
Applied Surface Science Advances 6 (2021) 100141

Available online 13 September 2021
2666-5239/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Development of electrodeposited multilayer coatings: A review of 
fabrication, microstructure, properties and applications 

M. Aliofkhazraei a,*, Frank C. Walsh b, Giovanni Zangari c, Hakan Köçkar d, Mürsel Alper e, 
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A B S T R A C T   

The demand for robust engineering materials demonstrating good tribological performance under arduous ser
vice conditions has forged the development of novel coating materials and techniques. In the field of surface 
engineering, multilayer structures have attracted great interest. Electrodeposition offers a versatile and 
controlled route to engineering coatings in tribology. Electrodeposited coatings can provide tailored electronic, 
magnetic, mechanical, wear-resistant and corrosion-resistant characteristics as well as an improved load-bearing 
capability. The performance of multilayered electrodeposits can significantly exceed that of single layers. This 
paper critically reviews the fabrication, microstructure, engineering properties and potential applications of 
electrodeposited multilayer coatings. Such coatings can provide powerful, complementary additions to the 
toolkit for engineering electrodeposition, enabling future advances. Critical aspects requiring further R & D 
endeavors are identified.   

1. Introduction 

The ever-increasing demand for materials with superior engineering 
properties has encouraged materials scientists to develop novel 

materials having higher efficiency and lower costs. To achieve this, both 
engineering ingenuity and cost effectiveness are needed. It is often 
necessary to improve the resilience of engineering components in 
aggressive environments or enhance the magnetic features of an alloy 
while preserving its strength; on some occasions, both the wear 
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resistance and corrosiono resistance of tools and engineering compo
nents must be improved. Control of the microstructure of materials in a 
cost-effective manner enables the development of novel high- 
performance materials. Such a goal can be achieved using simple, low- 
cost methods suited to industrial processing, such as electrodeposition. 
Although electroplating is a traditional process, it is still possible to 
develop novel materials with unique characteristics continue to be 
developed by controlling the deposition parameters. Nowadays, this 
technique is frequently employed as a successful industrial procedure for 
materials having an ultrafine structure [1–6]. 

Among the novel materials which have attracted a great deal of in
terest recently, are multilayer or chemically modulated structures. The 
primary concept behind multilayers, presented by Koehler for the first 
time in a 1970 review concerning strategies to build a strong solid [7], 
was the enhancement of physical properties of a component by 
sequentially depositing layers of materials, A and B (having different 
elastic constants and similar thermal expansion). When stress is applied 
to such a structure, the dislocations originating from the material with a 
lower modulus (A) move towards the A/B interface. These dislocations 
would be hindered at the interface of material with the higher modulus 
(B) due to the repulsive forces, consequently resulting in increased 
tensile strength and Young’s modulus of the multilayer. In addition to 
this mechanism, numerous studies have been undertaken on the subject 
of the multilayers with nanocrystalline, amorphous/nanocrystalline, as 
well as amorphous structures, and various other mechanisms have been 
introduced for improving the mechanical properties of the multilayers 
[8]. It is possible to deposit multilayers using the dual-bath technique; 
the limitations of this technique and the simplicity of a single-bath have 
resulted in the emergence of improved single-bath techniques in the 
majority of recent studies [1]. 

Research is still being undertaken on tailored multilayers in different 
industries [9,10]. For example, magnetic properties of alloys, such as 
copper and cobalt, have been successfully improved for applications as 
biosensors, magnetic field sensors, or utilization in miniature devices 
[11,12]. In several other studies, toughness, wear resistance, mechanical 
properties, and load-bearing capability as well their corrosion resistance 
have been enhanced through developing specific multilayers [13–16]; 
such multilayers have found applications in all moving parts in a drilling 
machine and rock-drilling tools, as well as in oil/gas drilling in hostile 
environments [8]. 

Potentiostatic control of the cathode working electrode is common 
practice in R & D laboratories, but it is rarely applied in industry due to 
unfamiliarity. The traditional laboratory use of costly feedback 

controlled, high current power supplies, the need for a reference elec
trode in the cell and lack of familiarity severely limit the use of poten
tostatic growth in industrial processing. Controlled current operation is 
common in modern power supplies and can expand the range of 
multilayer materials having applications in diverse industries, as illus
trated in Fig. 1. 

2. Multilayer production techniques based on electrodeposition 

Considering the broad variety of deposition processes and types of 
coating, such as nanograined, superlattice, multilayer, thin-film and 
nanocomposite coatings, it is important to carefully select the deposition 
technique and coating type tailored to match properties to the applica
tion. The most commonly used deposition techniques are physical 
vapour deposition (PVD) and chemical vapour deposition (CVD), 
chemical and electrochemical techniques, physical coating spraying and 
roll-to-roll coating methods [17]. Electrodeposition and vapour phase 
deposition have been widely employed in the manufacturing of multi
layer films. However, electrodeposition has always been facile for the 
production of alloyed multilayer coatings of various metals. 

PVD and CVD of nitride or carbide coatings have attracted attention, 
both in the laboratory and at industrial scale, due to the excellent ad
hesive and strength properties of the deposits as well as high resistance 
against heat and abrasion. The production of multilayer and gradient 
coatings, however, is much simpler and cheaper using electrodeposition 
[18,19]. 

As shown in Fig. 2, there are many parameters affecting conditions 
and the obtained properties of electrodeposited layers such as the con
ditions of electrolyte, type of anode and cathode, etc. One may achieve 
the desired coatings by gradually, stepwise or alternatively altering any 
of these parameters. Applying different current densities or potentials 
has been the most widely used technique so far in the manufacturing of 
multilayer and gradient coatings. In fact, these two (current density and 
potential) are often used since they are easy to control, easy to apply 
changes, repeatability and high accuracy of the equipment used to 
implement changes. Other parameters that may affect the properties of 
multilayer coatings (including thickness and morphology) are pH, 
nanoparticle concentration, solution agitation, anode to cathode gap, 
electrolyte temperature, bath composition (including additives), depo
sition using more than a single bath and the duration of deposition. 

More complex equipment is required to successfully control and 
change the above parameters while their effects would not be even close 
to the effects of changing the current density or potential [20]. All 

Nomenclature 

Symbol 
Bs magnetic flux density T 
E electrode potential V 
Eo standard electrode potential V 
f frequency Hz 
F faraday constant (96 485) C⋅mol− 1 

Hc coercivity Oe = A⋅m− 1 

I current A 
IM current used to deposit metal A 
j current density A⋅cm− 1 

jrms mean (root mean squared) current density during pulsed 
current A⋅cm− 2 

M molar mass of metal g⋅mol− 1 

Mr magnetic remanence T 
Ms saturation magnetization Dimensionless 
N number of electrodeposit pairs Dimensionless 
q electrical charge C = A⋅s 

S area under the pulsed current vs. time curve C 
t time s 
ton on time during current pulse ms 
toff off time during current pulse ms 
ton pulse on time ms 
toff pulse off time ms 
treverse current reverse time s 
T temperature K 
Tm melting point K 
x thickness of deposit cm 
xA thickness of deposit A cm 
xB thickness of deposit B cm 
z electron stoichiometry Dimensionless 

Greek 
l wavelength during pulse nm 
y current efficiency for metal deposition Dimensionless 
μ permeability N⋅A− 2 

r density of metal g⋅cm− 3  
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parameters which may be more conceivably altered to achieve the 
desired coatings are given in Fig. 2. It should also be mentioned that 
some of these parameters are affected by other factors. Direct (contin
uous) or pulsed current can be used. Direct current is only influenced by 
the amplitude of the current whereas pulsed current is influenced by 
frequency, duty cycle, average current density and reverse pulse current. 
The switching of the current density between two/multiple values is 
suitable for technological purposes where the thickness of each layer 
may be controlled by adjusting the deposition time and current density. 

Altering the applied potential is another process for the 
manufacturing of multilayer coatings which requires a three-electrode 
cell as its control is more complicated. Changing the electrode poten
tial (pulse width and amplitude) leads to the variations in the compo
sition of the deposits. This method provides the following advantages 
when used in the production of multilayer coatings: 1) low deposit 
temperature which reduces internal diffusion rate between layers, 2) a 
thickness that may be controlled by monitoring the electrical charge and 
3) the layer composition may be tailored by controlling the electrode 
potential. 

3. The importance of current control in the production of 
multilayer and gradient coatings 

Electrodeposition is one of the most widely applied techniques to 
produce metal/alloy multilayer coatings. Many interrelsated parameters 

are involved in the plating process effective control is needed to achieve 
tailored multilayer coatings. The current is a key parameter in direct and 
pulse current techniques [21]. In addition to the chemical composition 
of the bath, the use of different modes of current control also affects the 
morphology and microstructural properties of deposits. For example, 
pulsed current influences mass and charge transfer during plating whilst 
reverse anodic current can improve mechanical and structural proper
ties [22–24]. In direct current electrodeposition, multilayer coatings are 
produced by changing the current density and deposition time; in pulsed 
current, several parameters, other than current density, (such as fre
quency, duty cycle and reverse pulsed current) are also involved, as 
addressed in later sections. 

3.1. Direct current 

As previously mentioned, the direct current is a well-known method 
for the production of multilayer and gradient coatings. The main dif
ference observed in coatings produced by direct and pulse techniques, is 
related to the process duration. Generally, changing the current density 
between two or more specific levels, each representing a metal or alloy, 
leads to the formation of multilayer coatings. Usually, the deposition 
time for each layer via the direct current varies between 1 s to 5 min or 
more. The other impact of current density is attributed to the growth 
kinetics and grain size. When direct current is used for the production of 
multilayer coatings, each layer may show different characteristics in 

Fig. 1. A schematic of the variable applications of multilayered electrodeposited coatings.  
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terms of the chemical composition, structure, grain size, growth kinetics 
and consequently the deposition rate of metals. Direct current can be 
used to deposit multilayer coatings by varying the current (with respect 
to each metal or alloy) in 2, 3 or more steps. Each step can last from 
several seconds to several minutes and leads to the formation of a layer 
with unique properties. 

While direct current is generally applied using single metal baths, 
additives or nanoparticles may also be introduced to the bath. In Ni/SiC 
functional gradient coating, for instance, SiC content is increased from 
the substrate towards the surface by gradually increasing the current 

density. In this coating, SiC content increases with an increase in current 
density reaching a maximum value of 30 vol.% at 1200 rpm [25]. 

The electrosynthesis of advanced materials requires selection of 
suitable catalytic coatings and adequate control of the reaction envi
ronment, including mass transport and fluid flow. This has been 
significantly effective in the development of a new series of coatings 
called as composite modulated multilayer films. As seen in Fig. 3, Ni-W 
alloy coatings have been produced in single-layer (a) and multilayer (b) 
forms within the current density of 10-40 mA.cm− 2 [26]. In addition to 
increasing the W content by increasing of current density, corrosion 

Fig. 2. Techniques used to produce multilayer and gradient coatings.  
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resistance of multilayer coatings was also noted to be higher than that of 
single-layered ones. 

Another group of researchers managed to produce multilayer nickel- 
tungsten (Ni-W) coatings using a similar approach. Nickel-tungsten 
(alternate W-rich/W-poor) multilayers were produced through a varia
tion of direct current density over given time intervals. An increase in 
hardness had been seen to adversely affect the single-layer Ni-W coat
ings as it caused an increase in internal stress and cracking, while W- 
rich/W-poor multilayer coatings provided an improvement in hardness 
at a minimum level of internal stress and even provided crack-free 
surfaces [27]. In order to compare direct currents with the pulse and 
reverse pulse currents, researchers produced alloyed Cu/Co coatings via 
direct currents and Co-Cu/Cu multilayer coatings using pulse and 
reverse pulse currents. The number of layers varied between 700 and 
1500 [28]. Controlling the current density results in the fabrication of a 
Co95Cu5 alloy with the direct current method and a Co95Cu5/Cu multi
layer using pulse and reverse pulsed current. The lower current was 
always employed for deposition of copper, while, the higher current was 
applied for deposition of cobalt/copper. The use of a constant/direct 
current made layer thickness control easier but the copper distribution 
was less uniform in direct current deposition [28]. 

FeCoNiCu/Cu multilayer coatings were produced by the current 
density variation, using low values for deposition of copper layers and 
high values for deposition of cobalt-rich alloys. Applying different cur
rents over given time intervals led to the formation of multilayer 
FeCoNiCu coatings with Co-rich and Cu-rich layers [29]. Apart from 
magnetic properties, current density also affected the grain orientation 
and grain size within 20-80 nm in each layer of coating. In alloy plating 
systems, it is possible to produce multilayer coatings through the vari
ation of direct currents among certain levels. In this case, each layer 
bears a unique alloying composition. In addition to conventional 
multilayer and gradient coatings, alloyed or composite multilayer 
nanowires may be deposited on anodic aluminium oxide (AAO) sub
strates. For instance, an increase in current density from the edge to
wards the centre of the template improved deposition rate in CoPt/Pt 
multilayer nanowires. Examination of the crystalline structure (at the 
nanoscale) revealed that each CoPt/Pt multilayer nanowire had a 
bamboo-like, periodic and regular structure [30]. Other types of coat
ings produced by direct current control in electroplating are shown in 
Table 1. 

3.2. Pulsed current 

Another method that provides effective control of composition and 
structure of electrodeposited coatings is by the use of pulse current 

which is known as pulse plating. Pulse currents have different shapes 
such as unipolar (on and off) and bipolar (reverse current) in Fig. 4. In 
the case of bipolar pulsed current, metal deposition occurs during the 
cathodic pulse while partial dissolution of metal occurs during the 
anodic pulse [31]. This method, also known as reverse pulsed deposi
tion, leads to grain refinement through increasing the nucleation rate 
due to the application of higher current densities in comparison to the 
direct current method. In addition, mechanical properties of coatings 
such as toughness, tensile strength and yield stress were improved due to 
better hydrogen evolution conditions which, in turn, hindered the for
mation of metallic hydrides and rough depositions and also prevented 
pH variations. Using pulse plating, a homogenous film is produced 
which depends on frequency, peak current density, duty cycle and, 
partially, anodic current (reverse pulse) [32]. The plating process may 
be affected by variation in any of the parameters mentioned above. 

In pulsed current plating, the duty cycle is defined as the ratio of the 
current on time (ton) to the sum of the ton and toff : 

Duty cycle =
ton

ton + toff
= tonf (1)  

where the frequency, f is obtained as: 

Frequency =
1

ton + toff
=

1
t

(2)  

Different plating conditions may be obtained through the application of 
various frequencies and duty cycles or changing ton and toff. Peak current 
density is another pulse current parameter that is directly related to the 
average current density so that peak current multiplied by duty cycle is 
the average current density. If frequency and duty cycle are kept con
stant in plating, the properties of multilayer coatings can be changed by 
changing current density [21]. Fig. 4 (b) illustrates potential and current 
behaviours in specific duty cycle and frequency values applied for pulse 
electrodeposition of multilayers consisting of copper (frequency: 0.2 
kHz, duty cycle: 60%) and cobalt (frequency: 0.4 kHz, duty cycle: 80%) 
[33]. 

3.2.1. Frequency 
Pulse current creates a monolithic coating which usually becomes 

fine-grained with an increase in frequency. It can be seen in Fig. 5 that 
changing the frequency leads to the formation of a multilayer coating in 
which the crystalline structure and grain size of its layers are different. 
The pulse current frequency has been shown to be effective in control
ling grain size. It is also possible to produce layers having different 
properties by gradual or incremental alteration of frequency. Assuming 

Fig. 3. The current waveform used to electrodeposit single-layer and multilayer coatings using (a) constant current and (b) pulsed direct current [26].  
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that other parameters are constant, the chemical composition of plated 
coatings can be simply controlled by alterating the frequency [32,34]. 
Since pulse frequency change, can influence directly on the doable layer 
thickness, it will change the value of limiting current density; in this 
way, pulse frequency can lead to alter the chemical composition of 
plated coatings, specially when one and/or all of the electroactive spe
cies are under convective-diffusion mass transport control. 

Apart from chemical composition control, metal deposition and 
nanoparticles concentration, mechanical properties like hardness or 
internal stress may be influenced by frequency alteration. For instance, 
it was observed that an increase in frequency from 0.2 to 20 kHz in a Ni- 
W coating with incorporated multi-walled carbon nanotubes 
(MWCNTs), in addition to the slight change in tungsten content, 

hardness of coatings with 12 wt.% MWCNT was raised from 522 to 798 
Hv [35]. Allahyarzadeh et al. [34] reported that alumina nanoparticles 
and tungsten contents were increased from 0.5 to 1.5 wt.% and 2 to 5 wt. 
%, respectively, in gradient Ni-W coatings containing alumina nano
particles, at a constant duty cycle and average current density of 30 
mA⋅cm− 2, simply by increasing frequency from 0.1 to 1.5 kHz from the 
substrate towards the top surface of the coating as time progressed [34]. 
On the other hand, Torabinejad et al. [36] produced Ni-Fe-Al2O3 
multilayer coatings at the duty cycle equal to 88% by varying the fre
quency between 0.1 to 6.4 kHz. According to energy dispersive spec
troscopy (EDS) experiments, frequency fluctuations had no effect on 
alumina nanoparticle deposition or even the Ni and Fe content. The role 
of frequency in the improvement of corrosion and wear resistance has 

Fig. 4. (a) Different forms of pulsed current together with typical potential and corresponding current waveforms for (b) copper and (c) cobalt deposition (j is pulsed 
current density, ton and toff are on and off pulse durations) [33]. 

Fig. 5. The role of frequency in electrodeposition of multilayer coatings.  

M. Aliofkhazraei et al.                                                                                                                                                                                                                         



Applied Surface Science Advances 6 (2021) 100141

7

been reported to be much more significant than other effective param
eters. Considering the essential role of frequency alteration in influ
encing crystalline structure and other properties, various alloys that 
have been produced by the same process, together with operating con
ditions, are shown in Tables 1 and 2 [36]. 

3.2.2. Peak and average current densities 
Current density may be manipulated to produce alloy multilayer 

coatings. In pulsed current electrodeposition, the average current den
sity (jrms) provides a reference state. Fig. 6 (a) shows that the same 
amount of deposited metal can be achieved using a direct current den
sity equal to the average value (jrms). The area under the jrms curve is 
equal to the area under the pulsed current curve. 

For instance, arrays of multilayer Cu/Co nanowires were produced 
on an anodized alumina oxide template using the pulse direct current at 
particular times and current densities for cobalt and copper. Due to the 
continuous metal exchange, the thickness of the cobalt layer partially 
decreases as long as the copper deposition period is extended. Hence, the 
desired thickness may be obtained by accurately controlling the current 
density and deposition time [37]. Cobalt/copper multilayer coatings 
may be produced through electrodeposition by changing average cur
rent density; however, due to the different cobalt and copper deposition 
rates, it is necessary to first obtain the deposition current range to reach 
the maximum deposition rate and process control [38]. 

The relationship between current density and the concentration of 
Co and Cu in multilayer coatings is shown in Fig. 6 (b) it can be observed 
that Co content in the electrodeposited film increases as a function of 
current density so that little amount of copper is deposited under 0.4 
mA.cm− 2 in a coating containing 93 at.% cobalt [39]. Co86Cu14 multi
layer coatings were obtained using current densities above 10 mA.cm− 2. 
Neurohr et al. [40] produced Co/Cu multilayer coatings on wafer/me
tallic Si substrates with a (100) plane orientation, using a combined 
technique (galvanostatic= constant current and potentiostatic = con
stant potential) to study the effect of gold as a surfactant in the elec
trodeposition process. The magnetic cobalt layer was plated at a 
constant current density of 19.2 mA⋅cm− 2. The deposition was frag
mented at low current densities; while, the bright metallic surface 
became opaque filled with dark non-metallic dots at high current 

densities. An increase in concentration of gold ions in the electrolyte led 
to an increase and decrease in cobalt and copper deposition concen
trations, respectively [40]. The same multilayer coatings were also 
produced via two-pulse plating (a combination of galvanostatic and 
potentiostatic methods) where the magnetic layer (rich in cobalt) was 
formed via constant current deposition and the non-magnetic layer (rich 
in copper) was formed under potentiostatic control [41]. 

Moreover, cobalt-copper multilayer coatings may be produced in the 
form of Co-Cu/Cu multilayer films where growth is laterally continuous 
at high current densities; a 75% reduction in current density will lead to 
columnar grain growth containing bits of the multilayer stack [42]. 

A complexing agent is required for simultaneous deposition of cop
per and nickel by means of the pulse deposition technique. Current 
density has to be adjusted in the range 50-250 mA.cm− 2 in order to 
achieve uniform deposition and a smooth surface. In addition, deposi
tion time decreases with an increase in current density while the nickel 
content is increased in the coating [43]. Rotary cylindrical electrodes 
were used elsewhere for deposition of Ag/Co multilayer coatings in a 
pulse current deposition bath considering the positive effect of tem
perature on current efficiency. It was reported that these multilayer 
coatings could be produced through alternating current density values 
(a low value for silver and a higher one for cobalt). It should be 
mentioned that an increase in current density at low temperatures leads 
to a considerable decrease in the silver deposition rate. The deposition 
rate was reported to be insignificant at high temperatures [44]. Ni-P-W 
multilayer coatings were produced on copper substrates by electrode
position through changing the current density. It was reported that pulse 
current variation was directly related to tungsten content. For instance, 
increasing the cathodic pulse current density by ten times led to for
mation of a W-rich layer [45]. 

3.2.3. Duty cycle 
The influence of different aspects of the duty cycle on pulse elec

trodeposition has been investigated, and the findings have shown to be 
very significant. There have also been various multilayer coatings pro
duced on different metallic substrates with/without micro- and nano
particles. It can be seen in Fig. 7 that the duty cycle is very important for 
the alloy and nanoparticle deposition rates. A large value of ton implies 

Table 1 
The effect of current and other parameters on electrodeposition of multilayer and gradient coatings produced using direct current.  

Coating Type of 
coating 

% Embedded particles / 
Chemical composition 

Current 
density (mA. 
cm− 2) 

Wave length (length of two 
continious alternating layers - 
nm) 

Number of 
layers 

Approx. layer 
thickness (nm) 

substrate Ref. 

Ni/SiC gradient SiC (5-30 vol%) 10-50 - - 19000-262000 stainless steel [25] 
Ni-W multilayer %W: 0.95-12.5 10-40 - 10-600 8300-16000 - [26] 
Ni-W multilayer %W: 11.5-40 at. % 10,40 80 32 Total: 360 - [27] 
Cu-Co multilayer Co95Cu5 -32.5-1.25– 0.4 - 700-1500 8500-18000 polycrystalline 

titanium sheet 
[29] 

Co-Cu multilayer - 0.1-20 - - 300 copper [39] 
Co-Ag multilayer - 0.1 & 40 10 50 (1.5 µm) Total: 1500 copper foil [44]       

Co:5         
Ag:5   

CoCu/ 
Cu 

multilayer  0.3-20 - 50 CoCu: 1.5 copper [51]       

Cu: 1.5   
Co-Ag multilayer Co32Ag68 Co:10 -  300 copper foil [52]    

Ag: 0.1      
Ni/Cu multilayer - Ni/Cu: 10 - - - polycrystalline [53]        

nickel     
Ni: 50    silicon  

Al-Mn multilayer Mn: 1-3 % 4,10 - - 50 - 200 copper [54] 
Cr/Ni multilayer Ni: 95-5 % 50- 350 40-120 - Total: 5000 low carbon steel [55]       

Cr: 20         
Ni: 50   

NiCo/ 
Cu 

multilayer - 35,53 7 - Total: 300 silicon wafer covered 
with Cr and Cu 

[56]       

NiCo:2         
Cu: 5    
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Table 2 
The effect of current and other parameters on electrodeposition of multilayer and gradient coatings produced by pulsed current.  

