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Surface engineering can be defined as an enabling technology used in a wide range of 
industrial activities. Surface engineering was founded by detecting surface features 

which destroy most of pieces, e.g. abrasion, corrosion, fatigue, and disruption; 
then it was recognized, more than ever, that most technological advancements are 

constrained with surface requirements. In a wide range of industry (such as gas and oil 
exploitation, mining, and manufacturing), the surfaces generate an important problem 

in technological advancement. Passing time shows us new interesting methods in 
surface engineering. These methods usually apply to enhance the surface properties, 
e.g. wear rate, fatigue, abrasion, and corrosion resistance. This book collects some of 

new methods in surface engineering.
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Surface engineering was founded by detecting surface features which destroy most of
pieces, e.g. abrasion, corrosion, and fatigue. Then it was recognized, more than ever, that
most technological advancements are constrained with surface requirements. Considered re‐
quirements for surface were: increasing the strength against friction, abrasion, and corro‐
sion, or boosting the thermal, optical, magnetic, and electrical properties. For instance, fuel
yield and specific output power of thermal engines, such as gas turbines or adiabatic diesels,
is limited by hot corrosion and the properties of thermal barriers of special pieces of surfa‐
ces. Similarly, in a wide range of industry (such as gas and oil exploitation, mining, and
manufacturing), the surface generates an important problem in technological advancement.
Using total material for improving surface properties is not economically advised. Thus, for
high rate of yield it is recommended to use a sub-layer with efficient properties, and materi‐
als which are cheaper and easier to reshape. Ideally, sub-layer must be optimized for maxi‐
mizing the coating benefits and, consequently, creating the most efficient coating system.

This just elucidates an aspect of surface engineering: products improving. Probably, the key
importance of surface engineering is producing new materials, which are just resulted in
advanced coating. Though electronic and optical electronic rigs are sharp examples, but
nowadays most of mechanic engineering blocks are included in this topic. This book collects
new surface engineering treatments and also advances in this science. I like to appreciate all
of contributors to this book and thank them for their high quality manuscripts. I wish open
access publishing of this book help all researchers to benefit from this collection.

Dr. Mahmood Aliofkhazraei
Tarbiat Modares University
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Chapter 1

Surface Modification by Friction Based Processes

R. M. Miranda, J. Gandra and P. Vilaça

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55986

1. Introduction

The increasing need to modify the surface’s properties of full components, or in selected areas,
in order to meet with design and functional requirements, has pushed the development of
surface engineering which is largely recognised as a very important field for materials and
mechanical engineers.

Surface engineering includes a wide range of processes, tailoring chemical and structural
properties in a thin surface layer of the substrate, by modifying the existing surface to a depth
of 0.001 to 1.0 mm such as: ion implantation, sputtering to weld hardfacings and other cladding
processes, producing typically 1 - 20 mm thick coatings, usually for wear and corrosion
resistance and repairing damaged parts. Other deposition processes, such as laser alloying or
cladding, thermal spraying, cold spraying, liquid deposition methods, anodising, chemical
vapour deposition (CVD), and physical vapour deposition (PVD), are also extensively used in
surface engineering. Hardening by melting and rapid solidification and surface mechanical
deformation allow to change the properties without modifying its composition [1].

Friction based processes comprise two manufacturing technologies and these are: Friction
Surfacing (FS) and Friction Stir Processing (FSP). The former was developed in the 40´s [2] and
was abandoned, at that time, due to the increasing developments observed in competing
technologies as thermal spraying, laser and plasma. Specially laser surface technology has
largely developed in the following years in hardening, alloying and cladding applications and
is now well established in industry. However, FS as a solid state processing technology, was
brought back for thermal sensitive materials due to its possibility to transfer material from a
consumable rod onto a substrate producing a coating with a good bonding and limited
dilution.

The patented concept of Friction Stir Welding in the 90´s [5] opened a new field for joining
metals, specially light alloys and friction stir processing emerged around this concept.

© 2013 Miranda et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Miranda et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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FSP uses the same basic principles as friction stir welding for superficial or in-volume
processing of metallic materials. Applications are found in localized modification and
microstructure control in thin surface layers of processed metallic components for specific
property enhancement. It has proven to be an effective treatment to achieve major microstruc‐
tural refinement, densification and homogenisation of the processed zone, as well as, to
eliminate defects from casting and forging [6-8]. Processed surfaces have enhanced mechanical
properties, such as hardness, tensile strength, fatigue, corrosion and wear resistance. A
uniform equiaxial fine grain structure is obtained improving superplastic behaviour. FSP has
also been successfully investigated for metal matrix composite manufacturing (MMCs) and
functional graded materials (FGMs) opening new possibilities to chemically modify the
surfaces [9].

However, FSP has some disadvantages, the major of which is tool degradation and cost, which
limits its wider use to high added value applications. Therefore, friction surfacing (FS) emerged
again.

This chapter will focus on the mechanisms involved in both FSP and FS and their operating
parameters, highlighting existing and envisaged applications in surface engineering, based on
the knowledge acquired from ongoing research at the author’s institutions.

2. Friction stir processing

2.1. Fundamentals

Friction Stir Processing (FSP) is based on the same principles as friction stir welding (FSW)
and represents an important breakthrough in the field of solid state materials processing.

FSP is used for localized modification and microstructural control of surface layers of proc‐
essed metallic components for specific property enhancement [6]. It is an effective technology
for microstructure refinement, densification and homogenisation, as well as for defect removal
of cast and forged components as surface cracks and pores. Processed surfaces have shown an
improvement of mechanical properties, such as hardness and tensile strength, better fatigue,
corrosion and wear resistance. On the other hand, fine microstructures with equiaxed recrys‐
tallized grains improve superplastic behaviour of materials processing and this was verified
for aluminium alloys [7]. More recently the introduction of powders preplaced on the surface
or in machined grooves allowed the modification of the surfaces, producing coatings with
characteristics different from the bulk material, or even functionally graded materials to be
discussed later in this chapter. The process has still limited industrial applications but is
promising due to its low energy consumption and the wide variety of coating / substrate
material combinations allowed by the solid state process.

A non-consumable rotating tool consisting of a pin and a shoulder plunges into the workpiece
surface. The tool rotation plastically deforms the adjacent material and generates frictional
heat both internally, at an atomic level, and between the material surface and the shoulder.
Localized heat is produced by dissipation of the internal deformation energy and interfacial

Modern Surface Engineering Treatments2

friction between the rotating tool and the workpiece. The local temperature of the substrate
rises to the range where it has a viscoplastic behaviour beneficial for thermo-mechanical
processing. When the proper thermo-mechanical conditions, necessary for material consoli‐
dation are achieved, the tool is displaced in a translation movement. As the rotating tool travels
along the workpiece, the substrate material flows, confined by the rigid tool and the adjacent
cold material, in a closed matrix like forging manufacturing process. The material under the
tool is stirred and forged by the pressure exerted by the axial force applied during processing
as depicted in Figure 1.

Figure 1. Schematics of friction stir processing.

The material structure is refined by a dynamic recrystallization process triggered by the severe
plastic deformation and the localised generated heat. Homogenization of the structure is also
observed along with a defect free modified layer of micrometric or nanometric grain structure.

FSP is considered an environmentally friend technology due to its energy efficiency and
absence of gases or fumes produced. Table 1 summarizes the major benefits of FSP considering
technical, metallurgical, energy and environment aspects.

Surface Modification by Friction Based Processes
http://dx.doi.org/10.5772/55986
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Technical Processed depth controlled by the pin length

One-step technique

No surface cleaning required

Good dimensional stability since it is performed under solid state

Good repeatability

Facility of automation

Metallurgical Solid state process

Minimal distortion of parts

No chemical effects

Grain refining and homogenization

Excellent metallurgical properties

No cracking

Possibility to treat thermal sensitive materials

Energy Low energy consumption since heat is generated by friction and plastic deformation

Energy efficiency competing with fusion based processes as laser

Environmental No fumes produced

Reduced noise

No solvents required for surface degreasing and cleaning

Table 1. Major benefits of friction stir processing

Analysing the cross section of a friction stir processed surface, three distinct zones can be
identified and these are: the nugget or the stirred zone (SZ), the thermomechanically affected
zone (TMAZ) and the heat affected zone (HAZ) as shown in Fig. 2.

The nugget, just below the pin and confined by the shoulder width, is the area of interaction
where severe plastic deformation occurs. The raise in local temperature due to internal friction
and the generated friction between the shoulder and the surface along with the high strain,
promotes a dynamically recrystallized zone, resulting in the generation of fine homogeneous
equiaxial grains in the stirred zone and precipitate dissolution. Though this is a solid state
process, the maximum temperature can be of about 80% of the fusion temperature. Ultrafine-
grained microstructures with an average grain size of 100-300 nm in a Mg-Al-Zn alloy were
observed in a single pass under cooling [8]. These micro and nano structures are responsible
for increases in hardness and wear behaviour reported by several researchers studying
different types of alloys under different processing conditions.

The thermo-mechanically affected zone (TMAZ) is immediately adjacent to the previous and,
in this zone, the deformation and generated heat are insufficient to generate new grain
formation, thus, deformed elongated grains are observed with second phases dispersed in the
grain boundaries. Though new grain nucleation may be observed, microstructure remains
elongated and deformed. The hardness is higher than in the heat-affected zone due to the high
dislocations density and sub-boundaries caused by plastic deformation.

Modern Surface Engineering Treatments4

In the heat affected zone (HAZ) no plastic deformation is experienced but heat dissipat‐
ed from the stirred zone into the bulk material can induce phase transformations, depend‐
ing on the alloys being processed, as precipitate coarsening, localized aging or annealing
phenomena.

The non symmetrical character of the process is also evident (Fig. 2). The advancing side is
usually referred to the one where the rotating and travel movements have the same direction,
while in the retreating side these have opposite directions. On the advancing side, the
recrystallized zone is extended and the nugget presents a sharp appearance. The relative
velocity between the tool and the base material is higher due to the combination of tool rotation
and translation movement. As such, plastic deformation is more intense, thus, the increase in
the degree of deformation during FSP, results in a reduction of recrystallized grain size,
extending the fine-grain nugget region to the advancing side. Hardness can be higher than in
the thermo-mechanically affected zone, but typically lower than in the base material, whenever
it is a heat treatable alloy hardenable by aging. The Hall Petch equation establishes a relation
between grain size and yield strength and states that these vary in opposite senses [10]. So, in
the nugget yield strength is seen to be much higher than in the base material and this is a major
result from this process.

Figure 2. A typical macrograph showing various microstructural zones in FSW of AA2024-T351
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2.2. Processing parameters

Operating or processing parameters determine the amount of plastic deformation, generated
heat and material flow around the non-consumable tool.

The tool geometry is of major relevance as far as material flow is concerned. Two main elements
constitute the tool and these are the pin and the shoulder. Geometrical features such as pin
height and shape, shoulder surface pattern and diameter, have a major influence on material
flow, heat generation and material transport volume, determining the final microstructure and
properties of a processed surface. Several tools have been designed and patented for both FSW
and FSP.

The pin (Fig. 3) can be cylindrical or conical, flat faced, threaded or fluted to increase the
interface between the probe and the plasticized material, thus intensifying plastic deformation,
heat generation and material mixing. The pin length determines the depth of the processed
layer. However, since FSP usually aims to produce a thin fine-grained layer across a larger
surface area, pinless tools with larger shoulder diameters can also be used.

Figure 3. Example of tool geometries

Shoulder profiles aim to improve friction with the material surface generating the most part
of frictional heat involved in the process. Shoulders can be concave, flat or convex, with
grooves, ridges, scrolls or concentric circles as depicted in Figure 4.

Figure 4. Examples of shoulder geometries

Modern Surface Engineering Treatments6

The major processing parameters are the tool rotation and traverse speeds, the axial force and
the tilt angle:

• Tool rotation and traverse speeds

These parameters, individually or in combination, affect the plastic deformation imposed
onto the material and, thus, the generated heat. An empirically accepted concept divides
processing  into  two  main  classifications:  “cold”  and  “hot”.  Cold  processing  is  the  one
where the ratio between rotating and traverse speed is below 3 rpm/mm and hot process‐
ing when this ratio is above 6. Though there is no scientific basis for this border line, it is,
however, noticeable that increasing this ratio, the SZ is larger and a very fine structure is
observed, while under “cold” conditions the SZ is not well defined since the heat generat‐
ed is insufficient to promote grain recrystallization. So, increasing the tool rotation speed,
plastic deformation is more intense and so is generated heat enabling more material mixing.
Therefore, it  is possible to achieve a smaller grain size of equiaxial homogeneous grains
with precipitate dissolution.

Transverse speed mostly affects the exposure time to frictional heat and material viscosity.
Low traverse speeds result in larger exposure times at higher process temperatures.

• Tool axial force

This parameter affects friction between the shoulder and the substrate surface generating and
promoting material consolidation. High axial force causes excessive heat and forging pressure,
obtaining grain growth and coarsening, while low axial forces lead to poor material consoli‐
dation, due to insufficient forging pressure and friction heating. Excessive force may also result
in shear lips or flashes with excessive height of the beads on both the advancing and retreating
sides, causing metal thinning at the processed area and poor yield and tensile properties. So,
surface finishing is much controlled by the axial or forging force.

• Tilt angle

The tilt angle is the angle between the tool axis and the workpiece surface. The setting of a
suitable tilting towards the traverse direction assures that the tool moves the material more
efficiently from the front to the back of the pin and improves surface finishing.

The effect of the different process parameters has been widely documented by several authors
and they are all unanimous that plastic deformation and consequent heat generation are
essential to establish the viscoplastic conditions necessary for the material flow and to achieve
good consolidation. Thus, a tilt angle of 2-4º is usually used in practice.

Insufficient heating, caused by poor stirring (low tool rotational rates), a high transverse speed
or insufficient axial force, results in improper material consolidation with consequent low
strength and ductility. Raising heat will cause grain size to decrease to a nanometric scale
improving material properties. However, a very significant increase in tool rotation rate, axial
force or a very low transverse speed may result in high non desired temperature, slow cooling
rate or excessive release of stirred material with property degradation.
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2.3. Multiple passes

In order to process large areas in full extent, multiple-passes are used. These can be run
separately or overlapped. An overlap ratio (OR) was defined to characterize the overlap
between passes and defined by equation 1 [7].

1
pin

lOR
d

é ù
ê ú= -
ê úë û

(1)

Where l is distance between centres of each pass and dpin is the maximum diameter of the pin.
From this equation, fully overlapped passes have an OR=1 and OR decreases, when increasing
the distance between passes. For an OR<0 no overlap of the nuggets exists.

There are two types of material modification by Friction Stir Processing, the in-volume FSP
(VFSP) consisting on the modification of the full thickness of the processed materials and the
surface FSP (SFSP) which consists in the surface modification up to depth of about 2 mm.

Figure 5 depicts the effect of OR in two Al alloys, a heat treatable (AA7022-T6) and a non heat
treatable one (AA5083-O) with different number of passes and overlap ratios.

Figure 5. Cross sections of the samples processes with different treatments a) one pass with OR=1; b) four passes with
OR=1; c) three passes with OR=1/2; d) three passes with OR=0 and e) two passes with OR=-1 [7]
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In this study [7] the authors showed that AA5083-O alloy needed at least three passes in the
same location to produce a homogeneous processed area, while the AA7022-T6 alloy only
needed one pass, since this is a heat treatable alloy. Grain size reduced from 160 μm (AA7022-
T6) and 106 μm (AA5083-O) to an average grain size of about 7.1 and 5.9 μm, respectively. The
highest hardness value was located in the nugget due to a significantly decrease in the grain
size. This results that in AA7022-T6 alloy the hardness is lower in the nugget than in the base
material because it is a heat treatable aluminium alloy and in the AA5083-O alloys the hardness
in the nugget is higher than in the base material which is a typical behaviour of non-heat
treatable alloys. A significant increase in the formability of the materials was observed due to
the increase of the materials ductility resulting from the refinement of the grain size, increasing
the maximum bending angle in four times for the SFSP treatment and twelve times for the
VFSP treatment in the AA7022-T6 samples. In AA5083-O samples an increase in the maximum
bending angle around 1.5 times for the SFSP treatment and about 2.5 times for VFSP treatment
was observed.

The overlapping direction in multipass Friction Stir Processing (FSP) was also seen to have a
major influence on the surface geometrical features [11]. Structural and mechanical differences
were observed in a AA5083-H111 alloy when overlapping by the advancing side (AS) direction
or by the retreating side (RS) one. Overlapping by the retreating side was found to generate
smoother surfaces, while overlapping by the advancing side led to more uniform thickness
layer (Fig. 6). This result is quite relevant from a practical point of view since when the aim of
processing large areas in multiple passes procedure is to increase the depth of the processed
zone, overlapping of successive passes should be performed by the advancing side of the
previous pass. If surface finishing is to be maximised to prevent finishing operations, over‐
lapping on the previous pass in the retreating side produces very low rough surfaces.

Figure 6. Macro and micrographs of cross sections in friction stir processed surfaces when overlapping by the advanc‐
ing and by the retreating sides [11]
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Hardness within the processed layer increased by 8.5 % and was seen to be approximately
constant between passes. The mechanical resistance and toughness under bending were
improved by 18 % and 19 %, respectively.

Bending test curves are presented in Figure 7. The processed surfaces were tested under tensile
and compression loads. Different behaviours were observed for each bending specimen. Surface
modification by multi-pass FSP resulted in an increase of the maximum load supported for all
samples and up to a maximum of 18 % for the compression solicitation of the sample produced
when overlapping by the RS (Fig. 8). FSP produced a thin layer of a fine equiaxial recrystallized
grain structure and homogeneous precipitation dispersion, enhancing material strength.

(a) Overlapping by the advancing side (b) Overlapping by the retreating 

Figure 7. Load vs. displacement plot of the bending tests of the FSP samples produced when overlapping by (a) AS
and (b) RS [11].

Figure 8. Maximum load attained by FSP samples under different test conditions relatively to the base material [11].
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2.4. Applications and performance

Friction stir processing can be used to locally refine microstructures and eliminate casting
defects in selected locations, where property improvements can enhance component perform‐
ance and service lifetime. For instances, aluminium castings contain porosities, segregated
phases and inhomogeneous microstructures which contribute to property degradation.
Microstructural casting defects, such as: coarse precipitates and porosities increase the
possibility of rupture due to the intragranular nucleation of micro-cracks during material
deformation. Precipitates are less capable of plastic deformation than the matrix, so cavity
nucleation is very frequent, whether caused by a disconnection from the matrix or the rupture
of precipitates.

Friction stir processing allows the breakage of large precipitates and their dispersion in a
homogeneous matrix, increasing the material capability to withstand deformation, since it
results in a higher level of crack closure. Additionally, mechanical properties such as ductility,
fatigue strength and formability, are improved.

On the other hand, a large number of small precipitates increases the material resistance to
deformation and hence its strength, as they act as barriers or anchorage points to dislocations
movements. A uniform equiaxial fine grain structure is also essential to enhance material
superplastic behaviour. Friction stir processing generates fine microstructure and equiaxed
recrystallized grains which leads either to an increase in strain rate or a decrease in the
temperature at which superplasticity is achieved.

In the FSP of an aluminium cast alloy ADC12, Nakata et al. [12] applied multiple-passes to
increase tensile strength to about 1.7 times that of the base material. The hardness profile of
processed layer was uniform and about 20 HV higher than that of the cast material. The
observed increase in tensile strength was attributed to the elimination of the casting defects
such as porosities, an homogeneous redistribution of fine Si particles and a significant grain
refinement to 2–3 μm. Santella et al. [13] investigated the use of friction stir processing to
homogenise hardness distributions in A319 and A356 cast aluminium alloys. Hardness and
tensile strength were increased relatively to the cast base material.

Similar results were also reported in the friction stir processing of magnesium based alloys.
A.H. Feng and Z.Y. Ma et al. [14] combined FSP with subsequent aging to enhance mechanical
properties of Mg-Al-Zn castings

Chang et al. [8] obtained a significant improvement of mechanical properties as the mean
hardness measured at the ultrafine-grained zone reached approximately 120HV (twice the
base material hardness).

Several investigations have been conducted to study the enhancement of superplasticity
behaviour in friction stir processed alloys. In the FSP of Al-8.9Zn-2.6Mg-0.09Sc, Charit and
Mishra et al. [15] reported a maximum superplasticity of 1165% at a strain rate of 3x10-2 s-1 and
310 °C with a grain size of 0.68 μm. More recently, F.C. Liu [16] reported a fine-grain micro‐
structure of 2.6 μm sized grains by applying FSP to extruded samples of an Al-Mg-Sc alloy,
achieving a maximum elongation of 2150% at a high strain rate of 1x10-1 and a temperature of
450 ºC.
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A ultrafine-grained FSP Al-Mg-Sc alloy was also reported [17] with a grain size of 0.7 μm
exhibited high strain rate  superplasticity,  for  a  low temperature  range of  200 to  300 °C
with a single pass. For a strain rate of 3x10-2 s-1  at a temperature of 300 °C, a maximum
ductility  of  620% was achieved.  However,  for  a  temperature  of  350 °C,  abnormal  grain
growth  was  observed,  as  grain  size  increased  and  the  samples  no  longer  presented
superplasticity, thus confirming that grain size is essential for the existence of a superplas‐
tic behaviour. García-Bernal et al. [18] conducted a study to evaluate the high strain rate
superplasticity  behaviour during the high-temperature deformation of  a  continuous cast
Al-Mg alloy, having reported that the generation of a fine grain structure and the breaking
of cast structure led to a significant improvement in its ductility up to 800% at 530 ºC and
a strain rate of 3x10-2 s-1.

The fine-grained microstructure generated by FSP can also prevent fatigue crack initiation and
propagation due to the barrier effect of grain boundaries. For example, Jana et al. [19] friction
stir processed a cast Al-7Si-0.6Mg alloy, widely used for its good castability, mechanical
properties and corrosion resistance, but characterized by poor fatigue properties. The authors
succeeded to improve fatigue resistance by a factor of 15 at a stress ratio of R=σ min/ σmax= 0
due to a significant enhancement of ductility and a homogeneous redistribution of refined Si
particles.

Intense plastic deformation and material mixing featured in the FSP of A356 aluminium casting
also resulted in the significant breakage of primary aluminium dendrites and coarse Si
particles, creating a homogenous distribution of Si particles in the aluminium matrix and
eliminating casting porosity [7]. This led to a significant improvement of ductility and fatigue
strength in 80%, proving that FSP can be used as a tool to locally modify the microstructures
in regions experimenting high fatigue loading.

Friction surfacing of AA6082-T6 over AA2024-T3 evidenced a significant improvement of wear
performance in about 25 %, compared to the consumable rod in as-received condition (Table
1). This enhancement in wear behaviour is also due to a finer equixial grain microstructure
within the coating, compared to the rod anisotropic microstructure which is more prone to
delamination under wear loads.

AA2024-T3 substrate plates exhibited the best tribological properties, presenting the lowest
weight loss, frictional force and friction coefficient. This is most likely due to both its higher
surface hardness and its lower ductility, which make this material less prone to suffer plastic
deformation under abrasive wear, in comparison with the AA6082 coating and the rod in as-
received condition. Due to the fine grain structure observed, the coatings present high frictional
force and coefficient (10.9 N and 0.56, respectively).

2.5. Surface composites

FSP has been also investigated to produce layers of hard materials on soft substrates, as
aluminium based alloys. Most of the published work is focused on the effect of processing
parameters on surface characteristics and techniques to evaluate the performance of modified
surfaces. Nevertheless, the reinforcing particles deposition method is relevant in terms of
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structural and chemical homogeneity and depth of the modified layer which influence the final
surface performance. Different methods for depositing reinforced particles have been report‐
ed. A main reinforcing method consists of mixing reinforcing particles or powders with a
volatile solvent such as methanol or a lacquer, in order to form a thin reinforcement layer,
preventing reinforcing powders to escape. Another method consists of machining grooves in
the substrate, pack these with reinforcing particles and process the zone with a non consumable
FSP tool in a single pass or in multiple passes.

An enormous diversity of materials is used for surface reinforcements, the majority being hard
ceramic particles as SiC, Al2O3 and AlN to improve surface properties as hardness, superplas‐
ticity, formability, corrosion and wear resistances.

The paricle size is relevant since small particles lead to higher concentration along bead surface
and to smooth fraction gradients both in depth and along the direction parallel to the surface,
while the thickness of the reinforced layer decreases with increasing particle size and is,
typically, below 100 micron [20].

More recently, nanostructured layers have been produced and less common reinforcements
were studied successfully. Two examples are: the incorporation of multi-walled carbon
nanotubes (MWCNT) into a number of metallic materials as reinforcing fibres is a topic of
recent interest due to the unique mechanical and physical properties of this material, namely
very high tensile strengths [21]. FSP was tested to produce a composite of an aluminium alloy
with MWCNT. Nanotubes were embedded in the stirred zone and the multi walled was
retained. With tool rotational speeds of 1500 and 2500 rpm the distribution of nanotubes

Material
Weight lost

[mg]

Volume lost

[mm3]

Volume rate

[10-2 mm3/m]

Wear rate

[mg/m]

First stage

Run-in wear

Second stage

Steady state wear

Frictional

force [N]

Friction

coefficient

Frictional

force [N]

Friction

coefficient

Substrate 12.6 ± 3 4.54 1.51 0.042 4.9 ± 0.97 0.25 ± 0.05 7.5 ± 0.33
0.38 ±

0.017

ARCR 30.2 ± 5 11.19 3.73 0.101 - - 7.1 ± 1.14
0.36 ±

0.059

Coatings 23.2 ± 3 8.59 2.86 0.077 - - 10.9 ± 0.58
0.56 ±

0.029

Table 2. Weight loss due to wear (average values).
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typically, below 100 micron [20].

More recently, nanostructured layers have been produced and less common reinforcements
were studied successfully. Two examples are: the incorporation of multi-walled carbon
nanotubes (MWCNT) into a number of metallic materials as reinforcing fibres is a topic of
recent interest due to the unique mechanical and physical properties of this material, namely
very high tensile strengths [21]. FSP was tested to produce a composite of an aluminium alloy
with MWCNT. Nanotubes were embedded in the stirred zone and the multi walled was
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Material
Weight lost

[mg]

Volume lost

[mm3]

Volume rate

[10-2 mm3/m]

Wear rate

[mg/m]

First stage

Run-in wear

Second stage

Steady state wear

Frictional

force [N]

Friction

coefficient

Frictional

force [N]

Friction

coefficient

Substrate 12.6 ± 3 4.54 1.51 0.042 4.9 ± 0.97 0.25 ± 0.05 7.5 ± 0.33
0.38 ±

0.017

ARCR 30.2 ± 5 11.19 3.73 0.101 - - 7.1 ± 1.14
0.36 ±

0.059

Coatings 23.2 ± 3 8.59 2.86 0.077 - - 10.9 ± 0.58
0.56 ±

0.029

Table 2. Weight loss due to wear (average values).
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increased. Aiming at weight reduction of vehicles, FSP MWCNT/AZ31 surface composite were
produced by Morisada et al. [22] and succeeded to disperse MWCNT into a AZ31 matrix. The
microhardness increased to values of about 74 HV and the addition of MWCNT was seen to
further promote grain refinement by FSP.

Another example is the incorporation of Nitinol (NiTi) that is a shape memory alloy with
superelastic behavior and good biocompatibility. These alloys are widely used in orthodon‐
tics,  but also in sensors and actuators.  The possibility of incorporating wires,  ribbons or
powders  into  metallic  matrixes  opens  up  new  applications  for  shape  memory  alloys.
Studies report on the use of NiTi wires, but few have been made in the dispersion of NiTi
powders in a metal matrix.  Dixit  et  al.  [23] produced a NiTi reinforced AA1100 compo‐
site using FSP and the particles were uniformly distributed. Good bonding with the matrix
was achieved and no interfacial  products  were formed.  The authors  suggest  that  under
adequate  processing,  the  shape  memory  effect  of  NiTi  particles  can  be  used  to  induce
residual  stress  in  the  parent  matrix,  of  either  compressive  or  tensile  type.  This  study
showed that samples had enhanced mechanical properties such as:  Young modulus and
micro  hardness.  A  more  recent  work  showed  the  possibility  to  introduce  1x2  mm  rib‐
bons of NiTi in AA1050 alloy by FSP showing a good vibration and damping capacity of
the composite [24].

