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multilayer coatings to improve metal products. Since Modumetal was unresponsive to
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Summary  

 

The project is based on a scientific article published in the MIT Technology Review 2015-02-

16. [1]. The article describes a process which creates multilayer coatings using 

electrodeposition, and the goal of the project has been to find similar processes for Atlas 

Copco. The studies have been limited for examination of hardness, corrosion and wear 

resistance of single- and multilayer coatings. 

 

The articles about the single layer coatings showed that Ni-B/SiC reached a hardness of 1500 

HV with a good wear resistance. It was found that the mechanical properties of Ni-B/SiC 

were improved but no statement concerning other properties as e.g. yield strength.  

Ni-Co/SiC was a single layer coating that showed good corrosion resistance with Icorr = 0.05 

µAcm
-2

. The article includes images of the structure of the material and experiments on how 

the corrosion resistance is varied at different concentrations. 

 

Ni-W had the highest hardness of the multilayered coatings with a value of 1018 HV. The 

article describes how a higher fraction of tungsten gave a harder but more brittle material, 

which increases the risk of cracking, fatigue and low adhesion ability. The result is presented 

in tables and SEM images of various multilayer structures. 

 

The Cu-Co coating showed the largest increase in hardness. The annealed copper substrate 

used showed a fivefold increase in hardness from 50 HV to 246 HV up to the temperature of 

1,023 K. A higher temperature would annihilate any Cu/Co interfaces and thus decrease the 

hardness. The article also explained how the hardness of the coating was affected at high 

annealing temperatures. 

 

The lowest corrosion rate of the multilayer coatings were Zn-Ni-SiO2 at 1.1 μm per year and 

an Icorr value of 0.071 μA/cm
-2

. The corrosion resistance of Zn-Ni was also examined but 

reliable value can not be established. The reason is probably that different current pulses were 

used and that large measurement errors occurred. 
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1. INTRODUCTION 

The report is introduced with a short explanation of what Atlas Copco is, in what areas they 

operate and the magnitude of the company. This is followed by the background to the project 

and why Atlas Copco is interested in this method. Lastly the goals for the project are defined. 

This aims to help the reader understand the layout of the report and why each section is 

present. 

 

1.1 About Atlas Copco Secoroc AB 
Today Atlas Copco is a world-leading contributor of sustainable industrial productivity 

solutions and is operative in four different business areas, Compressor-, Industrial-, Mining 

and Rock Excavation- as well as Construction Techniques. Atlas Copco Secoroc is part of the 

Mining and Rock Excavation division and produces Rock-drilling tools that are used for 

Mining in all parts of the world. Atlas Copco Secoroc has a Research and Development centre 

in Fagersta, Sweden and production in the same facility. Atlas Copco employs over 44000 

people all over the globe and is active in 180 countries.  

1.2 Background to the project  
An article published in MIT Technology Reviews 2015-02-16, [1], caught the attention of 

Atlas Copco Secoroc. The article describes a process which the company Modumetal uses for 

electroplating multilayer coatings onto a steel substrate. The article claimed that the process 

was capable of increasing the strength of the coated steel tenfold and greatly enhances the 

corrosion resistance. Atlas Copco sees this as a possible way to greatly improve the efficiency 

and durability of their drilling equipment as well as open the possibility for oil drilling, which 

is highly corrosive. Therefore they wanted us to further investigate this method and if 

multilayer coatings could be applied to their product. 

1.3 Goal 
The goal of the project is to find out how Modumetal's multilayered coating process works, 

compare this process against other wet- and electrochemical coating processes.  

The goal is also to deliver a final report to Atlas Copco Secoroc about Modumetal's process 

and business and how Atlas Copco Secoroc can apply this coating process to improve their 

products.  

1.4 Modumetal's unreachability  
Worth mentioning is the fact that we were not able to communicate with Modumetal and this 

is important information in case Atlas Copco decides to go on with this company. This means 

that less time and effort have to be wasted in trying to reach the company. Instead one might 

focus on finding other companies with similar solutions.  
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2. METHOD 

The project was first planned to be a study of the process which the company Modumetal 

presented in, MIT Technology Reviews 2015-02-16, [1], for electroplating multilayer coatings 

onto a steel substrate. The process claimed in the article that it was capable of increasing the 

strength of the coated steel tenfold. However after several failed attempts to contact 

Modumetal, or any other similar company, the nature of the project shifted towards a pure 

literature study reviewing the current state of multilayer coatings applied by electrodeposition 

and how said coatings could be of interest to Atlas Copco Secoroc. Therefore this report 

presents multiple summaries of relevant scientific articles, patents and books followed by a 

conclusion for each section in order to give a brief overview of what the possible benefits 

could be from applying different multilayer coatings. By looking in the literature, conclusions 

about coatings that might be of interest to Atlas Copco Secoroc will be presented. In the 

report one might notice that two different ways of referring are used. If the references are 

embedded in the text it means that there is a mixture of conclusions from the author as well as 

our own. 

 

3. THEORY 

In order to grasp the report one has to know some of the theory behind coatings and the 

process of electrodeposition. Therefore the theory section first presents a summary of the 

different electrodeposition techniques as well as one non-electrodeposition method. This is 

followed by a brief presentation of general single layer coating and how they are used today. 

The theory section continues with a presentation of multilayer coatings. This is done so that 

one can compare single- and multilayer coating and get an understanding of how they differ. 

Lastly the theory section contains a presentation to the strengthening mechanics of multilayer 

coatings and why they have the potential to offer superior mechanical strength. 

 

3.1 Electrodeposition techniques  
There are a number of forms of electrodeposition such as electroplating, pulse-electroplating 

or brush plating. All these depositions need a conductive surface. If the material itself is not 

conductive a thin layer of metal can be deposited on the substrate for example a chemical 

vapor deposition of copper on silicon. [3].  

In electroplating a current is used to reduce the anode in order to free ions into the electrolyte. 

The ions can then travel in the electrolyte, where both the anode and cathode are immersed, 

and attach to the cathode. The electrolyte consists of a dissolved metal salt to provide 

conductivity and ions from one or more components to coat the substrate. 

 

Pulse electroplating is similar to the conventional electroplating but here a swift alternating 

current or a direct current that is switched on and off is used for the process. The signal can be 

more complex in order to alter the structural form of the applied coating. For example sinus 

pulses, triangular pulses or other pulsing patterns can be used. 

Brush plating is a method where a negative charge is supplied to the work piece and a positive 

charge to the brush. The brush is then covered in the electrolyte containing the material for the 

coating. The coating is applied as long as the brush is in contact with the work piece.  

 

In sediment co-deposition techniques (SCD) a current is used in the same way as conventional 

electroplating methods but instead of placing the electrodes vertically they will be placed 

horizontally one over the other. The ions travel to the cathode by help of both current and 

gravity. 
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3.2 Non-Electrodeposition technique 
Flow coating is an automated method of applying industrial liquid coatings. Through directing 

streams of solute containing the ions for the coating over one or multiple parts that move 

horizontally the coating can be applied. Therefore there are no problems to coat more 

complex surfaces as other methods may suffer from. 

3.3 Theory about Single layer coatings 
Electroplating is a cheap and efficient method for applying a protective or esthetic coating to a 

conducting substrate. The coating is usually made of a single metallic element such as Cr, Ni 

or Zn. A common example is chrome plating that is widely used for decorative and hardness 

purposes.  

The process is often used to protect a substrate against corrosion or wear, and lately research 

has greatly enhanced these properties of the coating. This is achieved by co-deposition of the 

coating which means that the metallic coating is built up from an electrolyte containing 

particles of another phase that is incorporated in the coating during the process. Furthermore 

by changing the parameters, such as current density, pH-value etc., during the plating process 

one can control the microstructure of the layer being deposited. In the studies the 

microstructures usually refer to the grain size, grain boundary geometry, crystal orientation 

and defect density of the layer. [2]. 
 

The different combinations of layers can be used to acquire certain properties. For example 

one can alter the thermal conductivity of a material by alternating two layers with different 

crystal orientation or phases and where the thickness of the layers are of the order of the 

phonons. [3]. Furthermore one can alter the electric conductivity of the material by alternating 

layers or sections with different dislocation density.  

