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Abstract

:

Electroplating processes are widely employed in industrial environments for a large variety of metallic coatings, ranging from technological to decorative applications. Even if the galvanic electrodeposition is certainly a mature technology, new concepts, novel applications, environmental legislation and the new material requirements for next-generation devices make the scientific research in this field still very active. This review focuses mostly at the decorative and wearable applications, and aims to create a bridge between the past knowledge and the future direction that this process, i.e., electrodeposition, is taking. Both the theoretical fundamentals as well as some of the most widespread practical applications—limited to metallic and alloy coatings—are explored. As an integral part of the industrial process, we take a look at the main techniques thought which the quality control of deposits and surfaces is carried out. Finally, global industrial performance and research directions towards sustainable solutions are highlighted.
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1. Introduction


With the advent of the Fourth Industrial Revolution research and development within metal finishing sectors is rising [1,2]. The demand for durable metals and adaptable manufacturing processes are needed across a wide range of applications, from automotive and aerospace to jewelry and machinery [3,4]. An essential step in all manufacturing process is the surface engineering of metals, as this determines the final appearance and functionality of a product. Depending on the desired properties of the surface, base material, and geometry of components, a variety of procedures and technologies are available, classified as additive or subtractive.



Additive processes include deposition methods, such as physical vapor deposition [5,6,7], laser technology [8], thermal spray [9,10] and electrochemical deposition [11,12,13], to name a few. Among them, galvanic electrodeposition is scientifically recognized as a mature technology and one of the most effective, as well as low-cost, in industrial sectors worldwide. The essential feature of electroplating is the diffusion process of ions, resulting in the production of well-defined, high-quality surfaces with a conformal thickness profile. Exact layer thickness control, high quality morphology, and well-controlled composition and uniformity, low thermal load of the work-piece, and low production costs per factory piece are among the main strengths of electroplating. The production of metallic coatings involves electrochemical reactions at the electrode/electrolyte interface, which lead to the deposition of ions from the solution to the electrodic surface with the electron transfer.



The art and science of modern electroplating dates back to the beginning of the 18th century [14,15]. In 1805 an Italian University professor, Luigi V. Brugnatelli, performed the first documented electrodeposition of gold metal from a saturated gold solution on the surface of two large silver medals by means of connection to the voltaic Zn/AgO pile invented in 1796 by Alessandro Volta. However, his work was rebuffed by the emperor Napoleon Bonaparte and suppressed by the French Academy of Sciences. Thirty years later scientists from Russia and England independently devised a process similar to Brugnatelli’s work for electroplating copper on metal plates. In 1836 Prof. J. F. Daniell from the King’s College described the constant voltage battery consisting of a zinc electrode immersed in sulfuric acid and a copper pot filled with a solution of copper sulfate, thus rediscovering electroplating and the deposition of thin uniform coatings [16]. The work of Daniell was reproduced in 1837 by B. S. Jacobi, who deposited a metal onto an engraved copper plate through a process called electroforming [17].



Electroplating gained interest starting in 1840, when Henry and George Elkington from Birmingham, England, were awarded the first patent for adapting this technology to gold and silver deposition using potassium cyanide as an electrolyte [18]. This led to the establishment of Birmingham as the industrial center for electroplating, where the first large-scale plant was constructed on 1876. Later, Jacobi reported another significant industrial development on the use of more stable ferrocyanides in gold plating, thus providing the capability of depositing gold alloys containing silver and copper. From then on, electroplating quickly spread throughout the rest of the world and became a common process for depositing precious and non-precious metals, including copper, gold, nickel, brass, tin, and zinc. Apart from the advent of electrical power generation and hard chromium plating, few significant scientific improvements were made within the late 19th and early 20th centuries. Rediscovery of electroplating occurred after the Second World War with the discovery of transistors and the growth of the electronics’ industry. In 1946 Abner Brenner and Grace E. Riddell discovered the first autocatalytic metal deposition (also known as “electroless” deposition) by adding sodium hypophosphite to a nickel bath [19]. Later research on electroless deposition benefited a very large range of industrial sectors, in particular the metallization of printed wiring boards. Parallel to the discovery of electroless deposition was the production of multi-layered deposits from a single solution. Significant improvements on alloyed and pure multi-layers were outlined by Tench [20] and Yahalom [21] in the 1980s, thus producing deposits with unique mechanical, electrical, optical, and magnetic properties. In addition to advances in plating, more “user friendly” and sustainable baths were implemented since the early 1950s by replacing cyanide baths with acidic solutions [22]. Today, a deeper knowledge of the electrochemical aspects underlying electrodeposition as well as research on new materials and emerging technologies are driving the traditional manufacturing process towards a more reliable, flexible and interconnected production [23].



As of 2015 electroplating represented around 37% of the total market share within the metal finishing sectors. The most commonly used galvanically-deposited metals are zinc and zinc alloys (about 15%), followed by nickel, copper, chromium, tin, and precious metals (together approximately 22%) [24]. According to a recent study published by Future Market Insights the global electroplating market is expected to increase at a compound annual growth rate (CAGR) of 3.7% over the forecast period of 2016–2026, projecting revenues of over US $21 billion by the end of 2026 [25]. Significant expansion will occur in the Asia-Pacific, excluding the Japan (APEJ) region, registering a CAGR of 4.6% over the foreseen period. The market for mature electroplating industries in North America and Western Europe will maintain the leadership. However, large-scale industrialization of electroplating techniques will continue to be limited by strict environmental regulations. Due to adverse ecological impacts, the adoption of plating processes involving toxic metals, such as lead or cadmium, is prohibited by global legislation. Another issue facing industrial development is the price volatility of highly on-demand electroplated materials, i.e., gold, copper, and nickel. In particular, the request for copper, nickel, and its alloys is expected to impact the global market value share for more than 60% by 2026. According to the ‘‘Resource Efficient Europe’’ initiative launched by the European Commission, promoting resource efficiency, a greener and more competitive economy is the priority theme for small and medium-sized enterprises [26]. Although significant technological and processing advancements occurred in the past forty years, industrial firms are still struggling to provide viable solutions to energy conservation, reduction of costs and toxic wastes, as well as strategic challenges such as product durability and corrosion protection [27].



In this respect, alloy plating offers better answers in terms of economic impact and environmental sustainability due to fine tuning the composition, morphology, crystallinity, as well as tailored properties [28,29,30]. As of today, zinc metals are proved to be commercially successful in automotive, aerospace, and construction industry, while tin and precious metal alloys find applications in fashion jewelry and electronics [31,32].



