited multilayers [31]. Annealing of the
ur-monolayered coatings has a similar behaviour compared to the

multilayered case. Fig. 9e shows a more homogeneous coating in which
the lamellar structure is imperceptible due to metallic matrix re-
crystallization. Yet, some defects are still visible across the coating's
surface which, when exposed to the corrosive media, facilitates that
chloride anions progress through these defects ultimately reaching the
substrate and leading to a complete detachment of V-shaped fragments
of the coating. On the other hand, Fig. 9f shows the cross-section of an
annealed r-monolayer coating after polarization. The image shows that
the coating gets progressively dissolved by the corrosive media until it
finds a weak point which allows the attack of the substrate by pit for-
mation.

These results highlight the importance of chemical solution main-
tenance at long plating times as well as the effect of the plating

Fig. 6. Polarization curves of a) as-deposited and b) annealed NiP electroless coatings where a) multilayer, b) ur-monolayer and c) r-monolayer.

Fig. 7. Surface morphology of (a–c) as-deposited and (d–f) annealed electroless NiP coatings after polarization studies where (a, d) multilayered, (b, e) ur-mono-
layered and (c, f) r-monolayered coatings.

Fig. 8. Zoomed details of surface morphology of as-deposited ur-monolayered NiP coatings after polarization studies.
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approach used for the production of high-quality electroless coatings
for demanding applications.

4. Conclusions

Electroless nickel multilayered and monolayered coatings were
produced from a proprietary low phosphorous nickel electrolyte. As-
deposited coatings were nano-crystalline, dense and homogeneous in
all the cases. At higher magnification, though, ur-monolayered coat-
ings, showed some defects like small pores. The multilayered coatings
were characterized by well-defined interfaces stemming from process
interruption, which effectively prevent crack propagation along the
coating thickness, thereby offering better protection ability compared
with the monolayered coatings. r-monolayered coatings showed inter-
faces analogous to the multilayer case, matching the replenishment
events performed during plating. Such interfaces do not completely
protect the surface and defects are able to traverse the coating's thick-
ness, reaching more easily the substrate without getting blocked at the
interfacial region. As result of the unbalanced chemistry of the elec-
trolyte at long plating times, the growth of the ur-monolayered coatings
evolved from lamellar to columnar type. Annealing of the coatings
promotes the recrystallization of the metallic matrix, thereby increasing
the crystallite size by tenfold and giving rise to coatings with fewer
defects or weak points. Interfaces were still visible for both multilayer
and r-monolayered coatings but the fine lamellar microstructure was
almost lost.

Nanoindentation experiments performed on the as-deposited coat-
ings' cross-sections revealed that hardness and reduced Young's mod-
ulus were very similar despite the differences observed by FESEM, in
agreement with the similar crystalline structure revealed by XRD ana-
lysis. Upon annealing, both parameters increased, presumably due to
precipitation of Ni3P.

Corrosion analysis of as-deposited coatings indicated intergranular
corrosion located at the surface nodules boundaries. Microstructural
characterization revealed significant changes among the coatings. Thus,
while the interfaces of the multilayered coatings delay the progress of
the corrosive attack by blocking the advance of the defects produced by
the corrosive media, in the monolayered coatings the corrosion pro-
gress through the coating reaching the substrate, aggravated in the case
of ur-monolayered coatings. After annealing, corrosion performance of
the NiP coatings improved as a result of reduced grain boundary due to
grain coarsening. Moreover, a change from intergranular to pitting
corrosion was observed. Cross-section evaluation indicated that the
interfaces of the annealed multilayered coatings successfully prevent
the progress of the corrosive attack, unlike monolayered coatings.
According to the results, annealed electroless nickel multilayers allows
obtaining coatings with enhanced corrosion resistance, compared to

monolayered coatings, while maintaining their mechanical properties.
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A B S T R A C T   

This study aims to investigate the tribocorrosion behavior of electroless nickel coatings fabricated by three 
different means. Multilayered coatings were produced by consecutively stacking three NiP layers with the same 
phosphorous (P) content. This was accomplished by pausing the plating following each layer growth for sample 
cleansing and chemical replenishment of the electrolyte. For comparison purposes, two different monolayered 
coatings were produced in a continuous manner. One of them involved chemical replenishment of the electrolyte 
(R-monolayer) whereas no action was taken on the other one during the total plating time (Ur-monolayer). The 
results showed that all the coatings exhibited similar wear volumes under dry wear tests wherein the Ur- 
monolayer coatings developed fatigue cracks which traversed the coating thickness. Tribocorrosion tests were 
carried out in a NaCl 3.5 wt% solution and they showed tribolayer formation in all the studied conditions. 
Moreover, monolayered coatings exhibited fatigue cracks and higher worn volumes than the multilayer ones. The 
presence of interphases in the multilayer coatings, which originated from pausing the electroless plating, allows 
enhancing their load bearing capability. Thus, multilayer coatings cope better with the stress derived from the 
applied normal load and sliding motion during tribocorrosion tests, which translates into a lower plastic 
deformation of the coatings and 3.5 times smaller worn volumes under the same testing conditions.   

1. Introduction 

First insights into electroless nickel (ENP) can be traced back to the 
late 19th century [1,2]. However, it was not until 1946 when Brenner 
and Riddle brilliantly reported it as a controlled plating process, in the 
course of their research about NiW electrodeposits [3]. ENP is an 
auto-catalytic reaction for metal deposition consisting in the reduction 
of metallic cations by a reducing agent present in the same electrolyte 
without the need of electrical current [4]. As a result of this process, 
portions of the reducing agent are incorporated into the metallic 
coating, thereby forming an alloy. In fact, the properties of NiP coatings 
are mainly governed by the concentration of the alloying element [5]. 
Most of the processes involving electroless plating employ sodium 
hypophosphite as reducing agent, being phosphorous (P) the alloying 
element which finely tunes the properties of the resulting coatings [6]. 

Thus, it is possible to produce coatings covering a wide range of func-
tionalities depending on the P content. High P coatings (10–14 wt% P) 
exhibit superior corrosion resistance whereas high hardness and excel-
lent wear resistance are typical features of low P coatings (1–4 wt% P). 
Mid-range phosphorous coatings (5–9 wt% P) show a good compromise 
in terms of performance with regard to the aforementioned properties 
[7]. 

Coating’s performance dependence on the P content makes NiP 
layers appealing to many engineering applications [8]. On the one hand, 
high P coatings typically exhibit excellent corrosion resistance [9]. This 
is ascribed to the amorphous microstructure derived from the incorpo-
ration of large amounts of P into the nickel lattice, which heavily distort 
cell lattice [10]. Different models for the corrosion protection mecha-
nism imparted by NiP layers have been formerly proposed [11,12]. The 
formation of a P-rich region at the coating-solution interphase due to 
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preferential dissolution of nickel has been repeatedly reported else-
where [13,14]. On the other hand, low amounts of P lead to the 
enhancement of the mechanical properties of the NiP coatings [15]. 
These can be further improved by thermal annealing, which promotes 
hardening of the nickel matrix by precipitation of the Ni3P phase [16]. In 
the as-deposited state, incorporation of small amounts of P promotes 
solid solution strengthening due to the low solubility of P into the nickel 
matrix [17]. Linked to its hardness, NiP coatings are protective coatings 
which help reducing friction and wear of materials. The tribological 
performance of NiP coatings depends on phosphorous content, thermal 
annealing and the tribological set-up used, including counter-phase 
material [18]. Nevertheless, when synergies among functionalities are 
sought, especially in high demanding applications, conventional plating 
approaches hardly yield high-performance materials. In this sense, the 
possibility of combining different layers into a single coating architec-
ture can boost the performance of the material [19–21]. This possibility, 
referred to as multilayer approach, might bring an improvement of the 
corrosion performance of the coatings while maintaining their me-
chanical properties, as it was recently reported by our group for coatings 
consisting of stacked layers of the same composition [22]. 

Real world applications often cause coatings degradation under 
complex deterioration phenomena (e.g. corrosion combined with me-
chanical loading). Synergies have to be considered when corrosion and 
wear act simultaneously, since this may lead to higher degradation rates 
in comparison to their individual contribution [23]. In this context, 
tribocorrosion tests allow simultaneously studying the chemical degra-
dation and mechanical damage derived from the contact of tribological 
pairs in relative motion, which result may be different from both pro-
cesses acting separately [24]. Mischler et al. were the first to describe the 
wear accelerated corrosion mechanisms taking place under tribocorro-
sion conditions [25]. In the following years, further research in the field 
brought into light novel mechanistic approaches widely used nowadays, 
referred to as synergistic, mechanistic, third body and nano-chemical 
wear approaches, in order to unveil and quantify the synergy between 
the various degradation mechanisms [24]. Tribocorrosion studies have 
been carried out in a wide range of passive materials (e.g. stainless 
steels, Ti, CoCrMo) [26] and, more recently, on NiP coatings. Panja et al. 
reported on the tribological behavior of NiP coatings under different 
corrosive media including brine. Although no electrochemical data were 
reported, it was concluded that the presence of the electrolyte reduced 
the wear rate due to the lubricious effect and cooling ability of the 
corrosive media [27]. Later, the same authors studied the tribocorrosion 
behavior of annealed NiP coatings in alkaline environments where they 
reported that abrasive wear predominately occurs by virtue of the 
presence of grooves and micro-ploughing derived from the mechanical 
load and sliding of the alumina ball used as tribo-pair [28]. Tabatabaei 
et al. investigated the effect of thermal annealing on the tribocorrosion 
behavior of NiP coatings in NaCl 3.5 wt% medium using an alumina ball 
as counter-body [29]. The increased hardness achieved by annealing 
diminished the wear rate in comparison with as-deposited coatings. 
This, along with the lubricious nature of the nickel oxide formed at high 
annealing temperature, made NiP coatings annealed at 400 �C to exhibit 
better performance under tribocorrosion conditions. 

Nonetheless, most of the results reported so far for NiP relate to 
electrodeposited coatings for which the influence of alloying elements or 
reinforcing phases is considered. Whether having a stack of NiP layers is 
beneficial or not to the tribocorrosion performance of the material re-
mains virtually unexplored [30]. Therefore, the aim of this study is to 
deepen into the understanding of the tribocorrosion mechanism oper-
ating in electroless nickel-based multilayered coatings subject to tribo-
corrosion, and to compare its performance with that of conventional NiP 
monolayered coatings. 

2. Experimental 

2.1. Materials 

A proprietary electroless low phosphorous formulation was used for 
the production of the different NiP coatings. The volume of the elec-
trolyte was kept at 1L in all the studied conditions. The nickel concen-
tration in the electrolyte was 6.5 g/L whereas the concentration of 
sodium hypophosphite, used as reducing agent, was set at 20 g/L. The 
remaining components of the electrolyte, namely complexing agent, 
stabilizers and buffers are not disclosed due to confidentiality reasons. 
The electrolyte was operated at pH ¼ 6.5 using 10% v/v H2SO4 or 
NH4OH for adjustments. All the chemicals used were of analytical grade 
and dissolved in distilled water (DI). During the production of the 
coatings, the temperature of the electrolyte was maintained at 75 � 1 �C 
measured by a PT1000 probe connected to a magnetic stirrer at ω ¼ 250 
rpm (IKA, RTC basic). The sample surface to electrolyte volume ratio 
was kept at 1.5 dm2/L in all cases. Electroless nickel-phosphorous 
coatings were produced on low carbon steel (AISI 1010) flat panels 
(75 � 110 � 0.6 mm3). Before plating, surface conditioning was per-
formed to ensure optimum adhesion between the NiP coatings and the 
substrate. The surface conditioning routine consisted of, firstly, chemi-
cal degreasing and rinsing. This was followed by electrolytic degreasing 
in anodic and cathodic modes for 1 and 2 min, respectively. After 
rinsing, the substrates were placed in an acid pickling mixture of HCl 
40%:H2SO4 5% (v/v) for 3 min and gently rinsed before plating. 

Coatings production was carried out using three different plating 
approaches for a total plating time of 3 h in all the cases. On the one 
hand, multilayer coatings were obtained by sequentially stacking three 
NiP layers with the same P amount. The production of the multilayers 
involved removal of the substrate from the electrolyte after 1-hour 
plating, replenishment of the chemical reagents and pH adjustment to 
achieve the original state of the electrolyte before plating the subsequent 
layer. This process was repeated twice giving rise to tri-layered coatings 
obtained after a total plating time of 3 h. Replenishment of the elec-
trolyte consisted of Ni2þ and H2PO2

- additions from stock solutions 
containing the right amounts of complexing agents, accelerator and 
stabilizers. During the replenishment events, the coated substrate was 
kept in a H2SO4 10% (v/v) to avoid surface oxidation of the plated layer 
(s) and, in turn, to ensure good adhesion with subsequent NiP layers. On 
the other hand, two different monolayered coatings were produced. The 
here called “Rebalance monolayer” (r-monolayer) was grown upon 
reverting the electrolyte chemistry to its initial values hourly while 
plating, always maintaining the substrate inside the bath for the whole 
plating duration (3 h). Finally, unbalanced monolayer (ur-monolayer) 
coatings were also fabricated in one-step but no replenishment of the 
electrolyte during the plating time (3 h) was carried out. Details on the 
preparation and characterization of these samples can be found else-
where [22]. 

2.2. Tribocorrosion tests 

Tribocorrosion tests of the NiP coatings were carried out by means of 
a reciprocating tribometer (Biotribometer, DUCOM) with an integrated 
three-electrode electrochemical cell connected to a potentiostat (Fig. 1). 
Similar experimental set-up has been used in the study of the tribo-
corrosion performance of martensitic stainless steel [31]. The different 
studied samples were rubbed against an alumina ball of 3 mm of 
diameter (G10) under a 3.5 wt% NaCl solution at room temperature (23 
� 1 �C). The stroke length was L ¼ 5 mm at f ¼ 1 Hz and with an applied 
normal force of FN ¼ 20 N (which corresponds to a maximum Hertzian 
pressure of p0 ¼ 2.7 GPa) during N ¼ 3600 cycles. Prior to the tribo-
corrosion tests, the samples were stabilized at the open circuit potential 
(OCP) for 3600s. During rubbing, the OCP of the samples was recorded 
and once rubbing stopped, monitorization of OCP continued for 600 s to 
evaluate the response of the coatings after the tests. During the rubbing 
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period, the coefficient of friction (COF) was also recorded. All tests were 
repeated at least twice to check for reproducibility. For comparison 
purposes, tribological tests in dry conditions were also carried out under 
the same mechanical load as the tribocorrosion tests. 

2.3. Characterization 

After tribocorrosion tests, the topography of the wear tracks was 
analysed by means of confocal microscopy (Leica Microsystems, DCM 
3D). 3D images were recorded by using a blue light source (λ ¼ 470 nm) 
and an objective magnification of 20x. Afterwards, the 3D surface 
topography of the different samples was evaluated using the LeicaMap 
software (Leica Microsystems). The wear volumes corresponding to the 
plastic deformation and the removed material in the wear track were 
obtained by integrating the worn area under a reference plane (unworn 
material). 

The crystalline structure of the coatings was investigated by X-ray 
diffraction (BRUKER, D8) in Bragg-Brentano geometry using the CuKα 
radiation. Microstructural features (cell parameter, crystallite size, 
microstrains and stacking fault probability) were calculated by means of 
the so-called MAUD program (Materials Analysis Using Diffraction), an 
open sourced full pattern fitting software based on the Rietveld refine-
ment method [32]. The stacking fault probability was evaluated using 
the Warren formulae, where the inverse of this probability denotes the 
average number of planes between two consecutive staking faults [33]. 
High resolution transmission electron microscopy (HRTEM) observa-
tions were carried out on a FEI Tecnai G2 F20 microscope at an accel-
erating voltage of 200 kV. Cross-sectional lamellae for TEM observations 
were prepared by focused ion beam (FIB). 

Nanoindentation measurements (using an Anton-Paar, NHT2 equip-
ment) were carried out for evaluation of hardness and reduced Young’s 
modulus. The values of these mechanical parameters were determined 
using the model of Oliver and Pharr [34]. The device is equipped with a 
Berkovich type indenter operating under load control mode. The ob-
tained results were the average of 45 indentations performed in corre-
sponding cross-sections embedded in epoxy resin. The indentations were 
homogeneously distributed among the three layers of the multilayer 
coatings. In the case of the monolayered coatings, the measurements 
were obtained at equivalent distances in the substrate-coating direction. 
For nanoindentation measurements a maximum load of 10 mN was 
used, with holding time set at 10 s, and loading/unloading rate at 20 mN 
min� 1. 

Wear tracks were observed with a scanning electron microscope 

(SEM) (JEOL, JSM-5500LV) in order to characterize the wear 
morphology. For high definition images of the surfaces, a field emission 
electron microscope (FESEM) (CARL ZEISS, ULTRA PLUS) was 
employed. For some samples, cross-sections of selected wear tracks were 
prepared. For this purpose, samples were cut perpendicularly to the 
sliding direction, mirror-like polished, embedded in hot mounting resin 
and then observed by SEM. For better observation of the specimens, the 
samples were tilted 15�. Cross-sections were electrochemically etched at 
6 V during 20 s in H3PO4 (70 vol.%) solution in order to assess eventual 
microstructural modification of the material after the tribocorrosion 
tests. The composition of the coatings was determined by an energy 
dispersive X-ray detector (EDX) coupled to the SEM. 

3. Results 

3.1. Morphology, mechanical properties and crystalline structure of the 
NiP coatings 

Fig. 2 shows the surface morphology of the NiP coatings. No signif-
icant differences are noticed depending on the plating approach. 
Namely, the three coatings show a typical nodular structure with well- 
defined cells containing smaller grains randomly distributed over the 
surface. Yet, monolayered coatings (Fig. 2b and c) possess a more 
defective surface as a result of the continued (non-paused) plating pro-
cess. Under these conditions, the formation of pores as well as the 
occurrence of defects generated by the adsorption of hydrogen bubbles 
is favored. These defects act as obstacles by hindering nickel deposition, 
resulting in spherically shaped imprints over the NiP surface. 

Table 1 lists the thickness, phosphorous content and mechanical 
properties of the coatings determined by nano-indentation tests. The P 
content varies in a small range and shows the following trend: Ur- 
monolayer > R-monolayer > Multilayer. Accordingly, coatings exhibit 
similar values of hardness (9.3–9.6 GPa) and Young’s modulus 
(160–166 GPa). These values are in agreement with those reported 
elsewhere for low phosphorous electroless nickel coatings [35]. Evalu-
ation of surface topography by confocal microscopy yields surface 
roughness average (Sa) values in the range 1.6–1.8 μm for all the studied 
coatings. 

Fig. 3 shows the XRD patterns of the studied coatings, which exhibit 
the face-centered cubic (fcc) structure. The coatings show the (111) 
preferred orientation, accompanied by weaker reflections correspond-
ing to the (200), (220), (311) and (222) planes of the fcc Ni phase, in 
agreement with PDF card number 065–2865. Closer inspection of the 

Fig. 1. Sketch of the experimental set-up for tribocorrosion tests.  
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most intense peak (inset of Fig. 3a) reveals a shift towards lower angles 
for monolayered coatings, with the Ur-monolayer exhibiting the highest 
displacement. Since P has smaller radius than Ni, the addition of P to the 
fcc-Ni lattice in interstitial positions causes a cell expansion and, thus, a 
shift of the reflections toward lower angles. Accordingly, the cell 
parameter increases (see Table 2). On the other hand, the peak broadens 
as a result of a higher fraction of amorphous phase present in the 
metallic matrix [36]. Small differences in peak broadening can be 
observed among the coatings although all remain crystalline. 

Fitting of the full XRD patterns using the MAUD software allows to 
determine the crystallite size of the coatings, which are of 13 nm and 11 
nm for multilayer and the two monolayer coatings, respectively. TEM 
imaging confirms the nanocrystalline nature of the fcc Ni crystals in all 
the coatings. As an example, Fig. 3b shows a TEM image of a multilayer 
coating in which nanometer-sized crystallites can be identified. The 
corresponding Selected Area Electron Diffraction (SAED) pattern is 
presented in the inset. The interplanar distances calculated from the 
SAED pattern are in agreement with those obtained by XRD. A prefer-
ential orientation along a certain axis can also be observed by the 
brighter spots, especially visible in the (111) and (220) rings. Addi-
tionally, Fig. 3c shows a HR-TEM image of the same multilayer coating 
in which the white line delimitates a nickel grain with a crystallite size in 
agreement with that calculated from XRD data. 

The occurrence of staking faults in electroless grown nickel has been 
described elsewhere for as-deposited coatings [37]. No relevant differ-
ences related to the plating approach are observed here for the 
microstrains. 

3.2. Friction evolution under dry conditions 

The evolution of COF as a function of time is depicted in Fig. 4. For 
each condition 3 repetitions are shown. Average values and corre-
sponding standard deviation for COF measurements are gathered in 
Table 3. The COF increases linearly until 200–300 s with a maximum 
value comprised between 0.30 and 0.35. Then, the COF values expo-
nentially decrease until they stabilize. This trend is observed in all 
conditions. The average COF values obtained under dry tribological tests 
are listed in Table 3. No significant differences are observed among the 
different coating morphologies. The COF values are relatively low 
(Table 3), suggesting a self-lubricating effect of the coatings. 

Fig. 2. SEM top-view images of a) multilayer, b) R-monolayer and c) Ur-monolayer coatings. Scale bar is the same for all images.  

Table 1 
Thickness, P content, and mechanical properties of electroless nickel- 
phosphorous (NiP) coatings [22].  

Condition Thickness 
(μm) 

P content 
(wt.%) 

Hardness 
(GPa) 

Young’s  
modulus (GPa) 

Multilayer 22.7 � 1.7 2.0 � 0.3 9.34 � 0.17 160 � 8 
R-monolayer 23.4 � 0.3 2.5 � 0.2 9.59 � 0.18 166 � 9 
Ur-monolayer 19.2 � 3.2 3.0 � 0.5 9.52 � 0.17 162 � 8  

Fig. 3. a) XRD patterns of the NiP coatings, and b) TEM and c) HR-TEM images 
of the multilayer coating. An indexed SAED pattern is shown as an inset in panel 
b). The white circle in panel c) encloses a Ni grain. 

Table 2 
Microstructural parameters obtained from XRD pattern fitting of the NiP coatings.  