Shafei-Zarghani et al. [25] used multiple-pass FSP to produce a superficial layer of uniformly
distributed nano-sized Al2O3 particles into an AA6082 substrate. Hardness was increased
three times over that of the base material. Wear testing revealed a significant resistance
improvement. Researchers also found that the increase of the number of passes leads to more
uniform alumina particle distributions with a significant increase of surface hardness. The
nano-size Al2O3 powder was inserted inside a groove with 4 mm depth and 1 mm width,
which was closed by a tool with a shoulder and no pin.

3. Friction surfacing

3.1. Principles and process parameters

Friction surfacing (FS) was first patented in the 40´s and is now well established as a solid
state technology to produce metallic coatings. While FSP modifies the microstructure of a
surface by simply deforming, recrystallize and homogenise the grain structure, FS modifies
its chemistry. In friction surfacing a consumable rod under rotation is pressed under an
axial load against the surface as depicted in Fig.  9.  Heat generated in the initial  friction
contact promotes viscoplastic deformation at the tip of the rod. As the consumable travels
along the substrate, the viscoplastic material at the vicinity of the rubbing interface flows
into  flash  or  is  transferred  over  onto  the  substrate  surface,  while  pressure  and  heat
conditions  triggers  an  inter  diffusion  process  that  soundly  bonds  the  deposit.  As  the
material  undergoes  a  thermo-mechanical  process,  a  fine  grain  microstructure  is  also
produced by dynamic recrystallization.

Modern Surface Engineering Treatments14

Figure 9. Metallic coating of steel substrate by FS

Gandra et al [20] proposed a model for the global thermal and mechanical processes involved
during friction surfacing based on the metallurgical transformations observed when deposit‐
ing mild steel over mild steel and is shown in Fig.10.

Figure 10. Thermo-mechanics of friction surfacing. (a) Sectioned consumable, (b) Process parameters and (c) Thermo-
mechanical transformations and speed profile. Nomenclature: F – Forging force; Ω – rotation speed; v -travel speed;
Vxy – rod tangential speed in-plan xy given by composition of rotation and travel movements [20]
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The speed difference between the viscoplastic material, which is rotating along with the rod
at vxy, and the material effectively joined to the substrate (vxy = 0), causes the deposit to detach
from the consumable. This viscous shearing friction between the deposit and the consumable
is the most significant heat source in the process.

Since the deposited material at the lower end is pressed without lateral confinement, it flows
outside the consumable diameter, resulting into a revolving flash attached to the tip of the
consumable rod and side unbounded regions adjacent to the deposit. Flash and unbonded
regions play an important role as boundary conditions of temperature and pressure for the
joining process.

Fig 11 shows typical material combinations tested using FS with successful results.

Figure 11. Different coatings/substrates combinations

The process allows the deposition of various dissimilar material combinations as the deposi‐
tion of stainless steel, tool steel, copper or Inconel on mild steel substrates, as well as, stainless
steel, mild steel and inconel consumables on aluminium substrates.

The influence of processing parameters on the deposit characteristics and bonding strength
has been studied [26,27] aiming to correlate the resulting coating geometrical characteristics
(thickness and bonded width) and mechanical performance with forging force, spindle and
travel speeds. The increase of forging force improves the bond strength and reduces the coating
thickness. The undercut region decreased when the forging force increased and the travel
speed decreased. Higher ratios between the consumable rod feeding rate and the travel speed
resulted in superior bonding quality. The applied load on the consumable rod was found to
be essential to improve joining efficiency and to increase the deposition rate. Higher rotation
or travel speeds were detrimental for the joining efficiency. Tilting the consumable rod along
the travel direction proved to improve the joining efficiency up to 5 %. The material loss in
flashes represented about 40 to 60 % of the total rod consumed, while unbonded regions were
reduced to 8 % of the effective coating section in mild steel deposition. Friction surfacing was
seen to require mechanical work between 2.5 and 5 kJ/g of deposited coating with deposition
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rates of 0.5 to 1.6 g/s, that is, deposition rates are higher than for laser cladding or plasma arc
welding and the specific energy consumption lower than for other cladding processes.

In the friction surfacing of low carbon steel with tool steel H13 consumable rods, Rafi et al. [28]
concluded that the coating width was strongly influenced by the rotation speed, while
thickness was mostly determined by the travel speed.

This field of exploitation of producing aluminium coatings on aluminium based alloys is very
promising. It was seen that friction surfacing enables intermediate mass deposition rates and
higher energy efficiency in comparison with several mainstream laser and arc welding
cladding processes. The required mechanical work varied between 2.5 and 5 kJ/g of deposited
coating with deposition rates of 0.5 to 1.6 g/s. The forging force enhances joining quality while
contributing to a higher overall coating efficiency. Faster travel and rotation speeds improved
deposition rates and coating hardness, while decreasing energy consumption per unit of mass.
Surface hardness increased up to 115 % compared to consumable rod. By adjusting a proper
tilt angle, specific energy consumption drops, while slightly improving deposition rate and
joining efficiency.

4. Summary and future trends

Friction based processes comprise Friction Stir Processing (FSP) and Friction Surfacing (FS).

Friction  stir  processing  is  mostly  used  to  locally  eliminate  casting  defects  and  refine
microstructures in selected locations, for property improvements and component perform‐
ance enhancement. Aluminium and steel castings are amongst the most common compo‐
nents improved by this technology aiming at eliminating porosities, destroy solidification
structures  with  inhomogeneous  segregated  phases,  refine  grain  structures  improving  n-
service performance.

The recent advances in adding reinforcing particles to manufacture surface alloys and metal
matrix composites is a breakthrough in this technology opening new possibilities to manu‐
facture composites nanostructured with tremendous properties.

Friction surfacing has been used in the production of long-life industrial blades, wear resistant
components, anti-corrosion coatings and in the rehabilitation of worn or damaged parts such
as, turbine blade tips and agricultural machinery. Other applications feature the hardfacing of
valve seats with stellite and tools such as punches and drills.

Since the deposits result from severe viscoplastic deformation, friction surfacing presents some
advantages over other coating technologies based on fusion welding or heat-spraying
processes, that produce coarse microstructures and lead to intermetallics formation, thereby
deteriorating the mechanical strength of the coatings. However, friction surfacing currently
struggles with several technical and productivity issues which contribute to a limited range
of engineering applications.
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1. Introduction

The augmented requirement for fibrous supports (yarns) possessing multifunctionality
implies powerful emerging multidisciplinary approaches as well as the connection with the
traditional scientific disciplines [1]. Finishing processes through nanoparticles were among
the first commercial application in textiles domain.

Due to poor fixing of these nanoparticles on the textile surface, these finishes were not resistant
to washing. Nanofinishings with improved bonding properties in fabrics and also impart
desired wettability will result by using hydrophobic/hydrophilic functional polymer fibrous
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undergo aggregation without protection of their surfaces. To eliminate or minimize generated
waste and implement sustainable processes, recently green chemistry and chemical processes
have been emphasized for the preparation of nanoparticles [2]. Much attention is now being
focused on polysaccharides used as the protecting agents of nanoparticles. As stabilizing agent
soluble starch has been selected and as the reducing agent in aqueous solution of AgNO3 for
silver nanoparticle growth, and a-D-glucose, has been elected. To maintain noble metal
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fibers as the stabilizer [4]. Pt nanoparticles can catalyze the carbonization of cellulose and
mesoporous amorphous carbon is fabricated in high yields. The results are carbon-based
functional composites with metal nanoparticles, showing that self-supporting macroporous
sponges of silver, gold and copper oxide, as well as composites of silver/copper oxide or silver/
titania can be routinely prepared by heating metal–salt-containing pastes of dextran, chosen
as a soft template [5,6]. Polysaccharides could be used as stabilizer to synthesize nanoparticles
of metal oxide and sulfides. Zinc oxide nanoparticles can be synthesized using water as a
solvent and soluble starch as a stabilizer [7-9] while CdS nanoparticles have been prepared in
a sago starch matrix.

In an earlier study, ZnO nanoparticles synthesis can be made with the assistance of MCT-β-
CD (monochlorotriazinyl–β -cyclodextrin) by using a sol-gel method [10]. MCT-β-CD, a
commercially available β- cyclodextrin with a reactive monochlorotriazinyl group, is used as
a stabilizer. The so called anchor group reacting with cellulose hydroxyl radicals and cyclo‐
dextrin molecule is covalently bonded, to the fiber surface. The stable bound of cyclodextrin
onto the textile fibers allows its properties to become intrinsic to the modified supports, thus
a new generation of intelligent textiles possessing enhanced sorption abilities/capacities, as well
as possessing active molecules release wasborn. Besides, as polysaccharide, MCT-β-CD shows
interesting dynamic supramolecular associations facilitated both by inter- and intra-molecular
hydrogen bonding, and polar groups. When a material is exposed to environmental water
vapors, the water molecules firstly reacts with surface polar groups, forming a molecular
monolayer.

Zinc oxide (ZnO), an n-type semiconductor, is a very interesting multifunctional material and
has promising applications in solar cells, sensors, displays, gas sensors, varistors, piezoelectric
devices, electro-acoustic transducers, photodiodes and UV light emitting devices. The
adhesion between the ZnO nanoparticles and polymer through simple wet chemical method
is rather poor and the nanoparticles may be removed from the host easily. In light of this, it is
believed that the hydrothermal method can be a more promising way for fabricating nano‐
materials because it can be used to obtain products with modified morphological and chemical
attributes with high purity, as well as stability in terms of water vapour sorption-desorption.
Zn2+ ions can penetrate into the interior of linen fibrous support (fabric) easily when soluble
salt such as zinc acetate (Zn (OAC)2) is used. Reaction of Zn2+ ions leads to crystallization of
ZnO nanoparticles within the linen fabric and to the formation of an encapsulated complex in
the hydrothermal environment. The formation procedure can be described through two steps
as shown in Fig. 1. Firstly, coordination compounds are formed through chelation between
Zn2+ ions and the hydroxyl groups of linen fabric. Secondly, the in-situ crystallization of Zn
chelate complex occurs under the hydrothermal treatment and forms a ZnO- coated linen
fabric. The ZnO nanoparticles can thus be attached firmly within the linen fiber surface.

2. Advances in ZnO synthesis

The idea of the interaction of materials with water vapors is a new area of research. Almost all
materials have some interaction with moisture that is present in their surroundings. The effects
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of water can be both harmful and beneficial depending on the material and how it is used.
Consequently, the point to determine a correlation between morphological, structural and
chemical characterization and the water vapor sorption behavior of the analyzed samples has
been emphasized. Consequently, the obtained textiles should find their applicability in textile
processing industry subdomains, where a certain level of hydrophilicity/hydrophobicity is
mandatory.

The main cause of polymeric materials degradation is the exposure to various factors such as:
heat, UV light, irradiation ozone, mechanical stress and microbes. Degradation is promoted
by oxygen, humidity and strain, and results in such flaws as brittleness, cracking, and fading
[11-13]. There have been research reports targeting nanosized magnetic materials synthesis,
having significant potential for many applications.

The applications of ZnO particles are numerous: varistors and other functional devices,
reinforcement phase, wear resistant and anti-sliding phase in composites due to their high
elastic modulus and strength. Otherwise, ZnO particles exist in anti-electrostatic or conductive
phase due to their current characteristics. Few studies have been concerned with the applica‐
tion of ZnO nanoparticles in coatings system with multi-properties. The nano-coatings can be
obtained by the traditional coatings technology, i.e., by filling with nanometer-scale materi‐
alsBy filling with nano-materials, both structure and functional properties of coatings can be
modified. Super-hardness, wear resistant, heat resistance, corrosion resistance, and about
function, anti-electrostatic, antibacterial, anti-UV and infrared radiation all or several of them
can be realized.

Another idea this paper review was centered to was to study the thermal degradation behavior
of some textile nanocomposites made of nano/micron particle grade zinc oxide and linen
fibrous supports, and to discuss the thermal degradation mechanism of the above mentioned
structures. There is also potential to highlight the effect of the functionalization agent - MCT-
β-CD (monochlorotriazinyl–β–cyclodextrin) on the thermal stability and degradation mecha‐
nism of ZnO nanocoated linen fibrous samples.

In order to characterize the surface morphology and chemical composition of the treated
supports, instrumental methods were conducted to measure the particle sizes of the reduced
zinc oxide particles. The understanding of the thermal behavior of these fibers is very impor‐
tant since in general several conventional techniques used in textile processing industry, are
conducted at high temperature.

The MCT-β-CD (monochlorotriazinyl–βeta-cyclodextrin) under the trade name CAVATEX or
CAVASOL® W7 MCT (CAVATEX) from Wacker Chemie AG, Zn(OAc)2, with an assay of 97%,
urea and acetic acid (assay 99%) from CHIMOPAR, cetyltrimethylammonium bromide
(CTAB) from Merck Company, with an assay of 97% were utilized

Two 100 % twill linen desized, scoured and bleached supports, each of size 3 cm × 3 cm were
used as fibrous support. One of the supports has been coated with a certain concentration of
MCT-β-CD (monochlorotriazinyl– β -cyclodextrin) [14-17].
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processing industry subdomains, where a certain level of hydrophilicity/hydrophobicity is
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The main cause of polymeric materials degradation is the exposure to various factors such as:
heat, UV light, irradiation ozone, mechanical stress and microbes. Degradation is promoted
by oxygen, humidity and strain, and results in such flaws as brittleness, cracking, and fading
[11-13]. There have been research reports targeting nanosized magnetic materials synthesis,
having significant potential for many applications.

The applications of ZnO particles are numerous: varistors and other functional devices,
reinforcement phase, wear resistant and anti-sliding phase in composites due to their high
elastic modulus and strength. Otherwise, ZnO particles exist in anti-electrostatic or conductive
phase due to their current characteristics. Few studies have been concerned with the applica‐
tion of ZnO nanoparticles in coatings system with multi-properties. The nano-coatings can be
obtained by the traditional coatings technology, i.e., by filling with nanometer-scale materi‐
alsBy filling with nano-materials, both structure and functional properties of coatings can be
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function, anti-electrostatic, antibacterial, anti-UV and infrared radiation all or several of them
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zinc oxide particles. The understanding of the thermal behavior of these fibers is very impor‐
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CAVASOL® W7 MCT (CAVATEX) from Wacker Chemie AG, Zn(OAc)2, with an assay of 97%,
urea and acetic acid (assay 99%) from CHIMOPAR, cetyltrimethylammonium bromide
(CTAB) from Merck Company, with an assay of 97% were utilized
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Sample Specifications

Reference 1 linen fibrous support

Reference 2 ZnO powder hydrothermally synthesized, non-calcinated

Sample 1 Functionalization of linen support with MCT- β –CD (MonoChloroTriazinyl–β -

CycloDextrin) by exhaustion and thermal treatment

Sample 3 ZnO powder hydrothermally synthesized onto linen fibrous support

Sample 4 ZnO powder hydrothermally synthesized onto functionalized linen fibrous

support

Sample 5 ZnO powder hydrothermally synthesized onto functionalized linen fibrous with

the assistance of CTAB (Cetyl TrimethylAmmonium Bromide)

Sample 6 ZnO powder hydrothermally synthesized onto functionalized linen fibrous with

the assistance of P123

(MonoChloroTriazinyl-β – CycloDextrin)

Sample 7 MCT- β –CD (MonoChloroTriazinyl–β -CycloDextrin)

Table 1. Synthesis conditions for each of the sample

2.1. Fundamental technique for synthesizing and characterizing nano-ZnO particles

The review was focused onto the fibrous supports (yarns) previously grafted/functionalized
with MCT-β-CD. The grafting process of the textile fabric was performed following two other
processes: the exhaustion and squeezing treatment and the heat treatment at 160°C. The
purpose of these two treatments was the grafting the linen [18-20].

ZnO nanoparticles were synthesized in-situ on linen fibrous supports (yarns) having a certain
concentration of MCT-β-CD by using the hydrothermal method. The linen samples with sizes
of 30 x30 cm2 were immersed in the solution prepared as follows: zinc acetate Zn(CH3COO)2.
2H2O, purity – 99%) (0,005 mol/1000mL) as precursor was solved in de-ionized water to form
a uniform solution by stirring and then 0,1 mol of urea solution was added drop-wise with
constant stirring. Second, the pH value of the mixed solution was adjusted to 5 by adding acetic
acid drop wise. The final reaction mixture was then vigorously stirred for two hours at room
temperature and poured into 100 mL stainless-steel autoclaves made of Teflon (poly[tetra‐
fluoroethylene), followed by immersion of the fibrous supports (yarns). Then the autoclaves
were placed in the oven for the hydrothermal treatment at 90°C overnight. The autoclaves were
then cooled down to room temperature. The treated fabrics were then removed from the
autoclaves. The treated fabrics were washed several times with distilled water. After complete
washing the composites were dried at 60◦C overnight for complete conversion of the remain‐
ing zinc hydroxide to zinc oxide
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Figure 1. Flow chart for the preparation of nanoparticle coated linen support [10]

Thermal treatment relied into two main stages, into the calcination oven. Firstly, the samples
were subjected to an increasing of temperature up to 150°C; secondly the probes were heated
up to 350°, 450° respectively.

Scanning Electron Microscope (SEM) images were acquired with a Quanta 200 3D Dual Beam
type microscope, from FEI Holland, coupled with an EDS analysis system manufactured by
EDAX - AMETEK Holland equipped with a SDD type detector (silicon drift detector). Taking
into account the sample type, the analyses have been performed, using Low Vacuum working
mode, (as in High Vacuum working type). Both for the acquisition of secondary electrons
images (SE – secondary electrons) and EDS type elemental chemical analyses, LFD (Large Field
Detector) type detector was used, running at a pressure of 60 Pa, and a voltage of 30 kV.

The ZnO–MCT-β-CD treated fabrics were tightly packed into the sample holder. X-ray
Diffraction (XRD) data for structural characterization of the various prepared samples of ZnO
were collected on an X-ray diffractometer (PW1710) using Cu-Kα radiation (k = 1.54 Å) source
(applied voltage 40 kV, current 40 mA). About 0.5 g of the dried particles were deposited as a
randomly oriented powder onto a Plexiglass sample container, and the XRD patterns were
recorded at 2θ angles between 20 o and 80◦, with a scan rate of 1.5o/min. Radiation was detected
with a proportional detector [21-25].

2.2. Evaluation of crystallinity

The extent of crystallinity (Ic) was estimated by means of Eq. (1), where I020 is the intensity of
the 020 diffraction peak at 2θ angle close to 22.6°, representing the crystalline region of the
material, and Iam is the minimum between 200 and 110 peaks at 2θ angle close to 18º, repre‐
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type microscope, from FEI Holland, coupled with an EDS analysis system manufactured by
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senting the amorphous region of the material in cellulose fibres [26-28]. I020 represents both
crystalline and amorphous materials while Iam represents the amorphous material.

020

020
100(%)am
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A shape factor is used in x-ray diffraction to correlate the size of sub-micrometre particles, or
crystallites, in a solid to the broadening of a peak in a diffraction pattern. In the Scherrer
equation,

τ =
K •λ
βcosθ

where K is the shape factor, λ is the x-ray wavelength, β is the line broadening at half the
maximum intensity (FWHM) in radians, and θ is the Bragg angle [29]. τ is the mean size of the
ordered (crystalline) domains, which may be smaller or equal to the grain size. The dimen‐
sionless shape factor has a typical value of about 0.9, but varies with the actual shape of the
crystallite.

FTIR was used to examine changes in the molecular structures of the samples. Analysis has
been recorded on a FTIR JASCO 660+ spectrometer. The analysis of studied samples was
performed at 2 cm-1 resolution in transmission mode. Typically, 64 scans were signal averaged
to reduce spectral noise.

For the studied samples dynamic vapours sorption (DVS) capacity, at 25oC averaging in the
domain of relative humidity (RH) 0-90% has been investigated by using an IGAsorp apparatus,
a fully automated gravimetric analyzer, supplied by Hiden Analytical, Warrington - UK). It is
a standard sorption equipment, which has a sensitive microbalance (resolution 1μg and
capacity 200 mg), which continuously registers the weight of the sample in terms of relative
humidity change, at a temperature kept constant by means of a thermostatically controlled
water bath. The measuring system is controlled by appropriate software.

To study water sorption at atmospheric pressure, a humidified stream of gas is passed over
the sample.

The differential scanning calorimetry analysis (DSC) of fibrous supports - ZnO composites
were carried out using a NETZSCH DSC 200 F3 MAIA instrument under nitrogen. Initial
sample weight was set as 30-50 mg for each operation. The specimen was heated from room
temperature to 350°C at a heating rate of 10°C/min.

3. Prominent assessed features of fibrous composites

From the obtained images it was clearly distinguished the hexagonal shape of ZnO agglom‐
erations and the morphology of linen fibres (Fig.2c).
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Figure 2. SEM images of: reference samples and of the functionalized linen support with MCT- β –CD sample [10]
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Figure 2. SEM images of: reference samples and of the functionalized linen support with MCT- β –CD sample [10]
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Figure 3. images of some textile composites [10]
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The SEM images of functionalized linen supports coated with ZnO with assistance of the
studied surfactants (Fig 3 a and b) indicate different shapes of deposited ZnO.

On the other hand, ZnO nanoparticles exhibited hexagonal form like flowers of ZnO nano‐
crystals, if the treatment was assisted by P123 surfactant (Fig. 3 a) and lamellar morphology if
the treatment was assisted by CTAB (Fig. 3 b) respectively.

The particles uniformly cover the fibrous support surface and as results, the fibrous supports
surface became coarser after the treatment.

The adhesion strength of ZnO particles on fibrous support is different in terms of the applied
surfactant treatment and was tested after repeated washing cycles (1 minute ten times).

  
(a) (x1200) (b) (x5000) 

                              sample 3 sample 6 

 

Figure 4. SEM images of some textile composites after repeated washing cycles [10]

According to the SEM images (Fig 4 a and b), the adhesion strength of ZnO powder hydro‐
thermally deposited onto functionalized linen fibrous support is superior in the case of
functionalized surface (Fig 4 b) compared with the non-functionalized surface (Fig 4a). The
functionalization advantage has been evaluated considering the durability of ZnO on the
support surface after repeated cycles of washing. After washing the coating particles fell off
easily for the ZnO powder hydrothermally synthesized without functionalization, which
might have been caused by the weak attaching force.

As shown in Fig. 4, before treatment the diameters of fibrous supports (individual yarns) are
about 10 - 20 μm; after treatment SEM image show very clearly the individual yarns, covered
by various ZnO aggregates deposition.
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3.1. Mechanistic aspect of nanoparticle formation

The shape and the manner of covering depend of linen grafting agent assistance. This result
is correlated with the high number of coordinating functional groups (hydroxyl and glucoside
groups) of the MCT-β-CD which can form complexes with divalent metal ions [15]. During
the synthesis time, it might be possible that the majority of the zinc ions were closely associated
with the MCT-β-CD molecules. Based on the previous research, it can be claimed that nucle‐
ation and initial crystal growth of ZnO may preferentially occur on MCT-β-CD [16]. Moreover,
as polysaccharide, MCT-β-CD showed interesting dynamic supramolecular associations
facilitated by inter- and intra-molecular hydrogen bonding, which could act as matrices for
nanoparticle growth in size of about 30–40 nm. They aggregated to irregular ZnO–CMC
nanoparticles in a further step (Figures 4a) and 4 b). In these figures, SEM images of linen
supports coated with ZnO with assistance of the two surfactants show that the nanoparticles
exhibited an approximately lamellar morphology and the particles can be seen to be coated on
the fibrous support surface (yarn). As result, the fibrous supports (yarns) surface became
coarser after the treatment.

In the case of CTAB assistance, on the yarns surfaces large ZnO particles, covering the yarn as
a bark are noticeable (Fig. 3b), involving that the large particles may be formed via precipitation
followed by a step-like aggregation process. In addition, according to the SEM images of the
coated fabric, the uniformity of the fabric coated with ZnO powder hydrothermally synthe‐
sized with assistance of CTAB (Cetyl trimethylammonium bromide) is better than that of ZnO
powder hydrothermally synthesized in the presence of Pluronic P123 and possesses good
washing fastness. The last one has not been measured, but it has apriori been evaluated. This
phenomenon can be explained by the fact that the repeated cycles of washing and rinsing did
not conduct to the washing away of the ZnO particles; subsequently the zinc oxide proven a
low extent of washing fastness. This statement is also in a good correlation with the XRD
results, claiming a slight shift of ZnO intensity peaks, meaning that the nucleation of the zinc
oxide occurred not only the support surface, but also within the nanocavities, due the fibers
roughness.

In case of ZnO powder hydrothermally synthesized without any surfactant assistance, the
coating particles fell off easily after washing, which might have been caused by the weak
attaching force (coordinated bond between ZnO and linen) induced by the deteriorated
crystallinity.

The SEM image of functionalized fabric support show very clearly the individual yarns, having
diameters of about 10-20 μm, covered by various ZnO aggregates (Fig.4). MCT-β-CD can form
complexes with divalent metal ions, due to its high number of coordinating functional groups
(hydroxyl and glucoside groups) [31]. There is a possibility that the majority of the zinc ions
were closely associated with the MCT-β-CD molecules. Based on the previous research, it can
be claimed that nucleation and initial crystal growth of ZnO may preferentially occur on MCT-
β-CD [32]. Moreover, as polysaccharide, MCT-β-CD showed interesting dynamic supramo‐
lecular associations facilitated by inter- and intra-molecular hydrogen bonding, which could
act as matrices for nanoparticle growth in size of about 30–40 nm. They aggregated to irregular
ZnO–CMC nanoparticles in a further step.
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The particles uniformly cover the fibrous support surface and as results, the fibrous supports
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low extent of washing fastness. This statement is also in a good correlation with the XRD
results, claiming a slight shift of ZnO intensity peaks, meaning that the nucleation of the zinc
oxide occurred not only the support surface, but also within the nanocavities, due the fibers
roughness.

In case of ZnO powder hydrothermally synthesized without any surfactant assistance, the
coating particles fell off easily after washing, which might have been caused by the weak
attaching force (coordinated bond between ZnO and linen) induced by the deteriorated
crystallinity.

The SEM image of functionalized fabric support show very clearly the individual yarns, having
diameters of about 10-20 μm, covered by various ZnO aggregates (Fig.4). MCT-β-CD can form
complexes with divalent metal ions, due to its high number of coordinating functional groups
(hydroxyl and glucoside groups) [31]. There is a possibility that the majority of the zinc ions
were closely associated with the MCT-β-CD molecules. Based on the previous research, it can
be claimed that nucleation and initial crystal growth of ZnO may preferentially occur on MCT-
β-CD [32]. Moreover, as polysaccharide, MCT-β-CD showed interesting dynamic supramo‐
lecular associations facilitated by inter- and intra-molecular hydrogen bonding, which could
act as matrices for nanoparticle growth in size of about 30–40 nm. They aggregated to irregular
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Table 2. Surface composition from EDX measurements at sample 6

Figure 5. EDX analysis (sample 6) (Wt: weight percent, At: atomic percent). [10]

The outcome of the EDX elemental analysis for sample 6 illustrated in Figure 5 and Table 2,
show that surface composition contain approximately 47% ZnO, meaning that ZnO phase
represented almost half of the sample mass.

The X-ray diffraction patterns of samples 4-7 compared with reference 2 are represented in
Fig. 6:

Figure 6 shows the selected-area diffraction pattern (2θ=20-40º) of the obtained samples. The
obtained XRD pattern and indexed lines of ZnO (reference 2) are presented in Figure 6.
According to the literature [33], all the diffraction lines are assigned to the wurtzite hexagonal
phase structure.
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The composites patterns (sample 3-6) reveal both the presence of the peaks positions that
matched well with those of the ZnO XRD pattern - lines (100), (002) and (101) - and the main
peak of cellulose - linen (002) [34]. The small relative intensity of the peaks of the ZnO–linen
composites is not well correlated with the EDX analysis, which showed a high content of
deposited ZnO. The observed ZnO diffraction lines shift (samples 4 and 5) denotes the fact
that the growth of the ZnO takes place not only on the support surface, but also inside the
nanocavities due to the fibers roughness.

The intensities of the diffraction peaks decrease when the synthesis takes place with the
assistance of the surfactant, that prevent crystal growth in these working conditions (Fig.6).

In Fig. 7, the FTIR spectrum of hydrothermally synthesized, non-calcinated ZnO powder
exhibited a high intensity broad band at about 430 cm_1 due to the stretching of the zinc and
oxygen bond.

