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On the potential of combining dry and wet coating 

processes 

  

Summary 

The aim of the present whitepaper is to recommend future directions for the European surface 

technology industry to remain relevant and competitive, and furthermore, to suggest supportive 

actions stimulating this development. This is done from a pan-European view based on an 

analysis of the potential of combining dry (typically PVD) and wet (typically electrolytic) coating 

processes for obtaining optimal functionality. The work has been carried out by a group of 

European experts representing different sectors and regions.  

The potential of combining dry and wet processes is illustrated by a number of innovative cases 

in which members of the European Academy of Surface Technology (east) have been engaged. 

One challenge in combining dry and wet processes is that these processes traditionally are carried 

out by physicists and chemists, respectively. Few organisations have the combined skills and 

facilities available. Another reason is that a combined coating system is likely more costly. 

Therefore, the added value due to increased quality of the combined coating system should 

exceed the extra costs. 

When developing combined coatings, the coatings together with the substrate should be 

considered as a material system to create material solutions that would not be possible without 

combining dry and wet processes on the substrate.   

 

 

Introduction 

Research on and the use of products with surface layers from two completely different families of 

coatings technologies is not new. Many of us drive cars whose bodies are galvanized steel coated 

with a multilayer paint system. A simple search on “Google” brings up a number of manufacturer 

adverts such as e.g. AD CCT, a division of AD International offering thin organic coatings 

applied in a continuous process combined with hot dip galvanizing of steel strip (or other metal 

substrates), resulting in unique functional surfaces with benefits such as anti-fingerprinting and 

enhanced corrosion protection.  

Another example of dual layer coatings utilizing organic coatings based on physical vapour 

deposition (PVD) component, was presented by G. Vergason of Vergason Technology Inc, at 

NASF SUR/FIN 2018, in Cleveland, Ohio on June 4, 2018 in Session 6: ”Advances in Surface 

Finishing Technology II - New Trends in Surface Finishing”. Vergason Technology Inc 

presented an environmentally safe alternative to decorative Cr6+ electroplating of polymer 

substrates. The new process involves a two-layer, selective coating process which incorporates a 

specially developed UV-cured paint as the base coating with a sub-micron thick PVD chromium 

top coating having a visual appearance of hard chrome. 

Electrodeposition as a wet process is a good candidate for a dual layer coating system, because of 

flexibility of operation, wide range of metals and alloys plateable, wide range of properties 

available and good throwing powers. For several decades research has been conducted into 

combinations of vacuum and plasma, and aqueous electrodeposition to enhance and protect, in 



4 
 

particular, polymer components. As an example of this, Carbon-fibre-reinforced plastic 

composites (CFCs) were metallized using plasma etching and plasma deposition methods in 

combination with a conventional copper electrodeposition process [1]. Sputtered copper and arc-

ion-plated Cu and Cr were investigated as an adherent intermediate layer between the CFC and 

the electrodeposited Cu top coating. Arc-ion-plated Cr-Cu two-component layers and multilayers 

were developed, giving high coating adhesion to the CFC and a high electric conductivity for a 

following electrodeposition process. 

TiN films have been deposited by reactive conventional DC magnetron sputtering over 

intermediate electrodeposited or electroless deposited Ni layer providing corrosion protection and 

as a supporting layer on a mild steel substrate, to ensure optimum corrosion protection [2]. An 

intermediate layer of electroless deposition does not only ensure corrosion protection for the TiN 

coated component but also conferred higher hardness than TiN alone on steel alone. Wänstrand et 

al. [3,4] used a similar concept when studying tribological duplex coatings on soft substrates. 

They showed that a thick intermediate layer of electroplated Ni (340 µm thick) between a soft 

substrate of aluminium or steel, and a thin functional vapour deposited top coating (aCH, WC/C 

and MoS2) improves the load-carrying capacity and the tribological performance. The applied 

electroplated Ni layer was relatively hard (460 HV), but an even harder intermediate layer, e.g. 

electroless Ni-P is predicted to further improve the load-carrying capacity. Thus, a thick 

electroplated hard layer offers an alternative to surface hardening processes such as, e.g., plasma 

nitriding as potential load-carrying layers under PVD and PACVD top coatings.     