In order to enhance the physical properties of the coating one can introduce particles of a 

second phase into the electrolyte. The particles are then absorbed and engulfed by the growing 

metallic layer creating a composite. The second phase can either consist of a ceramic such as 

Al2O3, SiC, TiO2, ZrO2, diamond or a polymer such as PTFE. [4]. Hard ceramics are 

incorporated in order to increase wear resistance and hardness while particles such as PTFE 

are added to reduce friction. Studies show that the size of these particles can affect how easily 

they are absorbed by the growing layer. It seems more difficult to absorb finer particles than 

to absorb coarser ones. [4].
 

 

When the particles are incorporated they act as nucleation sites which results in heterogeneous 

nucleation and an increased amount of grains in the coating. Furthermore it seems that the 

particles inhibit grain growth and may also alter the shape of the grains. [6][4]. One study 

shows how SiC particles can alter Ni grains from a columnar to a equiaxial shape. This 

change also resulted in a reduction of the grain size. [4].
 

The incorporation of particles in the coating enhances the hardness by creating more grain 

boundaries as a result of smaller grains as well as the particles themselves hindering 

dislocation movement. [6]. The wear resistance of the material has also been proven to 

increase with incorporation. [7].
 

Addition of particles such as SiC has proven to inhibit the electroplating efficiency. The 

reason why the process is slowed down seems to be because of inert particles shielding the 

substrate and therefore slowing the process. [3]. Higher concentration of particles in the 

electrolyte has been shown to results in higher incorporation but also increases the formation 

of agglomerates, which may reduce the hardness of the coating. [8].
 

Other factors when electroplating can be current density, temperature, pH, et al. Earlier 

studies show that by alternating the current density (CD) as well as the concentration one can 
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determine the amount of particles and which particles that will be absorbed from the 

electrolyte. Experiments show that there are three stages to the process. Firstly the absorption 

is rapidly increased along with the CD until it reaches a maximum. There is an interval where 

the CD is increased but the incorporation is relatively constant. The final stage is where the 

incorporation decreases with further increased CD. Studies also show that the optimum CD 

varies depending on what particles are incorporated. [9]
  
By controlling the deposition 

temperature one can control impact toughness and hardness of the material. Large grains form 

at elevated temperatures and smaller grains form at lower temperatures. This can greatly 

affect the hardness of the layer. For example one can deposit a layer of Fe with 400 HV at 

60ºC and 200 HV at 90ºC. [2][3]. Furthermore the pH of the bath can affect the incorporation 

of particles. One study shows that when incorporating SiC particles in a matrix of Ni the 

amount of particles absorbed increased with increasing pH until about a pH of 6.  This shows 

that a weakly acidic plating solution is favorable when incorporating SiC particles. [4].
 

3.4 Theory about Multilayer coatings  
The concept of multilayer in the nano size region or so called super lattices was presented by 

Koehler in 1970. [3]. The idea was that one could greatly enhance the physical properties of 

the coating by depositing multilayers of two different materials, A and B, with drastically 

different elastic constants but with similar thermal expansion and strong bonds as well as a 

layer thickness so small that no dislocation source could operate within the layers. When 

stress is applied to the structure a dislocation would form in layer A with a lower modulus. 

The dislocation would then move towards the A/B interface where the dislocation would be 

hindered from crossing the interface since elastic strain in layer B, with the higher modulus, 

would cause a repulsive force. This phenomenon would result in a great enhancement of the 

tensile strength and elastic modulus of the coating. It has been shown that decreased layer 

thickness further improved the strengthening effect. [3]. 

However in order to attain the strengthening effect one has to maintain layers with sharp 

interfaces especially at a few nanometer thickness. 

3.4.1 The strengthening mechanisms of multilayer films 

 
Figure 1: Illustration of the different dislocation movement mechanisms.  [32] 
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:  

Figure 2: The hardness as a function of the multilayer thickness. [32].  

. 

The model describing strengthening effect from a multilayer structure with thicker layers of 

>50 nm is the Hall-Petch model. The model describes how the presence of multiple grain or 

inter phase boundaries can increase the strength of the film. The grain or inter phase 

boundaries act as barriers for the dislocation. This results in dislocation pile ups at the 

boundaries and in order to transmit the dislocations across the boundary the applied stress and 

the stress concentration due to pile ups must exceed the barrier strength. Furthermore it was 

stated that for smaller grains, or in this case layer thickness, there can be less dislocations in 

the pile ups hence a larger applied stress is needed for slip transmission over the border. 

 

When the layer thickness is decreased to < 50 nm this model is not applicable as pile ups 

cannot be formed within the thin layers.  In order to understand the strengthening effect at this 

scale one has to look at single dislocation behavior. The first kind of single dislocation 

behavior is usually referred to as confined layer slip. This mechanism involves the 

propagation of single dislocation loops parallel to the interfaces. This is done via an Orowan 

bowing type mechanism as illustrated in figure 1 (b). In regards to this mechanism the 

strength of the coating will increase with decreasing layer thickness. 

The second type of single dislocation behavior involves interface crossing e. g. when 

dislocations are transported across layer interfaces. Contributing factors to the interface 

crossing resistance are when layers have drastically different elastic modulus hence resulting 

in elastic strain in the neighboring layer. This causes a repulsive force on the dislocation and 

thereby preventing transition. Furthermore very thin lattice matched multilayers can cause 

coherency stresses giving rise to a periodic resistance to dislocation motion across the 

interfaces. Figure 2 shows how the hardness of the multilayer depends on the thickness of the 

layers. One can clearly see that for every system the hardness is increased with decreased 

layer thickness. In figure 3 the experimental show that the model does not work for thickness 

below 10 nm. [32]. 
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Figure 3: Confined layer slip model prediction for Cu-Ni. [32]. 
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4. LITERATURE STUDY  
The literature study starts with a section about one of Modumetal's patents. This is in order to 

get a basic idea for how their process works and also for the reader to be able to keep this in 

mind whilst continuing reading about other coatings. For this to be a thorough research the 

second section discusses single layer coatings followed by the last section about multilayer 

coatings. The idea behind this is that by starting with single layer and continuing to multilayer 

coatings a better comparison can be made and hence a more valid conclusion about the 

benefits of multilayer coatings can be drawn.  

 

4.1 Patents 
Electrodeposited, Nanolaminate Coatings and Claddings for Corrosion Protection  

US 20120088118 A1 

 

The technology described in the patent follows the same principle as in dezincification of 

alloys. It is used to create corrosion-resistant coatings, which can be more or less noble than 

the substrate. These coatings also have the ability to act both as a barrier to corrosion and as a 

sacrificial coating which oxidizes instead of the substrate. [10]. 

 

The technique in the patent includes an embodiment, which describes how coatings are 

created by corrosion-resistant multilayers. These coatings consist of several nanoscale layers 

which are periodically applied by electrodeposition. The layers consist of different materials 

with different microstructures, which results in a galvanic interaction between the nano-

layers. [10]. 

 

The patent contains examples with different configurations of materials, layer thicknesses, 

total thickness, current densities as well as intervals for each parameter. 

The process described in five steps (a-e) for manufacturing of corrosion-resistant "multi-

layer"-coatings.  

 a) placing a mandrel or a substrate to be coated in a first electrolyte containing 

one or more metal ions, ceramic particles, polymer particles, or a combination 

thereof; and 

 b) applying electric current and varying in time one or more of the amplitude of 

the electrical current, electrolyte temperature, electrolyte additive concentration, 

or electrolyte agitation, in order to produce periodic layers of electrodeposited 

species or periodic layer of electrodeposited species microstructures; and 

 c) growing a multilayer coating under such conditions until the desired thickness 

of the multilayer coating is achieved.  

 d) placing said mandrel or substrate to be coated in a second electrolyte 

containing one or more metal ions that is different from said first electrolyte, said 

second electrolyte containing metal ions, ceramic particles, polymer particles, or a 

combination thereof; and 

 e) repeating steps (a) through (d) until the desired thickness of the multilayer 

coating is achieved;  

wherein steps (a) through (d) are repeated at least two times. Such a method may 



10 

 

further comprising after step (e), step (f) which comprises removing the mandrel 

or the coated substrate from the bath and rinsing. [10]. 