In recent years new electrochemical processes have emerged, specifically the electrodeposition in ionic liquids (IL) and electropolymerization [33,34,35,36]. Although both of these techniques are very promising and are strongly pursued in laboratories worldwide, their use on a large scale is still limited. Ionic liquids are mainly used to deposit metals with a Nernst potential below that of water decomposition and, therefore, cannot be electroplated from aqueous baths [37,38,39]. The most common example is the electrodeposition of aluminum. The electrolyte is composed of anionic and cationic organic species (also called “deep eutectic solvents”), which are in the liquid phase at low temperature (generally below 100 °C); this allows the salts of the metal precursor to solubilize for the electroreduction process. The need for the complete absence of water is also one of the main drawbacks of this process; in fact ionic liquids are very sensitive to moisture and therefore they must be employed in a special closed environment with a controlled atmosphere. The electropolymerization process involves the reaction of organic monomeric precursors driven by an external electric potential [40,41,42,43,44]. Differently from the aqueous-based electrodeposition, the organic molecules not only occur in a redox reaction, but they also form a network leading to the formation of a polymer. The resulting coatings are generally well-adhered and softer than the metal ones with fewer cracking issues. The final polymer could be either conducting or insulating. The main applications of this process are as electrochemical sensors, anticorrosion coatings, and colored deposits for aesthetical purposes. Being organic-based coatings, the main drawbacks are their degradation over time and the environmental toxicity in the production process due to their precursors.



This review outlines the current research on new materials and process innovation for metal alloy electrodeposition. The state of the art of the science and technology, future directions and open challenges are highlighted from an industrial perspective.




2. Fundamentals of Electrodeposition: Pure Metals and Alloys


2.1. Fundamentals of Electrodeposition: Mass and Charge Balance, Thermodynamics, Kinetics and Growth


An experimental setup for electrodeposition simply requires a suitable vessel and two conducting electrodes (a working electrode (WE) where the film is deposited, and a counter electrode (CE) used to close the circuit) immersed in an electrolyte containing the metal ions to be deposited.



In some cases, a third electrode (the reference electrode) is introduced to measure more precisely the potential at the electrodes (Figure 1), thus providing information on the processes occurring at both the WE and CE. The three-electrode setup is used almost exclusively in research and development, since it is extremely difficult to maintain the required conditions in industrial-sized vessels. The process is run by an external power source, under potential or current control. Either control methods can be used, with the choice being made based on the knowledge gained from three-electrode experiments. For example, a steep current change can be better-controlled potentiostatically, and vice versa. Various waveforms under potential or current control can also be used to tailor the composition and microstructure; multilayers, for example, can be grown by alternately switching the current or potential between two values, and composition at grain boundaries may be tailored by a short anodic pulse. Pulse plating, by using square, triangular, sinusoidal, or tailored waveforms, is a versatile method to tailor the composition gradients, morphology and, therefore, also properties, as discussed in various monographs [45,46,47]. Metal coatings can be formed by adding only one elemental species (i.e., Cu or Ni) as metallic salts, while alloy coatings can be produced, under well-defined conditions, by having more than one elemental species in the solution.



In electrodeposition the rate of reduction of metal ions determines the current that flows through the cell and the total charge passed yields to overall coating mass and thickness.


   M  e  z +   + z  e −  → M e     



(1)







A formula that relates mass deposited to the charge passed for the reduction process in Equation (1) is derived from the Faraday’s law. If M is the mass of the coating, Amol is the molar mass of the element, Q is the total charge, z is the number of electrons exchanged, and F is the Faraday constant, corresponding to the charge of one mole of electrons, F = 96,485 C/mol = 26.8 A·h/mol, the formula is:


   M =    A  mol   Q   z F       



(2)







For conformal coatings the knowledge of the thickness vs. the charge passed is important; in this case the Faraday expression can be modified to give:


   D =    A  mol   j t   z F ρ       



(3)




where D is the film thickness, j is the current density (current per unit area), t is the time of deposition, and ρ is the density of the film. Note that the density of an electroplated coating may be different from that of a bulk metal due to the possible presence of vacancies and micro-voids. It should also be noted that Equations (1)–(3) are valid only if no other processes besides Equation (1) is occurring.



Equation (1) is at equilibrium when the rate of metal reduction in the electrolyte equals that of metal dissolution. Under such conditions the electrode potential Eeq is determined by the Nernst equation, which reads:


    E  eq   = E ° +   R T   z F   ln  C  M  e  z +         



(4)




where E° is the equilibrium potential under standard conditions, R is the gas constant, T is the absolute temperature, ln stands for the natural logarithm, and    C  M  e  z +       is the concentration of the metal ions in moles per liter.



In order for electrodeposition to occur, the applied potential must be more negative than the equilibrium potential, thus resulting in the reduction/deposition process being faster than the opposite dissolution process. The driving force for metal deposition is, therefore, the difference between the applied potential Vapp and Eeq. This quantity is referred to as the overvoltage:


   η =  V  app   −  E  eq       



(5)







The electrodeposition process consists of several elementary consecutive steps: at equilibrium the ions are bound to water molecules or to other molecular species that bind the metal ion, decreasing its effective ability to be reduced. Metal ions are transported initially in the bulk electrolyte by fluid convection (Figure 2). When these ions are at a distance of 0.05–3 mm from the electrode (the hydrodynamic layer) the convection process slows down and the ions start to move only due to diffusion (the diffusion layer, 1–100 µm) under a gradient of concentration generated by the ongoing reduction of metal ions. These ions are first adsorbed at the electrode surface and are reduced by electrons from the electrode. Note that the electrode/electrolyte interface forms a double layer of charges that generates a large electric field (~109 V/m). The process of metal reduction is strongly affected by the presence of this electric field.



The rate of metal reduction sufficiently far from the equilibrium condition is described by the following expression:


    J  kin   =  j 0   e  −   z α F  (   V  app   −  E  eq    )    R T         



(6)




where j0 describes the dynamics of the deposition/dissolution processes at equilibrium, and α (0 < α < 1) relates to the symmetry of the energy barrier encountered during electron transfer and is often approximated to 0.5. Note that the deposition current density increases exponentially with the overvoltage, and at a certain point the deposition rate becomes limited by the arrival of the ions at the electrode surface, which depends from the hydrodynamic conditions imposed in the cell. It is also important to consider that in aqueous solution it is always possible to induce water reduction when the applied voltage is more negative than the redox potential for water reduction to hydrogen.



Under these conditions the process of interest may not occur with 100% efficiency, and some hydrogen may be evolved or incorporated in the coating, resulting in possible changes in properties, in particular embrittlement; this phenomenon depends strongly on the nature of the metal being studied. A typical behavior of the current density as a function of applied potential is shown in Figure 3. The overvoltage determines to a large extent the morphology of the deposits. Electrodeposition in Region 1 (Figure 3) occurs at low deposition rates, resulting in the possibility for the adsorbed atoms to sit at low energy sites, thus forming, in most cases, a smooth, layered film. In Region 2 the deposition rate increases, leading to the formation of more nuclei of an approximately hemispherical shape. Finally, in Regions 3 and most importantly 4, the current approaches the diffusion-limiting current, resulting in the possible formation of dendritic films showing incomplete coverage of the substrate. In order to form a continuous film, it is most practical to deposit in Region 2, where the spread of the existing nuclei results in a continuous coating at a relatively low thickness. Film morphology, however, depends also on two more features:




	
The nature of the element being deposited, due mainly to the differences in j0 generated by the electronic structure and the extent of interaction with water.