The structure and properties of electrodeposited chromium films after plasma nitriding have been 

studied. Plasma nitriding caused the network of cracks in the Cr deposit to disappear; CrN and 

Cr2N compounds formed in the outer part of the chromium film and a C-N diffusion layer at the 

interface of the chromium film/substrate. The combined process also increased the surface 

microhardness and corrosion resistance markedly, but the critical load was slightly decreased [5]. 

 

 

The challenge 

It has been stated that the cost structure of plasma-based processes (“dry processes”) is of the 

same order of magnitude as electroplating processes (“wet processes”) [6]. At a first glance, this 

is not an obvious conclusion since dry processes are intuitively thought to be dominated by high 

investments. However, thorough analyses reveal that the operating costs are just as important. 

The cost structure of wet and dry processes is thus of the same size. In principle, at sufficiently 

large volumes, an additive combination without substitution of a wet plating process with a dry 

process or vice versa should therefore only, at the most, double the price of the surface finishing 

treatment. Based on this, it should not be that prohibitive, from a cost perspective, to identify 

areas where the obtained performance benefits could potentially counterbalance the cost structure 

when combining wet and dry processes. Different products are already commercially available 

combining wet and dry processes. An example of this is cutting tools precoated with a nickel 

barrier layer, in order to prevent oxidation of the underlying cemented carbide layer, before 

adding a PVD-based hard coating [2]. TiB2 coatings on special tools are also available based on 

PVD titanium deposition followed by boriding at elevated temperatures [7]. Taps and 

kitchen/bathroom accessories, door handles are available. This process provides a corrosion 

protective layer on top of which a decorative PVD colour layer is deposited which might also 

have a wear-resistant function [8,9]. The same corrosion/colour solution is also found in the 

jewellery sector [10]. Car rims are available made from electropolished aluminium followed by a 

PVD colour layer and a protective lacquer [11]. 
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A working group under the European Academy of Surface Technology (east) has summarized 

pros and cons when combining wet and dry or dry and wet processes.  

 

Table 1: Pros and cons of combining wet and dry processes. The list is based on the output 

from a discussion group under European Academy of Surface Technology (east). 

Positive effect of combining wet and dry Negative effect of combining wet and dry 

New innovative solutions can be developed. Cost increases due to combination of two 
types of processes. 

It becomes possible to electroplate non-
conductive materials without applying complicated 
and expensive chemical pretreatments. 

Increased process complexity. 

A combination of properties e.g. colour and 
corrosion protection, hardness and corrosion 
resistance, etc. can be obtained. 

Vacuum chamber sizes are not that often 
compatible with the capacity of wet 
plating facilities. 

To eliminate this drawback, one should 
look only for cases where this constraint 
does not occur. 

Different types of materials and chemical 
composition, e.g. metal with ceramics, metals with 
oxides, etc. can be obtained. 

Tumbling not that easy in dry 
configuration due to line-of-sight issues 
as compared to wet processes. 

Deposition of metals which cannot otherwise be 
electroplated (e.g. Al and Ti which are not easily 
electroplated).  

Compatibility of sample fixation not 
straight forward when transferring from 
wet to dry processes and vice versa. 

Obtaining a combination of metals (alloys) which 
is otherwise not available by electroplating e.g. 
electroplated nickel and PVD aluminium alloyed 
together by heating at elevated temperatures. 

Continuous processes (e.g. roll-to-roll) in 
wet processes are not that compatible 
with dry processes. 

Diffusion processes: e.g. carbiding, nitriding, 
boriding or even atmospheric plasma processes. 
Deposit thick layers and combine with in-diffusion 
of C, N or B forming e.g. TiB2 or CrNx. 

 

Avoid dangerous and environmentally 
questionable chemistry. Transition towards green 
chemistry. 

 

Solutions may avoid critical materials.  

Adhesive and seed layers deposited with PVD 
can serve as basis for electroplating on non-
conductive substrates. 