 

 

Example 1 

 

In example 1 a nanoscale multilayer of Zn-Fe was prepared by using conventional plating 

bath with Zn and Fe. The concentrations of Fe vary for the neighboring layers. 

 

A steel plate was placed in the bath and connected to a power supply. The power supply 

generated a square current pulse that alternates between 25 mAcm−2 
(for 17.14 seconds) and 

15 mAcm−2 (for 9.52 seconds). [10]. 

The individual layer thickness was between 50 and 100 nm and with approximately 325 

layers the total thickness of the coating became 19 μm. This coating took about 1.2 hrs to 

complete and showed no indications of red rust after 300 hrs of exposure in the corrosive test. 

[10]. 

 

 

 

 

 
 

 

 

 

 

Example 2 

 

In example 2 a nanoscale multilayer of Ni-Co with co-deposited diamond particles was 

created. The concentrations of the metals vary for the neighboring layers. As in the previous 

example the coating here was prepared by using conventional plating bath. Table 2 describes 

the components of the bath. [10]. 
  

 
 

 

 

Table 1: Materials and compositions in example 1. [10].  
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Table 2: Components and concentrations in example 2. [10]. 

 
 

As in example 1 a steel plate was placed in the bath and connected to a power supply. A 

computer controlled the current density to alternates between 10 mAcm−2 
and 35 mAcm−2. 

By varying the current density (CD) it was possible to create the right composition of the 

alloy. When the CD was applied it varied until a 20 μm multilayer was created on the 

substrate. It was seen that the deposition rate of the diamond particles varied with the CD. 

[10]. 

The coating showed to be significantly better wear resistance than homogeneous coatings of 

Ni-Co. [10]. 
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4.2 Single layered coatings 
 

4.2.1 Wear resistance of Ni-Co/diamond electrodeposited composite  

A Ni-Co/diamond coating where applied on a substrate by electrodeposition. To get the 

highest deposition of diamond the concentration of diamond particles in the electrolyte has to 

be exactly 5 g/L. The composition of the plating bath can be seen in table 3. [13]. If the 

concentration were lower or even higher the deposition would decrease. It was shown that by 

increasing the current density up to a certain point the amount of nickel that embed the 

deposited diamond particles would increase. Added cobalt-ions (2.99% Co
2+

) stimulated the 

attachment of nickel to the diamond particles and resulted in a more homogenous coating 

which increased the hardness and wear resistance. [14][15]. The added cobalt-ions increased 

the microhardness from 460 HV to 700 HV due to more homogenous structure and better 

embedding of the diamond particles. 
 

Table 3:The contents and plating parameters of the Watt's bath. [13]. 

 
 

 
Figure 4: Representation of the micro hardness for some different systems. [14]. 
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From figure 4 one can see that the system with Ni and diamond had a hardness of about 687 

HV, which is noticeably higher than the Ni or Ni-Co systems. This is because of the 

dispersion hardening effect caused by the incorporation of nano diamond particles in the 

metal matrix.  

With the addition of Co
2+

 in the Ni/diamond plating bath, the microhardness of composite 

coating where further increased from 687 HV to 826 HV, which is substantially higher than 

the rest. This shows that the can be greatly improved by co-deposition of nano diamond 

particles and that the deposition is greatly improved by the addition of Cobalt ions. 

 

Table 4: Surface roughness and wear loss rate for the different systems.  [14]. 

 

 
Figure 5: The figure shows the friction coefficient as a function of time during the wear rate test.  [14]. 

The wear loss rate where tested by sliding a steel ball over the coating. The result of the test 

showed (see table 4) that the Ni-Co system with incorporated diamond by far had the best 

wear resistance. It is interesting to note that the Ni–Co/diamond composite coating, with the 

highest surface roughness, showed the lowest and much more stable friction coefficient 

among these four types of coatings. The friction coefficients of the four systems are shown in 

figure 5. 
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4.2.2 Wear and corrosion resistance of electrodeposited Ni-Co/SiC nano-composite 

coating  

 

The early growth process, kinetics as well as the morphology of the surface of the 

electrodeposited Ni-Co/SiC were examined using a cyclic voltammetry and atomic force 

microscopy. The optimal pH, temperature, stirring speed, and concentration for maximum SiC 

composition and highest microhardness for the composite coating is shown in table 5. [16]. 

 
Table 5:Electrolyte Bath properties. [16]. 

 
 

The result of the process showed that the Ni-Co/SiC nano composite had increased 

microhardness and decreased wear rate compared to the Ni-Co nano composite. [17]. 

This is due to the SiC nano particles co-deposition in the Ni-Co alloy matrix restrain the 

growth of the Ni-Co grains, which prohibit plastic deformation. This grain refining also lead 

to dispersive strengthening effects. These effects become more distinct as the content of SiC 

particles rise, thus the microhardness and wear resistance of the composite coating increases 

up to a certain point with increasing nano-SiC content. This is shown in figure 6 were the 

wear rate and microhardness starts to level out after a certain amount of co-deposited nano-

SiC. This shows that there is no point increasing the co-deposited nano-SiC after 4.68% as the 

maximum hardness and minimum wear rate has been reached. 

In figure 6 it is seen that the Ni–Co with 4.68% SiC nano composite coating has a maximum 

hardness and minimum wear rate, after this there is no point in increasing the SiC content. 

 
 

Figure 6:Microhardness and wear rate compared to co-deposited SiC. 
Triangular dots show hardness and circular dots shows wear. [17].  
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In figure 7a it can be seen that the Ni–Co alloy coating has a needle-like micro-crystallite 

structure. Different from the Ni–Co alloy coating, the Ni–Co/SiC nano composite coating 

does not have needles, but is characterized by particulate-like structure, seen in figure 7b. 

This indicates that the co-deposited SiC nano-particulates create a much more homogenous 

structure of the Ni–Co matrix, caused by the SiC-particles inhibition of grain growth. In 

addition, there are nodular agglomerated grains, which can be seen on the nano composite 

coating surface in figure 7c. It is supposed that the co-deposited SiC nano-particulates of a 

homogenous structure and agglomeration may contribute to increased wear resistance of the 

Ni–Co/SiC nano composite coating. 

The bath composition used in order to achieve the highest corrosion resistance was not the 

same as the one used to get the highest wear resistance. Therefore the optimal bath 

composition shown in table 6 was used. 

 
 
Table 6: Electrolyte Bath properties. [17]. 

 
 

 

 

Figure 7: Structural SEM images of the Ni-Co coating with (b, c) and without SiC (a). [17]. 
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Atomic force microscopy showed an increased grain growth for the deposition of Ni-Co 

compared to Ni-Co-SiC, which resulted in smaller grains for the Ni-Co-SiC coating. SiC 

particles are inert particles and therefore they need more energy to be transported to the 

material surface were they can be incorporated. As earlier the conclusion is that SiC particles 

inhibit the growth process which makes the process slower and more energy consuming while 

also increasing the quality of the coating with a higher hardness as well as lower corrosion. 

 

For Ni-Co alloy 17 wt. % Co showed highest corrosion resistance. If SiC was introduced to 

the electrolyte Ni-55-Co-8.1-SiC gave the highest corrosion resistance. This can be seen in 

table 7 where the Ni-55-Co-8.1-SiC coating had the highest resistance polarization, which 

corresponds to corrosion resistance. [18]. 

 
 
Table 7: Electrochemical data for Ni–Co/SiC nano composite coatings of the particle concentration in the 
electrolyte compared to electric potential, current density, and resistance polarization.  [18]. 

 
Another interesting thing is that the corrosion resistance is higher for fcc than for bcc 

structures due to the higher package factor. A more dense material is harder to dissolve hence 

the risk for corrosion is reduced. Single phase materials are also less exposed to corrosion 

than multi-phase materials. The numerous phases can start a galvanic cell between themselves 

which enhance corrosion. It was also suggested that crystallographic orientation has a 

significant role in corrosion. The preferred orientation is (111) according to experimental data 

owing to the higher packing density. 