As shown in the FTIR spectrum of MCT-β-CD, the absorption bands between 1000 and 1200
cm-1 were characteristic of the – C –O– stretching on polysaccharide skeleton.A similar band
was also observed in synthesized ZnO composites. And two peaks appeared at 1420 and 1610
cm-1 corresponding to the symmetrical and asymmetrical stretching vibrations of the carbox‐
ylate groups [35]. The peak at 2920 cm-1 was ascribed to C–H stretching associated with the
ring methane hydrogen atoms. A broad band centered at 3450 cm-1 was attributed to a wide
distribution of hydrogen-bonded hydroxyl groups. The FTIR spectra indicated that in ZnO–
MCT-β-CD nanoparticles, there was the strong interaction, but no obvious formation of
covalent bonds between MCT-β-CD) and ZnO.

Water vapors sorption behavior. Isothermal studies can be performed as a function of humidity
(0-95%) in the temperature range 5° C to 85° C, with an accuracy of ± 1% for 0 - 90% RH and ±

Figure 6. Color online) XRD patterns of: Reference 2; Sample 4; Sample 5; Sample 6; Sample 7[10] The arrows indicate
the peaks shift, in terms of working conditions. The height of the peaks has been multiplied by a 40 factor.

Zinc Oxide — Linen Fibrous Composites: Morphological, Structural, Chemical, Humidity Adsorptive and Thermal
Barrier Attributes

http://dx.doi.org/10.5772/55705

31
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phase structure.
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nanocavities due to the fibers roughness.
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2% for 90 - 95% RH. The relative humidity (RH) is controlled by wet and dry nitrogen flows
around the sample. The RH is held constant until equilibrium or until a given time is exceeded,
before changing the RH to the next level.

The vapours pressure in the sample room has been achieved by 10 steps of 10% humidity, each
of them having a time of equilibrium setting between 10-20 minutes. At each phase, the weight
adsorbed by the sample is measured by electromagnetic compensation between tare and
sample, when the equilibrium is reached. Apparatus has an anti-condensation system for the
cases that vapors pressure is very close/near to that of saturation. The cycle is finished by
decreasing in steps of vapors pressure, in order to obtain desorption isotherms, as well.

Prior to measuring of sorption-desorption isotherms, drying of the samples is performed in
nitrogen flow (250 mL/min) at 25°C, until the sample weight reached a constant value, at a
relative humidity less than 1%.

The sorption/desorption isotherms recorded in these circumstances are shown in Fig.8.

The reference sample (the linen fibrous support – yarn - unfunctionalized) has a smaller
sorption capacity compared to that of Sample 6 and Sample 5. High values of water vapors
sorption capacity for the two last samples prove the fact that the material surface becomes
more hydrophilic, more porous, respectively as it could be observed from hysteresis shape.

Figure 7. a) FTIR of spectra of: sample 3; sample 5; Sample 6 ; sample 7; Reference 2 [10]
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One of the main objectives of this review was to stress the adsorptive attributes, taking into
account the improving of ZnO synthesis conditions. Consequently, the role of P123 in the ZnO
synthesis was to obtain a composite with a higher porosity, in order to achieve the surface
hydrophilicity, since there is direct correlation between porosity and hydrophilicity [36].

The shape of the moisture sorption isotherms for those two compounds is similar to those
characteristic of mesoporous materials (type IV, according to IUPAC classification – with low
sorption at low water vapor sorption (adsorption/desorption), moderate sorption at average
humidity and rapidly increasing water sorption at high humidity). This type of isotherm
describes the sorption behavior of hydrophilic material [37]. When a material is exposed to
environmental water vapors, the water molecules firstly react with surface polar groups and
form a molecular monolayer.

Based on the sorption studies, the IGAsorp software allows an evaluation of both monolayer
and surface area value, by using BET (Brunauer-Emmett-Teller) model (Tabel 2).

Sample
Sorption capacity

(%d.b.)

BET analysis

ABET

(m2/g)
Monolayer (g/g)

Reference 1 11.89 157.010 0.044

Sample 6 14.93 213.99 0.060

Sample 5 18.89 321.39 0.091

Table 3. The main parameters of (water vapors) sorption-desorption isotherms for the studied samples

Reference 1; Sample 5; Sample 6 [10]

Figure 8. Comparative plots of rapid isotherms for water vapors sorption for the studied samples:
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BET (1) equation is very often used for modeling of the sorption isotherms:

( ) ( )1 1
mW C RH

W
RH RH C RH

× ×
=

- × - + × (2)

where:

W- the weight of adsorbed water, Wm- the weight of water forming a monolayer, C – the
sorption constant, p/po=RH- the relative humidity.

The sorption isotherms described by BET model up to a relative humidity of 40% are in relation
to the sorption isotherm and material type. This method is mainly limited for II type isotherms,
but can describe the isotherms of I, III and IV type [38-40], as well. The increasing water sorption
is reflected both by the augmentation of monolayer and surface area values calculated with
BET model (Tabel 3).

In Figure 8 the kinetic curves for humidity (water vapors) sorption/desorption processes for
two of the samples are displayed. It is noticed that the time necessary for equilibrium setting
for sorption processes is bigger than that of desorption. Sorption rate is smaller than that of
desorption.

In Table 4 the dynamic moisture sorption capacity calculation was made using the equation
written below, after the samples was kept at RH=90%, until the mass became constant:

Sorption capacity at RH=90% (%) =
W RH =90 −W RH =0

W RH =0
⋅100

As can be observed the obtained values are larger than those in the isotherms, this demon‐
strates the time necessary for reaching the equilibrium sorption is longer.

Sample
Weight at RH=0%

(mg)

Weight at RH=90%

(mg)

Sorption dynamic capacity

RH=90%

(%)

Time

(s)

Sorption rate

(·10-3 %/s)

Reference 1 4.58 5.14 12.28 32 3.82

Sample 6 5.32 6.34 19.14 50 3.75

Sample 5 5.56 6.83 22.77 40 5.58

Table 4. Water vapor sorption capacity and speed for a longer time (until sample weight remains constant at a
relative humidity of 90%)

In case of sample 5, the DVS analysis were made at two temperatures (25 °C and 35 °C), and
the influence of this parameter on the sorption/desorption isotherms and kinetics are presented
in Figure 8 and Figure 9 respectivelly.
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From Table 5, it is noticeable the augmentation of temperature conducts to an increase on vapor
sorption capacity of the sample (probably due to the hydrogen bonds formation favoring
sorption).

Sample
Sorption capacity

(%)

Sample 5_25 18.89

Sample 5_35 31.59

Table 5. Water vapor sorption capacity for sample 5 at both 25 °C and 35 °C respectively

 

Reference 1 

 

Sample 6 

 
Reference 1; Sample 6 [10]

Figure 9. Kinetic curves for sorption/desorption processes of water vapors in the studied samples
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The differences between sorption-desorption speeds of those two temperatures for Sample 5
indexed sample are clearly highlighted by the presence of modified hysteresis and also by the
kinetics curves.

3.2. Thermal degradation mechanism of linen fibrous supports treated with ZnO

Considerable attention has been devoted to complete or correlate the results provided by the
XRD analysis, with the DSC studies, since the last type of investigation is able to evaluate the
crystallization/melting processes.

Vrinceanu et al tested thermal attributes of fibrous supports - ZnO nanocomposites under
nitrogen [41] The DSC curves of are shown in figures above.

In the range 370°-395°C, in a typical DSC curve of cellulosic fibres, there is an endothermic
peak, which has been shown to be primarily due to the production of laevoglucosan [42].

For linen fibres, this peak is sometimes partly or completely marked by an exothermal effect
around 340°C, attributed to a base-catalysed-dehydration reaction that takes place in the
presence of alkaline ions, such as those of sodium [43].

From 200 to 250°C a progressive mass loss associated with water release was observed. From
the literature it is well known that lignocellulosic fibers degrade in several steps; the cellulose
degrades between 310°–360°C, whereas the hemicellulose degrades at about 240°–310°C, and
the lignin has been shown to degrade in wide temperature interval (200°–550°C) [44]. Techni‐
cally speaking, it is not possible to separate the different degradation processes of the fiber
components because the reactions are very complex and overlap in the range of 220°–360°C.
It is noteworthy that the nanocomposite treated with ZnO nanoparticles with the assistance of

Figure 10. Comparative plots of rapid water vapors sorption/desorption isotherms for sample 5 [10] at both 25 °C
and 35 °C respectively
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MCT started to decompose at higher temperature than sample treated in the same conditions
but without the presence of zinc oxide. Nevertheless, the existence of the MCT on the surface
of the probes delayed the thermal degradation of the fibrous linen samples, even the non-
treated with the zinc oxide particles.

It can be claimed that cellulose is thermally decomposed through two types of reactions. At
lower temperatures, there is a complex process of gradual degradation including dehydration,
depolymerisation, oxidation, evolution of carbon monoxide and carbon dioxide, and forma‐
tion of carbonyl and carboxyl groups, ultimately resulting in a carbonaceous residue forms.

The endothermic band around 260°C from DSC curves (Fig. 14 (a) and (b)) indicates a weight
loss. The surface acidity of zinc oxide nanoparticles keeps accelerating the decomposition of
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Figure 10. Comparative plots of rapid water vapors sorption/desorption isotherms for sample 5 [10] at both 25 °C
and 35 °C respectively
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Figure 12. Typical DSC curve under nitrogen for: a Sample 3; b Sample 4; c. Sample 5 [41]
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Figure 13. Typical DSC curve under nitrogen for: a – Sample 4; b – Sample 5; c – Sample 6 [41]
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the fibrous substrate, as the temperature rises to 310°C, According to the FTIR spectra, a very
much lower amount of carbonyl groups is found in the linen - ZnO nanocomposite specimens.

Meanwhile, MCT having a higher thermal conductivity as well as a greater heat capacity value
absorbs the heat transmitted from the surroundings and retard the direct thermal impact to
the polymer backbone [45,46]. As a consequence, zinc oxide stabilizes the polymer molecules
of the underneath substrates and delays the occurrence of major cracking up to 400°C (Fig. 15).

The masking effect of an exothermal reaction on the endothermic cellulose decomposition was
clearly highlighted by the behavior of the reference fibrous linen (non-functionalized)
subjected to the thermal treatment in N2; it shows an exothermal peak at 260°C with a decreased
enthalpy after the thermal treatment; the exothermal effect is attributable to β-cellulose
decomposition as observed in a curve of a cotton sample. Surprisingly, even within the second
cycle of thermal treatment, the sample exhibits a similar exothermal peak at 363°C.

4. Summary and outlook

The review has been focused on a series of MCT-β-CD grafted linen fibrous support (yarn) in
whose matrices zinc oxide nanoparticles have been introduced with the assistance of two
different surfactants. The coating particles fell off easily for the ZnO powder hydrothermally
synthesized without any surfactant assistance after washing, which might have been caused
by the weak attaching force (coordinated bond between ZnO and linen) induced by the
deteriorated crystallinity.

Wetting characteristics are influenced by the type of surfactant used during the hydrothermal
synthesis. It is in direct implication onto the relationship between the morphological, structural
and chemical attributes and water vapor sorption-desorption behavior. Hydrophilicity of
these fibrous composites has increased and based on the sorption/desorption isotherms
registered by DSV, BET surface area, as well as XRD measurements were estimated, and
assimilated these fibrous composites, set by IUPAC, with mesoporous materials. Humidity
loss and drying speed of water from these studied samples depend of the type of surfactant.)
A quantification of samples, in terms of their thermal stability has been surveyed, as well. Thus,
this paper review intends to develop an innovative and more appropriate synthetic procedure
and characterization of nanoscale ZnO coated fibrous composites under favourable conditions,
by using the synergic effect of MCT and CTAB/P123 as surfactants. Prominent assessed
attributes were emphasized:

• thermal stability and degradation mechanism of ZnO nanocoated linen fibrous samples;

• Cumulative barrier attributes conferred by the new components that interfered in the
preparation technique: CTAB/P123 and MCT

These new features are believed to be the promising new lines of exploration of nanoscale ZnO
coated fibrous composites in textile area.
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1. Introduction

Metal implants in the field of orthopaedic and trauma surgery have been used for a long time
to restore joint function, reduce pain or stabilize fractures [1-3]. Both prevention of infection
as well as integration of the implant with the host-tissue (mostly bone) are factors of concern.
The most frequently used implants for these purposes are made of metallic alloys (for plates
and nails for fracture repair and for total joint arthroplasties) and polyethylene (PE) (used in
the articulating parts of a prosthesis).

Infection of orthopaedic implants and prostheses is a medical issue that has intrigued people
since their very first use over two-and-a-half millennia ago. Since that early beginning, lack of
fixation and infection has been the major problem with such medical devices. In many cases,
it may result in serious discomfort, limb amputation, illness and in many cases it may have
even resulted in death of the patient. Even after 2500 years of medical progression we are still
not able to fully conquer these major health risks. Since they are not isolated to the field of
orthopaedics and trauma, their multi-factorial character indicates the complexity of the
problems concerning healthcare-associated infections (HAI) [4, 5].

The purpose of this chapter is to give an insight in the quest to decrease the percentage of
infections and increase the amount of osteointegration by coatings on metallic alloys in the
field of orthopaedic and trauma surgery. Finally an overview will be provided of the available
methods to examine and evaluate the properties of coatings in vitro and in vivo.
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1.1. Healthcare-associated infections and orthopaedics

Healthcare-associated infections, also called nosocomial infections, are considered to be the
biggest healthcare related complication worldwide. HAI annually affects over 600 million
patients worldwide with approximately 4.1 million patients in Europe and about 1.7 million
patients in the United States [6, 7]. These infections can be related to the cause of death of a
considerable number of patients annually. Together with the tremendous economic burden of
HAI, HAI is a major point of interest in medical research.

Area # Patients

(million/yr)

Prevalence

(%)

Death

(%)

Costs

(billion)

Neonatal death rate

(caused by HAI)

Europe 4.1 7.1 3.7% (€) 7 < 5%

USA 1.7 4.5 5.8% ($) 6.5 < 5%

Worldwide > 600 8.5 - 15.5 Up to 75% in South-East

Asia and Africa

Table 1. Epidemiological data on HAI [6, 7].

With urinary tract infections as the most frequent implant related HAI in developed countries,
orthopaedic implant infections is another major sub-populations within the multifactorial
group of HAI (together with infections related to cardiovascular, neurological and gastroin‐
testinal interventions). Infections due to implantation of total hip and total knee prostheses
account for about 2% of the HAI, without taking trauma implants into account [7]. Trauma
implants or implants for fracture fixation and stabilization, like plates, screws and stabilizing
frames, have been described to have an even higher risk for infection, mainly due to the fact
that they are used to repair complex injuries and open fractures. Infection together with the
eventual loosening of an orthopaedic implant explains the limited lifespan of an orthopaedic
device (generally up to 15 years for an artificial joint [5, 8, 9]).

Since the discovery of antibiotics, (implant) infections have been reduced and implant
infections have become less lethal and can even be cured. Still, the extensive use of antibiotics
has resulted in an increasing amount of resistant bacterial strains, which makes infections
caused by those pathogens challenging. Medical device implantation remains troublesome
also in the case of orthopaedic implants.

1.2. The race for the surface

After implantation of an orthopaedic device, a competition between bacterial colonization
versus tissue integration takes place to conquer the surface of the implant. This phenomenon
is often described as "the race for the surface” (Figure 1) [10, 11].
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Figure 1. A schematic representation of “the race for the surface”, between the bacterial biofilm colonization and eu‐
karyotic cell adhesion with subsequent bone apposition on the implant surface.

The first stage of bacterial biofilm formation is the settling of a planktonic bacterium on the
surface of the implant.  After adhering to the surface,  the bacterium starts to divide and
encapsulate itself for protection against the host organism’s immune response. This layer
of protective matrix, mostly consisting out of polysaccharides, also shields the bacteria from
effective  antibiotic  treatment.  The  first  stage  of  the  biofilm  formation  is  complete  and
subsequently the present bacteria start to form colonies increasing the internal pressure in
the biofilm, which starts to expand. At a certain point the bacterial load within the mature
biofilm  becomes  so  high  that  planktonic  bacteria  are  released  from  the  biofilm.  These
bacteria can then result in the infection of the surrounding tissue or in the expansion of the
biofilm on a different location (Figure 1) [10-12]. Eukaryotic cell adhesion (e.g. adhesion of
osteoblasts)  on the  other  hand,  can result  in  implant  ingrowth by settling of  the  osteo‐
blast  on  the  implant  surface,  followed by  cell  division  and collagen matrix  production.
Eventual calcification of the collagen matrix allows bone apposition on the implant surface
(Figure 1) [10, 12]. In general the inability of the body and its immune system to cope with
infected implants is one of the biggest issues when implants are used for medical treat‐
ment.  Due to  infection,  local  bone  resorption takes  place,  leading to  bone  loss  and im‐
plant loosening. As such it is essential to treat the infection, avoiding the risk of tremendous
damage to the bone and the bony peri-implant tissue. After removal of an infected implant,
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the accompanying bone fractures, soft tissue infection, and inflammation result in fixation
issues and an increased infection risk during revision surgery [13].

1.3. Implant coatings

In order to decrease the amount of implant infections and prevent the implants from loosening,
coatings can be applied to the surface of the implant. These coatings may vary from (antibiotic)
releasing to non-releasing coatings. In general non-releasing coatings (like hydroxyapatite) are
applied by thermal-processes, while releasing coatings (like RGD or antibiotic-containing
coatings) are mostly applied to the surface by dip or spray coating, due to their limited thermal
stability.

Since the principle of the “race for the surface” dictates that early tissue integration may also
reduce the infection risk, a coating promoting tissue integration may also be regarded as a
passive method to reduce the amount of infections. In order to promote this tissue integration,
one of the biggest leaps forward in the improvement of implant fixation and “the race for the
surface” in favour of eukaryotic cells might be the use of hydroxyapatite (HA) coatings on the
surface of a metallic implant [12, 14-16]. Although in the beginning it was believed that
uncemented prostheses, including the HA-coated implants, would have a higher infection
percentage compared to implants fixated with an antibiotic-releasing bone-cement, long-term
studies showed a comparable infection percentage and a longer survival in favour of the
uncemented prosthesis [5, 17]. These HA-based coatings (and their derivatives) are still one of
the most frequently used implant coatings in the field of orthopaedic surgery and trauma,
resulting in improved implant ingrowth and a longer lifespan of the prosthesis [8]. A combined
situation of a coating with both antimicrobial and osteoconductive properties, is yet to be
found.

2. Active and passive implant coatings

2.1. Osteoconductive coatings

The definition of osteoconduction means that a material or coating “guides” the bone healing
or formation. In case of coatings this means that the bone formation is “guided” to grow or
attach to the coating surface (a passive coating) [18]. An orthopaedic implant with such a
surface treatment or coating provides an ideal substrate for bone aposition which results in
improved implant fixation and a possible prolonged lifespan, with a decreased risk of implant
loosening and possibly infection [10, 12].

2.1.1. Apatite coatings

The initial idea of hydroxyapatite (HA) coatings originated from the use of calciumphosphates
as a material to stimulate osteogenesis, like tricalciumphosphate (TCP). During the last
decades, studies have shown that HA and TCP are suitable for the production of ceramic
scaffolds to serve as a bone substitute. Studies on the stability of sintered TCP (Ca3(PO4)2) and
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HA (Ca10(PO4)6(OH)2) have shown that TCP ceramics dissolve over 10 times faster in acidic
and alkaline environments compared to HA [19]. Explaining the rationale behind the current
use of TCP for resorbable bone scaffolds and the use of HA for implant coatings.

Since the proposed use of HA as a coating, in the late 1980’s by Geesinket al.[14-16], several
implant designs have been used in the clinic, e.g. partially coated or fully coated hip implants.
Fully coated implants achieved complete bone remodeling around the implant, with very good
fixation properties. The major disadvantage of these fully coated implants was that in case of
revision surgery (either for implant infection or component failure) removal of the implant
resulted in massive bone trauma due to the fixation of the implant to the bone. By redefining
the coating location to the taper only, a good fixation could be achieved with limited problems
at the time of a revision surgery [15]. However this design allowed the formation of stress
shielding due to the pressure of the stem against the cortical wall. Due to this strain an implant
can get loose, resulting in bone loss or a cortical wall fracture. Still HA coatings sintered to an
implant surface has proven itself to be the most successful implant coating made, with 20 years
of clinical experience [8, 20].

2.1.2. Hydroxyapatite application methods for metallic surfaces

There are several ways to coat a metallic alloy, like titanium or stainless steel, with HA. The
techniques to coat such a metallic implant include; dip coating [21], sputter coating [22], pulsed
laser deposition [23], hot pressing and hot isostatic pressing [24], electrophoretic deposition
[25], electrostatic spraying [26, 27], thermal spraying [28], and sol–gel [29]. Some of these
techniques are still experimental, thermal spraying, in particular. Plasma spraying is the most
accepted method for the production of HA coatings [30]. Plasma spraying requires high
temperatures which may damage the HA crystallinity and create unwanted or amorphous
phases, with HA ablation from the coated surface as a possible result [28]. Every technique has
its advantages and disadvantages. For example, the thickness, the bonding strength and the
properties of the HA-composition may be influenced by the application technique. Techniques
such as thermal spraying and sputter coating are used for surfaces or substrates (e.g. porous
titanium implants) which are difficult to coat. Techniques such as electrophoretic deposition
and sol-gel may coat more complex substrates such as porous alloys, still the production of
crack free coatings remains challenging (Table 2).

2.2. Osteoinductive coatings

Although biomimetic HA coatings improve the osteoconductivity of metal implants, they do
not influence the osteoinductivity. In general osteoinductive coatings are described as coatings
which induce bone formation of undifferentiated cells in the surrounding tissue to ultimately
promote osteointegration of bone to the coating (active coatings). In order to promote the
differentiation of immature progenitor cells to an osteoblastic lineage, attempts to integrate
functional biological agents such as growthfactors into biomimetic coatings have been realized
[33, 34]. Several of these coatings have been studied extensively, the most important coatings
are described below.
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2.2.1. RGD coatings

Extracellular matrix proteins contain a short functional domain of three aminoacids, arginine
(R), glycine (G) and asparagine (D), the so-called RGD-domain. This domain plays an impor‐

Technique Advantage Disadvantage Thickness Ref

Sol-Gel • Coats 3D complex porous

substrates

• Low processing temperatures

• Relatively cheap

• Very thin coatings

• Processing in controlled

atmosphere

< 1 µm [29]

Sputter coating • Uniform coating thickness on flat

substrates

• Only coats visible area

• Expensive and time consuming

• Unable to coat complex 3D

porous substrates

• Risk for amorphous coating

0.02 - 2 µm [22]

Pulsed Laser

Deposition

• See sputter coating • See sputter coating 1 - 10 µm [23, 25]

Electrostatic Spray

Deposition

• Uniform coating thickness on flat

substrates

• Relatively cheap

• Only coats visible area

• Fragility

1 - 10 µm [26, 27, 31]

Electrophoretic

Deposition

Uniform coating thickness

• High deposition rates

• Coatscomplex 3D

poroussubstrates

• Cracks in coating

• High sintering temperatures

0.1 - 200 µm [25]

Thermal spraying,

Plasma spraying

• High deposition rates • Only coats visible area

Coating decomposition due to high

temperature

• Rapid cooling may result in

amorphous coating

30 – 200 µm [25, 28]

Dip Coating • Inexpensive

Coatings applied quickly

• Coatscomplex 3D

poroussubstrates

• High sintering temperatures

• Thermal expansion results in

amorphous coating

• Fragile due to thickness

0.05 - 2 mm [21, 25]

Hot Pressing,

Hot Isostatic Pressing

and Sintering

• Dense coatings • Unable to coat complex 3D

porous substrates

• Differences in coating elastisity

• Expensive

• Interaction with or changes due

to the encapsulation material

0.1 – 10 mm [24, 25, 32]

Table 2. Different coating techniques to apply hydroxyapatite (HA) on an implant.
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tant role in cell adhesion, cell proliferation and differentiation. RGD peptides coated to a
surface can initiate these processes in their direct vicinity. The major advantage of using
peptide coatings instead of protein coatings is that peptides are smaller and more stable
compared to proteins. This allows more peptides to be coated to a surface, which results in a
more dense coating. Studies have shown that the flanking amino acids in a RGD containing
peptide are of great importance for their efficiency. In vitro studies show promising results,
where RGD enhances (human) cell adhesion, proliferation and differentiation in the osteogenic
lineage [35]. An in vivo study of an HA/HA-RGD coating with antibiotic release showed that
the HA-RGD coating performed at least equally well as the HA-only coating [33]. Still these
coatings remain experimental by application.

2.2.2. BMP coatings

Bone morphogenic proteins (BMP’s), which belong to the transforming growth factor-β (TGF-
β) superfamily, are generally accepted osteoinductive additives for per-operative use to
enhance bone remodeling. Due to the lack of a local delivery system, capable of a sustained
release, relatively high dosages of BMP’s (e.g. BMP-2) are being used in the clinic. The use of
BMP’s has a locally higher incidence of tumorigenesis as a major disadvantage. Other osteo‐
genic BMP's, such as BMP-4 [36, 37] and BMP-7 [38], are also potent inducers of bone regen‐
eration. Knippenberg et al showed that BMP7, in contrast to BMP2 may be a more
chondrogenic growth factor in contrast to BMP2 which was described as a more osteogenic
growhtfactor [39]. BMP-2 works in 2 concentration dependent directions, at low dosages it
promotes bone remodeling, while at high dosage it promotes bone resorption. Therefore a low-
dose releasing BMP-2 coated implant may be the most optimal [40]. While many techniques
to incorporate BMP’s result in a burst release, they can also be incorporated into the crystal
latticework of coatings to establish a gradual release system [34, 40]. As such the incorporated
proteins can be released gradually and steadily at a low pharmacological level; not rapidly as
in a single high-dose burst [41]. In conclusion, incorporation of osteoinductive coatings may
seem attractive but, release rate, potential carcinogenesis, inactivation of the compound (e.g.
due to changes in temperature, pH), and bonding to the implant remain of concern.

3. Antimicrobial coatings

Since vascularization of infected tissue is often compromised and a bacterial biofilm is formed,
which results in poor penetration of antibiotics, systemic antibiotics are not sufficient to treat
a bone infection properly [10-12]. To achieve a local dose high enough to treat the infection,
this would involve a systemic overdose of the antibiotic (possibly resulting in kidney and liver
failure and damage to the function of the inner ear). The best solution to this problem is to
have a local delivery system, this suggests an approach for the treatment of orthopaedic
infections. Still in many cases the prosthesis can be rescued by infection treatment in situ,
without a surgical procedure [13, 42, 43]. The use of local antibiotics by antibiotic-loaded bone
cement, either as beads or spacers often placed after implant removal in the remaining infected
cavity. The general treatment procedure requires at least two surgical procedures, one to
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2.2.1. RGD coatings

Extracellular matrix proteins contain a short functional domain of three aminoacids, arginine
(R), glycine (G) and asparagine (D), the so-called RGD-domain. This domain plays an impor‐

Technique Advantage Disadvantage Thickness Ref

Sol-Gel • Coats 3D complex porous

substrates

• Low processing temperatures

• Relatively cheap

• Very thin coatings

• Processing in controlled

atmosphere

< 1 µm [29]

Sputter coating • Uniform coating thickness on flat

substrates

• Only coats visible area

• Expensive and time consuming

• Unable to coat complex 3D

porous substrates

• Risk for amorphous coating

0.02 - 2 µm [22]

Pulsed Laser

Deposition

• See sputter coating • See sputter coating 1 - 10 µm [23, 25]

Electrostatic Spray

Deposition

• Uniform coating thickness on flat

substrates

• Relatively cheap

• Only coats visible area

• Fragility

1 - 10 µm [26, 27, 31]

Electrophoretic

Deposition

Uniform coating thickness

• High deposition rates

• Coatscomplex 3D

poroussubstrates

• Cracks in coating

• High sintering temperatures

0.1 - 200 µm [25]

Thermal spraying,

Plasma spraying

• High deposition rates • Only coats visible area

Coating decomposition due to high

temperature

• Rapid cooling may result in

amorphous coating

30 – 200 µm [25, 28]

Dip Coating • Inexpensive

Coatings applied quickly

• Coatscomplex 3D

poroussubstrates

• High sintering temperatures

• Thermal expansion results in

amorphous coating

• Fragile due to thickness

0.05 - 2 mm [21, 25]

Hot Pressing,

Hot Isostatic Pressing

and Sintering

• Dense coatings • Unable to coat complex 3D

porous substrates

• Differences in coating elastisity

• Expensive

• Interaction with or changes due

to the encapsulation material

0.1 – 10 mm [24, 25, 32]

Table 2. Different coating techniques to apply hydroxyapatite (HA) on an implant.
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tant role in cell adhesion, cell proliferation and differentiation. RGD peptides coated to a
surface can initiate these processes in their direct vicinity. The major advantage of using
peptide coatings instead of protein coatings is that peptides are smaller and more stable
compared to proteins. This allows more peptides to be coated to a surface, which results in a
more dense coating. Studies have shown that the flanking amino acids in a RGD containing
peptide are of great importance for their efficiency. In vitro studies show promising results,
where RGD enhances (human) cell adhesion, proliferation and differentiation in the osteogenic
lineage [35]. An in vivo study of an HA/HA-RGD coating with antibiotic release showed that
the HA-RGD coating performed at least equally well as the HA-only coating [33]. Still these
coatings remain experimental by application.