	
The effect of additives adsorbing at the growing interface; specifically, adsorbing species inhibit growth, resulting in smaller grains and properties changes due to the possibility for the molecules to be incorporated in the growing film.









2.2. Electrodeposition of Alloys


The term “alloy” refers to a metallic material containing more than one element. These materials may form a random mixture of the elements, spatially separated regions when the elements are incompatible, or ordered structures where the position of each element is predetermined. These distinct microstructures are determined by the interactions among the elements. From the technological standpoint, alloys are important because their properties (mechanical, magnetic, optical) are usually enhanced, and they can also be tailored for the target function by rationally varying the composition.



The first approach to alloy electrodeposition involves the assumption that the current used for the reduction of metal A remains the same even in the presence of a reduction process for metal B in the same vessel. This hypothesis requires that no interaction occurs between the two processes. Therefore, it is possible to write the following equations:


      J A  =  j 0   e  −   p  α A  F  (   V  app   −  E  eq , A    )    R T          J B  =  j 0   e  −   q  α B  F  (   V  app   −  E  eq , B    )    R T           



(7)







Note that the parameters in the above equations are different; in particular, Eeq depends on the metal (A or B), resulting in different onset potential for reduction. From these partial currents, it is possible to determine the potential-dependent composition of the alloy:


    x A  =    n A     n A  +  n B    =      j A   p       j A   p  +    j B   q        



(8)




and the overall growth rate:


    v  growth   =    A  mol , A    j A   p  +    A  mol , B    j B   q      



(9)







Similarly to elemental deposition, if the applied potential is more negative than the onset of hydrogen evolution, the process of alloy growth occurs with an efficiency less than 100%, with the consequence that some impurities may be incorporated in the film.



The superposition of the partial currents in alloy deposition, as hypothesized in the equations above, was assumed in the early days of electrodeposition to be the conventional behavior.



In contrast, investigations on various alloys, especially those containing transition metals, have shown that co-deposition of two or more elements results in interactions among the various processes, leading in general to a breakdown of the hypothesis of superposition. Various steps in electrodeposition are responsible for the breakdown of the superposition assumption, including the following:




	
Adding ions Nq+ in an electrolyte containing ions Mp+ that are complexed by a complexing agent results in a variation of the speciation, giving rise to variations in the partial currents.



	
If the deposition of M and N occurs via a multi-step process, intermediates of the two species may compete for adsorption sites at the substrate, and the rate of deposition of each element may vary based on the solubility of such intermediates. This is, for example, the case of Fe-Ni deposition, or of other mutual alloys of the iron group alloys.



	
Association of adsorbed species at the electrode may result in the formation of multi-metallic complexes, inducing the deposition of metals that cannot be deposited by themselves. This is the case of the induced deposition of W or Mo in parallel with the deposition of Fe, Ni, or Co.









2.3. UPD and Underpotential Co-Deposition


Electrodeposition processes are characterized among others by (i) diffusional transport processes; (ii) the occurrence of electron transfer to reduce a metal ion into an atom in the growing crystal; and (iii) the low energy of the deposition precursors. The latter feature is very important since the free energy of ions in solution at room temperature is of the order of 3/2kBT ≈ 0.075 eV, quite similar to the interaction among atoms in the crystal lattice. This means that, while metal A is deposited on a substrate of the same element at the redox potential predicted by the Nernst equation, the same metal A deposited on a substrate B, where the interaction A-B is stronger than A-A, is deposited at a potential more positive than the value predicted by the Nernst equation. This underpotential deposition (UPD) can be estimated by considering that the shift in the redox potential is given by   Δ E = −   Δ G   z F     where ΔG is the difference in the adsorption energy of A onto A and the adsorption energy of A onto B. This process enables the formation of sub-monolayers or a full atomic monolayer on A onto B. A second layer cannot be deposited at the same underpotential since the first layer is now A, where the deposition potential would be more negative, thus leading to a surface-limited reaction (SLR) that spontaneously generates a single atomic layer.



This behavior is exceedingly useful from a technological point of view and, therefore, widely studied by the scientific community. The deposition process itself is called electrochemical atomic layer deposition (E-ALD or ECALD) [5,48,49]. In some cases, if the substrate is single crystalline or shows a strong crystallographic orientation, it is possible also to obtain an epitaxial deposition of the coating; this technique is called ECALE [50,51].



The bonding strength in alloys can be similarly exploited to shift the potential at which an element in a given alloy can be deposited. The Nernst equation for the deposition of a metal A into an alloy A-B is modified and given by the formula:


    E  eq      ( A )    alloy   = E  ° A  +   R T   z F   ln  (     C   A  z +        a  A , alloy      )      



(10)




where aA,alloy is a measure of the extent of interaction of metal A with the alloy. In a solid solution aA,alloy < 1 (i.e., the free energy of A is lower due to the stronger alloy bonding), raising the redox potential above that calculated in the case of a pure metal. This shows that metal A can be deposited at a potential more positive than the redox potential of A, that is, it can be deposited by underpotential processes, while the metal B continues to be deposited at overpotential [52].



A rigorous calculation using the regular solution approximation allows to predict the conditions (the applied potential) to obtain the target composition, under the assumption that deposition occurs under thermodynamic (equilibrium) conditions.



It is important to mention that A and B could also be a metal and a nonmetal; in these instances electrodeposition under potential control may form films of semiconductor compounds [53]; at a finer scale on the other hand, exploiting the E-ALD process it is, thus, possible to alternately deposit one element over the other to artificially synthesize semiconductors [48,54,55].



Furthermore, the selective electro-desorption on a multilayer sample, prepared with the E-ALD method, opens the possibility to obtain a rearranged surface with morphological properties not obtainable with the traditional bulk deposition of the same material. We refer to this process as the selective electrodesorption-based atomic layer deposition (SEBALD) [56,57,58].