 

4.2.3 Hardness and friction of Co-deposition of Al2O3   

Co-deposition of Al2O3 in Ni matrix on a mild steel plate where carried out in a typical Watts 

bath without additives. Two different methods were used, the first being Sediment Co-

Deposition (SCD) and the second was Conventional Electro Plating (CEP). The contents of 

the bath can be found in table 8. [19]. The nano-α-Al2O3 particles had a mean diameter of 100 

nm and the concentration of said particles varied from 0 to 10 g/l.  
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Table 8: Showing the contents and parameters for the process.  [19] 

 
 

 
Figure 8: The figure shows a comparison of hardness between the systems. Pure Ni (1), 5 g/L Al2O3 (2), 10 
g/L Al2O3 (3). [19]  

From figure 8 one can see that the addition of Al2O3 particles greatly enhances the hardness 

of the coating. The CEP process resulted in a hardness of about 525 HV for 5 g/L Al2O3 and 

690 HV with 10 g/L. As for the SCD the hardness for 5 g/L were about 575 HV and 700 HV 

with 10 g/L Al2O3. This shows that the incorporation of Al2O3 in the coating enhances the 

hardness by creating more grain boundaries as a result of smaller grains as well as the 

particles themselves hindering dislocation movement. One can also draw the conclusion that 

the higher concentration of Al2O3 in the electrolyte will increase incorporation and thus the 

hardness. The SCD proved to be a more efficient process in order to acquire a harder coating. 

It seems that the particles inhibit grain growth and may also alter the shape of the grains.  
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Figure 9: The plot shows the friction coefficient as a function of the concentration Al 2O3 in the electrolyte. 
[19]. 

From figure 9 one can see that the friction coefficient is reduced as the concentration of Al2O3 

increases. The lowest coefficient achieved was about 0.3 and that was for SCD with 10 g/L 

Al2O3. The coefficient for CEP with the corresponding concentration was about 0.55. 

 

The different concentration of Al2O3 in the electrolyte resulted as expected in different 

concentrations of Al2O3 in the coating. The amount of incorporated Al2O3 was higher overall 

for the SCD process than for the CEP. The incorporated wt. % of Al2O3 in the coatings for 5 

and 10 g/L can be found in table 9. 
 

Table 9: Table showing the wt.% of Al2O3 acquired from 5, 10 g/L Al 2O3 in the electrolyte. [19]. 

 

4.2.4 Friction and corrosion of Titanium oxide, TiO2 
 

Titanium dioxide is one of the most important oxides used in the engineering materials. The 

oxide is used in electrochemical deposition of a substrate with insufficient properties (in this 

case nickel). These inert nanoparticles are applied in the Ni-matrices to improve its chemical 

and mechanical properties such as corrosion-, wear resistance and hardness.  

Different Ni/TiO2 composites with varying amounts of TiO2 provide various properties. The 

result of figure 11, figure 12 and figure 13 shows how the current density, time and the 

concentration of titanium dioxide affect the coating thickness, roughness, microhardness and 

the wear resistance behavior. [12]. 

The process to obtain the Ni/TiO2 composite is from ordinary electrodeposition with the 

addition of TiO2 nanoparticles. The substrate acting as cathode, is a 304 steel and the 

electrolytic bath is stirred with a magnetic stirrer. The process can be seen in figure 10. 
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Figure 10: Illustration of an electrolytic cell to obtain the Ni/Ti2-nanocomposite layer. This figure gives a 
detailed explanation of how the process works . [12]. 

 
Table 10: Shows the electrolytic bath conditions used in the process for the production of Ni/TiO2 -nano composite coating. 

[12]. 
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Figure 11: Describes the variation of roughness on the Ni/TiO 2-surface depending on the current density and 
the concentration of TiO2. Graph a) and b) is the roughness after 15 min and 30 min.  [12]. 

 
Figure 12:Shows the thickness (microns) of the nano-coatings for the different concentrations and current 

density. Graph a) and b) is the thickness after 15 min and 30 min.  [12]. 
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Figure 13: Illustrates the evolution of the friction coefficient at reciprocating sliding tests of the various 

concentrations and pure nickel. The loads used in the test are 1N for a) and 5N for b). Both have the same 
sliding frequency 1Hz, 10,000 sliding cycles . [12]. 

 

 

The result of the process shows many positive qualities when TiO2 nano particles are added in 

the nickel matrix. The variation of the current density and time gives a nano coating with 

good adhesion and predefined coating thickness. Both the thickness and the roughness can be 

improved by increasing of current density and time.  [12] 

The microhardness was higher for the Ni/TiO2-nanocomposite coatings than pure nickel. And 

the microhardness of both the Ni/TiO2-composites and the pure nickel increases with time. 

The samples that remained in the bath for 30 min had far higher hardness than those who 

remained in 15 min. 

The decrease in friction coefficient indicates a higher wear resistance for all Ni/TiO2 nano 

composite coatings with different concentrations. It also confirms the wear improvement of 

the surface properties. [12] 

 

4.2.5 Hardness and wear of electrodeposited of Ni–B/SiC composite films   

This study examines the mechanical properties of the Ni-B/SiC composite film with various 

SiC particle size, current density, concentration of SiC particles in the electrodeposition bath 

and thermal treatment. In the study the composite film was electrodeposited onto a copper 

substrate. [11] 

The films were prepared using conventional Ni electrodeposition baths containing SiC 

particles, sodium dodecyl sulfate and trimethylamine borane as a boron source, as displayed 

in table 11. The thickness was controlled to be about 20 𝜇m. Then thermal treatment was 

carried out by placing the coated substrate in a furnace at 573K for 1h. After the thermal 

treatment the samples were slowly cooled to room temperature. [11] 
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Table 11: shows the chemical composition in the bath.  [11] 

 

. 

  

Particle size 

First the effect of particle size for SiC was examined. The size used in this study was 0.27𝜇m, 

1𝜇m and 10-20𝜇m. 

As displayed in figure 14 there were a large amount of SiC particles incorporated in the film 

when the particle size was 1𝜇m. In contrast, when the size was 10-20 𝜇m, the cross section in 

figure 14 shows no SiC at all in the film. This can be explained by the fact that the particles 

were too large and therefore dropped off the surface before being embedded with 

electrodeposited Ni-B matrix. In the case with particle size 0.27 𝜇m the small particles tended 

to form agglomerates while in the bath in order to reduce their surface energy. This can be 

seen in the figure 14 in the form of large incorporated clusters. [11] 

 

 
Figure 14: Cross-sectional optical micrograph images of the Ni–B/SiC composite films. Particle sizes of SiC 

are (a) 0.27, (b) 1, and (c) 10∼20𝜇m. Current density: 1A/dm2, concentration of the SiC particles in the 
baths: 5 g/L [11] 
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Concentration and thermal treatment 

 

 
Figure 15: (a) Hardness and (b) SiC content of the Ni–B/SiC composite films prepared from the baths 

containing different amounts of SiC particles at the potential 1 A/dm 2. [11]. 

From figure 15 one can see three tendencies. First off the thermal treatment increased the 

hardness as seen in (a). Secondly the hardness was found to be related to the SiC 

concentration in the plating bath, as seen in (a). Lastly the amount of incorporated particles 

increased as the SiC concentration in the bath increased, as seen in (b), which accordingly 

with the latest statement resulted in increased hardness. [11]  

From figure 15 one can see that after 5g/L further addition of SiC to the plating bath did not 

result in any noticeable increase in incorporation. 

 

The effect of the thermal treatment could be explained by the hardening of the Ni-B matrix. It 

was reported that the thermal treatment increased the hardness of the Ni-B films because of 

the transition from Ni-B alloy to hard Ni3B and Ni2B alloys. The existence of new diffraction 

lines in the XRD pattern after thermal treatment confirms the presence of Ni3B. [11] 

 

Current density 

From figure 16 one can see that the CD affects both the hardness and the amount of 

incorporated SiC resulting in varying hardness of the matrix with varying CD. The peak value 

were found to be at about 1 A/dm2 where the incorporation was around ~10wt%. 
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Figure 16: Effect of current density on (a) hardness of thermal -treated Ni–B/SiC and Ni–B films, and (b) SiC 

content in the Ni–B/SiC composite films. Ni–B/SiC films were prepared from the baths containing 5 g/L of SiC 
particles. [11]. 