2.2.2. BMP coatings

Bone morphogenic proteins (BMP’s), which belong to the transforming growth factor-β (TGF-
β) superfamily, are generally accepted osteoinductive additives for per-operative use to
enhance bone remodeling. Due to the lack of a local delivery system, capable of a sustained
release, relatively high dosages of BMP’s (e.g. BMP-2) are being used in the clinic. The use of
BMP’s has a locally higher incidence of tumorigenesis as a major disadvantage. Other osteo‐
genic BMP's, such as BMP-4 [36, 37] and BMP-7 [38], are also potent inducers of bone regen‐
eration. Knippenberg et al showed that BMP7, in contrast to BMP2 may be a more
chondrogenic growth factor in contrast to BMP2 which was described as a more osteogenic
growhtfactor [39]. BMP-2 works in 2 concentration dependent directions, at low dosages it
promotes bone remodeling, while at high dosage it promotes bone resorption. Therefore a low-
dose releasing BMP-2 coated implant may be the most optimal [40]. While many techniques
to incorporate BMP’s result in a burst release, they can also be incorporated into the crystal
latticework of coatings to establish a gradual release system [34, 40]. As such the incorporated
proteins can be released gradually and steadily at a low pharmacological level; not rapidly as
in a single high-dose burst [41]. In conclusion, incorporation of osteoinductive coatings may
seem attractive but, release rate, potential carcinogenesis, inactivation of the compound (e.g.
due to changes in temperature, pH), and bonding to the implant remain of concern.

3. Antimicrobial coatings

Since vascularization of infected tissue is often compromised and a bacterial biofilm is formed,
which results in poor penetration of antibiotics, systemic antibiotics are not sufficient to treat
a bone infection properly [10-12]. To achieve a local dose high enough to treat the infection,
this would involve a systemic overdose of the antibiotic (possibly resulting in kidney and liver
failure and damage to the function of the inner ear). The best solution to this problem is to
have a local delivery system, this suggests an approach for the treatment of orthopaedic
infections. Still in many cases the prosthesis can be rescued by infection treatment in situ,
without a surgical procedure [13, 42, 43]. The use of local antibiotics by antibiotic-loaded bone
cement, either as beads or spacers often placed after implant removal in the remaining infected
cavity. The general treatment procedure requires at least two surgical procedures, one to
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remove the infected implant and the surrounding affected tissue, combined with the placement
of a spacer or antibiotic-loaded beads to fill up to void [44-46]. The second operation is required
to remove the spacer or beads after a couple of weeks or months. Once the infection is regarded
as treated sufficiently, a new implant or prosthesis is implanted. If the treatment was not
successful, new beads can be placed, which will require a third operation for the removal of
the beads [44-46]. Due to the high costs and the tremendous burden for the patient a one-step
procedure would be preferable. An antimicrobial coating directly on the surface of the newly
placed implant, in case of revision surgery after infection, could prevent the infection form re-
occurring, but such a coating may also work as a prophylactic in the case of the placement of
a primary hip.

3.1. Antibiotic releasing coatings

Already in clinical use in other medical specialties (e.g. in sutures and central venous and
urinary tract cathethers), antibiotic releasing coatings remain mainly experimental in the field
of orthopaedic and trauma surgery. For orthopaedic applications gentamicin, vancomycin,
rifampicin, and tobramycin are the most frequently used local antiobiotics in case of an implant
infection. There are several published in vitro and in vivo studies based on the use of these
antibiotic drugs for an orthopaedic implant coating. Poly-L-lactide (PLLA) coatings with
rifampicin on a fracture fixation plate, placed on the tibia of rabbits, showed good results on
both antimicrobial properties and acceptance of the host-tissue within 28 days after surgery
[47]. Also the direct application of minocycline and rifampicin on titanium, placed in the distal
femur of a rabbit, lead to good results on prevention of device colonization and infection
prevention within a week after surgery [48]. A combined osteoconductive/antimicrobial
coating (HA/tobramycin) on titanium, evaluated in the proximal tibia of a rabbit indicated the
potential of a combined coating for infection prevention as well as implant incorporation [49].
A recent study on a combined osteoconductive/osteoinductive/antimicrobial coating
(HA/RGD/gentamicin) on stainless steel showed promising results on bone integration and
antibiotic release characteristics [33]. Furthermore antibiotic releasing coatings on biodegrad‐
able substances could replace antibiotic containing PMMA-beads, in this case no implant
coating would be necessary. A study on gentamicin coated poly(trimethylene carbonate)
(PMTC), a biodegradable polymer, showed good results on antibiotic release, biofilm inhibi‐
tion and biodegradability, suggesting to be a good substitute for PMMA-beads [50]. A recent
report on a prospective study of the first antibiotic releasing tibial nail has shown promising
clinical results with no deep surgical wound infections within the first six months after
implantation [51]. The major disadvantage for these coatings which they will face in the near
future is the increasing number of antibiotic-resistant bacterial strains. This is the main reason
why antimicrobial coatings, based on disinfectants or non-traditional antibiotics, are of great
interest in the research and development of such coatings.

3.2. Silver-based coatings

Silver is (amongst copper, lead and mercury) a potent antimicrobial heavy metal which has
been related to medicine for many centuries. Instead of its metallic state, only the ionic state

Modern Surface Engineering Treatments52

of silver is considered to be antimicrobial and its mode of function is multifactorial. Ionic silver
not only reacts easily with amines and microbial DNA to prevent bacterial replication, but also
with sulfhydryl groups of metabolic enzymes of the bacterial electron transport chain,
resulting in their inactivation [52, 53]. This also forms its treat to large scale clinical applications,
since it can also inhibit eukaryotic metabolic function in a patient. Therefore a local release of
silver ions is preferable. In contrast to lead and mercury silver does not appear to have
cumulative toxic effects in the body, suggesting its potential as a coating component. The use
of silver in releasing coatings currently spans from central venous catheters to urinary tract
catheters and coated orthopaedic implants, with limited in vivo antimicrobial effectiveness as
a main problem. While some studies show that a silver coated surface can minimize the
infection risks by lowering the bacterial load [54-57], to date, pre-clinical studies and random‐
ized controlled trials of silver coated catheters, implants and external fixation pins were not
able to prove its antimicrobial efficacy [52, 58-61].

4. Coating evaluation

Newly developed coatings need evaluation before implementation in the clinic to prevent
possible adverse reactions to the coating. This evaluation includes mechanical testing and
cytotoxicity and biocompatibility tests. In general these tests can be subdivided in two
categories: in vitro and in vivo testing.

4.1. In vitro evaluation

This is defined as all testing modalities performed in controlled laboratory conditions, so
outside of a living organism or its natural setting (Table 3).

4.1.1. Cytotoxicity tests

Cytotoxicity tests can be subdivided in cell viability, cell adhesion and cell spreading assays
and are usually performed with fibroblastic cell lines (e.g. A529 [62], MC3T3-E1 [62-65], L929
[66], MG-63 [67, 68]). Cell viability assays evaluate the toxicity of a compound present in the
vicinity of the cells either in solution or in a solid state. During these tests the material to be
tested is incubated in cell culture medium. The resulting pre-conditioned culture medium is
then used for cell-culture to evaluate the viability of the cells after exposure to the extracted
medium from the material to be tested. Depending on the material, also direct cell culture on
the material surface can be performed. The viability of the cells can e.g. be assessed by
performing an MTT-assay.

• The MTT-assay is based on the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte‐
trazolium bromide (MTT, or another tetrazolium salt) to formazan by the enzyme succinate
dehydrogenase in the mitochondria of living cells. The formed purple product can be
measured spectrophotometrically and provides a direct measurement of the cell viability
based on mitochondrial activity, hence energy metabolism [55, 64-70].
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remove the infected implant and the surrounding affected tissue, combined with the placement
of a spacer or antibiotic-loaded beads to fill up to void [44-46]. The second operation is required
to remove the spacer or beads after a couple of weeks or months. Once the infection is regarded
as treated sufficiently, a new implant or prosthesis is implanted. If the treatment was not
successful, new beads can be placed, which will require a third operation for the removal of
the beads [44-46]. Due to the high costs and the tremendous burden for the patient a one-step
procedure would be preferable. An antimicrobial coating directly on the surface of the newly
placed implant, in case of revision surgery after infection, could prevent the infection form re-
occurring, but such a coating may also work as a prophylactic in the case of the placement of
a primary hip.

3.1. Antibiotic releasing coatings

Already in clinical use in other medical specialties (e.g. in sutures and central venous and
urinary tract cathethers), antibiotic releasing coatings remain mainly experimental in the field
of orthopaedic and trauma surgery. For orthopaedic applications gentamicin, vancomycin,
rifampicin, and tobramycin are the most frequently used local antiobiotics in case of an implant
infection. There are several published in vitro and in vivo studies based on the use of these
antibiotic drugs for an orthopaedic implant coating. Poly-L-lactide (PLLA) coatings with
rifampicin on a fracture fixation plate, placed on the tibia of rabbits, showed good results on
both antimicrobial properties and acceptance of the host-tissue within 28 days after surgery
[47]. Also the direct application of minocycline and rifampicin on titanium, placed in the distal
femur of a rabbit, lead to good results on prevention of device colonization and infection
prevention within a week after surgery [48]. A combined osteoconductive/antimicrobial
coating (HA/tobramycin) on titanium, evaluated in the proximal tibia of a rabbit indicated the
potential of a combined coating for infection prevention as well as implant incorporation [49].
A recent study on a combined osteoconductive/osteoinductive/antimicrobial coating
(HA/RGD/gentamicin) on stainless steel showed promising results on bone integration and
antibiotic release characteristics [33]. Furthermore antibiotic releasing coatings on biodegrad‐
able substances could replace antibiotic containing PMMA-beads, in this case no implant
coating would be necessary. A study on gentamicin coated poly(trimethylene carbonate)
(PMTC), a biodegradable polymer, showed good results on antibiotic release, biofilm inhibi‐
tion and biodegradability, suggesting to be a good substitute for PMMA-beads [50]. A recent
report on a prospective study of the first antibiotic releasing tibial nail has shown promising
clinical results with no deep surgical wound infections within the first six months after
implantation [51]. The major disadvantage for these coatings which they will face in the near
future is the increasing number of antibiotic-resistant bacterial strains. This is the main reason
why antimicrobial coatings, based on disinfectants or non-traditional antibiotics, are of great
interest in the research and development of such coatings.

3.2. Silver-based coatings

Silver is (amongst copper, lead and mercury) a potent antimicrobial heavy metal which has
been related to medicine for many centuries. Instead of its metallic state, only the ionic state
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of silver is considered to be antimicrobial and its mode of function is multifactorial. Ionic silver
not only reacts easily with amines and microbial DNA to prevent bacterial replication, but also
with sulfhydryl groups of metabolic enzymes of the bacterial electron transport chain,
resulting in their inactivation [52, 53]. This also forms its treat to large scale clinical applications,
since it can also inhibit eukaryotic metabolic function in a patient. Therefore a local release of
silver ions is preferable. In contrast to lead and mercury silver does not appear to have
cumulative toxic effects in the body, suggesting its potential as a coating component. The use
of silver in releasing coatings currently spans from central venous catheters to urinary tract
catheters and coated orthopaedic implants, with limited in vivo antimicrobial effectiveness as
a main problem. While some studies show that a silver coated surface can minimize the
infection risks by lowering the bacterial load [54-57], to date, pre-clinical studies and random‐
ized controlled trials of silver coated catheters, implants and external fixation pins were not
able to prove its antimicrobial efficacy [52, 58-61].

4. Coating evaluation

Newly developed coatings need evaluation before implementation in the clinic to prevent
possible adverse reactions to the coating. This evaluation includes mechanical testing and
cytotoxicity and biocompatibility tests. In general these tests can be subdivided in two
categories: in vitro and in vivo testing.

4.1. In vitro evaluation

This is defined as all testing modalities performed in controlled laboratory conditions, so
outside of a living organism or its natural setting (Table 3).

4.1.1. Cytotoxicity tests

Cytotoxicity tests can be subdivided in cell viability, cell adhesion and cell spreading assays
and are usually performed with fibroblastic cell lines (e.g. A529 [62], MC3T3-E1 [62-65], L929
[66], MG-63 [67, 68]). Cell viability assays evaluate the toxicity of a compound present in the
vicinity of the cells either in solution or in a solid state. During these tests the material to be
tested is incubated in cell culture medium. The resulting pre-conditioned culture medium is
then used for cell-culture to evaluate the viability of the cells after exposure to the extracted
medium from the material to be tested. Depending on the material, also direct cell culture on
the material surface can be performed. The viability of the cells can e.g. be assessed by
performing an MTT-assay.

• The MTT-assay is based on the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte‐
trazolium bromide (MTT, or another tetrazolium salt) to formazan by the enzyme succinate
dehydrogenase in the mitochondria of living cells. The formed purple product can be
measured spectrophotometrically and provides a direct measurement of the cell viability
based on mitochondrial activity, hence energy metabolism [55, 64-70].

Modern Orthopaedic Implant Coatings — Their Pro’s, Con’s and Evaluation Methods
http://dx.doi.org/10.5772/55976

53



 
R

ef
. 

 [5
5,

 6
4-

70
] 

[6
4,

 7
0,

 7
1]

 

[6
2]

 

[7
2]

 

[6
4,

 6
8,

 6
9,

 7
3]

 

[6
2]

 

[6
2,

 6
3,

 6
9,

 7
4]

 

[6
5,

 7
0]

 

D
et

ec
ts

 

 C
el

l v
ia

bi
lit

y 
by

 m
et

ab
ol

ic
 a

ct
iv

ity
 

• 
R

ed
uc

tio
n 

of
 a

 te
tr

az
ol

iu
m

 s
al

t (
ye

llo
w

) 
to

 f
or

m
az

an
 (

pu
rp

le
) 

by
 

m
et

ab
ol

ic
al

ly
 a

ct
iv

e 
ce

lls
 

 C
el

l a
dh

es
io

n 
• 

Fl
uo

re
sc

ei
n 

di
ac

et
at

e→
 c

yt
op

la
sm

 o
f h

ea
lth

y 
ce

lls
 (g

re
en

) 
• 

D
A

PI
 →

 n
uc

le
i o

f e
ve

ry
 c

el
l (

bl
ue

) 

 C
el

l v
ia

bi
lit

y 
by

 D
N

A
 c

on
te

nt
 

• 
D

N
A

 s
ta

in
in

g,
 

re
le

as
ed

 
dy

e 
in

di
ca

te
s 

le
ve

l 
of

 
ce

ll 
vi

ab
ili

ty
 

co
m

pa
re

d 
to

 c
on

tr
ol

 s
itu

at
io

n 

C
el

l d
en

si
ty

 b
as

ed
 o

n 
pr

ot
ei

n 
co

nt
en

t 
• 

pr
ot

ei
n 

st
ai

ni
ng

, 
re

le
as

ed
 d

ye
 i

nd
ic

at
es

 a
m

ou
nt

 o
f 

ce
lls

 p
re

se
nt

 
co

m
pa

re
d 

to
 c

on
tr

ol
 s

itu
at

io
n 

A
ct

in
 s

ta
in

in
g 

• 
Rh

od
am

in
e 

→
 a

ct
in

 c
yt

os
ke

le
to

n 
(r

ed
) 

• 
D

A
PI

 →
 n

uc
le

i (
bl

ue
) 

O
st

eo
ge

ni
c 

ce
lls

 →
 st

ai
ni

ng
 o

f c
al

ci
um

 d
ep

os
iti

on
 (r

ed
) 

A
LP

 a
ct

iv
ity

 is
 a

 m
ar

ke
r f

or
 o

st
eo

ge
ni

c 
po

te
nt

ia
l o

f a
 c

el
l 

• 
En

zy
m

at
ic

 tu
rn

ov
er

 o
f p

-n
itr

op
he

ny
l p

ho
sp

ha
te

 to
 p

-n
itr

op
he

no
l 

C
el

l v
ia

bi
lit

y 
• 

Fl
uo

re
sc

ei
n 

di
ac

et
at

e 
→

 c
yt

op
la

sm
 o

f h
ea

lth
y 

ce
lls

 (g
re

en
) 

• 
Et

hi
di

um
 b

ro
m

id
e 

→
 n

uc
le

i o
f d

ea
th

 c
el

ls
 (r

ed
) 

D
et

ec
tio

n 
m

et
ho

d 

 Sp
ec

tr
op

ho
to

m
et

ri
c 

Fl
uo

re
sc

en
ce

 

Sp
ec

tr
op

ho
to

m
et

ri
c 

Sp
ec

tr
op

ho
to

m
et

ri
c 

Fl
uo

re
sc

en
ce

 

Fl
uo

re
sc

en
ce

 

Sp
ec

tr
op

ho
to

m
et

ri
c 

• 
En

zy
m

at
ic

 a
ss

ay
  

Fl
uo

re
sc

en
ce

 

A
na

ly
tic

al
 m

et
ho

d 

Eu
ka

ry
ot

ic
 c

ul
tu

re
s 

Te
tr

az
ol

iu
m

 b
as

ed
 a

ss
ay

 
• 

M
TT

 
• 

XT
T 

 
• 

M
TS

 

FD
A

 b
as

ed
 a

ss
ay

 
• 

Fl
uo

re
sc

ei
n 

di
ac

et
at

e 
• 

D
A

PI
 

 C
ry

st
al

 v
io

le
t 

SR
B 

• 
Su

lfo
rh

od
am

in
e 

B 

Ph
al

lo
id

in
ba

se
d 

as
sa

y 
• 

R
ho

da
m

in
e 

• 
D

A
PI

 

A
liz

ar
in

 R
ed

 S
 

A
LP

 
• 

A
lk

al
in

e 
ph

os
ph

at
as

e 

Li
ve

/d
ea

d 
st

ai
ni

ng
 

• 
Fl

uo
re

sc
ei

n 
di

ac
et

at
e 

• 
Et

hi
di

um
 b

ro
m

id
e 

Table 3. Table 3: In vitro analytical methods – 

 

 

 

 

 

 

 

 

Table 3. In vitro analytical methods – part 1

Modern Surface Engineering Treatments54

R
ef

. 

 [7
0,

 7
3]

 

[7
0]

 

[6
5]

 

[5
4,

 5
5,

 6
5,

 6
9]

 

 [6
2,

 7
5]

 

[7
6]

 

[6
2,

 6
3]

 

[6
3]

 

[6
2-

64
, 6

6,
 6

7,
 

73
, 7

4]
 

D
et

ec
ts

 

 Ba
ct

er
ia

l g
ro

w
th

 in
hi

bi
tio

n 

Ba
ct

er
ia

l g
ro

w
th

 in
hi

bi
tio

n 

Z
on

e 
of

 in
hi

bi
tio

n,
 a

nt
ib

io
tic

 p
ot

en
tia

l o
f t

es
t c

om
po

un
d 

• 
D

is
ta

nc
e 

an
tib

io
tic

 c
on

ta
in

in
g 

ob
je

ct
 to

 c
ol

on
y 

de
fin

es
 p

ot
en

cy
 o

f 
an

tib
io

tic
 c

om
po

un
d 

an
d 

its
 re

le
as

e 
sy

st
em

 

Ba
ct

er
ia

l g
ro

w
th

 in
hi

bi
tio

n 
• 

El
ev

at
io

n 
in

 O
D

 6
00

 in
di

ca
te

s 
ba

ct
er

ia
l g

ro
w

th
 

• 
C

ol
on

y 
fo

rm
at

io
n 

 Ti
ss

ue
 sp

ec
ifi

c 
st

ai
ni

ng
  

Pr
es

en
ce

 o
f l

ig
ht

 e
m

itt
in

g 
ce

lls
 (e

.g
. c

el
l g

ro
w

th
 o

r b
io

fil
m

) 
• 

Fl
uo

re
sc

en
ce

 →
 G

FP
 

• 
Bi

ol
um

in
es

ce
nc

e 
→

 lu
ci

fe
ra

se
 

 D
N

A
/R

N
A

 e
xp

re
ss

io
n 

Pr
ot

ei
n 

ex
pr

es
si

on
 

Ev
al

ua
tio

n 
of

 b
ac

te
ri

al
 b

io
fil

m
 o

r e
xt

ra
ce

llu
la

r m
at

ri
x 

fo
rm

at
io

n 
• 

SE
M

 →
 C

el
l t

o 
su

rf
ac

e 
in

te
ra

ct
io

ns
  

• 
TE

M
 →

 C
el

l t
o 

ce
ll 

in
te

ra
ct

io
ns

 

D
et

ec
tio

n 
m

et
ho

d 

 Ba
ct

er
ia

l g
ro

w
th

 

Ba
ct

er
ia

l g
ro

w
th

 

Ba
ct

er
ia

l g
ro

w
th

 
• 

C
ol

on
y 

fo
rm

at
io

n 

Ba
ct

er
ia

l g
ro

w
th

  
• 

O
D

 6
00

 m
ea

su
re

m
en

ts
 (M

IC
) 

• 
Q

ua
nt

ita
tiv

e 
ba

ct
er

ia
l c

ul
tu

re
 (M

BC
) 

 Li
gh

t m
ic

ro
sc

op
y 

Fl
uo

re
sc

en
ce

  o
r b

io
lu

m
in

es
ce

nc
e 

• 
Fl

uo
re

sc
en

ce
 →

 e
m

is
si

on
 a

fte
r e

xc
ita

tio
n 

• 
Bi

ol
um

in
es

ce
nc

e 
→

 a
ut

o-
em

is
si

on
 

 Fl
uo

re
sc

en
ce

 
• 

SY
BR

-g
re

en
 re

la
te

d 
dy

es
 

C
he

m
ilu

m
in

es
ce

nc
e 

El
ec

tr
on

 m
ic

ro
sc

op
y 

• 
Sp

ut
te

ri
ng

 w
ith

 g
ol

d 
or

 c
ar

bo
n 

fo
r 

vi
su

al
iz

at
io

n 

 

A
na

ly
tic

al
 m

et
ho

d 

Pr
ok

ar
yo

tic
 c

ul
tu

re
s 

JIS
 Z

 2
80

1 

A
ST

M
 E

-2
81

0 

A
ga

r d
iff

us
io

n 

M
IC

-M
BC

-a
ss

ay
 

O
th

er
 

Im
m

un
oc

yt
oc

he
m

is
tr

y 

O
pt

ic
al

 im
ag

in
g 

 

PC
R 

W
es

te
rn

 b
lo

t 

SE
M

/T
EM

 
• 

Sc
an

ni
ng

 e
le

ct
ro

n 
m

ic
ro

sc
op

y 
• 

Tr
an

sm
is

si
on

 e
le

ct
ro

n 
m

ic
ro

sc
op

y 

 

Table 4. Table 3: In vitro analytical methods – part 2 

 Cell adhesion assays evaluate the potential of an implant surface to allow cell adhesion by culturing cells directly on the 
surface of the material to be tested. After allowing the cells to adhere to the surface, non-adhering cells are washed of the implant 
surface after which the adhering cells are double-stained with fluorescein diacetate (FDA) and ethidium bromide. In this live/death 
staining, FDA will stain the cytoplasm of intact cells green, while ethidium bromide will stain the DNA of dead cells red. The cell 
adhesion can be assessed by fluorescence microscopy. The ratio between the FDA-positive and ethidium bromide-positive cells 
provides insight into the live-dead percentage and thus biocompatibility of the culture surface. If the cells are only incubated with 
FDA, cell lysis allows quantification by fluorescence spectrophotometry. The level of fluorescent signal is an indication of cell 
adhesion on the material surface [64, 70, 71]. 

 Cell spreading assays evaluate the potential of a surface to allow cell adhesion and proliferation including matrix 
formation in the case of e.g. osteocytes. There are multiple ways to assess this surface property. One of the methods described is the 
use of cell staining directly on the surface after cell culture on the material surface by e.g. crystal violet staining or by an actin 
staining based on phalloidin. The crystal violet staining is a DNA staining in which cells are fixed on the cultured surface, then 
incubated with crystal violet to stain the cellular DNA. After washing the stained cells the dye is released by the incubation in a 
weak acid. The released dye can be measured on a spectrophotometer and providing a quantitative measure for the amount of cells 
present on the surface. A phalloidin-based staining allows staining of the actin cytoskeleton and cellular organization on the 
surface of a material. This is a direct cell staining which is visualized by fluorescence microscopy. In most cases the phalloidin 
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Table 4. Table 3: In vitro analytical methods – part 2 

 Cell adhesion assays evaluate the potential of an implant surface to allow cell adhesion by culturing cells directly on the 
surface of the material to be tested. After allowing the cells to adhere to the surface, non-adhering cells are washed of the implant 
surface after which the adhering cells are double-stained with fluorescein diacetate (FDA) and ethidium bromide. In this live/death 
staining, FDA will stain the cytoplasm of intact cells green, while ethidium bromide will stain the DNA of dead cells red. The cell 
adhesion can be assessed by fluorescence microscopy. The ratio between the FDA-positive and ethidium bromide-positive cells 
provides insight into the live-dead percentage and thus biocompatibility of the culture surface. If the cells are only incubated with 
FDA, cell lysis allows quantification by fluorescence spectrophotometry. The level of fluorescent signal is an indication of cell 
adhesion on the material surface [64, 70, 71]. 

 Cell spreading assays evaluate the potential of a surface to allow cell adhesion and proliferation including matrix 
formation in the case of e.g. osteocytes. There are multiple ways to assess this surface property. One of the methods described is the 
use of cell staining directly on the surface after cell culture on the material surface by e.g. crystal violet staining or by an actin 
staining based on phalloidin. The crystal violet staining is a DNA staining in which cells are fixed on the cultured surface, then 
incubated with crystal violet to stain the cellular DNA. After washing the stained cells the dye is released by the incubation in a 
weak acid. The released dye can be measured on a spectrophotometer and providing a quantitative measure for the amount of cells 
present on the surface. A phalloidin-based staining allows staining of the actin cytoskeleton and cellular organization on the 
surface of a material. This is a direct cell staining which is visualized by fluorescence microscopy. In most cases the phalloidin 
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• Cell adhesion assays evaluate the potential of an implant surface to allow cell adhesion by
culturing cells directly on the surface of the material to be tested. After allowing the cells to
adhere to the surface, non-adhering cells are washed of the implant surface after which the
adhering cells are double-stained with fluorescein diacetate (FDA) and ethidium bromide.
In this live/death staining, FDA will stain the cytoplasm of intact cells green, while ethidium
bromide will stain the DNA of dead cells red. The cell adhesion can be assessed by fluores‐
cence microscopy. The ratio between the FDA-positive and ethidium bromide-positive cells
provides insight into the live-dead percentage and thus biocompatibility of the culture
surface. If the cells are only incubated with FDA, cell lysis allows quantification by fluores‐
cence spectrophotometry. The level of fluorescent signal is an indication of cell adhesion on
the material surface [64, 70, 71].

• Cell spreading assays evaluate the potential of a surface to allow cell adhesion and
proliferation including matrix formation in the case of e.g. osteocytes. There are multiple
ways to assess this surface property. One of the methods described is the use of cell staining
directly on the surface after cell culture on the material surface by e.g. crystal violet staining
or by an actin staining based on phalloidin. The crystal violet staining is a DNA staining in
which cells are fixed on the cultured surface, then incubated with crystal violet to stain the
cellular DNA. After washing the stained cells the dye is released by the incubation in a weak
acid. The released dye can be measured on a spectrophotometer and providing a quantita‐
tive measure for the amount of cells present on the surface. A phalloidin-based staining
allows staining of the actin cytoskeleton and cellular organization on the surface of a
material. This is a direct cell staining which is visualized by fluorescence microscopy. In
most cases the phalloidin based stainings are counterstained with DAPI to stain the cells
nuclei, which allows visualization of the individual cells and their cytoskeleton [62, 64, 68,
69, 73].