In the last few years, new insights in surface phenomena at the solid/electrolyte interface and the availability of new technologies have promoted a renaissance in the field, forecasting a bright future. For example, the self-terminating electrodeposition observed for several 4d and 3d transition metals allows the growth of a single (or few) metallic monoatomic layer(s) on a substrate, mimicking the atomic layer deposition process. Monolayers of Pt can be grown sequentially simply by pulsing the potential [59], through inhibition of the hydrogen adsorption, while Ni, Fe, and Co can be grown up to ~2 nm, owing to precipitation of hydroxides [60,61]. Another novel electrodeposition process mimics the vapor–liquid–solid method adopted to grow single crystal semiconductor nanowires. In the electrochemical version, called electrochemical liquid–liquid solid (ELLS) growth [62], the metal ions to be reduced (Si, Ge) are dissolved in a liquid metal and reduced at an electrode. The electrodeposition of Si, Ge in aqueous solutions results in poor crystallinity. In contrast, the ELLS method results in good crystallinity due to the high mobility. This method has the potential to revolutionize the formation of semiconductors for solar cells. On the technological front, advances in motion control at the submicron scale allow electrodeposition at a liquid meniscus to form nanowires directly [63], and free-form microprinting of metals has been achieved by modifying atomic force microscope (AFM) tips to inject the electrolyte at a predetermined location, forming overhangs, spirals, and walls [64]. Many advances should be expected through our improved knowledge of electrochemical surface processes and further technological advances.





3. Chemistries for Metal and Alloy Deposition


Before the actual electrodeposition, the base metal needs a pretreatment in order to clean, degrease, and activate the electrodic surface [65]; only afterwards is the galvanic deposition is performed. The substrate is rarely coated with only one metal, but more commonly follows multilayer depositions (Figure 4). This approach is preferred because directly depositing the final alloy on the substrate results most of the time in adhesion problems due to internal stresses and then peeling. In the metal finishing sector there are several galvanic processes [66,67], but traditionally (brass, bronze, and ZAMA base metals) a thick layer (5–20 μm) of nickel or copper is deposited at first. This interlayer allows a good leveling and provides a smooth, shining surface. However, these metals are rarely the final coating and, usually, additional layers are deposited until the desired color is set. An important aspect to keep in mind is also the inter-diffusion of the metals between the different layers that lead to a progressive change in the properties of the product. The phenomenon of diffusion is largely present in the case of gold coating over gold [68], with resulting reddening and grade loss of the precious finish; for this reason, one or more barrier layers are generally inserted between these two deposits. Historically, the most common barrier layer was a nickel deposit of 1–5 μm, but due to allergenic and environmental problems it was gradually replaced with bronze, deposits of 2–5 μm, followed by 0.5–1 μm of palladium. Aluminum substrates follow the same procedure described for brass, but a zinc electroless coating must be performed before the actual galvanic process to avoid adhesion problems due to the passivation layers that form on this metal.



Silver substrates follow a different process; a first deposition of galvanic silver metal is performed to eliminate the typical porosity that comes from the lost-wax casting products; this is followed by a rhodium plating, interspersed with a layer of palladium, which prevents the oxidation and blackening of the metal, leaving the silvery appearance.



In some cases, after the precious layer (typically 0.5–1 μm), a flash deposition is added (0.05–0.02 μm) to give a special color to the surface and therefore we talk about yellow gold, light gold, rose gold, black gold, etc. To obtain a particular effect, this flash deposit could also be partially removed by mechanical action, revealing the underlying layer.



3.1. Copper


The main copper deposition baths are alkaline cyanide-based or acidic solutions based on sulfuric acid, often used one after the other. Historically, the cyano-alkaline baths have been used as first but these are going into disuse because of their danger in operation and toxicity, due to the use of cyanide and disposal costs. They are still utilized to deposit a first layer of copper on non-precious metals that would be attacked by strong acids or which would be affected by an uncontrolled chemical deposition. The main components of these baths [69] are copper (I) cyanide, potassium cyanide, and potassium hydroxide, in addition to organic additives that improve the appearance of the deposit. Previously, sodium-based baths were also widespread, but potassium is gradually replacing them with better performance. Copper cyanide is an insoluble salt and because of this an excess of cyanide is added to facilitate the formation of a soluble complex. The operating temperature is between 25 and 60 °C, and higher temperatures allow to increase the current density, which is generally 0.5–4 A/dm2. The deposits from this bath have a thickness of 0.5–2 μm for a deposition time of 1–5 min. In these baths the anodes are made of very pure electrolytic copper which gradually dissolves, decreasing the need to add it as a salt; if the copper content in solution becomes excessive the anodes can be replaced with steel plates or mixed oxides. These baths have the advantage of being very penetrating and easy to control. The main disadvantages, in addition to the presence of cyanide, are the low efficiency (30%–60%: little metal is deposited with respect to the quantity of current supplied) and a low gloss and leveling (the ability to cover surface defects).



Due to strict environmental regulations, industrial firms are starting to implement low-impact baths for copper deposition. Good alternatives to cyano-alkaline baths are solutions based on copper and potassium pyrophosphates [70]. However, because of the hydrolysis and decomposition processes from which this bath suffers, the temperature should be in the range 22–30 °C and pH between 8.0 and 8.5. These conditions limit the operating current density, which is generally 0.6–1.5 A/dm2. Compared to the cyano-alkaline baths, the pyrophosphate solutions have a higher penetrating power, however, they are subject to organic contaminations and are less stable.



Acidic-copper baths [71], created to obtain a very shiny and leveling deposit, are now used in many sectors, from printed circuits, to electroforming and plastics metallization. These baths are typically simple to manage and inexpensive to maintain. The conductivity of the bath is very high and the current yield is close to 100%. The components of the bath are simply copper sulfate (II) and sulfuric acid, in addition to organic additives. Strong stirring is required in this bath using insufflated air. The typical operating temperature is low (20–25 °C), the current density is 1.5–3 A/dm2 and it is possible to obtain very shiny deposits even tens of microns thick during a deposition of 15–30 min. In this case the anodes are made of highly pure, oxygen free, copper with a content of phosphorous of 0.02%–0.08% and they must be coated with Meraklon bags (textile polypropylene) to prevent the detachment of black films from them if the process works at excessively high current densities.




3.2. Zinc


Zinc is the metal most widely used for electrodeposition. Historically, it is the element dedicated to the protection of ferrous materials from corrosion. This characteristic is due to two protection mechanisms: the first is physical; indeed, this metal oxidizes easily in contact with the air but, unlike iron, it passivates, forming a layer of compact and insoluble oxide, such that the atmospheric agents do not reach the underlying material. However, in the case of the presence of scratches or porosity, there is also an electrochemical protection. Indeed, zinc metal has an electrochemical standard potential that is very negative, and in particular more negative than iron, therefore, if rust is formed, a galvanic cell is activated in which the zinc is sacrificed by acting as an anode, restoring the metallic iron. In recent times, iron has been replaced by aluminum in many fields, but similar galvanizing processes are still used even on this metal. Furthermore, in order to provide aluminum with a different metallic finish, zinc must be used as an intermediate layer to promote adhesion. In analogy to copper baths there are alkaline and acidic zinc solutions [72]; the first one was also the first employed with the use of cyanide. They were economically favorable and they required simple management, but due to environmental and health restriction laws the acidic bath is currently the only one present on the market. The zinc deposits are typically 5–15 µm thick, grown at a current density of 2–3 A/dm2 and the solutions are based on sulfate and chloride compounds. Recently, new formulations for the co-deposition of zinc alloys have been studied to improve the mechanical properties and corrosion resistance of pure zinc coatings [73,74].