Anti-wear 

The anti-wear performances were calculated by measuring the weight loss of the films after 

abrading them with sandpaper. As displayed in table 12 the Ni–B/SiC film showed higher 

wear resistance than both Ni/SiC and Ni–P/SiC. 

 
Table 12: Shows the hardness and weight loss of various films . [11]. 
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The study resulted in the following conclusions. Firstly the Ni-B/SiC composite films showed 

excellent mechanical properties such as hardness and wear resistance. Secondly the SiC 

content in the film was found to increase as the concentration of SiC in the bath was 

increased. Further the thermal treatment was found to form the hard Ni3B alloy phase which 

increased the hardness from 845 HV to 1499 HV. Lastly it was found that the CD could 

control the growth rate of Ni-B, this had a great influence on the SiC content in the resulting 

films. 

4.2.6 Single layered coatings discussion 

 

From the articles it can be discussed that the Ni-B/SiC with its 1499 HV is the best choice of 

coating in terms of hardness. But we do not know anything more about the coatings 

mechanical strength such as yield strength. In terms of corrosion it seems that the Ni-Co/SiC 

have a great corrosion resistance, but the composition of the corrosion resistant Ni-Co/SiC is 

not the same as the composition of the Ni-Co/SiC alloy with 690 HV. Notable is that it is 

written in Modumetal's patent that one coating is the Ni-Co/diamond coating, but they have 

somehow been able to create a multilayered structure with this. When it comes to wear 

resistance it is hard to draw a conclusion since different researchers examine different things 

and have different units of wear.   
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4.3 Multilayered coatings 
 

4.3.1 Microstructure and hardness of Co-Cu multilayers fabricated by electrodeposition 

 

Multilayer coatings created by electrodeposition are used to provide modified properties of a 

substrate. These properties can be varied depending on the use of the coated substrate. The 

article describes the application of a copper and cobalt coating on a copper substrate. The 

hardness of the coating and how hardness is affected at different annealing temperatures were 

examined.  

 

The Co-Cu multilayer coating consisted of 100 nm thick layers of each substance were 

applied onto a copper substrate to a total thickness of 1 µm. The substrate, which had already 

been annealed at 1073 K for 1h in vacuum, was then electrically and mechanically polished. 

The deposition process was performed in an electrolytic bath, consisting of an aqueous 

solution containing various concentrations of the coating substances. The bath composition 

can be found in table 13. [20]. 

The chemical compositions, which were deposited onto the substrate, were dependent on the 

electrical potential applied in the electrolysis. The electrical potential was varied throughout 

the process in order to obtain the preferred layer structure and thickness as in table 13. [20]. 

 

 

 

 

 
 

 

 

 

Figure 17: describes how the hardness varies with the annealing temperature. The highest measured value 

was 246Hv at temperature T ~ 250K. [20]. 
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Table 13:Shows different values and conditions of the deposition process and the hardness measurement.  
[20]. 

 
 

Vickers hardness 
To examine how high temperatures affect the hardness of the Co-Cu coated substrate, the 

specimen was annealed at different temperatures. The coating had a total thickness of 1µm 

and the studies were performed in the temperature range of 473 – 1273 K for 1h. The Vickers 

hardness was measured for each of the differently annealed samples (ten times per sample). 

The measurement was carried out at room temperature with an indentation force of 4.9 mN. 

The results displayed in figure 17 shows a maximum hardness of 246 HV at a low annealing 

temperature (T ~ 250 K). The graph shows a strong variation of the hardness with respect to 

the temperature. Up until T ≤ 873 K the hardness decreases with the increased temperature 

and then it becomes an opposite effect until a local maximum is reached at temperature 

T~1023 K. The local maximum of the hardness reaches a peak value of 231 HV and then 

declines at further elevated temperatures. [20]. 

 

 

 

 

 

 

Figure 18: shows the chemical composition of deposits at different potentials. By varying the potential, 

one can control how much of each substance to be deposited on the substrate. At the potential range of 

more than -400 mV vs. SHE (The standard hydrogen electrode)[22], only pure copper is deposited. At the 
potential of -500 mV vs. SHE and less, both copper and cobalt are deposit.  [20]. 
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Figure 19: shows a cross section of a 2µm coating, which illustrates how the layer structure changes at 

different annealing temperatures. At the temperature of 1023K you will find the local maximum and up to 
873K is the layer structure unchanged.  [20]. 

 

 

Applying a Co-Cu multilayer coating was shown to significantly increase the hardness of the 

sample. The hardness measurements gave values up to 246 HV, which is considerably higher 

than usual hardness for pure annealed copper at about ~50 HV. [21]. 

This article also focuses on how the layer structure of the coating can handle high 

temperatures. The results displayed in figure 19 shows that the layer structure remains 

unchanged up to about 873 K. First at 1073 K the layer structure breaks down resulting in 

rapid decrease in hardness. At 1273 K the layer structure was found to disappear. [22]. 
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4.3.2 Hardness and internal stress of NiW multilayer coatings 

 

NiW alloys have good hardness properties, thermal stability as well as good and corrosion and 

wear resistance. By introducing Tungsten, W, the film becomes more brittle which increases 

the risk of cracks, fatigue and lower adhesion. [23]. 

Tungsten cannot be electrodeposited as a pure metal from an aqueous solution since W 

requires a potential greater than the potential of hydrogen reduction. The hydrogen reduction 

creates hydrogen gas, which causes risks such as hydrogen embrittlement, [24], and 

inflammability. Instead a NiW alloy can more easily be co-deposited on a substrate by using 

(Ni, W)-complex agents such as citrate, glycine, ammonia and triethanolamine. [23].  

The electrolyte used by Sanghyeon, et al., can be found in table 15. In order to form the NiW 

alloy the Ni-complexing agent Sodium Citrate (Cit) was used. The usage of citrate instead of 

ammonia, glycine or triethanolamine is because the citrate can increase the W content in the 

thin film. To form the NiW alloy the citrate will interact with the Tungsten oxide and Nickel 

solutions according to equation 1 and 2. [23]. 

 

[𝑁𝑖(𝐶𝑖𝑡)]− + [(𝑊𝑂4)(𝐶𝑖𝑡)(𝐻)]4− → [(𝑁𝑖)(𝑊𝑂4)(𝐶𝑖𝑡)(𝐻)]2− + 𝐶𝑖𝑡3+ (1) 

 
[(𝑁𝑖)(𝑊𝑂4)(𝐶𝑖𝑡)(𝐻)]2− + 8𝑒− + 3𝐻2𝑂 →  𝑁𝑖𝑊 + 7𝑂𝐻− + 𝐶𝑖𝑡3+(2) 

 

Tungsten content depending on the pH-value of the electrolyte bath 

The different complexes from equation 1 and 2 are dominant at different pH ranges, which 

give different W content and current efficiencies. To determine the W content at different pH-

values, the current density was fixed at 10 mAcm
-2 

and the deposition time was 5000 seconds.   

 

 
Figure 20: The variation of tungsten in a monolayer NIW thin film at pH from 4 to 8 at a fixed current density 
of 10 mAcm-2. [23]. 

Seen in figure 20 the Tungsten content in the alloy increases with the increasing pH-value 

until pH 7. According to a reference from the authors of this article the increase in W content 

corresponds to the concentration of the [WO4(Cit)(H)]
4-

 and the [NiWO4(Cit)(H)]
2-

 complexes 

in the electrolyte. At pH 6 and 7 the [WO4 (Cit)(H)]
4-

 complex concentration is dominant 
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from equation 1 and 2, which leads to the increasing W content in the alloy deposition. The 

amount of W in the NiW coating increases from 33 at% up to 40 at% with the increasing pH-

value. At pH 8 there is a noticeable decrease in Tungsten content in the alloy from over 40 

at% to 11-12 at%, this is because of the increasing concentration of Tungsten oxide ions 

(WO4
2-

) and the decrease of the complex [WO4(Cit)(H)]
4-

. The increasing WO4
2-

 

concentration also increases the hydrogen gas evolution since the Tungsten oxides do not 

contribute to the NiW alloy reduction. [23].  