Condition Cell parameter 
Å 

Crystallite size 
nm 

Microstrains 
<ϵ2>1/2 

Stacking fault probability 
αSF- 

Multilayer 3.5934 13 0.0041 0.038 
r-monolayer 3.5991 11 0.0046 0.037 
ur-monolayer 3.6024 11 0.0039 0.040  

A. Salicio-Paz et al.                                                                                                                                                                                                                            

100 



Wear 456–457 (2020) 203384

5

3.3. Tribocorrosion performance at open circuit potential (OCP) 

Fig. 5 shows the evolution of the potential and COF with time of the 
NiP coated samples rubbed against an alumina ball. The OCP values 
after 1 h of stabilization lie between 0.26 in 0.30 V, following the 
sequence: multilayer > R-monolayer > Ur-monolayer. Once rubbing 
starts, the OCP potential shifts toward more cathodic values (around 
� 0.45 V). Thus, the behavior under tribocorrosion conditions is similar 
to that of the passive alloys, where the evolution of the potential during 
rubbing is characterized by the passivation/depassivation of the metal 
surface in the wear track [26]. Even though the NiP coatings are not a 
passive alloy (which exhibit an oxide-film type passivation behavior), 
they behave as a pseudo-passive metal. So far, different models have 
been proposed to describe the corrosion mechanism of NiP coatings in 

an electrolyte, but they are still under debate [38]. When rubbing stops, 
the OCP values recover their initial value, except for the Ur-monolayer 
case. For the monolayered coatings, the COF values linearly increase 
with the rubbing time. The average values of the OCP recorded in the 
tribocorrosion tests are listed in Table 3. For the multilayered coatings, a 
gradual increase of the potential with a constant COF was measured 
while rubbing. A reduction of ~35% in COF values are observed in this 
case. Shorter tribocorrosion tests (rubbing time 300 s) show the same 
trend with the potential, failing at recovering the initial potential 
threshold for Ur-monolayer coatings already at early stages of the tri-
bocorrosion test. In this case, similar COF values in the range 0.14–0.16 
were measured for all the studied conditions. 

3.4. Wear quantification 

According to the mechanistic model, the total wear volume (VT) is 
equal to the sum of the mechanical, corrosion and wear accelerated 
corrosion volumes: Vmech, Vcorr and VWAC, respectively: 

VT ¼ Vmech þ Vcorr þ VWAC (1) 

Since the NiP coating exhibits a pseudo-passive behavior, the overall 
material loss is simplified by neglecting the wear volume due to pure 
corrosion in the unworn area (Vcorr � 0). 

The VT is the volume obtained by confocal microscopy and the VWAC 
can be calculated using the measured current monitored during the 
tribocorrosion test and according to the Faraday’s law: 

VWAC ¼
Qsliding⋅M

n⋅F⋅ρ (2)  

Where Qsliding is the current charge exchanged during rubbing and ob-
tained by integrating the area below the current in Fig. 5 (measured in 
C), M is the molecular weight of the nickel (58.7 g/mol), n is the 
oxidation state (2), F is the Faraday’s constant (96450C/mol) and ρ is 
the density of the coating (8.5 g/cm3). 

The VWAC at OCP has been determined according to the model pro-
posed by Vieira et al. [39]. The VWAC quantification has been carried out 
by calculating the anodic current in the wear track (ia), which acts as an 
anode, and then applying the Faraday’s law (eq. (2)). The ia has been 
calculated according to the following equation, taking into account the 
cathodic Tafel constants (ac and bc) and the corrosion potential (Ecorr) 
from the polarization curves [22], the cathodic wear track area, which 
corresponds to the unworn area acting as a cathode (Ac ¼ 1 cm2), and 
the measured potential during sliding (Ec): 

Ec¼ Ecorr þ ac � bc⋅logð
ia⋅Aa

Ac
Þ (3) 

Wear volumes of the different samples are shown in Fig. 6. Similar 
wear volume can be observed for all coatings in dry conditions. There-
fore, no differences in terms of plating approach are found. These data 
are in agreement with those reported in the literature [22]. Under tri-
bocorrosion conditions, striking differences are observed between the 
multilayer and the monolayered coatings. In the multilayer case, the 
worn volume is 3.5 times lower in comparison with the monolayered 
coatings, the later exhibiting similar values of worn volumes. In all the 
studied conditions, the VWAC represents around 9% and 3% of the total 
wear for the multilayer and monolayer systems respectively, meaning 
that the main contribution to the total worn value is mechanical. 

3.5. Wear morphology 

Fig. 7 shows the surface of the coatings after the dry wear test. In all 
the cases scratches and ploughing are observed along the wear track. 
They are produced by detached particles trapped between the alumina 
ball and the NiP surface, promoting the cutting of the coating. Debris is 
present over the worn surface of the samples but it should be pointed out 

Fig. 4. COF evolution with time of the studied NiP coated samples rubbing 
against an Al2O3 ball in dry conditions (FN ¼ 20 N, L ¼ 5 mm, f ¼ 1 Hz, N ¼
3600 cycles). Dashed lines correspond to replicates in all conditions. 

Table 3 
Average COF values for dry wear and tribocorrosion tests.  

CONDITION DRY OCP 
3600s 

OCP 
300s 

Multilayer 0.26 � 0.03 0.17 � 0.01 0.16 � 0.02 
R-monolayer 0.28 � 0.01 0.27 � 0.02 0.14 � 0.02 
Ur-monolayer 0.28 � 0.00 0.22 � 0.00 0.16 � 0.02  

Fig. 5. OCP and COF evolution with time of the NiP coated samples rubbing 
against an Al2O3 ball under a 3.5 wt% NaCl (FN ¼ 20 N, L ¼ 5 mm, f ¼ 1 Hz, N 
¼ 3600 cycles). 
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that it is more evident over the monolayered coatings (Fig. 7). Moreover, 
the monolayered coatings exhibit a deeper central scratch as a result of 
the ploughing effect presumably caused by debris coming from both 
worn material and the ball. EDX analysis reveals the presence of 
aluminum and oxygen on the surface of all samples. Note that in the Ur- 
monolayer the oxygen content reached up to 20 wt%. No variations in 
the phosphorous content are detected between inner and outer regions 

of the wear tracks. Apparently, under dry wear conditions, no tribolayer 
is formed on the surface of the wear track. 

Images at higher magnification of the central area of the wear track 
for all conditions are gathered in Fig. 8. Scratches and some debris are 
generated during the dry wear test. For the Ur-monolayer coatings it is 
possible to observe fatigue cracks at the edges of the wear track, as 
highlighted by arrows in Fig. 8-c. 

Fig. 6. Worn volumes for dry and tribocorrosion tests. Note that worn volume in tribocorrosion tests comprises the mechanical and WAC contribution to the 
total volume. 

Fig. 7. Wear tracks on the NiP surface for a) multilayer, b) R-monolayer and c) Ur-monolayer coatings.  

Fig. 8. Detailed image of the central region of the wear track at the surface of the NiP coatings for a) multilayer, b) R-monolayer and c) Ur-monolayer case.  
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SEM cross-sections of Ur-monolayered coatings reveal the presence 
of fatigue cracks at the edges of the wear track (Fig. 9). These cracks are 
almost crossing the entire thickness of the coating. Moreover, plastic 
deformation caused by the normal load applied during the wear test is 
also observed. No cracks are detected in the other coatings. 

The alumina balls have also been analysed after the dry wear tests. 
The corresponding worn volume for alumina balls was evaluated by 
confocal microscopy and is considered negligible. In all the cases there is 
a polishing wear effect, as inferred from the micrographs shown in 
Fig. 10, in which alumina grains can be observed in the worn region of 
the balls. 

Fig. 11 shows FESEM micrographs of the worn surface after the tri-
bocorrosion tests at OCP. In all the cases, scratches along the wear path 
matching the sliding motion can be observed. The wear track is rather 
homogeneous showing material accumulation at the edges. In the case 
of monolayered coatings, debris can be spotted over the abraded surface 
and some pinholes and defects as a result of the continuous plating 
process can also be observed. A tribolayer layer covering the surface of 
the wear track is observed in all the images. The tribolayer is apparently 
dense and homogeneous exhibiting a thickness in the range of 0.7–1 μm 
for all studied conditions. The Ur-monolayer coating shows delamina-
tion of this tribolayer from the edges of the wear track. In the inset of 
Fig. 11-c, columnar debris is observed on detached sections of the tri-
bolayer. Partial delamination of the tribolayer is also observed in R- 
monolayer. In both cases, portions of the tribolayer can get trapped in 
the contact showing slightly higher CoF values in comparison to the 
multilayer coating (Fig. 5). 

Cross-sections of the tribocorroded coatings at OCP were also ana-
lysed by FESEM. Fig. 12 gathers images of the transverse cuts for the 
analysed worn surfaces. From Fig. 12-b and e along with c and f it can be 
observed that monolayered coatings are more prone to plastic defor-
mation, as a result of the mechanical loading, than the multilayered 
coatings. Images shown in Fig. 12 display the scratches on the worn 
surface and the ploughing caused by debris particles, which are also 
visible in the images at higher magnification of the tested surfaces. The 
Ur-monolayer coatings (Fig. 12 f) show fatigue cracks crossing the entire 

thickness. These cracks allow the penetration of the electrolyte which 
reaches the substrate and corrodes it, as it can be observed in Fig. 12 f. In 
the case of the R-monolayer and multilayer coatings no apparent cracks 
are observed. However, electrochemical etching of the coatings revealed 
that, for R-monolayer coating, the NiP layer is completely fractured. In 
contrast to Ur-monolayer the fractured sections of the R-monolayer slip 
into each other, isolating the substrate from the electrolyte, promoting 
the recovery of the electrochemical signal after the tests (Fig. 5). The 
formation of a tribolayer on top of the worn surface can be also observed 
in the three conditions. 

The Al2O3 balls used as counter-body were also analysed following 
OCP tests. Worn volume of alumina balls for multilayer coatings are 
considered negligible. In the case of monolayered conditions, trans-
ferred matter from the worn path towards the ball could lead to an 
underestimated worn volume of the balls so they are not shown. Fig. 13 
b-c show the surface of the alumina ball after being in contact with the 
monolayered coatings. Material transfer from the worn surface to the 
ball is observed, probably as a result of the cracked surface shown by the 
monolayered coatings. On the other hand, Fig. 13 a shows the surface of 
the alumina ball after being rubbed to the multilayered coatings. The 
chemical polishing derived from the contact in relative motion between 
the Ni–P coatings and the alumina ball is clearly observed. Well-defined 
grains of alumina are clearly seen in Fig. 13-a along with finely partic-
ulate debris. 

These results suggest that under OCP conditions there is an effect of 
the plating approach on the performance of the coatings under tribo-
corrosion. This effect is also observed at short tribocorrosion times. 
Fig. 14 shows the wear track after 5 min sliding test in the presence of 
NaCl 3.5 wt%. At short rubbing times there is a polishing effect of the 
globular microstructure of the NiP coatings for all the coatings. Yet, it is 
still possible to distinguish the NiP morphology from unworn areas of 
the coatings. In the case of multilayered and R-monolayered coatings, no 
tribolayer is present on the surface. Nevertheless, in the case of Ur- 
monolayer the worn surface is covered with a layer over the wear 
track. EDX analysis shows the presence of iron in this layer, presumably 
coming from the oxidized substrate. 

Fig. 9. Cross-section image of Ur-monolayer coating showing a) plastically deformed area after the dry wear test and b) detailed image of generated cracks after 
the tests. 

Fig. 10. Surface of the ball following dry test on a) multilayer, b) R-monolayer and c) Ur-monolayer coatings. Images at higher magnification are shown as inserts. 
The indicated scale bars for main image and insert applies to all the images correspondingly. 
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Fig. 11. FESEM top surface view of worn samples after OCP test for a) multilayer, b) R-monolayer and c) Ur-monolayer coatings. Images at higher magnification are 
shown as inserts. Yellow arrows point to interesting features to pay attention to. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 12. Cross-section images of the worn surfaces after tribocorrosion tests for: a and d) multilayer, b and e) R-monolayer and c and f) Ur monolayer coatings. The 
scale bar indicated in a) applies to b) and c). Likewise, the scale bar indicated in d) applies e) and f). 

Fig. 13. Worn surface of alumina ball after tribocorrosion tests for a) multilayer, b) R-monolayer and c) Ur-monolayer coatings.  

Fig. 14. Wear track after 5 min OCP test for a) multilayer, b) R-monolayer and c) Ur-monolayer coatings.  
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Careful observation of the cross-section of the Ur-monolayered 
coating shows the presence of fatigue cracks which almost cross the 
entire film thickness (see Fig. 15). This crack is present at the wear track. 
According to the unrecovered potential values shown in Fig. 5, at some 
point the cracks should be crossing the entire coating thickness, reaching 
the base material, facilitating the penetration of the corrosive 
electrolyte. 

4. Discussion 

4.1. Effect of the plating approach in dry wear tests 

Under dry ball-on-disc tests, all the coatings show similar worn 
volumes and COF values after sliding against an alumina ball under a 
normal load of 20 N as displayed in Fig. 6. Scratches and ploughing are 
observed in all the coatings, as shown in Fig. 7. The relative motion of 
the alumina ball against the NiP coatings results in the detachment of 
Al2O3 hard particles, which act by ploughing the NiP surface. EDX an-
alyses from the debris reveal the presence of aluminium over the wear 
track of all coatings hinting to the alumina ball as the source of the as-
perities found on the surface of the NiP coatings. Detailed images of the 
worn balls after the wear test suggest the detachment of wear particles 
from the alumina ball which, once released in the wear track, promote 
the abrasive cutting of the NiP coating. Moreover, the worn surface of 
the alumina ball exhibit a polishing wear as observed on the ball’s worn 
surface under the electron microscope. This result is in agreement with 
the work from Du et al. concerning the contacts of the alumina-nickel 
tribopairs [40]. Aluminium content from analysed debris is higher at 
the edges of the wear track than in the central area of the path. This 
indicates that the mixed nickel and aluminium oxidized materials are 
displaced towards the edges of the track by the mechanical force 
resulting from sliding against the ceramic ball. Arguably, a mixed oxide 
layer composed of nickel and aluminium is created and pulled off to-
wards the edges of the wear track. No tribolayer formation is observed in 
the wear tracks. Formation of mixed oxide layers has been already 
proposed for nickel-alumina tribopairs under dry sliding [40,41]. 

Evaluation of etched cross-sections reveals the presence of cracks at 
the edges of the wear track for the Ur-monolayer coating. Strain accu-
mulation at the edges as a result of plastic deformation promotes the 
initiation and propagation of cracks at the boundary between plastically 
deformed regions and the unworn surface. A similar crack formation 
mechanism has been observed for as-deposited NiP coatings subjected to 
bending test [42]. Unlike the lamellar microstructure of the multilayer 
and R-monolayer coatings, the columnar microstructure of the 
Ur-monolayer coating facilitates crack initiation due to tensile strain 
accumulation, thereby promoting premature failure of the coating. 
Remarkably, multilayered nickel electrodeposits exhibit similar behav-
iour than monolayered ones [43]. However, no cracks are found in the 
multilayered and R-monolayered coatings, thus indicating a better load 
bearing capacity stemming from the existence of interphases. These 
interphases parallel to the substrate, produced by different mechanisms 

during the plating stage, perform differently in corrosion test [22], may 
act as physical barriers inhibiting crack propagation and dislocation 
motion under mechanical loading, thus playing a major role in the 
enhancement of hardness, wear and corrosion resistance [44]. Discon-
tinuities along the coating thickness may act inhibiting crack propaga-
tion as well. In this sense, similar results were found in metallic matrix 
composites in which the reinforcing material act as crack deflection 
regions, thus enhancing the load bearing ability of the coatings [45]. 
Moreover, the damping effect of nickel coatings has been reported on 
aluminium substrates [46]. The damping effect of nickel coatings is 
affected by porosity, which can release the energy generated during the 
test. Similar mechanism can be related to the interphases generated 
during the multilayer approach. 

A summary of the different wear mechanisms observed in dry wear 
conditions are outlined in Fig. 16. 

4.2. Tribocorrosion performance of monolayer and multilayer NiP 
coatings 

Under tribocorrosion conditions in NaCl 3.5 wt% media, the synergy 
between wear and corrosion comes into play by highlighting the dif-
ferences among coatings depending on the selected plating approach. 
After OCP tribocorrosion test, Fig. 11 shows the formation of a tribolayer 
over the surface of all the studied samples. The thickness of the tribo-
layer is around 0.7–1 μm thick in all the cases. Wood and Wharton 
described tribolayer formation for tribopairs under OCP and polariza-
tion conditions in tribocorrosion test [47]. Moreover, Landolt et al. 
described the nature of tribolayers, to which many factors including 
coating nature, medium, rubbing conditions, counter-body, etc. account 
[48]. In this study, tribolayer should be composed of mixed oxidized 
components derived from the tribopair according to EDX results: on the 
one hand, nickel oxides from the worn coating and, on the other hand, 
hypophosphite forms as a result of phosphorous oxidation from the 
outer surface of the coatings. This tribolayer formation mechanism has 
been also described elsewhere for other systems [49]. The monolayered 
coatings show cracks in the tribolayer, some parts of it being transferred 
to the alumina ball. Conversely, in the multilayer coating case, although 
cracked, no transference of the tribolayer towards the alumina ball 
occurr, suggesting the formation of a more compact and adherent tri-
bolayer. Moreover, in the case of Ur-monolayer, columnar debris is 
encountered on the cracked tribolayer, thus confirming the micro-
structural changes derived from the plating approach reported earlier 
for electroless nickel coatings (Fig. 11c) [22]. The tribolayer has a 
lubricant effect as can be inferred from the COF plot for dry and OCP 
tests depicted in Figs. 4 and 5. 

After the sliding time, Ur-monolayer coatings are unable to reach the 
initial potential values, indicating permanent damage of the coating 
under testing conditions. Conversely, multilayer and R-monolayer 
coatings bounce back to the potential values recorded during the resting 
period. This can be explained by the recovery of the pseudo-passive film 
exhibited by NiP coatings before rubbing [50–52]. Ur-monolayered 

Fig. 15. Cross-section of Ur-monolayer coating after 5 min of OCP test in which a) whole tested region and b) detailed images of generated cracks. Note that images 
of the cracks at higher magnification are placed as inserts. The scale bar of the two insets is the same. 
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coatings show fatigue cracks developed at the edge of the wear track, 
analogous to dry test conditions, enhancing the coating’s area exposed 
to the action of the electrolyte and thus its detrimental effect on the 
coatings performance. Moreover, the columnar microstructure of the 
Ur-monolayer coating facilitates fatigue crack formation due to strain 
accumulation at the column boundary [43]. Once the crack initiates, it 
crosses the whole coating thickness reaching the substrate and corroding 
it. As can be seen in Fig. 12, there is severe corrosive attack of the steel 
substrate. This behaviour agrees with type 2 corrosion-wear mechanism 
early proposed by Dearnley, whereas R-monolayer and multilayer 
coatings belongs to type 1 corrosion-wear mechanism for hard coatings 
[53]. The corrosion attack is responsible for the unrecovered OCP values 
for Ur-monolayer coating. These cracks already form at early stages (t <
300s) of the tribocorrosion test. They are due to the high contact pres-
sure generated by the contact of the Al2O3 ball and the NiP surface, 
which cannot be hold by Ur-monolayered coatings, promoting its 
breakage. Moreover, EDX analysis of the worn surfaces revealed the 
presence of iron and oxygen on the wear path, presumably originating 
from the oxidation of the substrate by the electrolyte. The latter is able to 
reach the base material via the cracks generated during the tests. 

The analysis of etched cross-section of R-monolayer coatings shows 
complete fracture and displacement of the coating. Although exhibiting 
a better load bearing ability the layer is cracked due to the contact 
pressure generated during the test. However, layer sliding promotes the 
sealing of the substrate and this precludes the electrolyte from reaching 
the substrate. As a consequence, the corrosive attack is prevented and 
after the OCP test the potential values go back to the OCP threshold 
showed before sliding. The R-monolayer coating shows interphases, 
analogous to those of the multilayer coatings, originated during the 
replenishment events. The formation of interphases during the replen-
ishment events was described earlier by Vitry et al. for Ni–B coatings 
[54]. However, unlike multilayers, R-monolayers behave as monolayers, 
as the generated interphases do not effectively stop crack propagation. 

In turn, crack-free multilayered coatings show an enhanced load- 
bearing ability in comparison with monolayered coatings. The latter 
show a higher degree of plastic deformation after loading (Fig. 12). From 
the point of view of the mechanical properties exhibited by the coatings, 
no significant differences are found among them. It is known that 
nanocrystalline materials can supress dislocation and other deformation 
phenomena ascribed to plastic deformation [55]. 

It should be highlighted that the selected plating approach (i.e. 
multilayer vs monolayer) leads to large differences in worn volumes. In 
the case of multilayered coatings, the measured worn volume is 3.5 
times lower than in the case of monolayered coatings. Thus, in the 
absence of a clear contribution from composition and/or hardness of the 
materials to the tribocorrosion behaviour, coating architecture is sup-
posed to play a key role to the enhancement of the wear-corrosion 
behaviour. Multilayer coatings exhibit less plastic deformation and no 

cracks can be detected on etched cross-sections. This improved behav-
iour is linked to the enhanced load bearing ability of the multilayered 
coatings, driven by the presence of the interphases generated along the 
coating thickness. By the multilayer approach it is possible to enhance 
the adhesion force between the coating and the substrate, thereby pro-
moting a better wear performance in contrast to monolayered coatings 
[56]. Moreover, dislocations pile up at the interphases, preventing their 
propagation along the thickness and leading to premature failure of the 
coating [30,57]. This feature, along with the nanocrystalline nature of 
the NiP coatings, which are also capable to allocate dislocations, are 
responsible for the better performance of the multilayered coatings [43]. 

Note that the real contact conditions between the NiP–Al2O3 tribo-
pair at the microscale are yet to be understood. The high contact pres-
sure generated during tribocorrosion tests may promote coating 
breakage at the initial stages of the tribocorrosion tests for monolayer 
coatings (Ur and R). The multilayer coatings do not exhibit this 
behavior. Then, in every sliding cycle, the ball accommodates in the 
wear track causing plastic deformation and it wears due to released 
debris (from the alumina ball, harder than the coating) into the wear 
path which continues ploughing the surface. At this stage, the enhanced 
load bearing ability of multilayered coatings, driven by the presence of 
the interphases, promotes lower plastic deformation and thus lower 
wear volumes. 

The response in tribocorrosion behavior of the coatings should be 
understood as the join action of the corrosive electrolyte effect and the 
mechanical loading applied during the test in different coating’s archi-
tectures. As already reported, under dry wear conditions the studied 
coatings behave in a similar way (i.e. COF and wear volumes). However, 
the wear mechanisms are different (Fig. 16). The development of fatigue 
cracks in Ur-monolayer would led to catastrophic failure of the coatings 
at longer testing times due to the detrimental effect of developed cracks. 
In the case of tribocorrosion tests, the exposure of the coating to the 
electrolyte promotes different response in terms of the performance of 
the coatings and it does depend on the coating’s architecture. Although 
the mechanical wear is the main wear mechanism, the effect of the 
electrolyte plays an important role in the wear response. Moreover, the 
presence of the tribofilm formed in the tribocorrosion promotes higher 
differences among the studied conditions. 

A summary of the different wear mechanisms observed under tri-
bocorrosion conditions are schematized in Fig. 17. 

5. Conclusions 

According to the obtained results, the main conclusions of the study 
on the wear and tribocorrosion behaviour of electroless nickel multi-
layers are listed below: 

Fig. 16. Proposed mechanism for wear behavior of studied coatings in dry contact.  
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1. Under dry wear tests no changes in the worn volume are observed 
regardless of the plating strategy. However, Ur-monolayered coating 
exhibit cracks in the wear track crossing almost entirely the NiP 
coating, which are related to the microstructural changes derived 
from the plating approach. R-monolayer and multilayer coating 
remain crack-free. No tribolayer is formed in dry wear tests.  

2. Under tribocorrosion conditions, a tribolayer is formed on the wear 
track which is generated during rubbing in all the studied conditions. 
The nature of the tribolayer is still to be elucidated, but EDX results 
suggest that it may be composed of worn NiP debris and Al2O3 
particles detached from the ball during the tribocorrosion test. Ma-
terial transferred from this tribolayer is found on the Al2O3 ball for 
monolayer coatings. Multilayer coatings follow a polishing 
mechanism.  