• Assays to assess the osteogenic potential, quantify the osteogenic potential of a coating.
This can be determined by using cultured cells on the coating surface for an alkaline
phosphatase assay (ALP). The ALP assay determines the ALP activity within the tissue,
which is related to osteogenesis and bone deposition on the coating surface. Another method
to assess the osteogenic potential of a coated surface is an alizarin red s staining, which stains
calcified tissue [62, 63, 69, 74].

4.1.2. Antimicrobial coating tests

In the case of antimicrobial coatings the effect of the coating on bacteria can be assessed with
a wide variety of assays, with the most well-known being the agar diffusion test where the
release of an antimicrobial compound into the agar leads to an inhibition zone around the
releasing material.

• Bacterial viability can be assessed by a minimal inhibitory concentration (MIC)/ minimal
bactericidal concentration (MBC) assay. In this assay the releasing material is allowed to
release its effective compound into a buffer or culture medium over a certain time span. The
acquired pre-conditioned buffer/medium is then used in a bacterial culture setting in which
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a standardized amount of bacteria is exposed to the preconditioned buffer/medium. After
24 hours of incubation the optical density can be measured at 600 nm, the lowest concen‐
tration which shows no increased optical density compared to the uncultured control
condition defines the MIC, while the lowest concentration which shows no bacterial growth
after incubation of the MIC-cultures on agar plates for another 24 hours defines the MBC
[55].

• In vitro biofilm formation on a surface can be confirmed by incubating the surface in a
bacterial suspension, rinsing the surface with an isotonic buffer (PBS) and use sonication to
release the bacteria from the surface for quantitative culture. Or fix the bacteria on the surface
with 2.5% glutaraldehyde/PBS for evaluation with SEM. This method can easily be trans‐
ferred to the in vivo situation.

• International standards provide guidelines of how to assess coating stability and function,
e.g. ISO 10993-5 provides guidelines for in vitro medical device evaluation. The Japanese
Industrial Standard Z 2801 (JIS) describes a test for contact killing by the incubation of
bacteria on a potential antimicrobial surface. Culturing of this surface provides insight on
the antimicrobial properties of the evaluated coating [70, 73]. The American Standard E-2810
(American Society for Testing and Materials, ASTM)) describes a test for contact killing by
the application of a bacteria loaded agar onto the coated surface, after incubation the number
of viable bacteria is determined [70].

4.2. In vivo evaluation

This is defined as all testing modalities performed in a controlled group of living organ‐
isms, often including clinically relevant parameters and a broad range of imaging techni‐
ques (Table 4).

The first models concerning orthopaedic conditions date back to the late 19th century, primarily
focusing on osteomyelitis [77]. Rodet described 2 basic methods to establish an osteomyelitis
in a rabbit, the first one by inflicting a fracture and subsequent intravenous injection of the
bacterium, resulting in an osteomyelitic leasion in the area of the fracture. The second method
was performed by merely injecting bacteria intravenously, which resulted in a systemic
infection with periosteal leasions leading to local osteomyelitis [77].

The most well-known model for osteomyelitis is the model by Norden et al.; this model
describes the direct percutaneous injection, directly into the tibial intramedullary cavity of a
rabbit, of both a scleroting agent (sodium morrhuate, bile salts from codfish) and S. aureus [78].
Andriole et al. however, established one of the first osteomyelitis models with a foreign object.
Their model was based on a tibial fracture and subsequent tibial stabilization by a stainless
steel pin, contaminated with S. aureus [79]. Together with the model by Norden, the model of
Andriole mainly form the basis for current animal models used for the evaluation of implant
coatings. In general, rabbits are still the most frequently used animal species for these exper‐
imental studies, but there have also been successful models in mice, rats, dogs and sheep.
During the years, models increased in complexity and included multifactorial parameters.
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• Cell adhesion assays evaluate the potential of an implant surface to allow cell adhesion by
culturing cells directly on the surface of the material to be tested. After allowing the cells to
adhere to the surface, non-adhering cells are washed of the implant surface after which the
adhering cells are double-stained with fluorescein diacetate (FDA) and ethidium bromide.
In this live/death staining, FDA will stain the cytoplasm of intact cells green, while ethidium
bromide will stain the DNA of dead cells red. The cell adhesion can be assessed by fluores‐
cence microscopy. The ratio between the FDA-positive and ethidium bromide-positive cells
provides insight into the live-dead percentage and thus biocompatibility of the culture
surface. If the cells are only incubated with FDA, cell lysis allows quantification by fluores‐
cence spectrophotometry. The level of fluorescent signal is an indication of cell adhesion on
the material surface [64, 70, 71].

• Cell spreading assays evaluate the potential of a surface to allow cell adhesion and
proliferation including matrix formation in the case of e.g. osteocytes. There are multiple
ways to assess this surface property. One of the methods described is the use of cell staining
directly on the surface after cell culture on the material surface by e.g. crystal violet staining
or by an actin staining based on phalloidin. The crystal violet staining is a DNA staining in
which cells are fixed on the cultured surface, then incubated with crystal violet to stain the
cellular DNA. After washing the stained cells the dye is released by the incubation in a weak
acid. The released dye can be measured on a spectrophotometer and providing a quantita‐
tive measure for the amount of cells present on the surface. A phalloidin-based staining
allows staining of the actin cytoskeleton and cellular organization on the surface of a
material. This is a direct cell staining which is visualized by fluorescence microscopy. In
most cases the phalloidin based stainings are counterstained with DAPI to stain the cells
nuclei, which allows visualization of the individual cells and their cytoskeleton [62, 64, 68,
69, 73].

• Assays to assess the osteogenic potential, quantify the osteogenic potential of a coating.
This can be determined by using cultured cells on the coating surface for an alkaline
phosphatase assay (ALP). The ALP assay determines the ALP activity within the tissue,
which is related to osteogenesis and bone deposition on the coating surface. Another method
to assess the osteogenic potential of a coated surface is an alizarin red s staining, which stains
calcified tissue [62, 63, 69, 74].

4.1.2. Antimicrobial coating tests

In the case of antimicrobial coatings the effect of the coating on bacteria can be assessed with
a wide variety of assays, with the most well-known being the agar diffusion test where the
release of an antimicrobial compound into the agar leads to an inhibition zone around the
releasing material.

• Bacterial viability can be assessed by a minimal inhibitory concentration (MIC)/ minimal
bactericidal concentration (MBC) assay. In this assay the releasing material is allowed to
release its effective compound into a buffer or culture medium over a certain time span. The
acquired pre-conditioned buffer/medium is then used in a bacterial culture setting in which
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a standardized amount of bacteria is exposed to the preconditioned buffer/medium. After
24 hours of incubation the optical density can be measured at 600 nm, the lowest concen‐
tration which shows no increased optical density compared to the uncultured control
condition defines the MIC, while the lowest concentration which shows no bacterial growth
after incubation of the MIC-cultures on agar plates for another 24 hours defines the MBC
[55].

• In vitro biofilm formation on a surface can be confirmed by incubating the surface in a
bacterial suspension, rinsing the surface with an isotonic buffer (PBS) and use sonication to
release the bacteria from the surface for quantitative culture. Or fix the bacteria on the surface
with 2.5% glutaraldehyde/PBS for evaluation with SEM. This method can easily be trans‐
ferred to the in vivo situation.

• International standards provide guidelines of how to assess coating stability and function,
e.g. ISO 10993-5 provides guidelines for in vitro medical device evaluation. The Japanese
Industrial Standard Z 2801 (JIS) describes a test for contact killing by the incubation of
bacteria on a potential antimicrobial surface. Culturing of this surface provides insight on
the antimicrobial properties of the evaluated coating [70, 73]. The American Standard E-2810
(American Society for Testing and Materials, ASTM)) describes a test for contact killing by
the application of a bacteria loaded agar onto the coated surface, after incubation the number
of viable bacteria is determined [70].

4.2. In vivo evaluation

This is defined as all testing modalities performed in a controlled group of living organ‐
isms, often including clinically relevant parameters and a broad range of imaging techni‐
ques (Table 4).

The first models concerning orthopaedic conditions date back to the late 19th century, primarily
focusing on osteomyelitis [77]. Rodet described 2 basic methods to establish an osteomyelitis
in a rabbit, the first one by inflicting a fracture and subsequent intravenous injection of the
bacterium, resulting in an osteomyelitic leasion in the area of the fracture. The second method
was performed by merely injecting bacteria intravenously, which resulted in a systemic
infection with periosteal leasions leading to local osteomyelitis [77].

The most well-known model for osteomyelitis is the model by Norden et al.; this model
describes the direct percutaneous injection, directly into the tibial intramedullary cavity of a
rabbit, of both a scleroting agent (sodium morrhuate, bile salts from codfish) and S. aureus [78].
Andriole et al. however, established one of the first osteomyelitis models with a foreign object.
Their model was based on a tibial fracture and subsequent tibial stabilization by a stainless
steel pin, contaminated with S. aureus [79]. Together with the model by Norden, the model of
Andriole mainly form the basis for current animal models used for the evaluation of implant
coatings. In general, rabbits are still the most frequently used animal species for these exper‐
imental studies, but there have also been successful models in mice, rats, dogs and sheep.
During the years, models increased in complexity and included multifactorial parameters.
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The bone bonding properties of apatite-coated implants were first evaluated in dogs by
Geesink et al. [16]. After the development of these apatite-coated implants, Vogely et al.
described a rabbit proximal tibial model for the evaluation of hydroxyapatite coated titanium
implants in an implant site infection [80]. Darouiche et al. were one of the first who described
a rabbit lateral femoral condyle model for the evalauation of antimicrobial coatings on titanium
[48]. Poultsides et al. described a haematogeneous implant contamination model by MRSA
[81]. Moojen et al. evaluated a combined coating with both osteoconductive (periapatite) and
antimicrobial (tobramycin) properties in a proximal tibial implant infection model in rabbits
[49]. Also, Moskowitz et al. developed antibiotic multilayer implant coatings with an antibiotic
release of over 4 weeks in a 2 stage rabbit distal femoral condyle infection model. The first
surgical stage contained the initial infection with the insertion of a pre-colonized peg, the
second surgical stage was the removal of the peg and implantation of the antibiotic coated
implant [65]. Alt et al. was one of the first to describe a coating which combined osteoconductive
(hydroxyapatite), osteoinductive (RGD) and antibiotic (gentamicin) properties in an experi‐
mental rabbit implant infection model [33].

4.2.1. Clinical parameters

Body weight and temperature provide general information about the animal’s physical
condition, with weight loss and fever in case of an infection. Leucocyte differentiation provides
a detailed overview of the percentages of lymphocytes, neutrophillic granulocytes, monocytes,
basophilic granulocytes and eosinophilic granulocytes in the total leucocyte population. An
elevated number of leucocytes or a shift in differentiation indicates a bacterial infection. The
ESR is based on the fibrinogen balance in the blood. In case of an inflammation or infection
the fibrinogen levels increase, resulting in agglutination of erythrocytes with sedimentation
as a result. CRP is an acute phase protein whose levels rapidly increase in case of inflammation
or infection. ESR and CRP both only indicate the presence of inflammation or infection, never
the cause or the location [82].

4.2.2. Imaging modalities

• Optical imaging (based on fluorescence and bioluminescence) is based on the detection
of light emitted from the body. The use of fluorescently labeled antibodies results in a very
specific signal, although resulting in a very local detection, it also requires a large amount
of antibodies when used in humans. This renders large scale use in humans not yet profitable
[76]. Also bioluminescence can be used to visualize infection. The main disadvantage of
bioluminescence is the requirement of the luciferase gene in the cell to be detected, meaning
the use of genetically modified organisms in case of detection by either autologous cells or
bacteria. E.g. a bacterium expressing luciferase can be used to monitor an implant infection
initiated with that bacterium [76]. Both methods are currently available in laboratory animal
setting.

• X-ray is by far the oldest imaging technique and the most frequently used imaging technique
to assess fractures, implant fixation, location and loosening, but also for the differential
diagnosis of bone diseases like osteomyelitis. The use of X-rays is cost effective, they are
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easy to obtain and have a relatively low burden for the patient. An X-ray only provides
detailed information about the mineralized tissue (or the lack thereof) and the disease
related changes accompanied with it [15, 83, 84].

• CT (computed tomography) is a 3D-imaging technique which uses X-rays to construct a 3D
image of the mineralized tissue in a patient. It generally provides more in-depth data about
the density of the mineralized tissue and bone remodeling compared to X-rays, however
imaging of metallic implants can result in scattering of the X-rays resulting in a blur around
the implant, rendering data-analysis difficult [76, 85, 86].

• DEXA (dual energy X-ray absorptiometry) is often incorrectly stated as a bone scan. The
use of 2 different energy levels of the X-ray beam allows accurate determination of the bone
mineral density. DEXA is the most common imaging technique to diagnose osteoporosis
and is seldomly used in in vivo coating assessment studies [86].

• MRI (magnetic resonance imaging) does, in contrast to other imaging techniques, not rely
on ionizing radiation but on the magnetic spin of protons. Due to the high water content
(and thus protons) of soft tissue, MRI is one of the main imaging techniques to assess the
musculoskeletal tissues, like cartilage and tendons. MRI only allows indirect imaging of
bony structures due to the limited water content of the bone. The main drawbacks for MRI
are the duration of the imaging acquisition and the inability for it to be used in combination
with metallic implants [76, 84].

• PET (positron emission tomography) is based on the detection of the annihilation event of
a positron with an electron (beta-decay). Every annihilation-event results in 2 gamma-
photons in an opposite direction from the point of decay. The detections of the photons on
the detectorring of the scanner results in a 3D image [97]. 18F is one of the most frequently
used isotopes (connected to a carrier molecule) to serve as a PET-tracer in orthopaedic
research. 18F-fluorodeoxyglucose (FDG) is used for the detection of infection and inflam‐
mation (figure 2) and 18F-fluoride as a tracer for bone remodeling [85, 94, 98]. With signal
specificity as its advantage, PET does not provide anatomical information, merely the
location of the tracer uptake. This is the main reason why PET and CT are often combined
in the clinic.

Figure 2. FDG PET of an uninfected implant versus an infected implant in the proximal part of a rabbit tibia, six weeks
after surgery. The increased tracer uptake around the infected implant (black area) depicts the local osteomyeliticlea‐
sion.
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implant [65]. Alt et al. was one of the first to describe a coating which combined osteoconductive
(hydroxyapatite), osteoinductive (RGD) and antibiotic (gentamicin) properties in an experi‐
mental rabbit implant infection model [33].

4.2.1. Clinical parameters

Body weight and temperature provide general information about the animal’s physical
condition, with weight loss and fever in case of an infection. Leucocyte differentiation provides
a detailed overview of the percentages of lymphocytes, neutrophillic granulocytes, monocytes,
basophilic granulocytes and eosinophilic granulocytes in the total leucocyte population. An
elevated number of leucocytes or a shift in differentiation indicates a bacterial infection. The
ESR is based on the fibrinogen balance in the blood. In case of an inflammation or infection
the fibrinogen levels increase, resulting in agglutination of erythrocytes with sedimentation
as a result. CRP is an acute phase protein whose levels rapidly increase in case of inflammation
or infection. ESR and CRP both only indicate the presence of inflammation or infection, never
the cause or the location [82].

4.2.2. Imaging modalities

• Optical imaging (based on fluorescence and bioluminescence) is based on the detection
of light emitted from the body. The use of fluorescently labeled antibodies results in a very
specific signal, although resulting in a very local detection, it also requires a large amount
of antibodies when used in humans. This renders large scale use in humans not yet profitable
[76]. Also bioluminescence can be used to visualize infection. The main disadvantage of
bioluminescence is the requirement of the luciferase gene in the cell to be detected, meaning
the use of genetically modified organisms in case of detection by either autologous cells or
bacteria. E.g. a bacterium expressing luciferase can be used to monitor an implant infection
initiated with that bacterium [76]. Both methods are currently available in laboratory animal
setting.

• X-ray is by far the oldest imaging technique and the most frequently used imaging technique
to assess fractures, implant fixation, location and loosening, but also for the differential
diagnosis of bone diseases like osteomyelitis. The use of X-rays is cost effective, they are
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easy to obtain and have a relatively low burden for the patient. An X-ray only provides
detailed information about the mineralized tissue (or the lack thereof) and the disease
related changes accompanied with it [15, 83, 84].

• CT (computed tomography) is a 3D-imaging technique which uses X-rays to construct a 3D
image of the mineralized tissue in a patient. It generally provides more in-depth data about
the density of the mineralized tissue and bone remodeling compared to X-rays, however
imaging of metallic implants can result in scattering of the X-rays resulting in a blur around
the implant, rendering data-analysis difficult [76, 85, 86].

• DEXA (dual energy X-ray absorptiometry) is often incorrectly stated as a bone scan. The
use of 2 different energy levels of the X-ray beam allows accurate determination of the bone
mineral density. DEXA is the most common imaging technique to diagnose osteoporosis
and is seldomly used in in vivo coating assessment studies [86].

• MRI (magnetic resonance imaging) does, in contrast to other imaging techniques, not rely
on ionizing radiation but on the magnetic spin of protons. Due to the high water content
(and thus protons) of soft tissue, MRI is one of the main imaging techniques to assess the
musculoskeletal tissues, like cartilage and tendons. MRI only allows indirect imaging of
bony structures due to the limited water content of the bone. The main drawbacks for MRI
are the duration of the imaging acquisition and the inability for it to be used in combination
with metallic implants [76, 84].

• PET (positron emission tomography) is based on the detection of the annihilation event of
a positron with an electron (beta-decay). Every annihilation-event results in 2 gamma-
photons in an opposite direction from the point of decay. The detections of the photons on
the detectorring of the scanner results in a 3D image [97]. 18F is one of the most frequently
used isotopes (connected to a carrier molecule) to serve as a PET-tracer in orthopaedic
research. 18F-fluorodeoxyglucose (FDG) is used for the detection of infection and inflam‐
mation (figure 2) and 18F-fluoride as a tracer for bone remodeling [85, 94, 98]. With signal
specificity as its advantage, PET does not provide anatomical information, merely the
location of the tracer uptake. This is the main reason why PET and CT are often combined
in the clinic.

Figure 2. FDG PET of an uninfected implant versus an infected implant in the proximal part of a rabbit tibia, six weeks
after surgery. The increased tracer uptake around the infected implant (black area) depicts the local osteomyeliticlea‐
sion.
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Table 7. Table 4: In vivo analytical methods – part 3 

 PET (positron emission tomography) is based on the detection of the annihilation event of a positron with an electron 
(beta-decay). Every annihilation-event results in 2 gamma-photons in an opposite direction from the point of decay. The detections 
of the photons on the detectorring of the scanner results in a 3D image [97]. 18F is one of the most frequently used isotopes 
(connected to a carrier molecule) to serve as a PET-tracer in orthopaedic research. 18F-fluorodeoxyglucose (FDG) is used for the 
detection of infection and inflammation (figure 2) and 18F-fluoride as a tracer for bone remodeling [85, 94, 98]. With signal 
specificity as its advantage, PET does not provide anatomical information, merely the location of the tracer uptake. This is the main 
reason why PET and CT are often combined in the clinic. 
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• A bone scan (bone scintigraphy) is based on the direct detection of gamma radiation
originating from the injected tracer molecule (often 99mTc, 67Ga or 111In) connected to a specific
ligand which allows tissue specific binding and thus imaging. A bone scan provides two-
dimensional images of the patient, which are sufficient in the clinic for the diagnosis [84].

• SPECT (single photon emission computed tomography) on the other hand allows acquisi‐
tion of three-dimensional images, providing more insight in size and localization of certain
pathology. In general, bone scan/SPECT-tracers have a longer half-life than PET tracers
making them more cost-effective to produce. Just like PET, SPECT provides limited
anatomical information and is therefore often combined with CT in the clinic [76].

Figure 3. The use of calcium binding fluorophores, depicted in 50 micron PMMA sections, of a rabbit tibial intrame‐
dullary nail model, to address normal bone remodeling and bone remodeling in case of an implant infection. Calcein
green was injected at 2 weeks, xylenol orange at 4 weeks and calcein blue at 6 weeks. In the case of normal bone
remodeling, calcium deposition is detected around the implant, combined with bone remodeling of the cortical wall.
In case of an implant infection the most calcium deposition is located in the outer cortical wall depicting the periosteal
elevation and calcification during the 6 week follow-up.

4.2.3. Ex vivo analysis

• Calcium binding fluorophores (like calcein green, blue and xylenol orange) are being used
for the in vivo labeling of the calcium deposition at the time of injection. The use of different
fluorophores, emitting at different wavelengths, allow post-mortem visualization of the
calcium deposition during the experimental follow-up [96]. This provides the opportunity
to determine implant ingrowth and bone remodeling in a normal healthy situation and
periosteal elevation and calcification during the progression of an osteomyelitis (Figure 3).
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 PET (positron emission tomography) is based on the detection of the annihilation event of a positron with an electron 
(beta-decay). Every annihilation-event results in 2 gamma-photons in an opposite direction from the point of decay. The detections 
of the photons on the detectorring of the scanner results in a 3D image [97]. 18F is one of the most frequently used isotopes 
(connected to a carrier molecule) to serve as a PET-tracer in orthopaedic research. 18F-fluorodeoxyglucose (FDG) is used for the 
detection of infection and inflammation (figure 2) and 18F-fluoride as a tracer for bone remodeling [85, 94, 98]. With signal 
specificity as its advantage, PET does not provide anatomical information, merely the location of the tracer uptake. This is the main 
reason why PET and CT are often combined in the clinic. 
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• A bone scan (bone scintigraphy) is based on the direct detection of gamma radiation
originating from the injected tracer molecule (often 99mTc, 67Ga or 111In) connected to a specific
ligand which allows tissue specific binding and thus imaging. A bone scan provides two-
dimensional images of the patient, which are sufficient in the clinic for the diagnosis [84].

• SPECT (single photon emission computed tomography) on the other hand allows acquisi‐
tion of three-dimensional images, providing more insight in size and localization of certain
pathology. In general, bone scan/SPECT-tracers have a longer half-life than PET tracers
making them more cost-effective to produce. Just like PET, SPECT provides limited
anatomical information and is therefore often combined with CT in the clinic [76].

Figure 3. The use of calcium binding fluorophores, depicted in 50 micron PMMA sections, of a rabbit tibial intrame‐
dullary nail model, to address normal bone remodeling and bone remodeling in case of an implant infection. Calcein
green was injected at 2 weeks, xylenol orange at 4 weeks and calcein blue at 6 weeks. In the case of normal bone
remodeling, calcium deposition is detected around the implant, combined with bone remodeling of the cortical wall.
In case of an implant infection the most calcium deposition is located in the outer cortical wall depicting the periosteal
elevation and calcification during the 6 week follow-up.

4.2.3. Ex vivo analysis

• Calcium binding fluorophores (like calcein green, blue and xylenol orange) are being used
for the in vivo labeling of the calcium deposition at the time of injection. The use of different
fluorophores, emitting at different wavelengths, allow post-mortem visualization of the
calcium deposition during the experimental follow-up [96]. This provides the opportunity
to determine implant ingrowth and bone remodeling in a normal healthy situation and
periosteal elevation and calcification during the progression of an osteomyelitis (Figure 3).
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• Histology is a commonly used method to assess the tissue in the implant area on e.g. tissue
morphology or bacterial presence. Tissue sections with metallic implants generally require
embedding in methylmethacrylate, instead of paraffin, with the inability to allow immu‐
nostainings as a major drawback. Still it provides the unique opportunity to assess the tissue-
implant interface [33, 49, 57, 80].

• Electronmicroscopy allows analysis of the implant surface (with or without coating) after
distraction from the surrounding tissue. This can include analysis of the bone matrix-
implant interface but also analysis of a formed biofilm [31].

5. Conclusion

Both osteointegration and infections are of concern in implants and prosthesis used in the field
of orthopaedic and trauma surgery. Metallic alloys used for plating and nailing of fractures
and joint replacements are the largest group of these implants. Hydroxyapatite coatings have
proven to be successful to promote osseous integration of uncemented total hip prosthesis.
During the last years the focus on coating development has shifted from osteoconductive
coatings (like hydroxyapatite) towards osteoinductive coatings to support bone remodeling
(like RGD and BMP coatings) and antimicrobial coatings for implant infection treatment and
prophylaxis (like silver or antibiotic releasing coatings).

Plasma spraying is the most used and accepted method for hydroxyapatite coatings. Other
coating techniques which do not require high temperatures are necessary for the application
of bioactive coatings that promote osteogenesis and/or prevent infections.

With the current palette of in vitro (e.g. MTT, ALP and SEM), in vivo (e.g. ESR, CT and PET)
and ex vivo techniques (e.g. bacterial culture, calcium binding fluorophores and histology), we
can thoroughly evaluate novel implant coatings in a qualitative and quantitative fashion. The
strength of such an evaluation will always lie in the combination of the individual methods,
leading to a complete, broad-spectrum analysis on coating toxicity and efficacy.
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1. Introduction

Lightweight metals, e.g. aluminum (Al), magnesium (Mg), titanium (Ti) and their alloys are
of great importance for applications in various machinery and transportation system, espe‐
cially in aerospace and automobile products due to their high strength-to-weight ratio and
superior physical and chemical performances. However, their poor tribological properties,
such as low wear resistance, high friction coefficient and difficulty to lubricate, have seriously
restricted their extensive applications.

In the past decades, various traditional surface treatments, such as physical vapor deposition
[1-2], chemical vapor deposition [3], ion beam assisted deposition [4] and spraying [5], have
been applied to metallic substrates to improve their generally poor tribological properties.
However, most of the aforementioned methods involve high processing temperature, which
may degrade the coatings and/or substrates. Here, a relatively novel technique, plasma
electrolytic oxidation (PEO) treatment used to improve the tribological properties of light‐
weight metals was introduced.

1.1. The origin of PEO technique

Plasma electrolytic oxidation (PEO), also called micro-arc oxidation (MAO) [6], micro-plasma
oxidation (MPO) [7], anodic spark deposition (ASD) [8] or micro-arc discharge oxidation
(MDO) [9] in modern scientific literatures, is derived from conventional anodizing [10-11].
Anodizing is traditionally carried out using direct current (DC) electrolysis. The workpiece is
made anodic in an acid electrolyte (sulfuric acid is most commonly used, but phosphoric,
oxalic, chromic and other acids can be used, singly or in combination). Typically, the cell
voltage is 20 to 80 V DC and the current density is 1 to10 A dm-2, the process usually being
controlled at a constant cell voltage. Plasma electrolytic oxidation (PEO) treatment usually
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carried out in high voltage condition which is introduced into the high-pressure discharge area
from the Faraday region of traditional anodizing. The applied voltage is increased from tens
of volts to hundreds of volts, which is the breakthrough of traditional anodizing. The voltage
forms developed from DC to continuous pulse, and then to AC, resulting in corona, glow,
spark discharge and even micro-arc discharge phenomenon in the surface of the samples [12].
The general comparison between conventional DC anodizing and PEO technique was shown
in Table 1.

Properties Anodizing PEO technique

Cell voltage (V) 20-80 120-300

Current density (A/dm2) < 10 < 30

Substate pretreatment Critical Less critical

Common electrolytes Sulfuric, chromic, or phosphoric Neutral/alkaline (pH=7-12)

Coating thickness (μm) < 10 < 200

Coating hardness Moderate Relatively high

Adhesion to substrate Moderate Very high

Temperature control critical Not so important

Table 1. General comparison between conventional direct current anodizing and plasma electrolytic oxidation
coating technologies [12]

1.2. Process of PEO treatment

A typical equipment used for PEO treatment is shown in Figure 1. An enclosure (1) is mounted
close to a high voltage AC power supply (2). The metal substrate to be PEO coated (3) is im‐
mersed in the electrolyte in a water cooled, insulated electrolyte tank (4) made of stainless steel
and also serves as the counter electrode. The tank is insulated from ground and mounted in the
safety interlocked enclosure (1), the latter being equipped with fume extraction facilities (5) and
a window (6) to allow the PEO process to be viewed. The electrolyte is typically mixed (7) and
recycled via a flow circuit containing a heat exchanger/chiller and a 50 to 100 mm filter (8) [12].

Before the PEO treatment, the samples should be ground and polished with abrasive paper,
degreased ultrasonically in acetone and cleaned with distilled water. During the treatment,
the samples are used as anode plates and immersed in the electrolyte which is cooled by a
water cooling system and mechanically stirred by a mixer. After the treatment, the samples
should be rinsed with distilled water and air dried [12].