Coating Type of 
coating 

% Embedded particle / 
Chemical composition 

Current density 
(mA.cm− 2) 

Wave length 
(nm) 

Duty cycle Frequency 
(Hz) 

Number of layers Approx. layer thickness 
(nm) 

substrate Ref. 

Co-Cu/Cu multilayer Co95Cu5/Cu Co:32.5 3 60-92% for Cu 0.12-0.61 Hz 700-1500 8500-18000 titanium [28]    
Cu: 0.6        

CoPt/Pt multilayer Co72Pt28 /Pt 60 236 25% 25 mHz ≈42 CoPt: 167 AAO template [30]         
Pt: 69   

Cu/Co multilayer Cu:4.37 % Cu: 0 - (-0.3) 6.2 Cu: 60% Cu: 200 40 - copper foil [33]   
Co:95.63% Co: 0 - (-0.4)  Co: 80% Co: 400     

Ni-W-Al2O3 gradient ~2.6 wt.% Al2O3 I average: 30 - 10-90% 100-1500 Hz 8 Each layer: 15000 carbon steel [34]   
~0.3 wt.% W         

Ni-Fe-Al2O3 multilayer 15 wt.% Fe I average: 30 30000 11% 100, 6400 Hz 8 Each layer: 15000 low carbon steel [36]   
~ 1.3 Al2O3 wt.%           
37 wt.% Fe   88%        
~ 0.75 Al2O3 wt.%         

Co/Cu multilayer - Co: 40 225 30-60% fo Cu - - Co: 145 AAO template [37]    
Cu: 0.5     Cu: 80   

Co/Cu multilayer - 0.53 for Cu and 5 
for Co 

- 0.95% for Cu and 
5% for Co 

≈0.05 -10 Hz 100 1.0-1.5 Copper foil [38] 

Co/Cu(Ag) multilayer 1-8 at.% Ag Co: 19.2 10.3-10.5 - - - Total: 800 Si/Cr/Cu wafer [40] 
Co/Cu multilayer - 50 2.5-8 - - Not constant Total: 300 Si/Cr/Cu [41]         

Cu: 0.5-6           
Co: 2   

Co-Cu/Cu multilayer - 84, 20.7, and 9.6 
for Co 

6.9-7.7 - 1-8.3 Hz 91 Co-Cu: 3.3 Si/Cr/Cu wafer [42]         

Cu: 4.0   
Ni-Cu multilayer Cu87Ni13 50 - - - - 75000 mild steel & copper [43]   

Ni77.5Cu22.5 250     35000   
Ni–P–W multilayer Ni-%8P-15%W 20 8-6000 qc/qa =3.6 - 2-1000 25000 copper [45]   

Ni-%5P-45%W 200  qc/qa = 3.2      
Ni–Fe–Mn/ 

Al2O3 

gradient Mn: 0.3-1.5 wt.% I peak: 40 - 11-88% 50-400 Hz 8 Total: 70000 mild steel [48]   

Fe: 22-47 wt.% I average: 4.4-35.2     Each layer: 9000   
Ni–Fe–Cr multilayer 18%Fe-11.2%Cr 38%Fe-3.6%Cr I peak: 80 1500 20 & 90% 50 Hz 16 1000 mild steel [49]     

1000   32 500       
300   64 200   

Co/Ag multilayer Co92Ag8 0.1-25 5.5 - - 100 Co:0.5-2 copper [57]         
Au:0.5-2   

Co/Au multilayer Co95Au5  3.3-4.5 - - 100 Co:0.3-1.5           
Ag:0.5-3.0   

FeCoNiCu/Cu multilayer Cu rich 0-80 170 94% ~2mHz FeCoNiCu/Cu: 
200/20 

46 for Cu-rich and 124 
for Co-rich 

AAO & polycarbonate 
template 

[58]   

Co rich     FeCoNiCu/Cu: 
20/10    

Ni-W multilayer Ni91.3W8.7 Forward (20 ms): 
200 

100-1000 ~87% ~43Hz ~ 600 Total: 30000 stainless steel [59]    

Reverse (3 ms): 150     Each layer: 50   
Ni-W gradient W: 1.5-5 wt.% I average: 30 - 11-88% 100-1500 Hz 8 50000 carbon steel [60] 
Ni– Fe – Mn- 

Al2O3 

multilayer Mn: 0.15-1.40 wt.% I peak: 40 I average: 
8-36 

5000 20, 50, 90% 50, 200, 400 
Hz 

32 Each layer: 2500 mild steel [61]   

Fe:24-51 wt.%           
Al2O3:0.9-1.2 wt.%          
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that deposition periods are sufficiently long to affect the alloy content 
depending on the alloy or nanoparticle type. In most cases, the role of 
the duty cycle on the variation of metal or nanoparticle contents was 
investigated. This is due to the variety of metals and alloys in nature, as 
well as their different deposition rates and diffusion models. For 
instance, induced or anomalous electrodeposition is known as the 
reason for the differences observed in alloy deposition processes. Re
searchers produced high-content Ni-W/carbon nanotube nanocomposite 
layers with a uniform distribution by means of pulsed current with 20, 
50 and 80% duty cycles [46,47]. In similar studies, Ni-Fe-Al2O3 nano
composite multilayers were produced through variation of the duty 
cycle at constant frequency and current density values [36]. According 
to EDS results, the influence of the duty cycle variation on the metal 
content, particularly iron, was very significant; so, increasing the duty 
cycle from 11 to 88% led to an increase in iron content from 15 to 37 wt. 
%. In Ni-Fe-Mn/Al2O3 gradient coatings electrodeposited using pulsed 
current, increasing the duty cycle from 11 to 88% produced a maximum 
manganese content (1.35wt%) with minimum alumina nanoparticles 
and iron content [48]. Consequently, the highest corrosion resistance 
was obtained with the maximum manganese content. In all cases, the 
duty cycle variation had an effect on microstructure and other properties 
such as corrosion and wear resistance, which will be discussed in future 
sections [34,36,48,49]. Tables 1 and 2 present a summary of the studies 
conducted in this field. 

When pulse plating parameters like duty cycle, frequency, peak 
current density changes and the factors controlling kinetic and ther
modynamic aspects of deposition can alter. When the deposition kinetics 
change the chemical composition of the developed layers can change 
which directly can influence on microstructure/properties of the 
multilayer coatings. For example, when one of the constituents in a bi
nary system was under mass transport control, any changes, e.g. an 
increased frequency, which leads to thinning of the diffusion layer, can 
alter the chemical composition, microstructure and properties of 

electrodeposits. Other deposition parameters, sauch as electrolyte pH 
and temperature remain important. 

3.2.4. Reverse pulsed current 
The reverse pulse current technique may be used for the production 

of coatings with uniform and defect-free surfaces. However, due to the 
different properties and behaviour of alloys, the determination of opti
mum pulse parameters for each alloy requires many experiments. This 
section provides some information on multilayer coatings produced by 
the pulse electrodeposition technique. Note that the current efficiency of 
reversed pulsed current is always less than that of pulsed current [50]. 

For Ni-TiO2/TiO2 multilayer electrodeposits on copper substrates, it 
has been reported that an increase in titania deposition during the 
reverse pulse is caused by partial dissolution of nickel [28]. Increasing 
the reverse pulse duration contributes to a drop in pH. Co-Cu/Cu 
multilayer coatings deposited using the reverse pulse technique; the 
spontaneous reduction of cupric ions by reaction with Co during the 
reverse pulse led to the formation of a pure copper layer within the 
coating structure [28]. Other techniques for the production of multilayer 
coatings through variation of reverse pulse currents are presented in 
Table 2. 

4. The effect of electrode potential 

In addition to the current density, the electrode potential can be used 
for the production of multilayer coatings depending on the metal type 
and electrodeposition conditions. This technique is mostly used for 
electrodeposition of multilayer coatings which have significant potential 
differences. Multilayers produced under potential control in a single 
bath were introduced in similar studies [62–65]. The system consists of a 
computer controlled potentiostat and three electrodes in the electro
chemical cell (electrolyte). The desktop computer controls the process 
and integrates the current to record the charge passed between the 

Fig. 6. (a) Average current density and its equivalent current density (jrms) (S = the area under the curve) and (b) current density versus cobalt content in a 
multilayer coating [39]. 
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counter electrode (anode), the working electrode, W.E. (cathode). The 
cathode potential is monitored with respect to a reference electrode, R. 
E. in the cell. The working electrode is the substrate (sample) on which 
deposition occurs while the counter electrode, C.E. is often a high area 
platinum gauze (in the laboratory) or platinized titanium mesh (in 

industry). The shape and position of the counter electrode determine the 
current distribution over the working electrode surface. The distance 
between the working electrode and reference electrode leads to a po
tential drop but this is much smaller than between the counter electrode 
and the working electrode. According to the table of electrode potentials 

Fig. 7. Schematic figure illustrating (a) changing duty cycle of pulsed current (versus passing time) in each step and resulted multilayered structure with alternating 
alloying element, (b) decreasing duty cycle of pulsed current versus deposition time, (c) resulted gradient structure and its nanoparticle content. 
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in Fig. 8, metals in groups A and B are mostly used to produce multilayer 
coatings by potential control. Co/Cu and Ni/Cu or composite multilayer 
coatings are the major types produced by means of this technique. In 
principle, the noble metals (A) in the potential series deposit at positive 
potentials. In order to deposit metals, according to the potential series, 
one has to apply a potential more negative than the deposition potential 
of the intended metal. Since group (B) of metals deposit at potentials 
more negative than noble metals, it is not possible to deposit a single 
metal using a deposition potential less than that of noble metals. In other 
words, a slight content of the noble metal (A) always deposits with the 
less noble metal (B). The multilayer coatings produced are often made of 
alloying layers having different metal compositions. The presence of the 
nobler metal in alloy layers depends on pH, metallic ion concentration, 
potential and other parameters. Formation of the alloy layer occurs 
when a single bath is used for the electrodeposition process. Two 
different baths give a multilayer coating made of two different types of 
pure metallic layers. It may be concluded that if noble ions are present in 
the bath; the noble metal would also deposit at the potential applied for 
deposition of the less noble metal. It is also clear that a more negative 
potential needs to be applied for deposition of the less noble metal. 

Co/Cu multilayer coatings are commonly produced through pulse 
plating on various types of substrates using a single bath. Copper is more 
noble than cobalt; thermodynamically, it is more likely to deposit at a 
more positive potential. During deposition of cobalt, however, copper 
always co-deposits leading to formation of a cobalt-rich copper alloy. 
Unless coatings are produced using two separate baths, the cobalt layer 
in the Co/Cu multilayer coatings is often impure and contains some 

copper. Fig. 9 (a) and (b) show schematics of a Co/Cu multilayer coating 
electrodeposited in a single bath where the thickness of each layer was 
100 nm and the total thickness reached 1000 nm [66–70]. 

Application of a magnetic field changes copper deposition potential 
due to magnetohydrodynamic effect while cobalt deposition decreases 
due to preferred hydrogen discharging. In the absence of a magnetic 
field, the cobalt deposition rate increases with increasing cathodic po
tential [72]. The chemical composition of multilayer coatings can be 
controlled by altering the deposition duration at potentials suitable for 
copper and cobalt deposition [73]. Cobalt can be alloyed with iron and 
nickel to form CoFe/Cu and CoNi/Cu multilayer coatings [74,75]. An 
increase in pH within the range of 2.7–3.7 led to the improvement in the 
copper content of CoFe/Cu multilayer coatings [76]. When the copper 
concentration increases, cobalt content decreases and iron remains 
constant. Hence, the copper layer thickness increases with increase in 
deposition duration [75]. CoPt/Pt and CoAg/Ag multilayer coatings are 
amongst other types of coatings where, due to the more negative 
deposition potential of cobalt, both platinum and silver always exist in 
the Co-rich layers [77–79]. 

Ni-Cu multilayer coatings are also very commonly used for practical 
purposes. The nickel deposition potential is higher than the copper 
deposition potential and the thickness of layers may be changed through 
variation of the potential pulse. It was reported that in the case of nickel 
deposition at -1.2V, the formation of nickel hydroxide and nickel hy
dride is prevented [80]. An increase in temperature and annealing time 
leads to the decrease in nickel content and an increase in copper content 
[81,82]. It was found that the formation of pure substrates requires low 

Fig. 8. The metals commonly used in multilayer coatings electrodeposited by controlling electrode potential and the standard potential of the metal/metal ion redox 
couple, Eo (V). 

Fig. 9. (a) Potential pulse form for production of Co/Cu multilayer coating, (b) Electrodeposition of Co/Cu multilayer coatings [71].  
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Table 3 
Effect of deposition potential on the electrodeposition of multilayer and gradient coatings.  

Coating Substrate Thickness of each layer Total deposit 
thickness 

Electrode potential Temperature pH Ref. 

Co/Cu brass 4 nm 1 µm Co: -950 mV vs. (Ag/AgCl) 35-40 2.3 [71] 
Cu: -550 mV vs. (Ag/AgCl) 

Co/Cu copper 100 nm 1 µm Co: -1000 mV vs. SHE   [81] 
Cu: -250 mV vs SHE   

Cu/Co copper disc Co: 0.5- 3 nm  Co: -1100 mV to -1800 mV vs. SCE 25 5-7 [66] 
Cu: 1 nm  Cu: -550 mV vs. SCE 

Cu/Co — Cu: 0.5-8 nm  Cu: -190 mV vs. SCE   [84]   
Co: 3.2 nm  Co: -1080 mV vs. SCE   

Cu/Ni  Cu: 0.5-8 nm  Cu: -170 mV vs. SCE     
Ni: 3.2 nm  Ni: -1190 mV vs. SCE    

Co/Cu Ion track-etched polycarbonate membrane 
filters 

Cu = Co = 150 nm  Cu: -600 mV vs. SCE   [68] 
Cu = Co = 50 nm  Co: -1000 mV vs. SCE   

Co/Cu Si wafer Co: 2 nm Cu: 5 nm 7 nm to 70 nm Cu: -585 mV vs. SCE  3.25 [69] 
Co: 2 nm Cu: 2.5nm Co: 35.1 mA cm− 2 (current density)  

Co/Cu Mild steel   Cu: -300 mV vs. SCE 25 4 [70]   
Co: -1050 mV vs. SCE 

Co/Cu track-etched polycarbonate templates   Co: -900 mV vs. SCE   [85]   
Cu: -400 mV vs. SCE   

Cu/Co-Cu Si wafer Co-Cu: 2.5 nm  Cu: -450 to -550 mV. Ag/AgCl 25 and 50 5.4 [72] 
Cu: 1.9 nm  Co: -950 to -1050 mV vs. Ag/AgCl 

CoCu/Cu AAO templates CoCu: 124 nm 30 µm Cu: -650 mV vs. SCE 25  [73] 
Cu: 14.2 nm CoCu: -1200 mV vs. SCE  

CoNi/Cu Anodized alumina template CoNi: 2-510 nm  Cu: -200 mV vs Ag/AgCl 25 2.2 [74] 
Cu: 4.2-42 nm  CoNi: -1000 mV vs. Ag/AgCl 

CoFe/Cu Ti 6 nm  Cu: -300 mV vs. SCE 40 2.7-3.7 [76]   
CoFe: -1600 mV vs. SCE 

CoFe/Cu Ti CoFe: 6 nm  Cu: -300 mV vs. SCE 40 2.1 [75] 
Cu: 0-6 nm  CoFe: -1600 mV vs. SCE 

Co/Pt Cu   Pt: -650 mV vs. Ag/AgCl   [78]   
Co: -850 mV and -1500 mV vs. Ag/ 
AgCl   

Co/Pt Pt or Cu Co: 1 nm  Co: -850 mV vs. Ag/AgCl 25  [79] 
Pt: 0.5 or 2 nm    

CoNi/Pt  CoNi: 1 nm  Pt: -300 mV or -650 mV vs. Ag/AgCl      
Pt: 0.5 nm      

CoPt/Pt AAO template Pt: 20 nm 5µm CoPt: -1000 mV vs. SCE 30 2-3 [86] 
CoPt: 10 nm Pt: -300 mV vs. SCE 

CoPt/Pt AAO template Pt: 71-163 nm 1-25 µm Pt: -400 mV vs. Ag/AgCl 25  [30] 
CoPt: 60-282 nm CoPt: -1000 mV vs. Ag/AgCl  

Co-Ag/Ag Polycarbonate membranes CoAg: 5 nm  CoAg: -1000 mV 25 2.7 [77] 
Ag= 20 nm  Ag: -650mV 

Cu/Ni beryllium bronze 8-300 nm 8 µm Cu: -140 mV vs. SCE 40 3.5-4 [87, 
88] Ni: -700 mV vs. SCE 

NiCu/Cu Polycarbonates membranes 5-125 nm  Cu: -160 V vs. Ag/AgCl   [89]     
Ni: -1000 mV vs. Ag/AgCl    

Ni/Cu Cu 5 nm and 100 nm 3 µm    [90] 
CoNi/Cu  100 nm 1 µm NiCo< -500 mV vs. SHE    

Cu> -500 mV vs. SHE    
Ni/Cu alumina template   Ni: -1200 -1250 mV vs. SCE   [80]   

Cu: -400 -800 mV vs. SCE   
Ni/Cu    Ni: -1200 mV vs. SCE 25 4 [91]    

Cu: -700 mV vs. SCE  
CoCu/Cu polycrystalline copper substrate 100 nm  Co: -1000 mV vs SHE 200-1000  [82]  

Cu: -250 mV vs. SHE  
Cu/Ni carbon steel 80 nm 20 µm 1400 - 4000 mV 25  [92] 
NiCu/Cu polycrystalline copper substrate 3-500 nm 1-10 µm Cu: -30 mV vs. SHE 30 3.6 -3.9 [93] 

(continued on next page) 
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potential for the copper deposition and high potential for the nickel 
deposition as, the deposition rate is slow at low potentials on the one 
hand, and, coarse grains form at high potentials, on the other hand. The 
optimum potential values for nickel and copper were found to be be
tween 1.8 and 2.8 [83]. It is also possible to produce nickel alloys using 
other metals in multilayer coatings such as Ni-Co-Cu/Cu, Fe-Co-Ni/Cu, 
Cr-Fe-Co-Ni/Cu, Fe-Ni-Cu/Cu and Cu/Ni-P. For instance, a Ni-Co-Cu/Cu 
multilayer coating was electrodeposited from a sulfate/sulfamate bath 
through potential control for magnetic layer (alloying layer) and 
non-magnetic layer (copper layer). The magnetic layer and copper layer 
are produced under galvanostatic (constant current) and potentiostatic 
conditions, respectively. The use of a pulsed current led to an increase in 
the nickel and decrease in the cobalt deposition rates. Table 3 presents 
other approaches to the production of multilayer coatings by controlling 
the deposition potential. 

5. Other parameters and methods 

In this section, electrodeposition bath conditions are explained. The 
bath parameters are: pH, nanoparticle concentration, bath agitation, 
[100], distance between anode and cathode, temperature, bath 
composition, additives in the bath [101] electrodeposition in more than 
one bath [18,102] and plating time [103]. A variation in the electrolyte 
pH leads to a change in the evolved hydrogen level on the cathode 
surface. A more basic electrolyte may lead to less evolved hydrogen and 
the porosity of the coating may decrease. However, deposition of each 
metallic ion occurs at a certain pH which needs to be controlled. Increase 
in nanoparticle concentration in the bath, according to Fig. 10, usually 
leads to a higher nanoparticle content in the deposit, which improves 
mechanical properties. It shows how nanoparticles concentration can be 
changed in electrolyte with alternative addition from two container (A 
and B). 

Agitation reduces the polarization at the anode surface, increasing 
the feasibility of ions being released from the surface. In addition, fewer 
hydrogen bubbles are formed on the cathode. The common methods to 
agitate the solution are magnetic stirring, mechanical stirring, ultra
sonication and pumped electrolyte circulation. According to Fig. 11, 
increasing the anode to cathode distance reduces the throwing power on 
the cathode surface. 

Temperature is an important parameter; higher values improve the 
electrical conductivity of the bath and diffusion rate of ions, providing 
an increased rate of metal dissolution at the anode and deposition at the 
cathode. An increase in temperature also prevents formation of a 
roughened deposit due to enhanced mass transport. It is often recom
mended that the temperature of plating baths should be greater than 50 
◦C. As seen in Fig. 12, the temperature during plating can also affect the 
optical reflectivity of coatings. 

Electrodeposition of a metal may be performed using one or more 
bath compositions Two or more baths can be used to deposit two or more 
metal ions; each metal can be deposited in a separate bath. In addition, 
additives may be introduced to the solution for e.g. surface polishing, 
crack reduction and removal of surface stress. The parameters 
mentioned above are less effective than current density in influencing 
the thickness of multilayer coatings and achieving the desired me
chanical properties. In practice, current density is often the simplest 
parameter to change and the most effective in controlling the properties 
of multilayer coatings. 

Ni/Cu multilayer coatings were produced from two types of baths 
through the galvanostatic approach. Sulfamate and sulfate baths were 
used for the deposition of nickel and copper, respectively [104]. Elec
troplating of Ni/Cu multilayer coatings by the multiple electrolyte jet 
electrodeposition (MJED) approach is illustrated in Fig. 13. Nickel and 
copper were sprayed separately from two different baths using two 
nozzles on a rotary cathode (after spraying, electrolyte came back to its 
main container). According to the results obtained, an increase in copper 
spray time led to the formation of a thicker copper content (for a Ta
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constant nickel spray time). Under constant spray times, increasing the 
copper current density also increased the thickness of the copper layer 
[18]. 

Ni/NiPx, NiPx/NiPy (0 < x, y < 25at. %), Cu/Ni, Co/NiPx multilayer 
coatings were produced through electroplating using two separate 
baths. The substrates were alternately placed in the two baths. Elec
troplating is performed on rolled copper and silicon substrates on a 
rotating disk. Where two nozzles are attached to the baths from the 
underlying plate. Electroplating is performed through rotation of the 
disk during its contact to the substrate. The substrate is prepared for the 
next spray stage using a cold/warm distilled water jet, nitrogen jet and 
sweeping by a slight pressure from a rubber. Sulfamate and Watts so
lutions are used for deposition of nickel whilst sulfate and phosphorous 
containing nickel baths were used for deposition of copper-cobalt and 
nickel-phosphorous alloys, respectively. Variation of the rotation rate 
and current density affects deposition efficiency. The phosphorous 
content in the deposited film increased with an increase in phosphoric 
acid concentration in electrolyte as well as a decrease in current density. 
Thus, coatings with minimum phosphorous contents were obtained at 
high current densities [102]. Cu/Ni multilayer nanowires were obtained 

through potentiostatic electroplating in separate baths (in order to 
prevent co-deposition). The thickness of each layer was readily 
controlled through variation of deposition period. It was observed that 
under a constant deposition period for each pair of layers; thickness of 
the nickel layer was greater than the copper layer [105]. Co-Cu/Cu 
multilayer coatings were produced in sulfate baths with/without NaCl 
through current control. EPMA tests revealed that an increase in NaCl 
concentration reduced the deposition efficiency of copper content and 
deposition current of multilayer coatings [101]. Co/Zn multilayer 
coatings were produced using a dual bath system (both sulfamate) 
through the potentiostatic approach. The thickness of layers may be 
controlled by means of the electrical charge passing throughout the 
electrolyte [106]. Cu/Sn/Zn multilayer coatings were produced by using 
the galvanostatic approach on Mo-coated glass substrates. Copper 
deposition is performed through different compositions of the plating 
electrolyte. Considering the molybdenum nature and its surface oxida
tion, it not only improves corrosion resistance but also enhances adhe
sion of copper. However, an important issue is oxide formation since Mo 
oxidizes in both acidic and basic electrolytes; adhesion and surface 
quality (homogeneity and smoothness) of a copper deposit on 

Fig. 10. Achieving alternate layers having different nanoparticle contents in a multilayer coating.  
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Fig. 11. The effect of altering the anode to cathode distance on the thickness of a multilayer coating.  