 

 

The major drawbacks of combining wet and dry processes are associated with increased cost 

issue and sample fixation issues being radically different for wet and dry processes. However, as 

long as this is counterbalanced by an increase in the performance, reliability, quality, etc. for the 

coated devices, the obtained material solutions might be so beneficial that the performance/price 

ratio is high enough to match customer expectations. If this is the case, there should be a market 

for the combined solutions.   

Below is summarised a list of possible solutions and/or surface functionalities that may be 

obtained by combining wet and dry processes. 
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Table 2: Possible surface functionalities and properties that can be obtained by combining 

wet and dry processes. The list is based on the output for a discussion group under 

European Academy of Surface Technology (east). 

Unique and improved properties 

• Improved adhesion (sputter cleaning)  

• Barrier layer  

• Stress optimization – even designed stress profiles 

• Higher hardness – even a hardness profile 

• Tribological properties combined with corrosion protection 

• Magnetic properties combined with corrosion protection 

• Combining colour and optimized corrosion properties 

• Catalytically active surfaces combined with corrosion protection 

• Adding hydrophobicity / hydrophilicity to property optimized surface 

• Oxide topcoat by reactive PVD or by combining with anodization or plasma 
electrolytic oxidation (PEO) 

• Thicker coatings 

 

 

In the field of surface engineering, deposition technologies have evolved significantly to meet 

industrial demands for functional and decorative coatings. Dry deposition techniques such as 

Physical Vapour Deposition (PVD) and wet processes like electrochemical deposition (ECD) are 

both crucial, each offering specific advantages depending on the application.  

In the following we will present some innovative cases developing novel functional surface 

properties. All the cases have been developed with involvement by east members. 

 

 

CASE 1: Decorative Layer Production: PVD Niobium Deposition and Anodization 

The decorative surface treatment of consumer and industrial goods is a cross-sectoral application, 

traditionally dominated by wet techniques like electroplating. However, dry processes such as 

PVD, particularly magnetron sputtering, have become established alternatives due to their 

environmental advantages and the high-quality surfaces they produce [12]. 

A notable method for creating colourful surfaces involves a two-step process: PVD deposition of 

a “valve metal” followed by anodic oxidation. Valve metals include the metals Ta, Nb, Ti, Al, Zr, 

Hf and their alloys [13]. The term “valve metal” refers to materials, which will anodize only to a 

specific thickness, and this thickness depends on the magnitude of the voltage applied to the 

material and the material itself. Once the layer is anodized to that specific thickness, more current 

can pass through the material only by increasing the applied voltage.  

In the first step, a thin, uniform valve metal film such as niobium is deposited onto a substrate by 

magnetron sputtering. Niobium, a high-melting, corrosion-resistant metal, provides an excellent 

basis for subsequent surface modification. In the second step, anodization is performed in an 

aqueous electrolyte such as citric acid [13]. Anodization builds a thin, transparent oxide layer 
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whose thickness – and therefore optical interference colour – can be precisely controlled by 

adjusting the applied voltage. Approximately 1 V corresponds to an oxide thickness of 1 nm, and 

the applied voltage typically ranges between 20 and 100 V [12,13]. 

This method enables a broad colour palette, including rainbow hues, suitable for a wide range of 

substrates such as metals, ceramics, glass, and polymers. Two examples of the creation of colour 

palettes using anodized niobium at the fem (Forschungsinstitut Edelmetalle  Metallchemie) are 

shown in Figures 1 and 2. The process self-terminates locally when the desired oxide thickness is 

achieved, leading to highly uniform colours across complex three-dimensional parts [12]. To 

improve the wear resistance of these thin colour layers, a transparent SiO2 or SixAly-oxide layer at 

least 1 µm thick can be deposited as a top layer [15]. 

Applications are diverse, including jewellery, eyewear, consumer electronics, and even surgical 

instruments requiring colour-coded identification. Importantly, immersion tests demonstrated that 

niobium-oxide-coated components are resistant to sweat corrosion and meet biocompatibility 

requirements by limiting nickel release from underlying stainless steels [12]. Thus, the 

combination of PVD and anodization provides an eco-friendly, versatile alternative for producing 

highly decorative and functional surfaces. 