 

Variation of W content due to different current densities 

To decide the amount of W in the alloy depending on the current density the pH of the 

electrolyte was fixed to 6. The current density was altered from 10 mAcm−2 to 40 mAcm−2. 

The deposition time varied depending on the current density according to table 14.  

 
Table 14: Current densities in mAcm-2 and with different deposition times (sec). The table is an extract from a 
table in. [23]. 

 
By increasing the current density from 10 mAcm

-2 
to 40 mAcm

-2 
the content of W in the NiW 

alloy decreased from 40.3 at% to 11.5 at%. According the authors of, [23], the change in W 

content depended on the lower current efficiency due to the evolution of hydrogen gas near 

the surface of the substrate. The hydrogen gas increases the local pH-value in the vicinity of 

the surface causing deficiency of the [WO4(Cit)(H)]
4-

 complex. Since the complex is a key in 

in the deposition of tungsten in the alloy the W-content will decrease. [23]. 

 

 Figure 21: The W-content in at% with altering current densities. [23].   
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Structure of the deposited layers 

The NiW alloy has good mechanical properties and an increase in Tungsten content will 

improve the hardness. The drawback is that with increased W content the deposited alloy will 

become more brittle, thus creating unwanted effects such as crack formation and due to the 

internal stress in the lamination there is a risk of low adhesion causing the lamination to peel 

off the substrate. In Sanghyeon Lee & Company’s tests the thin films with high W content 

(40.3 at%, 31.4 at% and 31.2 at%) showed cracks on the surface. This can be seen in figure 

22 (a), (b) and (c).  

 

 
Figure 22: Surface morphologies of NiW thin films as a function of the applied current density: (a) 10mAcm -2, 

5000 sec, 40.3at.%W, (b) 20mAcm -2, 2500 sec, 31.4at.%W, (c) 30mAcm -2, 1665 sec, 31.2at.%W, (d) 40mAcm -2, 

1250 sec, 11.5at.%W.[23]. 

When the current density was altered to 40 mAcm
-2 the content of tungsten in the NiW coating 

decreased to 11.5 at% and the surface remained crack-free. It turns out that the 11.5 at% 

content have greater ductile capabilities than the high W-content layers. [23].  

 

By depositing a low-W-NiW alloy layer between two high-W-NiW-layers a multilayer 

structure is obtained with both great hardness and due to the ductile layer the internal stress is 

reduced. This will also give a coating that is less brittle and have improved plastic 

deformability. [23]. This multilayered coating was applied by varying the current density 

between 40 mAcm
-2 

for the ductile layers and 10 mAcm
-2 for the hard layers. Depending on 

the amount of layers the holding time for each layer was altered, and the pH-value of the 

electrolyte was fixed to 6. In, [23], the number of layers were a minimum of 2 and a 

maximum of 32 layers. The holding times and number of loops can be seen in table 15.   
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Table 15: Numbers of loops and deposition times for each current densities while creating a multilayered NiW 

coating. [23]. 

 
The result of this was that depending on the deposition time for each layer the thickness 

varied from 30 nm (32 layered coating) to 220 nm (2 layered coating) for the W-rich layers 

and from 11 nm (32 layered) to 140 nm (2 layered) for the W-poor layers. It was also shown 

for SEM images, see figure 23, that the coatings with loops from 1-8 had distinct layer edges 

between each current change. However if the amount of layers rose to 32 layers the layer 

edges were not that distinct. The surface morphologies of the layers, displayed in figure 23, 

showed no signs of cracks. [23]. 

 

 

Figure 23: SEM images of different multilayered structures. (a) 1 loop; (b) 2 loops; (c) 4 loops; (d) 8 loops 
and (e) 16 loops. [23]. 
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Hardness and internal stress of the NiW multilayers  

When Sanghyeon, et al, measured the hardness of these multilayer NiW coatings, the total 

thickness of the coating was set to approximately 360 nm. The results are shown in figure 24. 

 
Figure 24: (a) Hardness in GPa for single layered NiW with different W content in at%. In comparison to the 

multilayered NiW coating with an average W-content of 29.4 at% (32 layers). (b) Hardness in GPa of the 
multilayered NiW coatings depending on the number of layers deposited. [23]. 

Seen in figure 24a the hardness of the single layered NiW coatings range from 6.45±0.399 

Gpa (658 HV) to 10.35±0.229 GPa (1055 HV) for the alloy with 10.5 at% W and the alloy 

with 40.3 at% W, respectively. The multilayered coating (32 layers) had a hardness 

measurement of 9.98±0.598 GPa (̴ 1018 HV). Sanghyeon, et al., calculated the average 

composition of the multilayered coating to that it contained 29.4 at% W. By comparing it to 

the single layer with the most similar composition (31.2 at% W) an increase in hardness can 

be seen. The hardness of the 31.2 at% W was 7.62±0.807 GPa (̴ 777 HV). [23]. In figure 24b 

the hardness was measured against the number of layers deposited on the substrate. Seen here 

is that if the number of layers increases, the hardness increase as well. The hardness ranges 

from the 2-layered coating of 7.63 GPa (777 HV) to 9.98 GPa (1018 HV) for the 32-layered 

coating. [23]. 

 

 
Figure 25: Internal stress measurements (MPa) for (a) single layered coatings and (b) the multilayered 

coatings made of NiW [23] 
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Established earlier the increase in tungsten content makes the NiW alloy more brittle and due 

to internal stress the coating have a risk of delamination. Seen in figure 25a the internal stress 

increases with the content of W verifying the earlier claim. [23]. It was also said that the 

internal stress could be reduced by creating a multilayer altering between rich and poor W 

content layers. In figure 25a the thin film created by 32 layers have distinct lower internal 

stress of 126.3 MPa than the similar 31.3 at% single film coating internal stress of 227.8 MPa. 

The internal stress can also be lowered by increasing the number of layers, seen in figure 25b, 

by increasing the number of layers from 2 layers with an internal stress of 172.7±4.04 MPa to 

32 layers the internal stress decreased to 126.3±8.53 MPa. [23]. 

 

4.3.3 Layered coating of Zn–Co and Zn-Ni alloys on steel using different current pulses 

for better corrosion protection 

 

There are advantages for corrosion protection to use multilayer. To create a multilayer coating 

a square current pulse, a triangular current pulse or a saw-tooth pulse can be used. [25] [26] 

[27] [28] [29]. Of course an arbitrary pulse can be used but these three where the ones 

investigated here. There is no exact evidence which work better, but logically square current 

pulse will give a more distinct line between the layers. Triangular pulses will give a transition 

between the coatings and saw-tooth will also have a transition part and one distinct part. Some 

kind of comparison can be drawn from the articles, but it is not established what the optimal 

current pulse is from experiments yet. The different current pulses used in these articles are 

visualized in figure 26. 

 
Figure 26: A small collection of different pulses used for electro deposition. [25] [26] [27] [28] [29]. 

From these three articles it has been found that 300 layers is the optimal number for highest 

corrosion resistance. Icorr decrease until 300 layers have been deposited, and after 300 it will 

increase again. With a number of 300 layers each single layer is approximately 67 nm. This 

seems to be the best thickness to get all the properties of both the layers. The reason behind 

this is not certain, but our assumption is the following:  

Diffusion is not very significant in case of multilayers, until the thickness of the layers get too 

thin (a few nano meters). When this thickness of layers are reached, the layered structure 

starts to diffuse into one uniform coating instead of the previous multilayered structure. The 

intended multilayered structure slowly but surely formed into one thick monolayer.   
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Table 16 and table 17 both show data from experiment on a CMA (cyclic multilayer alloy) 

Zn-Co coating but the data differs a lot. [25] [27]. Our conclusion was that a slight change in 

current density, leads to a drastic change in the fine structure of the material surface which in 

turn leads to a change in corrosion resistance. A change from 3 to 4 Adm
-2

 for the zinc layer, 

and from 5.0 to 5.5 Adm
-2

 for Cobalt layer, can deteriorate the corrosion protection several 

times. But it is important to note that this also could be an effect of mistakes in the 

measurements or other sources of errors. 