Fig. 12. The effect of temperature on the surface finish of multilayer coatings.  
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molybdenum are significantly better in alkaline solutions. In case of 
using acidic environments, one may improve quality and adhesion of Cu 
by addition of various compounds such as thiourea [107]. BiTe3/Sb2Te3 
multilayer coatings were deposited using an acidic bath through the 
pulse potentiostatic approach. The absence of complexing agents caused 
a competition for dissolution between Bi, Te and Sb which require low 
pH values. The presence of complexing agents, therefore, improves the 
deposition process. However, an increase in their concentration alters 
the metal deposition potential. Deposition of metal compounds is 
possible. Finally, formation of a ternary alloy structured multilayer 
coating requires long process durations, controlling the concentration 
near the electrode and controlling the deposition rate [108]. 

Copper exists in present in many multilayer coatings produced using 
the dual bath technique due to the fact that copper appropriately ad
heres to the underlying layer so that the coated sample may be easily 
removed from one bath to another one or exposed to spray of electrolyte. 
This is commonly not applicable for other metals with weak adhesion 
properties. However, the method for electrodeposition of a three-layer 
zinc-iron-chromium electroplated coating was developed in which an 
intermediate iron layer ensured adhesion of chromium to zinc [109]. 
The iron layer was deposited from a weak-acid citrate Fe(III) plating 
bath that exhibited no strong etching effect on various materials (such as 
zinc) Other procedures proposed for manufacturing of multilayer coat
ings and their effects on coating properties are indicated in Table 4. 

6. Microstructural aspects of multilayer coatings produced by 
electrodeposition 

In this section, various microstructural parameters of the electro
deposited multilayer coatings, including morphology and grain size, 
topography, crystallographic characteristics and compositions, are 
investigated. Modifying these parameters has a direct effect on the de
posit properties. 

6.1. Grain size & morphology 

The effects of deposition conditions on the grain size are considered 
in this section. 

The chemical composition of alloy deposits can significantly influ
ence the grain size. For example, in the Ni-W system, higher levels of 
tungsten in the alloy result in a reduction in grain size, which is bene
ficial for the synthesis of nanocrystalline nickel based coatings [27]. 
Udompanit et al. [59] attributed this to the separation of tungsten atoms 
at the grain boundaries of nickel, resulting in thermodynamic stability of 
the grain structure [59]. A further increase in the tungsten level causes 
amorphization of the alloy. This effect can be used to control the 
microstructure of multilayer films by alternating the chemical compo
sition between concentrated and dilute tungsten layers. For instance, the 
tungsten rich (≈ 40 at.%) layer is amorphous while the layer containing 
less tungsten (≈ 11 at.%) is nanocrystalline [27]. The alloy composition 
can be controlled by tailoring the electrolyte composition. By altering 
the concentration of nickel and iron ions in the electrolyte, the chemical 
composition and grain size of the Ni-Fe deposits can be altered. When 
the concentration of nickel in the electrolyte, and the deposit, is high, 
smaller grains form. When the concentration of iron in the electrolyte is 
high, twinning and formation of larger grains are promoted [111]. The 
type of current control (pulsed or direct) can effectively alter the grain 
size and morphology. Under pulsed current conditions, a smaller crys
tallite size is generally seen in alloys, leading to more smoother surface, 
compared to direct current conditions. Often, a small crystallite size 
leads to a smoother surface topography and a smooth interface between 
multilayers. In a study of Cu-Co alloy deposition, it was observed that 
under direct current, the microstructure was fully dense and consisted of 
fine grains which covered the entire surface of the substrate. By applying 
pulsed deposition, the grain size of the deposit decreased [70]. The grain 
size of the electrodeposits can be dependent on the thickness [112]. For 
instance, it has been reported that in Fe-Co-Ni-Cu/Cu multilayer with a 
copper layer thickness of 20 nm and thickness layer of Fe-Co-Ni-Cu 200 
and 40 nm, the grain size depended on the thickness of the cobalt-rich 

Fig. 13. The use of the dual plating bath electrodeposition technique [18].  
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Table 4 
Other methods for electrodeposition of multilayer and gradient coatings.  

Coating Type Potential Current 
density 

Bath constituent Time % 
Embedded 
particle 

Variable 
parameters 

Number  
of layers 

Bath  
condition 

Thickness Substrate Description Ref. 

Ni/Cu Multilayer - 10 mA.cm− 2 Ni(sulfamate) 
Cu(sulfate) 

deposition 
time 
determined 
from deposit 
thickness 

- type of electrolyte 
bath, current 
density, pH value 
and temperature 

- - total thickness of 5 
μm, with different 
layer thickness (from 
30 nm to 1 μm) 

Rectangle cold-rolled 
polycrystalline 

decreasing the layer 
thickness (and 
increasing the 
number of 
interfaces) from 1 
μm to 30 nm, the 
composite hardness 
of the systems (film 
and substrate) 
increases 

[104] 

Ni-Cu multilayer - Ni 
(600–1400 
mA⋅cm− 2) 
Cu 
(800–4000 
mA⋅cm− 2) 

Ni (nickel sulfate, 
nickel chloride, boric 
acid) 
Cu (copper sulfate, 
sulphuric acid) 

- - time and current 
density 

- - 1.2 mm stainless steel Ni & Cu were 
sprayed on rotary 
cathode from 2 
separate bath under 
controlling 
(electrolyte was 
entered into tank 
after spraying on 
cathode) 

[18] 

Ni-P and other  
alloys 

multilayer - above 25 
mA⋅cm− 2 

Ni ( sulfate, 
sulfamate) 
Cu,Co (sulfate) 
Ni alloys (nickel bath 
with P) 

- - Current density, 
substrate 
revolution, 
efficiency 

- In the dual-bath 
technique, a 
substrate is 
moved between 
each bath and a 
layer is plated 
from each 
electrolyte in 
turn 

The thickness of each 
layer of the deposit is 
proportional to the 
time per substrate 
revolution, the 
current density, and 
the efficiency 

substrate was rotated 
on orbital disk which 
was contained 2 
section of silicone & 
Cu rolling. 

- [102] 

Cu/Ni multilayer Cu(− 0.08 V 
vs. SCE) 
Ni(–0.9 V vs. 
SCE) 

- Ni (nickel sulfate, 
boric acid) 
Cu (copper sulfate, 
sodium sulfate) 

150 s/150 s 
150 s/300 s 

- time - potentiostatic 
deposition using 
double bath 

Control with time 
deposition of each 
layer 

Alumina that 200 nm 
gold film on it. 

- [105] 

Co-Cu/Cu multilayer - Cu (-0.6 
mA⋅cm− 2) 
Co (-32.5 
mA⋅cm− 2) 

sulfate listed in 
table of 
paper 

- Current density, 
presence and 
absence of NaCl, 
time 

Between 
880 and 
1500 

- total multilayer 
thickness ≈. 10 µm 

Ti Density of Cu & 
deposition rate of 
multilayer were 
reduced with 
increasing the 
amount of NaCl. 

[101] 

Co/Zn multilayer - - Dual sulfate bath - - Layer thickness 50 Potentiostatic Coulostatic copper - [106] 
Sn/Zn/Cu multilayer - Cu,Zn(1.5 

mA⋅cm− 2) 
Sn(2 
mA⋅cm− 2 

Cu deposited from 
various baths 

- - Potential-Time - Galvanostatic - Mo- coated glass Metallic stacked 
layers of Cu, Zn and 
Sn were sequentially 
electrodeposited 

[107] 

Bi2Te3/Sb2Te3 multilayer - - Acidic aqueous - - Current density- 
potential 

2 and 3 Potentiostatic Thickness of layers: 
17 nm 

Si, Au coated by Ti 
deposition 

- [108] 

Cu/Ni/Cr multilayer - - Stannate 5 - 180 s - Time - - - Sn used as 
underlayer for the 
deposition 
multilayers on e.g.,Al 

- [103] 

Ni/Cu , Co/Cu multilayer alternating 
the potential 
between -0.2 

- Acid sulfate - - Current-Time - Potentiostatic 1.5 nm for each layer 
of Cu & 3 nm for each 
Layla of Co in Co/Cu 

Silicon - [110] 

(continued on next page) 
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alloy layer, so that the increase in the thickness of the Fe-Co-Ni-Cu layer 
with a constant thickness of the copper layer leads to an increase in the 
grain size of the multilayer structure [29]. A comparison of copper 
multilayers produced by ultrasonic-electrodeposition with a monolithic 
deposit showed that the grain size in the multilayer is much smaller than 
in single-layers [113]. 

The influence of electrodeposition conditions on the grain 
morphology of multilayers has been reported in several studies. In a Fe/ 
Pt multilayer, due to the presence of the iron layer a nanocrystalline 
disordered film forms which results in unusual features in the diffraction 
pattern. The Fe/Pt multilayer have granular, polycrystalline structure 
formed by Wollmer-Weber growth mechanism, which is a deposition 
mechanism that occurs when atoms in the deposit are more strongly 
bound to each other than to the substrate. The shape and crystalline size 
are dependent on the first layer deposited on the substrate (Pt or Fe) 
[114,115]. Another study reported that TEM analysis of multilayered 
Co-Cu/Cu showed the simultaneous deposition of copper and cobalt 
resulted in a large separation near the boundaries, creating columnar 
grains. The adjacent areas of the grain boundaries have higher copper 
and lower cobalt than the center parts of the columnar grains (i.e. the 
formed columnar grains are separated by the copper domains) which 
results in the fluctuations in the two-layer thickness [42]. 

In a Cu/Sn/Zn multilayer, shown in Fig. 14, coarse-grained deposi
tion of Sn on Cu resulted in island like nucleation and growth which did 
not cover the entire surface of copper, while deposition of Zn on Cu was 
more compact and more homogeneous than Sn [107]. 

6.2. Surface & interface topography 

Surface topography is an important parameter both for functionality 
and aesthetic appearance of the coatings. Various deposition conditions, 
directly change the surface topography. For instance, when a current 
density of 0.8 mA/cm2 is applied in the Cu/Ni multilayer, a nodular 
structure with deep valleys is obtained between the individual nodules. 
Under these conditions, due to the presence of these large nodules, the 
surface shows a significant roughness and the copper layers are straight 
and parallel. When the current density is 0.4 mA.cm− 2, the growth of 
copper layers was more irregular and wave like; the surface became 
smooth with small bumps having a diameter of approx. 200 to 400 nm 
[116]. SEM analysis of the Co-Fe/Cu multilayer showed that, on 
decreasing the pH, level homogenization of the surface decreases, and 
the time of the deposition of the copper layer increases. At a pH of 2.7, a 
large number of grains with the same size accumulated; on increasing 
the pH to 3.7, a regular grain structure was achieved [76]. 

The deposition potential also affects the surface topography. In a 
study on the effect of the applied potential on the surface roughness of 
the Ni-Co/Cu multilayer, it is reported that at deposition potential of 
-800 mV, the Ni-Co deposition alloy has a rough surface, but at the 
potential of -1600 mV, a smooth surface is achieved. The cobalt-rich 
alloy has hcp structure and the Ni-rich alloy has fcc structure. The lat
tice parameter can affect the surface roughness; if the Co-Ni layer has an 
FCC structure, epitaxial growth in the same orientation occurs in grains 
on the polycrystalline copper substrate [90]. 

Another factor that can affect the structure of the deposition layers 
and the surface roughness of the layers is the addition of additives to the 
electrolyte. For example, when a brightener is added to the electrode
position electrolyte of copper-nickel multilayer, surface of the coating is 
mirror-like and free of porosity while, in its absence, the nickel layer has 
a large number of cavities and copper mainly grows on the edges of the 
crystal and the corners of the protruded regions in nickel and makes the 
surface of the multilayer rough. By adding the brightener, the copper 
layer becomes more uniform. By adding some brightener to the elec
trolyte, the smoothness and homogeneity of the deposited multilayer 
increases. Adding a higher concentration of brightener can prevent the 
growth of copper crystals on the bright nickel layer. When the bright
ener is adsorbed on the cathode surface, crystallization is improved and Ta
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a dense multilayer film with a fine grain structure is obtained. [87] SEM 
analysis of a Ni/Cu multilayer showed that copper and nickel substrates 
in the internal regions of the film had the same thickness but the 
thickness varied in the outer regions. Thickness variations of the layers 
lead to the increase of the roughness or discontinuity of the multilayer 
structure in some areas [88]. 

The effect of layer thickness on the surface topography of the mul
tilayers is not clearly understood. Jikan et.al [117] produced Ni/Cu 
multilayers with sublayer thicknesses of 1, 5, 10 and 50 μm using a dual 

bath technique. They observed cauliflower like surface topography for 
multilayers with sublayers of 50 μm thick, while multilayers with 1, 5 
and 10 μm sublayers were smooth. By decreasing the layer thickness, the 
size of the cauliflower-like grains was reduced on the surface [117]. 
Such results were confirmed in other studies; at the beginning of 
deposition, surface roughness was insignificant but with increasing the 
thickness and growth of dendrites, roughness also increased [93]. 

The last layer affects the surface characteristics and topography of 
multilayers. For example in Zn/Ni-Zn multilayers (produced by dual 

Fig. 14. SEM images showing the morphology of (a) Sn grains on Cu,(b) Zn grains on Cu [107].  

Fig. 15. Effect of increasing copper thickness on Co-Fe/Cu multilayer structure at a Cu thickness of (a) 0 nm. (b) 3 nm, (c) 4.5 nm and (d) 6 nm [75].  
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bath), depending on whether the last layer of this multilayer is Zn or the 
Ni-Zn alloy, the structure of the multilayer will be different (Fig. 15). 
When the upper layer is zinc, the structure is uniform and silvery-grey, 
while if the upper layer is zinc-nickel alloy, it will have brighter 
appearance with a cauliflower-like morphology [118]. 

In the Ni/Ni-Al2O3 multilayered coating, where the nanocrystalline 
layer of Ni is the upmost layer, the coating has a uniform spherically 
nodular structure. As the number of layers increases, the size of the 
nodules decreases. This reduction can be attributed to the reduction of 
the thickness of each layer. The coating with the nanocomposites layer 
of Ni-Al2O3 at the very top has a polyhedral structure and a number of 
cavities are also seen on the surface of the coating, which are probably 
due to the formation of H2 during deposition [119]. 

In the case of Fe-Ni-Cu/Cu multilayers, the surface is rough, while 
the monolithic Ni-Fe-Cu layer has a smoother surface [120]. SEM 
analysis of the Co-Pt/Pt multilayer showed a filamentous structure. TEM 
analysis revealed that the thickness of the Co-Pt alloy layer is less than 
the Pt one. The structure is bamboo-like and the thickness of the layer is 
controlled by the deposition time [86]. 

In another study on CoPt/Pt multilayered nanowires, SEM images 
showed an alternative white-gray bamboo-like structure in each nano
wire. On the other hand, neighboring nanowires were grown alongside 
each other with the same structure and size, but in the farther nanowires 
there is a difference in size, which could be due to the variation in the 
resistance of the gold in the substrate. In samples with the same total 
deposition time, the observed difference in length is due to the growth 
rate of the nanowires [30]. In the Co-Pt-P/Cu multilayer, the TEM 
analysis shows that with increasing the thickness of the copper layer, the 
layers change from the smooth to the waveform [121]. TEM analysis of 
cobalt/copper multilayer nanowires, showed that the layers are not al
ways perpendicular to the wire axis, these multilayers have regions that 
are oriented vertically to the axis of the wire. In some cases, the layers 
have a diagonal orientation, this change of orientation occurring in one 
or two bilayers. Some of these multilayers have cigar-shape morphology, 
such that the middle of the nanowires is bigger than their bottom. This 
heterogeneity is due to the non-uniform growth of nanowires [122]. 

Another factor closely affecting the surface topography is the 
topography of the interlayer interface. According to a study on the 
interface of the Ni/Cu multilayer, there should be an arrangement of 
misfit dislocations in the interface between two crystals with two 
different lattice parameters to compensate the mismatch of the lattice 

parameters. This misfit dislocation existing in all the Cu/Ni interfaces 
can prevent the movement of dislocations of the lattice to the layers, 
which lead to increases the strength of the multilayer structure [90]. In 
very thin multilayers, the lattice planes of layers are slightly tilted with 
respect to each other which may result in different behavior [93]. 
however, no clear interface is also possible in some multilayers [107]. It 
is worth noting that the quality of interfaces can affects the structural 
properties of multilayers [44]. Since the lattice constants of the layers 
are different, conditions for formation of edge dislocation can occurs and 
consequently results in twinning during the growth of multilayers. As an 
example the interface of two layers of Cu/Co81Cu19 multilayer is zig-zag 
shaped with a sharp edge (Fig. 16) [73]. 

Surface roughness of the substrate, as well as the last layer of 
deposition layer in the multilayer, are also other factors affecting the 
surface roughness of the multilayer. For example, in the copper-cobalt 
multilayer when the last deposited layer is copper, the surface rough
ness is more than when the last deposition layer is cobalt. Lattice 
mismatch in the multilayer results in surface roughness, because the 
layer with a larger lattice constant grows only island-like on a layer with 
smaller lattice constant [69]. 

The AFM analysis of Fe-Ni-Cu/Cu shows that surface roughness in
creases with increasing the number of Cu and Fe-Ni-Cu layers. Also 
higher concentration of Fe makes the surface roughness more pro
nounced [98]. In relation to FeCoCu/Cu multilayer it is reported that the 
copper layers are completely separated from the alloy regions of 
Fe-Co-Cu, which are rough and irregular, which is probably due to the 
polycrystalline nature of the wires, large grain size and heterogeneity in 
growth [123]. In Ni-Fe/Pt multilayers, the interface of Ni-Fe/Pt is 
rougher than that of Pt/Ni-Fe, since at the end of the deposition of NiFe 
layer, the deposition potential varies from -0.4 –1.4 V then suddenly 
stops. At the end of platinum layer deposition, the metal can be depos
ited continuously and, in the range of -0.4 –1.4 V can be deposited even 
at less negative potentials than -0.4 V [99]. In the Ni-Co/Cu multilayer at 
more negative potentials, the roughness increases, but at less negative 
potentials, the roughness decreases and then reaches a constant value. 
Therefore, in the positive potentials the surface is smoother. In fact, in 
potentials that are more positive than Ecu, cobalt atoms are removed 
from the surface due to their dissolution and the amount of roughness 
changes with the chemical composition of the layer. The adsorbed 
species can block empty areas on the surface and prevent growth. A 
higher rate of deposition occurs in some areas and leads to more 

Fig. 16. TEM image of a Cu/Co81Cu19 multilayer, (a) the multilayer and the zig-zag interface between layers, (b) the accumulation of layers on each other and 
twining [73]. 
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pronounced surface roughness in the more negative deposition poten
tials of copper. Generally, in this multilayer, in the more negative po
tentials the roughness increases and, for more positive potentials, 
roughness first decreases and then remains constant. The effect of po
tential on roughness is shown in the AFM images of Fig. 17. Surface 
roughness is related to the simultaneous deposition of nickel and cobalt 
with copper during the formation of the layer. The highest roughness is 
obtained in the nickel and cobalt ratio of 1:1 [56]. The individual layers 
are not perfectly smooth, most layers having a wave-like interface and it 
is suggested that the surface roughness tends to increase for thinner 
layers [124]. 

6.3. Texture and crystallographic orientation 

Texture is the arrangement of crystal orientation in a polycrystalline 
material. If crystals are randomly distributed in the structure, the ma
terial does not have a texture. However, here could be a preferred 
orientation parallel to the deposition direction and depending on the 
distribution; the texture can be loose, moderate or strong. As the dis
tribution becomes more oriented and the texture becomes stronger, 
anisotropy will increase. The preferred orientation during the deposition 
in each layer determines the final structure of the layers. This parameter 
will affect the properties obtained from multilayer coating. By altering 
the deposition conditions the texture of the deposit alters. Generally, the 
nucleation and growth process during the deposition is influenced by 
different parameters such as orientation crystallography of surface, 
surface energy and kinetic energy of the deposit [125]. 

The variation in layer thickness can affect the crystallographic 
orientation of a multilayer. Growth of the thicker layer can be in a 
preferable direction and growth of the thinner one can be in another 
preferred direction [29,117,126]. 

Garcia-Torres et.al [77] reported that in Co-Ag/Ag multilayer 
nanowires produced by pulsed deposition, with changing the potential, 
layers are continuous, parallel and have the same thickness. In this 
multilayer, silver has fcc structure, cobalt has hcp structure and both are 
polycrystalline. These nanowires have coherent overlapping with 
continuous nano-channels [77]. 

In a copper multilayer deposited via ultrasonication, the peak in
tensity of (200) and (111) copper was stronger than the monolithic 
copper, while the (220) peak was weak, i.e., the crystalline orientation 
of the multilayer coating was modified [113]. 

According to SEM observations, the Co-Zn/Cu multilayer had a ho
mogeneous surface morphology. XRD results have shown strong (111) 
and (200) Cu diffraction peaks [127]. 

In a Co-Pt-P/Cu multilayer, the layers grew regularly and parallel to 
each other due to epitaxial growth; as the deposit became thicker, this 

regularity persisted [121]. Analysis of the structure of Co-Ag/Ag 
multilayer produced by smooth DC electrodeposition in a low concen
tration silver bath by XRD shows that cobalt has a hybrid structure of fcc 
and hcp. When the concentration of silver is less than (10%), the cor
responding XRD peaks were more intense than the cobalt peaks, and 
simultaneous precipitation of cobalt and silver led to reduction of the 
cobalt peak intensities [128]. Following XRD of multilayers deposited 
with thicknesses of 2, 6, and 10 nm for the silver layer, most of the Bragg 
peaks belonged to silver with FCC structure and cobalt peaks are not 
detectable or overlap with silver peaks. The fcc silver and hcp cobalt 
grow to preferable directions of (111) and (001), respectively Several 
factors can affect the growth way and the deposit structure, particularly, 
the cathode current density. In a study on Cu/Ni multilayers at a current 
density of 0.8 mA⋅cm− 2 or 0.4 mA⋅cm− 2 for copper deposition and 50 
mA.cm− 2 for nickel deposition, it was observed that when the applied 
current density for copper was 0.4 mA⋅cm− 2, the grains had a columnar 
structure in the [110] direction, the column lengths varying from 200 to 
600 nm [116]. 

In order to investigate the multilayered nanowires of Ni/Pt using 
XRD analysis, He et.al [129] showed that the structure of nickel and 
platinum layers is fcc and peak (111) appears very strong for nickel, 
resulting in the growth of nickel layers in the direction of [111]. The 
average thickness of the platinum layer and the nickel layer is 35 nm and 
60 nm, respectively and each nanowire has a smooth surface. By 
applying a pulsed current, nickel and platinum layers were alternately 
deposited [129]. 