3. Both monolayered coatings show fatigue cracks after tribocorrosion 
tests. R-monolayered coatings exhibit cracks and coating fracture as 
a result of the normal load applied during the test. Ur-monolayered 
coatings show fatigue cracks which cross the entire coating, 
exposing the bare substrate to the electrolyte and promoting corro-
sion. This behaviour is already observed at the initial stages of the 
test (<300 s). Thus, the detrimental effect of the electrolyte on the 
integrity of monolayered coatings plays an important role when the 
monolayer coatings are rubbed against an alumina ball.  

4. Multilayer coatings do not show any crack after the tribocorrosion 
tests and the averaged measured worn volume is 3.5 times lower 
than the monolayered ones. Lower plastic deformation is observed in 
tribocorrosion test compared to monolayered coatings. Thus, 
multilayer coatings exhibit an enhanced tribocorrosion resistance 
due to the load bearing ability, when they are rubbed under the same 
mechanical loading used for testing the monolayered ones. This fact 
is also supported by the enhanced corrosion performance provided 
by the interphases generated during the multilayer approach.  

5. According to the above-mentioned results, it is possible to produce, 
using the multilayer strategy, coatings with better response when 
subject to the combined action of wear and corrosion. These coatings 
outperform conventionally plated NiP monolayered coatings. 
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5 

RESULTS: Ni-P based nanocoatings 

5.1. Ni-P nanocoatings with tuneable wave permeability in the 

electromagnetic spectra. 

This chapter covers the use of optimized low-P electroless nickel formulation for the 

synthesis of novel nanocoatings on polymeric substrates exhibiting wave permeability for cutting-

edge applications such as radome and lighting, along with an elegant chrome-like finishing, giving 

rise to both functional and decorative devices. Both applications are based on low-P electroless 

nickel coatings at different thickness range depending on desired wave permeability. It is worth 

mentioning that both coatings constitute novel and inventive developments, resulting in 2 patent 

applications derived from the results obtained in the thesis project.  

On one hand, homogeneous and coherent electroless nickel coatings with thickness 

ranging 75-150 nm have been developed for radome applications. Suitable optimization of pre-

treatment sequence allows obtaining homogeneous coatings on polycarbonate flat panels with a 

chrome-like metallic finishing. In order to achieve the desired permeability, the coatings were 

subjected to a cryogenic treatment in liquid nitrogen which allows improving wave permeability 

for radar waves over 50% in the frequency range 70-85 MHz. Interestingly, the nanocrystalline 

low-P coatings exhibit higher permeability in the frequency range of interest in comparison to 
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regular commercial high-P coatings, besides exhibiting lower electrical resistivity which normally 

has a detrimental effect in radar wave permeability. 

On the other hand, optimized pre-treatment sequence and electrolyte composition allow 

obtaining low-P electroless nickel coatings exhibiting wave permeability in the visible range of the 

electromagnetic spectra. According to the results presented here, it is possible to obtain 

homogeneous coatings in a thickness range 50-400 nm permeable to visible light on PC 

substrates. The thickness of the coatings can be easily controlled via process parameters 

configuration (i.e. plating time, temperature, pH, etc.). Clearly, light permeability is inversely 

proportional to thickness of the metallic coating, especially at the upper thickness limit in which 

the low-P coatings become completely opaque. The produced coatings offer two different 

aesthetic appearances depending on lighting conditions. Namely, in the absence of an 

illumination source the coatings maintain their chrome-like appearance whereas when 

backlighted an illuminated surface is observed. Within the UV-VIS range, no preferential 

wavelength absorption is observed and the Ni-P coated PC substrates allow passing light trough 

the coating regardless of the colour used for illumination, expanding the decoration possibilities 

offered by develop coatings.  

These results support the use of electroless plating as feasible and cost-efficient 

nanocoating production methodology for developing coatings with potential applicability in 

industrial niches dominated by vacuum-based technologies. A detailed description on the 

synthesis and characterization of low-P electroless nickel nanocoatings for radome and lighting 

applications can be found in the corresponding patent applications included in this chapter. 
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5.2 European patent application 

19382390.3  

Electroless metal coatings exhibiting 

wave permeability and method for the 

manufacture thereof.  
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Electroless metal coatings exhibiting wave permeability and method for the 

manufacture thereof

This application claims the benefit of European Patent Application 19382390.3 filed on 

May 17, 2019.5

Technical Field

The present disclosure relates to the field of wave permeable decorative articles. In 

particular, it relates to a wave permeable decorative metal coating, to a method for 10

forming this metal coating on a substrate, and to an article of manufacture having a wave 

permeable decorative metal coating.

Background Art

15

In recent years, in order to detect the distance or the relative speed between a vehicle and 

the vehicle in front, a millimeter wave radar device for distance measurement is installed 

in a center front position of the vehicle behind the front grill of the vehicle, an emblem, or 

the like.

20

In case of the front grill, emblems or the like a metallic coating is applied over the base 

material for corrosion protection and decorative purposes.  The base material is usually a 

non-conductive resin whereas the metallic layer is commonly a copper-nickel-chromium 

multilayer coating, in which chromium is placed as the outer layer. However, the metal 

nature and the coating thickness of the multilayered coating make the latter to be not 25

wave permeable as the metallic coating will block or greatly attenuate the travelling 

waves. For this reason, in order the wave radar device can perform its function, the metal 

coating, which is on the millimeter wave path of the radar device, must be transparent to 

millimeter waves.

30

Most metal coatings have insufficient millimeter wave permeability because, in order to 

have the required metallic luster, they must be continuous layers having a sufficient 

thickness.

Millimeter wave permeable metallic coatings are usually made of indium and are not in the 35

form of a continuous film but of fine islands forming a discontinuous coating by, for 

example, vacuum evaporation or sputtering (cf. EP1707988A1). An indium coating film 

formed of island-like indium deposited portions and non-deposited portions on a 
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nonconductive substrate provides the required metallic luster appearance and the gap 

between the islands acts as a millimeter wave transmission path.

However, indium is expensive, and it is enclosed in the list of critical raw materials for the 

EU, published by the European Commission. Besides, the most common methods to 5

deposit indium on the suitable substrate are vacuum evaporation or sputtering, which 

require large scale equipment and complex apparatus, and are time consuming and 

costly. Additionally, owing to its characteristics, by these methods it is possible to obtain a 

metal layer with a uniform thickness when the surface is two-dimensional and has a 

simple flat shape, but when the surface has a complicated three-dimensional shape, 10

obtaining homogeneous metallic thickness over the entire component surface becomes 

very challenging, increasing equipment cost, processing time and limiting production 

throughput. These facts limit industrial deployment of this technology, raising the final 

price of the coated component.  

15

As a most cost-effective option, JP2011163903 discloses the use of other metals such as 

nickel for the same purpose. Additionally, this document discloses a chemical deposition 

process that allows forming on the surface of a substrate a decorative metal coating 

wherein, in order to make it permeable to electromagnetic waves, cracks are induced by 

heat treatment. However, the presence of cracks eases the corrosion of the coating.  20

Thus, there is still a need to provide new methods for covering a base material with a 

metal coating having the required electromagnetic wave permeability and metallic luster 

appearance, particularly having a specular shine, and without the drawbacks of the metal 

coatings already known.25

Summary of Invention

Inventors have found that by carrying out the method of the invention, wherein, first, a

nickel coating is formed on the surface of a substrate and, then, the coating is subjected 30

to a cryogenic treatment step by cooling the coated substrate with liquid nitrogen, a metal 

coating with a particularly good performance in terms of millimeter wave permeability 

(lower attenuation) and having an excellent metallic luster appearance is obtained. Thus, 

a metal coating can be formed on a surface of a substrate to obtain a decorative coated 

substrate that is permeable to electromagnetic waves such as radar waves and thus that 35

can be used in the beam path of a radar device.

Thus, one aspect of the present invention relates to a method for manufacturing a metal 
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coated substrate by forming a metal coating on a surface of a substrate, comprising the 

following steps:

a) carrying out a sensitization step by:

- immersing the substrate in a colloidal palladium/tin colloidal solution;

- immersing the substrate in a tin aqueous solution and, thereafter, in a palladium 5

aqueous solution, or vice versa; or

- depositing on the substrate a catalitically active metallic nuclei such as a silver 

nucleus by immersion or a spray method;

b) immersing the substrate in an acid solution;

c) optionally, immersing the substrate in a PdCl solution;10

d) carrying out electroless metal plating by immersing the substrate in a metal electrolyte 

solution to form a metal coating on the surface of the substrate in order to obtain a 

continuous film-coated substrate, wherein the metal electrolyte solution comprises a 

source of metal cations, a complexing agent and a reducing agent, and wherein 

electroless metal plating is carried out for 5 to 300 seconds, and the metal coating formed 15

has a thickness from 50 to 175 nm; and

e) subjecting the metal coating to a cryogenic treatment step by cooling the continuous 

film-coated substrate with liquid nitrogen.

The method of the present disclosure allows carrying out electroless metallization on20

several substrates such as polycarbonate without the necessity of complicated 

pretreatments to preconditioning of the surface, thus, allowing simplification of the 

conventional electroless processes commonly used up to now, to obtain a decorative, 

homogeneous and defect-free coating with a desired thickness. This metal coating is

useful in specific applications wherein permeability to certain electromagnetic waves such 25

as in illumination is sought.

Additionally, by carrying out the cryogenic treatment step in liquid nitrogen the coating 

layer is made permeable to electromagnetic waves such as radar waves, while the 

appearance of a continuous and homogeneous layer to the naked eye is maintained.30

As observed in Fig. 1b, by the treatment with N2, no cracks are observed in the metal 

coating, conversely to what is observed by the thermal treatment of the same coating 

where a surface cracking is observed (see Fig. 2). Nevertheless, unexpectedly the 

millimeter wave permeability is lower (greater attenuation) in samples subjected to a35
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thermal treatment than to a cryogenic treatment with N2. Additionally, the absence of 

cracks in the coated substrates obtained by the process of the present disclosure 

minimizes the problem of corrosion of the coating, what allows maintaining the luster 

appearance during longer periods of time.

5

Another aspect of the invention relates to the metal coated substrate obtainable by the 

process of the invention.

Another aspect of the invention relates to the use of a metal coated substrate as defined 

herein above and below for concealing radar antennas, sensors, image recording 10

systems, or illumination systems. Thus, the metal coated substrate of the invention is 

useful for the production of an article of manufacture comprising a radar antenna, a 

sensor, an image recording system, or an illumination system.

The invention also concerns to an article of manufacture made of the metal coated 15

substrate of the invention. 

The article can be manufactured by a process comprising forming said article from a metal 

coated substrate obtainable by the process of the invention. The article can be obtained 

by methods known in the art.20

Brief Description of Drawings

Fig. 1 shows the image of the electroless nickel coating of sample ref. LP-1 of Example 1 

both before (Fig. 1a) and after (Fig. 1b) liquid nitrogen treatment. The images were25

obtained by Field Emission Scanning Electron Microscope (Zeiss, Ultra-Plus FESEM) 

operated at 3 kV at a magnification of about 50,000 X.

Fig. 2 shows the image of the electroless nickel coating of a sample obtained as ref. LP-1 

of Example 1 after thermal annealing at 75ºC during 1 hour in order to promote surface 30

cracking. The image was obtained by FESEM operated at 3 kV at a magnification of about 

25,000 X.

Fig. 3 shows the image obtained X-Ray diffraction as explained in Example 3. 

35

Detailed description of the invention

All terms as used herein in this application, unless otherwise stated, shall be understood 
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in their ordinary meaning as known in the art. Other more specific definitions terms as 

used in the present application are as set forth below and are intended to apply uniformly 

throughout the specification and claims unless an otherwise expressly set out definition 

provides a broader definition.

5

In physics, electromagnetic radiation refers to the waves of the electromagnetic field, 

propagating (radiating) through space, carrying electromagnetic radiant energy. 

Electromagnetic waves are classified according to their frequency, so it includes radio

waves, microwaves, infrared, (visible) light, ultraviolet, X-rays, and gamma rays.

10

As used herein, the term “radar waves" refers to waves used in a radar detection system, 

that is to electromagnetic waves in the radio domain, i.e. to radio waves. Radio waves 

used by radar have wavelengths in the electromagnetic spectrum longer than infrared

light. Radio waves have frequencies as high as 300 gigahertz (GHz) to as low as 30 hertz 

(Hz).15

As used herein, the term “homogeneous layer” or “homogeneous coating”, used herein 

interchangeably refers to a layer or coating covering all the surface of the substrate, 

namely, the 100% of the surface, and having a uniform thickness and composition. 

20

It is noted that, as used in this specification and the appended claims, the singular forms 

”a”, “an” and “the” include plural referents unless the context clearly dictates otherwise.

As mentioned above, the metallization process of substrates of the present invention is a 

multistep process comprising several steps addressed to prepare the surface of the 25

substrate in such a way that the electroless nickel plating allows forming a coating that is 

permeable to electromagnetic waves, while having the required mechanical properties 

and a good adhesion with the substrate.

Previously to step a), a surface cleaning can be performed, for instance, by treatment with 30

a detergent and rinsing or by treatment with a degreasing solution such as an acid or

alkali solution, or a degreasing agent. Detergents, degreasing solutions and degreasing 

agents suitable for the mentioned surface cleaning are already known and commercially 

available.

35

As mentioned above, a sensitization step (step a) is carried out by immersing the 

substrate in a colloidal palladium/tin solution. Alternatively, the substrate can be immersed 

in a tin aqueous solution and, thereafter, in a palladium aqueous solution, or vice versa.
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Examples of commercially available colloidal palladium/tin solutions are Neolink Activator 

(Atotech), Macuplex D-34 (MacDermid), and Silken Catalyst 501 (Coventya). The 

objective of the sensitization step is to render active places over the substrate surface so 

the electroless process can be initiated on the metallic nuclei. It is possible to perform the 

sensitization step with other metallic nuclei catalytically active towards the electroless 5

process such as silver, tin or the like. These metallic nuclei can be deposited by 

immersion, or a spray method.

Subsequently, an acceleration step (step b) is carried out with an accelerator solution 

which is an aqueous solution of an acid. The acid can be selected, for example, from the 10

group consisting of sulfuric acid, hydrochloric acid, citric acid and tetrafluoroboric acid. In 

the case of a palladium/tin colloid, the accelerator solution helps to remove the tin 

compounds which served as the protective colloid. Examples of commercially available 

commonly used accelerator solutions are Adhemax Accelerator (Atotech), Macuplex GS-

50 (MacDermid), and Silken Accelerator 602 (Coventya). 15

After the acceleration step, an activation step (step c) can be optionally carried out by 

immersing the substrate in a PdCl solution adjusted to acid pH (i.e. a pH less than 7) by 

the addition of HCl. Particularly, the amount of PdCl in the solution can be from 0.1 to 0.5

g/L, and the pH is from 1 to 4.20

Electroless plating allows depositing a homogeneous metallic layer on a substrate which 

can be either a conductive material or an insulator (i.e. non-conductive) material. The 

resulting metallic coating is in fact an alloy, as part of the reducing agent is co-deposited 

along with the metal. The metallic layer, when deposited sufficiently thin and 25

homogeneous, becomes permeable to electromagnetic waves such as radar waves after 

being properly treated. 

In an embodiment, the immersion of the substrate in a colloidal palladium/tin colloidal 

solution (step a) is carried out for 5 to 20 min, or for 12 to 17 min, particularly for 15 min.30

In another embodiment, optionally in combination with one or more features of the 

embodiments defined above, electroless coating (i.e. step d) is carried out for for 10 to 30 

seconds, more particularly for for 10 to 20 seconds or 10 to 15 seconds, even more 

particularly for 10 seconds. This allows obtaining a metal coating having a thickness from 35

from 75 to 150 nm. Particularly, the metal coating is a homogeneous coating having a 

uniform thickness and composition.
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The metal constituting the coating layer can be nickel, a nickel alloy, copper, a copper 

alloy, silver, a silver alloy, tin, and a tin alloy. Particularly, the metal is nickel or a nickel 

alloy. In the electroless metal plating step, the electroless plating solution will contain an 

appropriate metal depending on the type of the metal coating formed on the surface of the 

substrate. As a consequence, electroless metal plating will be carried out in a bath of an 5

electrolyte solution (also called electroless plating bath) basically comprising a source of 

cations of the corresponding metal or metals, a complexing agent, and a reducing agent. 

Thus, in an embodiment, optionally in combination with one or more features of the 

embodiments defined above, the metal coating is selected from the group consisting of a 10

nickel, a nickel alloy, a copper, a copper alloy, a silver, a silver alloy, a tin, and a tin alloy 

coating, and the electrolyte solution comprises a source of metal cations wherein the 

metal cations are selected from the group consisting of nickel cations, copper cations, 

silver cations, tin cations, and mixtures thereof. Particularly, the metal coating is a nickel 

coating, or a nickel alloy coating and the electrolyte solution comprises a source of nickel 15

cations.

As an instance, electroless nickel plating can be carried out in an electroless plating bath 

containing a source of nickel cations, a complexing agent such as glycine, and a 

hypophosphite reducing agent. 20

Examples of nickel compounds useful as source of nickel cations include nickel sulfate

(anhydrous or hydrated), nickel hypophosphite, nickel sulfamate nickel carbonate, nickel 

chloride or a combination thereof. Normally, hydrated nickel sulfate is preferred. Typically, 

in order to get a nickel or nickel alloy coating the electroless plating bath has a nickel ions 25

concentration of from 3 g/L to 20 g/L, particularly from 5 g/L to 10 g/L.

Examples of reducing agents include hypophosphite salts such as hypophosphite alkali 

metal salts, particularly sodium hypophosphite. More particularly, the reducing agent is a 

hypophosphite salt and it is in an amount from 15 to 75 g/L, particularly from 20 to 40 g/L.30

Examples of complexing agents include acetate ethylendiamine, malate, citrate, glycine, 

and lactate. Particularly, the complexing agent can be in an amount from 1 to 60 g/L, 

particularly from 20 to 30 g/L.

35

The electroless plating bath can also comprise a stabilizer such as lead, cadmium, sulfur, 

and thiourea. Particularly, the stabilizer can be in an amount from 1 ppm to 10 ppm.
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As used herein, the term “low phosphorus (LP) coating" refers to a coating comprising 

phosphorous in an amount from 1 to 4 wt% related to the total weight coating. 

As used herein, the term “high phosphorus (HP) coating" refers to a coating comprising 

phosphorus in an amount from 10 to 25 wt%, particularly from 10 to 14 wt%, related to the 5

total weight coating. 

As used herein, the term “medium phosphorus (MP) coating" refers to a coating 

comprising phosphorus in an amount from 5 to 9 wt% related to the total weight coating. 

10

The amount of phosphorus in the final coating will depend on the concentration of the 

source of phosphorus (such as sodium hypophosphite) in the electrolyte solution, the pH 

of this electrolyte solution, and the presence and amount of complexing agent. A skilled 

person in the art will know which concentration of the source of phosphorus, the amount 

of complexing agent and the pH of the solution in order to obtain the sought amount of 15

phosphorus in the final coating. 

The deposition reaction takes place in the bath and generally involves the reduction of a 

nickel cation to form a nickel coating on the desired substrate surface.

20

In an embodiment, optionally in combination with one or more features of the 

embodiments defined above, the electrolyte solution is an electrolyte solution capable of 

providing a low phosphorus (LP) coating. Electrolyte solutions capable of providing a LP 

coating are commercially available. Examples of electrolyte solution capable of providing 

a LP coating are Niklad ELV 824 (from Macdermid Enthone Industrial Solutions), Nichem®25

(from Atotech), and Enova EF 243 (from Coventya). As an instance, the LP electrolyte 

solution comprises from 15 to 30 g/L of a hypophosphite salt and from 1 to 40 g/L of a 

complexing agent, and has a pH from 6 to 8. The amount of source of nickel cations is 

such that the amount of nickel ions is from 3 g/L to 20 g/L, particularly from 3 g/L to 10 

g/L. LP coatings exhibit a nano crystalline structure and allow a higher plating rate and a 30

better coverage of the surface of the substrate, as well as a better control of the thickness 

of the coating applied onto the surface of the substrate.

In another embodiment, optionally in combination with one or more features of the 

embodiments defined above, the electrolyte solution is an electrolyte solution capable of 35

providing high phosphorus (HP) coating. Electrolyte solutions capable of providing a HP 

coating are commercially available. As an instance, Macuplex M550 (from Macdermid 

Enthone Industrial Solutions) can be used.
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As mentioned above, the cryogenic treatment step was carried out by immersing the 

nickel-coated substrate in liquid nitrogen, i.e. at -196 ºC. In an embodiment, optionally in 

combination with one or more features of the embodiments defined above, cooling in the 

cryogenic treatment step is performed for 10-600 seconds, particularly for 60, 200, 300, or 5

400 seconds.

The substrate is made of a suitable material such as a resin having a small radar wave 

transmission loss. 

10

Examples of resins include acrylonitrile-butadiene-styrene (ABS), acrylonitrile ethylene

styrene (AES), polymethyl methacrylate (PMMA), polyurethane resins, polyamide, 

polyurea, polyester resins, polyether ether ketones, polyvinyl chloride resins, polyether

sulfones (PES), cellulose resins, and polycarbonate (PC), copolymers and mixtures 

thereof (such as ABS+PC). Note that these resin-based materials are listed as examples 15

and many others thermosetting and/or thermostable resin could be used as suitable 

substrates. Particularly the substrate is PC. The substrate is in the form of a molded 

article, which can be manufactured by any conventional method, such as melt molding or 

casting. The substrate is not limited to resins, but it would be also possible to apply the 

coating on transparent substrates like glass or semiconductors such as ITO (indium-tin-20

oxide), conducting polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT).

Thus, in another embodiment, optionally in combination with one or more features of the 

embodiments defined above, the substrate is a material exhibiting small radar wave 

transmission loss such as thermosetting and/or thermostable resins, glass, semiconductor 25

materials or a combination thereof.

The thickness of the substrate is not relevant provided it is transparent to electromagnetic 

waves in the radio domain (i.e. radar waves) or has a higher permeability to 

electromagnetic waves than the metal coating. Particularly, electromagnetic waves are30

radar waves, more particularly electromagnetic waves in the frequency range from 70 

MHz to 85 MHz.

The metal coated substrate obtainable by the process of the present disclosure provides 

an attenuation for electromagnetic waves in the frequency range from 70 MHz to 85 MHz 35

which is more than 50% lower than the attenuation of the metal coated substrate as-

deposited (i.e. after the electroless metal plating step of the process as defined above, but 

without carrying the cryogenic treatment step). Additionally, attenuation is significantly 
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lower than the one obtained by the processes disclosed in the prior art, where a thermal 

treatment with the consequent cracking of the coating surface is carried out in order to 

allow the required attenuation. Measurement of the transmission of millimeter waves 

(given as attenuation values) was carried out using a quasi-optical bench with focusing 

lens attached and equipped with vector network analyzer Keysight PNA-X E3861 attached 5

with VDI frequency extender for W band, as explained in the examples below.