1.3. Mechanism of PEO technique

When the samples of valve metals [13] or their alloys are placed in the electrolyte, the metal
surface immediately generates a layer of insulating oxide film after the energization. The weak
parts of the oxide film were broke down after the applied voltage exceeds a critical value,
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resulting in the occurrence of micro-arc discharge phenomenon. The process of electrical
breakdown of PEO involves many physical (such as crystallizing, melting, phase change at
high temperature and electrophoresis, etc.), chemical (such as high-temperature chemistry,
plasma chemistry) and electrochemical processes. A variety of models and hypotheses on the
electrical breakdown of PEO process were created by many researchers to explain its causes.
Therefore, the theory of electric breakdown also experienced different stages of development,
such as thermal mechanism, mechanical effects and the mechanism of electron avalanche. The
mechanism is so complex that, to date, no theory can give a complete and accurate explain of
the whole PEO process. [14-15].

Recently, some studies have showed some basic processes of PEO treatment which involves:
the formation of space charges in the oxide matrix; gas discharge generated in the pores of
oxide; localized melting of the layer material; thermal diffusion; deposition of the colloidal
particles; migration of negatively charged colloidal particles into the discharge channels;
plasma chemical and thermochemical reactions, etc. [14-15].

1.4. Structures and compositions of PEO coatings

The PEO coatings generally consist of a porous top layer, compact intermediate layer and thin
inner layer. The intermediate layer and inner layer are dense and adhered well to the substrate
[12, 16]. The surface morphologies characterized with many micropores, microcracks and
dimples [17]. Previous studies showed that the micropores were formed by molten oxide and
gas bubbles thrown out of micro-arc discharge channels and the cracks resulted from the thermal
stress due to the rapid solidification of the molten oxide in the relatively cold electrolyte.

The PEO ceramic coatings are composed of not only predominant substrate metal oxides (such
as Al2O3, TiO2 and MgO on Al, Ti, Mg and their alloys respectively)[12], but also more complex
oxides and compounds which involve the components presented in the electrolytes (such as

1. Insulated enclosure; 2. High voltage AC power supply; 3. Workpiece (light metal substrate); 4. Electrolyte holding
tank and counter electrode (stainless steel); 5. Fume extraction vent; 6. Viewing window; 7. Electrolyte mixer; 8. Flow
circulation via chiller and filter

Figure 1. Equipment used for PEO treatment [12].
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Al2O3 on Ti6Al4V alloy in aluminate solution [18]; mullite on Al alloy in silicate solution [19];
MgF2 on Mg alloy with KF in the electrolyte [20] and TiO2 on Mg alloy in phosphate solution
containing titania sol [21] ).

1.5. Influence factors for PEO technique

It is considered that the PEO treatment is a multifactor-controlled process, which is influenced
by many factors, intrinsic or extrinsic. The compositions of substrate materials and electrolyte
are considered to be intrinsic factors which play crucial role for the structure and composition
of PEO coatings, while the extrinsic factors generally consist of electrical parameters, process‐
ing temperature, oxidation time and additives [14]. Herein, these influence factors for PEO
technique will be introduced and discussed briefly.

1.5.1. Influence of substrate materials

The difference of substrate materials plays a crucial role in the components and properties of
PEO coatings. The predominant compositions of the PEO coatings depend on the substrate
materials, for example, the main content of coatings deposited on Al, Mg, Ti and their alloys
are Al2O3, MgO and TiO2 respectively. Therefore, the PEO coatings deposited on different
substrate materials generally possess different properties. According to recent studies, the
available coating thicknesses are around 300 μm on Al alloy, 150 μm on Mg alloy and 200 μm
on Ti alloy respectively. The hardness value ranges for PEO coatings formed on different
substrate materials are generally from 300 HV to 2500 HV on Al alloy, from 200 HV to 1000
HV on Mg alloy and from 300 HV to 1100 HV on Ti alloy [14-15].

1.5.2. Influence of electrolytes

The compositions of electrolyte greatly affect the properties of PEO ceramic coatings. Different
electrolytes result in different growth rates, structures, phase compositions and element
distribution of the PEO coatings [22-25]. Generally, the electrolytes used for PEO treatment are
composed of acidic electrolytes and alkaline electrolytes. The acidic electrolytes including
concentrated sulfuric acid, phosphoric acid and other salt solutions etc. are seldom used at
present due to their great environmental pollution. While the alkaline electrolytes mainly
consist of four systems including sodium hydroxide based electrolytes, silicate based electro‐
lytes, phosphate based electrolytes and aluminate based electrolytes[14].

1.5.3. Influence of electrical parameters

The whole PEO process and the properties of ceramic coatings are greatly affected by electrical
parameters including current modes, current density, current frequency, anodic voltage,
cathodic voltage, duty cycle etc. Recently, the effects of electrical parameters on PEO coatings
were investigated by many researchers as follows.

The effect of electrode distance on anode current and the influence of anode current on PEO
process were investigated by C.B. Wei et al [26]. The PEO processes were carried out on 2024
Al alloy in the electrolyte of sodium silicate with other additives, keeping the anode and
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cathode plates located face to face and separated by different distances. Results showed that
the anode current was influenced by the distance between the electrodes and had a critical
effect on the oxidation efficiency. The anode currents were found to decrease with larger
distances. The current flowing through the front surface was higher than that through the back
surface. The ball-on-disk tribological tests and corrosion tests revealed that the front surface
has better tribological properties and higher corrosion resistance than the back surface.

R.O. Hussein et al. [27] studied the influence of different current modes on PEO plasma
discharge behaviour and alumina coating microstructure. The PEO processes were carried out
on pure 1100 aluminum using two different current modes of pulsed unipolar and bipolar in
the electrolyte of Na2SiO3 (7 g/L) and KOH (1 g/L). It was found that the plasma temperatures
vs. process time were different under different current modes. The plasma temperature spikes
were believed to be caused by the strongest plasma discharges initiated at the interface between
the oxide coating and substrate. Compared to the unipolar current process, the application of
pulsed bipolar current resulted in reducing the high spikes on temperature profiles and the
average plasma temperature. The aluminum oxide coating morphology and microstructure
were also significantly different under different current modes. The bipolar current mode
could improve the coating quality compared with the unipolar current mode, in terms of
surface morphology and cross-sectional microstructure. A dense coating morphology could
be achieved by adjusting positive to negative current ratio and their timing to eliminate or
reduce the strongest plasma discharges and the high temperature spikes, thus resulting in the
improvement of coating qualities.

Yue Yang et al. [28] investigated the effects of current frequency on microstructure and wear
resistance of ceramic coatings embedded with SiC nanoparticles on Mg alloy produced by
PEO. The PEO treatments were carried out on AZ91D Mg alloy in the electrolyte containing
NaAlO2 (20 g/L), NaOH (3 g/L) and SiC nanoparticles (2 g/L), with the current frequency fixed
at 500 Hz, 700 Hz and 900 Hz respectively. Results revealed that with the increasing of current
frequency, more SiC nanoparticles randomly dispersed on the surface. The thickness and
growth rate of the coatings increased with the increasing of applied current frequency.
Furthermore, the ceramic coating embedded with SiC nanoparticles formed at a current
frequency of 900 Hz showed the finer microstructure, lower surface roughness and best wear
resistance.

R.H.U. Khan et al. [29] studied the effects of current density on surface characterization of PEO
treated Al alloy. The samples were fabricated by PEO process at different current density of
5, 10, 15 and 20 A/dm2. It was found that the coating thickness increased with the increased
current density. The largest coating thickness (40 μm) was obtained at 20 A/dm2 current
density, whereas a thinnest coating (3 μm) was formed at 5 A/dm2. Furthermore, the relative
content of α-Al2O3 tended to increase with increasing current density. Residual stresses in
alumina coatings tended to decrease with the increased current density due to increased
plasma microdischarge events which promoted stress relaxation through formation of
microcrack network and thermal annealing in the coatings.

Ping Huang et al. [30] investigated the effects of different voltages on mechanical properties
of titania prepared by PEO. The PEO treatment was carried out on pure titanium, in an aqueous
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NaAlO2 (20 g/L), NaOH (3 g/L) and SiC nanoparticles (2 g/L), with the current frequency fixed
at 500 Hz, 700 Hz and 900 Hz respectively. Results revealed that with the increasing of current
frequency, more SiC nanoparticles randomly dispersed on the surface. The thickness and
growth rate of the coatings increased with the increasing of applied current frequency.
Furthermore, the ceramic coating embedded with SiC nanoparticles formed at a current
frequency of 900 Hz showed the finer microstructure, lower surface roughness and best wear
resistance.

R.H.U. Khan et al. [29] studied the effects of current density on surface characterization of PEO
treated Al alloy. The samples were fabricated by PEO process at different current density of
5, 10, 15 and 20 A/dm2. It was found that the coating thickness increased with the increased
current density. The largest coating thickness (40 μm) was obtained at 20 A/dm2 current
density, whereas a thinnest coating (3 μm) was formed at 5 A/dm2. Furthermore, the relative
content of α-Al2O3 tended to increase with increasing current density. Residual stresses in
alumina coatings tended to decrease with the increased current density due to increased
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Ping Huang et al. [30] investigated the effects of different voltages on mechanical properties
of titania prepared by PEO. The PEO treatment was carried out on pure titanium, in an aqueous
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solution containing calcium salt and phosphate salt, using different voltages from 240 V to 450
V. Results showed that the composition of the PEO coatings was generally anatase and rutile,
while at higher voltage of 400-450 V, a new CaTiO3 phase appeared. The pore size of PEO
coatings increased with the increase of applied voltage. The samples prepared at 240-350 V
had much stronger bonding strength compared to that prepared at higher voltage. The elastic
modulus and residual stress both increased with the increasing of applied voltage.

The effects of cathode voltage on structure and properties of PEO ceramic coatings formed on
NiTi alloy were investigated by F. Liu et al. [31]. The PEO processes were carried out on nearly
equiatomic NiTi alloy in a solution of sodium aluminate and sodium hypophosphite, using a
constant voltage mode, with anodic voltage kept constant at 400 V and cathodic voltage
controlled at 0, 10, 20, and 30 V respectively. It was found that, the thickness and surface
roughness of PEO coatings increased with the increasing of cathodic voltage, the friction
coefficient of PEO coatings against GCr15 steel ball also increased, while the bonding strength
of the coatings to the substrate and the corrosion resistance of PEO coatings both decreased.
The PEO ceramic coatings formed at various cathodic voltages on NiTi alloy were composed
of γ-Al2O3 at the only crystalline phase. The crystallinity could be enhanced through increasing
the cathodic voltages. As a whole, the cathodic voltage applied for PEO showed a negative
correlation with the biocompatibility of the ceramic coatings.

Yuming Tang et al. [32] studied the influences of duty cycle on the bonding strength of Mg
alloy by PEO treatment. The duty cycle varied in the range of 10-40% with positive and negative
cycle remained equal. It was revealed that the higher duty cycle increased the coating porosity
and slightly decreased the thickness of the oxide coating. The PEO coatings mainly consisted
of MgO and MgSiO3. And the relative content of MgO in the coatings increased while the
content of MgSiO3 slightly decreased with the increase of duty cycle. Furthermore, as the duty
cycle increased, the lap-shear strength of the bonding joints increased. The highest lap-shear
strength (24.50 MPa) was obtained under the duty cycle of 40%. The reason was attributed to
the larger porosity and enhanced mechanical interlocking effect.

1.5.4. Influence of processing temperature

The electrolyte temperature can greatly affect the PEO process. If the temperature is too low,
the oxidation process becomes weak, resulting in less thickness and lower hardness of the PEO
coatings. If the temperature is too high, the dissolution of oxide film will be enhanced, and
thus cause the coating thickness and hardness to decrease significantly. Therefore, the
processing temperature should also be studied and generally controlled in the range of 20-40℃.

H. Habazaki et al. [33] investigated the effects of different electrolyte temperatures on
formation and characterization of wear-resistance of PEO coatings on Ti alloy. The PEO
processes were carried out on Ti-15-3 alloy in the electrolyte of K2Al2O4 (0.15 mol/L), Na3PO4

(0.02 mol/L) and NaOH (0.015 mol/L), at different electrolyte temperatures between 278 K and
313 K. Results showed that at the lowest temperature of 278 K, the yielded PEO coating
contained higher concentration of α-Al2O3 phase in addition to the Al2TiO5 major phase,
exhibited lower porosity, uniformity and density, and thus showed more improved wear
resistance, compared to that formed at higher temperatures.
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1.5.5. Influence of oxidation time

With the increasing of oxidation time, the coating thickness increases, while the growth rate
decreases. Different oxidation time can result in different coating qualities, such as thickness,
roughness, adhesion, hardness, wear resistance and corrosion resistance etc.. Therefore, the
oxidation time for PEO treatment should be investigated and optimized.

Yanhong Gu et al. [34] studied the effect of oxidation time on corrosion behavior of PEO
coatings on Mg alloy in simulated body fluid. The samples were fabricated on AZ31 Mg alloy
in aqueous solution of sodium phosphate (30 g/L), using applied DC voltage of 325 V, current
density of 150 mA/cm2 and pulsed frequency of 3000 Hz, with 1, 3, 5 and 8 min different
oxidation time. Results showed that the coatings mainly consisted of Mg, MgO, MgAl2O4 and
Mg3(PO4)2, and the oxidation time had very little influence on the phase compositions. The
diameter of the micropores in the PEO coating surface increased with increasing oxidation
time. The coating thickness increased with increasing oxidation time until 5 min (20 μm). The
sample coated at 5 min showed the thickest layer with a relatively smooth and uniform
microstructure with fewer micropores, compared to the other PEO oxidation times. When the
oxidation time, however, was increased to 8 min, the coating thickness decreased and the
coating surface became rough. The porosity decreased with increasing oxidation time until 5
min (4.40%), and then increased to 6.28% for an oxidation time of 8 min. As a whole, the PEO
coating produced at 5 min had the smallest corrosion current density and the largest electro‐
chemical impedance, resulting in the highest corrosion resistance, due to the compact, smooth
and uniform morphology of coating surface with lower porosity.

1.5.6. Influence of additives

Employing different additives in the electrolyte can greatly affect the PEO process, and thus
resulting in different properties of the coatings. For example, Jun Liang et al. [20] studied the
effect of KF in Na2SiO3-KOH electrolyte on the structure and properties of PEO coatings formed
on Mg alloy. It was found that the addition of KF contributed to increase the electrolyte
conductivity, decrease the work voltage and final voltage in the PEO process and change the
spark discharge characteristics. Furthermore, the addition of KF resulted in a decrease of pore
diameter and surface roughness, an increase of the coating compactness and the changes in
the phase compositions as well. The hardness and wear-resistance of the coating also enhanced
due to the addition of KF.

2. Tribological properties of PEO coatings

Employing PEO technique to form ceramic oxide coatings on Ti, Mg, Al and their alloys can
significantly enhance the mechanical and tribological properties, such as high hardness,
superior wear resistance and good adhesion to the substrate. In recent years, investigations on
the phase composition, mechanical and tribological properties of PEO coatings on Ti, Mg, Al
and their alloys were done by many researchers. However, the tribological performances of
PEO coatings are not only affected by the intrinsic properties of PEO coatings, but also affected
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contained higher concentration of α-Al2O3 phase in addition to the Al2TiO5 major phase,
exhibited lower porosity, uniformity and density, and thus showed more improved wear
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and uniform morphology of coating surface with lower porosity.
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Employing different additives in the electrolyte can greatly affect the PEO process, and thus
resulting in different properties of the coatings. For example, Jun Liang et al. [20] studied the
effect of KF in Na2SiO3-KOH electrolyte on the structure and properties of PEO coatings formed
on Mg alloy. It was found that the addition of KF contributed to increase the electrolyte
conductivity, decrease the work voltage and final voltage in the PEO process and change the
spark discharge characteristics. Furthermore, the addition of KF resulted in a decrease of pore
diameter and surface roughness, an increase of the coating compactness and the changes in
the phase compositions as well. The hardness and wear-resistance of the coating also enhanced
due to the addition of KF.

2. Tribological properties of PEO coatings

Employing PEO technique to form ceramic oxide coatings on Ti, Mg, Al and their alloys can
significantly enhance the mechanical and tribological properties, such as high hardness,
superior wear resistance and good adhesion to the substrate. In recent years, investigations on
the phase composition, mechanical and tribological properties of PEO coatings on Ti, Mg, Al
and their alloys were done by many researchers. However, the tribological performances of
PEO coatings are not only affected by the intrinsic properties of PEO coatings, but also affected
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by many extrinsic factors, such as sliding loads, sliding speed, counterpart materials, lubri‐
cated conditions, temperature and humidity etc. Herein, the sliding loads are emphasized and
classified into three levels: low loads (0-5 N), medium loads (5-50 N) and heavy loads (above
50 N). And then, the friction and wear behaviors of different PEO coatings in different
conditions will be introduced and discussed under different load levels.

2.1. Friction and wear behavior of PEO coatings under low loads

The microstructure, mechanical and tribological properties of PEO coatings formed on
Ti6Al4V alloy were studied by Y.M. Wang et al [35]. A nanoindentation test showed that the
hardness and elastic modulus were about 8.5 GPa and 87.4 GPa for the compact region of the
PEO coating, and about 4 GPa and 150 GPa for the Ti6Al4V substrate. The hardness and elastic
modulus were mainly constant in the compact region within 33 μm, and decreased remarkably
beyond 33 μm to the outer surface. A sheer test showed that the adhesion strength between
coating and substrate was about 70 MPa. The tribological behaviors of untreated and PEO
coated samples were evaluated by a pin-on-disk tribometer under the normal loads of 0.3, 0.5,
and 1 N, with a sliding speed of 0.05 m/s or 0.15 m/s, using SAE52100 steel ball as counterpart
material. Results of friction and wear tests showed that the friction coefficient of PEO coating
against steel was as low as 0.2-0.3 at loads not more than 1 N and sliding cycles within 2500
times, and gradually increased at the later stage of wear test due to the oxidation and materials
transfer wear mechanism.

The investigations of structure, composition, mechanical and tribological properties of PEO
coatings formed on AM60B Mg alloy in silicate and phosphate electrolyte have been done by
Jun Liang et al. [36] The samples were fabricated in the electrolyte containing Na2SiO3 (10
g/L), KOH (1 g/L) or Na3PO4 (10 g/L), KOH (1 g/L). The coating formed in silicate electrolyte
is composed of periclase MgO and forsterite Mg2SiO4 phases while MgO and a little of spinel
MgAl2O4 are the main phases of the coating formed in phosphate electrolyte. Generally, the
forsterite Mg2SiO4 has a greater hardness than that of the MgO. Therefore, the coating formed
in silicate electrolyte exhibits a higher microhardness than that formed in phosphate electro‐
lyte. The friction and wear properties of the PEO coatings were evaluated on a reciprocal-
sliding UMT-2MT tribometer in dry sliding conditions under a load of 2 N, using Si3N4 ball as
counterpart material, with a siding speed of 0.1 m/s and sliding amplitude of 5 mm. The wear
life of PEO coatings formed in two different electrolytes was compared with the thin coatings
and results showed that the wear life of coating formed in silicate electrolyte is about four times
as long as that of coating formed in phosphate electrolyte. The uncoated Mg alloy has a friction
coefficient of about 0.3 and exhibits a high wear rate of 3.81×10-4 mm3/Nm. While for both the
oxide coatings, the friction coefficients are in the range of 0.6-0.8 and the wear rates are only
in the range of 3.55-8.65×10-5 mm3/Nm. These evidences demonstrate that the PEO coatings
formed on Mg alloy in both electrolytes have greatly enhanced the wear resistance but exhibit
higher friction coefficients compared with the uncoated Mg alloy. Furthermore, the oxide
coating formed in silicate electrolyte has a higher friction coefficient but exhibit a better wear
resistance than that formed in phosphate electrolyte. It also suggests that the structure and
phase composition of coatings are indeed the dominant factors which influence the mechanical
property and friction and wear behaviors of PEO coatings.
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2.2. Friction and wear behavior of PEO coatings under medium loads

P. Bala Srinivasan et al. [37] studied the dry sliding wear behaviour of PEO coatings with
different thickness of 10 μm and 20 μm on cast AZ91 magnesium alloy. The samples were
fabricated by PEO treatment in silicate based electrolyte containing Na2SiO3 (10 g/L) and KOH
(10 g/L). The dry sliding wear behaviour of the untreated Mg alloy, PEO coated specimen A
and B was assessed on a ball-on-disc oscillating tribometer, under three different loads of 2N,
5N and 10N, with an oscillating amplitude of 10 mm and at a sliding velocity of 5 mm/s for a
sliding distance of 12 m, using an AISI 52100 steel ball of 6 mm diameter as static friction
partner. For the uncoated Mg alloy, the friction coefficients were fluctuating in the range of
0.24-0.40 under different loads. For the 10 μm PEO coating, the friction coefficient reached to
a steady value of about 0.78 under 2 N load, dropped to around 0.35 after a sliding distance of
about 4 m under 5 N load, while dropped in a very short time under 10 N load. For the 20 μm
PEO coating, the friction coefficients did not drop at all loads and remains steady. Moreover,
the friction coefficient showed lower value with an increase in load (0.8 at 2 N, 0.68 at 5 N and
0.62 at 10 N). The uncoated Mg alloy under all loads and the 10 μm PEO coating under 5 N
and 10 N loads all showed high wear rates. While the 20 μm PEO coating under all loads and
the 10 μm PEO coating under 2 N load all showed much lower wear rates. The results indicated
that the thickness of coatings played a crucial role in enhancing the wear resistance. At higher
initial stress levels, the deformation of the substrate causes the cracking and flaking-off of the
coating, especially when it is thin. Under such circumstances the increased thickness of PEO
coating provided a better load bearing capacity, thus resulting in a superior wear resistance.

M. Treviño et al. [38] investigated the wear of coatings on Al 6061 alloy fabricated by PEO
treatment in Na2SiO3-KOH electrolyte. The coatings with different thickness of 100, 125 and
150 μm were fabricated and characterized. Composition analysis showed that the coatings
consisted of a combination of oxide phases such as mullite, α-Al2O3, γ-Al2O3 and amorphous
alumina. It was suggested that the presence of α-Al2O3 phase presented the greatest wear
resistance compared with other phases such as mullite, γ-Al2O3 and amorphous alumina which
were highly vulnerable for the conditions studied. No difference was detected for the different
coatings in hardness values which were of 1556±11 HV50 compared with that of 109±3 HV50 for
the substrate. The tribological properties were evaluated by a pin on disc test machine, with a
sliding distance of 1 km and a constant linear speed of 13.76 m/min, using 10, 20, 30 and 40 N
different normal loads for each coating thickness. Friction and wear tests showed that the
friction coefficient changed along the tests, and the weight loss depended on both the thickness
of the coatings and the loads applied during the test. The wear mechanisms were suggested
to be adhesion and abrasion by hard particles. The thinnest coating of 100 μm exhibited better
resistance to wear and showed the friction coefficients which exhibited a continuous increase
independently of the applied loads. The friction coefficients for the coating of 125 μm remained
constant when loads of 10 and 20 N were used, and reduced their values once a certain distance
was achieved when tested with 30 and 40 N. The friction coefficients for the coating of 150 μm
were found to increase under a load of 10 N, to remain fairly constant with loads of 20 and 30
N and to reduce their value once a distance of around 500 m was achieved with a load of 40
N. The reduction of friction coefficients for the coatings of 125 μm and 150 μm suggested that
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by many extrinsic factors, such as sliding loads, sliding speed, counterpart materials, lubri‐
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the coatings were completely removed under the loads of 30 N and 40 N resulting in contact
with the alloy substrate which was probably lubricated by wear debris generated.

2.3. Friction and wear behavior of PEO coatings under heavy loads

Chen Fei et al. [39] studied the tribological performance of PEO ceramic coatings fabricated on
Ti6Al4V alloy in the electrolyte containing Na2SiO3 (10g/L), Na2CO3 (4g/L) and EDTA-2Na (5g/
L). Coatings with a thickness of 10 μm were formed and polished to remove the prominent
ceramic particles of the outer surface in order to reduce the effect of roughness on tribological
behavior. The tribological behaviors of unpolished coating, polished coating and untreated
Ti6Al4V alloy were evaluated on a ball-on-disk tribometer under the dry sliding conditions,
using balls of SAE52100 steel as counterpart materials, with normal load of 100 N, rotation speed
of 1000 rpm, sliding speed of 0.42 m/s and sliding time of 10 min. For the untreated Ti6Al4V alloy,
the long-term friction coefficient is about 0.4, and the worn surface that sliding against steel
revealed that the dominant wear mechanism is extensive abrasive and adhesive wear. For the
unpolished PEO coating, the friction coefficient exhibited a high value of about 0.5, and the wear
track showed severe abrasive wear, also accompanied by severe adhesive wear from the steel
counter surface leading to material transfer on the coated surface. The porous surface of the
unpolished PEO coatings is very rough due to the scraggy ceramic products. Unlike sliding that
usually leads to plastic shearing in materials, the impact caused by the ceramic asperities on the
surface results in catastrophic failure, such as cracking and crushing of the contact regions, which
leads to faster material removal and the production of the sharp ceramic debris fragments. In
contrast, for the polished coating, the friction coefficient exhibited a relatively low and stable
value, almost remaining constant at 0.2. As the outer surface was polished to remove the
prominent ceramic particles, the initial contact conditions were changed from a rough ceramic/
steel to a smooth ceramic/steel mating surface. Therefore, the cracking and crushing of promi‐
nent ceramic regions due to great vibrations were eliminated. Results showed that the worn
surface was relatively smooth, accompanied with fine debris embedded in the edges of contact
regions. The good antifriction properties are attributed to the microstructure of the coatings
which are mainly composed of rutile and anatase TiO2. TiO2, especially the rutile-type, is known
as a potentially low friction and wear reducing material.

Jun Tian et al. [40] investigated the structure and antiwear behavior of PEO coatings on 2A12
Al alloy. The samples were fabricated by PEO treatment in the electrolyte composed of
Na2SiO3 (30g/L), NaOH (5g/L), with current density controlled to below 103 A/m2. The as-
deposited coatings were polished with SiC paper to remove 20%, 30%, 40% and 50% of the
whole thickness of the coatings as polished coating samples. The results of structural and phase
composition analysis showed that the PEO coatings on Al alloys showed two distinct layers,
i.e. a porous outer layer consisting predominantly of γ-Al2O3 and a dense inner layer consisting
predominantly of α-Al2O3. The inner layer α-Al2O3 has better antiwear ability compared with
the outer layer γ-Al2O3. Therefore, with the increasing of the coating thickness, the antiwear
life of the outer layer becomes smaller than that of the inner layer. The results of friction and
wear tests showed that the polished coating mainly composed of α-Al2O3 registered a lower
wear rate of 3.00-5.00×10-6 mm3/Nm in reciprocating sliding against ceramic counterpart at a
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speed of 0.33 m/s and a contact pressure of 2 MPa. The antiwear life of the polished coating
reached 2500 m at a speed of 1.25 m/s and a load of 300 N, and the friction coefficient was more
than 0.45 against the steel ring in a Timken tester which was a little lower than that of the out
layer registering more than 0.47.

The aforementioned studies revealed that the PEO ceramic coatings can sharply increase the
wear resistance and decrease the wear rate, compared to the uncoated substrates. However,
the PEO coatings normally exhibit higher friction coefficients which can cause not only the
wear of sliders, but also the wear damage of counterpart materials in many tribological
applications. Thus, it is necessary to fabricate the PEO coatings with both good wear resistance
and low friction coefficient.

3. Improvements of tribological behavior of PEO coatings

In order to further improve the tribological properties of the PEO-treated lightweight metals,
many attempts to reduce the friction coefficient of the PEO coatings have been made. Herein,
three main developments in improvement of tribological properties of PEO coatings are
reviewed, which can be categorized as (1) liquid lubrication, (2) duplex coatings and (3)
composite coatings.

3.1. Liquid lubrication for improving the tribological behavior of PEO coatings

As there are many micropores, microcracks and dimples on the surface of the PEO coatings
[17], these pores, cracks and dimples can act as reservoirs for oil lubricants, which may result
in a positive effect to the tribological performance of PEO coatings under boundary-lubricated
conditions.

Studies on the wear resistance of PEO coatings on 2024 Al alloy under oil-lubricated condition
were done by Tongbo Wei et al. [41]. The friction and wear tests were carried on an MRH-3
ring-on-block tester, at a ring linear speed of 2.60 m/s and normal loads from 300 N up to 1400
N, using AISI-C-52100 steel rings and aluminum rings covered with polished PEO coatings as
counterpart. Commercial 4838 lubricating oil was used as the lubricating medium. Friction
and wear test showed that the friction coefficient of polished coatings was within 0.020-0.060
under oil-lubricated condition which was reduced to about 1/10 compared with that under
dry sliding condition registering within 0.20-0.35, and the wear rate of polished coating was
within 1.00-8.50×10-9 mm3/Nm which was reduced to be about 1/1000 compared with that
under dry sliding condition registering within 1.00-2.00×10-6 mm3/Nm. The polished coatings
showed excellent wear-resistance in oil-lubricated sliding against steel and Al2O3 ceramic ring
and can endure a sliding distance as large as 18.7 km at loads as high as 1400 N.