Niu et. al [130] reported that in a multilayered deposit of Ni (normal 
agitation)/Ni (ultrasonic agitation), SEM analysis showed stacked 
sandwich layers, the white layers being produced by ultrasonic agitation 
and the dark layers without ultrasonic agitation. XRD analysis showed 
that the peak intensity of (111) was stronger for the (200) and (220) 
orienations [130]. 

The pH value of the bath can affect the structure and formation of 
multilayers. For example, the XRD analysis for Co-Fe/Cu multilayer 
showed that at a pH of 2.7, 3, 3.3 and 3.7, the preferred orientations are 
(220), (111), (111) and (220), respectively. The multilayers had an FCC 
structure [76]. 

The texture can be affected by the substrate at first, but since the 
subject of coating is continued in the multilayer, each layer is considered 
as the substrate of the next layer and the layers can mutually interact 
[123]. 

Another research group reported that in the Co-Fe/Cu multilayer 
copper has fcc structure and cobalt has HCP structure; the copper phase 
grows in the preferred directions of (111) and (220) and cobalt grows in 
the preferred directions of (022) and (220) [70]. While in 
Fe-Co-Ni-Cu/Cu multilayers with the same thickness of the alloying 

Fig. 17. The effect of potential on surface roughness of a Ni-Co/Cu multilayer (a) ECu = -0.74 vs. SCE (b) ECu = -0.26 V vs. SCE [56].  
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layer, due to the enhancement of the thickness of the copper-rich layer, a 
bcc structure with preferred (110) orientation is observed and in the 
thinner layers of copper, fcc structure is shown in the (111) direction 
[29]. 

In CoFe/Cu multilayers, five diffraction peaks (111), (200), (220), 
(311) and (222) are related to the fcc structure and no hcp peak for 
cobalt or bcc peak for iron is detected. It is likely that cobalt and iron 
adopted the fcc structure of this multilayer, as in the case of copper. The 
dominant direction for the growth of the sample was [111]. For multi
layers in which the thickness of the alloying layers is < 7 nm, a (222) 
peak appeared, in addition to a (311) one; the latter appeared only in 
samples having a copper layer thickness > 1 nm [131]. 

XRD analysis of a Ni/Pd multilayer showed that nickel and palladium 
have FCC structure and are crystalline with major (111), (200) and 
(220). The sharp diffraction peaks showed a completely crystalline 
structure in the multilayer [132]. 

A comparison of crystalline structure between gradient and homo
geneous Ni-Fe nanowires by XRD analysis of the (111), (200) and (220) 
peaks showed that an FCC structure, with a preferred (110) direction in 
gradient nanowires [111]. 

For a Co-Pt-P/Cu multilayer, the crystallographic orientation of the 
Cu layer with the Co-Pt-P layer is random for a thin copper layer but an 
increased thickness of the copper layer, resulted growth of (111) planes 
of copper having a direct impact on the growth of (002) CoPtP planes; 
both showed epitaxial growth [121]. 

6.4. Phase and chemical compositions 

Multilayered structures usually consist of alternating layers with 
different chemical compositions and very often layers are thin and 
nanosized. This opens the possibility of depositing different phases 
having the same chemical composition. For example, for Co/Cu multi
layers, XRD analysis shows three peaks corresponding to the (111), 
(200) and (220) of copper, and two peaks of (111) and (200) for cobalt 
(both of them have FCC structure). Some studies on cobalt-copper 
nanowires have show that growth occurs in the direction of the (111) 
plane and the peak intensity for cobalt is much lower than copper [133]. 
Other studies have found that growth of cobalt and copper occurred with 
fcc and hcp structures, respectively and high intensity [002] peaks for 
cobalt and [111] for copper indicated preferred orientation of cobalt and 
copper in these directions [134]. Co/Cu multilayer has FCC structure 
with (111) planes but this appears in very low thicknesses of HCP 
structures. On increasing the thickness, the HCP structure is eliminated 
and grows in the direction of FCC (200) [93]. Similarly, in a Co/Pd 
nanostructured multilayered system deposited on copper, both Co and 
Pd showed a fcc arrangement [135]. 

In the case of alloy layers tailoring the chemical composition to 
achieve desired phases and hence properties is an interesting prospect, 
to further enhance materials properties, as reported for many systems 

such as Ni-W, Ni-Fe, etc. In this respect, deposition of intermetallic 
phases of multilayered structures is also possible in the Co-Zn/Cu sys
tem, where XRD results have shown many Bragg peaks corresponding to 
the CoZn13 polycrystalline, monoclinic phase [127]. 

In a study on Fe-Ni-Cu/Cu and Ni-Cu/Cu multilayers, it was reported 
that an increase in the thickness of the layer (Fe-Ni-Cu) resulted in an 
increase in nickel concentration and abnormal behavior was seen. This 
has also been seen with an increase in the thickness of the copper layer. 
With an equal thickness of each layer, the concentration of copper in Fe- 
Ni-Cu/Cu was lower which is attributable to addition of iron into the 
electrolyte [98]. In Fe-Ni-Cu/Cu multilayers, all samples along with 
copper layer contained copper islands on the surface. By increasing the 
thickness of the copper, according to the EDS analysis in Fig. 18 (a), the 
iron and copper content in the alloy layer increased but the nickel 
content was lower [120]. 

XRD analysis of Co-Pt/Pt multilayer shows that the Co-Pt layer has 
an irregular FCC structure and no superlattice has found in the alloy 
layer [86]. As shown in Fig. 18 (b), SEM analysis shows that in Co/Pt 
multilayer, nanowires are formed very regular and parallel and had a 
bamboo-like structure. It was reported that platinum had a crystalline 
structure whereas Co was amorphous [136]. 

7. Functional properties of multilayered electrodeposited layers 

Gradient and multilayer coatings can improve the mechanical and 
chemical properties needed for metal surface protection [27] to enhance 
the corrosion and wear resistance of industrial components [137]. In 
some cases, due to the presence of impurities and structural defects or 
due to the nature of the coating (for example, in case of brittle mate
rials), single coatings may not show adequate mechanical properties. 
This may be overcome by applying multilayer coatings of different 
metals, different thicknesses, and gradient layers to modify structural 
defects and improve mechanical properties [55]. Over the last two de
cades, many studies have focused on magnetic properties and their in
fluence on multilayer coatings and nanowires [115]. Electrodeposited 
multilayer coatings provide an established method to increase strength 
and fatigue resistance [138]. 

7.1. Creep 

Creep results from permanent deformation over time in a material 
subjected to a constant stress or pressure. The effect occurs at high 
temperatures (above the recrystallization point). In order to obtain the 
engineering creep curve of a metal, a constant force is applied to a 
tensile sample at a given temperature. Strain of the sample is determined 
as a function of time. The resultant stress-strain curves include three 
separate regions, namely primary creep, secondary creep ( steady state 
creep) and tertiary creep [139]. 

Prediction of creep behavior and strength of materials at high tem

Fig. 18. (a) The effect of copper layer thickness on the concentration of alloying elements in Fe-Ni-Cu/Cu multilayer [120]. (b) SEM image of bamboo-like structure 
of Co/Pt multilayer [136]. 
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peratures is crucial in the design of structures used at elevated tem
peratures. For instance, oil vessels in a refinery have to be resistant 
against the stresses caused by hot fluids for long durations [140]. High 
temperature design employs parameters such as the Larson-Miller, Dorn 
and Manson-Haferd indices. Creep has been more studied in ceramics 
than metals as their application at high temperatures is of greater 
importance [141]. The practical temperature range of electroplated 
coatings is 400–500 ◦C while PVD and CVD coatings sometimes expe
rience 1000 ◦C. On the other hand, creep diffusion mechanisms are 
naturally more complex in ceramics than metals. This is due to the fact 
that various diffusive charges for cations and anions have to be neutral. 
The rate of creep increases with temperature. The required driving force 
for creep is produced by exile of atoms from regions under compressive 
stresses and their deposition in regions under tensile stresses. According 
to the Ashby creep mechanism for pure nickel coatings, five stress re
gions are based on temperature: Nabarro-Herring creep, Coble creep, 
boundary slip controlled by boundary diffusion, boundary slip 
controlled by lattice diffusion and dislocation creep. For example, when 
grain size was 100 nm, the Nabarro-Herring creep region tended to 1 =
T

Tm 
and the dislocation creep region became very small [142]. 
It was reported that introduction of intermetallic compounds to Cu/ 

Sn and Cu/Ni/Sn multilayer coatings can lead to improvement of nano- 
mechanical properties, particularly creep. the average creep displace
ment in multilayer coatings (25.71 nm) was less than that in the 
monolithic coating (33.25 nm) [12]. 

Transition of creep deformation mechanism from dislocation 
movement to boundary slip occurs in Ag/Cu multilayer coatings con
sisting thin layers. In fact, when layers are sufficiently thin, strain rate 

becomes sensitive to variations and creep rate in multilayer coatings 
increases with decrease in thickness of layers. However, an increase in 
creep rate is also dependent on the structure of layer interfaces 
[143–145]. Nanocrystalline metallic materials are expected to have 
higher creep rates than their micro-crystalline counterparts as lattice 
and boundaries diffusion increase on reduction of grain size [146,147]. 

7.2. Fatigue and crack propagation 

Fatigue is the fracture of a material caused by forces below the final 
strength and (usually) yield stress. A metal piece subjected to repetitive 
or fluctuating stresses may eventually undergo fracture at stresses much 
less than that required for breakdown in a single load. A fracture which 
occurs under dynamic loading conditions is called a fatigue fracture. No 
distinct variation in the microstructure of metal that fractured due to 
fatigue was seen, providing no key to diagnose fatigue fracture [101]. 

Developments in industries and increase in number of equipment 
subjected to repetitive and fluctuating loading such as cars, airplanes, 
compressors, pumps, turbines, etc. led to formation of an understanding 
according to which fatigue is responsible for at least 90% of fractures 
occurred during mechanical operations.Three factors are necessary for 
fatigue fracture: an extremely high maximum tensile stress, great vari
ations in or fluctuating applied stress and numerous cycles of the applied 
stress. 

Other variables such as stress concentration, corrosion, temperature, 
extra load, metallurgical microstructure, residual stresses and combined 
stresses may contribute to conditions required for fatigue. Fatigue may 
be divided into several stages: crack initiation, crack propagation in the 
slip band, dracture of cracks on the planes with high tensile stresses and 

Fig. 19. (a) Comparison of fatigue cycles in multilayer coatings and monolithic nickel and copper films [151]. (b) micrograph of composite Ni/Sn multilayer coating 
and (c) Surface morphology of electrodeposited Ni/Sn coatings after 4 × 105 cycles [152]. 
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final soft fracture [148]. By increasing the resistance against crack 
propagation, multilayer coatings may improve component lifetime. 

Electroplated Ni/Cu multilayer coatings have been used for a wide 
range of applications and there are many studies on fatigue behavior. 
For example, it was reported that fatigue wear resistance increased at a 
smaller distance between layers [149]. On the other hand, Stoudt et al. 
[150,151] investigated nano-scale crack initiation due to fatigue in thin 
Ni/Cu multilayer films. It was observed that using copper and nickel 
with soft FCC atomic arrangements and due to the unique properties of 
the electrodeposited Ni/Cu multilayer coatings, initiation of fatigue 
cracks was delayed leading to improvement of fatigue resistance. This 
requires hardness, toughness, cyclic work hardenability, residual 
compressive stresses and adherence. According to Fig. 19 (a), multilayer 
coatings are considerably more resistant than monolithic copper and 
nickel films [150,151]. 

In another study on fatigue stability of Ni/Cu multilayer coatings, it 
was reported that evolution of dislocations in the structure was sup
pressed by the presence of nanostructured materials at the surface. More 
investigations revealed that multilayer coatings with layer thickness of 
100nm showed a fatigue life ten times longer than simple nickel coatings 
under a 90MPa stress domain [138]. 

Lee et al. [27] studied the mechanical properties of electrodeposited 
thin Ni-W multilayer coatings where the layers were alternatively rich 
and free of tungsten. They stated that increase in W content in Ni-W 
alloy led to improvement of hardness; while, fatigue resistance was 
diminished due to increase in internal stresses [27]. Elsewhere, fatigue 
crack propagation behavior and resistance of composite Ni-Sn multi
layer coatings was investigated by means of three-point bend fatigue 
test. It was reported that due to presence of inter-granular fatigue cracks 
as an inherent characteristic of pure tin, the tin layer improves fatigue 
resistance by preventing propagation of primary fatigue cracks in Fig. 19 
(a) SEM image and surface morphology of electrodeposited Ni-Sn sam
ple in Fig. 19 (b) and Fig. 19 (c) illustrate fatigue cracks in boundaries 
and shear bands across the tin layer after 4 × 105 fatigue cycles [152]. 

7.3. Tensile behavior 

7.3.1. Stress-strain diagrams 
This section is dedicated to elastic strain, tensile, yield and fracture 

strengths of multilayer coatings produced by electrodeposition process. 
In the case of removal of strain after loading (with removal of stress); 
then, the material has an elastic behavior. The largest stress after 
removal of which the material returns to its primary state is called elastic 
limit. However, when strain does not disappear after removal of stress 
(is not zero after loading), the material is said to have a plastic behavior. 
A well-known method for studying of material’s behavior is drawing 
stress-strain curve obtained through loadings and measurement of de
formations in tensile tests. The curve-form of this diagram varies from 
one material to another [153]. Note that elastic deformation is usually 
observed as a sort of distortion in the crystalline lattice and disappears 
after unloading. On the other hand, plastic strain is seen as the move
ment of dislocations in the crystalline lattice. This form of strains may 
lead to undesirable cracking within the material structure. Compressive 
plastic deformation can occur in materials used for reinforcement and 
performance improvement. This technique is used, for instance, to 
manufacture semiconductors and in solar cells [153,154]. 

Fracture occurs whenever a multilayer coating undergoes deterio
ration or decomposition. This phenomenon is divided to two stages: 
crack initiation and crack propagation. Fracture is usually observed with 
plastic deformation before and after crack movement. Within the elastic 
region, the created deformation disappears after removal of loading. In 
other words, the whole energy stocked in the coating is released and the 
piece dimensions would return to their primary values. When the 
imposed loading is increased, we enter the plastic region where every 
deformation is permanent. The elastic deformation becomes plastic at 
the yield point which is 0.002 of the created strain. Homogenous plastic 

deformation region starts just after the yield point. The volume is con
stant in this region and the ultimate tensile strength occurs at the end. 
Next, we have non-homogenous plastic region where the sample un
dergoes necking and would eventually break. In order to improve me
chanical properties, researchers have always tried to mathematically 
model the mechanical behavior of materials such as elastic strain of 
various alloys in composition modulated alloy (CMA) multilayer coat
ings. In regards with the elastic behavior, the modeling addresses the 
role of inter-atomic forces between layers and interfaces. It was reported 
that elastic behavior depends on the structure and that is atom- or 
electron-based. It was reported that an inverse relationship exists be
tween wavelength and strain values. For example, a better stress 
behavior was seen with reduction of wavelength in Au/Ni and Cu/Ni 
multilayer coatings [155]. According to Fig. 20, two types of fracture 
occur in Ni/Ni-Au multilayer nanowires. In fact, fracture behavior is 
categorized based on fracture surface angle with the tensile axis. Frac
ture angle with the tensile axis varies between 30◦ to 50◦ in the first type 
of fracture which occurs in Ni/Ni(Au) layers. Fracture in the second type 
in which the angle is 90◦ happens in brittle form. Studying the ultimate 
tensile strength revealed that, for the first type, fracture strength is equal 
to pure nickel nanowires. Although fracture strength of the second type 
(multilayer coatings) was higher than bulk nickel, it was brittle and had 
low formability. Reduction of layer thickness increased fracture strength 
of the first type, up to a value even higher than that of the second type 
[156–160]. 

It was reported that an increase in the thickness of the magnetic film 
in Co-Ni-P/Cu multilayer coatings not only deteriorated magnetic 
properties (such as maximum energy density) but also induced insta
bility of mechanical properties e.g. corrosion cracking due to increase in 
elastic strain energy deposited in the films [156]. It is also possible to 
investigate elastic strain in atomic scale. For instance, there have been 
some discussions on releasing the elastic strain energy by dislocations 
due to behavior of atomic planes such as small wedges [157]. Tensile 
tests on Ni/Cu multilayer coatings showed that there was a sudden in
crease in yield stress for similar sample’s length in both of copper and 
nickel films. Increase in tensile strength of multilayer coatings is usually 
associated to grains and interfaces of the structure, which are barriers 
for the movement of dislocations. The Hall-Petch equation presents the 
relationship between strength and grain size or distance between layers. 
The highest tensile strength in Ni/Cu multilayer coatings is achieved in 
repeat lengths with coherent reduction which alters the deformation 
mechanism within the spacing between layers. Tensile strength is high 
in thin layers due to both reinforcement and increase in dislocation 
locking [158]. Slip bands in various tin grains of the Ni/Sn multilayer 
coatings change due to plastic deformation induced by the applied axial 
strength and grain orientation. Cracks initiated in tin grain boundaries 
after ten thousand cycles and propagated along the boundaries. Inter
granular cracks were observed within all tin layers while nickel layers 
remained absolutely intact. This may be explained by the idea that 
plastic deformation in Sn layers takes the all energy from internal 
stresses. It should be mentioned that actual behavior of nickel and tin 
differs from that seen in the multilayer coatings; the more ductile tin 
showed a brittle behavior and nickel improved formability [152]. 

According to tensile tests on samples with nickel and tin layers 
having constant and variable thicknesses, respectively, elongation of 
pure nickel and tin samples was higher than composite multilayer 
coatings. For example, pure nickel elongation was 4.4 times higher than 
in Ni/Sn multilayer coatings. According to the tensile stress-strain dia
gram shown in Fig. 21.(a), multilayer coatings are less ductile than pure 
metals due to the existing barriers at the interfaces between layers for 
glide dislocations. It is also considered that dislocations may pile up in 
nickel/tin interfaces but they cannot glide along the interfaces as there is 
a mismatch between the lattice and elastic moduli. This leads to work- 
hardening and cleavage cracking at the interfaces which, diminishes 
the ductility properties of multilayer coatings. The average values of 
ultimate tensile strength, yield strength and Young’s modulus in 
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Fig. 21. (a) Comparison of the stress-strain behaviour of Ni/Sn multilayer coatings with pure nickel and tin [159], (b) Stress-strain diagram of Ni/Co multilayer (ML) 
coating composed of nanocrystalline (NC) and coarse-grained layers(CG) compared with CG and NC monolithics [160] and (c) Stress-strain diagrams of monolithic 
and multilayer coatings: (A) Ni-Fe-Al2O3 90% monolithic: 50 Hz, (B) Ni-Fe-Al2O3 20% monolithic: 50 Hz, (C) Ni-Fe-Al2O3 20%: 400 Hz, (D) Ni-Fe multilayer: 50 Hz, 
(E) Ni-Fe-Al2O3 multilayer: 50 Hz and (F) Ni-Fe-Al2O3: 400 Hz [164] 

Fig. 20. First type (bulk nickel) and second type (Ni/Ni-Au multilayer coatings) fracture behavior [161]  
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composite multilayer coatings increase with decrease in the tin content. 
Tensile fracture morphology of Ni/Sn composite multilayer coatings 
differ from those of pure tin or nickel samples. Elongation of composites 
reduced in thinner layers because dislocations had shorter slip distances 
and plastic deformation became more difficult. The formability of 
multilayer coatings reduced in thinner layers but the yield strength and 
ultimate tensile strength of composite multilayer coatings improved 
with a smaller layer thickness [159]. 

According to stress-strain diagram of NiCo multilayer coatings in 
Fig. 21 (b) (for coarse-grained and nanocrystalline layers), the nano
crystalline layer had a significantly lower formability than coarse- 
grained layers. However, it enjoyed the highest yield strength. In addi
tion, these multilayer coatings are affected by their nanocrystalline and 
coarse-grained layers [160]. 

Decrease in tensile stress in NiP films of CoFe/NiP multilayer coat
ings due to increase in P content can be justified by several effects, 
including adsorption/desorption of hydrogen, crystallite joining and the 
combined effects of texture. The nickel films showed the highest tensile 
strength provided that H3PO3 is not present in the bath. Introduction of 
p-hydroxybenzhydrazide as stress reliever and softener reduced rough
ness of the nickel films [162]. 

It was reported for Ni-Mn multilayer coatings that an increase in heat 
treatment temperature led to embrittlement and reduction of ultimate 
tensile strength, yield strength and elongation due to presence of shear 
bands and twins. On the other hand, a prolonged heat treatment and 

temperature reduction led to improvement of material strength due to 
activation of slip systems [163]. 

According to shear punch studies on multilayer and monolithic Ni- 
Fe-Al2O3 coatings in Fig. 21 (c), the latter had a higher formability and 
their displacement was larger than multilayer coatings under equal 
shear stresses. Also, increase in frequency and reduction of duty cycle in 
monolithic coatings led to increase in shear yield stress and ultimate 
shear strength but elongation was reduced. 

In multilayer coatings, shear yield stress and ultimate shear strength 
increased with increase in frequency of electrodeposition while elon
gation decreased. The superior behaviour of multilayer coatings is 
attributable to grain refinement and improvement of mechanical prop
erties due to locking of dislocations within the interfaces. This occurs via 
a Frank-Reed mechanism which moves dislocations from grain bound
aries towards interfaces and plays a role in continued plastic deforma
tion [164]. 

7.3.2. Fracture morphology 
As seen in Fig. 22 (a) and Fig. 22 (b), both nickel and tin layers show 

necking after fracture along with plastic deformation. Several bands 
were disintegrated in interfaces according to cross sections [159]. 

The residual stress in Ni/Cu multilayer coatings depends on the 
thickness ratio of nickel to copper (tNi/tCu); so that, there were 
compressive stress when nickel content was less than copper content. 
However, once nickel content exceeded copper content, nature of 

Fig. 22. Tensile fracture in Ni/Sn composite multilayer coatings: (a) SEM morphology, (b) cross section of the fractured samples (optical micrograph, 500 × ) [159] 
and (c) deformation model and necking in a Ni/Co multilayer coating of nanocrystalline (NC) and coarse-grained (CG) layers [160]. 
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residual stress altered and became tensile [165]. In coarse-grained 
Ni/Co multilayer films, necking took place before fracture; nano
crystalline films did not show such behavior. The multilayer coating 
showed an intermediate behavior, indicated by expansion of the necking 
region in the SEM micrograph. It was reported that fracture behavior of 
multilayer coatings is affected by nanocrystallites. The magnified pic
ture illustrates consecutive presence of fine and coarse pits created by 
the micro-pores in the coarse-grained and nanocrystalline layers. The 
multilayer fracture plane occurs at 55◦ by application of an axial load 
where the large pits were associated to the coarse-grained layer and 
small pits were attributed to the nanocrystalline layer. According to 
Fig. 22 (c), the strain-hardening capability of nanocrystalline layer, 
leads to microscopic shear bands developing within the local necking 
region. Transition from uniaxial stress to multi-axial stress leads to 
plastic deformation between the layers. The deformation causes shear 
bands activating the slip system in the coarse-grained layer which 
further develop necking. Elongation in nanocrystalline and 
coarse-grained layers leads to fracture due to creation of micro-pores. 
Fracture plane initiates in the thin loading cross section and propa
gates along the shear band [156–160]. 