Thus, in an embodiment, optionally in combination with one or more features of the 

embodiments defined above, metal coated substrate obtainable by the process of the 

present disclosure provides an attenuation for electromagnetic waves in the frequency 10

range from 70 MHz to 85 MHz, such as for milllimeter waves of 77 MHz, lower than 7 dB , 

particularly from 0.1 to 6, more particularly from 3 to 5.5 dB, as measured as disclosed 

herein above. More particularly, the attenuation at the mentioned millimeter waves is from 

3 to 4 dB.

15

Surprisingly, no cracks were observed in the obtained metal coating when images were 

obtained by FESEM operated at 3 kV at a magnification of about 50,000 X.

In an embodiment, optionally in combination with one or more features of the 

embodiments defined above, step a) is carried out for 5 to 20 min, and wherein in step d) 20

the metal electrolyte solution is a nickel electrolyte solution, the reducing agent is a 

hypophosphite alkali metal salt, and electroless plating is carried out for 5 to 300 seconds 

at a temperature from 40 to 80 ºC in an electroless nickel electrolyte solution at a pH from 

4 to 10 in order to obtain a coating with a phosphorous content from 1-25 wt%, particularly 

of 1 to 14 wt%, related to the total weight coating. 25

In another embodiment, optionally in combination with one or more features of the 

embodiments defined above, step a) is carried out for 12 to 17 min, and wherein in step d) 

the metal electrolyte solution is a nickel electrolyte solution, the reducing agent is a 

hypophosphite alkali metal salt, and electroless plating is carried out for 5 to 20 seconds 30

at a temperature from 65 to 75 ºC at a pH from 6 to 7 in order to obtain a coating with a 

phosphorous content from 1 to 4 wt% related to the total weight coating. In a more 

particular embodiment, step a) is carried out for 15 min, an electroless plating is carried 

out for 10 seconds at a temperature from 70 to 75 ºC in a nickel electrolyte solution at a 

pH of 6.5.35

The coating with a low phosphorous content, i.e. with a phosphorous content from 1 to 4 

wt%, exhibit a nanocrystalline structure. The coating microstructure can be measured by 
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X-ray diffraction (Bruker, D8) using CuKα radiation (λ = 1.5418 Å) in the Bragg Brentano 

geometry. Crystallite size can be measured using the Scherrer's equation which is 

implemented in the EVA software ® (Bruker) of the diffractometer. Measurement range 

was 20-100 °C. The Scherrer’s equation is applied in the most intense reflection for the 

face centered cubic (fcc) nickel phase (according to PDF 065-2865) corresponding to the 5

(111) reflection. Thus, in a more particular embodiment, the electroless nickel coating has 

a structure containing crystallites having a size of up to 10 nm, such as from 2 to 10 nm, 

calculated by the Scherrer’s equation by X-ray diffraction with CuKα radiation (λ = 1.5418 

Å) in the Bragg Brentano geometry. As mentioned above, by carrying out the electroless 

plating with an electrolyte solution providing a low phosphorous content, a higher plating 10

rate and a better coverage of the surface of the substrate are, as well as a better control 

of the thickness of the coating applied onto the surface of the substrate are provided. 

In another embodiment, optionally in combination with one or more features of the 

embodiments defined above, step a) is carried out for 12 to 17 min, and in step d) the 15

metal electrolyte solution is a nickel electrolyte solution, the reducing agent is a 

hypophosphite alkali metal salt, and electroless plating is carried out for 15 to 60 seconds, 

particularly for 25 to 35 seconds, at a temperature from 40 to 60 ºC in an electroless nickel 

electrolyte solution having a a pH of 8 to 10 in order to obtain a coating with a high 

phosphorous content, i.e. with a phosphorous content from 10 to 25 wt%, particularly from 20

10 to 14 wt%, related to the total weight coating. This coating exhibits an amorphous 

structure. In a more particular embodiment, optionally in combination with one or more 

features of the embodiments defined above, step a) is carried out for 15 min, an 

electroless plating is carried out for 30 seconds at a temperature from 60 ºC in a nickel 

electrolyte solution at a pH of 9.  25

As commented above, an inherent result of the process of the invention is that it provides 

metal coatings with a particularly good performance in terms of permeability to 

electromagnetic waves, particularly to radar waves, having an excellent metallic luster 

appearance, and having a high corrosion resistance. Thus, a metal coating can be formed 30

on a surface of a substrate to obtain a decorative coated substrate that is permeable to 

electromagnetic waves such as radar waves and thus that can be used in the beam path 

of a radar device.

These properties make the metal coated substrate of the invention particularly suitable for35

the production of different articles of manufacture for multiple applications, including some 

applications of the automotive and aerospace industry such as a radome for a radar 

system. As an instance, the metal coated substrate of the invention can be placed in front 
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of a camera device such as an automotive reversing camera keeping it hidden from the 

naked eye while maintaining its metallic appearance. However, general uses are not 

limited to the former and may include any potential application that requires concealed 

radar antennas, sensors, image recording systems, or illumination systems.

5

As mentioned above, the invention also concerns to an article of manufacture made of the 

metal coated substrate of the invention.

In an embodiment, the article of manufacture comprises a radar antenna.

10

In another embodiment, the article of manufacture comprises a sensor such as a light 

sensor.

In another embodiment, the article of manufacture is for image recording. Particularly, it is 

an automotive reversing camera.15

In an embodiment, the article of manufacture is for illumination applications.

Such improved properties indicate that the metal coated substrate and article of 

manufacture obtained there from are different to the already known in the prior art. 

20

Throughout the description and claims the word "comprise" and variations of the word, are 

not intended to exclude other technical features, additives, components, or steps. 

Furthermore, the word “comprise” encompasses the case of “consisting of”. 

The following examples and drawings are provided by way of illustration, and they are not 25

intended to be limiting of the present invention. Furthermore, the present invention covers 

all possible combinations of particular and preferred embodiments described herein.

Examples

30

General procedure

Polycarbonate (PC) substrates (70 x 50 x 2 mm) were cleaned with a commercially 

available detergent and gently rinsed before surface sensitization. To make the surface 

active towards the electroless metal plating process, a metallic seeding step (sensitization 

step) was carried out by immersing the substrate in a commercially available colloidal 35

Pd/Sn solution (Neolink Activator, Atotech Deutchland GMbH), which was held at 30 ºC 

without stirring for a time interval of 1-20 min. After the metallic seeding the PC substrates

were removed from the sensitization bath and rinsed with deionized water. In order to 
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remove the excess of metallic catalyst, the sample was subjected to an accelerator stage 

using an acid-based solution (Adhemax accelerator, Atotech Deutchland GMbH). The 

accelerating solution worked at 48 ºC under magnetic stirring for 2 minutes. After the 

accelerating stage, the sample was cleaned with deionized water and immersed in an

electroless nickel solution.5

The electroless nickel solution contained nickel sulfate, sodium hypophosphite, glycine as 

main complexing agent, and a stabilizer to produce a low phosphorus nickel coating. 

Once the electroless plating was finished, the PC substrate was removed from the 10

electroless plating bath, gently rinsed with deionized water and dried by air blowing. Then 

a cryogenic treatment step was carried out by immersing the nickel-coated PC substrate 

in liquid nitrogen at -196 ºC during 10 to 300 seconds. Without wishing to be bound by 

theory, it is believed that the cryogenic treatment can lead to a structural modification at 

the nano-scale on the metal layer that make it permeable to radar waves while 15

maintaining a metallic luster appearance to the naked eye.

The surface of the nickel phosphorus coatings was studied by Field Emission Scanning 

Electron Microscope (Zeiss, Ultra-Plus FESEM) operated at 3 kV of accelerating voltage. 

Measurement of the transmission of millimeter waves was carried out using a quasi-20

optical bench with focusing lens attached and equipped with vector network analyzer

Keysight PNA-X E3861 attached with VDI frequency extender for W band. The 

measurements were carried out by mounting the coated samples into the bench halfway 

between wave emitter and receiver. The bandwidth 70-85 MHz was selected for 

measuring millimeter wave permeability. Obtained values are those corresponding to the 25

center of the radar signal bandwidth at 77 MHz. Values in the examples express the radar

wave attenuation.

Depending on the solution composition, it is possible to obtain different phosphorus

content in the metallic layer. Thus, for the sake of comparison, high phosphorus (HP) and 30

low phosphorus (LP) nickel electrolyte solutions were used, leading to coatings with HP or 

LP contents, having different electric conductivity and stress nature. 

Example 1

35

Preparation of a high phosphorus Ni coating

A first PC substrate was treated according to the general procedure above. The 
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sensitization time was set at 15 min. Electroless plating was performed using a high 

phosphorus commercial electroless nickel electrolyte (Macuplex M550, Macdermid 

Enthone Industrial Solutions) of pH 9 at 60 ºC under magnetic stirring for 30 seconds. A 

homogeneous nickel coating (sample HP-1) was obtained.

5

Preparation of low phosphorus Ni coatings

Several PC substrates were treated according to the general procedure above. An 

electroless solution comprising 25 g/L hexahydrated nickel sulfate, 30 g/L sodium

hypophosphite as reducing agent and 20 g/L glycine as main complexing agent and 10

having a pH of 6.5 was used. Electroless plating was performed at 75 ºC under magnetic 

stirring. Sensitization times and electroless plating times are shown in the Table 1 below. 

Table 1 - Experimental set-up for LP coatings.

Sample Ref pH

T of 

electroless 

bath

(ºC)

Sensitization time 

(min)

Electroless Ni plating 

time (s)

LP-1 6.5 75 15 15

LP-2 6.5 75 20 20

LP-3 6.5 75 15 10+10 (bilayered)

15

In sample reference LP-3, after 10 seconds in the electroless Ni plating bath, the 

substrate was removed for 1-3 seconds and later on reintroduced into the bath for another 

10 seconds to apply another consecutive layer. Thus, in a total bath time of 20 seconds, 2 

layers of 10 seconds each were formed.

20

A dense and homogeneous nickel coating was obtained for all the samples. The thickness 

range was between 75-150 nm as determined by Field Emission Scanning Electron 

Microscopy (see General Procedure).

Radar attenuation of coated substrates25

The coated substrates were subjected to a cryogenic treatment step by immersing the 

nickel-coated substrates in liquid nitrogen at -196 ºC for 60 seconds. Then, radar 

transparency measurements were carried out on the different coated substrates in order 

to check their suitability for being placed in the beam path of a radar device. 30
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The results are shown in table 2 below.

Table 2 - Radar attenuation values obtained before and after surface 

cryogenic treatment step

Piece

Ref

Radar attenuation for as-

deposited coatings

(dB)

Radar attenuation after 

cryogenic treatment step

(dB)

HP-1 18 5.15

LP-2 11 4

LP-3 15 4

5

In general, the HP coating offered higher radar attenuation than the LP coatings. Also the 

higher plating rate of the LP coatings allowed better coverage of the PC surface as well as 

a better control of the applied thickness onto the PC surface.

In all the examples, the radar attenuation of the coatings decreased more than 50% of the 10

value for the as-deposited coating, as required for their better performance in the 

applications of the automotive industry.

To avoid defects induced by surface preparation, a FESEM study of the surface was 

carried out on a PC piece of 2 x 2 cm nickel-coated in the same conditions as LP-1. 15

Comparison of the sample before and after liquid N2 treatment revealed a higher degree 

of defects on the surface after the cryogenic treatment. Nevertheless, no cracks were 

observed on the coating at a magnification of more than 50,000 X (see Fig. 1a and 1b). 

However, Fig 2 shows a similar sample, which was subjected to thermal annealing at 

75ºC during 1 hour in order to promote surface cracking instead of being subjected to the 20

liquid N2 treatment. As can be seen, several cracks can be observed in the surface.

By means of the process of the present disclosure comprising a cryogenic treatment step

it is possible to obtain surfaces with a metal coating having a metallic luster appearance, 

particularly having a specular shine, which are highly permeable to millimeter radar waves25

without cracks being produced in the coating. This absence of cracks minimizes the 

corrosion of the coating, what allows maintaining the luster appearance during longer 

periods of time.

Example 230

Several PC substrates were coated with a low phosphorous nickel coating according to 
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the general procedure described above (Example 1) from an electroless solution at pH 

6.5. The sensitization time was set at 15 min. Electroless plating was performed at 70 ºC 

for 10 seconds under magnetic stirring. Some of the obtained samples were subjected to 

thermal annealing at 75ºC during 1 hour in order to promote surface cracking. For the 

sake of comparison, samples obtained under the same experimental set-up were 5

subjected to a cryogenic treatment by immersion in liquid nitrogen for 5 minutes. 

Millimeter wave permeability (given as attenuation values) was measured in all the 

produced coatings. The results are shown in the Table 3 below.

Table 3. Radar attenuation values obtained.10

Ni/PC Condition Radar attenuation (dB)

70°C, 10s

As deposited 7.8

N2, 5 min 3.7

75°C, 1h 5

As shown in Table 3 surface cracking by thermal annealing of electroless Ni coated PC 

substrates improved millimeter wave permeability by 33%, whereas liquid N2 surface 

cryogenic treatment produced a millimeter wave permeability increased higher than 50% 

in comparison with as-deposited coatings.15

Example 3

A low phosphorous nickel coating was obtained according to the general procedure 

describe above from an electroless solution at pH 6.6 and a temperature 75 ºC for a total 20

plating time of 1 min over polished low carbon steel samples. The coating microstructure 

was measured by X-ray diffraction (Bruker, D8) using CuKα radiation in the Bragg 

Brentano geometry (see Fig. 3). Crystallite size was evaluated using the Scherrer's 

equation which is implemented in the EVA software ® (Bruker) of the diffractometer. 

Measurement range was 20-100 °C. The Scherrer’s equation was applied in the most 25

intense reflection for the face centered cubic (fcc) nickel phase (according to PDF 065-

2865) corresponding to the (111) reflection. The remaining peaks in the diffractogram 

correspond to the base material. According to Scherrer’s equation the calculated 

crystallite size for the electroless nickel coating was 8.1 nm.

30

Example 4

Several PC substrate having low phosphorus Ni coatings were prepared according to the 

procedure of Example 1, but for the specific features shown in Tabla 4. 
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In order to evaluate the applicability of these coated substrates for camera devices, values 

of transmittance data were measured and are shown in Table 4. These values 

demonstrate the feasibility of using these coated substrates for camera devices.

5

Table 4 Transmittance values

Thus, as shown by the results, the cryogenic treatment does not affect to the 

transmittance. Additionally, high quality images were obtained both for the coated 

substrates before and after cryogenic treatment. The quality of the images obtained 10

evidenced the suitability of the PC coated substrates to be used for hiding a camera

device. Application in which a camera device is hidden behind a metallized object include 

as a way of example reversing cameras in automobiles, however general uses are not 

limited to the former and may include any potential application which requires concealed 

radar antennas, sensors, image recording systems, or illumination systems.15

Citation List

1. EP1707988A1

2. JP201116390320

Processing 

temperature (°)

Electroless nickel 

plating time (s)

Transmittance for as-

deposited coatings (%)

Transmittance after 

cryogenic treatment (%)

65 30 10 10

70 10 5 5

75 15 3 3

75 30 0 0
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Claims

1. A method for manufacturing a metal coated substrate by forming a metal coating on a 

surface of a substrate, comprising the following steps:

a) carrying out a sensitization step by:5

- immersing the substrate in a colloidal palladium/tin colloidal solution;

- immersing the substrate in a tin aqueous solution and, thereafter, in a palladium 

aqueous solution, or vice versa; or

- depositing on the substrate a silver nucleus by immersion or a spray method;

b) immersing the substrate in an acid solution;10

c) optionally, immersing the substrate in a PdCl solution;

d) carrying out electroless metal plating by immersing the substrate in a metal electrolyte 

solution to form a metal coating on the surface of the substrate in order to obtain a 

continuous film-coated substrate, wherein the metal electrolyte solution comprises a 

source of metal cations, a complexing agent and a reducing agent, and wherein 15

electroless metal plating is carried out for 5 to 300 seconds, and the metal coating formed 

has a thickness from 50 to 175 nm; and

e) subjecting the metal coating to a cryogenic treatment step by cooling the continuous 

film-coated substrate with liquid nitrogen.

20

2. The method according to claim 1, wherein step a) is carried out for 5 to 20 min, or for 

12 to 17 min, particularly for 15 min.

3. The method according to claims 1 or 2, wherein electroless metal plating is carried out 

for 10 to 30 seconds, and the metal coating formed has a thickness from 75 to 150 nm.25

4. The method according to any one of claims 1 to 3, wherein the metal coated substrate 

provides an attenuation for electromagnetic waves in the frequency range from 70 MHz to 

85 MHz , such as for milllimeter waves of 77 MHz, lower than 7 dB as measured by using 

a quasi-optical bench with focusing lens attached and equipped with vector network 30

analyzer Keysight PNA-X E3861 attached with VDI frequency extender for W band.

5. The method according to any one of claims 1 to 4, wherein the attenuation is from 0.1

to 6 dB.

35
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6. The method according to any one of claims 1 to 5, wherein the metal coating is 

selected from the group consisting of a nickel, a nickel alloy, a copper, a copper alloy, a 

silver, a silver alloy, a tin, and a tin alloy coating, and the metal cations are selected from 

the group consisting of nickel cations, copper cations, silver cations, tin cations, and 

mixtures thereof. 5

7. The method according to any one of claims 1 to 6, wherein the metal coating is a nickel 

coating, or a nickel alloy coating, and the metal cations are nickel cations. 

8. The method according to any one of claims 1 to 7, wherein cooling in the cryogenic 10

treatment step is performed for 10 to 600 seconds.

9. The method according to any one of claims 1 to 8, wherein the substrate is

polycarbonate.

15

10. The method according to any one of claims 1 to 9, wherein step a) is carried out for 5 

to 20 min, and wherein in step d) the metal electrolyte solution is a nickel electrolyte 

solution, the reducing agent is a hypophosphite alkali metal salt, and electroless plating is 

carried out at a temperature from 40 to 80 ºC in an electroless nickel electrolyte solution at 

a pH range from 4 to 10 in order to obtain a coating with a phosphorous content from 1 to 20

25 wt% related to the total weight coating. 

11. The method according to any one of claims 1, 2 and 4 to 9, wherein step a) is carried 

out for 12 to 17 min, and wherein in step d) the metal electrolyte solution is a nickel 

electrolyte solution, the reducing agent is a hypophosphite alkali metal salt, and 25

electroless plating is carried out for 5 to 20 seconds at a temperature from 65 to 75 ºC in a 

nickel electrolyte solution at a pH of 6 to 7 in order to obtain a coating with a phosphorous 

content from 1 to 4 wt% related to the total weight coating.

12. The method according to claim 11, wherein the coating has a structure containing 30

crystallites having a size of up to 10 nm, such as from 2 to 10 nm, calculated using the 

Scherrer’s equation by X-ray diffraction with CuKα radiation (λ = 1.5418 Å) in the Bragg 

Brentano geometry.

13. The method according to any one of claims 1, 2, and 4 to 9, wherein step a) is carried 35

out for 12 to 17 min, and wherein in step d) the metal electrolyte solution is a nickel 

electrolyte solution, the reducing agent is a hypophosphite alkali metal salt, and 

electroless plating is is carried out for 15 to 60 seconds at a temperature from 40 to 60 ºC 
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in a nickel electrolyte solution at a pH of 8 to 10 in order to obtain a coating with a 

phosphorous content from 10 to 25 wt% related to the total weight coating.

14. A metal coated substrate obtainable by the method as defined in any one of claims 1 

to 13.5

15. Use of the metal coated substrate as defined in claim 14 for concealing radar 

antennas, sensors, image recording systems, or illumination systems.

16. An article of manufacture made of the metal coated substrate of claim 14.10

17. The article of manufacture of claim 16 comprising a radar antenna. 

18. The article of manufacture of claim 16 comprising a sensor.

15

19. The article of manufacture of claim 18 wherein the sensor is as a light sensor.

20. The article of manufacture of claim 16 for image recording.

21. The article of manufacture of claim 20 that is an automotive reversing camera.20

22. The article of manufacture of claim 16 for illumination applications.
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Abstract

Electroless metal coatings exhibiting wave permeability and method for the 

manufacture thereof

5

It is provided a method for manufacturing a metal coated substrate by forming a metal 

coating on a surface of a substrate, comprising: immersing the substrate in a palladium/tin 

colloidal solution; immersing the substrate in an acid solution; carrying out electroless 

metal plating in order to obtain a continuous film-coated substrate, and subjecting the 

metal coating to a cryogenic treatment step in order to make it permeable to 10

electromagnetic waves, the cryogenic treatment step being carried out by cooling the 

substrate with liquid nitrogen. It is also provided a metal coated substrate obtainable by 

the mentioned method and an article of manufacture made of the metal coated substrate.

15
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Light permeable metallic coatings and method for the manufacture thereof

This application claims the benefit of European Patent Application 19382389.5 filed on 

May 17, 2019.

5

Technical Field

The present disclosure relates to the field of decorative metallized articles. In particular, it 

relates to a decorative metal coating permeable to the visible light, to a method for forming 

this metal coating on a substrate, and to an article of manufacture having a decorative 10

metal coating permeable to the visible light.

Background Art

Metallized plastics have become of interest in recent years as a replacement for metal in 15

such articles as enclosures for electrical appliances, microwave ovens, business 

machines, automotive grills or emblems and the like. Metallization may be achieved by 

various processes including electrodeposition, electroless deposition, chemical vapor and 

physical vapor deposition.

20

Electroless deposition of metals such as nickel is often particularly advantageous because 

it leads to excellent film properties and can form a film uniformly even for products having 

complicated shapes and the like. Consequently, it is widely used in various fields such as 

electronics, automotive, petrochemical, aerospace, etc. 

25

Electroless nickel plating is an auto-catalytic chemical process used to deposit a nickel-

based alloy (nickel-phosphorus when the reducing agent is sodium hypophosphite and/or 

nickel-boron when the reducing agent is boron based) on a solid workpiece. Such 

coatings can be produced either on metal as on plastic substrates, the later by subjecting 

the substrate to a proper pre-plating catalyst stage. The process relies on the presence of 30

a reducing agent in the same electrolyte as the metallic cations so driving the reduction of 

the metal ions to form metal films. No electrical current is needed during the process. 

Electroless nickel plating solutions are well known in the art. The contents of the solution 

and the plating parameters such as temperature, pH and immersion time will depend on 35

the precise nature of the substrate to be coated. A typical electroless deposition bath is a 

solution comprising a nickel salt, a reducing agent such as a hypophosphite salt, a 

borohydride salt or hydrazine, and various additives. 
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One of the problems which arises in the metallization of some substrates such as plastics, 

especially by electroless methods, is the lack of adhesion of the metal layer to the 

substrate. For this reason, electroless metallization of polymers requires different steps 

including (i) the preconditioning of the surface, (ii) the chemisorption of a catalyst to 

activate the so-modified surface towards subsequent metallization, and (iii) the 5

metallization itself. 

Furthermore, the appropriate type of plating film is selected depending on the final 

applications, because the film characteristics are determined by the phosphorus content 

which, at the same time, depends on the chemistry and working conditions of the 10

electroless nickel electrolyte.