Fei Zhou et al. [42] investigated the friction characteristic of PEO coating on 2024 Al alloy,
sliding against Si3N4 balls, in water and oil environments, at different normal loads and sliding
speeds. Results showed that, with the increasing of normal load and sliding speed, the friction
coefficient of the PEO/Si3N4 tribopair in water and oil decreased from 0.72 to 0.57 and 0.24 to
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the coatings were completely removed under the loads of 30 N and 40 N resulting in contact
with the alloy substrate which was probably lubricated by wear debris generated.
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steel to a smooth ceramic/steel mating surface. Therefore, the cracking and crushing of promi‐
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surface was relatively smooth, accompanied with fine debris embedded in the edges of contact
regions. The good antifriction properties are attributed to the microstructure of the coatings
which are mainly composed of rutile and anatase TiO2. TiO2, especially the rutile-type, is known
as a potentially low friction and wear reducing material.

Jun Tian et al. [40] investigated the structure and antiwear behavior of PEO coatings on 2A12
Al alloy. The samples were fabricated by PEO treatment in the electrolyte composed of
Na2SiO3 (30g/L), NaOH (5g/L), with current density controlled to below 103 A/m2. The as-
deposited coatings were polished with SiC paper to remove 20%, 30%, 40% and 50% of the
whole thickness of the coatings as polished coating samples. The results of structural and phase
composition analysis showed that the PEO coatings on Al alloys showed two distinct layers,
i.e. a porous outer layer consisting predominantly of γ-Al2O3 and a dense inner layer consisting
predominantly of α-Al2O3. The inner layer α-Al2O3 has better antiwear ability compared with
the outer layer γ-Al2O3. Therefore, with the increasing of the coating thickness, the antiwear
life of the outer layer becomes smaller than that of the inner layer. The results of friction and
wear tests showed that the polished coating mainly composed of α-Al2O3 registered a lower
wear rate of 3.00-5.00×10-6 mm3/Nm in reciprocating sliding against ceramic counterpart at a
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speed of 0.33 m/s and a contact pressure of 2 MPa. The antiwear life of the polished coating
reached 2500 m at a speed of 1.25 m/s and a load of 300 N, and the friction coefficient was more
than 0.45 against the steel ring in a Timken tester which was a little lower than that of the out
layer registering more than 0.47.

The aforementioned studies revealed that the PEO ceramic coatings can sharply increase the
wear resistance and decrease the wear rate, compared to the uncoated substrates. However,
the PEO coatings normally exhibit higher friction coefficients which can cause not only the
wear of sliders, but also the wear damage of counterpart materials in many tribological
applications. Thus, it is necessary to fabricate the PEO coatings with both good wear resistance
and low friction coefficient.

3. Improvements of tribological behavior of PEO coatings

In order to further improve the tribological properties of the PEO-treated lightweight metals,
many attempts to reduce the friction coefficient of the PEO coatings have been made. Herein,
three main developments in improvement of tribological properties of PEO coatings are
reviewed, which can be categorized as (1) liquid lubrication, (2) duplex coatings and (3)
composite coatings.

3.1. Liquid lubrication for improving the tribological behavior of PEO coatings

As there are many micropores, microcracks and dimples on the surface of the PEO coatings
[17], these pores, cracks and dimples can act as reservoirs for oil lubricants, which may result
in a positive effect to the tribological performance of PEO coatings under boundary-lubricated
conditions.

Studies on the wear resistance of PEO coatings on 2024 Al alloy under oil-lubricated condition
were done by Tongbo Wei et al. [41]. The friction and wear tests were carried on an MRH-3
ring-on-block tester, at a ring linear speed of 2.60 m/s and normal loads from 300 N up to 1400
N, using AISI-C-52100 steel rings and aluminum rings covered with polished PEO coatings as
counterpart. Commercial 4838 lubricating oil was used as the lubricating medium. Friction
and wear test showed that the friction coefficient of polished coatings was within 0.020-0.060
under oil-lubricated condition which was reduced to about 1/10 compared with that under
dry sliding condition registering within 0.20-0.35, and the wear rate of polished coating was
within 1.00-8.50×10-9 mm3/Nm which was reduced to be about 1/1000 compared with that
under dry sliding condition registering within 1.00-2.00×10-6 mm3/Nm. The polished coatings
showed excellent wear-resistance in oil-lubricated sliding against steel and Al2O3 ceramic ring
and can endure a sliding distance as large as 18.7 km at loads as high as 1400 N.

Fei Zhou et al. [42] investigated the friction characteristic of PEO coating on 2024 Al alloy,
sliding against Si3N4 balls, in water and oil environments, at different normal loads and sliding
speeds. Results showed that, with the increasing of normal load and sliding speed, the friction
coefficient of the PEO/Si3N4 tribopair in water and oil decreased from 0.72 to 0.57 and 0.24 to
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0.11 respectively. The wear mechanism of the PEO coatings changed from abrasive wear in air
to mix wear in water, and finally became microploughing wear in oil.

M.H. Zhu et al. [43] investigated the fretting wear behaviors of PEO coating on LD11 Al alloy
sealed by grease. It was found that the friction coefficient of the sealed PEO coating under all
test parameters were greatly lower than that of the PEO coating. At the same time, there was
a longer stage with low friction coefficient that can be observed in the friction coefficient curves
for all test conditions of the sealed PEO coating. It was clear that the sealed PEO coating
presented an obvious lubricating action during the fretting wear processes. In partial slip
regime, the damage of the two coatings was very slight, and the porous structure was still
intact even after 104 cycles. The fretting wear mechanisms of the two coatings in slip regime
were main abrasive wear and delamination, but higher proportion of the traces of relative
sliding was presented on the scars of the sealed PEO coating. As a conclusion, the sealed PEO
coating exhibited a better resistance for alleviating fretting wear and lengthening service life
than that of the PEO coating.

The fretting wear behaviour of PEO coatings formed on Ti6Al4V alloy under oil lubricated
conditions was studied by Yaming Wang et al. [44]. The fretting wear tests of PEO coatings
were conducted on a PLINT fretting fatigue machine under unlubricated and oil lubricated
conditions (smear and oil bath lubrication), using 52100 steel ball as vibrated counterpart
material and with a small reciprocating amplitude of 60 μm. The results showed that in
unlubricated condition, the friction coefficient rapidly increased up to 0.8-0.9 and maintained
relatively stable. In smear oil lubricated condition, the friction coefficient showed an obvious
higher value within 0.18-0.43 in the range of about 2500-6700 cycles. While in oil bath lubricated
condition, the friction coefficient reduced significantly to a low and stable value of 0.15 in the
long-term fretting test. This indicated that the coatings with oil lubrication lowered the shear
and adhesive stresses between contact surfaces, and consequently alleviated the possibility of
initiation and propagation of cracks in the inner layer of the coating or titanium alloy substrate.

3.2. Duplex coatings for improving the tribological behavior of PEO coatings

Employing liquid lubricants may improve the tribological properties of the PEO coatings.
While in rigid and severe working conditions, such as high vacuum, high temperature,
chemical and radioactive environments, liquid lubricants often do not function [45]. Further‐
more, liquid lubricants may contaminate the workpieces. Therefore, some multi-step prepa‐
ration methods combined with the PEO process are employed to fabricate PEO-based duplex
coatings on the metallic substrates. The duplex coatings are formed by one of the post
treatments (mainly including impregnation, spraying and chemical/physical vapour deposi‐
tion) on the yielded PEO ceramic coatings. These duplex coatings can sharply decrease the
friction coefficient and improve the wear resistance. Herein, some successful applications for
the duplex coatings were introduced briefly.

3.2.1. Impregnation

Because the PEO ceramic coating is formed on the metal surface via a series of localized
electrical discharge events, there are many micropores left in the coating [17]. This provides
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the probability to deposit small sized solid lubricant particles into these micropores to form a
binary coating [46]. Herein, a simple and effective method of vacuum impregnation was
introduced. In this method, the PEO coating samples are immersed into water-based solid
lubricant suspension, and put into a vacuum oven. When deposited for a set time, the samples
are heated for a period of time in high temperature for solidification. The solid lubricant
particles can impregnate into the micropores of the PEO ceramic coating under the vacuum.
With the increasing of deposition time and heat treatment, a compact top film covering the
PEO ceramic coating is formed for anti-friction purpose.

Zhijiang Wang et al. [47] investigated the properties of a self-lubricating Al2O3/PTFE duplex
coating formed on LY12 Al alloy by PEO treatment combined with vacuum impregnation of
PTFE. In their work, the PEO coating samples were immersed into water-based PTFE suspen‐
sion, and putted into a vacuum oven (less than 5×10-3 torr). When deposited for a set time, the
samples were heated for 24 h at 200℃. Results showed that the PTFE powder particles with
the size in the range of 100-170 nm could deposit into the PEO ceramic coating and covered
the rough and porous surface. Tribological tests showed that the friction coefficient and wear
mass loss of the Al2O3/PTFE duplex coating decreased sharply. As the cracks and micropores
of the PEO coating were filled by solid lubricant, PTFE could form a lubricating film on the
frication surface of the steel ball when the steel ball which worked as counter material slided
against the coating. With increased sliding distances, the solid lubricant provided continuous
supply due to the abundance of PTFE lying in the micropores of the PEO coating. At the same
time, the PEO coating could play the role as the wear-resistant substrate to support soft PTFE
polymer. As a result, the friction coefficient of the self-lubricating coating could remain at a
constant with minimal weight loss during the long-term sliding.

3.2.2. Spraying top coatings

The porous feature of the PEO coating opens a good way to introduce solid lubricant into
micropores or depositing on the surface of coating. And the presence of pores affords an
effective mechanical keying between solid lubricant topcoat and the PEO layer. Spraying is a
simple, effective and low cost method as a post treatment to apply solid lubricant on PEO
coating to form a self-lubricating duplex coating. The PEO ceramic coating serves as under‐
lying loading layer and solid lubricant top layer plays the roles as friction reducing agent.

Y.M. Wang et al. [48-49] have successfully prepared a self-lubricating duplex coating on
Ti6Al4V alloy by PEO treatment combined with spraying graphite process. The spraying
graphite process forced on the surface of the PEO coating was carried out using a self-made
spraying gun with 4 atmosphere pressure, followed by solidification at 180℃ for 15 min.
Results showed that the surface of PEO coating was characterized by micropores of different
size and shape and covered by graphite lubricant exhibiting a special shape of plate. The duplex
coating exhibited good antifriction property, registering friction coefficient of about 0.12,
which is 5 times lower than that of the PEO coating sliding in the similar condition.

C. Martini et al. [50] have successfully fabricated a self-lubricating duplex coating on Ti6Al4V
alloy by PEO treatment combined with spraying PTFE process. The PTFE topcoat deposited
by spraying a solvent-based aerosol suspension proves to be beneficial in terms of both friction
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0.11 respectively. The wear mechanism of the PEO coatings changed from abrasive wear in air
to mix wear in water, and finally became microploughing wear in oil.

M.H. Zhu et al. [43] investigated the fretting wear behaviors of PEO coating on LD11 Al alloy
sealed by grease. It was found that the friction coefficient of the sealed PEO coating under all
test parameters were greatly lower than that of the PEO coating. At the same time, there was
a longer stage with low friction coefficient that can be observed in the friction coefficient curves
for all test conditions of the sealed PEO coating. It was clear that the sealed PEO coating
presented an obvious lubricating action during the fretting wear processes. In partial slip
regime, the damage of the two coatings was very slight, and the porous structure was still
intact even after 104 cycles. The fretting wear mechanisms of the two coatings in slip regime
were main abrasive wear and delamination, but higher proportion of the traces of relative
sliding was presented on the scars of the sealed PEO coating. As a conclusion, the sealed PEO
coating exhibited a better resistance for alleviating fretting wear and lengthening service life
than that of the PEO coating.

The fretting wear behaviour of PEO coatings formed on Ti6Al4V alloy under oil lubricated
conditions was studied by Yaming Wang et al. [44]. The fretting wear tests of PEO coatings
were conducted on a PLINT fretting fatigue machine under unlubricated and oil lubricated
conditions (smear and oil bath lubrication), using 52100 steel ball as vibrated counterpart
material and with a small reciprocating amplitude of 60 μm. The results showed that in
unlubricated condition, the friction coefficient rapidly increased up to 0.8-0.9 and maintained
relatively stable. In smear oil lubricated condition, the friction coefficient showed an obvious
higher value within 0.18-0.43 in the range of about 2500-6700 cycles. While in oil bath lubricated
condition, the friction coefficient reduced significantly to a low and stable value of 0.15 in the
long-term fretting test. This indicated that the coatings with oil lubrication lowered the shear
and adhesive stresses between contact surfaces, and consequently alleviated the possibility of
initiation and propagation of cracks in the inner layer of the coating or titanium alloy substrate.

3.2. Duplex coatings for improving the tribological behavior of PEO coatings

Employing liquid lubricants may improve the tribological properties of the PEO coatings.
While in rigid and severe working conditions, such as high vacuum, high temperature,
chemical and radioactive environments, liquid lubricants often do not function [45]. Further‐
more, liquid lubricants may contaminate the workpieces. Therefore, some multi-step prepa‐
ration methods combined with the PEO process are employed to fabricate PEO-based duplex
coatings on the metallic substrates. The duplex coatings are formed by one of the post
treatments (mainly including impregnation, spraying and chemical/physical vapour deposi‐
tion) on the yielded PEO ceramic coatings. These duplex coatings can sharply decrease the
friction coefficient and improve the wear resistance. Herein, some successful applications for
the duplex coatings were introduced briefly.

3.2.1. Impregnation

Because the PEO ceramic coating is formed on the metal surface via a series of localized
electrical discharge events, there are many micropores left in the coating [17]. This provides
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the probability to deposit small sized solid lubricant particles into these micropores to form a
binary coating [46]. Herein, a simple and effective method of vacuum impregnation was
introduced. In this method, the PEO coating samples are immersed into water-based solid
lubricant suspension, and put into a vacuum oven. When deposited for a set time, the samples
are heated for a period of time in high temperature for solidification. The solid lubricant
particles can impregnate into the micropores of the PEO ceramic coating under the vacuum.
With the increasing of deposition time and heat treatment, a compact top film covering the
PEO ceramic coating is formed for anti-friction purpose.

Zhijiang Wang et al. [47] investigated the properties of a self-lubricating Al2O3/PTFE duplex
coating formed on LY12 Al alloy by PEO treatment combined with vacuum impregnation of
PTFE. In their work, the PEO coating samples were immersed into water-based PTFE suspen‐
sion, and putted into a vacuum oven (less than 5×10-3 torr). When deposited for a set time, the
samples were heated for 24 h at 200℃. Results showed that the PTFE powder particles with
the size in the range of 100-170 nm could deposit into the PEO ceramic coating and covered
the rough and porous surface. Tribological tests showed that the friction coefficient and wear
mass loss of the Al2O3/PTFE duplex coating decreased sharply. As the cracks and micropores
of the PEO coating were filled by solid lubricant, PTFE could form a lubricating film on the
frication surface of the steel ball when the steel ball which worked as counter material slided
against the coating. With increased sliding distances, the solid lubricant provided continuous
supply due to the abundance of PTFE lying in the micropores of the PEO coating. At the same
time, the PEO coating could play the role as the wear-resistant substrate to support soft PTFE
polymer. As a result, the friction coefficient of the self-lubricating coating could remain at a
constant with minimal weight loss during the long-term sliding.

3.2.2. Spraying top coatings

The porous feature of the PEO coating opens a good way to introduce solid lubricant into
micropores or depositing on the surface of coating. And the presence of pores affords an
effective mechanical keying between solid lubricant topcoat and the PEO layer. Spraying is a
simple, effective and low cost method as a post treatment to apply solid lubricant on PEO
coating to form a self-lubricating duplex coating. The PEO ceramic coating serves as under‐
lying loading layer and solid lubricant top layer plays the roles as friction reducing agent.

Y.M. Wang et al. [48-49] have successfully prepared a self-lubricating duplex coating on
Ti6Al4V alloy by PEO treatment combined with spraying graphite process. The spraying
graphite process forced on the surface of the PEO coating was carried out using a self-made
spraying gun with 4 atmosphere pressure, followed by solidification at 180℃ for 15 min.
Results showed that the surface of PEO coating was characterized by micropores of different
size and shape and covered by graphite lubricant exhibiting a special shape of plate. The duplex
coating exhibited good antifriction property, registering friction coefficient of about 0.12,
which is 5 times lower than that of the PEO coating sliding in the similar condition.

C. Martini et al. [50] have successfully fabricated a self-lubricating duplex coating on Ti6Al4V
alloy by PEO treatment combined with spraying PTFE process. The PTFE topcoat deposited
by spraying a solvent-based aerosol suspension proves to be beneficial in terms of both friction
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and wear resistance, particularly in an intermediate (30-50N) load range. The friction coeffi‐
cient of duplex coating reduced from 0.8-1 to 0.2-0.3, which is attributed to the anti-friction
properties of PTFE.

3.2.3. CVD/PVD to form top films

Chemical vapour deposition (CVD) and physical vapour deposition (PVD) techniques are well
known to deposit hard coatings such as TiN, CrN and DLC etc., for providing surfaces with
enhanced tribological properties in terms of low friction coefficient and high wear resistance.
In recent years, attempts have been made to introduce CVD or PVD coatings on components
of machines and engines. However, in practice TiN-, CrN- or DLC-coatings on alloys of light
metals formed by various CVD/PVD methods often exhibit limited tribological performance
due to the elastic and plastic deformation of the substrates under mechanical loadings, which
can result in eventual coating failure, since the coatings are usually too thin to support the
heavy loads and protect the substrates in the contact conditions [51]. Deposition of thick (e.g.
>10 μm) CVD/PVD coatings usually results in high compressive stresses, and thus low
adhesion [52].

Employing PEO technique can deposit thick ceramic coatings which exhibit high hardness,
superior wear resistance and excellent load-bearing capacity. However, these PEO coatings
generally exhibit high friction coefficients which can limit the wear resistance and cause the
wear damage of counterpart materials. Therefore, a multi-step preparation of duplex coatings
by PEO and CVD/PVD can integrate the advantages of excellent load-bearing capacity of PEO
coatings and low friction coefficient of CVD/PVD coatings. In recent years, successful appli‐
cations of these methods were done by some researchers as follows.

Samir H. Awad et al. [53] studied the tribological properties of duplex Al2O3/TiN coatings on
2A12 Al alloys deposited by a combined plasma electrolytic oxidation (PEO) and arc ion
plating (AIP) technique. The thickness of the Al2O3 coatings and TiN coatings were 30-40 μm
and 3-5 μm, respectively. The tribological properties were evaluated by ring-on-ring tests at
speeds of 0.75 and 1.25 m/s, under loads of 98, 300, 500, and 800 N, using a GCr15 bearing steel
ring as rotated counterpart material. Results showed that the duplex coatings possessed very
high hardness and wear resistance, and their mechanical and tribological properties were
better than those of single TiN coatings, single PEO coatings and the uncoated Al alloy
substrate. The Al2O3 intermediate layer played a crucial role in providing the load support
essential to withstanding sliding wear at high contact loads.

X. Nie et al. [54] investigated the tribological performances of duplex Al2O3/DLC coatings on
Al alloy fabricated by a combined PEO and PI3 (plasma immersion ion implantation) technique.
The alumina ceramic coatings with a thickness of 50-60 μm were formed on BS Al-6082
aluminum alloy by PEO treatment and DLC coatings with 2-5 μm thickness were deposited
on top of the PEO coatings. All the duplex alumina/DLC coatings exhibited a hardness of over
2000 HK10g. The tribological properties of Al alloy, alumina coating on Al alloy, DLC coating
on Al alloy and duplex alumina/DLC coatings on Al alloy were evaluated by pin-on-disc
tribological tests, under a 10 N normal load, 0.1 m/s sliding speed and 50% RH, using SAE
52100 bearing steel (BS) or WC-Co (WC) balls as counterpart materials. Both the untreated Al
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alloy substrate and the PEO alumina coating gave a high friction coefficient of above 0.7 against
both counterpart materials. Both the alumina and alumina/DLC duplex coatings exhibited
excellent wear resistance, registering the wear rates in a low range of 1.4-1.9×10-6 mm3/Nm
siding against WC-Co. Only the alumina/DLC duplex coatings provided a low and stable
friction coefficient in a low range of 0.1-0.22. Whereas the single DLC coating on Al alloy failed
quickly only at 25 m sliding distance due to its low load bearing capacity.

The tribological properties of duplex PEO/DLC coatings on Mg alloy formed by a combined
plasma electrolytic oxidation and filtered cathode arc deposition technique were investigated
by Jun Liang et al. [55]. The DLC film deposited on PEO coating was not uniform due to surface
roughness of interface. The friction and wear properties of the uncoated Mg alloy, the polished
PEO coating, single DLC film on Mg alloy and the duplex PEO/DLC coating were evaluated
on a reciprocating ball-on-disk UMT-2MT tribometer, under a load of 2 N, with a sliding speed
of 0.1 m/s and sliding amplitude of 5 mm, using Si3N4 ball as counterpart material. For the
uncoated Mg alloy substrate, the friction coefficient varied in the range of 0.2-0.4 accompanied
by severe oscillation. Severe wear and seizing were observed. Even for the DLC deposited Mg
alloy substrate, the tribological behavior did not improve significantly. The DLC film failed
quickly at around 350 s after starting the sliding test, due to the low load-bearing capacity of
soft substrates. The polished PEO coatings showed a very high friction coefficient of around
0.7-0.8. But the deposition of DLC film on PEO coatings improved the dry friction behaviors
significantly. The friction coefficient of the duplex PEO/DLC coating remained steady and less
than 0.2, independently of the nonuniformity of coating surface.

E. Arslan et al. [56] studied the tribological performances of duplex titania/DLC coatings
deposited on Ti6Al4V alloy using combined PEO and CFUBMS (closed field unbalanced
magnetron sputtering). The thickness of PEO coating and DLC coating were about 10 μm and
6 μm respectively. The tribological properties were evaluated by a pin-on-disk tribometer
(Teer-POD2), under a load of 2 N, at a speed of 100 rpm, a relative humidity of 45% and room
temperature, using Al2O3 balls as counterpart materials. For the PEO coatings, the friction
coefficient was considerably high, approximately above 0.45, and fluctuated, and the wear
tracks were quite broad and rough with debris. For the single DLC coatings, the friction
coefficient increased abruptly after 420 seconds due to severe failure caused by their low load
bearing capacity. While for the duplex PEO/DLC coatings, the friction coefficients were much
more stable, and approximately at 0.1. These results indicated that the duplex PEO/DLC
coatings exhibited better tribological behaviors than the PEO and DLC coatings deposited on
lightweight metals substrate.

3.3. Composite coatings for improving the tribological behavior of PEO coatings

The duplex coatings fabricated by the aforementioned methods can sharply decrease the
friction coefficient and wear rate. However, these coatings are generally comprised of two
layers: an inner PEO ceramic layer and an outside solid lubricant layer. When the outside layer
is worn through, the tribological properties will be back to its original level. M. Aliofkhazraei
et al. have successfully fabricated TiO2/Al2O3 [57] and TiO2/Si3N4 [58-59] nanocomposite
coatings by PEO treatment on pure titanium. The PEO processes were carried out in the
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and wear resistance, particularly in an intermediate (30-50N) load range. The friction coeffi‐
cient of duplex coating reduced from 0.8-1 to 0.2-0.3, which is attributed to the anti-friction
properties of PTFE.

3.2.3. CVD/PVD to form top films

Chemical vapour deposition (CVD) and physical vapour deposition (PVD) techniques are well
known to deposit hard coatings such as TiN, CrN and DLC etc., for providing surfaces with
enhanced tribological properties in terms of low friction coefficient and high wear resistance.
In recent years, attempts have been made to introduce CVD or PVD coatings on components
of machines and engines. However, in practice TiN-, CrN- or DLC-coatings on alloys of light
metals formed by various CVD/PVD methods often exhibit limited tribological performance
due to the elastic and plastic deformation of the substrates under mechanical loadings, which
can result in eventual coating failure, since the coatings are usually too thin to support the
heavy loads and protect the substrates in the contact conditions [51]. Deposition of thick (e.g.
>10 μm) CVD/PVD coatings usually results in high compressive stresses, and thus low
adhesion [52].

Employing PEO technique can deposit thick ceramic coatings which exhibit high hardness,
superior wear resistance and excellent load-bearing capacity. However, these PEO coatings
generally exhibit high friction coefficients which can limit the wear resistance and cause the
wear damage of counterpart materials. Therefore, a multi-step preparation of duplex coatings
by PEO and CVD/PVD can integrate the advantages of excellent load-bearing capacity of PEO
coatings and low friction coefficient of CVD/PVD coatings. In recent years, successful appli‐
cations of these methods were done by some researchers as follows.

Samir H. Awad et al. [53] studied the tribological properties of duplex Al2O3/TiN coatings on
2A12 Al alloys deposited by a combined plasma electrolytic oxidation (PEO) and arc ion
plating (AIP) technique. The thickness of the Al2O3 coatings and TiN coatings were 30-40 μm
and 3-5 μm, respectively. The tribological properties were evaluated by ring-on-ring tests at
speeds of 0.75 and 1.25 m/s, under loads of 98, 300, 500, and 800 N, using a GCr15 bearing steel
ring as rotated counterpart material. Results showed that the duplex coatings possessed very
high hardness and wear resistance, and their mechanical and tribological properties were
better than those of single TiN coatings, single PEO coatings and the uncoated Al alloy
substrate. The Al2O3 intermediate layer played a crucial role in providing the load support
essential to withstanding sliding wear at high contact loads.

X. Nie et al. [54] investigated the tribological performances of duplex Al2O3/DLC coatings on
Al alloy fabricated by a combined PEO and PI3 (plasma immersion ion implantation) technique.
The alumina ceramic coatings with a thickness of 50-60 μm were formed on BS Al-6082
aluminum alloy by PEO treatment and DLC coatings with 2-5 μm thickness were deposited
on top of the PEO coatings. All the duplex alumina/DLC coatings exhibited a hardness of over
2000 HK10g. The tribological properties of Al alloy, alumina coating on Al alloy, DLC coating
on Al alloy and duplex alumina/DLC coatings on Al alloy were evaluated by pin-on-disc
tribological tests, under a 10 N normal load, 0.1 m/s sliding speed and 50% RH, using SAE
52100 bearing steel (BS) or WC-Co (WC) balls as counterpart materials. Both the untreated Al
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alloy substrate and the PEO alumina coating gave a high friction coefficient of above 0.7 against
both counterpart materials. Both the alumina and alumina/DLC duplex coatings exhibited
excellent wear resistance, registering the wear rates in a low range of 1.4-1.9×10-6 mm3/Nm
siding against WC-Co. Only the alumina/DLC duplex coatings provided a low and stable
friction coefficient in a low range of 0.1-0.22. Whereas the single DLC coating on Al alloy failed
quickly only at 25 m sliding distance due to its low load bearing capacity.

The tribological properties of duplex PEO/DLC coatings on Mg alloy formed by a combined
plasma electrolytic oxidation and filtered cathode arc deposition technique were investigated
by Jun Liang et al. [55]. The DLC film deposited on PEO coating was not uniform due to surface
roughness of interface. The friction and wear properties of the uncoated Mg alloy, the polished
PEO coating, single DLC film on Mg alloy and the duplex PEO/DLC coating were evaluated
on a reciprocating ball-on-disk UMT-2MT tribometer, under a load of 2 N, with a sliding speed
of 0.1 m/s and sliding amplitude of 5 mm, using Si3N4 ball as counterpart material. For the
uncoated Mg alloy substrate, the friction coefficient varied in the range of 0.2-0.4 accompanied
by severe oscillation. Severe wear and seizing were observed. Even for the DLC deposited Mg
alloy substrate, the tribological behavior did not improve significantly. The DLC film failed
quickly at around 350 s after starting the sliding test, due to the low load-bearing capacity of
soft substrates. The polished PEO coatings showed a very high friction coefficient of around
0.7-0.8. But the deposition of DLC film on PEO coatings improved the dry friction behaviors
significantly. The friction coefficient of the duplex PEO/DLC coating remained steady and less
than 0.2, independently of the nonuniformity of coating surface.