 

 

 

Figure 1 Coated niobium substrate, which was 
stepwise removed from the electrolyte during 
anodization [14]. The anodization voltage was 
in the range of 20-60 V. 

Figure 2 Niobium-coated spectacle frame 
and substrates from the EU-CRAFT project 
COLOUR-PVD after anodization [14]. 

 

 

CASE 2: Corrosion and Wear-Resistant Coatings: Electroplated and PVD Layers 

While decorative applications emphasise appearance, functional coatings must meet strict 

mechanical and chemical performance criteria. In particular, wear and corrosion resistance are 

critical for many industrial components. 

Traditional ECD techniques, such as nickel and chromium plating, offer excellent corrosion 

resistance but can suffer from limited mechanical durability. To overcome these limitations, a 

duplex process has been developed: an electro- or electroless plated corrosion protection layer 

(e.g., nickel or nickel-phosphorus) is applied first, followed by a hard, wear-resistant PVD 

coating such as chromium nitride (CrN) [16,17]. 
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This combined approach leverages the benefits of both wet and dry techniques. The electroplated 

layer acts as an excellent corrosion barrier, filling surface imperfections and providing a smooth 

base. Subsequently, a PVD-deposited hard coating adds superior wear resistance and further 

corrosion protection due to its high hardness (often exceeding 2000 HV0.025 for CrN or TiN 

coatings) [17]. 

For example, in the automotive industry, the replacement of conventional hard chromium 

coatings with a duplex ECD-PVD system has shown success. Electroplated Ni-P layers topped 

with PVD CrN films provide significantly enhanced performance in abrasion, corrosion, and 

environmental compliance, outperforming traditional coatings. Some more examples for duplex 

coatings have been published in [16] and are shown in Figure 3. 

 

 

 

Figure 3 Some examples of duplex coatings [16] deposited on brass, zinc die 

casting, polymer and aluminium substrates. 

 

Furthermore, PVD coatings offer additional design flexibility. In contrast to ECD processes, 

which are mostly limited to conductive substrates, PVD can be applied to a broader range of 

materials, including ceramics and polymers, provided adequate adhesion promotion (e.g., 

intermediate metallic layers) is used [16]. Therefore, the reverse order can also be used: first 

deposit a PVD layer and then an ECD layer. 
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CASE 3: On-chip interconnects 

The so-called damascene plating technology for layer-by-layer adding lines and vias on top of the 

transistor circuitry on chips was developed by IBM in the 1990s [18]. The development was 

driven by the ever-existing demand on miniaturisation and high reliability. In the realisation of 

thinner lines and tinier vias copper has the advantage over aluminium by having higher electric 

conductivity and resistance to electromigration. Furthermore, copper can be electrodeposited with 

high precision. The damascene structure is built by deposition of a stack of layers on pattern-

etched SiO2 isolation layers. In brief, first an adhesion layer (Ti), a barrier layer (TiN), and a seed 

layer (Cu) are all deposited by PVD. Then the structure is electroplated by a copper process with 

additives that perform super-filling of tiny trenches (lines) and vias. A via level and a trench level 

are filled in one step. Finally, before repeating the whole sequence again, the surface is 

smoothened by chemical mechanical polishing (CMP). The damascene structure consists of many 

layers built in a hierarchical structure having the finest pitch in the bottom and stepwise increase 

the pitch to the top layer. The purpose is to minimise both capacitance and resistance in the 

wiring on the chip. 

For metallisation of the upper less miniaturised layers of sub-micrometre to micrometre scale, a 

process called electrochemical pattern replication (ECPR) has been demonstrated as a method 

able to reduce the number of steps in the patterning process compared to the traditional 

damascene process [18].  

ECPR uses a template electrode that contains the pattern to be plated. The template electrode 

consists of a conductive but electrochemically inert bottom. On that a permanent pattern of 

isolating walls is applied, leaving well-defined openings to the bottom. The template electrode is 

loaded by plating copper into the cavities. When transferring the pattern to a substrate, the 

template electrode is placed in contact with a seed layer prepared (by PVD) substrate in the 

presence of an electrolyte between two surfaces (Figure 4) [19].  