According to fracture analysis in nickel multilayer coatings, fracture 
area for the sample produced via reverse pulse mechanism occurs on the 
upper layer of the nickel film. In fact, fracture did not happen at the joint 
point of the two layers and there were dimples in fracture area of the PR 
sample. Fracture in the sample treated with HCl (acid was used to 
remove nickel oxide from the surface) occurs between layers where in
terfaces are weak and pits are seen. However, interfaces between 
reverse-pulse-produced layers were stronger. It may be concluded that 
adhesion of the deposite to the substrate is improved in nickel films 
produced by a reverse pulsed current technique [166]. It was reported 

that addition of dimethylformamide to the bath would lead to removal 
of cracks observed in Ni-Cr multilayer coatings. Hydrogen evolution and 
adsorption rates were very high in the primary bath so that the highest 
internal tensile stress inside the coating which initiated cracks. Then, 
addition of DMF solvent removed the cracks [167]. Fracture analysis on 
Cu/Sn/(In/Ni/Cu/Ni/In)/Sn/Cu sandwich multilayer coating after 
shear tests were done at different temperatures. According to Fig. 23, 
there are some dimples in the fracture plane and the only existing phase 
is (Ni,Cu)3(Sn,In)4. Soft fracture planes were observed along the fracture 
surface with increase in temperature up to 300 ◦C. In other words, brittle 
fracture became ductile fracture and the thicker (Cu,Ni)6(Sn,In)5 phase 
was seen at interfaces. This is due to the fact that matrices of these three 
samples are partially rich of indium. The presence of reflow tin and 
indium after heat treatment contributes to the highest ductility. Indium 
and tin atoms are distributed over the fracture surface after the shear test 
[168]. 

Ni-Fe multilayer coatings include coarse-grained layers which have 
distortions due to movement of dislocations parallel with slip planes. 
The segregated distances are controlled by field of internal stresses 
created by piled-up dislocations near active (compact) planes. Fracture 
in nanocrystalline monolithic planes occurs with parallel micro-dimples. 
Dimples size is larger than the average grain size. There were large pores 
at CG/NC grain boundaries. It was observed that coarse-grained layers 
were highly formable and coarse-grained substrates did not demonstrate 
an equal elongation within the first stages. Formability of the multilayer 
coating depends on the inter-layer interfaces. It was stated that form
ability of CG layers is due to increase in nucleation of dislocations and 
their accumulation in the grains. According to Fig. 24 (a), coarse-grained 
layers form along the preferential (100) direction. During the tensile 
test, the active slip direction family is (111), which is readily activated 

Fig. 23. Fracture surface of the Cu/Sn/(In/Ni/Cu/Ni/In)/Sn/Cu sandwich multilayer coating after the shear test at (a) 200 ◦C, (b) 240 ◦C and (c) 300 ◦C [168].  

Fig. 24. (a) Schematic illustrating deformation during the tensile test for CG layer and Ni-Fe multilayer coating [169], (b) fracture surface and elongation of 
multilayer and monolithic coatings. 
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by critical resolve shear stress. In general, each dislocation from the 
coarse-grained layer sticks inside the inter-layer interfaces so that it 
cannot diffuse into the sidelong grains or disappear in grain boundaries. 
This is due to presence of internal stresses in interfaces. Studying the 
fracture reveals that the NC substrate was responsible for expansion of 
micro-dimples along the fracture line while CG layers demonstrated the 
highest formability [169]. 

Different types of fracture surfaces and elongation of multilayer and 
monolithic coatings are illustrated in Fig. 24 (b), the first type of fracture 
is based on formation of shear bands and slip of grain boundaries. Here, 
size of shear bands is controlled by thickness of multilayer nanowire 
films. A transition in grain size usually occurs at interfaces due to their 
non-coherent nature. The second type of fracture that occurs under high 
stresses leads to formation of pores and crack initiation inside the in
terfaces or grain boundaries with the nanostructure [164]. In conclu
sion, the multilayer coating is more brittle than the monolithic coating 
and it also has a lower elongation and formability. Besides, reduction of 
thickness of layers in the multilayer coating increases yield strength. 
However, it declines elongation and formability even further. Because of 
brittleness, fracture surface of the multilayer coating is normal to the 
applied force while that of the monolithic coating is at an angle of 30◦ to 
50◦ from the applied force. 

7.4. Ratio of hardness to elastic modulus 

Hardness is a well-known mechanical characteristic which is used to 
evaluate wear resistance. Wear behavior and life of different materials 
are determined by means of hardness values. In addition to high hard
ness, industrial coatings working under harsh situations are now 
required to have proper toughness and wear resistance properties to 
guarantee the maximum life expectancy of engineering parts. This is 
why efforts to obtain coatings made of different types of materials such 
as ceramics, metals and composites with high hardness and elastic 
modulus have increasingly continued [170,171]. It is rare to expect high 
hardness values for electroplated and/or electrodeposited multilayer 
coatings so that studying the ratio of hardness to elastic modulus (H/E) 
ratio for these coatings is an uncommon procedure. This feature, actu
ally, is often discussed for PVD and CVD coatings [172]. Nevertheless, 

some studies have examined the H/E ratio to gain more information on 
mechanical properties, wear resistance and life expectancy of electro
deposited Ni/Cu and Ni-Cu/Cu multilayer coatings. Ghosh et al. pro
duced Ni/Cu multilayer coatings using sulfate bath. Keeping the 
thickness of copper layers at a constant value, they altered thickness of 
nickel layers within a given range. It was reported that the average 
nickel thickness was set as the optimum value to reach the minimum 
wear rate and maximum H/E ratio (high hardness and low residual 
stresses). The H/E ratio is discussed as an effective parameter in inves
tigation of tribological properties of metal and ceramic nanocomposite 
coatings [165]. Similarly, the effects of grain size variation and copper 
content on the H/E ratio in pulse electroplated multilayer coatings were 
investigated [173]. Research on Ni/Cu multilayer coatings showed that 
elastic strain until fracture and fracture toughness are the most useful 
parameters for evaluation of tribological properties in metal and 
ceramic nanocomposite coatings. It may be concluded that the highest 
H/E ratio is associated with the highest wear resistance in a coating 
[174]. The H/E ratio improved with increase in the nickel at% in Ni/Cu 
nanocrystalline coatings, implying the increase in wear resistance in 
comparison to monolithic nickel coatings [175]. 

7.5. Load bearing ability 

An important reason for surface engineers to produce multilayer 
coatings (both FG and ML) is to enhance load bearing ability [13]. 
Although this feature is generally known as load bearing ability, it 
covers practical properties such as increase in hardness and toughness, 
fracture toughness, low friction coefficient, high wear resistance or a 
combination of them. In order to provide a better understandingconsider 
a simple sponge cake which is decorated with a layer of chocolate. The 
chocolate layer cracks when the cake is being cut since the underlying 
sponge cake cannot tolerate the force applied by the cutting knife. This is 
a very simple example that may be used as the main idea for production 
of gradient coatings in different industries. Hard coatingsexposed to 
wear or indentation, scarsely,applied on a soft substrate, such as copper 
unless a gradient is formed from the substrate towards the surface. This 
is illustrated schematically in Fig. 25. The hard coating fractured during 
load application since the substrate was soft and the coating could not 

Fig. 25. Schematic showing samples of a higher tolerance gradient coating deposited on a soft substrate.  
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tolerate a significant load. While, a hardness gradient from the substrate 
towards the surface improved load bearing ability (LBA), hardness of the 
bottom layer and substrate remained constant. In a classic study 
comparing the LBA of monolithic and FG materials, the monolithic 
coating failed under 9 N load while the FG coating tolerated a 50 N load 
with no sign of adhesion failure in FG coatings [176]. 

As mentioned earlier, the development of FG structures increases 
LBA of coatings since they provide higher fracture toughness [177]. FG 
structures can tolerate the residual compressive stresses and conse
quently enhance the fracture toughness, [178]. Numerical studies using 
the BEM method proved that gradient structures can considerably affect 
stress intensity factors [179]. In high-temperature applications, 
FG-structured coatings can reduce thermal and residual stresses as well 
as provide the required decrease in crack initiation driving force. FG 
structure is known to play an effective role in improvement of adhesion 
strength [180]. It was shown in a research on thermal fracture behavior 
of thermal barrier ceramic coatings that the FG structure had a desirable 
effect on spallation life of a sample exposed to cyclic thermal loading. 
According to results, the perpendicular cracks on the surface grew as 
traverse cracks within the FG structure and crack propagation towards 
the substrate was prevented. FG structures improve LBA even under 
cyclic thermal loading though increasing the fracture toughness [181]. 

In addition to FG, multilayer structures are known as a proper so
lution in aviation industries for possessing remarkable mechanical 
properties such as high hardness to toughness ratio, low residual and 
internal stresses, sufficient adhesion to the substrate, low friction coef
ficient and consequently, higher LBA [176]. It has been shown for 
multilayer coatings that lowering the thickness of layers led to 
improvement of adhesion strength, hardness and Young’s modulus as 
well as reduction of friction coefficient and wear rate. of the presence of 
interfaces in nano-scaled multilayer coatings caused pile-up of 
cross-sectional dislocations and/or cracks [176,182,183]. The resistance 
against crack propagation and movement of dislocations in PVD coat
ings is due to presence of interfaces and increase in volume energy by 
interaction of Fermi surfaces with additional Brillouin zones [183,184]. 
In alumina and zirconia ceramic multilayer structures, toughness values 
were three times higher than the monolithic coating while 
work-of-fracture was six times greater than that of the monolithic one 
[185]. Formation of CVD multilayer coatings on Ti6Al4V alloy led to 
improvement of static LBA by a factor of four. These coatings enhance 
the applicability of this alloy for tribological use by reduction of friction 
coefficient and improvement of wear resistance [186]. Some researchers 
considered LBA as a distinct mechanism so that limited layered slip 
mechanism fades with reduction of thickness of layers and mechanism of 

Fig. 26. Some mechanisms for improvement of load bearing ability in multilayer and gradient structures.  

Fig. 27. (a) Schematic illustrations of two kinds of wear tests [198] and the diagrams of friction coefficient per number of cycles in (b) pure tin and (c) gradient 
Co/Sn coatings [203]. 
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Fig. 28. Comparison of Cu and Ni wear rates with that of Ni/Cu multilayer coatings with different layer distances [194].  

Fig. 29. Morphology of the worn sample with the lowest Ni content using (a) 3 N and (b) 11 N forces [165].  

Fig. 30. Surface morphology of Ni-Fe-Mn-Al2O3 multilayer coatings after the wear test, (a) constant-duty-cycle and variable-frequency coating, (b) variable-duty- 
cycle and constant-frequency coating and (c) Ni-Fe-Al2O3 monolithic coating [61]. 
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LBA dominates to improve mechanical properties [187]. Hence, it may 
be expected that the layered structure in electroplated coatings may lead 
to stress reduction, increase in fracture toughness and consequently high 
LBA. However, electroplated coatings possess a lower hardness range 
than ceramic coatings produced by vapor-phase techniques. The hard
ness of electroplated (‘hard’) chromium and nanocomposite coatings 
can typically reach 1100 and 1250 Hv, respectively. It was also reported 
that an increase in the diamond nanoparticle content by 64 wt% in Ni-W 
coatings led to improvement of hardness by 2250 Hv [188]. The for
mation of nano-scaled Ni/Cu multilayer coatings on titanium alloys led 
to improvement of hardness, toughness, strength, wear resistance, 
fretting wear fatigue, and consequently LBA [189]. It was reported, 
elsewhere, that a layered structure enhanced mechanical and tribolog
ical properties of Ni/Fe multilayer coatings [164,190]. However, it was 
concluded in some cases that electroplated multilayer coatings with a 
layer below 100 nm have increased residual internal stresses [191]. An 
increase in LBA due to transformation towards a layered structure 
(gradient or multilayer coatings) is schematically illustrated in Fig. 26 
[184]. Cracks initiated on the surface would avert or cease as they 
reached the interface. i.e., sectional cracks directed towards the sub
strate turned into traverse cracks parallel to the substrate. Crack stop
ping is justified by a lack of plasticity in interfaces or interface 
toughening. In both cases, it may improve LBA for FG or ML coatings 
though increasing the fracture toughness. In addition, those cracks that 
reach the open area between layers in Fig. 26 (a) may be effectively 
stopped in Fig. 26 (b) [184]. 

In conclusion, structure design parameters such as thickness of 
layers, interfacial toughness and strength of layers may significantly 

affect toughness, strength and consequently LBA in multilayer coatings, 
which are known as third generation of coatings [192]. Some research 
has described the mechanism of LBA as crack aversion along weak in
terfaces, arguing that crack propagation perpendicularly across the 
coating would diminish fracture resistance and consequently load 
bearing ability [193]. Application of multilayer structures improves LBA 
for low temperature and high temperature use through different 
mechanisms. 

7.6. Wear resistance 

Wear resistance has always been a significant characteristic in me
chanical properties. Application of multilayer coatings improves wear 
resistance of the substrate [194]. A very common method to evaluate 
wear resistance is the ball on disk test, where weight loss of coating 
results from removal of material from the surface represents coating 
wear [195]. 

7.6.1. Wear resistance and friction coefficient 
Fretting wear resistance was studied in Ni/Cu multilayer coatings 

deposited on beryllium-bronze substrates. It was observed that the 
lowest and the highest wear rates were obtained for the multilayer 
coatings which their sublayers had the least and the most thicknesses, 
respectively. It was reported, elsewhere, that Ni/Cu multilayer coating 
with copper to nickel thickness ratio of 1:2 demonstrated the highest 
wear rate. Reduction of wear rate, therefore, was obtained through 
reduction of copper thickness. For example, wear rate of this coating was 
seven times less than that of nickel monolithic coating. There are two 

Fig. 31. Surface morphology of gradient Ni-Cu-W(alumina) coatings after the wear test: (a) typical Ni coating, (b) multilayer coating, (c) magnified a and (d) 
magnified b [61]. 
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parameters affecting the wear rate in multilayer coatings: (1) increase in 
interfaces of the substrates with decrease in thickness of the sublayer 
which causes formation of barriers such as slip dislocations along the 
interfaces between copper and nickel layers and (2) reduction of grain 
size with decrease in thickness of the sublayer [87,88,149,196]. The 
sample with the highest nickel content showed the least friction coeffi
cient so that there was a finer scratch on the surface. Study of wear 
properties in Ni/Cu multilayer coatings revealed that friction coefficient 
values and wear rates of all multilayer coatings were lower than that of 
pure nickel [165]. It was stated in another study on Ni/Cu multilayer 
coatings of different thicknesses that wear rates of all coatings were 
lower than pure nickel samples over a range of applied force [197]. 

Wear resistance of Ni/Cu coatings was not dependent of the 
composing layers except that of the thick-layered coating which 
featured a low resistance. It should be mentioned that pure nickel film 
was entirely removed under a lower force while multilayer coatings 
endured [82]. Comparing the Ni-Cu monolithic and Ni-Cu/Cu multi
layer coatings showed that the multilayer coating had a lower friction 
coefficient. On the other hand, considering the wear rates in the 
multilayer coating with low nickel content and the nanocrystalline alloy 
coating with high copper content, it was shown that wear rate of the 
multilayer coating was higher and it even increased with increase in the 
applied force. However, further increase in the applied force lowered the 
wear rate of the multilayer coating below that of the alloy coating due to 
the plastic flow formed along the wear direction. Variation of wear rate 
in the multilayer coating may be attributed to the internal stresses 
formed in the coating during electrodeposition process. Comparing the 
multilayer coating with high nickel content and the alloy coating with 
low copper content, revealed that the alloy coating had a lower wear 
rate. The constant wear rate of the multilayer coating regardless of 

nickel content variation is due to its more intensive wearing and lower 
plastic deformation [173]. The friction coefficient of the Cu/Ni multi
layer coating was initially lower than that of the pure nickel coating; 
however, there was no significant difference in friction coefficient 
values once stability was reached. According to SEM analysis on the 
structure with a loaded wear test, there were more wear tracks on the 
pure nickel deposit than the multilayer one. This is due to the soft and 
formable nature of copper against the brittle, hard nature of nickel. It 
may be stated that the multilayer coating had a better fretting wear 
resistance than pure nickel [92]. It was realized that friction coefficient 
was a function of the sublayer thickness. The multilayer coating had a 
higher friction coefficient than copper coating while the nickel mono
lithic film had the highest friction coefficient of all. The friction coeffi
cient decreased with reduction of the sublayer thickness. Consequently, 
its highest value was near that of the nickel coating while its lowest 
value was slightly more than that of copper. According to the analysis 
results, the wear resistance of multilayer coatings depends on the den
sity of interfaces together with the mechanical and wear properties of 
nickel and copper. For instance, a multilayer coating with thick layers 
often provides a wear effect similar to pure nickel. The dominant 
mechanism is abrasive wear. On the other hand, the multilayer coating 
with thin sublayers, demonstrating the best wear resistance, underwent 
delamination. According to EDS analysis, the residual matter on the 
surface after the wear test was copper because this element improves 
surface adhesion and reduces friction coefficient by its formability 
properties. It may be concluded, therefore, that two factors affect wear 
resistance: 1- increase in interfaces density with reduction of the sub
layer thickness and 2- reduction of grain size with reduction of the 
sublayer thickness (revealed by XRD analysis). Interfaces hinder dislo
cations slip along the adjacent Ni and Cu layers [83]. Pin-on-disk and 

Fig. 32. Wear resistance in single layer and multilayer coatings.  
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block on-ring methods were used to investigate wear properties of Ni/Sn 
multilayer coatings. For the first, two samples (constant nickel and 
variable tin contents) were provided. Each sample composed of six 
nickel and six tin layers which were clamped and placed in cylinder to be 
worn on a rotating steel disk in Fig. 27 (a). The second method was based 
on ASTM G77 standard code and included rectangular blocks. The wear 
ring was exposed perpendicularly to the surface. The thickness of Ni and 
Sn layers varied in two samples. 

In the first test method, the sample with a low tin content initially 
demonstrated a high friction coefficient. However, the tin phase 
increased over the contact surface after 230 s, acting as lubricant and 
reducing the friction coefficient. The friction coefficient raised again on 
increasing the slip velocity, implying a fading of effect of tin in the 
multilayer coating. The friction coefficient of the second sample with a 
high tin content was much lower than the first sample due naturally to 
its higher tin content. However, wear rate of the second sample was 
higher than the first sample. This indicates that wear resistance is not 
necessary dependent on friction coefficient but mechanical strength of 
the material can be of great importance. Therefore, the second sample 
was weaker and underwent more intensive plastic deformation during 
the wear process. SEM analysis in the second test method revealed that 
Ni and Sn layers were quite distinct in the wear track of the first sample 
which contained high tin and nickel contents. However, layer bound
aries were smeared and could not be observed. Friction coefficient value 
is fluctuating due to the fact that varying layers are being worn. Peaks 
and valleys are associated nickel and tin layers, respectively. Friction 
coefficient of this sample, therefore, rests between those of pure nickel 
and tin. Friction coefficient of the second sample was lower than the first 
one due to the lower nickel content. In addition, tin played a more 
significant role in surface lubrication [198]. It was reported, elsewhere 
that gradient Ni/SiC coatings improved wear resistance more than pure 
nickel coatings due to presence of hard silicon carbide particles at the 
top of the gradient film [25]. Increase in tungsten content in Ni-W 
multilayer coatings led to improvement of friction coefficient and 
wear resistance of coatings. On the other hand, reduction of thickness 
doubled the wear resistance of these coatings [59]. Wear tests in Ni-Fe 
and Ni-Fe-Al2O3 revealed that friction coefficient initially increased. 
However, it plummeted afterwards and eventually reached a stable 
value at the end. The average value of friction coefficient for Ni/Fe and 
Ni/Fe/Al2O3 at a constant duty cycle and variable frequency was less 

than that of the same samples at constant frequency and variable duty 
cycle. 

These results indicate that friction coefficient of multilayer coatings 
produced with frequency variation was lower than friction coefficient of 
multilayer coatings deposited with variation of duty cycle. In addition, 
wear rate and wear profile of samples produced with constant duty cycle 
and variable frequency was lower than those manufactured by constant 
frequency and variable duty cycle proving the higher wear resistance of 
the former [36]. In Ni/Fe/Al2O3 gradient coatings, the data obtained for 
coatings produced with variation of frequency and duty cycle were 
compared with pure nickel films. Friction coefficient reached the 
maximum value in both samples and then plummeted. In the end, it 
arrived at a stable value. Increase in frequency led to decrease in friction 
coefficient. In general, the multilayer coatings produced with variable 
frequency showed lower friction coefficient values than pure nickel. On 
the other hand, reduction of duty cycle was followed by reduction of 
friction coefficient. This may be due to increase in hard particles content 
over the coating which reduces the contact area between the alloy 
substrate and the wearing surface. It was shown that an increase in 
frequency or duty cycle led to a higher wear rate [36,199]. Ni-Fe-M
n/Al2O3 gradient coatings were categorized into two groups including: 
1-constant frequency and variable duty cycle and 2- constant duty cycle 
and variable frequency. Increase in frequency and duty cycle in both 
cases reduced the wear rate. Increase in surface hardness improved wear 
resistance. Increase in frequency and grains modification improved 
hardness in coatings produced at constant frequency and variable duty 
cycle [48]. 

It was reported that reduction of duty cycle increased the nano
particles content while it reduced Mn content in the matrix. Increase in 
frequency, however, only increased the nanoparticles content with no 
significant impact on chemical composition of the matrix [61]. It was 
observed that wear rates of both types of Ni-Fe-Mn-Al2O3 coatings were 
less than Ni-Fe-Al2O3 composite coatings. This indicates that presence of 
manganese in Ni-Fe alloy improved the wear resistance. Ni/Ni-Al2O3 
multilayer coatings were also studied. The nanocrystalline monolithic 
coating had the best wear resistance among other types of coatings. The 
composite multilayer coating did not show desirable wear properties; it 
suffered delamination with cracks appearing in the surface layer. This is 
due to the fact that presence of alumina led to increase in surface 
roughness and friction coefficient. Another reason for deterioration of 

Fig. 33. Scratch depth diagrams based on the position of the diamond cone peak moving over the sample surface. The second traverse axis shows the normal load of 
the diamond peak. In addition, AFM micrograph illustrates a scratch surrounded by a mass bulk of material. The scratch length in this micrograph is 5 µm [206]. 
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tribological properties is formation of alumina-nickel bonding. This is 
why the grained morphology of the nanocrystalline monolithic coating 
had a higher wear resistance than the cauliflower-like morphology of the 
nanocomposite monolithic coating. Comparing the nanocrystalline and 
nanocomposite six-layered coatings with nanocrystalline and nano
composite monolithic coatings revealed that the wear mechanism is a 
combination of adhesion and abrasion. Plastic deformation was limited 
and wear lines became parallel with the wear track. Also, displacement 
of matter and grooves in nanocrystalline six-layered coating was less 
than the nanocomposite six-layered coating. It was concluded that 
presence of interfaces between layers in multilayer coatings with a 
surface nanocrystalline layer had a desirable impact on tribological 
properties and wear resistance except for the nanocrystalline monolithic 
coating. However, presence of interfaces in coatings with a surface 
nanocomposite layer imposed an adverse impact elevating the wear rate 
[119,153]. Wear properties of Ni-W monolithic and pure Ni coatings 
were compared with nanocomposite Ni-W-Al2O3 gradient coatings. It 
was reported that the gradient coating had lower wear rate in compar
ison with pure Ni and monolithic Ni-W coatings. The highest wear rate 
was attributed to the pure nickel while the lowest wear rate was 
attributed to the gradient coating formed at duty cycle of 11%. It was 
considered that a gradual reduction of tungsten content or the presence 
on alumina nanoparticles in the coating led to decrease in friction co
efficient. Alumina improved the wear resistance by 2 to 4 times in 
comparison with the Ni-W coating [34,200]. In addition, the primary 
maximum value of friction coefficient was obtained for the first (con
stant frequency and variable duty cycle) and second (constant duty cycle 
and variable frequency) types of gradient coatings referring to the static 
friction coefficient. The descending trend of friction coefficient at a 
longer wear track length may be attributed to reduction of the tungsten 
content. The wear rate of pure nickel content was 30 percent higher than 
that of gradient Ni-W coating. Both gradient coatings (first and second 
types) demonstrated similar wear resistance. It was shown by EDS 
analysis that W content increased from the substrate towards the sur
face. Tungsten improved the wear resistance of the gradient coating in 
comparison with pure nickel [60]. Gradient Ni-Cu-W(alumina) coatings 
were studied under two groups (variation of frequency and variation of 
duty cycle). The lower friction coefficient was found for the coatings 
produced with frequency variation due probably to the high copper or 
alumina content. There was a primary maximum value for friction co
efficient in coatings produced via duty cycle variation namely static 
friction coefficient [201]. Nickel multilayer coatings which were alter
natively composed of ultrasonic and ordinary Ni layers were compared 
with nickel layers after the wear test. It was observed that weight 
reduction of the multilayer coating was less than that of the ordinary 
nickel coating. This implies nickel wear resistance improves through 

multilayer structure and crack initiation is prevented. It was reported 
that low thickness of layers improved adhesion to the substrate and 
increased the wear resistance. Pit damage which occurred on the surface 
of ordinary nickel coatings was not observed over the multilayer coating 
[130]. Also, copper multilayer coatings had a better wear resistance 
than copper ordinary coatings. The multilayer coating also showed a 
lower weight reduction [113]. Co/Cu multilayer coatings with various 
thickness values were chosen for wear tests due to their difference in 
hardness. The sample with the thickest layers demonstrated the best 
tribological properties as friction force had the longest duration of 
constancy during the wear test. Wear mechanism changed in the 
multilayer coating with thin layers leading to minimization of friction 
and coating destruction [202]. Gradient Co/Sn coatings were compared 
with pure tin coating in order to achieve a comprehensive understanding 
on tribological properties. According to Fig. 27 (b), friction coefficient of 
pure nickel underwent huge fluctuations because of the adhesive wear 
phenomenon. Analysis of the residual matter in the interface revealed 
that it contained tin and tin oxide. Friction coefficient of the gradient 
coating in Fig. 27 (c) was more stable due to the low thickness of top tin 
layer and intermetallic particles. According to SEM analysis, a very low 
content of residual matter was seen in the interface. Intermetallic par
ticles improved the wear resistance of the gradient coating by creating a 
restricted wear depth [203]. 