There are three main categories of electroless nickel coatings namely low phosphorus 

(phosphorus content is about 1 to 4 wt%), medium phosphorus (phosphorus content is 6 

to about 9 wt%), and high phosphorus (phosphorus content is about 10 to 25 wt%). They 15

exhibit different properties depending on the phosphorous content. Thus, low 

phosphorous coatings show superior mechanical properties at the expense of a limited 

corrosion resistance whereas high phosphorous coatings possess outstanding corrosion 

resistance but limited mechanical properties. Medium content coatings show a good 

compromise between the formers in terms of functional properties.20

Electroless plating can be easily applied to obtain coatings from 10 to 100 micrometers. In 

the case of functional applications such as corrosion protection, wear reduction, hardness, 

fatigue strength no less than 10-15 micron of electroless nickel is plated to provide the 

desired features to the base materials it is plated on. Among these features, aesthetic is 25

not usually demanded. Such thicknesses may be produced by contact with the electroless 

plating solution for periods on the order of 10-60 minutes at temperatures in the range of 

60 ºC to 90 ºC; those skilled in the art will be able to determine the time and temperature 

conditions under which to deposit a coating of the required thickness. However, when 

thinner coatings such as in the nanometer scale are required, other film properties such 30

us homogeneity and adhesion of the coating, as well as a proper aesthetic appearance, 

are important. 

Decorative coated substrates with a metal-look are also of interest for illumination 

applications, such as emblems or other articles which can be illuminated at the required 35

conditions (for instance at night) and having a metallic appearance in the absence of 

illumination.

US2018345877 discloses a brand emblem that is illuminated over its full area or in part, 

138 



3

preferably for use in the interior as well as in the exterior in the automotive sector. The 

chrome-look coating of the decorative element can be structured in such a manner that 

light can pass through it directly. It is disclosed that deposition technologies such as 

vacuum vapor deposition (PVD, PECVD or CVD), as well as paint-coating techniques, are 

particularly suitable for this. The decorative element can also be a galvanized component, 5

wherein galvanization over the full area or an actual metal foil applied to a support 

component is unsuitable for direct illumination, since an actual metal and a galvanic 

deposition are opaque for light. Thus, no specific thickness of the coating is required, 

provided it has a chrome-look or metal-look.

10

Thus, there is still a need to provide new methods for covering a base material with a 

metal coating having the required visible light permeability, metallic luster appearance, 

particularly having a specular shine, and structural and mechanical properties.

Summary of Invention15

Inventors have found that by carrying out the method of the invention, a relatively thin 

metal coating such as having a thickness from 50 to 450 nm, particularly from 50 to 175 

nm, and more particularly from 75 to 150 nm, can be formed on the surface of a substrate, 

the metal coating having a good permeability to visible light and having an excellent20

metallic luster appearance, particularly having a specular shine. Additionally, 

advantageously the metal coating is a homogeneous coating having a uniform thickness 

and composition. Hence, a decorative coated substrate having a metal-look, particularly a 

chrome-look, that is permeable to visible light can be obtained.

25

Thus, one aspect of the present invention relates to method for manufacturing a metal 

coated substrate by forming a metal coating on a surface of a substrate, comprising the 

following steps:

a) carrying out a sensitization step for 12 to 17 min by:

- immersing the substrate in a colloidal palladium/tin colloidal solution;30

- immersing the substrate in a tin aqueous solution and, thereafter, in a palladium 

aqueous solution, or vice versa; or

- depositing on the substrate a catalitically active metallic nuclei such as a silver 

nucleus by immersion or a spray method;

c) optionally, immersing the substrate in a PdCl solution;35

d) carrying out electroless metal plating by immersing the substrate in a nickel electrolyte 

solution to form a metal coating on the surface of the substrate in order to obtain a 
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continuous film-coated substrate, wherein the metal electrolyte solution comprises a 

source of nickel cations, a complexing agent and a reducing agent which is a 

hypophosphite alkali metal salt, 

wherein electroless plating is carried out for 5 to 20 seconds at a temperature from 65 to 

75 ºC at a pH of 6 to 7 in order to obtain a coating with a phosphorous content from 1 to 4 5

wt% related to the total weight coating, or 

wherein electroless plating is carried out for 15 to 60 seconds at a temperature from 40 to 

60 ºC at a pH of 8 to 10 in order to obtain a coating with a phosphorous content from 10 to 

25 wt%, particularly from 10 to 14 wt%, related to the total weight coating.

10

As observed in Fig. 1 a coating having a uniform surface is formed, even though the 

coating has a thickness in the nanometer scale. 

The method of the present disclosure allows carrying out electroless metallization on 

several substrates such as polycarbonate without the necessity of complicated 15

pretreatments to preconditioning of the surface, thus, allowing simplification of the 

conventional electroless processes commonly used up to now, to obtain a decorative, 

homogeneous and defect-free coating with a desired thickness, appropriate to their use in 

specific applications such as illumination.

20

Another aspect of the invention relates to the metal coated substrate obtainable by the 

process of the invention. 

Another aspect of the invention relates to the use of a metal coated substrate as defined 

herein above and below for concealing illumination systems, image recording systems, 25

sensors or radar antennas. Thus, the metal coated substrate of the invention is useful for

the production of an article of manufacture comprising an illumination system, an image 

recording system, a sensor or a radar antenna.

The invention also concerns to an article of manufacture made of the metal coated 30

substrate of the invention. 

The article can be manufactured by a process comprising forming said article from a metal 

coated substrate obtainable by the process of the invention. The article can be obtained 

by methods known in the art.35

Brief Description of Drawings
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Fig. 1 shows the image of the electroless nickel coating of sample ref. LP-1 of Example 1. 

The image was obtained by Field Emission Scanning Electron Microscope (Zeiss, Ultra-

Plus FESEM) operated at 3 kV) at a magnification of about 50,000 X. 

Fig. 2 shows the image obtained X-Ray diffraction as explained in Example 3. 5

Detailed description of the invention

All terms as used herein in this application, unless otherwise stated, shall be understood 

in their ordinary meaning as known in the art. Other more specific definitions terms as 10

used in the present application are as set forth below and are intended to apply uniformly 

throughout the specification and claims unless an otherwise expressly set out definition 

provides a broader definition.

In physics, electromagnetic radiation refers to the waves of the electromagnetic field, 15

propagating (radiating) through space, carrying electromagnetic radiant energy. 

Electromagnetic waves are classified according to their frequency, so it includes radio

waves, microwaves, infrared, (visible) light, ultraviolet, X-rays, and gamma rays. 

As used herein, the term “visible light" refers to the portion of the electromagnetic 20

spectrum that is visible to the human eye and is responsible for the sense of sight.[1] 

Visible light is usually defined as having wavelengths in the range of 400–700 nanometers

(nm).

As used herein, the term “homogeneous layer” or “homogeneous coating”, used herein 25

interchangeably refers to a layer or coating covering all the surface of the substrate, 

namely, the 100% of the surface, and having a uniform thickness and composition. 

It is noted that, as used in this specification and the appended claims, the singular forms 

”a”, “an” and “the” include plural referents unless the context clearly dictates otherwise.30

As mentioned above, the metallization process of substrates of the present invention is a

multistep process comprising several steps addressed to prepare the surface of the 

substrate in such a way that the electroless nickel plating allows forming a coating having 

the required visible light permeability, metallic luster appearance, and structural and 35

mechanical properties, and a good adhesion with the substrate.

Previously to step a), a surface cleaning can be performed, for instance, by treatment with 

a detergent and rinsing or by treatment with a degreasing solution such as an acid or
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alkali solution, or a degreasing agent. Detergents, degreasing solutions and degreasing 

agents suitable for the mentioned surface cleaning are already known and commercially 

available.

As mentioned above, a sensitization step (step a) is carried out by immersing the 5

substrate in a colloidal palladium/tin solution. Alternatively, the substrate can be immersed 

in a tin aqueous solution and, thereafter, in a palladium aqueous solution, or vice versa. 

Examples of commercially available colloidal palladium/tin solutions are Neolink Activator 

(Atotech), Macuplex D-34 (MacDermid), and Silken Catalyst 501 (Coventya). The 

objective of the sensitization step is to render active places over the substrate surface so 10

the electroless process can be initiated on the metallic nuclei. It is possible to perform the 

sensitization step with other metallic nuclei catalytically active towards the electroless 

process such as silver, tin or the like. These metallic nuclei can be deposited by 

immersion, or a spray method.

15

Subsequently, an acceleration step (step b) is carried out with an accelerator solution 

which is an aqueous solution of an acid. The acid can be selected, for example, from the 

group consisting of sulfuric acid, hydrochloric acid, citric acid and tetrafluoroboric acid. In 

the case of a palladium/tin colloid, the accelerator solution helps to remove the tin 

compounds which served as the protective colloid. Examples of commercially available 20

commonly used accelerator solutions are Adhemax Accelerator (Atotech), Macuplex GS-

50 (MacDermid), and Silken Accelerator 602 (Coventya). 

After the acceleration step, an activation step (step c) can be optionally carried out by 

immersing the substrate in a PdCl solution adjusted to acid pH (i.e. a pH less than 7) by 25

the addition of HCl. Particularly, the amount of PdCl in the solution can be from 0.1 to 0.5 

g/L, and the pH is from 1 to 4.

Electroless plating allows depositing a homogeneous metallic layer on a substrate which 

can be either a conductive material or an insulator (i.e. non-conductive) material. The 30

resulting metallic coating is in fact an alloy, as part of the reducing agent is co-deposited 

along with the metal. The metallic layer, when deposited sufficiently thin and 

homogeneous, becomes permeable to visible light. 

In an embodiment, the immersion of the substrate in a colloidal palladium/tin colloidal 35

solution (step a) is carried out for 5 to 20 min, or for 12 to 17 min, particularly for 15 min.

In another embodiment, optionally in combination with one or more features of the 

embodiments defined above, electroless coating (i.e. step d) is carried out for 5 to 60 
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seconds, particularly for 10 to 60 seconds, more particularly for 10 to 30 seconds, even 

more particularly for 20 seconds. This allows obtaining a metal coating having a thickness 

from 50 to 175 nm, particularly from 75 to 150nm. Particularly, the metal coating is a 

homogeneous coating having a uniform thickness and composition.

5

The metal constituting the coating layer can be nickel, a nickel alloy, copper, a copper 

alloy, silver, a silver alloy, tin, and a tin alloy. Particularly, the metal is nickel or a nickel 

alloy. In the electroless metal plating step, the electroless plating solution will contain an 

appropriate metal depending on the type of the metal coating formed on the surface of the 

substrate. As a consequence, electroless metal plating will be carried out in a bath of an 10

electrolyte solution (also called electroless plating bath) basically comprising a source of 

cations of the corresponding metal or metals, a complexing agent, and a reducing agent. 

Thus, in an embodiment, optionally in combination with one or more features of the 

embodiments defined above, the metal coating is selected from the group consisting of a 15

nickel, a nickel alloy, a copper, a copper alloy, a silver, a silver alloy, a tin, and a tin alloy 

coating, and the electrolyte solution comprises a source of metal cations wherein the 

metal cations are selected from the group consisting of nickel cations, copper cations, 

silver cations, tin cations, and mixtures thereof. Particularly, the metal coating is a nickel 

coating, or a nickel alloy coating and the electrolyte solution comprises a source of nickel 20

cations.

As an instance, electroless nickel plating can be carried out in an electroless plating bath 

containing a source of nickel cations, a complexing agent such as glycine, and a 

hypophosphite reducing agent. 25

Examples of nickel compounds useful as source of nickel cations include nickel sulfate 

(anhydrous or hydrated), nickel hypophosphite, nickel sulfamate nickel carbonate, nickel 

chloride or a combination thereof. Normally, hydrated nickel sulfate is preferred. Typically, 

in order to get a nickel or nickel alloy coating the electroless plating bath has a nickel ions 30

concentration of from 3 g/L to 20 g/L, particularly from 5 g/L to 10 g/L.

Examples of reducing agents include hypophosphite salts such as hypophosphite alkali 

metal salts, particularly sodium hypophosphite. More particularly, the reducing agent is a 

hypophosphite salt and it is in an amount from 15 to 75 g/L, particularly from 20 to 40 g/L.35

Examples of complexing agents include acetate ethylendiamine, malate, citrate, glycine, 

and lactate. Particularly, the complexing agent can be in an amount from 1 to 60 g/L, 

particularly from 20 to 30 g/L.
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The electroless plating bath can also comprise a stabilizer such as lead, cadmium, sulfur, 

and thiourea. Particularly, the stabilizer can be in an amount from 1 ppm to 10 ppm.

As used herein, the term “low phosphorus (LP) coating" refers to a coating comprising 5

phosphorous in an amount from 1 to 4 wt% related to the total weight coating. 

As used herein, the term “high phosphorus (HP) coating" refers to a coating comprising 

phosphorus in an amount from 10 to 25 wt%, particularly from 10 to 14 wt%, related to the 

total weight coating.10

As used herein, the term “medium phosphorus (MP) coating" refers to a coating 

comprising phosphorus in an amount from 5 to 9 wt% related to the total weight coating. 

The amount of phosphorus in the final coating will depend on the concentration of the 15

source of phosphorus (such as sodium hypophosphite) in the electrolyte solution, the pH 

of this electrolyte solution, and the presence and amount of complexing agent. A skilled 

person in the art will know which concentration of the source of phosphorus, the amount 

of complexing agent and the pH of the solution in order to obtain the sought amount of 

phosphorus in the final coating. 20

The deposition reaction takes place in the bath and generally involves the reduction of a 

nickel cation to form a nickel coating on the desired substrate surface.

In an embodiment, optionally in combination with one or more features of the 25

embodiments defined above, the electrolyte solution is an electrolyte solution capable of 

providing a low phosphorus (LP) coating. Electrolyte solutions capable of providing a LP 

coating are commercially available. Examples of electrolyte solution capable of providing 

a LP coating are Niklad ELV 824 (from Macdermid Enthone Industrial Solutions), Nichem®

(from Atotech), and Enova EF 243 (from Coventya). As an instance, the LP electrolyte 30

solution comprises from 15 to 30 g/L of a hypophosphite salt and from 1 to 40 g/L of a 

complexing agent, and has a pH from 6 to 8. The amount of source of nickel cations is 

such that the amount of nickel ions is from 3 g/L to 20 g/L, particularly from 3 g/L to 10 

g/L. LP coatings exhibit a nano crystalline structure and allow a higher plating rate and a 

better coverage of the surface of the substrate, as well as a better control of the thickness 35

of the coating applied onto the surface of the substrate. 

In another embodiment, optionally in combination with one or more features of the 

embodiments defined above, the electrolyte solution is an electrolyte solution capable of 
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providing high phosphorus (HP) coating. Electrolyte solutions capable of providing a HP 

coating are commercially available. As an instance, Macuplex M550 (from Macdermid 

Enthone Industrial Solutions) can be used.

The substrate is made of a suitable material such as a resin having a small visible light5

transmission loss. 

Examples of resins include acrylonitrile-butadiene-styrene (ABS), acrylonitrile ethylene 

styrene (AES), polymethyl methacrylate (PMMA), polyurethane resins, polyamide, 

polyurea, polyester resins, polyether ether ketones, polyvinyl chloride resins, polyether 10

sulfones (PES), cellulose resins, and polycarbonate (PC), copolymers and mixtures 

thereof (such as ABS+PC). Note that these resin-based materials are listed as examples 

and many others thermosetting and/or thermostable resin could be used as suitable 

substrates. Particularly the substrate is PC. The substrate is in the form of a molded 

article, which can be manufactured by any conventional method, such as melt molding or 15

casting. The substrate is not limited to resins, but it would be also possible to apply the 

coating on transparent substrates like glass or semiconductors such as ITO (indium-tin-

oxide), conducting polymers such as poly(3,4-ethylenedioxythiophene) PEDOT or the like.

Thus, in another particular embodiment, optionally in combination with one or more 20

features of the embodiments defined above, the substrate is a material exhibiting a small 

visible light transmission loss such as thermosetting and/or thermostable resins, glass, 

semiconductor materials or a combination thereof.

The thickness of the substrate is not relevant provided it is transparent to visible light or 25

has a higher permeability to visible light than the metal coating. 

In an embodiment, optionally in combination with one or more features of the 

embodiments defined above, step a) is carried out for 5 to 20 min, and wherein in step d) 

the metal electrolyte solution is a nickel electrolyte solution, the reducing agent is a 30

hypophosphite alkali metal salt, and electroless plating is carried out for 5 to 300 seconds 

at a T from 40 to 80 ºC in an electroless nickel electrolyte in the pH range from 4 to 10 that 

is capable of providing a coating with a phosphorous content from 1-25 wt%, particularly 

of 1 to 14 wt%, related to the total weight coating.

35

In another embodiment, optionally in combination with one or more features of the 

embodiments defined above, step a) is carried out for 12 to 17 min, and wherein in step d) 

the metal electrolyte solution is a nickel electrolyte solution, the reducing agent is a 

hypophosphite alkali metal salt, and electroless plating is carried out for 5 to 20 seconds 
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at a temperature from 65 to 75 ºC at a pH of 6 to 7 in order to obtain a coating with a 

phosphorous content from 1 to 4 wt% related to the total weight coating. In a more 

particular embodiment, step a) is carried out for 15 min, an electroless plating is carried 

out for 10 seconds at a temperature from 70 to 75 ºC in a nickel electrolyte solution at a 

pH of 6.5.5

The coating with a low phosphorous content, i.e. with a phosphorous content from 1 to 4 

wt%, exhibit a nanocrystalline structure. The coating microstructure can be measured by 

X-ray diffraction (Bruker, D8) using CuKα radiation (λ = 1.5418 Å) in the Bragg Brentano 

geometry. Crystallite size can be measured using the Scherrer's equation which is 10

implemented in the EVA software ® (Bruker) of the diffractometer. Measurement range 

was 20-100 °C. The Scherrer’s equation is applied in the most intense reflection for the 

face centered cubic (fcc) nickel phase (according to PDF 065-2865) corresponding to the 

(111) reflection. Thus, in a more particular embodiment, the electroless nickel coating has 

a nanocrystalline structure yielding crystal size values of up to 10 nm, such as from 2 to 15

10 nm, calculated by the Scherrer’s equation by X-ray diffraction with CuKα radiation (λ = 

1.5418 Å) in the Bragg Brentano geometry. As mentioned above, by carrying out the 

electroless plating with an electrolyte solution providing a low phosphorous content, a 

higher plating rate and a better coverage of the surface of the substrate are, as well as a 

better control of the thickness of the coating applied onto the surface of the substrate are 20

provided. 

In another embodiment, optionally in combination with one or more features of the 

embodiments defined above, step a) is carried out for 12 to 17 min, and wherein in step d) 

the metal electrolyte solution is a nickel electrolyte solution, the reducing agent is a 25

hypophosphite alkali metal salt, and electroless plating is carried out for 15 to 60 seconds, 

particularly for 25 to 35 seconds, at a temperature from 40 to 60 ºC in an electroless nickel 

electrolyte solution having a a pH of 8 to 10 in order to obtain a coating with a high 

phosphorous content, i.e. with a phosphorous content from 10 to 25 wt%, particularly from 

10 to 14 wt%, related to the total weight coating. This coating exhibits an amorphous 30

structure. In a more particular embodiment, optionally in combination with one or more 

features of the embodiments defined above, step a) is carried out for 15 min, an 

electroless plating is carried out for 30 seconds at a temperature from 60 ºC in a nickel 

electrolyte solution at a pH of 9.  

35

Finally, to protect the metallic coating from corrosive and mechanical influences, it is 

recommended to apply a protective layer such as organic, inorganic or hybrid coating, 

applied by spraying, immersion or the like.
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As commented above, an inherent result of the process of the invention is that it provides 

metal coatings with a particularly good performance in terms of permeability to visible light 

and having an excellent metallic luster appearance. Thus, a metal coating can be formed 

on a surface of a non-conductive substrate to obtain a decorative coated substrate having 

a metal-look, particularly a chrome-look, while being permeable to visible light.5

These properties make the metal coated substrate of the invention particularly suitable for

the production of different articles of manufacture for illumination applications, including 

some applications of the automotive and aerospace industry. As an instance, the metal 

coated substrate of the invention can be placed in front of a camera device such as an 10

automotive reversing camera keeping it hidden from the naked eye while maintaining its 

metallic appearance. However, general uses are not limited to the former and may include 

any potential application that requires concealed illumination systems, image recording 

systems, sensors, or radar antennas.

15

As mentioned above, the invention also concerns to an article of manufacture made of the 

metal coated substrate of the invention.

In an embodiment, the article of manufacture is for illumination applications.

20

In another embodiment, the article of manufacture is for image recording. Particularly, it is 

an automotive reversing camera.

In another embodiment, the article of manufacture is comprises a sensor such as a light 

sensor.25

In an embodiment, the article of manufacture comprises a radar antenna.

Such improved properties indicate that the metal coated substrate and article of 

manufacture obtained there from are different to the already known in the prior art. 30

Throughout the description and claims the word "comprise" and variations of the word, are 

not intended to exclude other technical features, additives, components, or steps. 

Furthermore, the word “comprise” encompasses the case of “consisting of”. 

35

The following examples and drawings are provided by way of illustration, and they are not 

intended to be limiting of the present invention. Furthermore, the present invention covers 

all possible combinations of particular and preferred embodiments described herein.
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Examples

General procedure

Polycarbonate (PC) substrates (70 x 50 x 2 mm) were cleaned with a commercially 

available detergent and gently rinsed before surface sensitization. To make the surface 5

active towards the electroless metal plating process, a metallic seeding step (sensitization 

step) was carried out by immersing the substrate in a commercially available colloidal 

Pd/Sn solution (Neolink Activator, Atotech Deutchland GMbH), which was held at 30 ºC 

without stirring for a time interval of 1-20 min. After the metallic seeding the PC substrates 

were removed from the sensitization bath and rinsed with deionized water. In order to 10

remove the excess of metallic catalyst, the sample was subjected to an accelerator stage 

using an acid-based solution (Adhemax accelerator, Atotech Deutchland GMbH). The 

accelerating solution worked at 48 ºC under magnetic stirring for 2 minutes. After the 

accelerating stage, the sample was cleaned with deionized water and immersed in an 

electroless nickel solution.15

The electroless nickel solution contained nickel sulfate, sodium hypophosphite, glycine as 

main complexing agent, and a stabilizer to produce a low phosphorus nickel coating. 

Once the electroless plating was finished, the PC substrate was removed from the 20

electroless plating bath, gently rinsed with deionized water and dried by air blowing. 

The surface of the nickel phosphorus coatings was studied by Field Emission Scanning 

Electron Microscope (Zeiss, Ultra-Plus FESEM) operated at 3 kV of accelerating voltage. 

25

Depending on the solution composition, it is possible to obtain different phosphorus

content in the metallic layer. Thus, for the sake of comparison, high phosphorus (HP) and 

low phosphorus (LP) nickel electrolyte solutions were used, leading to coatings with HP or 

LP contents, having different electric conductivity and stress nature. 

30

Example 1

Preparation of a high phosphorus Ni coating

A first PC substrate was treated according to the general procedure above. The 35

sensitization time was set at 15 min. Electroless plating was performed using a high 

phosphorus commercial electroless nickel electrolyte (Macuplex M550, Macdermid 

Enthone Industrial Solutions) of pH 9 at 60 ºC under magnetic stirring for 30 seconds. A 
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homogeneous nickel coating (sample HP-1) was obtained.