When the template electrode is pressed against the substrate, excess electrolyte is forced away 

leaving the cavities filled with electrolyte forming local electrochemical cells. The pattern is then 

transferred by electroplating. When needed the template electrode is reloaded by electroplating in 

a separate process. Thereby the template electrode has the function of a re-usable electrochemical 

stamp eliminating the need for lithographic step on each substrate. Transfer of sub-micrometre 

patterns with very high accuracy has been demonstrated using ECPR (Figure 5) [19,20]. 
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Master with anode material 

and substrate with seed layer 

and electrolyte on.

Master electrode

Electrolyte

Substrate

Master and substrate in contact 

Electroplating 

Separation followed by seed etch 

 

Figure 4: ECPR (ElectroChemical Pattern Replication) process [19]. 

 

 

Figure 5: SEM top view of sub-µm lines produced by ECPR. Line width: 750 nm. Spacing: 280 

nm. Thickness: 500 nm [19]. 

 

 

CASE 4: Multi-Chip Module (MCM) substrate 

A multi-chip module (MCM) is a high-density packaging of naked chips on a common substrate 

that allows heterogenous integration of different types of components in the module. MCMs are 

built on basically three types of substrates containing the wiring. MCM-D (deposited thin film) is 

composed of multilayers made by thin film technology (including PVD) on a very planar 

substrate, e.g. silicon wafer or alumina. MCM-D allows the finest pitch on the substrate and 
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thereby the highest packing density (Figure 6). MCM-C (ceramic) is layered thick films of low- 

or high-temperature cofired ceramic (LTCC/HTCC). Finally, MCM-L (laminate) is a chip-on-

board solution based on high-resolution printed circuit board technology where wiring and vias 

are made by electrolytic plating and etching techniques. MCM-L is the cheapest alternative.  

 

 

 

Figure 6: Left: Two 4-layer MCM-D substrates (4.2 x 8.4 mm) on silicon wafer. 

Right: The same substrate in a complete avionic computer module before welding 

the metal lid onto the hermetic encapsulation. 

 

MCM-D and MCM-L can be integrated in what is called MCM-L/D by applying thin film 

technology to a laminate substrate (Figure 7) [21,22]. The laminate will as a minimum contain 

the metal ground plane, but micro-via layers (plating) could be added before adding thin film 

(PVD) layers. Eventually, if a thicker Cu wiring is demanded for the electronic performance in 

the thin film, Cu could be electroplated on a PVD seed layer. The stack could be finalised by 

preparation of bonding pads by electroless Ni/immersion Au plating. Passive components can be 

integrated in the metal layers. Coils and capacitors are patterned in the copper layers, whereas 

resistors demanding material with specific electrical properties (e.g. CrSi, NiCr, Ti) are 

separately sputter deposited. The technology has been demonstrated on panels up to 24 x 24 in2 

(approx. 600 x 600 mm2). 

Figure 7: Cross-section illustrating the principle of the MCM-L/D technique. C: 

capacitor pattern, L: inductor pattern, R: resistor (e.g. NiCr, CrSi, Ti). 
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CASE 5: Micro-electroforming 

Micro-electroforming is a useful method in the manufacturing of devices for micro-electro-

mechanical systems (MEMS) and micro-electron-optical-mechanical systems (MEOMS). Two 

examples will be given in the following. 

An all-metal atomic force microscope (AFM) probe has been developed and entered into small 

scale production using micro-electroforming as an essential process [23]. An anisotropically 

etched silicon wafer is used as mould for the pyramidal tip of the cantilever. The shape of the tip 

is sharpened by growing a non-uniform wet thermal oxide on the mould. A seed layer of 5 nm Ti 

and 100 nm Au is added by PVD. A photoresist pattern defining the shape of the cantilever and 

its mechanical support is added. The opening in the photoresist is filled in the first stage of the 

micro-electroforming (9.5 µm Ni). This is followed by a thick photoresist pattern only defining 

the mechanical support. The cavity is again filled by micro-electroforming (additional 97 µm Ni). 