Addition of lubricant to Fe-W alloy surfaces led to improvement of 
tribological properties and reduction of friction coefficient. With elec
trodeposition under different current densities, these coatings showed 
higher wear depth than chromium coatings. In fact, increase in current 
density increased the wear depth by reducing the tungsten content. Fe- 
W/Cu multilayer coatings were compared with the Fe-W alloy coating. 
The multilayer coating with thin layers showed similar worn volume to 
the alloy coating, however, the wear rate and friction coefficient were 
minimized by increasing the thickness of layers [204]. 

7.6.2. Worn surface morphology and wear mechanism 
Wear resistance of a Ni/Cu layered coating was evaluated by means 

of a crossed cylinder apparatus. This coating was deposited on the top 
fixed cylinder. A rotary steel cylinder (covered by abrasive papers up to 
4000 grade) approaches the sample and operates the wearing process. 
SEM analysis revealed that a mild deformation took place under low 
forces leading to removal of surfaces scratches in Fig. 27). With an in
crease in the applied force, scratch marks remained smooth yet defor
mation increased. Under the highest force, the remaining mark was 
utterly rough with a considerable deformation [158,194]. According to 
Fig. 28, the wear rate of the copper layer was double that of the nickel 
layer. The multilayer structure improved the wear resistance of both 
coatings. 

Fig. 34. (a) Dependency of coercivity to the thickness of cobalt layer in Co/Cu multilayer coatings [38]. (b) The great magnetic resistance of CoFe/Cu multilayer 
coating as a function of thickness of CoFe layers [222]. 
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As shown in Fig. 29, a wear test was performed on the Ni/Cu 
multilayer coating with the lowest Ni content. In addition to the abrasive 
mechanism, plastic deformation was observed over the surfaces worn by 
the lower force. Using the higher force, materials were displaced to
wards the end of the wear track [165]. 

The multilayer structure prevented deformation and wear of the 
substrate. The thick-layered coating demonstrated a delaminated 
microstructure. Grain refinement which was obvious on the underlying 
layers is usually observed on worn surfaces of formable materials. 
However, the lowest wear rate was seen in the thin-layered coating with 
polycrystalline structure. These coatings were strengthened by Ni/Cu 
interfaces and grain boundaries caused by the polycrystalline structure. 
The effect of grain boundaries on hard nano-indentations was less than 
the interfaces because of the lower density of grain boundaries [197]. 

It was revealed from the worn surfaces that there was a greater wear 
impact on Ni-Fe multilayer coatings. The continuous impact on the 
sample produced by constant duty cycle and variable frequency implies 
that the dominant wear mechanism was abrasive. Although the adhesion 
effect is harsh in these coatings, the overall mechanism for both coatings 
was abrasive while the substrate demonstrated an adhesive mechanism. 
Increase in frequency was found to modify the grain size. According to 
previous researches, grain size reduction reduced the wear rate and 
improved the wear resistance through hindering the motion of disloca
tions. This may be accounted for the reason of high wear resistance of 
multilayer coatings produced by variable frequency and constant duty 
cycle [36]. 

Fig. 30 illustrates the SEM micrographs of Ni-Fe-Mn-Al2O3 multi
layer coating produced by constant frequency and variable duty cycle. 
There were many grooves, boundaries and remaining wear impact 

marks, implying that abrasive wear was predominant. However, the 
surface was smoother than the Ni-Fe-Al2O3 monolithic coating. Material 
removal in constant-duty-cycle and variable-frequency coatings was 
higher than variable-duty-cycle and constant-frequency coatings. 
Clearly, the monolithic coating showed high plastic deformation [61]. 

Structure of gradient Ni-Cu-W(alumina) coatings was analyzed by 
means of SEM (Fig. 31). Typical Ni coatings had non-parallel wear tracks 
with pits of bulk flake-off. The remaining pores after surface wearing 
might be due to the low hardness of nickel. The pores surpassed the yield 
point and formed fatigue-induced cracks. The multilayer coating 
demonstrated no flake-off but small regions of debris accumulation. In 
addition, the layers were parallel with no sign of fatigue cracking. The 
multilayer coating may reduce the stress range effect and divide it be
tween the coating/substrate interfaces. Preventing crack propagation 
and delamination, the multilayer coating improves wear resistance. The 
other advantage of multilayer structures is increase in dislocations 
density in the coating that hinders wear-induced crack growth [130]. 

In conclusion, formation of multilayer structure improved wear 
resistance of the underlying substrate by reduction of friction coefficient 
(see Fig. 32). It may act as a barrier to reduce the stress range among the 
coating and the substrate. Multilayer structures may also enhance the 
tribological properties by preventing crack propagation and delamina
tion. The layered structure may either decrease the induced shear 
stresses and or decrease the depth coatings bearing the shear stress 
beneath the wear front. In general, multilayer structures have better 
tribological, wear, and friction characteristics compared to their single 
layer constituents. 

Fig. 35. (a) GMR variations versus the thickness of copper layer in Co/Cu multilayer coating [227]. (b) The magnetic resistance percentage measured for CoNiCu/Cu 
multilayer nanowires with CoNiCu and copper layers of constant and varied thicknesses [234]. (c) MR variations versus thickness of the copper layer in FeCo/Cu 
multilayer coating [75]. (d) Coercivity as a function of thickness of the copper layer [120] and (e) GMR variations versus the thickness of copper layer in NiFe/
Cu/Co/Cu multilayer coating [236]. 
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7.7. Scratch resistance 

Scratch test is applied for evaluation of scratch resistance and 
adhesion between the coating and substrate. A diamond pin is dragged 
over the surface with increasing applied force until fracture happens. 
The load under which fracture happens is called the critical load. There 
are various types of fracture such as segregation, cracking along the 
thickness, plastic deformation or cracking in the coating or substrate. 

For example, plastic deformation, groove formation and a few 
cracking were observed for soft coatings in a typical Rockwell C test. 
Plastic deformation occurs on soft substrates while the coating might 
undergo plastic deformation or fracture if it is bent in direction of the 
groove caused by the plastic deformation. It is possible that the coating 
becomes very thin with plastic deformation and removal of the coating 
between the scratcher and the substrate occurs prior to fracture and 
plastic deformation of the substrate. Plastic deformation is rare in hard 
coatings deposited on hard substrates. Fracture is induced by scratching; 
for a sharper indenter, more plastic deformation is attributed to the 
coating than the substrate. If the diamond pin is too sharp, there is an 
increased risk of its destruction during the test. Pin diameter has to be 
selected in a way that it is neither damaged nor data analysis becomes 
too difficult. Hard industrial coatings with thickness of more than one 
micrometer are tested with Rockwell C pins, while, conical indenters are 
used for thin coatings. Scratch test is found somewhat useful for eval
uation of adhesion in soft coatings. In general, this test is best suitable for 
a situation where the substrate does not undergo huge plastic defor
mation and coating is effectively scratched. Characterization of un
coated surfaces can be challenging unless proper chemical analyzing 
techniques are applied. Provided that the coating and substrate behave 
differently, the desirable results may be found by measuring wear rate 
variations during the scratch test. The scratch test is often known as a 
semi-quantitative method; there are several major and minor parame
ters which influence the applied critical force. Most of these parameters 
are apparatus-related and require accurate calibration. Nevertheless, 
other factors such as coating thickness and substrate hardness should be 
known for a better realization of the test results. Quantification of the 
results requires the fracture type associated to adhesion, determination 
of the fracture mechanism and a method for detection of stresses that 
induce fracture [205]. This technique is widely used for evaluation of 
electroplated coatings. For instance, 450 nm nano-scratchers were 
employed to investigate the mechanical properties of electroplated Ni-W 
coatings. The obtained results are presented in Fig. 33. It may be 
observed that scratch depth varied linearly in all samples (with different 

tungsten contents) with increase in the applied force up to 10 mN. 
Scratch depth is inversely associated with the hardness of coating. 
However, such a relationship was not proven for this type of coating. 
Scratch resistance of Ni-W coatings was compared with a typical nickel 
coating. Accordingly, scratch resistance of the tungsten carbide coating 
was significantly higher than the nickel coating which might be due to 
the coarser grains and lower hardness of the nickel coating [206]. 

Scratch resistance test is also employed in order to investigate the 
adhesion of multilayer coatings produced via CVD and PVD techniques. 
For instance, scratch resistance test was used to study crack initiation 
and fracture in Ti(C,N) and TiN/Ti(C,N) multilayer coatings. These 
coatings are generally hard and brittle so that they would undergo 
fracture when exposed to high stresses. Scratch test was performed using 
a diamond indenter with a micron-sized peak. Acoustic emission anal
ysis was used for detection of the scratch force at which the first crack 
occurs [207]. 

It may be observed that addition of TiN to the coating improved its 
resistance against crack propagation [207]. Scratch test was used else
where, to investigate crack propagation resistance in Ti/TiAlN/TiAlCN 
multilayer coatings [208]. Micro-scratchers were applied for silicon 
carbide multilayer coatings deposited via CVD technique. Similar to 
previous works, the critical force for each coating with different pa
rameters was determined. This technique has been used very rarely in 
study of multilayer coatings [209]. Papachristos et al. [45] investigated 
the adhesion of properties of Ni-P-W multilayer coatings by a scratch 
test. They mentioned that there were two significant critical loads within 
the scratch test. Cracks initiated under the first critical load, known as 
the cohesive load. The removal of coating from the surface occurs under 
the second critical load known as the adhesive load. The critical loads 
are determined through acoustic emission technique. The point at which 
the first acoustic emission is seen indicates the cohesive load. Mean
while, acoustic emission becomes sharp under the adhesive load. As it 
was mentioned earlier, adhesion of electroplated Ni-P-W multilayer 
coatings was investigated by Papachristos et al. [45]. The total increase 
in acoustic emission was between 25 to 30 N. Removal of coating does 
not occur frequently due to the soft nature of substrate (copper) and the 
hard coating. Destruction, however, was very extensive so that the 
cohesive load could not be recognized. In addition, high thickness and 
brittleness of the coating led to formation of deep cracks which produce 
intense acoustic signals. Hence, the obtained acoustic signal patterns 
were very complex. Under small loads, the multilayer structure was 
observed to cause blocking of cracks at the interfaces between layers 
[45]. 

Fig. 36. (a) MR ratio in Co/Ag multilayer coating as a function of sliver layer thickness. (b) dependence of the silver layer thickness to magnetization at any cobalt 
content in Co/Ag multilayer coating and (c) dependence of the gold layer thickness to magnetization at any cobalt content in Co/Au multilayer coating [57]. 
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7.8. Magnetic properties 

Magnetic materials have become extensively interesting over the 
recent years due to their wide applications in magnetic field sensors, 
read sensors in high-density magnetic recording systems, magnetic 
random-access memories, etc. In this regard, magnetic properties of 
various nanostructured materials such as multilayer coatings and 
nanowires have been studied. Electroplating is a well-known deposition 
technique which is used more frequently than as example spraying, 
chemical vapor deposition (CVD) and molecular beam epitaxial (MBE) 
due to simplicity, high deposition rate, low costs (as it does not need 
vacuum equipment) and the ability to produce films on irregular sur
faces [210]. Another advantage of this process is the possibility of 
sample immersion in an electrolyte throughout the preparation process. 
However, this technique does not provide the feasibility to produce a 
pure magnetic film from an electrolyte filled with both magnetic and 
non-magnetic ions. That is, the noble metal always deposits with the 
other (less noble) metal during the deposition process [211]. In princi
ple, production of multilayer coatings through electroplating can be 
performed via single- or double-baths procedures. In the latter, the 
resistance of magnetic materials may decrease because of the possible 
oxidation of layers during transitions between the baths [212]. Thus, the 
single-bath method is perceived as a better technique for electroplating 
of multilayer coatings [213]. In addition to deposition states (galva
nostatic/potentiostatic), ion concentration, anion type, modifying ad
ditives, current density, overpotential, pH of electrolyte, stirring rate, 
type of substrate and temperature of electrolyte affect the properties of 
deposited coatings. Any variation in these parameters may affect mag
netic and structural properties. Some of magnetic properties are 
magneto-resistance, giant magnetoresistance, coercivity (Hc), magnetic 
flux density (Bs), saturation magnetization (Ms), magnetic remanence 
(Mr), permeability (µ), anisotropy and squareness [158,214–216]. 
Magneto-resistance (MR) is the variation in electrical resistance of a 

material due to exposure to an external magnetic field. There are many 
effects that may be called the magneto-resistance [217]. Anisotropic 
magnetic resistance is attributed to the effect occurring mostly in mag
netic materials; while ‘giant magneto-resistance’ is used to describe ef
fects in multilayer systems. Magnetic resistance is defined as: 

MR =
ΔR
R0

= (RH − R0)

/

R0 (3)  

Where RH is the electrical resistance in the presence of a magnetic field 
and R0 is the resistance in the absence of a magnetic field. Magnetic field 
measurement may be performed parallel or perpendicular to the current 
direction. Longitudinal magnetoresistance (LMR) occurs when the 
magnetic field is parallel to the current direction. Transverse magneto
resistance (TMR) forms when the magnetic field is perpendicular to the 
current direction. From these measurements the anistropic magnetore
sistance (AMR) effect can be determined. The giant magnetoresistance 
(GMR) effect is a large change in electrical resistivity due to a small 
applied magnetic field [65,218]. 

The current in a multilayer coating may be parallel (current-in- 
plane) or perpendicular (current-perpendicular-to-plane) to the layers. 
Magneto-resistance is highly sensitive to growth conditions and may 
disappear by intermixing magnetic and non-magnetic interfaces. Coer
civity indicates the magnetic intensity required for reduction of mag
netic flux density in an entirely magnetized sample to zero or 
demagnetization. In fact, coercivity is the force that must be applied in 
the opposite direction of the primary field in order to reduce the existing 
magnetic power to zero. Coercivity is defined as: 

Hc =
H + Hr

2
(4)  

Where Hc is coercivity and Hr is the reversal field. Reversal field is the 
magnetic intensity required for adjustment of magnetic torques in line 
with the applied field. Once a ferromagnetic material is exposed to a 

Fig. 37. Vickers microhardness of (a) Ni-30%Sn multilayer coatings in accordance with thickness of layers (d) [159] and (b) Ni-Fe-Al2O3 gradient coatings at 
different distances under the sublayer [36,199]. the effect of (c) tungsten content and (d) number of bilayers on the hardness of Ni-W multilayer coatings [27]. 
hardness of (e) Ni/Cu nano-scaled multilayer coatings versus thickness of layers [93], (f) Cu/Ni multilayer and copper and nickel monolithic coatings Hardness versus 
thickness of the sublayer [83]. 
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magnetic field, the torques are set towards the field direction. Magnetic 
saturation (Ms) is obtained when all of the torques become in line with 
the field. If a reversal field is applied, some of the torques diverge from 
the applied field direction and some remain unchanged (magnetic 
remanence, Mr). Magnetic remanence indicates the magnetic induction 
that remains in the material. Hysteresis loop squareness is the ratio of Mr 
to Ms [219]. Increasing attention has been given to multilayer coatings 
composed of magnetic and non-magnetic layers since a merger of 
magnetic and non-magnetic metals can confer novel characteristics that 
may not be present in a single component. Multilayer coatings 
well-known for their magnetic properties include Co/Cu [87,220], 
Ni/Cu [98], NiFe/Cu [221], CoNi/Cu [74,124] and CoFe/Cu [131,222]. 
Magnetic properties of multilayer coatings are affected by many pa
rameters such as the crystalline structure, thickness of layers, deposition 
potential, orientation, grain size, multilayer coating size, electrolyte 
composition, pH of electrolyte, temperature of electrolyte, magnetic 
field and bath additives. The effect of different parameters on magnetic 
properties of multilayer coatings is explained in the following sections. 

7.8.1. The effect of layer thickness on magnetic properties of multilayer 
coatings 

The layer thickness greatly affects the magnetic properties of 
multilayer coatings. Any alteration in thickness of magnetic and non- 
magnetic layers as well as that of whole multilayer coating affects the 
magnetic behavior of the multilayer coating. Highly applied Co/Cu 
multilayer coatings are composed of magnetic (cobalt) and non- 
magnetic (copper) layers. Magnetic resistance increases with decrease 
in thickness of cobalt layers. In fact, the thickness of each layer affects 
the magnetic properties of the whole multilayer coating. However, MR 
does not change once the thickness of cobalt is less than 1 nm as the 
cobalt layer loses its continuity and forms islands having various sizes 
[87,220]. The maximum magnetic resistance value is generally obtained 
when the thickness of cobalt layer ranges from 1 to 1.5 nm [223,224]. It 
was reported elsewhere that under a constant thickness of copper layer 
(4 nm) and an increase in thickness of the cobalt layer from 0.2 to 1 nm, 
GMR value demonstrated an ascending trend, except within 0.5-0.6 nm 
range. The lowest GMR was found at 0.6 nm [225]. In fact, the multi
layer coating displayed a great magnetic resistance and anisotropic 
magnetic resistance at low and high thicknesses of the cobalt layer. LMR 
and TMR values increase with increase in cobalt layer thickness leading 
to increase in AMR [6,226]. It was reported by Pandya et al. [227] that 
GMR increased with increase in thickness of the cobalt layer from 5 to 
20 nm due to the increase in surface roughness [227]. As seen in Fig. 34, 
an increase in the cobalt layer thickness led to reduction of the coercivity 
force due to increase in grain size [38,68,226,228]. The cobalt layer 
thickness also affects saturation magnetization. Reduction of thickness 
leads to a lower saturation magnetization and consequent increase in 
squareness [38,220]. 

In CoNi/Cu multilayer coatings, MR increased under a constant 
thickness of copper layer and an increasing thickness of the CoNi layer 
from 2 to 17 nm. However, the MR value dropped after further increase 
in thickness from 17 to 510 nm. The reduction in MR is due to the 
discontinuity of extra-thin CoNi layers. MR remained constant above 
510 nm due to the presence of anisotropic magnetic resistance [74]. The 
thickness of the magnetic CoNi layer affects magnetic behavior and 
coercivity of CoNi/Cu multilayer nanowires; at a constant copper layer 
thickness and with a variable CoNi layer thickness (from 1 to 17 nm), 
magnetic behavior varies. Nanowire showed a superparamagnetic 
behavior when the thickness of the magnetic layer was lower than 6.8 
nm; ferromagnetic behavior was seen once the thickness exceeded 6.8 
nm. Discontinuity of layers may be responsible for the super para
magnetic behavior. Coercivity increased for thinner CoNi layers from 17 
to 6.8 nm. However, further decrease in thickness of the magnetic layer 
from 6.8 to 1 nm led to decline of coercivity due to the discontinuity of 
layers; maximum coercivity was obtained at a thickness of 6.8 nm [124]. 
The thickness of the magnetic layer in FeCoNiCu/Cu multilayer coatings 

affects the great magnetic resistance. GMR reached the maximum value 
(6%) once the thickness of the copper-rich layer reached 1.8 nm due to 
the large grain size. A slight increase or decrease in thickness of the 
copper layer leads to a plummeting GMR value [29]. CoFe/Cu multi
layer coating demonstrated a fluctuating magnetic behavior with copper 
layers of constant thickness and thickness of CoFe layers increasing from 
3 to 10 nm in Fig. 34 (b) [222]. A thicker CoFe ferromagnetic layer 
increased the coercivity of the multilayer coating due to strengthening 
of ferromagnetic bonds between the magnetic layers [131]. 

Magnetic anisotropy of CoCuP/Cu multilayer coatings decreased 
with reduction of thickness of CoCuP layers, reaching a minimum value 
at thickness of 3 nm. This may be attributed to the decline of columnar 
growth and increase in the demagnetizing agent perpendicular to the 
sample surface. Magnetic anisotropy increased with further reduction of 
thickness due probably to the discontinuities in ferromagnetic layers 
[229]. The cobalt layer thickness affects coercivity and magnetic 
remanence in Co/Pd multilayer coatings. The facile axis for magneti
zation is on-plane when the cobalt layer thickness exceeds 0.6 nm. The 
magnetic remanence ratio increases with decrease in the cobalt layer 
thickness until it reaches 1 at a thickness of 0.4 nm. This indicates that 
the easy magnetization axis of the multilayer coating changes from 
parallel with the film plane to perpendicular to it. In fact, the easy 
magnetization axis of the multilayer coating changes from on-plane to 
perpendicular with decrease in thickness of the cobalt layer [135]. The 
Ni/Cu multilayer coating had a lower great magnetic resistance than the 
Co/Cu multilayer coating. Replacement of cobalt by nickel significantly 
reduces the GMR [84,110]. In Ni/Cu multilayer nanowires, a thicker 
nickel layer increases shape anisotropy and coercivity. The latter in
creases with increase in thickness of the NiCu magnetic layer in NiCu/Cu 
multilayer coatings. Introduction of Fe to the NiCu magnetic layer and 
formation of FeNiCu/Cu multilayer coatings leads to decrease in coer
civity and increase in GMR and saturation magnetization. Similar to 
NiCu/Cu multilayer coatings, increase in thickness of the FeNiCu layers 
leads to improvement of coercivity. Ni80Fe20/Cu multilayer nanowire 
has GMR properties. However, its value is very small due to the wavy 
interface [97]. Ni/Cu/Fe multilayer nanowire shows a lower coercivity 
than Cu/Ni nanowires [230]. Thickness of the magnetic layer (Fe) af
fects the magnetic behavior of Fe/Cu multilayer nanowires such as 
coercivity. The easy magnetization orientation is perpendicular to the 
nanowire axis when the iron layers are thin. However, increase in 
thickness of the iron layer changes the easy magnetization orientation to 
parallel [231]. In Ni/Pd multilayer nanowires, increase in ratio of nickel 
deposition time to palladium deposition time reduces saturation 
magnetization and consequently improves magnetic properties since the 
weight percentage of nickel increases at the expense of decrease in 
weight percentage palladium [132]. 