The metal coating had a metallic luster appearance with a specular shine. Additionally, it 

was verified that it was highly permeable to visible light. 

5

Preparation of low phosphorus Ni coatings

Several PC substrates were treated according to the general procedure above. An 

electroless solution comprising 25 g/L hexahydrated nickel sulfate, 30 g/L sodium 

hypophosphite as reducing agent and 20 g/L glycine as main complexing agent and 10

having a pH of 6.5 was used. Electroless plating was performed at 75 ºC under magnetic 

stirring. Sensitization times and electroless plating times are shown in the Table 1 below. 

Table 1 - Experimental set-up for LP coatings.

Sample Ref pH

T of 

electroless 

bath

(ºC)

Sensitization time 

(min)

Electroless Ni plating 

time (s)

LP-1 6.5 75 15 15

LP-2 6.5 75 20 20

LP-3 6.5 75 15 10+10 (bilayered)

15

In sample reference LP-3, after 10 seconds in the electroless Ni plating bath, the 

substrate was removed for 1-3 seconds and later on reintroduced into the bath for another 

10 seconds to apply another consecutive layer. Thus, in a total bath time of 20 seconds, 2 

layers of 10 seconds each were formed.

20

A dense and homogeneous nickel coating having a metallic luster appearance with a 

specular shine was obtained for all the samples. The thickness range was between 75-

150 nm as determined by Field Emission Scanning Electron Microscopy (see General 

Procedure). Additionally, it was verified that the metal coating was highly permeable to 

visible light. 25

In general, the higher plating rate of the LP coatings allowed better coverage of the PC 

surface as well as a better control of the applied thickness onto the PC surface.

Example 230

Several PC substrates were coated with a low phosphorous nickel coating according to 
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the general procedure described above (Example 1) from an electroless solution at pH 

6.5. The sensitization time was set at 15 min.  Electroless plating was performed at 75 ºC 

for 10 seconds under magnetic stirring. 

It was verified that the metal coating had a metallic luster appearance with a specular 5

shine and was highly permeable to visible light. 

Example 3

A low phosphorous nickel coating was obtained according to the general procedure 10

describe above from an electroless solution at pH 6.6 and a temperature 75 ºC for a total 

plating time of 1 min over polished low carbon steel samples. The coating microstructure 

was measured by X-ray diffraction (Bruker, D8) using CuKα radiation in the Bragg 

Brentano geometry (see Fig. 3). Crystallite size was evaluated using the Scherrer's 

equation which is implemented in the EVA software ® (Bruker) of the diffractometer. 15

Measurement range was 20-100 °C. The Scherrer’s equation was applied in the most 

intense reflection for the face centered cubic (fcc) nickel phase (according to PDF 065-

2865) corresponding to the (111) reflection. The remaining peaks in the diffractogram 

correspond to the base material. According to Scherrer’s equation the calculated 

crystallite size for the electroless nickel coating was 8.1 nm.20

Example 4

Several PC substrate having low phosphorus Ni coatings were prepared following the 

procedure of Example 1, but for the specific features shown in Tabla 4. 25

In order to evaluate the applicability of these coated substrates for camera devices, values 

of transmittance data were measured and are shown in Table 4. These values 

demonstrate the feasibility of using these coated substrates for camera devices.

30

Table 4 Transmittance values

Additionally, high quality images were obtained for the coated substrates. The quality of 

Processing 

temperature (°)

Electroless nickel 

plating time (s)
Transmittance (%)

65 30 10

70 10 5

75 15 3

75 30 0
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the images obtained evidenced the suitability of the PC coated substrates to be used for 

hiding a camera device. Application in which a camera device is hidden behind a 

metallized object include as a way of example reversing cameras in automobiles, however 

general uses are not limited to the former and may include any potential application which 

requires concealed illumination systems, image recording systems, sensors, or radar 5

antennas.
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Claims

1. A method for manufacturing a metal coated substrate by forming a metal coating on a 

surface of a substrate, comprising the following steps:

a) carrying out a sensitization step for 12 to 17 min by:5

- immersing the substrate in a colloidal palladium/tin colloidal solution;

- immersing the substrate in a tin aqueous solution and, thereafter, in a palladium 

aqueous solution, or vice versa; or

- depositing on the substrate a silver nucleus by immersion or a spray method;

b) immersing the substrate in an acid solution;10

c) optionally, immersing the substrate in a PdCl solution;

d) carrying out electroless metal plating by immersing the substrate in a nickel electrolyte 

solution to form a metal coating on the surface of the substrate in order to obtain a 

continuous film-coated substrate, wherein the metal electrolyte solution comprises a 

source of nickel cations, a complexing agent and a reducing agent which is a 15

hypophosphite alkali metal salt, 

wherein electroless plating is carried out for 5 to 20 seconds at a temperature from 65 to

75 ºC at a pH of 6 to 7 in order to obtain a coating with a phosphorous content from 1 to 4 

wt% related to the total weight coating, or 

wherein electroless plating is carried out for 15 to 60 seconds at a temperature from 40 to 20

60 ºC at a pH of 8 to 10 in order to obtain a coating with a phosphorous content from 10 to 

25 wt%, particularly from 10 to 14 wt%, related to the total weight coating.

2. The method according to claim 1, wherein step a) is carried out for 12 to 17 min, 

particularly for 15 min.25

3. The method according to claims 1 or 2, wherein the metal coating is a nickel coating, or 

a nickel alloy coating. 

4. The method according to any one of claims 1 to 3, wherein the substrate is 30

polycarbonate.

5. The method according to any one of claims 1 to 4, wherein step a) is carried out for 15 

min, and electroless plating is carried out for 10 seconds at a temperature from 70 to 75 

ºC in a nickel electrolyte solution at a pH of 6.5.35

152 



17

6. The method according to claim 5, wherein the coating has a structure containing 

crystallites having a size of up to 10 nm, such as from 2 to 10 nm, calculated by using the 

Scherrer’s equation by X-ray diffraction with CuKα radiation (λ = 1.5418 Å) in the Bragg 

Brentano geometry.

5

7. The method according to any one of claims 1 to 6, wherein step a) is carried out for 15 

min, and electroless plating is carried out for 30 seconds at a temperature from 60 ºC in a 

nickel electrolyte solution at a pH of 9.

8. A metal coated substrate obtainable by the method as defined in any one of claims 1 to 10

7.

9. Use of the metal coated substrate as defined in claim 8 for concealing illumination 

systems, image recording systems, sensors or radar antennas.

15

10. An article of manufacture made of the metal coated substrate of claim 8.

11. The article of manufacture of claim 10 for illumination applications.

12. The article of manufacture of claim 10 for image recording.20

13. The article of manufacture of claim 12 that is an automotive reversing camera.

14. The article of manufacture of claim 10 comprising a sensor.

25

15. The article of manufacture of claim 14 wherein the sensor is a light sensor.

16. The article of manufacture of claim 10 comprising a radar antenna. 

30
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Abstract

Light permeable metallic coatings and method for the manufacture thereof

It is provided a method for manufacturing a metal coated substrate by forming a metal 5

coating on a surface of a substrate, comprising: immersing the substrate in a palladium/tin 

colloidal solution; immersing the substrate in an acid solution; and carrying out electroless 

metal plating in order to obtain a continuous film-coated substrate which is permeable to 

visible light. It is also provided a metal coated substrate obtainable by the mentioned 

method and an article of manufacture made of the metal coated substrate.10
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DISCUSSION 

The design and optimization of a low-P electroless nickel process was tackled throughout 

this thesis. The performance of the resulting micron-thick Ni-P coatings was further improved by a 

novel multilayered deposition approach which allowed obtaining coatings on ferrous substrates 

with excellent mechanical properties and enhanced corrosion and tribocorrosion resistance. 

Conversely, the developed Ni-P nanocoatings enabled the fabrication of metallised components 

with unforeseen properties related to wave permeability in different ranges of the 

electromagnetic spectra, an unreported feature for electroless nickel coatings.  

Low-P coatings are characterized by exhibiting superior mechanical properties at the 

expense of limited corrosion resistance in acidic and near-neutral solutions. Thus, by suitably 

tuning the chemical composition of the electrolyte, as well as the experimental parameters, the 

extent of improvement of low-P coatings’ properties was investigated. In this sense, pH had a 

profound effect on P incorporation into the nickel matrix and, within the assayed experimental 

window, it was possible to achieve P contents in the range of 2.1-8.5 wt.%. In this range, low-P 

coatings exhibited a nanocrystalline structure which also had an effect on the mechanical 

properties of the coatings. However, coatings with the highest hardness values did not 

correspond to the lowest P content. In particular, 4wt.%-P containing coatings showed hardness 

values as high as 870 Hv0.1, revealing the importance of suitably combining different complexing 

agents into the same solution for producing Ni-P coatings with large hardness. Moreover, the 
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ratio of complexants in solution is also a key parameter, along with temperature and 

concentration of the reducing agent, to guarantee the manufacture of coatings with better wear 

resistance thanks to the enhanced crystallinity and particular microstructure derived from the 

optimal parameter arrangement.  

 Univariate optimization showed the importance of pH in modulating P co-deposition. In 

addition, the optimized set of parameters responsible for the improvement of the corrosion 

resistance was also shown to increase the degree of nanocrystallinity of the produced Ni-P 

coatings. From the gleaned data, the importance of the stirring rate in increasing the corrosion 

resistance of the coatings was revealed, while boosting the effect of remaining factors in reducing 

corrosion rate down to 0.3 µA/cm2. Thus, it was possible to obtain a dedicated set of parameters 

depending on the feature to be optimized, which allowed selecting the optimal solution chemistry 

and working conditions depending on the final requirements of the coatings. On the other hand, 

the optimal combination of parameters for obtaining coatings with the highest corrosion 

resistance and, concurrently, best mechanical properties was also investigated by multivariate 

optimization. In this sense, the optimized arrangement of parameters led to a 3-fold lower 

corrosion rate in comparison with the best response obtained in the univariate optimization 

regarding corrosion resistance (0.070 µA/cm2). Importantly, improved corrosion resistance was 

achieved while keeping the mechanical properties, previously optimized under the univariate 

optimization, unchanged. Yet, for the micron-thick Ni-P coatings to compete with current high-

performing coatings, further improvement was deemed necessary. For this reason, a multilayer 

deposition approach was implemented. 

The use of the multilayer approach was investigated in-depth with the aim to improve the 

corrosion resistance and mechanical properties of the obtained coatings. Since the use of layers of 

dissimilar nature into the same coating´s architecture usually hides the real effect of the 

multilayer approach, multi-layered coatings having the same composition in each layer was 

addressed in this thesis. The analysis of as-deposited coatings microstructure revealed that the 

multilayer approach give rise to the formation of artificial interphases due to the interruption of 

the plating process for bath replenishing, which was done on purpose. Surprisingly, replenished 

monolayer coatings (R-monolayer) showed a similar interphase-like profile, despite deposition 

was not halted during bath replenishment. Un-replenished monolayers (Ur-monolayer) exhibited 

a change in coating´s  microstructure  from lamellar  to columnar-like growth  due to  un-balanced  
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chemistry occurring at long plating times. Moreover, the study revealed that P co-deposition 

remained in the low-P regime regardless the plating approach, although Ur-monolayer coatings 

exhibited slightly higher P contents (+0.5 wt.%P) compared with multilayer and R-monolayer 

coatings. No differences in terms of hardness and reduced Young’s modulus were detected 

related to the plating approach, which reached, after annealing, comparable values to those of 

electrodeposited chromium (>10 GPa). 

Corrosion resistance of the coatings also greatly depended on the plating approach 

followed to produce Ni-P. In the as-deposited state, multilayer coatings showed nobler character 

and lower corrosion rates than monolayer coatings. The interphases present in multilayer 

coatings, although did not completely protect the base material, helped delaying the advance of 

the corrosive attack. This hypothesis was supported by cross-section images of post-mortem 

samples in which the defect-blocking ability of the interphases was observed. Thermal annealing 

of the coatings, apart from enhancing hardness by the bct. Ni3P phase precipitation, promoted a 

ten-fold grain coarsening which reduced the number of grain boundaries and triple-junctions, 

which can be considered preferential paths for corrosion attack. As a result, the corrosion 

resistance of the annealed coatings improved. In fact, the interphases observed in as-deposited 

samples were also present in the annealed counterparts.  In this sense, the multilayer coatings 

operate through a layer-by-layer delamination process in which the interphases, when reached by 

the corrosive media, enable the lateral spreading of corrosion products. This, in turn, leads to the 

exfoliation of the layer when corrosion products accumulate in sufficiently large amounts. This 

mechanism was not observed in monolayered coatings, for which the corrosive attack, as well as 

defects and/or cracks, were able to cross the entire coating thickness, exposing the substrate to 

the corrosive media, which unavoidably led to its dissolution. 

Coatings are usually exposed to several degradation mechanisms acting jointly under real 

working conditions, which undermines the performance of materials and shortens their life span. 

To evaluate the behaviour of multilayer coatings under the combined action of wear and 

corrosion, the tribocorrosion performance of as-deposited electroless nickel coatings was also 

tacked in this thesis. Similar to corrosion resistance, the plating approach had a profound effect 

on the tribocorrosion performance of Ni-P coatings under open circuit potential conditions. The 

compact microstructure of the multilayer coatings led to the formation of a compact and 

adherent tribolayer upon rubbing in NaCl media, which protects the underneath material from 

degradation. In the case of monolayered coatings, this tribolayer also formed but detached from 

the worn path in the form of particles or flakes. These particles and flakes come between the 
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coating and the counter-ball, causing third body abrasion as demonstrated by worn tracks 

observations. This caused an increase of the coefficient of friction and worn volume in 

comparison with multilayer coatings. 

The results showed that multilayer coatings exhibit 3.5 times lower worn volume in the 

presence of 3.5 wt.% NaCl electrolyte in comparison with monolayer coatings (while similar worn 

volumes were determined for all coatings subject to dry wear tests). Again, the interphases 

generated during the interruption of the plating process in multilayered coatings played a key role 

even when coatings are exposed to the combined action of corrosion and wear. The interphases 

increased the load bearing ability of multilayer coatings, making them better cope with the stress 

derived from the test, as suggested by the lower plastic deformation of multilayer coatings. In 

addition, the nanocrystalline structure of the coatings, which can better allocate dislocations, had 

also an impact on the overall performance of multilayered coatings assayed in tribocorrosion 

conditions. Conversely, Ur-monolayered coatings showed fatigue cracks traversing the entire 

thickness of the Ni-P layer, exposing the base material to the NaCl electrolyte and causing its 

dissolution. The formation of fatigue cracks was facilitated by the columnar microstructure 

originated from the continuous plating mode used (no bath replenishment). Similarly, R-

monolayer coatings showed a completely fractured layer, although the relative displacement of 

fractured sections seals off the base material from the environment, preventing its dissolution, 

but causing catastrophic failure of the coatings. 

This thesis also explored the use of Ni-P coatings in the low thickness range. The synthesis 

of nanocoatings (thickness < 400 nm) pursues a quest, centred around the need for novel 

applications of Ni-P coatings obtained from non-vacuum based technologies. In this line, a novel 

process based on electroless nickel was developed for the production of radar permeable 

coatings. The coatings were obtained after suitable plating process optimization to ensure the 

deposition of homogeneous Ni-P nanocoatings (50-150 nm) on polymeric substrates. The 

electrolyte previously optimized for the manufacture of micron-thick coatings in the multivariate 

optimization was also utilized for the production of the nanocoatings. After deposition, the 50-

150 nm thick coatings were subjected to a cryogenic treatment in liquid nitrogen for enhancing 

their wave permeability. The low-temperature treatment promoted grain refinement and 

generated nano-cracks that enhanced the wave permeability of the coatings. Grain refinement 

had been previously reported for bulk materials subject to cryogenic treatment but not for 

electroless nickel coatings. The use of the optimized formulation obtained after multivariate 

optimization is of utmost importance as the resulting coating’s microstructure enables grain 

158 



 

  Discussion 
  
shrinkage, thus facilitating the development of nanocracks. Importantly, these features were not 

observed in high-P coatings subject to the same treatment. There are different potential 

applications for such coatings including radome for automobiles (usually fabricated by vacuum 

assisted technologies), a highly-demanded feature in nowadays cars due to its application in 

driving-assistance systems. 

In addition, the electroless nanocoatings exhibit, in the thickness range of 50-400 nm, 

wave transparency in the visible range of the electromagnetic spectra. The obtained coatings are 

homogeneous and exhibit chrome-like finishing in the absence of light. When an illumination 

source is applied on the coating, a homogeneously illuminated surface is observed regardless of 

wavelength. The development of novel NiP coatings exhibiting wave permeability opens new 

avenues for them in uncharted applications. 

All in all, the electroless plating technology emerges as a highly versatile process that 

provides tailor-made solutions depending on the final requirements. Its ability to coat conductive 

and dielectric materials widens its applicability in a vast number of industrial purposes. Protection 

of metallic materials can be achieved with Ni-P coatings exhibiting thickness at the microscale. 

Novel plating strategies such us the multilayer approach developed in this thesis helps further 

improving the Ni-P coatings performance in terms of corrosion and tribocorrosion resistance 

while maintaining superior mechanical properties. On polymeric materials, Ni-P nanocoatings can 

provide cutting-edge functionalities related to wave permeability as an alternative to vacuum 

based technologies commonly used in the field. The results prove the versatility of electroless 

nickel plating for delivering advanced coatings at both micro and nanoscales, highlighting its 

predominant position over current and vacuum-assisted technologies for the production of 

functional metallic coatings. 
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7 

CONCLUSIONS 

 The main conclusions derived from this thesis are outlined below:  

1. Univariate optimization of low-P electroless nickel formulation following the Taguchi 

approach led to a collection of compositional and working parameters for achieving 

coatings with tuneable mechanical properties (maximum hardness and wear volume at 

870 Hv0.1 and 0.045·10-3 mm3, respectively) and corrosion resistance (minimum corrosion 

rate of 0.3 µA/cm2). Multivariate optimization allows obtaining coatings exhibiting 3 times 

lower corrosion rate, while keeping mechanical properties at the best-performing values.  

2. The multilayer plating approach further enhances the corrosion resistance of electroless 

low-P coatings obtained from the optimized formulation owing to the presence of 

interphases generated during the plating process, without worsening the mechanical 

properties. The presence of interphases in the coating´s architecture inhibits the advance 

of the corrosive attack by blocking cracks and defects propagation. After annealing, the 

interphases facilitate the lateral spreading of corrosion products, causing the exfoliation 

of the outermost layer when the products get sufficiently accumulated, thereby 

protecting the base material in a more effective manner.  

3. Under tribocorrosion conditions in 3.5 wt.% NaCl media at OCP, the multilayer approach 

promotes an enhancement of the load bearing ability of the resulting coatings, triggered 
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by the interphases generated during the plating process. The multilayer coatings present 

3.5 times lower worn volume in comparison to monolayer coatings. The latter exhibit 

fatigue cracks, thus being unable to cope with the stress generated during the 

tribocorrosion tests. 

4. Optimized deposition process allows obtaining, directly on PC substrates, Ni-P 

nanocoatings exhibiting different functionalities depending on the thickness range. 

Coatings of 75-150 nm in thickness exhibit wave permeability in the radar band. A 

cryogenic treatment can further improve the wave permeability by more than 50% due to 

grain refinement and nanocrack formation. Coatings of 75-400 nm thick exhibit light 

permeability allowing on-off decoration of polymeric components through backlit.  
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8 

UPCOMING WORK 

 

 The results derived from this thesis have opened new horizons in the research of NiP 

based multilayers and nanocoatings which will be needed to be tackled in the coming future: 

1. It is needed to explore the experimental space out of the domain studied in this thesis in 

order to detect areas for further optimization of features such as hardness, wear and 

corrosion resistance which could potentially enhance the performance of low-P coatings. 

Multivariate optimizations of different set of features need also to be addressed. 

2. For a better understanding of the role of interphases in the enhanced corrosion resistance 

of NiP multilayers, both in as-deposited and annealed state, it is needed to deepen into 

the characterization of this region by TEM and other surface characterization tools at the 

nanoscale in order to unveil the mechanism behind the corrosion resistance 

improvement. 

3. For further upgrading the performance of multi-layered Ni-P coatings the use of 

nanoparticles as reinforcing materials can be used. Depending on final application hard 

(diamond, SiC, Al2O3, ZrO2), lubricant (PTFE, MoS2, WS2), corrosion inhibitors (CeO2, La2O3), 

photocatalytic (TiO2, Ag) or magnetic particles (B4C, NdFeB) can be employed. Moreover,
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multilayers including coatings with third alloying elements, giving rise to Ni-P-X coatings 

(X: W, Sn, Rh, Fe, etc.), may also enhance the performance of NiP multilayered coatings. 

4. The anodic and cathodic regimes under tribocorrosion conditions need to be studied in 

order to have a complete picture of the performance of low-P multilayers under the 

combined action of wear and corrosion. 

5. Other polymeric substrates such as poly-methyl-methacrylate (PMMA), acrylonitrile-

styrene-butadiene (ABS) and the like can be plated with low-P based nanocoatings in 

order to widen the potential application fields of such coatings. Integration of coated 

components in final devices for radar and lighting applications must be addressed in order 

to test the viability of developed nanocoatings. 
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ANNEXES  

Included annex in this chapter is listed below: 

 

Anex 1: A. Salicio-Paz, E. García-Lecina. Chapter 7. Electroless nickel based multilayers In V. Vittry, 

F. Delaunois, L. Bonin, Electroless Nickel Plating: From fundamentals to Applications, Boca Raton, 

CRC Press (2020). 
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7 Electroless Nickel-Based 
Multilayers

Asier Salicio Paz and Eva García-Lecina

7.1  INTRODUCTION TO ELECTROLESS NICKEL 
MULTILAYER COATINGS

Multilayered coatings are characterized by the combination of several layers (n ≥ 2) 
into the same coating structure. The design of these multi-stacked coatings usually 
involve the combination of layers of different nature, as the synergistic effect of 
their mixture can boost the overall performance of this type of coating, especially 
in terms of hardness, wear and corrosion resistance (Bull and Jones 1996; Clemens 
et al. 1999). On the other hand, there is also the possibility to combine layers of the 
same nature, creating artificial interphases along the coating thickness. In this case, 
the presence of these interphases, parallel to the substrate surface, can act as stop-
pers for the advance of defects and block dislocation motion, increasing the mechan-
ical and protective properties beyond the limit offered by single-layered coatings. 
Thus, the multilayer approach fits perfectly on those technological fields in which 
superior mechanical, corrosion and tribological properties are demanded, such as 
aeronautics, automotive, military or cutting tools. Nowadays, multilayer systems are 
also finding new application niches in some current cutting-edge technological fields 
such as optoelectronics, EMI shielding and MEMS in which optimized and tuned 
properties are required.