Finally, the device is released by dissolving the silicon, the photoresists, and the plating base 

(gold layer deposited by PVD) (Figure 8). The finished cantilever is shown in Figure 9. 

 

 

 

Figure 8: the process steps in micro-electroforming of AFM cantilever. 
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Figure 9: SEM micrograph of the electroformed cantilever. 

Cantilever length = 200 µm, width = 30 µm. 

 

 

In a similar way an injection moulding tool for manufacturing of plastic carriers for precision 

mounting of optical fibres and devices has been manufactured [24]. This time V-shaped tracks 

are anisotropically etched in the silicon wafer defining the groves for mounting optical fibres. A 

seed layer of 50 nm Cr and 500 nm Au is sputtered onto the wafer. Thereafter a thick layer of 

nickel is plated under ultrasonic agitation to control internal stress in the coating. The nickel tool 

is released by selective etching of the silicon (Figure 10). The precision in both the micro-

electroforming and the subsequent injection moulding is very important since any curvature of 

the carrier is not allowed to deviate more than 0.1% from the plane. 

 

 

 

Figure 10: SEM micrograph of V-shaped groves in injection moulding tool electroformed 

in nickel. 
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CASE 6: Wet and dry process combination in hard disk drive (HDD) technology  

In HDDs, the substrate is an aluminium disk or a glass disk which is covered by an electroless Ni 

layer (Figure 11). This layer consists of a Ni-P alloy with such a high P-content that the alloy 

becomes non-magnetic [25] and amorphous [25, 26]. The non-magnetic behaviour of the Ni-P 

layer is important not to have any influence on the magnetic properties of the magnetic layer 

deposited thereon as information storage material. The amorphous structure has the importance 

that it hides the crystal structure and strong texture of the underlying Al substrate. Therefore, 

when the information-storage magnetic layer is deposited by a PVD deposition process, the 

crystal structure and texture of the magnetic layer which determine its magnetic properties can be 

controlled by the parameters of the PVD process. More details are in Ref. 27. 

 

Lubricative layer 

Cover-layer for protection 

Magnetic layer for information storage 

Buffer layer 

Electroless plated Ni-P layer   
(amorphous and non-magnetic, 

around 20 at.% P content) 

Textured Al-based substrate 

Figure 11. Basic cross-sectional structure of an HDD platter. Modified from [27]. 

 

 

CASE 7: Electrodes for water electrolysis 

High-performance electrodes for industrial-scale alkaline water electrolysis have been 

manufactured [28,29] by combining physical vapour deposition (PVD) of aluminium onto nickel-

preplated substrates followed by annealing and a subsequent acidic leaching of aluminium. 

Heating the Al/Ni bilayer to 610°C for 4 hours caused thermochemical diffusion of Al into the 

Ni-phase forming Al3Ni, AlNi and AlNi3 in accord with the binary Ni-Al-phase diagram. A 

subsequent selective leaching of aluminium results in a high-surface area porous nickel layer 

with unique adhesion to the underlying steel substrate. Model tests revealed that the porous 

nickel electrodes could produce hydrogen at 1.94 V as compared to 2.35 V for the pure nickel 

electrodes. From an energetic point of view, a reduction of 410 mV in the necessary cell-voltage 

corresponds to an increase in the efficiency for hydrogen formation of at least 18 %. Durability 

tests revealed that the electrodes were capable of producing hydrogen in 30 wt. % KOH at 80 °C 

and at a pressure of 22 bar for more than 9,000 hours without deactivating. 