3.3. Nickel


Nickel plating is another very common galvanic process. Being a very glossy deposit, it is often used for decorative purposes, accessorizing and jewelry, as a finishing or intermediate layer; but also has good technical characteristics of weldability, adhesion, magnetic properties and corrosion resistance [66,67], which makes it perfect also for the automotive and electronic industries. Depending on the applications, baths could be used that provide glossy or opaque deposits. Many formulations are available, but the best known, from which many are inspired, is without a doubt Watt’s baths. Even if this metal is still widely used, health regulations have restricted its use, particularly with regard to wearable items [75,76]. Still used for accessories such as shoes, belts, and bags, it has been practically banned for products that directly contact the skin. Following this, two new denominations are used: nickel-free and hypoallergenic-nickel, or simply hypoallergenic. The nickel-free appellation refers to the fact that all products are completely free of the metal both on the surface and in the underlying layers, alone or in alloy with other metals. The term hypoallergenic, on the other hand, refers to an object that has an internal layer of nickel or an external nickel alloy, but which, if subjected to conditions of strong corrosion, does not release this metal [77,78].




3.4. Bronzes


The electrodeposition of bronzes is a relatively recent technique born from the need to replace nickel in decorative applications in contact with the skin for hypoallergenic purposes [79,80]. Like nickel, bronze acts as a barrier layer, preventing, or limiting, the diffusion of the underlying copper towards the outside. The bronze baths are basically divided into two categories: the yellow bronzes and the white bronzes. As can be deduced from the name, the former has a more yellowish appearance while the latter exhibits a silver hue; this characteristic is attributable to the percentage of copper present in the alloy compared to tin (and to the minimum part to zinc). Despite the difference in the deposit, it is not mandatory that the ratio of metals in the composition of the bath be the same: indeed, the yellow and white bronze baths can have almost the same amount of metals but, varying the amount of cyanide and potash, it varies the deposition of the components. Even the maintenance that these baths need is the same. As mentioned, these are alkaline cyanurate baths in which there are two main metals (copper and tin) supported by at least a third (zinc), but there may also be other metals (palladium, indium, etc.) to confer particular chemical-physical characteristics to the coating. This type of bath requires continuous maintenance in order not to unbalance the alloy and keep unchanged the amount of cyanide (which slows down the deposition of copper favoring the tin) and potassium hydroxide (which slows down the deposition of tin favoring the copper). Furthermore, the pH must be kept strongly alkaline (>12) to avoid the precipitation of the tin (amphoteric) in the form of hydroxide. The operating temperature is high (55–70 °C) and anodes with mixed oxides are used. The required current density is approximately 1 A/dm2 and deposits of 2–7 μm are obtained for deposition times of 10–20 min. Even if the electroplating of bronzes is a process studied from more than twenty years, the research in this field is still very active and it is focused to increase both the bath stability of both the bath and the wear resistance of the final coating. New formulations varying the ratio among Cu, Zn, Sn, and other noble metals are under investigation [81]. In these alkaline solutions, the tin is generally in present the stable form of Sn(IV) and copper as the monovalent ion Cu(I). New types of baths without cyanide have been studied, exploiting Cu(II) and Sn(II), stable in acidic electrolyte, also providing improvements in the electric efficiency.




3.5. Palladium


The electrodeposition of palladium metal has been known since the nineteenth century [82], but its use became common only in the 1980s, when new legislative measures banished nickel from objects intended for use in prolonged contact with the skin. Palladium is used both as a final coating and as an intermediate layer to improve corrosion resistance, increase the adhesion of subsequent precious deposits, and to act as a diffusion barrier layer [83]. Palladium deposition typically takes place in two steps of a first pre-palladium “strike” followed by the thick deposit of 0.5–1.5 μm. There are both acid and alkaline baths. The acidic formulations are easier to prepare, but have some disadvantages, including stability, metal pollution, and aggressiveness towards the substrate. For this reason, the most common commercially available baths have a pH higher than 9, in which the metal is stabilized in the form of an ammonia complex. The most widespread compound is PdNi alloy [84], which is employed in industry to limit the use of gold in connectors or as a substitute for lead-based solder alloys. In recent years, electrodeposition has also spread to palladium-iron alloys [85], especially for wearable objects. The main limitation of this deposit is the presence of microcracks due to the co-deposition of hydrogen. In recent times doubts have emerged also on the allergenic power of this metal; specific studies are still underway although legislative measures are already being evaluated [86,87].




3.6. Gold


The electrodeposition of gold is a very broad subject because, being the final layer, many variations are required to optimize both the appearance and the composition [88,89]. The gold finishing is employed in a large number of fields due both to its electrical and anti-corrosion properties, as well as its aesthetical properties. The gold alloys range from 12 kt up to 24 kt: low grade alloys (12–18 kt) have applications in electronics as electric contacts, while high grade alloys (18–24 kt) are mostly used for decorative purposes. There are gold deposition baths of both acidic, neutral, and alkaline baths, which use cyanurate salts of gold with valence I or III, with numerous secondary metals: Fe, Cu, Ni, Co, Ru, and Ag, etc. The main distinction that is made between these baths is based on the maximum thickness that they are able to deposit, thus distinguishing “thick” baths and “color” baths. The former has a higher concentration of gold (1–3 g/L) and allows to obtain typical deposits up to 3 μm; in these baths gold is usually alloyed with iron, obtaining a yellow deposit, or nickel, for a lighter coating, also called 1 N. If the color of these deposits is the one required, the object is considered finished, otherwise it goes to the color bath. They are characterized by thicknesses less than 0.2 μm and precious metal concentrations lower than one gram per liter. There are yellow [90], light and white [91], pink [92], and blue [93] golds. Moreover, the so-called black golds, containing Co and Ru in the alloy, are also on the market [94]. They can act as a final color or, thanks to their remarkable softness, can be partially uncovered to give the object an “antique” look.



Typically, the gold baths do not require much maintenance and have a very long life. The necessary corrections are only carried out to adjust the color, acting on the ratios of the various metals. Nowadays the majority of gold electroplating baths use cyanide electrolytes or cyanide gold salts. These compounds are very dangerous for human health; major research efforts are now focused on finding valid alternatives by using non-cyanide formulations [95].