AQ 1
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332 Electroless Nickel Plating

Multilayer coating architecture has been extensively investigated by sputtering 
and other physical vapor deposition techniques. However, these techniques often have 
high operational costs, sample size limitations and low throughput (Pogrebnjak et al. 
2018). Because of these constraints, wet chemical technologies such as electrode-
position (ED) and electroless plating (EP) have emerged as suitable routes for the 
production of multilayered metallic coatings. The major advantages of wet chemical 
technologies over the other techniques rely on the simplicity to control, the possibility 
to process complicated parts and the low initial capital investment. In particular, EP 
stands out from electroplating for producing more homogeneous and harder coatings 
with enhanced wear and corrosion resistance. The other interesting features of EP, as 
its ability to provide a uniform coating even in parts with complex geometries and to 
coat dielectric substrates without the assistance of any electrical field, make electroless 
deposition one of the preferred surface-finishing treatments in many industrial sec-
tors such as automotive, aeronautics and petrochemical. Among electrolessly plated 
metals, nickel and its alloys represent 95% of all the coatings obtained at the industrial 
scale, being hypophosphite the most used reducing agent. The excellent mechanical 
properties and superior corrosion resistance provided by the NiP coatings, along with 
its favorable processing conditions, make the electroless nickel (EN) plating as one of 
the most demanded solutions in the field of surface engineering. The in-depth review 
by Sudagar et al. (2013) on EP gathers the different plating modes of EN. Thus, suit-
able reducing agents, experimental parameters, chemistry of the electrolyte and a 
proper selection of reinforcing materials for composite production can give rise to an 
extensive variety of monolayered metallic coatings with a wide range of functional 
properties (Figure 7.1). Additionally, the combination of monolayered EN coatings 
into a single coating’s architecture offers the possibility to enhance the performance 
and thus broaden the functionalities beyond those of single-layered materials.

FIGURE 7.1 Electroless nickel plating modes.
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333Electroless Nickel-Based Multilayers

In the next sections of this chapter, EN-based multilayer production methodolo-
gies along with the effect on their properties derived from the plating approach, 
before and after annealing, will be covered. Future trends on the field will be also 
discussed along the chapter.

7.2 DESIGN, PROCESSING AND FABRICATION

The design of multilayered coatings greatly depends on the performance require-
ments of the final application of the coated component. In general, a multilayered 
coating is expressed in terms of its constituent layers, microstructural features and 
properties, but it must also consider the integrity and coherence of the final system as 
a whole. Once the design of the multilayered coatings has been completed, a proper 
production strategy needs to be followed depending on the nature of the layers 
involved in the multilayered coating. There are two main plating approaches to pro-
duce EN-based multilayers, namely dual/multiple bath and single bath procedures.

7.2.1 Dual/Multiple Bath approach

Dual bath approach is the most widely used strategy for the production of EN multi-
layers. In such procedure and once the proper substrate preparation has been carried 
out, the sample is placed in the first electrolyte, and after a given plating time, it is 
transferred to a second plating solution for plating a new layer over the first one. 
It is very important to maintain transfer times at a minimum to avoid surface oxida-
tion, which can passivate the surface to be coated affecting the adhesion between 
subsequent layers (Anvari et al. 2015b). This dual/multiple bath allows varying the 
composition of the layer along the coating thickness, thus giving rise to the so-called 
compositionally modulated multilayer coatings (CMMC) (Figure 7.2). AQ 2

FIGURE 7.2 Dual/multiple bath approach.
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334 Electroless Nickel Plating

In the dual/multiple bath approach, it is also possible to add particulate matter as a 
second phase to some of the intermediate plating baths, if not to all of them, for pro-
ducing metallic matrix composite (MMC) coatings. The idea behind the MMC coat-
ings is to combine the properties of the metallic matrix and the reinforcing material 
in a synergistic way, thus giving rise to a different class of materials with enhanced 
features compared to their individual constituents.

Using this plating strategy, one can combine different types of reinforcing materials 
(i.e. hard particles, lubricant materials, corrosion inhibitors, etc.) into a single coating. 
The multiple bath strategy also allows creation of coatings with a compositional thick-
ness-dependent profile in which the functionalities of the composite coating change 
along the direction perpendicular to the substrate surface. These kinds of coatings are 
known as functionally graded materials (FGMs). This experimental approach allows 
to easily obtaining duplex and multilayered coatings by the EP technology.

7.2.2 Single Bath approach

On the other hand, the single bath approach is a much simpler experimental setup, as 
just one single electrolyte is used for producing multilayered coatings. This approach 
is especially useful in the production of multilayered coatings in which all the single 
layers for composing the multilayered coatings are of the same nature. The produc-
tion of FGMs and/or CMMC coatings can be carried out by suitably selecting the 
plating parameters (solution pH, stirring, temperature, etc.). However, this plating 
strategy offers limited control over the final coating composition, as the time needed 
for reaching the equilibrium state after parameter adjustment widens the transitional 
region between layers (Figure 7.3).

In the recent years, another plating approach has emerged for the production of 
EN multilayers, the so-called hybrid electro-electroless deposited coatings (HEEDs), 
which can be considered a particular case of the single bath approach. This plating 
mode consists of the combination of ED and EP from a single plating bath, enabling 
the deposition of different metals present in the same electrolyte (Petro 2017; Petro 
and Schlesinger 2014). Usually, in the HEED plating mode, the electroless reduced 
metal or alloy is primary deposited, as it should possess a more noble character 

FIGURE 7.3 Single bath approach.
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than the metal or alloy to be electroplated. It must be noted that a proper selection 
of metallic constituents needs to be performed; thus, the electroplated metal does 
not inhibit the electroless process (Figure 7.4).

7.3 CHARACTERIZATION OF PROPERTIES

Mechanical properties, corrosion resistance and magnetic properties of the coatings 
can be tuned when the coatings are obtained by the multilayer approach. Addition 
of a second phase (i.e. particulate matter) at any level into the multilayer system 
can also modify the natural path for the advancement of some degradation mecha-
nisms such as corrosion and/or crack propagation under mechanical stress. Stacking 
consecutive layers can also help in preventing the development of porosity along 
the thickness of the coatings due to the sealing effect of interlayers. The effect of 
annealing on the properties of the coatings can also differ from monolayer to multi-
layer coatings, boosting the performance of the latter. The possibility of combining 
the same or dissimilar NiP-based layers, the addition of nano/microparticle and the 
combination of different plating approaches broadens the range of potential novel 
coatings to be produced by this technology, capable of fulfilling the most demanding 
requirements of the industry in the near future.

The properties provided by the multilayer approach are also dependent on the 
number of layers involved in the coating. Thus, these characterization sections have 
been divided according to the architecture of the coatings in terms of the number of 
layers involved in their design.

FIGURE 7.4 HEED experimental setup. (From Petro, R. and Schlesinger, M., J. Electrochem. 
Soc., 161, D470–D475, 2014.)
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7.3.1 Duplex coatingS

Duplex coatings can be defined as the simplest multilayered type of coating and 
are easily produced by the dual bath approach. When it comes to blending of dif-
ferent electroless coatings, the most obvious choice is the combination of the most 
commonly used electroless coatings, namely NiP and NiB layers. Usually, these 
duplex coatings seek for pairing the excellent mechanical properties of the NiB coat-
ings along with the superior corrosion resistance of the NiP coatings (Mallory and 
Hajdu 1990; Okinaka and Osaka 2008).Thus, Narayanan et al. produced different 
NiP/NiB coatings by alternating the order of the layers to a maximum thickness 
of 20 µm on mild steel substrates. The performance of duplex coatings was also 
compared to single NiP and NiB monolayers. The  obtained coatings were dense 
and homogeneous and showed a very good compatibility between layers (Narayanan 
et al. 2003). The proper selection of outer layer made it possible to reach a hardness 
value of 652 ± 27 HV100 for the NiP/NiB as-deposited system in comparison to the 
596 ± 24 HV100, when NiP was placed as outer layer. Similarly, NiP/NiB showed a 
lower wear rate in comparison to the NiB/NiP and also compared to NiP and NiB 
single coatings on pin-on-disc tests. Single and duplex coatings exhibited adhesive 
wear failure; thus, no difference in terms of wear mechanism was found depending 
on the architecture of the coating. Despite the fact that the presence of a NiB outer 
layer exhibits lower wear rate, it should be considered the type of NiP coating used 
for comparison, as different P contents lead to different mechanical properties and 
corrosion resistance performance. Corrosion resistance showed the expected trend 
for NiP and NiB coatings, as NiP coatings have better protection ability against cor-
rosion than NiB, mainly because of the not fully amorphous structure of NiB layer 
and the heterogeneous distribution of boron and co-deposited stabilizers.

More recently, Vitry et al. used a similar experimental approach for plating both 
mid NiP (7–9 wt.%) and NiB (5–7 wt.%) monolayers and duplex coatings on mild 
steel, the latter alternating the outer layer between NiP and NiB (Vitry et al. 2017). 
The  composition analysis by GDOES clearly determined the NiP/NiP interphase 
whereas, for N-B/NiB coatings, this interphase is not clearly observed, masked by 
the own roughness of the coatings. On the other hand, the microstructural evaluation 
of the coatings undoubtedly revealed the columnar nature of the NiB coatings in all 
the coatings, in which it was present, whereas no microstructural features could be 
spotted for NiP coatings without proper etching of the coatings.

The  same coating configuration was characterized in terms of corrosion resis-
tance in different media by Bonin et al. (2018). In chloride (Cl−) media, NiP coat-
ings showed the best corrosion performance. This behavior is mainly attributed to 
their tendency to passivation by forming a hydrated phosphate layer that prevents, or 
delays, the advance of the corrosive attack. This mechanism has been depicted else-
where in the literature for single NiP coatings (Elsener et al. 2008). Only NiB coat-
ings showed an improvement in the corrosion resistance when coated as a bilayer. 
This behavior was associated with its columnar structure, as the column boundaries 
act as paths for the progress of the corrosive attack. The interphases generated in the 
duplex coatings block these paths, thus improving the overall corrosion performance 
in this media. (Contreras et  al. 2006). According to the research, the corrosion 
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337Electroless Nickel-Based Multilayers

performance of the coating is driven by the nature of the selected top layer. Selecting 
NiP as outer layer provides the greatest protection ability in Cl− media. Whereas, in 
the presence of sulfate anions (SO4

−2), the duplex coatings do not alter the natural 
behavior of the coatings, when exposed to H2SO4 media, the duplex coatings per-
form better than single coatings, especially for NiB-based coatings. Experiments on 
alkaline media showed no improvement in the corrosion resistance of the coatings 
compared to the monolayer coatings, revealing NiP coatings as the best performers 
in this media.

Due to their excellent corrosion resistance and mechanical properties, duplex 
coatings are especially suited for conferring superior features to light alloys such 
as aluminum or magnesium. With regard to magnesium, despite being considered 
as one of the most interesting engineering materials, it suffers from a severe chem-
ical and electrochemical reactivity, making it more prone to corrosion in almost 
any media they are in contact with (Li et al. 2006; Sridhar and Udaya Bhat 2013). 
In this context, the high-performing, and defect-free, surfaces obtained by EP have 
emerged as one of the most suitable technologies for protecting these kinds of mate-
rials. Georgiza et al. (2013) applied a mid-phosphorus/high-phosphorus duplex NiP 
coating on AZ-31 magnesium substrates.

The research showed the beneficial effect of duplex coatings in terms of corrosion 
resistance compared to monolayered NiP coatings; nevertheless, the use of coat-
ings with dissimilar phosphorus content hid the real effect of the duplex approach. 
Following the protection of light alloys, Vitry et al. (2012) studied duplex coatings 
with NiB outer layer applied on 2024 aluminum alloy substrates. In terms of wear 
resistance, similar Taber wear index (TWI) was found for duplex coatings and the 
values were comparable to those measured on NiB-coated steel substrates. On the 
other hand, the corrosion resistance of the duplex NiP/NiB coating was found to be 
higher in comparison to plain NiB coatings in Cl− media; the trend was maintained 
also on worn surfaces revealing the protective nature of the duplex coatings and its 
suitability for effectively protect aluminum substrates.

Depending on the final application of the duplex coatings, sometimes bare elec-
troless coatings do not effectively preserve the substrates they are applied on. In this 
context, the versatility of the electroless coatings enables the production of more 
resistant coatings by including in the duplex structure electroless deposited ternary 
alloys and/or composite layers. With regard to ternary alloys, NiP coatings have been 
more intensively investigated for the production of these types of coatings in the 
form Ni-M-P (M, W, Cu, Sn, Cr, Co, Mo, etc.) (Balaraju et al. 2006; Lu and Zangari 
2003; Mallory 1974; Wang et al. 2015a). Ni-W-P ternary alloys stand out over other 
known ternary electroless systems due to their superior corrosion resistance, wear 
resistance and thermal stability (Antonelli et al. 2006; Li et al. 2015). These fea-
tures have made them suitable candidates for their inclusion in duplex coatings 
architecture for protecting both mild steel and magnesium substrates. In the case of 
steel substrates, a combination of NiP (9.3 wt.%P)/Ni-W-P (3.9 wt.%W, 13.3 wt.%P) 
showed very good chemical compatibility reaching a total thickness of 30 microns 
(Liu et al. 2012). Ni-W-P showed an increased hardness associated with strengthen-
ing via solid solution of tungsten in the alloy, this feature has a direct impact also on 
its wear behavior, thus making the duplex coating more wear-resistant than single 
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NiP coatings in as-deposited state. Despite the presence of tungsten in the outer 
layer, the wear mechanism remains as adhesive as has been already pointed out for 
other NiP duplex systems. Chen et al. (2008) have also tested the duplex NiP/Ni-W-P 
system on magnesium substrates. In this case, NiP (3.7 wt.%P)/Ni-W-P (0.65 wt.%W, 
8.18 wt.%P) were used for protecting the AZ91D substrates. According to the results, 
the duplex NiP/Ni-W-P coatings provide better protection ability than NiP monolay-
ers, with Ecorr values of −0.45 and 0.26 V versus SCE, respectively, and jcorr values of 
0.001 and 0.002 A·cm−2, respectively.

On the other hand, the presence of a composite based on inner or outer layer 
in duplex coatings can also benefit the overall performance of the coatings. As in 
the case of the ternary alloys described above, for composite materials based on 
EN, there have been intensive research works on suitable reinforcing materials 
for EN matrixes. Similarly to ternary alloys, successful co-deposition of the rein-
forcing material leads to the formation of Ni-X-P/B alloys (X: Al2O3, SiC, ZrO2, 
diamond particles, WS2, B4C, PTFE, Fe2O3, h-BN, etc.) (De Hazan et al. 2012; 
Reddy et al. 2000; Ranganatha et al. 2012; Sharma and Singh 2012; Suiyuan et al. 
2012). One of the preferred composite systems in duplex electroless coatings are 
those containing ZrO2 as reinforcing material, as the proper nature of the particu-
late material can improve the mechanical properties of the coatings, promoting 
at the same time better electrochemical response in aggressive media (Szczygieł 
and Turkiewicz 2008, 2009). In the more recent research papers for duplex coat-
ing involving a NiP-ZrO2 layer, this is usually placed as inner layer to take better 
advantage of their functionalities. Thus, Wang et al. deposited on steel substrates 
a sol-enhanced NiP-ZrO2/NiP duplex coating in which the plain high-phospho-
rus coating acted as inner layer, whereas the outer layer was based on a low-
phosphorus coating containing the sol-enhanced ZrO2 nanoparticles (Wang et al. 
2015b). This coating configuration was aimed to obtain coatings with very good 
wear resistance, while maintaining the corrosion resistance granted by the high-
phosphorus layer. As can be seen in Figure 7.5, the coating has very good chemi-
cal compatibility for a total thickness of 22 µm, being the external NiP-ZrO2 layer 
16 µm thick. When compared to a duplex low-phosphorus NiP/NiP coating, which 
shows an average hardness of 648 HV100, the incorporation of the sol-enhanced 
ZrO2 nano-particles into the NiP matrix in the outer layer allows enhancing of the 
hardness of the system to 752 HV100. In this case, the grain refinement strengthen-
ing due to ZrO2 nanoparticles co-deposition following the Hall-Petch relationship 
is attributed to main hardening mechanism along with dispersion hardening pro-
moted by the ZrO2 nanoparticles according to Orowan mechanism (Chang et al. 
2007; Chen et al. 2010b). The presence of the sol-enhanced ZrO2 nanoparticles 
promotes an increased wear resistance in comparison with the duplex NiP/NiP 
coating. Moreover, the difference in corrosion potential, approximately −0.24 
and −0.18 V for outer and inner layers, respectively, enables the low-phosphorus 
layer to act as a sacrificial anode, while the NiP-ZrO2 behaves as the cathode, 
decreasing the corrosion rate due to the small exposed area of the latter in salt 
spray corrosion tests. Duplex coatings allow a horizontal displacement of the cor-
rosive attack, whereas it is usually developed vertically in monolayered coatings, 
progressing through the pores of the coatings.
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339Electroless Nickel-Based Multilayers

Following this approach, Luo et  al. obtained duplex coatings based on 
 NiP- yttria-stabilized zirconia (YSZ)/NiP as inner and outer layers, respectively. 
The metallic matrix containing the YSZ nanoparticles was a low-phosphorus nickel 
coating, whereas a high-phosphorus nickel deposit acted as outer layer. The addi-
tion of YSZ nanoparticles was studied up to a concentration of 18 g·L−1 (Luo et al. 
2017). It was confirmed that duplex coatings were harder than monolayer coatings, 
showing a sharp increase in the hardness of the coatings in the range of 2–7 g·L−1 of 
YSZ nanoparticle concentration. Beyond this limit, the relationship of hardness with 
regard to particle concentration increases moderately mainly due to particle agglom-
eration-related issues. The presence of YSZ nanoparticles also enhances the corro-
sion resistance of the coatings. The curved shape in the polarization studies changes, 
showing an increase in the corrosion potential of the coatings. When [YSZ] ≥ 7 g·L−1, 
a plateau region is observed in the anodic branch indicating that the presence of the 
YSZ nanoparticles promotes the formation of a passive film providing better corro-
sion protection in comparison to monolayered NiP coatings in Cl− media. Again, the 

FIGURE 7.5 Cross-section and compositional profile for the duplex NiP/NiP-ZrO2 coating. 
(Reprinted from J. Alloy. Compd., 630, Wang, Y. et  al., Duplex NiP-ZrO2/NiP electroless 
coating on stainless steel, 189–194, Copyright 2015b, with permission from Elsevier B.V.)

K388553_C007.indd   339 07/25/19   12:28:50 PM

175 



340 Electroless Nickel Plating

difference in corrosion potential between the inner and outer layers allows decreas-
ing of the corrosion rate of the NiP-YSZ/NiP coating. Moreover, the presence of the 
YSZ nanoparticles acts as nucleation sites during the electroless process, decreas-
ing the nodule size of the NiP coatings blocking the nodule boundary, which are 
the main path for the advance of the corrosive attack as schematically depicted in 
Figure 7.6. A similar mechanism has been proposed for composites based on NiP/
nano-diamond (Ashassi-Sorkhabi and Es′haghi 2013).

Finally, the performance of this kind of coating can be further increased by 
the addition of an alloying element to the NiP inner layer. As mentioned earlier 
in this chapter, tungsten-alloyed NiP coatings exhibit better corrosion resistance 
and enhanced mechanical properties. Thus, Luo et al. have developed novel elec-
troless coatings combining Ni-W-P/NiP-nanoZrO2 on low-carbon steel substrates, 
in which a high-phosphorus Ni-W-P coating was placed as an inner layer (Luo 
et al. 2018). The coating showed very good chemical compatibility between layers 
with a co-deposited ZrO2 content of 1.72 wt.%. The presence of the ZrO2 nanopar-
ticles, even though not completely dispersed into the metallic matrix, provides a 
better response in 5wt.% NaCl media saturated in H2S and CO2. In  this media, 
no passivated areas are present and the dissolution reaction occurs. The preferen-
tial dissolution of nickel leads to a phosphorus enrichment at the coating–solution 
interface that promotes the formation of an adsorbed H2PO2

− layer, which blocks 
the advance of the corrosive attack. Moreover, the presence of ZrO2 nano-particles 
decreases the nodule size, thus blocking the nodule boundary and so decreasing 
the overall corrosion rate. In  addition to this feature, duplex coatings avoid the 
progress of the corrosive attack because of the better coverage of coatings defects 
by the duplex approach.

FIGURE  7.6 Corrosion protection mechanism for (a) NiP and (b) NiP-YSZ. (Reprinted 
from Surf. Coat. Technol., 311, Luo, H. et al., Synthesis of a duplex NiP-YSZ/NiP nanocom-
posite coating and investigation of its performance, 70–79, Copyright 2017, with permission 
from Elsevier B.V.)
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7.3.2 Multilayer coatingS

Multilayer coatings offer a wider range of possible layer arrangements, enabling the 
production of innovative systems with dissimilar functionalities. The evaluation of 
the effect of the multilayer approach needs to be performed firstly using multilay-
ered coatings with the same composition along the coating thickness. Thus, García-
Lecina et al. (2017) produced tri-layered coatings from a low-phosphorus electrolyte 
following the single bath approach. In this plating approach, the plating process was 
interrupted accordingly by removing the sample from the bath at different inter-
vals. The multilayered coatings showed the ability to effectively block the advance 
of defects through the coatings’ thickness as shown in Figure 7.7. The multilayered 
coatings showed a slightly nobler Ecorr and lower jcorr values in comparison with 
monolayered coatings in aerated Cl− media.

When it comes to combining layers of different nature, the most logical selection 
of layers would be those containing the three different types of phosphorus-based 
electroless coatings; namely low-, medium- and high-phosphorus NiP coatings. Thus, 
Narayanan et al. coated mild steel substrates with low-P/medium-P/high-P multilayer 
coating to achieve a phosphorus gradient along the coatings’ thickness, thus creating an 
FGM structure (Sankara Narayanan et al. 2006). The graded coating had a thickness of 
24 ± 1 µm; single NiP coatings, at the same thickness range, with low, medium and high 
P content were also analyzed for the sake of comparison. The chemical compatibility 
among layers was claimed as good enough to perform the characterization studies.

As described elsewhere (Gool et  al. 1987) and shown in Figure  7.8, corrosion 
resistance experiments in chloride media showed that high-P monolayer coatings 
exhibited more positive Ecorr and lower Icorr values. This trend was also maintained in 
the graded coatings when high P is placed as outer layer. The corrosion performance 
of the high-P, for both single and graded coatings, is promoted via H2PO2

− layer 
development on the coating surface, which blocks the water supply toward the sur-
face of the coating preventing nickel dissolution. This mechanism is not that effective 
for low- and medium-phosphorus coatings because of the different nature of the pro-
tective film, which decreases its performance against corrosion. However, the graded 
structure with low-phosphorus outer layer showed better corrosion response because 
of the barrier effect provided by the underlying nickel coatings in comparison to 

FIGURE 7.7 Cross-section of NiP multilayer coating at different magnifications.
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low-phosphorus monolayer coatings. More recently, Anvari et al. produced similar 
EN FGM coatings but using the single bath approach in comparison with the mul-
tiple bath strategy carried out by Narayanan. The characterization of the coatings 
by nano-indentation revealed a graded hardness profile depending on the selected 
layer configuration as shown in Figure 7.9. L-H refers to low-phosphorus as outer 
layer, whereas H-L refers to a high-phosphorus outer layer, a medium-phosphorus 
interlayer was used in both cases (Anvari et al. 2015b). The observed trends match 
those observed for single layers as a function of the phosphorus content in the layer 
(Hamada et al. 2015a). The wear behavior expressed as the ratio of hardness (H) 
to elastic modulus (E), obtained from nano-indentation measurements showed that 

FIGURE 7.8 Potentiodynamic studies for NiP-graded and single coatings in chloride media. 
(From Sankara Narayanan, T.S.N. et al., Surf. Coat. Technol., 200, 3438–3445, 2006.)