The electrodes were fabricated by nickel plating of AISI304 stainless steel substrates in a 

sulfamate-based nickel electrolyte since sulfamate-based coatings are known to have low stress 

and high ductility. The composition of the applied electrolyte was 300 g/L Ni(SO3NH2), 40 g/L 

H3BO3 and 10 g/L NiCl2×6H2O. The deposition current density was 4.5 A/dm2 and the plating 

duration was 2 hours at 45°C. The AISI304 stainless steel substrates were cathodically degreased 
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for 2 min, pickled for 1 min, etched in 20 % HCl and 5 % H2O2 for 1 min (to remove chromium 

oxides from the surface), followed by cathodic degreasing for 2 min and pickling for 1 min. In 

order to assure good adhesion, a thin layer of Wood’s nickel strike was electroplated onto the 

steel substrate according to the following sequence: anodic at 7 A/dm2 for 2 min (to remove the 

last oxides on the surface) and cathodic deposition at 14 A/dm2 for 2 min. The nickel-plated steel 

substrates were coated with approximately 20 μm of aluminium by DC magnetron sputtering 

using a CC800/9 SinOx coating unit from CemeCon AG. The aluminium source consisted of four 

aluminium 1050 targets, run at a sputtering power of 750 W. The bias on the substrate was set to 

800 W and the start pressure in the chamber was 1 mPa. Prior to mounting the samples in the 

PVD unit, the nickel surfaces were cathodically degreased for 2 min. The substrates were heated 

and etched in situ by argon sputtering, prior to initiating the aluminium sputtering process in 

order to remove nickel oxide (NiO) from the electroplated Ni coating. The Al/Ni/AISI304 

electrodes were subsequently heat treated at 610 °C for 4 hours in an atmospheric furnace, 

followed by selective aluminium leaching in 30 wt. % KOH and 10 wt. % KNaC4H4O6×4H2O at 

80 °C for 24 hours. Figure 12 shows cross-sectional SEM images of the electrodes after heating 

and after aluminium leaching, respectively.  

 

    
Figure 12: Cross-sectional SEM images of the electrodes after heating (left) and after 

aluminium leaching (right) [30]. 

 

Figure 13 shows the cathodic and anodic potentiodynamic measurements recorded for the porous 

nickel electrode and for a solid nickel. The measurements were performed in a 1M KOH 

electrolyte at 25°C. From the steady-state polarisation measurements it is revealed that the 

overpotential for hydrogen and oxygen formation is 360 mV and 50 mV lower for the developed 

porous nickel electrodes as compared to the solid nickel electrode at a current density of 0.6 

A/cm2. This implies that less voltage is needed to draw the current necessary for generating 

hydrogen in an alkaline electrolyte consisting of 1M KOH at 25°C. In practice, this means that 

each cell can produce hydrogen with a reduction of 410 mV in cell voltage as compared to pure 

nickel. This again implies that the total cell voltage with a pure nickel electrode shows a voltage 

of 2.35 V, compared to only 1.94 V for the porous nickel electrodes, which corresponds to an 

improved energy efficiency for hydrogen formation of 18 %. 
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Figure 13: Cathodic and anodic potentiodynamic measurements recorded for the porous nickel 
electrode and for a solid nickel [30]. The measurements were performed in a 1M KOH electrolyte 

at 25°C. The overpotential for hydrogen and oxygen formation is 360 mV and 50 mV lower for the 

nickel electrodes as compared to the solid nickel electrode at a current density of 0.6 A/cm2. 

 

 

Conclusion 

All cases discussed above demonstrate the power of combining traditional wet chemical 

processes with modern dry deposition techniques. PVD pro cesses, particularly when paired with 

anodization or plated under/top layers, allow for tailored coatings with superior aesthetic and 

functional properties. These duplex methods are instrumental in achieving environmentally 

friendly, high-performance surface engineering solutions, meeting increasingly stringent industry 

requirements. 

Wet and dry processes are in many cases carried out by professionals having different 

background skill, e.g. chemistry and physics. This division in skills has been a limitation in 

getting the full benefit of combining wet and dry processes. There is a limited number of 

suppliers that have the skills and facilities to offer combined coatings. 

Combining wet and dry processes is more costly than only using one type of process. Therefore, 

combined coatings should be used in cases where the added value of the product exceeds the 

extra costs for the combined processing.    

By combining wet and dry processes for modifying the surface of an engineering material, the 

coatings and the substrate should be considered together as one system to give a cost-effective 

performance of which neither the wet nor the dry process is capable on its own. 
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