3.7. Other Metals


In addition to the metals and alloys which have already been discussed, there are numerous electrodeposition processes for various applications. Silvering is used both for decorative purposes and in electrical engineering for electrical contacts (since this metal is cheaper than gold), but also in optical applications due to its high reflectivity. Silver is also deposited on objects of the same metal, obtained through casting, to reduce its porosity. Silver baths are characterized by very high concentrations of cyanide (up to 200 g/L), and silver metal bars are used for the anodes [96].



A commonly used finishing on silver is rhodium. Rhodium does not darken, and is hardly attacked and corroded. It has high hardness, and is also an extremely light and reflective metal. These features lead to its use in both the technical and decorative sectors. Rhodium is generally deposited from acidic solutions based on sulphates or phosphates [97]. Platinum usually competes with rhodium for use in applications, as these two share many features of resistance to corrosion and gloss. Moreover, platinum is even more inert, even if it is not as hard. Rhodium baths have been preferred for a long time to those of platinum because of their simpler formulation, but platinum is the most effective for particular electronic applications and high temperature (aeronautics) applications. Moreover, the deposition of platinum on less-noble metals (e.g., titanium and tantalum), makes it excellent for the production of inert electrodes, anodes for the electrodeposition of noble metals, and cathodic protection. After the formulation of new simpler baths, this metal has also been incorporated in decorative finishes [98].



Compared to other metals, ruthenium has a relatively recent history of electrodeposition. The main interest lies in the economic convenience of the metal compared to rhodium and platinum, despite the fact that they share many chemical and mechanical characteristics. The most-used salts of ruthenium are sulfamates, chlorides, and the corresponding nitrosilic compounds [99]. The metal is generally used in the trivalent form, but it can partly and spontaneously form the tetravalent ion, making the calculation of the cathodic efficiency complex. The metallic ruthenium deposit is grayish-white in color, similar to rhodium and platinum, but the “black ruthenium” formulation can also be found on the market, in which specific additives are incorporated into the deposit to obtain a dark color [67].



Chromium is another metal used both for decorative purposes (thin layers) and for technical-mechanical purposes (thick layers) [100,101,102]. It is among the hardest and most glossy deposits. Historically, its deposition has been substantially different from all the others (until now), because the metal cation is not used, but instead the anion (chromium and dichromate) in which the metal is contained. However, due to the toxicity of hexavalent chromium and related legislative restrictions, solutions based on trivalent chromium chlorides and sulphates are also taking hold [103]. There are still many other metals that can be electrodeposited and which are used for several applications (e.g., iridium, iron, cobalt, manganese, indium, thallium, bismuth, etc.). However, these metals are generally used in alloys with other metals to improve both their decorative and technical characteristics, rather than being used individually [13].





4. Industrial Trends and Environmental Impact


With the increasing requirements on performance, quality, functionality, and reproducibility of the plated piece the metal finishing sector is changing considerably. Improvements in plating technology and increased variability in customer preferences have meant shifts in the traditional share of markets in order to comply with the strict requests on new coating qualities and performance. Several official statistics reveals electroplating now dominates the global metal finishing profits with almost 40% of the market share and it is expected to be over US $21 billion by 2026 [25]. The process is uniformly distributed among the different national sectors following the plating trend Ni ≈ Zn > Cr > anodizing > Au ≈ Ag > electroless [1]. For each plating process variable procedures are available depending on the particular industry and operators’ skills. Some of them are complicated or unprofitable and they might pose industries at risk due to high personnel and energy costs. The trend towards globalization is forcing small and medium-sized enterprises to increase their level of automation and resource efficiency by implementing new electrolyte design and galvanic layer identification. Through automatic plants both physical and chemical parameters can be controlled, thus leading to more reproducible results. The integration of a statistical experimental design and the evaluation of the galvanic layers’ performance is now a status quo in many sectors [104]. The real challenge for the industry of the future is the sustainable control of the effluent water and the final disposal of chemicals at low investment costs. Plating operations are headed by ultrasonic cleaning, stripping of metal surfaces by alkali, and surface activation with acids. Rinsing with water is performed after each step of the electrodeposition. Rinsing, cleaning, and stripping are the main sources of wastewater, which has to be collected and treated for reuse in the production line and for external discharge. Wastewater generated by the electroplating processes are highly toxic due to the presence of cyanurate compounds, and heavy metals such as Cu, Zn, As, Be, Cd, Pb, Cr(VI), and Ni [105,106]. Specifically for wearing and decorative applications, another aspect to be considered is the degree of metal release in a particular object. The prolonged contact with nickel, cadmium, lead, cobalt, and beryllium are cited by toxicological studies as dangerous [107] and regular authorities are limiting the exposure to alloys containing these metals.



4.1. Nickel


Among heavy metals, nickel has been listed as a major source of concern for the human health. The subjects majorly exposed to nickel and its alloys are workers of the electroplating industry. Examples of nickel containing alloys are nickel copper, nickel silver, and white gold. The release of nickel into the atmosphere during the manufacturing process may lead to respiratory diseases in human and increase the risk of carcinogenicity by inhalation of dust and fumes [108,109,110]. In addition, skin contacts with nickel during cutting and welding operations may lead to dermatitis in allergenic subjects [111,112]. Similar effects have been also observed in people wearing inexpensive jewelry or using stainless steel accessories [113]. The sweat present on the skin’s surface might cause metal dissolution and subsequent tissue absorption, with potentially harmful local and systemic effects [114].



According to the REACH (Registration, Evaluation, Authorisation, and Restriction of Chemicals) regulations, the nickel content in alloys is limited to 500 ppm (0.05%). The reference standard for coated accessories is the leaching test under EN 12472:2009 [115] followed by the determination of nickel release under EN 1811:2015 [116], which sets the limit at 0.5 µg/cm2/week. Articles that do not pass these tests shall not be placed on the market. The released nickel amount is generally measured through electrochemical methods or inductively coupled plasma (ICP) after dissolution in an artificial sweat solution for different periods of time (1 h, 24 h, 1 week, and 1 month). Several studies have been published on the influence of sweat components on the degree of nickel release from copper-nickel [117] and white gold alloys [118]. The results demonstrated the relevance of pH and compounds such as lactic acid and urea on metal corrosion, and provided in vitro data on the bioaccessibility of the metal at simulated skin contact. To prevent metal release from alloys, several authors have recommended the use of topcoats over bright nickel coatings [119,120]. Conventional chromium deposition from hexavalent electrolytes is the best low-cost commercial coating. However, due to strict legislative limitations, nickel baths are now replaced with different galvanic depositions, such as white bronzes, palladium, or palladium-iron systems. Moreover, a good alternative to nickel in PdNi and ZnNi deposits is indium, at a percentage varying between 10% and 20% [121].