FIGURE  7.9 Hardness profile for graded coatings along the coating’s thickness. (From 
Anvari, S.R. et al., Surf. Eng., 31, 693–700, 2015b.).
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the FGM coatings were more wear-resistant in comparison to monolayer coatings. 
This  behavior can be explained by the effectiveness in blocking surface defects 
under wear conditions provided by the multilayer coatings. Among FGM coatings, 
the H-L ones showed better wear resistance as indicated by their higher hardness and 
H/E ratio, which prevents crack propagation and mass loss.

Further research in the field carried out by Anvari et al. compared FGM NiP coat-
ings obtained from single bath approach with those obtained by the so-called step-
wise multilayer coatings (SMCs) (Anvari et al. 2015a). As can be seen in Figure 7.10, 
the obtained deposits were dense and homogeneous, the thickness of the plated lay-
ers was 50 ± 5 µm. FGM coating showed a phosphorus-graded content ranging from 
12.3 to 3 wt.% from the substrate–coating interface toward the coating–air interface. 
In the case of the SMC coatings, the measured phosphorus content, obtained from the 
individual plated coatings, was 3.03, 6.40 and 12.21 wt.% for the low-, medium- and 
high-phosphorus layers, respectively.

FIGURE 7.10 Cross-section of (a) FGM and (b) SMC coatings. (With kind permission from 
Springer Science+Business Media: J. Mater. Eng. Perform., Novel investigation on nano-
structured multilayer and functionally graded NiP electroless coatings on stainless steel, 24, 
2015a, 2373–2381, Anvari, S.R. et al.)

K388553_C007.indd   343 07/25/19   12:28:51 PM

179 



344 Electroless Nickel Plating

The  analysis of the H/E ratio carried out by nano-indentation confirmed the 
hardness profile along the thickness of the coating for FGMs obtained from the 
single bath approach. This hardness profile was related to changes in the micro-
structure of the coatings because of the graded phosphorus content. On the other 
hand, the SMC coatings showed a more defined hardness profile due to the stepwise 
changes in phosphorus content. Both methods allow the production of coatings with 
gradual changes in hardness, which help to reduce the stress accumulation at the 
substrate-coating interphase, by the presence of the high-phosphorus layer, whereas 
wear and hardness are maximized at the top surface of the coating by the low-
phosphorus coating.

The single bath approach has also been investigated to produce nano-sized NiP 
multilayers coating for its application in magnetic heads for writing and reading 
magnetic-recorded high-density data (Chen et  al. 2010a). Thus, nano-multilayer 
structures were deposited on silicon and Fe-Si substrates by appropriately chang-
ing the pH of the bath during the process. Alternating pH during the plating bath 
provides changes in the crystallinity of the layers due to the phosphorus content. 
Varying the phosphorus content promotes changes in the coercivity and squareness 
ratio for as-deposited coatings. The application of nickel multilayer on the iron film 
promotes the enhancement of its coercivity and squareness ratio. This effect appears 
to be independent of the number of periodic duplex layers applied.

Another interesting choice for electroless multilayer production arises from the 
combination of NiP and NiB coatings aiming to benefit from their complementary 
features in terms of mechanical properties and corrosion resistance. Vitry et  al. 
investigated the effect of combining NiP and NiB coatings in multilayered coatings 
composed of 10 consecutive layers (Vitry and Bonin 2017). The microstructure of 
obtained coatings is shown in Figure 7.11. Interphases among layers can be clearly 
observed in the multilayered coatings and the columnar growth of the NiB coatings 
can be observed in both mono and multilayer coatings.

GDOES analysis showed an increased phosphorus content during the plating 
time for NiP layers in the range 7–8 wt.%, whereas the boron content remains at 
6.5  wt.% during the plating process. The  hardness of the multilayer coatings is 
influenced by the top layer, showing similar values for NiP in both the monolayer 
and multilayer approach. On the other hand, outer NiB layer is harder in compari-
son to NiP-based coatings as expected. Regarding wear resistance, multilayer coat-
ings showed a very similar behavior between them but interestingly they exhibit 
a TWI 2–3  times lower than monolayer coatings. This different behavior of the 
multilayered coatings is probably connected to the alternating layers structure and 
the presence of the interfaces along the coating thickness. The corrosion resistance 
of the coatings is also sensitive to the outer layer. These coatings with a NiP outer 
layer (monolayer and multilayer systems) have a tendency to passivation at 0.2 V 
versus Ag/AgCl (KCl saturated), whereas NiB monolayers showed passivation 
at −0.2  V versus Ag/AgCl and the NiP/NiB multilayer at 0  V versus Ag/AgCl. 
Moreover, the salt spray chamber test revealed slightly better corrosion resistance 
for the NiP/NiB system than that for the Ni-B/NiP multilayer. The presence of the 
interfaces between stacked layers favors the sealing of the developed pores, espe-
cially in the case of the NiB coatings.
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As in the case of duplex coatings, multilayered coatings are of great interest for 
protecting light alloys such as aluminum and/or magnesium, which show poor cor-
rosion resistance, while enhancing their mechanical properties. Gu et al. plated a 
multilayer system composed of 2.5 wt.% P protective layer followed by 9.2 wt.% P 
and 5.4 wt.% P as outer layers on AZ91D substrates (Gu et al. 2005a). Polarization 
studies on 3wt.% NaCl media revealed the corrosion mechanism provided by the 
different layers as a result of the difference in corrosion potential showed by the 
layers with different phosphorus content. In this case, when the multilayer coating 
is exposed to the corrosive media, pitting occurred at the surface layer reaching the 
intermediate layer. The more noble character of the 9 wt.% P layer promotes the 
preferential dissolution of the outer layer, thus acting as a sacrificial coating with 
regard to the intermediate layer. This mechanism was confirmed by etching of the 
duplex intermediate/outer layers with proper oxidant solution. Another plating strat-
egy for protecting light alloys is the combination of electroless and electrodeposited 
coatings. Moreover, according to the better protection ability of the ZrO2-based NiP 
composites, this seems to be a promising plating approach for light alloys. Song et al. 
tested different combinations of NiP, electrodeposited nickel and NiP-ZrO2 layers 
for protecting AZ91D substrates from corrosion (Song et al. 2007). In the salt spray 
chamber test, the multilayered coating formed by NiP-ZrO2/electrolytic Ni/NiP 
showed the best performance. The proposed mechanism is shown in Figure 7.12.

FIGURE 7.11 Cross-section of obtained coatings. (a) NiB/NiP multilayer, (b) NiP/NiB mul-
tilayer, (c) NiP monolayer and (d) NiB monolayer. (From Vitry, V. and Bonin, L., Electrochim. 
Acta, 243, 7–17, 2017.)
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In this coating configuration, when the outer NiP coating is exposed to the corrosive 
media, the aggressive agent can penetrate the NiP layer through its pores reaching the 
underlying electroplated nickel. Because of the lower Ecorr value of the NiP coating, in 
comparison with the electroplated layer, the former acts as a sacrificial anode dissolving 
preferentially and preventing the attack on the electroplated nickel layer (step 1). Once 
the NiP layer is completely corroded, the electroplated nickel layer is exposed to the cor-
rosive media, protecting the bottom layer (step 2). When the corrosive agent breaks down 
the electroplated nickel, the NiP-ZrO2 plays the role of protecting the substrate (step 3).

A similar approach was used earlier by Gu et al. for protecting steel substrates by 
intercalating an electroplated nickel layer between inner and outer layers based on 
electroless NiP 9.5 wt.% (Gu et al. 2005). In this case, the electrolytic nickel exhibited 
lower Ecorr values among the single layers; thus, at the potential value of −0.82V versus 
Ag/AgCl, it started to corrode after being reached by the pores of the upper NiP layer. 
Increasing the potential until −0.77V versus Ag/AgCl showed the dissolution of both 
the outer NiP layer and pure nickel intermediate. Subsequently, it can be clearly noted 
that the formation of a passive region in the potential range from −0.77 to −0.54 V 
versus Ag/AgCl after which the corrosion of the inner layer begins (Figure 7.13).

Copper has also been proposed as suitable interlayer in tri-layered NiP-based 
coatings as reported by Zhao et al. (2015). The aim of this approach was to block the 
existing pores of the electroless coatings by alternating an electrolytic copper layer 
between two high-phosphorus NiP coatings. The thickness of inner layer was varied 
during the study. Porosity analysis revealed a lower porosity degree for the multilay-
ered coatings (samples 7–11) than that for a NiP monolayer with the same coating 
thickness as depicted in Figure 7.14.

Porosity is also related to the thickness of the inner NiP layer, here expressed as 
plating time. The results showed that 20–40 min of plating time provide the maximum 
porosity decrease. Polarization studies showed the improved corrosion performance 
of the tri-layer coatings, in comparison to the monolayer coating, revealing the posi-
tive effect of the copper interlayer on blocking porosity. As shown in Figure 7.15, the 
tri-layer coating exhibits two passivation regions associated with NiP outer layer and 
Cu interlayer dissolution in the range −0.4 to−0.3 V versus SCE. Once the copper 
layer dissolves, the second passivation region between −0.15 and −0.1 V versus SCE 
corresponds to the inner NiP layer.

AQ 6

FIGURE 7.12 Corrosion mechanism for the NiP-ZrO2/electrolytic Ni/NiP multilayer coat-
ing. (From Song, Y.W. et al., Surf. Eng., 23, 329–333, 2007.)
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347Electroless Nickel-Based Multilayers

ZnO nanoparticles have also been used for improving the anti-corrosion prop-
erties of hybrid electro-electroless deposition of nickel multilayers by Varmazyar 
et al. (2018). The multilayer arrangement of NiP-ZnO/Ni/NiP showed lower corro-
sion rates and higher charge transfer resistance than the best performing monolayer. 
The layers arrangement is based on the differences in corrosion potential between 
the different layers present in the multilayer coating. Thus, the Ni/NiP pair is a strong 
galvanic cell that favors the dissolution of the outer NiP layer acting as sacrificial 
anode under corrosive conditions. Zhao et al. (2005) proposed a graded multilayered 

FIGURE 7.13  Polarization curve for the NiP/Ni/NiP coating. (From Gu et al. 2005.) AQ 7

FIGURE  7.14 Porosity ratio for multilayer NiP/Cu/NiP and single NiP coatings. (From 
Zhao, G.L. et al., Arch. Metall. Mater., 60, 1003–1008, 2015.)
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system based on NiP/Ni-Cu-P/Ni-Cu-P-PTFE for antifouling applications. The mul-
tilayer coating emerged as the most effective combination of layers by improving 
the adhesion of the whole coating system, whereas copper and PTFE nanoparticles 
provide better corrosion resistance and anti-sticking properties to the intermediate 
and outer layers, respectively.

The EP technology also allows the creation of more complex multilayer coat-
ings as the so-called “3D-latticed compositional modulated multilayer,” firstly, 
introduced by Liu et al. (2013b). These classes of coatings are composed of alter-
nated Zn-Ni/NiP layers obtained from the dual bath approach in which the former 
are applied by ED, whereas the NiP layer is electrolessly plated. Thus, the immer-
sion of the Zn-Ni electroplated layer in the NiP electrolyte promotes the generation 
of a pattern of ditches, both parallel and transverse to the plated surface. These 
ditches are filled with the new NiP coating that is being formed, interconnecting in 
this way both layers in the X and Y direction. At longer plating times, and once the 
ditches are filled, the NiP coating grows until covering the entire surface. The rep-
etition of this pattern gives rise to a 3D-lattice structure in which the NiP inserts 
in the Zn-Ni sublayer. The architecture of the 3D-latticed multilayer coatings is 
shown in Figure 7.16.

When compared to traditional compositionally modulated Zn-Ni/Ni coatings 
obtained by ED, the 3D lattice coatings provide a superior corrosion resistance. 
The traditional modulated coatings can only block the advance of the corrosion in 
the Y-axis direction by the interphases parallel to the substrate direction. 3D lattice 
coatings can block the advance of the corrosive attack in the X- and Z-axis directions 
by means of the NiP inserts into Zn-Ni inner layer as depicted in Figure 7.17, provid-
ing enhanced corrosion resistance to the multilayer system.

AQ 8

FIGURE 7.15 Potentiodynamic studies for monolayer, tri-layer and substrate. (From Zhao, 
G.L. et al., Arch. Metall. Mater., 60, 1003–1008, 2015.)
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FIGURE 7.16 Multilayered coatings: (a) traditional and (b) 3D-latticed architecture. (From 
Liu, J.H. et al., Mater. Corros., 64, 335–340, 2013b.)

FIGURE 7.17  OM image of a 3D-latticed multilayer (22 layers). (From Liu, J.H. et  al., 
Mater. Corros., 64, 335–340, 2013b.)
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7.4 ANNEALING EFFECT

As already described in various chapters of this book, annealing of electroless coat-
ings, either on phosphorus or boron-based coatings, has a profound effect on their 
crystalline structure and so in their properties. The annealing of electroless coatings 
can pursue different purposes such as elimination of hydrogen embrittlement, increas-
ing the mechanical properties of the coating and enhancing the adhesion between the 
electroless coating and the substrate. Usually, the annealing of EN coatings is carried 
out in the range of 320°C–500°C for annealing times ranging from 1 to up to 8 h, 
being 400ºC for 1 h time the most commonly used annealing conditions for improv-
ing the performance of the coatings (Mallory and Hajdu 1990; Riedel 1991).

In the case of the multilayer coatings, the microstructural changes promoted by 
the thermal treatment have a synergistic effect with the interfaces present at the 
multilayered coatings, thus further improving the performance, especially in terms 
of corrosion resistance and adhesion, of this kind of coating. Nevertheless, higher 
temperatures, or long annealing times, can lead to the formation of a diffusion layer 
between the coating and the substrate, giving rise to a bi-layered structure as shown 
in Figure 7.18.

Annealing of the coating promoted an increase in the hardness values up to 
11.4 GPa with a small plastic indentation depth of 1.4 µm (Hamada et al. 2015b). 

FIGURE  7.18 The  annealed NiP coating at 700°C for 1  h on TWI steel. (a, b) Ni-Ni3P 
grains, (c) cross-section of the coating showing the diffusion layer and (d) cross-section of the 
coated TWI steel after tapered. (From Hamada, A.S. et al., Appl. Surf. Sci., 356, 1–8, 2015b.)
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High-temperature ranges lead to grain coarsening of the Ni3P phase, thus having a 
detrimental effect on the final properties of the annealed coatings. High annealing 
temperatures can also promote diffusion of some elements from both the substrate 
and the electroless coatings. Nevertheless, on steel substrates, even at high tempera-
tures, phosphorus distribution along the coating usually remains unchanged due to 
its low diffusivity into this material (Hamada et al. 2015b).

On the other hand, the properties of duplex coatings can also be optimized 
by proper thermal annealing. However, thermal annealing below the optimal 
temperature range for nickel matrix recrystallization has also confirmed the suit-
ability of duplex layers for working on high-temperature environments. Thus, 
annealing at 200°C for 2 h in NiP(mid)/NiP-ZrO2 coatings did not  lead to any 
microstructural changes but could increase the internal stress accumulation in 
the coating. The presence of the outer layer of composite material helps to block 
the rack propagation originated during internal stress development (Georgiza 
et al. 2013).

Annealing of NiP/NiP-YSZ duplex coatings confirmed the expected changes in 
the microstructure of the coating as a result of matrix recrystallization and precipi-
tation of Ni3P phase. Due to the penetration depth of the X-ray beam during X-ray 
diffraction (XRD) experiments, the results obtained with this technique are com-
pletely dependent on the selected order of the single layers used in the production of 
the duplex coatings. In the case of NiP/NiP-YSZ, the outer layer is based on a low-
phosphorus NiP coating with YSZ as reinforcing material. The XRD spectra shown 
in Figure 7.19 depict the diffractogram of as-deposited NiP single layer exhibiting 
a broad diffraction peak at 45°, ascribed to the (111) diffraction plane of the fcc 
nickel phase. After annealing, sharpening of the (111) plane along with Ni3P phase 
reflections can be clearly described. YSZ cannot be detected but influence the (111) 
reflection of the fcc nickel (Luo et al. 2017).

FIGURE  7.19 XRD spectra of single NiP coating and NiP/NiP-YSZ duplex coating (a) 
before and (b) after thermal annealing at 400°C for 1 h. (Reprinted from Surf. Coat. Technol., 
311, Luo, H. et al., Synthesis of a duplex NiP-YSZ/NiP nanocomposite coating and investiga-
tion of its performance, 70–79, Copyright 2017, with permission from Elsevier B.V.)
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The  Increment of hardness on duplex coatings including composite layers is 
usually related to the formation of hard precipitates, boron- or phosphorus-based, 
depending on the reducing agent used, along with the strengthening effect of 
particle co-deposition that blocks dislocation at the grain boundaries. In the case 
of NiP/NiB coatings, the temperature required for starting phase transforma-
tion during annealing is in the range of 300°C–350°C; a further increase in the 
annealing temperature leads to higher degrees of crystallinity for both NiP and 
NiB coatings (Baibordi et al. 2012). High hardness and low wear rate of annealed 
duplex coatings are also dependent on the selected outer layer. Additionally, 
NiP/NiB coatings are also suitable surface-finishing treatments for improving the 
properties of light materials such as magnesium and aluminum. However, the 
usual temperature range for thermal annealing cannot be applied to these materi-
als, thus making it necessary to carry out annealing treatments at lower tempera-
tures and longer periods. In  the case of aluminum substrates, duplex NiP/NiB 
layers exhibit increased corrosion resistance and lower wear rates in compari-
son with as-deposited duplex coatings (Vitry et  al. 2012). This  improvement is 
ascribed to the initial crystallization of the NiB outer layer coating caused by 
the low-temperature annealing. For NiP/NiB duplex coatings on steel substrates, 
annealing can have a substantial impact on alloying element distribution along the 
coating thickness, whereas the total alloying element concentration remains con-
stant. Under annealing, phosphorus migrates outward, whereas boron migrates 
mainly inward the coating, being this effect more pronounced in NiP bilayers 
than in NiB bi-layered coatings (Vitry et  al. 2017). Laser can also be used for 
annealing duplex coatings. In the case of NiP/Ni-W-P(outer), the laser annealing 
treatments can lead to incomplete crystallization or different degrees of crystal-
lization between the inner and outer layers. This fact is related to the tempera-
ture gradient of the laser annealing process along the thickness of the coating. 
Even in not fully crystallized duplex coatings, hardness and wear are remarkably 
increased due to Ni3P phase precipitation as confirmed by XRD. Laser-annealed 
bilayer coatings revealed the suitability of a NiP under layer for improving the 
wear resistance of duplex coatings in comparison with traditional Ni-W-P mono-
layered coatings (Liu et al. 2012; Liu et al. 2013a).

In  the case of multilayer coatings, few reports can be found on the effect 
of annealing on the final properties of the coatings. Usually, the improvement 
of the coating performance is mainly associated with the nature of the single 
layers, which compose the multilayer coatings. In order to determine the effect 
of the annealing process on multilayer structures, stacking layers of the same 
material is the only way to prove the sole effect of the multilayer approach. 
The annealing of low-phosphorus multilayer coatings (three layers) showed an 
increased corrosion protection after annealing in comparison with as-deposited 
multilayered and monolayer coatings. In  this case, as there are no differences 
in terms of Ecorr values for the different layers, both grain coarsening and the 
presence of the interfaces are the main contributors to the corrosion resistance. 
At the same polarization conditions, the multilayer coating was still protecting 
the substrate from the corrosive media, whereas monolayered coatings suffer 
severe corrosion. The  enhanced interfacial area, promoted by the multilayer 
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architecture, along with the recrystallization of the metallic matrix allows a 
change in the corrosion mechanism. Thus, in the multilayer coating, when the 
Cl− anion reaches the surface of the coating, it can cross the first layer trough 
the defects or porosity of the layer. At the interface, the corrosion spreads lat-
erally where the corrosion products accumulate. At some point, the amount of 
corrosion products promotes the exfoliation of the outer layer exposing the next 
layer. This mechanism observed for the annealed samples was not obvious for 
as-deposited coatings, revealing the importance of the annealing process on the 
performance of multilayered coatings (García-Lecina et al. 2017). On the other 
hand, the detrimental effect of annealing treatment at 400°C for 1 h has also 
been described for graded coatings (Sankara Narayanan et al. 2006). The lower 
corrosion protection of a low-P/med-P/high-P-graded multilayer coating is 
related to phosphorus migration among the layers along with crystallization of 
the metallic matrix, which enhances the number of grain boundaries that act 
as new paths for the corrosive attack. However, in terms of mechanical proper-
ties, this coating configuration allows obtaining harder coatings with improved 
wear resistance. Thus, for low-P/mid-P/high-P (outer) multilayers the presence 
of a hardness profile after annealing along the coating thickness may have a 
positive effect on the wear behavior of the whole system (Hadipour et al. 2015) 
(Figure 7.20).

The  number of layers influences the wear behavior of the system, something 
associated also with the graded hardness profile and with the gradual change in 
phases composition along the thickness achieved after annealing. These facts allow 
the inhibition of crack propagation during the wear test due to the graded content of 
brittle phases (Ni3P, Ni2P) along the coating thickness. Similar results can be found 
for the comparison between SMCs and functionally graded coatings obtained by the 
dual and single bath approach, respectively.

AQ 11

FIGURE 7.20 Hardness profile for as-plated and annealed coatings. Sample 3 refers to the 
high-P/med-P/low-P multilayer. (From Hadipour, A. et al., Surf. Eng., 31, 399–405, 2015.)
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7.5 FUTURE TRENDS

As it has been described along this section, electroless multilayered coatings possess 
a high potential for improving the characteristics of traditionally obtained electro-
less monolayer coatings. It is clear that the multilayer approach has a great benefit 
on the final performance of the coatings compared to single coatings. Moreover, the 
vast number of possible combination of layers of different nature allows tailor-made 
solutions depending on the final application of the coated components. This process 
versatility along with the known features of the electroless process; namely even 
coatings on complex 3D geometries, absence of electrical current, ability to plate on 
dielectric substrates and alloying element content dependent properties, highlight 
the role of the electroless multilayer approach for the development of novel metallic 
coatings. Moreover, it is worthy to highlight that the electroless multilayer approach 
is a cost-effective technology especially in comparison with vacuum-based technolo-
gies usually employed for the production of multilayered coatings.

In  the near future, it is expected that novel combination of single layers, poly-
alloys and composite layers with new reinforcing materials could open new venues 
in the field of surface engineering. Many of the most important technological fields 
at present (i.e. electric vehicle, electronics, aerospace, etc.) are steadily demanding 
technical coatings with enhanced features (hardness, wear resistance, magnetic 
properties, corrosion resistance, etc.), and it is expected that multilayer coatings will 
be able to fulfill these requirements in a cost-effective manner. In this way, it will 
be needed to find new application market niches in which the electroless multilayer 
coatings could fit, going further than the traditional sectors in which the EN coatings 
have been applied. Thus, the current understanding of the electroless process will 
favor the development of new electroless-based coatings suitable of being incorpo-
rated into multilayered coatings, thus enhancing the potential applications fields in 
which they can be applied.
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