 
Table 16: The effect of the overall number of layers and their sequence on the corrosion potential, corrosion 

current density and corrosion rate of CMA Zn–Co coatings electrodeposited at the optimal combination  of 

current densities (40/55 mA c𝑚−2). [25]. 

 
Table 17: Effect of overall number of layering on corrosion properties of Zn –Co CMA coatings obtained with 

3.0–5.0 Ad𝑚−2 and 2.0–5.0 Ad𝑚−2 CCD’s. [26]. 

 
 

In table 18 a composition modulated multilayer alloy (CMMA) of Zn-Co was tested for 

corrosion protection when number of layers was increased. [28]. The maximum of layers were 

here 300 which gave an excellent corrosion protection compared with earlier, but would have 

been interesting to see if it follows the trend that 300 is optimal as the other. The corrosion 

factor icorr was 0.15 for the CMMA (Zn-Co)2.0/4.0/300 compared to 0.44 for CMA (Zn-

Co)3.0/5.0/300. The difference between them was the current pulse. The CMMA used a saw-

tooth pulse compared to CMA used a triangular pulse. Our conclusion is then that a saw-tooth 

pulse will create a more homogenous with distinct change between the layers and compact 

coating. 
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Table 18: Decrease of corrosion rate (CR) of CMMA Zn–Co coatings with increase of layers using a saw-
tooth pulse. [27]. 

 
In table 19 a Zn-Ni alloy was tested for two methods (CMA and MNC) and changed CCCD 

for MNC. [26]. The best results was showed for MNC (Zn-Ni-SiO2)3.0/5.0/300 where the icorr was 

0.071 µA/cm
2
. This is the best results we found during the literature study for corrosion 

protection, and is equal to a corrosion of 1.1 µm per year. Compared with the results in table 

18 which had a corrosion rate of 2.2 µm per year for CMMA (Zn-Co)2.0/4.0/300
 
it would be 

interesting to do a MNC for the Zn-Co composition. 
 

Table 19:Relative account of CR’s of monolayer and multilayer coatings under different condit ions of 
layering using a square current pulse.  [28]. 

 
 
After a discussion with a consulting professor at Ångström laboratory the results in these 

articles could be misleading. For an electrochemical coating the error of measurements can be 

up to ten times the value. The articles that are referred to did not say anything about their 

errors. In best case they accounted for all their errors in the articles and used a good 

confidence interval. In the worst case these results of a decrease of 4 times the CR could even 

be an increase for an average experiment. In Modumetal patent they write about their Ni-Co-

Diamond coating, which also support values of around 300 layers for 20 µm and CD of 2-5 

Adm
-2

. Therefore this should be a very interesting thing to investigate further. Also it would 

be interesting to do a hardness test for these coatings, especially the Zn-Ni-SiO2 or Zn-Co-

SiO2 because they are assumed to perform well in a Vickers test. 
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4.3.4 Growth of nano-structured cyclic multilayers of Zn-Ni alloy-coatings by triangular 

current pulses 

 

The composition of multilayer alloy coating is a subcategory of nano materials, which are 

developed with electrolytic methods from aqueous solutions that consists of a gradual change 

in the layer composition and alternating compositions. This method of cyclic multilayer alloy 

(CMA) is specially developed to give a precise composition of the deposit. This is necessary 

due to the common complications in repeating the experimental results in this field of 

electrochemical depositions. With the method of CMA very fine grain sizes can be obtained 

which gives improved properties that are very complicated to reach with other kinds of 

metallurgic alloys. The improved properties are those of the morphology of the surface, 

higher electrical resistivity, increase of hardness and strength, diffusibility, reduced density 

and increase in heat-, corrosion- and wear resistance. 

 

CMA which coats Zn-Ni on mild steel (in a sulphuric acid bath with thiamine hydrochloride 

and citric acid as additives) was done galvanostatic
1
 with triangular current pulses under 

different conditions according to the number of layers one wished to obtain. Letting the 

cathode current gradually change from one current density to another managed growth of the 

coating on mild steel. The multilayer coating-alloy with alternating alloy-layers had its 

composition varied with triangular current pulses. The electrochemical deposition of the 

CMA-coating was obtained with galvanodynamic cycles for a working electrode between two 

set values of current density. This was done in a aqueous solution that contained Zn
+2

 - and 

Ni
+2

  ions. This method makes it possible to control the exact values of the cathodic current 

density where the alternating layers-deposition of the alloy with different compositions is 

obtained. The effect of the layers on oxidation resistance was measured by initially start with 

10 layers with different cathode current densities and after several trials it was concluded that 

the current densities which gave good oxidation resistance where between 2.0 A dm
-2

 and 3.0 

A dm
-2

. Also the morphology of the surface had a relatively low surface roughness. The 

results showed that the optimal number of layers for the CMA-coating was approximately 300 

layers. With respect to corrosion resistance. The coating which were coated at the current 

densities of 2.0 A dm
-2

 and 5.0 A dm
-2

 gave even better results. The lowest values of CR (the 

depth in which the material corrode in one year) had its optimal value at 300 layers with 

𝐶𝑅 = 0.15 × 10−2 mm y
-1

 and the values of current density corrosion were at 𝑖𝑐𝑜𝑟𝑟 = 0.10 

µA cm
-2

  The reason behind the layer number of 300 might be due to the reduction of the 

relaxation time for the distribution of the metal alloys in the diffusive layers. In other words, 

with more layers there will be a tendency for the particles of those layers to diffuse into one 

another and thus create indistinguishable border between the layers, thus multilayers might 

look more like one thick single layer. Hence there will be no point in further increasing the 

amount of layers due to diffusion between the corresponding borders of those layers. [30].  

 

4.3.5 Ceramic ZrO2/Al2O3 multilayer coating on stainless steel  

 

This is a ceramic system where the multilayer composite is deposited on a steel substrate that 

enhances the resistance of fracture, strength and reliability. It has been observed that 

laminated systems contributes to a significant improvement in above mentioned properties. In 

comparison with the monolithic materials the micro laminated multilayers shows an 

improvement of more than two times. Here the micro laminated coating was fabricated by 

                                                 
1
 Galvanodynamics are the description of a system in where the current is varied under constant rate to an 

electrolyte or electrode 
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electrodeposition and microwave sintering under pressure to obtain the final composition. 

According to the literature, there are no difficulties in depositing the coating on the steel 

substrate together with alternating heating in oven to obtain the multilayers.  

The cross-section surface pictures of ZrO2/Al2O3 was studied with the combined techniques 

of FE-SEM in where the numerous alternating layers of ZrO2 and Al2O3 could be seen. The 

results showed that the mean-value thickness of the individual layers were approximately 100 

nm. Even though the resolution of the picture were not very high, it can still be seen that there 

were no presence of any cracks in the composite. See figure 27.  

 

 
Figure 27:A cross-section of the alternating ZrO2/Al2O3 coating after microwave sintering.  [31]. 

Three samples were tested for high temperature oxidation and spallation. They differed in 

deposition time. The results showed that the sample that were deposited under 60 s also were 

the one with the highest performance with respect to oxidation and spallation. Thus there is an 

optimal deposition time which corresponds to the best oxidation layer of the substrate. The 

blank sample that had no ceramic layer coating was analysed and seemed to have very 

aggressive cracking and high surface roughness. In comparison the coated samples had a 

much lower surface roughness and also the presence of Cr2O3 had a major role in increasing 

the oxidation resistance. [31]. 
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4.3.6 Multilayered coating discussion 

 

From the article about Co-Cu coatings the hardness of the materials was increased from 50 

HV of the annealed copper substrate to 246 HV with the multilayered coating on the 

substrate. This increase in hardness shows the potential for multilayered coatings 

strengthening effects. This was the highest hardness increase factor we were able to find, but 

it is still a short of Modumetal's claimed tenfold increase.  

 

The hardest multilayered coating we found was the NiW coating. The multilayered coating 

achieved a hardness of 1018 HV, which is lower than the co-deposited W-rich NiW coating. 