In addition to restrictions on wearable items, nickel is also subject to environmental pollution limitations, due to its nature as a heavy metal [122,123] that has been widely used in the automotive industry, for corrosion resistance, and for electronic applications as an intermediate layer between copper contacts and gold coating.




4.2. Lead


Lead was a metal vastly used in jewelry to brighten colors, anti-corrosion agent and make the accessories heavier, today the main application is in lead accumulators, in which copper or aluminum substrate in contact with sulfuric acid is plated with lead [124]. However, its use in alloy is restricted to less than 0.05% in weight due to high toxicity. Toxic effects of lead have been known for a long time [107]; if present in the environment it accumulates in the human body, damaging tissues and the nervous system. Restrictions on its use is especially important in jewelry and toys due to children’s vulnerability to lead poisoning [125,126]. The reference standards for the determination of total lead in a sample are ISO 105-E04:2013 [127] and EPA 6010C:2014 [128].




4.3. Cadmium


Cadmium is another banned substance due to its carcinogenicity for ingestion or inhalation. Long-term exposure to this metal leads to renal dysfunction, lung disease, and bone problems. Cadmium is present as an alloy in jewelry [125,129], gold deposits for electroforming or as a stabilizer in non-metal components. It is usually added to alloys to impart specific technical and functional properties to the metals. The REACH 1907/2006 European regulations set the limit to 0.01% (100 mg/kg) by weight of metal. In Au/Cu/Cd alloys cadmium is replaced by indium due to similar anticorrosion properties [130]. As in the case of lead, the reference standards for the determination of total cadmium in a sample are ISO 105-E04:2013 [127] and EPA 6010C:2007 [128].





5. Quality Control of Electroplated Products


One of the main aspects of a manufacturing company is to manage the quality of their product and take action to improve their performance to be competitive in the market. From an industrial perspective quality is seen as being the fraction of products that are made right the first time in each of the various stages of the production line. Establishing a quality assurance program by planning resources dedicated to screening is therefore of crucial importance for operation managers. Especially in the electroplating industry a proper balance between expenses, functionality, and quality should be considered. Today, the cost growth of raw materials and the even more rigid consumer requests drive the quality control process towards a “zero defect manufacturing”, forcing companies to move their business from inspection- to diagnosis-oriented strategies [131].



Although there are no definite regulations regarding technical specifications for the final performance of an object, every industrial firm must demonstrate that a product will pass several tests in order to be accepted by the customer. Specific to galvanic deposition, standard analysis includes: hardness and wear resistance, color assessment, and general surface quality of the end products. Moreover, depending on the artifacts’ use and the surrounding environment in which they are introduced, resistance to corrosion and adhesion are measured. In the following sections the state of the art of industrial quality control is discussed highlighting the future research trends.



5.1. Real Thickness Determination


A fundamental parameter in quality control is the precise determination of the electrodeposited thickness. Depending on the type of alloy system and/or layer numbers the end products might have different mechanical properties. For example, a thick deposit can be under very tensile stress and possibly not adherent, and especially if it is made of precious metal, it turns out to be a significant profit loss. On the other hand, if the layer is too thin, gloss, diffusion, color, and corrosion problems might occur.



The most common methods for measuring the thickness are through scanning electron microscopy (SEM) of metallographic cross-sections or using X-ray fluorescence (XRF). Cross-sectional analysis allows acquiring a direct image of the layers’ sequence and then measure the thickness, so quantification is very simple even if the operator needs some foresight in the case of ill-defined edges. The main disadvantages of this approach are the high cost of the instrument (€60,000–200,000) and the sample preparation, which is slow and destructive. On the other hand, XRF allows for non-destructive and fast measurements, keeping the cost low.



The price for a benchtop instrument is around €40,000–60,000. The analysis is based on illuminating the sample with X-rays and measuring the fluorescence. Using an appropriate calibration curve, the thickness of all the layers can be measured, with a typical 10% standard deviation. The main drawbacks of this method are the need to know the exact sequence and composition of all the layers, in order to measure the thickness, and the impossibility of measuring layers in which a certain element is repeated: for example, in a typical deposition bronze/copper/brass, the copper layer cannot be measured because it is present in both the deposits and brass, while bronze can be measured by analyzing the tin and correcting the result based on its percentage in the alloy.



In 2018, Giurlani et al. [132] developed a new methodology based on X-ray microanalysis for the determination of the thickness and the composition of electrodeposited thin films. The proposed method employed a combination of energy dispersive microanalysis spectra acquisition and Monte Carlo simulation. This method has better lateral resolution than the XRF technique currently used in the galvanic industry and allows reliable measurement on thin (less than 500 nm) precious metal films with the capability to determine metals in the 1% concentration range. The approach was validated by the analysis of electrodeposited plates with known metal thickness using various approaches and custom-made software. The results were compared with other techniques showing an uncertainty of 9%, which is consistent with the literature data obtained using real standards [133]. The method has been validated on copper-based substrates covered by a layer of gold-nickel alloy.




5.2. Color Assessment


The exact determination of the color has a central role in the quality control of electroplated deposits. At a first sight the task may seem trivial, since color measurements are easily accessible even to untrained personnel. However, environmental factors, as well as intrinsic properties of the objects might generate inconsistent data [134], thus causing communication problems between the producer and customer.



The formalism commonly used for color assessment is the Lab color space (also named CIELAB and CIE1976 [135]) in which the three coordinates L*, a*, and b* are taken into account. L* identifies the brightness with values from 0 to 100, a* the red-green component (a* > 0 red, a* < 0 green), and b* the yellow-blue component (b* > 0 yellow, b* < 0 blue). The coordinates a* and b* do not have fixed limits but are generally in the range of ±100. The color coordinates a* = b* = 0 represent grays. When discussing perceptual differences between target and sample colors, several metrics have been proposed in the past [136]. The first historical approach, which is also the simplest and consequently the most commonly used, defines color perception as the Euclidean distance between the coordinates of two different colors [135]:


  Δ E =      (   L 1 *  −  L 2 *   )   2  +    (   a 1 *  −  a 2 *   )   2  +    (   b 1 *  −  b 2 *   )   2       



(11)







Generally, the just notable difference (JND) to distinguish the color difference between two samples placed one next to the other is for ΔE* < 1; however later studies evaluated the proper threshold as low as ΔE* = 2.3 [137].



In practice, companies generally tend to give an acceptable range for the colorimetric coordinates (L* ± dL; a* ± da; b* ± db), whose values are defined by the customer.



Colorimetric coordinates are obtained from the mathematical combination of illuminant and sample reflectance spectra and the tristimulus color matching functions, which determines how the eye perceives the chromaticity [138].