7.8.2. The effect of non-magnetic layer thickness on magnetic properties of 
multilayer coatings 

Thickness of non-magnetic layers affects the magnetic properties of 
multilayer coatings. The effect of non-magnetic layers thickness is bold 
in Co/Cu multilayer coatings where the GMR behavior has a fluctuating 
behavior in regards with the thickness of copper layer in Fig. 35 (a). The 
magnetic resistance in CoCu/Co multilayer coatings depends on the 
composition of ferromagnetic cobalt-rich layer and thickness of the non- 
magnetic copper layer.The MR ratio is a maximum (15%) when the 
thickness of copper layer reaches 1.4 nm, cobalt composition is 86% 
(layer thickness of 0.9 nm) and temperature is 300 K; magnetization is a 
minimum. In fact, increase in thickness of the copper layer up to 1.4 nm 
leads to improvement of the MR ratio but this ratio begins to fall with 
further increase in thickness. This is due to a decline in anti- 
ferromagnetic interactions between the ferromagnetic Co layers near 
the non-magnetic Cu layers [232]. 

Addition of nickel to CoCu alloy layers and formation of CoNiCu/Cu 
multilayer coatings leads to increase in GMR. When the nickel content 
reaches 3.5%, GMR may increase by 11% [233]. In Fig. 35 (b), an 
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increase in thickness of the copper layer in CoNiCu/Cu multilayer 
nanowires from 2 to 7 nm is followed by reduction of magnetic resis
tance [234]. Magnetic resistance also decreases with increase in thick
ness of the copper layer in CoNi/Cu multilayer nanowires. That is, 
increase in thickness of the copper layer from 4.2 to 42 nm (with the 
CoNi layer thickness being constant) lead to reduction of magnetic 
resistance [74]. 

In Fig. 35 (c), an increase in thickness of the copper layer leads to a 
fluctuating magnetic behavior in the FeCo/Cu multilayer coating. This is 
caused by microstructural defects such as roughness of the interface [75, 
131]. Increase in thickness of the copper layer in FeCoCu/Cu multilayer 
nanowires is followed by increase in coercivity and squareness proper
ties [235]. 

The effect of non-magnetic layer thickness on magnetic behavior of 
FeNiCu/Cu multilayer coatings is important. An increase in the copper 
layer thickness up to 1 nm is followed by reduction of coercivity but 
further increase in thickness of the copper layer from 1 to 2.8 nm leads to 
an increased coercivity in Fig. 35 (d) [120]. An increase in the copper 
layer thickness in Ni/Cu multilayer coatings is found to increase the 
magnetic remanence due to dipolar interactions between the nickel 
layers caused by reduction of the copper layers thickness [89]. 

It can be seen in Fig. 35 (e) that the GMR of NiFe/Cu/Co/Cu 
multilayer coating, similar to Co/Cu and FeCo/Cu multilayer coatings, 
demonstrates a fluctuating behavior with an increase in copper layer 
thickness [236]. 

While the thickness of the CoPtP layer is maintained constant in 
CoPtP/Cu multilayer coatings, an increase in thickness of the copper 
layer leads to elevation of vertical coercivity whereas in-plane coercivity 
is inversely related to thickness of the copper layer. In addition, increase 
in thickness of the copper layer declines the in-plane coercivity [121]. In 
a multilayer coating of 10 layers with a thickness of 100 nm (CoPtP and 
copper), the optimum coercivity and squareness values were 4130 Oe 
and 0.7, respectively [237]. MR ratio depends on thickness of cobalt and 
silver layers in Co/Ag multilayer coating. The maximum MR ratio is 
obtained with increase in thickness of cobalt and silver layers up to 1.5 
nm in Fig. 36 (a) [57,213]. 

Generally, magnetization of Co/Ag and Co/Au depends on thickness 
of the cobalt, silver and gold layers. Increase in thickness of the cobalt 
layer improves magnetization in both multilayer coatings. It may be 
seen in Fig. 36 (b) that the magnetization is minimum when thicknesses 
of cobalt and silver layers are 1 nm and 2 nm respectively. The minimum 
magnetization in Co/Au coatings is obtained when thicknesses of cobalt 
and gold layers are 1.5 nm and 2 nm, respectively in Fig. 36 (c). 
Magnetization fluctuation is immense at high thickness of gold layers 

and low thickness of cobalt layers. Magnetism of cobalt layers becomes 
highly influenced by the surrounding gold atoms as thickness of the 
cobalt layer decreases [57]. Saturation magnetization of Co/Ag multi
layer nanowire is generally lower than Co nanowires [238]. 

An increase in the thickness of cobalt- and silver-rich layers affects 
MR ratio in Co70Ag30/Co8Ag92 multilayer coatings. The highest MR ratio 
is obtained when thicknesses of cobalt- and silver-rich layers are 0.8 nm 
and 1.2 nm, respectively. Under equal conditions (at room temperature 
and in magnetic field of 21 kOe), the maximum MR values for Co70Ag30 
(0.8 nm)/Co8Ag92 (1.2 nm) multilayer and Co/Ag monolithic coatings 
were 8.7% and 5%, respectively. It may be concluded that forming a 
multilayer structure increased the MR in Co/Ag coating [52]. Increase in 
thickness of the silver layer in CoAg/Ag multilayer nanowires alters the 
magnetic properties from AMR to GMR [77]. The effect of non-magnetic 
layer thickness on magnetic properties of Co/Zn multilayer coatings is 
notably significant. In a research on these multilayer coatings where 
thickness of the cobalt layer was maintained constant (5 nm) and 
thickness of the zinc layer was increased from 0.1 to 7 nm, the highest 
GMR value was observed at thickness of 0.8 nm (30%) [106]. In addi
tion, coercivity reduces with decrease in thickness of the zinc layer 
[239]. The GMR is affected by whether the first deposited layer is cobalt 
or zinc. In fact, the GMR shows a higher level when cobalt is deposited as 
the first layer. CoZn/Cu multilayer coatings had a lower magnetic 
resistance than Co/Cu multilayer coatings so that magnetization did not 
reach saturation under a high magnetic field (14 kOe) [115]. 

7.8.3. The effect of number of layers 
Total number of layers is another factor affecting the magnetic 

properties of multilayer coatings. It was mentioned earlier that thickness 
of magnetic and non-magnetic layers in Co/Cu coatings affects several 
magnetic properties such as magnetic resistance, coercivity and satu
ration magnetization. Increase in number of bilayers up to 50 led to 
increase in the great magnetic resistance of Co/Cu coatings. However, 
further increase in number of bilayers (from 50 to 75) declined the GMR. 
This is due to formation of non-specular Co-Cu interfaces [240]. The 
same behavior was observed by Haciimailoglu et al. [241] as they re
ported that increase in number of bilayers up to 222 layers leads to in
crease in the GMR; while, further increase caused a fluctuating behavior. 
In addition, GMR occurs with a slight AMR when number of layers is 
below 111. 

Increase in number of bilayers in CoCu/Cu multilayer coatings led to 
reduction of magnetic resistance as the structure of coating evolved with 
growth of the sample [28]. These multilayer coatings also possess 
anisotropic magnetic resistance [242]. Increase in total thickness of 

Fig. 38. Polarization curves of (a) Ni, Ni (50 nm)/Cr and Ni (100 nm)/Cr coatings in 0.1 M sulfuric acid solution [55] and (b) coatings obtained in aqueous and DMF 
baths [167]. 

M. Aliofkhazraei et al.                                                                                                                                                                                                                         



Applied Surface Science Advances 6 (2021) 100141

40

NiFe/Cu multilayer coatings leads to increase in thickness of copper 
layers and decrease in thickness of nickel-iron layers which, in turn, 
affect the coercivity of multilayer coatings. Increase in total thickness of 
the coatings from 0.3 to 5 nm leads to decrease in coercivity by 50% 
[243]. Increase in number of bilayers leads to increase in magnetic 
resistance of Fe/Pt multilayer coatings as well as increase in anisotropy 
of Co83P17/Co74P26 multilayer coatings [114,244]. Increase in thickness 
of Fe50Pt50 layer leads to increase in vertical coercivity of Fe50Pt50/
Fe2Pt98 multilayer coatings. However, it does not influence the parallel 
coercivity. Also, these multilayer coatings possess magnetic anisotropy 
[245,246]. 

7.8.4. The effect of deposition potential on magnetic properties 
Deposition potential plays an important role in magnetic properties 

of multilayer coatings. This parameter affects the great magnetic resis
tance of Co/Cu and NiCo/Cu multilayer coatings. Increase in copper 
potential deposition in Co/Cu multilayer coatings towards more positive 
values leads to increase in the ferromagnetic GMR and decrease in the 
superparamagnetic GMR [247]. Besides, the GMR was approximately 
13% in the same multilayer nanowires at deposition potential of 
-0.9/–0.4 V. However, GMR plummeted within a more negative poten
tial (-1.0/–0.5 V) due to increase in structural defects. Further, even a 
more negative potential (-0.8/–0.3 V) leads to a very tiny magnetic 
resistance due to dissolution of cobalt. 

Moving from the optimum potential towards more positive values 
led to decrease in surface roughness of NiCo/Cu multilayer coatings 
which, in turn, improved the GMR [56]. 

7.8.5. The effect of electrolyte additives on magnetic properties 
Introduction of various additives/bath formulations to the electro

plating bath affects magnetic properties of multilayer coatings. For 
instance, addition of NaCl to the electroplating bath of CoCu/Cu 
multilayer coatings leads to alteration of magnetic properties. In fact, 
NaCl addition reduces the GMR as adsorption of chlorine during depo
sition leads to grain refinement in the multilayer coatings. Grain 
refinement, increase in nucleation rate and change deposition mecha
nism lead to formation of an irregular structure which consequently 
reduce the great magnetic resistance [101]. It has been shown that 
presence of DPSA in the electroplating bath of Co/Cu multilayer coat
ings affects the magnetic properties. Introduction of DPSA to the elec
trolyte reduces surface roughness and coercivity [248]. Addition of 
silver to Co/Cu multilayer coatings alters the GMR. Increase in the silver 
content up to 1at% alters the microstructure so that the GMR would 
increase. The presence of Ag+ ions influences the nucleation and growth 
of layers. On the other hand, silver can modify Co/Cu interfaces. In other 
words, silver improves magnetic properties by reducing lattice misfits 
between cobalt and copper. An increase in silver content above 1 at%, 
however, is followed by reduction of the GMR [40]. Addition of lead to 
these multilayer coatings reduces the GMR. Magnetic behavior of 
coatings changes from GMR to AMR with increase in Pb+ concentration 
above 0.2% [20]. Introduction of polyethylene glycol (PEG) to the 
electroplating bath of NiFe/Cu multilayer coatings increases the MR. 
Coercivity is decreased on addition of the PEG as it causes reduction of 
the crystallite size [249]. 

7.9. Hardness 

A major application of hardness measurement is in quality control of 
metallic parts. Hardness is known as an important feature in materials 
that depends on strength, elastic and plastic properties. Hardness is often 
defined as the capability of a material to resist against scratch, wear, 
cutting and indentation. The higher the hardness of a material, the more 

resistant is against indentation. Hardenability is defined as the degree of 
hardness that materials obtain during a hardening process. There are 
many techniques proposed for measuring hardness of materials by 
means of various loading conditions. Some of the most prevailing 
hardness testing methods are Brinell test, Rockwell test, Vickers test, 
Knoop test, scleroscope and Mohs hardness. These processes vary in 
terms of test conditions and parameters and each may be used in 
accordance to the requirements desired by the researcher. For instance, 
Mohs hardness is based on the ability of material to scratch another 
material while scleroscope measures hardness based on return of the 
hammer after impact with sample surface. Broad usage of hardness tests 
is because of the easy correlation between hardness test results and 
tensile/yield strength of steels. Many metals and alloys have been sub
jected to hardness and microhardness testing leading to acquirement of 
a great deal of findings. In the present work, hardness of different 
multilayer coatings electrodeposited under various conditions is stud
ied. Wang and Singh [159] investigated the mechanical properties 
(including microhardness) in Ni/Sn multilayer coatings. According to 
Fig. 37 (a), an increase in the thickness of bilayers led to a reduction of 
the Vickers microhardness in Ni-30%Sn multilayer coatings. Micro
hardness of pure nickel and tin coatings were 274.2 Hv and 7.5 Hv, 
respectively; while, the maximum hardness value for the alloyed coat
ings was 203 Hv. Fig. 37 also shows the Hall-Petch equation which 
represents hardness values based on different thicknesses (d) with a 
correlation coefficient (R) of 0.9 [159]. Panayotova [250] investigated 
the effects of different parameters such as additives contents (succinic 
acid, asparaginic, ascorbic acid), temperature, pH and current density 
on microhardness of Fe-C multilayer coatings. The optimum conditions 
to reach maximum hardness (600-710 Hv) and the best wear and 
corrosion resistance are pH = 3, T = 45 ◦C and current density = 35 mA. 
cm− 2 in a bath containing succinic acid or a mixture of succinic acid and 
ascorbic acid [250]. 

Due to the increasing advances in nickel-based alloys, particularly 
Ni-W, in terms of mechanical properties, researchers studied the prop
erties of Ni-P-W multilayer coatings. These coatings were produced 
through pulse electroplating procedure where wavelength ranged from 
8 to 4000 nm. It was reported that hardness increased with gradual 
reduction of the wavelength. Increase in hardness was even more 
considerable under 120 nm. The amorphous coatings were compared 
with the similar crystalline coatings which showed the same increasing 
trend for hardness. The only difference was that the maximum hardness 
within the 2 to 5 nm range in crystalline coatings that was 30% higher 
than the other wavelength. In amorphous coatings, the wavelength of 8 
nm gave the maximum hardness about 13% above other wavelengths. 
The hardness of the above coatings does not follow the Hall-Petch 
equation [45]. Ni-W multilayer coatings showed relatively higher 
hardness than Ni-W monolithic coatings. It may be seen in Fig. 37 that 
number of layers and tungsten content affects hardness of these multi
layer coatings. Hardness is found to improve with increase in number of 
bilayers [27,60]. It also increases with increase in electroplating current 
density, tungsten content and thickness of layers. Ni-W gradient coatings 
which are produced via low duty cycles or high frequencies demonstrate 
higher hardness values due to having high content of alumina nano
particles and tungsten. Ni-Cu-W-Al2O3 gradient coatings which are 
produced via high duty cycles and frequencies have high microhardness 
values. Being deposited under a constant frequency, the zones in coating 
near substrate shows a higher hardness that the top surface of coating. 
Tungsten and nickel contents near the surface are lower than near the 
substrate [201]. 

Presence of Al2O3 nanoparticles in Ni-Fe multilayer coatings leads to 
decline of plastic deformation of the matrix metal, on the one hand, and 
prevention of grain growth and reduction of grain size, on the other 
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hand. Hence, it improves hardness of the coatings [36]. As it may be 
seen in Fig. 37 (b), hardness is higher near the surface of Ni-Fe-Al2O3 
coatings than near the coating/substrate interface. This is due to the 
higher Al2O3 nanoparticles content near the surface [36,199]. It was 
reported that presence of Mn in the gradient coating led to increase in 
hardness by 150 Hv. Like nanoparticles, presence of manganese im
proves microhardness. Increase in duty cycle leads to increase in man
ganese content, in one hand, and reduction of alumina content, on the 
other hand, leaving no significant impact on microhardness [48]. 
Nucleation rate increase at high frequencies so more nanoparticles are 
incorporated into the coating. Hence, high frequencies lead to formation 
coatings with high hardness values [61]. Decrease in thickness of the 
sublayer in Ni-Fe multilayer coatings leads to increase in the hardness 
[251]. 

Decrease in thickness of layers in Ni/Cu nano-sized multilayer 
coatings leads to increase in hardness in Fig. 37 (e). This may be justified 
using the Hall-Petch equation as thickness of layers is equivalent with 
the average grain size. Hardness decreases, however, with further 
decrease in thickness after the first peak. Non-compliance of the Hall- 
Petch equation in small thicknesses is attributed to lamellar slip mech
anism. When the thickness is lowered below 100 nm, confined layer slip 
mechanism is activated so that hardness no longer follows the Hall-Petch 
equation. Therefore, hardness value smaller than that predicted value by 
the Hall-Petch equation is observed. It is believed that, within a thick
ness range of 10 to 100 nm, dislocation locking on a given plane is not 
possible due to the strong repulsive forces between dislocations on the 
same plane. The repulsive forces, therefore, lead to deformation with 
confined layer slip mechanism that includes propagation of dislocation 
loops parallel with the layer’s interfaces [252,253]. 

As shown in Fig. 37 (f), that hardness plummeted when the layer 
thickness fell below 10 nm. This may be attributed to annihilation of the 
misfit dislocation lattice which preserves the interface against shearing 
dislocations. It was also declared in literature that hardness does not 
alter with further decrease in thickness [254]. It was stated, elsewhere, 
that brush plated Cu/Ni multilayer coatings had a lower hardness than 
nickel but higher than copper. Hardness gradually increases with 
decrease in thickness of the sublayer. On the other hand, increase in the 
interface density between layers led to increase in hardness. This was 
achieved by reduction of wavelength modulus or decrease in thickness 
of the sublayer [83]. 

Hardness of composite nickel-copper multilayer coatings increased 
with decrease in thickness of layers and increase in the interfaces. 
Hardness of copper films was lower than nickel. It was also observed that 
hardness of the composite multilayer coatings was higher than the same 
coating with an extra copper content. Increase in thickness of nickel 
layers and decrease in thickness of copper layers led to increase in 
hardness of the multilayer coating so that it even surpassed nickel. 
Hardness of Cr/Ni multilayer coating was improved with heat treatment 
and increase in temperature. Phase analysis through XRD revealed that 
increase in hardness was obtained due to formation of a diamond 
structure at high temperatures. The highest hardness value was obtained 
at 550 ◦C due to the presence of fine crystallites in the multilayer 
coating. Note that nucleation in chromium layers occurred in a dense 
form with no preferential orientation towards the nickel interfaces. The 
surface energy between nickel and chromium was insufficient to provide 
the required energy for nucleation [255]. Increase in thickness of layers 
led to improvement of hardness in both multilayer and monolithic nickel 
coatings. Due to finer grains and the layered structure, the multilayer 

Fig. 39. Corrosion schematics for (a) multilayer and (b) monolithic alloy single layer coatings [26].  
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coating featured a higher hardness than monolithic films. A small grain 
size leads to dislocation pile-up that in turn, increases the yield stress. On 
the other hand, the difference in elastic modulus and grain size of in
terfaces is in fact a barrier for dislocation movement that increases 
hardness of multilayer coatings higher than monolithic coatings. This 
phenomenon cannot be clearly explained; however, according to 
Koehler’s theory, hardness improvement is obtained through the dif
ferences occurred in values of Young’s modulus of layers. That said, we 
have seen no difference between Young’s modulus values of layers in the 
present work. Thus, this might be the reason for the lower hardness of 
multilayer coating than monolithic films [130]. The hardness of the 
Co/Cu multilayer coating was higher than Ni/Cu multilayer coating for 
the same layer thickness. Hardness of Co/Cu multilayer coatings grad
ually decreases with increase in the annealing temperature. However, 
further increase in temperature leads to increase in hardness. Excessive 
temperature increase eventually removes the interfaces between layers 
causing the hardness to fall again. Annealing diminishes the hardness of 
Ni/Cu multilayer coating more quickly than Co/Cu multilayer coatings 
[81]. 

Hong et al. [256] produced printed circuit board (PCB) copper bump 
micro-sized multilayer coatings by means of reverse pulse electrodepo
sition technique. They investigated the effects of forward-to-reverse 
current ratio and brightener concentration in the bath on hardness 
values. It was reported that the maximum hardness was achieved in a 
current ratio of 1:1 (forward/reverse) and brightener concentration of 
700 ppm. An increase in brightener concentration improves hardness by 
refining the copper grain size. An excessive concentration of brightener 
causes diffusion of sulfur atoms through the copper crystallites and 
consequently reduction of copper density. It is assumed that reduction of 
hardness is led by formation of copper sulfide over the cathode surface. 
In addition, surface roughness and grain size were improved by increase 
in reverse pulse current density; while, it reduces hardness and copper 
density in the coating [256]. In addition to multilayer coatings, hardness 
of gradient electrodeposited metals such as nickel has been studied. For 
instance, gradient increase in SiC content towards the surface as well as 
increase in thickness of the coating improved hardness of Ni/SiC coat
ings by 700 Hv. Increase in ZrO2 content in Ni/ZrO2 composite multi
layer coatings improved microhardness from the substrate interface 
towards the surface. This may be attributed to the gradient in deposited 
ZrO2 particles and reduction of Ni grain size in the matrix [257]. It 
should be noted that hardness values of electrodeposited coatings are 
commonly lower than PVD and CVD coatings. That is, further research 
and analysis is required to minimize the existing difference and even 
obtain harder coatings at lower costs in specific cases. 

7.10. Corrosion resistance 

Corrosion means a metal degradation due to reactions with its sur
rounding medium. The most common media for corrosion are aqueous 
solutions. There is often a thin, aqueous film on the surface in atmo
spheric corrosion. Corrosion of metals has been paid a great deal of 
attention for a long time. Protective methods such as hard chromium 
electroplating have been employed in order to preserve the substrate 
against corrosive attacks. Corrosion of electroplated coatings is studied 
by means of various analytical approaches. The most common tech
niques to investigate corrosion of electroplated coatings include direct 
current polarization methods and electrochemical impedance spectros
copy (EIS). Polarization is the resistance against an electrical current. 
For an electrochemical reaction controlled by activation, polarization 
curves are linear in a coordinate plane where E is plotted versus log(j). 
Corrosion potential (Ecorr) may be found by extrapolation of slopes of 
cathodic and anodic curves. In addition, the intersection point repre
sents corrosion current density (jcorr) or corrosion rate. EIS is a powerful 
tool in study of corrosion (corrosion rate determination, passive layers 
investigation, performance of corrosion inhibitors and determination of 
electrochemical reactions mechanism) in various electrochemical 

systems. Electrical impedance, or simply stated as impedance, is the 
resistance against an alternative sinusoidal current. There is no differ
ence between resistance and impedance in direct current as the former 
may be described as impedance at zero-degree phase. This technique 
includes application of a slight potential over a given amount of time, 
measurement of the exchanging current density and determination of 
system impedance and phase. In an EIS analysis, system impedance (Z) 
and the angle between impedance and the applied potential are calcu
lated as functions of the applied frequency. Increase in corrosion resis
tance is one of the major aims of manufacturing of electroplated 
coatings. Nickel-, chromium- and zinc-based coatings are amongst the 
most common products on the market which are used for corrosion 
prohibition. Corrosion studies on electroplated Ni-Cu multilayer coat
ings using polarization curves and electrochemical impedance revealed 
that these coatings had a much higher corrosion resistance than typical 
monolithic copper films [258]. The best corrosion performance was 
observed with a nickel film once compared with chromium and Ni(20 
nm)/Cu(20 nm) multilayer coatings. The inferior performance of chro
mium was attributed to the grid of cracks that facilitates penetration of 
solution throughout the coating. Presence of cracks (in a smaller extent) 
in the multilayer coating also contributed to its lower corrosion per
formance than the nickel film. In addition, introduction of copper and 
nickel to cobalt during the electroplating process led to improvement of 
corrosion properties. It may be observed in Fig. 38 that corrosion was 
significantly reduced with increase in thickness of the Ni layer from 20 
to 50 nm. Improvement of corrosion resistance was due to decrease in 
porosities and crystallite grain boundaries. However, further increase in 
thickness up to 100 nm led to deterioration of corrosion resistance. 
Corrosion behavior of Ni(100 nm)/Cr multilayer coatings is similar to 
nickel monolithic films because of the lower number of internal layers 
and more nickel layers [55]. 