The co-deposited coating achieved a hardness of 1055 HV but the amount of tungsten (40.3 

at. %) made the alloy very brittle and the coating had a high amount of internal stress. The 

internal stress caused the co-deposited coating to crack, which makes it unsuitable to use as a 

coating itself. But by creating a multilayer and placing a W-poor layer (11 at. %) between two 

W-rich layers (40.3 at. %) the internal stress was greatly lowered and the coating remained 

crack-free. In the article it is not mentioned if the internal stress is a compressive or tensile 

stress. It also turned out that by increasing the number of layers in the multilayered coating 

the internal stress decreased. It is said that NiW coatings do also have great thermal stability 

and wear/corrosion resistance, but unfortunately this alloy was discovered to close to the 

deadline to continue with further research.  

 

Zn-Ni-SiO2 showed the lowest corrosion rate of 1.1 μm per year. For only Zn-Ni there were 

some differences between the articles. One article said 112 μm, and another 1.5 μm. This is 

probably due to different kind of current pulses and measurements of error. Generally in the 

methods of electrodeposition, the error can be up to 10 times the value for. The multilayer Zn-

Ni-SiO2 is still 100 times better than a monolayer of only Zn-Ni. With the thought of 

Modumetal using Ni-Co-Diamond for strength increase in mind, maybe a multilayer of that 

and Ni-Zn-SiC could be used for both strength and corrosion protection increase. The fact that 

Cobalt is not necessary in a multilayer to get a good corrosion protection is a good fact. It is 

even better to use Ni with Zn than Co with Zn. It would also be interesting to do strength test 

on the multilayer, which are expected to perform well.  

The corrosion rate in the case of Zn-Ni alloy coating was 1.5µm per year. This was the case 

with the current density from 2.0 A dm
-2

 to 5.0 A dm
-2

, at 300 layers. 

 The article of the ZrO2/Al2O3-coating spoke also of the enhancement of corrosion resistance. 

But in this case the authors Junguo Gao et al. did not measure the corrosion with the values of 

CR, Ecorr or icorr, but rather in the sense of spallation resistance. That is the mass loss of the 

material in aggressive environment such as stress, impact, corrosion, etc. In the article there 

are a few good-looking, illustrative diagrams that represent the mass loss of the different 

samples. Results showed that the sample which were deposited at 60 s and with the layer 

thickness of approximately 100 nm showed the highest performance in high temperature 

oxidation tests.         
 

One thing that can be stated is that multilayer coatings are very versatile; by shifting 

components in the layers the coating can get different advantages such as corrosion resistance, 

greater hardness and wear resistance. Unfortunately there was not enough time to gather more 

data and knowledge about some of the coatings, such as the corrosion resistance of NiW 

multilayer coatings or the hardness of Zn-Ni multilayers. There might be information 

available about these questions. If not, it could be interesting to examine these things such as 

the mechanical properties of the 300 layered Zn-Ni-SiO2 coatings or how the NiW coating 

achieve in test if the coating builds up to 300 layers in terms of corrosion, hardness and wear.  
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In the corrosion articles many results showed that about 300 layers gave the best corrosion 

resistance, since the individual layer thickness was thick enough to be able to neglect the 

diffusion between the layers. Otherwise the layers diffused together and the coating became 

more similar to a single layered coating. It turned out that the optimal individual layer 

thickness was 67 nm against corrosion, but is it the optimal thickness in terms of strength? Or 

what happens if a coating with a 1000 layers are deposited with a total layer thickness of 67 

µm? Will it get better mechanical properties or corrosion resistance? Those are just a few 

examples of questions that might be answered in the future.  

 

Many of the coatings, both multilayered and single layered, found in the literature study 

contain the elements Nickel and Cobalt, and with those elements there are health and 

environmental issues. Nickel can cause allergic reactions to some users by physical contact 

with the element and that might cause issues for personnel or customers. Also the largest 

Nickel excavation take place in Russia, and due to recent political events in the region the 

future of regional Nickel supply is uncertain. Australia and Canada are two reliable sources of 

Nickel supply but the distance between Sweden and the suppliers might make the global 

environmental impact larger due to transportation. 

Cobalt on the other hand is an element that is recommended to be avoided due to the claims of 

the element to be carcinogenic. It is an ethical and environmentally controversial element due 

to the horrible conditions of the mining operations in the Democratic Republic of Congo 

(DRC). Since the DRC is one of the largest suppliers of Cobalt, the usage of cobalt is not only 

a health issue but also an ethical issue.  

Also in many of the Single layered coatings there is a usage of nano particles. There are 

concerns that nano particles might be harmful to the health but the damaging effects are not 

yet determined. The main concern is if the particles are inhaled and since the particles are in 

the nano dimensions they might pass through to vital organs undetected by the body’s defense 

system.     
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5. CONCLUSION  

 

5.1 Conclusion about Modumetal and the potential of multilayers 

Modumetal's process is an electrodeposition in a single bath where the current density is 

alternating to create a multilayer with two different materials with different microstructures. 

The coatings improve the mechanical properties for the material as the multilayer structure 

stops crack propagation and gives the coating properties from both the different layers. All 

attempts to contact Modumetal were unsuccessful and therefore their specific substances are 

unknown to us and the experimental results unofficial. There are several applications for such 

coating e. g. in production of drill fittings, precision engineering, micro electrochemical 

systems etc. Lower friction could be used in all moving parts in a drilling machine and would 

improve the efficiency. A hardness increase can protect the external parts which are exposed 

to strikes and mechanical forces. Coatings with better corrosion protection could be used for 

parts in contact with cooling liquids or in oil drilling where environment is aggressive. 

 

5.2 Conclusion from the literature study 

 

The conclusions from the literature based results are such that Ni-B/SiC is the superior 

coating with respect to hardness. Unfortunately there is little discussion about the impact on 

other parameters such as mechanical strength. In term of corrosion resistance, the coating of 

Ni-Co/SiC yielded the superior results. With another kind of composition of the Ni-Co/SiC 

coating, a great hardness of 690 HV was achieved, but this composition had a lower corrosion 

resistance. So there seemed to be a loss of corrosion resistance with an increase of hardness. 

The Ni-Co/diamond coating mentioned in the Modumetal patent was also mentioned in a few 

articles. However the articles did not discuss the wear- and corrosion resistance it yielded and 

to further complicate matters the articles used different measure techniques and measured 

different parameters which made it hard to compare the articles. Another problem is the usage 

of the element of Cobalt, which comes with its own complications in terms of health as well 

as ethical and geographical concerns of its excavation sites. 

 

The highest factor of increase in multilayer coatings seemed to be an increase from 50 HV to 

246 HV with Co-Cu on Cu-substrate. One of the highest achieved hardness was for the NiW 

multilayered coating which achieved 1018 HV. With a W-rich (40.3 at. %) co-deposited NiW 

coating a slightly better hardness of 1055 HV was achieved. A drawback with the higher 

hardness was that the coating became more brittle and it had a tendency of high internal 

stress. However the brittleness could somewhat be dealt with by alternating W-poor and W-

rich layers. In terms of corrosion resistance Zn-Ni-SiO2 alloy showed the best results of 1.1 

µm corrosion per year. Also the multilayer of Ni-Zn coating showed remarkable corrosion 

resistance results of 1.5 µm per year, done with the current densities from 2.0 Adm
-2

 to 5.0 

Adm
-2

, with 300 layers approximately. Once again one has to emphasize on the exact values 

of the parameters given by the sources of the studied papers. There has been a few 

contradictions, especially with the corrosion rates of the Zn-Ni-SiO2 coatings. 

 

The two most interesting multilayers were NiW & Ni-Co/diamond. The Ni-Co/diamond was 

used by Modumetal and since the literature states that a single layer can achieve a decent 

hardness, low wear- and corrosion rate this coating may be of interest for further research. A 

multilayer of NiW has even higher hardness, but the wear- and corrosion rate are not tested on 

the multilayered coatings, however it is said that NiW as a coating has great thermal stability, 
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corrosion- and wear resistance. It could also be of interest to optimize the number of layers 

and the individual layer thickness to maximize the strengthening effect. 

Even though there are some clear complications with the practical aspect of this science such 

as repetition and credibility of experimental results, we feel that with further studies there 

might be a great future for electrodeposited multilayered coatings. 
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