Aside from improvements in the prediction of subjective visual alterations from instrumental measurements, precise color assessment is still a matter of discussion among scientists and a strategic challenge for private companies [139]. For example, color matching and harmony between metallic parts in automotive applications demand specialized skills and efforts in process control [140]. Moreover, the tiny dimensions and irregular patterns of fashion accessories require the use of colorimeters with very small apertures and/or expensive analytical methods. In 2017, Giurlani et al. [141] discussed the implications of surface finish, texture, and instrumental settings on color tolerance of electrodeposited surfaces. The authors compared the color output operated by colorimeters generally used in manufacturing with a UV-Vis spectrophotometer and discussed the reproducibility among various fashion companies. They found industrial differences are significantly perceptible compared to exact data with a tolerance 1 < ΔE* < 3.




5.3. Surface Inspection and Mechanical Properties


The ability to discriminate features from normal and defective regions of artifacts is of primary importance. Galvanic industries have to guarantee surface integrity and product performance over a defined time period. Defects generally occurring during the electroplating process include dull or burnt deposits, poor coverage, and tarnishing. Moreover, non-precious alloys, such as brass, bronze, and ZAMAK (zinc, aluminum, magnesium, and copper alloy) are exposed to oxidation and corrosion. Especially for decorative sectors the generation of a thin film patina affects the value of the article.



Surface inspection has been, for a long time, a human task generating high workload and misinterpretations. Today, the integration of automatic visual systems in the production line is actually improving product quality control, thus reducing costs and increasing the production rate. Although literature on machine vision systems is vast, works focused on the surface examination of electroplated product is scarce. Most studies are related to phenomena occurring prior to the deposition process, such as scratches and holes by polishing and grinding [142,143].



The first comprehensive paper on automated electroplating defects inspection appeared in 2005 [144,145] where a comparative analysis of vision systems has been presented. Byrne and Sheahan from the UK built a solution consisting of a high-speed color camera using a constant white light source and an image acquisition system with real-time feedback. The previous approach resulted in the inline traceability and detection of a wide range of defects with a tolerance of about 14%. Using the differential design of experiments analysis, the authors demonstrated a 30% reduction on the defective parts per million in a selected manufacturing company.



Later works by Poroch and Kumar in 2011 [146] used statistical methods in the quality evaluation of electroplating deposits by considering process, equipment, and materials properties. Their comprehensive studies opened new directions to achieve defect free products in any electroplating industry.



Other essential parameters for the quality control of decorative and protective coatings are hardness and adhesive wear. Thin metal films exposed to external stresses and temperature changes are subjected to mechanical deformations, which could affect the quality and therefore acceptance of the delivered goods. The adhesion between two metal layers is determined by the force needed for the detachment of the coating from the base, and it is the resultant of several factors such as the porosity of the base surface, the methods of surface activation, bath composition, and differences in plasticity and thermal expansion between metal base and top coats.



The methods for examining the coatings’ adhesion are classified as qualitative and quantitative, and are described in detail in several scientific papers and in reference standards. These mechanical tests play an important role in the evaluation of product durability. The earliest tests are fast and easy to perform; however, they do not provide information on the bonding forces between the metal base and the coatings. International standards describing qualitative examinations are thermal shock under ASTM B571-97:2008 [147], the network of cuts method under ISO 2819:2017 [148] and ISO 11644:2009 [149], and the tape test under ISO 11644:2009 [149]. The generation of blisters or exfoliations during a product’s examinations indicates weak adhesion and therefore acceptance failure.



Though difficult, the quantitative assessment of coating adhesion allows measurement of the binding force between the base metal and the topcoats. A typical standard is the tensile testing under ISO 105-E03:2010 [150], which permits quantification of the tendency of hard thin top layers to cracking and delamination. Specifically, tensile tests and biaxial stress measurements are extremely important to assess adhesion failures on aluminum and electrodeposited copper alloys [151,152]. Research on the mechanical behavior of nanolaminated composites and alloys is a relatively new field, and the development of interfacial adhesion models to predict experimental observations is still challenging [153].




5.4. Corrosion Resistance Tests


Product durability is a fundamental aspect which a producer must deal with. Mechanical tests were presented in the previous sections, but the chemical corrosion must also be evaluated. Contrary to the other properties to be characterized, the effects of time and environment on a sample are not quantities that can be measured a priori, since we are obliged to wait for their occurrence. However, there are many official methods to simulate accelerated aging. Industries sometimes carry out corrosion tests after mechanical tests in order to obtain a more pronounced effect, as in the internal quality control of the products.



The most common international corrosion tests are: the effects of exposure to damp heat with or without leather (ISO 4611:2010 [154] and ISO 17228:2015 [155]), resistance to synthetic sweat (ISO 3160-2:2015 [156]), salt spray test (ISO 9227:2017 [157]), and tests with chemicals derived from atmospheric pollution, such as thioacetamide (ISO 4538:1978 [158]), sulfur dioxide, and nitric acid ISO 4524:2000 [159].





6. Conclusions


In this review, we provided an overview of the electrodeposition of metals and metal alloys with particular attention paid to industrial applications. The theoretical part was explored to understand the phenomena that lead to the deposition of one or more metals. Then, baths used to obtain the most common deposits were specifically analyzed. Several application sectors were considered, from decorative purposes to wearable ones, but also technical, electronics, automotive, urban planning applications, etc.



In this work, while underlining the strong connection of the main topic with the scientific and academic world, we also wanted to give a review of applications in the industrial sector because these two worlds, which are gradually moving in separate directions, can work together to share a reciprocal benefit. Keeping this in mind, we extended the discussion to legislative regulations and characterization methods for the deposits in order to get a complete overview on the topic.



Although timidly present at the academic level, research in this sector is very active and, above all, necessary at the industrial level in order to overcome the current limits, to anticipate legislative restrictions, and to progress technologically with new materials. The hottest topics currently in the research are the reduction of precious metal content from deposits (e.g., from 24 kt gold to 18 kt gold) [160,161] while maintaining good corrosion characteristics, mainly acting on the porosity and compactness of deposits, as well as the use of new alloy materials; the replacement of cyanide from many baths with non-toxic compounds [162]; the elimination of heavy metals which are more or less harmful, such as cadmium, nickel, and palladium [106]; new methods of the management and control of waste and waste water, alternative engineering [163,164,165] processes, and the synthesis of new alloys.



For some of these topics, research is ahead of others, as we have shown in this work, but further improvements and innovations are needed everywhere.
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Figure 1. Schematic of an electrochemical cell. WE: working electrode; RE: reference electrode; CE: counter electrode; SB: salt bridge. 
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Figure 2. Scheme of transport regimes as a function of the distance from the electrode. 
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Figure 3. Deposition region dependency from applied potential. 
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Figure 4. General scheme of the most common electrodeposition processes. The boxes’ color differentiates between the base metals (gray), intermediate depositions (blue), and the finishing layers (green). 
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