The effect of electroplating bath on corrosion behavior of Ni-Cr 
multilayer coatings has been investigated. In addition to the aqueous 
bath, a mixed dimethylformamide (DMF) bath was used. Fig. 38 (b) 
shows that the coating deposited in the DMF bath had higher corrosion 
resistance than the coating produced in the aqueous bath. This was 
justified by the fact that more hydrogen entered in the coating surface in 
the aqueous bath leading to formation of residual stresses and cracks 
which act as conveying channels for penetration of chloride ions to
wards the substrate. The DMF deposited coating, however, did not show 
any of these cracks so that corrosion behavior was improved. It may be 
observed that the passive behavior was not complete and corrosion 
current density rose as soon as passivity was obtained. This is attribut
able to an incomplete passive layer [167]. 

Introduction of iron to Ni/Cr multilayer coatings was observed to 
improve corrosion resistance in comparison with monolithic and non- 
alloy coatings. It has been revealed in pulse electroplated Ni/Fe/Cr 
multilayer coatings that chromium content increased with increase in 
duty cycle. High chromium content contributes to formation of micro
cracks that would eventually diminish the corrosion resistance. Chem
ical composition of layers, density of microcracks and structural 
differences lead to diversion of cracks on interfaces. In result, corrosion 
products accumulate in the region and cause delamination of the up
permost layer of coating [49]. 

It has been shown that number of layers is effective in corrosion 
resistance of Ni-W multilayer coatings so that corrosion behavior 
constantly improved with increase in the number of layers up to 300. 
Further increase in number of layers, however, led to deterioration of 
corrosion resistance. This is due to the inter-layer diffusion behavior. 
Increase in number of layers basically increases the required time for 
diffusion of the corrosive agent. Hence, corrosion resistance is better 
than bulk materials or monolithic coatings. On the other hand, a 
multilayer structure increases the interface so that the corrosive agent 
has to move in various directions and within the interfaces. Such 
behavior is demonstrated in Fig. 39 [26]. 

Allahyarzadeh et al. [60] studied the effect of presence of 
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nanoparticles in electroplated Ni-W coatings. It was reported that 
corrosion resistance of Ni-W coated samples may be lower than pure 
nickel films if no nanoparticles were introduced to the multilayer 
coating [60]. Essentially acting as barriers, nanoparticles restrain 
diffusion of corrosive agents and consequently improve corrosion 
resistance [36,199]. Mohajeri et al. [259] used direct, pulse and reverse 
pulse current techniques in manufacturing of nickel-titania/titania 
multilayer coatings and studied their corrosion behavior in sulfuric 
acid and sodium chloride solutions. In the sodium chloride solution, the 
best corrosion resistance was featured by Ni-Ti monolithic alloy single 
layer coatings produced by reverse pulse technique that had a lower 
corrosion current than coatings deposited by pulse and direct currents. 
However, the pulsed current electroplated Ni-TiO2 multilayer coating 
had a better corrosion behavior due to contribution of titania nano
particles in the coating. In fact, preferential corrosion sites are filled by 
titania nanoparticles. Nanoparticles prevent dissolution of preferential 
sites and reduce the grain size. Although it is expected that corrosion 
becomes harsh with increase in grain boundaries, presence of nano
particles leads to formation of many microcells on the coating that 
reduce grain size and anode-to-cathode ratio, leading to reduction of 
corrosion. Similar results were observed in the sulfuric acid solution 
where a passive layer covered the surface and nanoparticles hindered 
formation of a continuous nickel oxide film which is why the corrosion 
current in the coating with titania nanoparticles was higher than elec
troplated pure Ni coatings [259]. It was observed that frequency and 
duty cycle did not impose considerable effects on corrosion behavior of 
Ni-Fe-alumina multilayer coatings. In fact, potential moved towards 
noble values under a constant duty cycle and variable frequency. This is 
mainly due to formation of the passive layer [36]. It was stated, else
where, that presence of alumina nanoparticles in Ni-W-alumina multi
layer coatings led the corrosion potential towards noble values. In 
addition, corrosion resistance of coatings produced at low frequencies 
was high as high frequencies lead to grain refinement which, in turn, 

raises the corrosion rate through increase in grain boundaries. Alumina 
nanoparticles presence is bolder under low duty cycles so that corrosion 
potential becomes noble [34]. Increase in frequency reduced corrosion 
resistance of Ni/Fe/Mn (alumina) multilayer coatings by adversely 
affecting the grain size [48]. Corrosion resistance was improved by ul
trasonic assisted electrodeposition of copper multilayer coatings. In fact, 
corrosion resistance of these coatings surpassed that of typically elec
troplated copper coatings. Corrosion potential increased while corrosion 
current was significantly diminished. Under the same period of time, 
weight loss of the ultrasonic sample was half that of the typical coating 
[113]. Corrosion properties of Al/Zn and Al/Zn/Zr multilayer coatings 
have been investigated. According to immersion tests results, the 
maximum protection period for monolithic single-layer coatings was 49 
days. However, multilayer coatings provided minimum and maximum 
protection periods of 51 and 69 days, respectively [260]. Corrosion 
resistance of Zn/Cr multilayer coatings was 40 times higher than 
monolithic single-layer coatings of the same substance. Increase in 
corrosion resistance was attributed to the Cr content variation in layers. 
It is believed that layers containing high Cr contents provided protection 
against corrosion. Corrosion performance of Co-Sn coatings in a 3.5 wt% 
NaCl solution was studied. It was observed that corrosion behavior 
improved with decrease in cobalt content. Corrosion potential of coat
ings electroplated at negative potentials moved towards noble values. 
The difference in corrosion potentials from one layer to another, due to 
formation of a dense coating, is very important in protection of the 
substrate. The Co/Sn coating had a more noble corrosion potential than 
iron, indicating that few porosities existed over the surface. Alloy and 
composite Ni/Zn multilayer coatings are also reported to provide sig
nificant corrosion resistance. There have been many studies conducted 
on electroplating and characterization of corrosion behavior of Ni/Zn 
multilayer coatings. These coatings are usually deposited on steel sub
strates with various thicknesses (for the whole coating or each layer) and 
chemical compositions. Corrosion resistance was evaluated through 

Fig. 40. Schematic illustration of corrosion mechanism in (a) Zn/Ni-Zn [266] and (b) Zn/Ni [268] multilayer coatings, (c) Raman spectroscopy for analysis and 
comparison of corrosion products over the corroded surface of Ni-W multilayer coatings in 1 M sulfuric acid solutions with/without chloride. (d) Polarization curves 
of monolithic layers with 11 wt.% W and 25 wt.% W, produced by a 10 and 90% duty cycle of pulsed current in a 1 M sulfuric acid solution containing (0.03 M) 
chloride ions at 25 

◦

C (e) and (f) Backscattered electron micrographs of cross sections of Ni-W multilayer coatings after the corrosion test at two magnifications [14]. 

M. Aliofkhazraei et al.                                                                                                                                                                                                                         



Applied Surface Science Advances 6 (2021) 100141

44

electrochemical experiments. It was revealed that Ni-Zn multilayer 
coatings are better than nickel or zinc monolithic single-layer films in 
terms of corrosion resistance [261,262]. Although Ni/Zn multilayer 
coatings feature desirable corrosion properties and may replace cad
mium coatings [263, 264], their protective capabilities may be 
improved even further by replacement of the zinc layer with either 
Zn-Fe/Zn or Zn/Zn-Fe layers since zinc may more effectively fulfill its 
sacrificial role when it is adjacent to iron [265]. It may be concluded 
that, under the same conditions, the best corrosion resistance of 
Ni/Ni-Zn is obtained once the uppermost layer is made of Ni-Zn due to 
sacrificial properties of zinc [266]. Introduction of phosphorus to the 
nickel layer in Ni-Zn multilayer coatings may improve corrosion resis
tance of multilayer coatings owing to the inhibition effect on white rust 
forming [267]. According to a wide range of experiments, including 
cyclic voltammetry in chloride and sulfate solutions, electrochemical 
analysis and salt-spray tests in a 5 wt.% NaCl solution, corrosion resis
tance improved with increase in nickel content. Electrochemical anal
ysis and slat-spray tests showed that the coating with 20 wt.% Ni had 
excellent corrosion properties as the red rust of zinc appeared on surface 
after 48 h. In addition, increase in number of layers (or reduction of 
thickness of layers while the whole thickness remained constant) 
improved corrosion resistance [261,266]. Electrochemical impedance 
tests revealed that Ni/Zn multilayer coatings provided better protection 
for steel substrates than monolithic single-layer coatings. It was shown 
that multilayer coatings had lower Warburg admittance over a long 
duration in comparison with monolithic single-layer coatings. That is, 
corrosive agents penetrated towards the depth by a small extent. In 
addition, reduction of Warburg admittance over time in Ni/Zn multi
layer coatings proved that corrosive agents could not deeply penetrate 
into the coating. This is probably due to filling of porosities by corrosion 
products. Note that this phenomenon was not observed with the 
monolithic single-layer coating; hence, there may be other parameters 
involved. Polarization test results indicate that the passive layer formed 
on Ni/Zn multilayer coatings in the anodic polarization lead to reduc
tion of corrosion rate. However, the anodic branch of the zinc mono
lithic single-layer coating did not possess such characteristics and 
corrosion processes actively occurred in anodic zones. The passive layer 
formation may be justified by accelerated corrosion of zinc in adjacent 
with nickel and increase in pH due to escalation of cathodic reactions 
over the surface. Rahsepar and Bahrololoom [261] stated that a larger 
number of layers (achieved by a reduction of layer thickness) leads to a 
smaller grain size in Ni/Zn multilayer coatings. Hence, a larger number 
of layers (or reduction of thickness) is not always followed by 
improvement of corrosion resistance in saline media. In fact, corrosion 
resistance begins to fall after an optimum number of layers. However, a 
larger number of layers significantly reduced the passivation current and 

consumption of electrons in anodic branches of polarization curves. The 
corrosion mechanism in Ni/Zn and Ni/Ni-Zn coatings may vary 
depending on whether the zinc-containing layer is the uppermost layer 
or not. Generally, formation of a barrier layer may reduce anodic 
dissolution rate when corrosion is controlled by anodic reactions and 
dezincification. As it is schematically illustrated in Fig 40 (a,b), corro
sion process continues after dissolution of the zinc sublayer and involves 
the underlying Ni-Zn or Ni layer. Due to the higher corrosion resistance 
of Ni-Zn layer, the underlying zinc layers undergo corrosion once 
reached by corrosive agents through pores and microcracks. When the 
uppermost layer is nickel or nickel-zinc, the underlying zinc layers are 
affected by corrosion via penetration of attacking agents [266,268]. The 
processes are shown in Fig. 40. 

The simultaneous effect of multilayer structure and nanoparticles in 
Ni-Zn-SiO2 multilayer coatings has been studied. It was revealed that 
producing multilayer structure and incorporating of nanoparticles may 
lead to desirable effects on protection against corrosion. The corrosion 
resistance of the Ni-Zn-SiO2 multilayer coating was 107 times greater 
than the same monolithic single-layer film. In addition, corrosion 
resistance of the monolithic single-layer with nanoparticles was 1.5 
times greater than the same with no nanoparticles [262]. It may be 
concluded that the effect of multilayer structure in improvement of 
corrosion resistance is greater than that of nanoparticles. Presence of 
alumina nanoparticles in Ni-Zn multilayer coatings led to improvement 
of corrosion resistance in chloride solutions. It was stated that increase 
in number of layers (or interfaces) of nanocomposite Ni-Zn-Al2O3 
multilayer coatings improved anti-corrosion properties [269,270]. 
Corrosion mechanisms in multilayer coatings have been studied by 
Allahyarzadeh et al. [14]. According to Raman spectroscopy studies 
Fig. 40 (c) and the corroded cross sections in Fig. 40 (e,f), preferential 
corrosion of nickel in Ni-rich layers was the main parameter controlling 
the corrosion mechanism. SEM micrographs of corroded cross sections 
of Ni-W multilayer coatings. Fig. 40 (e,f) show that the corrosive solu
tion passed through the Ni-rich layers (after preferential solution of 
nickel) but could not reach the underlying substrate. However, Elias and 
Chitharanjan Hegde [26] and Shourgeshty et al. [270] had previously 
expressed that it is the expansion of corrosive agents through consecu
tive interfaces that improves corrosion resistance in Ni-W and Ni-Zn 
multilayer coatings, respectively. Similar results were obtained in 
Ni-W multilayers in sulfuric acid media in other research [271]. A study 
of corroded cross sections of multilayer coatings (especially in presence 
of chloride ions) revealed that mechanistic corrosion studies cannot be 
completed without considering the galvanic effect between layers in 
Fig. 40 (d). In fact, Ni-rich layers act as sacrificial anode for W-rich 
layers and improve corrosion resistance by preferential dissolution. In 
addition, accumulation of corrosion products is another important 

Fig. 41. Haulage truck bumpers coated with a Ni-W multilayer coating, which are claimed to have double the lifetime of conventional hard chromium coatings.  
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matter in corrosion of multilayer coatings. Three major parameters 
affect corrosion behavior of multilayer coatings: 1) multilayer structure 
and penetration and expansion of the corrosive medium among layers, 
2) the galvanic effect between layers and 3) destruction of layers due to 
accumulation of corrosive products Figs. 15 and 16. 

8. Technological developments 

In recent decades, a number of scientific and technology enterprises 
have focused on advancing the knowledge of nanostructure electro
deposited multilayer coatings with superior functional properties. The 
concepts discussed earlier have been used to develop specific coatings. 
For example, the Xtalic Corporation has developed a coating under the 
trade name Xtalic XbrightTM, to serve as an alternative to the main
stream chromium coatings. This proprietary coating is a tailored 
metallic nanostructured Ni-W alloy [3] comprising of 11 alternating 
high and low W concentration layers for different assets, namely truck 
bumpers (see Fig. 41). This application required a high level of me
chanical ballistic impact resistance, as the bumper was exposed to a 
barrage of rocks and road debris which could impact its surface. The 
multilayered coatings were discovered to extend the lifetime of the 

bumper for about twice as long. The enhanced performance is attributed 
to the many redundant layers which involve many interfaces, and the 
elastic absorbing nature of variable acoustic impedance between the 
layers. The wear resistance of such multilayer Ni-W coating, which is 
produced in-situ by altering the periodic pulse reverse waveform, is 
about ten orders of magnitude higher than conventional hard chromium 
coatings together with improved corrosion resistance. The higher 
cathodic current efficiency of this coating in comparison with the hard 
chromium electroplating is important in minimizing energy losses and 
avoiding electrolyte mist. The bath used in this coating is less toxic and 
environmentally hazardous than chromic acid baths used in traditional 
chromium electroplating [272]. 

Monolithic layers were conventionally electroplated on different 
industrial equipment and tools, owing mainly to their mechanical 
properties, hardness, corrosion resistance, such as the surface of indus
trial shafts, cylinders, and pistons, cutting tools, engraving rollers, 
textile rollers, ball valves, dental and medical tools, injection screws, 
gun grooves, roll and ball bearings, car wheels, engine valves, crank
shafts, pulley, gears, etc. Nowadays, with improved technology, it is 
possible to replace old and conventional electroplated coatings with 
novel micro/nanostructured electrodeposited multilayer coatings 

Fig. 42. Potential applications of multilayer electrodeposited coatings for various industrial components, indicating the number of layers, their thickness and 
improved properties compared to monolithic layers. 
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(Fig. 42). In each case, the surface coatings with different multilayers 
can be successfully applied on specified equipment, considering its 
mission, with intended properties as well as sustaining the environ
mental concerns. For instance, cutting tools can be supplied with Ni-W 
multilayers with superior hardness, gun grooves can be upgraded with 
multilayer Ni-P coatings, injection screws can be electrodeposited with 
Ni-Co multilayers. 

In addition to providing coatings for low temperature applications, 
electrodeposited layered structures are being used as high temperature 
coatings. For example, high temperature aluminide coatings modified 
by Pt/Pd and Pt/Ru layers were electroplated on nickel-based super 
alloy prior to pack cementation. Such coatings were reported to show 
superior resistance to cyclic oxidation and a less rumpled surface [273]. 

A major success of electrodeposited multilayers has been the devel
opment of measurement technologies and magnetic field sensors used in 
a wide range of measuring devices. In particular, higher measurement 
resolution and superior magnetic properties are of wide interest; giant 
magneto-resistive films of Cu/Co multilayers have been developed. 
Sensors manufactured by such multilayers offer advantages such as 
small size, low cost, the capability of integration with signal processing 
circuits and contributions to the advent of wearable electronic devices. 

Regarding the mechanical behavior of multilayers, especially frac
ture toughness and durability/load-bearing capabilities, the ceramic- 
based multilayers coatings, such as TiN and TiC, fabricated using CVD 
and PCD processes, are well-known to materials and mechanical engi
neers and scientists due to their outstanding properties. In ceramic 
coatings, multilayer structures have been deployed to upgrade the 
toughness/fracture toughness through the crack deflection at the in
terfaces between layers as well as crack tip blunting due to nano- 
plasticity at the interface. The layer thickness, number of layers, and 
also the multilayer system are effective parameters that independently 
influence the coating toughness/fracture toughness. Cutting tools tech
nology is one of the most common applications of these coatings due to 
their wear resistance and toughness [274–277]. It is possible to develop 
metallic, alloy, and micro/nanocomposite electrodeposited coatings 
with layered structures through dynamic nanostructure control (DNC). 
In addition to corrosion resistant, magnetic, and decorative films with 
superior wear resistance, outstanding load-bearing capabilities, as well 
as excellent toughness can be achieved for industries such as cutting tool 
technologies. 

9. Summary 

In this review we have discussed a wide range of examples of func
tional materials, connected by the general configuration of a layered 
structure, on a nanomtre scale in many cases. While multilayers have 
been first grown by physical and vapour deposition methods, electro
deposition over the years has been used extensively, due to its simplicity 
and moderate operational costs. Another feature of electrodeposition is 
ability to control the finished quality of the final coating. The wide 
opportunities to control electroplating conditions will provide an arena 
capable to generate a variety of useful multifunctionality. Several points 
may be summarised:  

1 Multilayer electrodeposition can be traced back to a patent involving 
Cu-Ni multilayers in 1905 but continues to grow and diversify.  

2 Early studies of multilayer deposits were often motivated by the 
possibility of producing higher tensile strength and ductility; modern 
endeavours tend to focus on the promise of particular electronic, 
magnetic or optical properties, better corrosion protection or modi
fied tribological surfaces.  

3 Earlier studies also tended to consider different metals then 
compositionally modulated alloy compositions; diversification now 
includes particle-metal matrix composites.  

4 The choice of a single or dual electroplating bath is well established 
since a single bath has simplicity, facile processing and ease of scale- 

up. Differences between adjacent layers may be induced by step 
changes in electrode potential, current density, pulsed current pa
rameters or operational variables including agitation or electrode 
movement.  

5 While multi-layered electrodeposits remain specialised, their use has 
diversified to industries ranging from speciality electronic materials 
to engineering coatings experiencing arduous tribological service 
and aerospace.  

6 Progress in multi-layered electrodeposition has incorporated current 
trends in electroplating research, including self-assembled layers and 
the use of deep eutectic solvents for electrolytes.  

7 Some of the literature on electrodeposited multilayers is poorly 
documented. Substrate material and geometry, the composition of 
layers, their thickness, the number of layers, the thickness of any 
separating layer, the microstructure and phase composition of layers 
should always be specified as well as the total deposit thickness. 

Further research and development 

Several aspects require particular attention in laboratory research 
and industrial development. 

Comparison of coating techniques 

1. A systematic study of multilayer coatings from liquid electrolytes 
and a comparison of deposit properties with vapour deposition tech
niques is overdue to stimulate progress in electrodeposited multilayer 
processing. 

Electrochemical aspects 

2. Electrode kinetics data essential to an improved understanding of 
multilayer deposition, such as polarisation and current vs. time behav
iour, are missing in many reports. 

3. The effect of bath additives on the morphology, phase composition 
and continued nucleation/growth of successive layers. 

Deposit characterisation 

4. Continued diversity of coating materials, e.g., doped ceramic, 
conductive polymer and polymer-metal or ceramic-metal composite 
multilayers by appropriate anodic and/or cathodic electrodeposition. 

5. Despite through-porosity being a particular problem in thin 
coatings and those used in corrosion protection but a systematic, 
quantitative treatment of porosity measurements in multilayer deposits 
does not exist. 

6. Combinations of materials alternately deposited cathodically or 
anodically, coupled with a degree of control over their nanostructure 
and porosity, even from a single bath, opens the door to many coating 
materials and architectures. The possibility of using open-circuit, 
including electroless deposition and other application techniques, such 
as sol-gel and electrophoresis, markedly increases coating diversity and 
applications. 

Substrate surface condition 

7. Pretreatment of the substrate has become increasingly important 
in early nucleation and growth to achieve ever thinner coatings, faster 
layer deposition and multiple, but well-defined, successive layers. 

Future coatings 

8. Electrodeposition is increasingly competing with vacuum depo
sition methods for deposition of multilayered biomaterials, including 
hydroxyapatite. 

9. Improved diversity of fabrication together with fine control over 
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operating conditions can be used to realise more complex surfaces and 
even complete devices (possibly for MEMS applications) via electrode
position of multilayers, possibly in combination with electrochemical 
surface finishing-assisted 3D printing. 

10. Many modern materials demand high purity or fine control of 
dopant levels together with tailored morphology, elemental/phase 
composition and nanostructure. Examples include semiconductors, 
speciality electrocatalysts, magnetic and optical materials. 

Process control 

11. To electrodeposit engineered multilayers of such materials, it 
seems likely that bath additives will be limited and electrolyte flow/ 
agitation conditions, as well as pulsed waveform parameters, will need 
careful tuning. Such stringent control of operating conditions is poorly 
met by traditional processing in open-topped, rectangular cross-section 
vats. Instead, tailored ultrasonic transducers, electrolyte flow tube 
(eductor) networks or controlled flow past planar cathodes in rectan
gular channel cells may be needed. 

12. Digital control of operational parameters and computational 
modelling of multilayer electrodeposition will be important activities in 
achieving a suitable reaction environment at the cathode surface. 

13. Increasingly stringent legislation and rising environmental 
concern are likely to restrict the choice of bath additives for multilay
ered electrodeposition. This seems likely to provide a stronger focus on 
additive-free electrolytes, closer control over operational conditions and 
more consideration of the mode of current control. 
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