E. Arslan et al. [56] studied the tribological performances of duplex titania/DLC coatings
deposited on Ti6Al4V alloy using combined PEO and CFUBMS (closed field unbalanced
magnetron sputtering). The thickness of PEO coating and DLC coating were about 10 μm and
6 μm respectively. The tribological properties were evaluated by a pin-on-disk tribometer
(Teer-POD2), under a load of 2 N, at a speed of 100 rpm, a relative humidity of 45% and room
temperature, using Al2O3 balls as counterpart materials. For the PEO coatings, the friction
coefficient was considerably high, approximately above 0.45, and fluctuated, and the wear
tracks were quite broad and rough with debris. For the single DLC coatings, the friction
coefficient increased abruptly after 420 seconds due to severe failure caused by their low load
bearing capacity. While for the duplex PEO/DLC coatings, the friction coefficients were much
more stable, and approximately at 0.1. These results indicated that the duplex PEO/DLC
coatings exhibited better tribological behaviors than the PEO and DLC coatings deposited on
lightweight metals substrate.

3.3. Composite coatings for improving the tribological behavior of PEO coatings

The duplex coatings fabricated by the aforementioned methods can sharply decrease the
friction coefficient and wear rate. However, these coatings are generally comprised of two
layers: an inner PEO ceramic layer and an outside solid lubricant layer. When the outside layer
is worn through, the tribological properties will be back to its original level. M. Aliofkhazraei
et al. have successfully fabricated TiO2/Al2O3 [57] and TiO2/Si3N4 [58-59] nanocomposite
coatings by PEO treatment on pure titanium. The PEO processes were carried out in the
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electrolyte of sodium-silicate (15 g/L), sodium-phosphate (2 g/L) and potassium hydroxide,
adding Al2O3 or Si3N4 fine nanopowder. It was found that due to the incorporation of Al2O3 or
Si3N4 nanoparticles in the coatings, the wear resistance and hardness of TiO2/Al2O3 and TiO2/
Si3N4 nanocomposite coatings both increased significantly. However, the friction coefficients
were still high or even higher, which could easily cause the wear damage of counterpart
materials.

Recently, an alternative approach to obtain PEO coatings with low friction property was to
introduce low friction materials into the coating by modifying the electrolytes with the solid
lubricants additives. In this approach, solid lubricant particles, such as graphite, PTFE, MoS2,
WS2 etc. are added into the electrolyte and dispersed with mechanical stirring to form a
suspension. During the PEO process, solid lubricant particles can move from the electrolyte
to the surface of the specimen, and be adsorbed on the surface, then be embedded into the
ceramic coating.

It  is  important for this approach that solid lubricant particles should be sufficiently and
uniformly  dispersed  in  the  electrolyte.  So  sufficient  and  constant  mechanical  stirring  is
inevitable. What’s more, if necessary, a dispersant (such as acetone, ethanol etc.) is used to
wet and disperse the solid lubricant particles.  A kind of anionic surfactant (e.g.  Sodium
dodecyl sulfonate, etc.) is also used as additive to help the solid lubricant particles to be
negatively charged and be suspended in the electrolyte. But the quantity of added disper‐
sant and surfactant should be controlled and optimized. Too much additive can greatly affect
the original properties of electrolyte and the whole coating process, resulting in low qualities
of the coatings, such as nonuniformity, high roughness, poor adhesion to the substrate, less
thickness, more inclination to breakdown and burn out, etc. However, lower concentration
of additive can’t wet and disperse the solid lubricant particles in the electrolyte sufficient‐
ly. So the specific and accurate quantity of additives should be decided by different coating
processes.

It is generally considered that the embedding of solid lubricant particles into the ceramic
coating matrix depends on concentration diffusion and electrophoretic deposition. The
embedding of particles may be recognized by the adsorption of particles on the surface of the
specimen, so higher concentration can help to enhance the adsorption rate, thus lead to more
particles embedded into the ceramic coating. To be negatively charged are beneficial to the
electrophoresis of particles in the electrolyte, thus resulting in more particles incorporated into
the ceramic coatings. On the other side, the concentration of solid lubricant particles in the
electrolyte and the quantity of solid lubricant particles incorporated into the coating should
also be controlled and optimized. Too higher concentration of particles in the solution may
greatly affect the original properties of electrolyte, causing poor qualities of the coatings. Too
much solid lubricant particles incorporated into ceramic coatings may cause the destruction
of the original coating structure and less ceramic component which plays the role as wear-
resistant substrate, resulting in poorer qualities and lower wear resistance of the coatings.

It is also considered that the embedding of nanoparticles into the PEO coatings depends on
current density, frequency, duty cycle and coating time. M. Aliofkhazraei et al. [58-59]
investigated the effects of concentration, current density, frequency, duty cycle and coating
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time on the embedding of Si3N4 nanoparticles into TiO2 coatings. Results showed that the wear
mass loss rate decreased with the increasing of relative content of Si3N4 in the coatings. And
the relative content of Si3N4 in the coatings increased by increasing of concentration, frequency
and coating time, while it decreased by increasing of duty cycle and current density.

Up to now, some researchers have successfully incorporated solid lubricant particles (such as
graphite, PTFE, MoS2, etc.) into the PEO ceramic coatings formed on Al, Mg and Ti alloys. In
the friction and wear process, the ceramic oxide coating plays the role as wear-resistant
substrate while solid lubricant particles act as friction reducing agent during the sliding.
Compared with the single PEO coatings, the yielded self-lubricating composite coatings can
sharply decrease the friction coefficient and wear loss during the long-term sliding. Further‐
more, the wear damage of counterpart materials can also be reduced greatly due to lower
friction coefficient.

Xiaohong Wu et al. [60] have successfully incorporated graphite into Al2O3 ceramic coating
fabricated on 2024Al alloy by PEO technique in a graphite-dispersed sodium aluminate
electrolyte. The thickness of the composite coating produced was in the range 22±1 μm. Ball-
on-disk tribological tests showed that the self-lubricating composite coating formed in the
electrolyte containing 4g/L graphite exhibited a lowest friction coefficient of 0.09, under a
normal load of 1 N, with a sliding time of 8 min and linear sliding speed of 0.08m/s, using a
ball of Si3N4 as counterpart material.

Ming Mu et al. [61] have also successfully incorporated graphite into TiO2 ceramic coating
fabricated on Ti6Al4V alloy by PEO technique in a graphite-dispersed phosphate electrolyte.
The tribological evaluation was carried out on a ball-on-flat UMT-2MT tribometer, under a
constant normal load of 2N, with a frequency of 5 Hz, an oscillating amplitude of 5 mm and a
sliding time of 30 min, using AISI52100 steel balls as counterpart materials. And the results of
friction and wear tests showed that the friction coefficient of the PEO coating reduced from
nearly 0.8 to about 0.15 and the wear resistance improved significantly under dry sliding
conditions, due to the presence of the graphite particles in the coating. The specific wear rate
of PEO/graphite composite coating decreased significantly, which registered to be around
8.6×10-6 mm3/Nm, compared with that of the uncoated alloy and pure PEO coating, which
registered to be 5.2×10-5 mm3/Nm and 1.7×10-5 mm3/Nm respectively. The worn surface of
uncoated alloy showed typical features of abrasive and adhesive wear, which resulted in high
wear rate. For the pure PEO coating, the main forms of wear damage were suggested to be
abrasive wear and detachment of the TiO2 coating which made its friction coefficient and wear
rate high. While for the PEO/graphite composite coating, the worn surface appeared quite
smooth and showed no evidence of appreciable detachment of the coating. It was deduced
that the graphite particles in the coating could be exposed to the wear track and then smeared
on the contact surfaces which acted as solid lubricants in dry sliding wear condition, making
the friction coefficient low throughout the sliding test. And consequently, the abrasive wear
and detachment of the coating was effectively reduced.

Jie Guo et al. [62] tried to introduce PTFE nanoparticles suspension into the electrolyte to
fabricated a PTFE-containing multifunctional PEO composite coating on AM60B Mg alloy. The
samples were fabricated by PEO treatment in the electrolyte containing Na3PO4 (10.0 g/L),
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electrolyte of sodium-silicate (15 g/L), sodium-phosphate (2 g/L) and potassium hydroxide,
adding Al2O3 or Si3N4 fine nanopowder. It was found that due to the incorporation of Al2O3 or
Si3N4 nanoparticles in the coatings, the wear resistance and hardness of TiO2/Al2O3 and TiO2/
Si3N4 nanocomposite coatings both increased significantly. However, the friction coefficients
were still high or even higher, which could easily cause the wear damage of counterpart
materials.

Recently, an alternative approach to obtain PEO coatings with low friction property was to
introduce low friction materials into the coating by modifying the electrolytes with the solid
lubricants additives. In this approach, solid lubricant particles, such as graphite, PTFE, MoS2,
WS2 etc. are added into the electrolyte and dispersed with mechanical stirring to form a
suspension. During the PEO process, solid lubricant particles can move from the electrolyte
to the surface of the specimen, and be adsorbed on the surface, then be embedded into the
ceramic coating.

It  is  important for this approach that solid lubricant particles should be sufficiently and
uniformly  dispersed  in  the  electrolyte.  So  sufficient  and  constant  mechanical  stirring  is
inevitable. What’s more, if necessary, a dispersant (such as acetone, ethanol etc.) is used to
wet and disperse the solid lubricant particles.  A kind of anionic surfactant (e.g.  Sodium
dodecyl sulfonate, etc.) is also used as additive to help the solid lubricant particles to be
negatively charged and be suspended in the electrolyte. But the quantity of added disper‐
sant and surfactant should be controlled and optimized. Too much additive can greatly affect
the original properties of electrolyte and the whole coating process, resulting in low qualities
of the coatings, such as nonuniformity, high roughness, poor adhesion to the substrate, less
thickness, more inclination to breakdown and burn out, etc. However, lower concentration
of additive can’t wet and disperse the solid lubricant particles in the electrolyte sufficient‐
ly. So the specific and accurate quantity of additives should be decided by different coating
processes.

It is generally considered that the embedding of solid lubricant particles into the ceramic
coating matrix depends on concentration diffusion and electrophoretic deposition. The
embedding of particles may be recognized by the adsorption of particles on the surface of the
specimen, so higher concentration can help to enhance the adsorption rate, thus lead to more
particles embedded into the ceramic coating. To be negatively charged are beneficial to the
electrophoresis of particles in the electrolyte, thus resulting in more particles incorporated into
the ceramic coatings. On the other side, the concentration of solid lubricant particles in the
electrolyte and the quantity of solid lubricant particles incorporated into the coating should
also be controlled and optimized. Too higher concentration of particles in the solution may
greatly affect the original properties of electrolyte, causing poor qualities of the coatings. Too
much solid lubricant particles incorporated into ceramic coatings may cause the destruction
of the original coating structure and less ceramic component which plays the role as wear-
resistant substrate, resulting in poorer qualities and lower wear resistance of the coatings.

It is also considered that the embedding of nanoparticles into the PEO coatings depends on
current density, frequency, duty cycle and coating time. M. Aliofkhazraei et al. [58-59]
investigated the effects of concentration, current density, frequency, duty cycle and coating
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time on the embedding of Si3N4 nanoparticles into TiO2 coatings. Results showed that the wear
mass loss rate decreased with the increasing of relative content of Si3N4 in the coatings. And
the relative content of Si3N4 in the coatings increased by increasing of concentration, frequency
and coating time, while it decreased by increasing of duty cycle and current density.

Up to now, some researchers have successfully incorporated solid lubricant particles (such as
graphite, PTFE, MoS2, etc.) into the PEO ceramic coatings formed on Al, Mg and Ti alloys. In
the friction and wear process, the ceramic oxide coating plays the role as wear-resistant
substrate while solid lubricant particles act as friction reducing agent during the sliding.
Compared with the single PEO coatings, the yielded self-lubricating composite coatings can
sharply decrease the friction coefficient and wear loss during the long-term sliding. Further‐
more, the wear damage of counterpart materials can also be reduced greatly due to lower
friction coefficient.

Xiaohong Wu et al. [60] have successfully incorporated graphite into Al2O3 ceramic coating
fabricated on 2024Al alloy by PEO technique in a graphite-dispersed sodium aluminate
electrolyte. The thickness of the composite coating produced was in the range 22±1 μm. Ball-
on-disk tribological tests showed that the self-lubricating composite coating formed in the
electrolyte containing 4g/L graphite exhibited a lowest friction coefficient of 0.09, under a
normal load of 1 N, with a sliding time of 8 min and linear sliding speed of 0.08m/s, using a
ball of Si3N4 as counterpart material.

Ming Mu et al. [61] have also successfully incorporated graphite into TiO2 ceramic coating
fabricated on Ti6Al4V alloy by PEO technique in a graphite-dispersed phosphate electrolyte.
The tribological evaluation was carried out on a ball-on-flat UMT-2MT tribometer, under a
constant normal load of 2N, with a frequency of 5 Hz, an oscillating amplitude of 5 mm and a
sliding time of 30 min, using AISI52100 steel balls as counterpart materials. And the results of
friction and wear tests showed that the friction coefficient of the PEO coating reduced from
nearly 0.8 to about 0.15 and the wear resistance improved significantly under dry sliding
conditions, due to the presence of the graphite particles in the coating. The specific wear rate
of PEO/graphite composite coating decreased significantly, which registered to be around
8.6×10-6 mm3/Nm, compared with that of the uncoated alloy and pure PEO coating, which
registered to be 5.2×10-5 mm3/Nm and 1.7×10-5 mm3/Nm respectively. The worn surface of
uncoated alloy showed typical features of abrasive and adhesive wear, which resulted in high
wear rate. For the pure PEO coating, the main forms of wear damage were suggested to be
abrasive wear and detachment of the TiO2 coating which made its friction coefficient and wear
rate high. While for the PEO/graphite composite coating, the worn surface appeared quite
smooth and showed no evidence of appreciable detachment of the coating. It was deduced
that the graphite particles in the coating could be exposed to the wear track and then smeared
on the contact surfaces which acted as solid lubricants in dry sliding wear condition, making
the friction coefficient low throughout the sliding test. And consequently, the abrasive wear
and detachment of the coating was effectively reduced.

Jie Guo et al. [62] tried to introduce PTFE nanoparticles suspension into the electrolyte to
fabricated a PTFE-containing multifunctional PEO composite coating on AM60B Mg alloy. The
samples were fabricated by PEO treatment in the electrolyte containing Na3PO4 (10.0 g/L),
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KOH (1.0 g/L), with the addition of 3 vol.% PTFE nanoparticles suspension (10 wt%). In the
PTFE-dispersed suspension, a nonionic surfactant (octylphenol polyoxyethylene ether, with
the addition of 1-2 vol.%) and an anionic surfactant (sodium dodecyl sulfonate, with the
addition of 2-4 vol.%) were used for PTFE nanoparticles dispersion and surface charge
adjustment. Results showed that such PTFE-containing composite coating exhibited superior
corrosion resistance, excellent self-lubricating property and better hydrophobic property when
compared with pure PEO coatings. The PTFE-containing PEO coating exhibited a low and
stable friction coefficient of less than 0.2 and low wear rate.

Recently, Ming Mu et al. [63] have once again successfully incorporated MoS2 into TiO2 ceramic
coating fabricated on Ti6Al4V alloy by PEO technique in MoS2-dispersed phosphate electro‐
lyte. The electrolyte was prepared using Na3PO4 (20.0 g/L), KOH (2.0 g/L) in distilled water,
with addition of MoS2 particles (20.0 g/L), ethanol (100 ml/L) and an additive (0.5 g/L). Results
showed that the TiO2/MoS2 composite coating exhibited improved tribological properties
compared with the TiO2 coating under dry sliding condition, which reduced the friction
coefficient from 0.8 to about 0.12 and decreased the wear rate from 1.7×10-5 mm3/Nm to
5.5×10-6 mm3/Nm. It also should be noted that the TiO2/MoS2 composite coating showed better
tribological property than the PEO/graphite composite coating under the same conditions.

From above studies, it is clear that the approach to prepare self-lubricating composite coating
was much more effective than the duplex approaches in practice, for the PEO coatings
contained low friction materials could be obtained by only one step. Besides, the coatings were
expected to integrate the advantages of wear resistance of the PEO coating and low friction
property of solid lubricants.

4. Concluding remarks

Plasma electrolytic oxidation (PEO) is a relatively novel technique that can be used to form
metallurgically bonded ceramic coatings on some valve metals [13], such as Ti, Mg, Al, Nb, Zr
and Ta etc. PEO process is now widely used to improve the surface performances of nonferrous
metals by virtue of its high effectiveness, more convenience, economic efficiency and envi‐
ronmental performance. Moreover, the PEO ceramic oxide coatings deposited on light metals
and their alloys generally exhibit superior wear resistance, large thickness, high micro-
hardness and good adhesion to substrates. Therefore, in many tribological applications,
employing PEO treatment to deposit ceramic coatings on surface of light metals can greatly
improve the wear resistance, decrease the wear rate, enhance the wear life and reduce the wear
damage of workpieces, thus resulting in good economic efficiency. However, it is necessary
to realize the following conclusions about the tribological properties of PEO coatings.

Firstly, the thickness of the coatings plays a crucial role to possess a better wear resistance. For
at high stress levels, the deformation of the substrate under loading/sliding can cause the
cracking and flaking-off of the thin coatings, and thus result in severe failure. So higher
thickness of PEO coating can provide a better load bearing capacity and thus possess superior
wear resistance and enhanced wear life.

Modern Surface Engineering Treatments92

Secondly, the components of the PEO coating also greatly affect the friction and wear per‐
formances of the coating. It is found that the relative content of α-Al2O3 phase in PEO coatings
on Al alloy, Mg2SiO4 phase in PEO coatings on Mg alloy and rutile phase in PEO coatings on
Ti alloy plays a crucial role in presenting higher wear resistance of PEO coatings.

Thirdly, as the PEO ceramic coatings generally consist of a porous outer layer and a compact
inner layer, in many tribological applications, the PEO coatings are polished with abrasive
papers to remove the porous outer layer and get a higher hardness and a lower roughness. It
is found that the polished PEO coatings generally exhibit improved friction and wear behaviors
than the original PEO coatings and the untreated alloy substrates.

And last but not least, although the wear resistance has significantly enhanced, the PEO
coatings deposited on the alloy substrates generally exhibit high brittleness and high friction
coefficient which have seriously restricted their extensive applications. For the ceramic
coatings are hard to bear heavy impingement and mechanical deformation due to their high
brittleness. Furthermore, the high friction coefficient of ceramic coatings can easily cause the
wear damage of counterpart materials. Therefore, overcoming the challenges of improving the
toughness and reducing the friction coefficient of PEO ceramic coatings is of great significance
which can bring about broad application prospect in tribology.

In recent years, many researchers have done a lot of work to reduce the friction coefficient of
PEO ceramic coatings. The successful methods include employing liquid lubricants, introduc‐
ing post treatment such as spraying, vacuum impregnation, PVD and CVD to form a self-
lubricating duplex coating and one-step preparation of self-lubricating composite coating.
However, none of the methods is so perfect in applications.

Employing liquid lubricants can decrease the friction coefficient of PEO coatings and conse‐
quently reduce the wear damage of counterpart materials. The wear resistance and wear life
of the PEO coatings can also be enhanced in liquid lubricated conditions, ascribed to the anti-
wear ceramic coatings and friction-reducing liquid lubricants. However, employing liquid
lubricants may contaminate the workpieces, especially in precise instruments. Furthermore,
in rigid and severe working conditions, such as high vacuum, high temperature, chemical and
radioactive environments, liquid lubricants often do not function.

The duplex coatings produced by multi-step preparations can not only decrease the friction
coefficient and wear rate sharply, but also avoid the shortcomings of liquid lubricants.
However, these coatings are generally comprised of two layers: an inner PEO ceramic layer
and an outer solid lubricant layer. When the outer layer is worn through, the tribological
properties will be back to its original level. Moreover, the coating processes are too complicated
and generally employ high temperature which may degrade the coatings and/or substrates.

As for the composite coatings, the solid lubricant micro- and nanoparticles are embedded in
the ceramic coatings and play a role as friction-reducing agent during the whole sliding time
before complete removal of the coatings. The coating process is simple and convenient, but
according to recent studies, the thicknesses of yielded composite coatings are only in the range
of 13-23 μm, which are far less than that of the original PEO coatings. As a result, the load
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KOH (1.0 g/L), with the addition of 3 vol.% PTFE nanoparticles suspension (10 wt%). In the
PTFE-dispersed suspension, a nonionic surfactant (octylphenol polyoxyethylene ether, with
the addition of 1-2 vol.%) and an anionic surfactant (sodium dodecyl sulfonate, with the
addition of 2-4 vol.%) were used for PTFE nanoparticles dispersion and surface charge
adjustment. Results showed that such PTFE-containing composite coating exhibited superior
corrosion resistance, excellent self-lubricating property and better hydrophobic property when
compared with pure PEO coatings. The PTFE-containing PEO coating exhibited a low and
stable friction coefficient of less than 0.2 and low wear rate.

Recently, Ming Mu et al. [63] have once again successfully incorporated MoS2 into TiO2 ceramic
coating fabricated on Ti6Al4V alloy by PEO technique in MoS2-dispersed phosphate electro‐
lyte. The electrolyte was prepared using Na3PO4 (20.0 g/L), KOH (2.0 g/L) in distilled water,
with addition of MoS2 particles (20.0 g/L), ethanol (100 ml/L) and an additive (0.5 g/L). Results
showed that the TiO2/MoS2 composite coating exhibited improved tribological properties
compared with the TiO2 coating under dry sliding condition, which reduced the friction
coefficient from 0.8 to about 0.12 and decreased the wear rate from 1.7×10-5 mm3/Nm to
5.5×10-6 mm3/Nm. It also should be noted that the TiO2/MoS2 composite coating showed better
tribological property than the PEO/graphite composite coating under the same conditions.

From above studies, it is clear that the approach to prepare self-lubricating composite coating
was much more effective than the duplex approaches in practice, for the PEO coatings
contained low friction materials could be obtained by only one step. Besides, the coatings were
expected to integrate the advantages of wear resistance of the PEO coating and low friction
property of solid lubricants.

4. Concluding remarks

Plasma electrolytic oxidation (PEO) is a relatively novel technique that can be used to form
metallurgically bonded ceramic coatings on some valve metals [13], such as Ti, Mg, Al, Nb, Zr
and Ta etc. PEO process is now widely used to improve the surface performances of nonferrous
metals by virtue of its high effectiveness, more convenience, economic efficiency and envi‐
ronmental performance. Moreover, the PEO ceramic oxide coatings deposited on light metals
and their alloys generally exhibit superior wear resistance, large thickness, high micro-
hardness and good adhesion to substrates. Therefore, in many tribological applications,
employing PEO treatment to deposit ceramic coatings on surface of light metals can greatly
improve the wear resistance, decrease the wear rate, enhance the wear life and reduce the wear
damage of workpieces, thus resulting in good economic efficiency. However, it is necessary
to realize the following conclusions about the tribological properties of PEO coatings.

Firstly, the thickness of the coatings plays a crucial role to possess a better wear resistance. For
at high stress levels, the deformation of the substrate under loading/sliding can cause the
cracking and flaking-off of the thin coatings, and thus result in severe failure. So higher
thickness of PEO coating can provide a better load bearing capacity and thus possess superior
wear resistance and enhanced wear life.
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Secondly, the components of the PEO coating also greatly affect the friction and wear per‐
formances of the coating. It is found that the relative content of α-Al2O3 phase in PEO coatings
on Al alloy, Mg2SiO4 phase in PEO coatings on Mg alloy and rutile phase in PEO coatings on
Ti alloy plays a crucial role in presenting higher wear resistance of PEO coatings.

Thirdly, as the PEO ceramic coatings generally consist of a porous outer layer and a compact
inner layer, in many tribological applications, the PEO coatings are polished with abrasive
papers to remove the porous outer layer and get a higher hardness and a lower roughness. It
is found that the polished PEO coatings generally exhibit improved friction and wear behaviors
than the original PEO coatings and the untreated alloy substrates.

And last but not least, although the wear resistance has significantly enhanced, the PEO
coatings deposited on the alloy substrates generally exhibit high brittleness and high friction
coefficient which have seriously restricted their extensive applications. For the ceramic
coatings are hard to bear heavy impingement and mechanical deformation due to their high
brittleness. Furthermore, the high friction coefficient of ceramic coatings can easily cause the
wear damage of counterpart materials. Therefore, overcoming the challenges of improving the
toughness and reducing the friction coefficient of PEO ceramic coatings is of great significance
which can bring about broad application prospect in tribology.

In recent years, many researchers have done a lot of work to reduce the friction coefficient of
PEO ceramic coatings. The successful methods include employing liquid lubricants, introduc‐
ing post treatment such as spraying, vacuum impregnation, PVD and CVD to form a self-
lubricating duplex coating and one-step preparation of self-lubricating composite coating.
However, none of the methods is so perfect in applications.

Employing liquid lubricants can decrease the friction coefficient of PEO coatings and conse‐
quently reduce the wear damage of counterpart materials. The wear resistance and wear life
of the PEO coatings can also be enhanced in liquid lubricated conditions, ascribed to the anti-
wear ceramic coatings and friction-reducing liquid lubricants. However, employing liquid
lubricants may contaminate the workpieces, especially in precise instruments. Furthermore,
in rigid and severe working conditions, such as high vacuum, high temperature, chemical and
radioactive environments, liquid lubricants often do not function.

The duplex coatings produced by multi-step preparations can not only decrease the friction
coefficient and wear rate sharply, but also avoid the shortcomings of liquid lubricants.
However, these coatings are generally comprised of two layers: an inner PEO ceramic layer
and an outer solid lubricant layer. When the outer layer is worn through, the tribological
properties will be back to its original level. Moreover, the coating processes are too complicated
and generally employ high temperature which may degrade the coatings and/or substrates.

As for the composite coatings, the solid lubricant micro- and nanoparticles are embedded in
the ceramic coatings and play a role as friction-reducing agent during the whole sliding time
before complete removal of the coatings. The coating process is simple and convenient, but
according to recent studies, the thicknesses of yielded composite coatings are only in the range
of 13-23 μm, which are far less than that of the original PEO coatings. As a result, the load
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bearing capacity and wear life of the composite coatings will be limited due to the low coating
thickness.

Therefore, a high quality coating is still worth investigating, which has a lower friction
coefficient and wear rate, a longer wear life, good mechanical properties and with a simple,
cheap, effective fabricating method. More improvements should be done for the PEO techni‐
que which is of great significance in different tribological applications.
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1. Introduction

Electrodeposition of metals or its oxides is one of oldest themes in electrochemical science
[1-6]. The first studies on this topic are dated from early nineteenth century, using galvanic
cells as a power source [3-6]. Despite the antiquity, electrodeposition remains a much studied
topic. Themes as supercapacitors or electrochemical cells devices have raised considerable
attention [7-17]. In this case, the electrodeposition technique is of great interest due to their
unique principles and flexibility in the control of the structure and morphology of the oxide
electrodes.

One of the most modern applications of oxides electrodeposition is solar cells. Investigation
of the development of environmentally friendly low cost solar cells with cheaper semicon‐
ductor materials is extremely important for the development of green energy technology. The
electrodeposition of Cu2O, TiO2 and many others oxides, is a very promissory research field
due the low cost and high efficiency of this electrochemical method.

Moreover, two new topics that also deserves attention is the application of electrodeposition
in solid oxide fuel cells (SOFC) and the metals recycling. In this field of study the electrode‐
position also contributes very significantly. For SOFC, the electrodeposition is used to
formation of protective coating on electrical interconnects. By other hand, in the metal
recycling, the electrodeposition is the cheaper and simple method by obtention of metallic
elements.

Thus, in this chapter will be reported some theoretical aspects about electrodeposition of
metals and oxides and their applications more modern and relevant. Among these applications
will be treated with one application of electrodeposition in supercapacitors, solar cells,
recycling of metals and electrical interconects for solid oxide fuel cells (SOFC).

© 2013 Garcia et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Garcia et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1.1. Theoretical foundation of electrodeposition

In the early stages of electrodeposition, the limiting step corresponds to electrons transfer from
work electrode for metallic ions in solution. In this case the relation between the current and
the overpotential for electrodeposition is given by Eq. 1 [1-4]. In this equation, F is Faraday's
constant, k is a constant, C is the concentration of metal ions in solution, α corresponds to a
coefficient of symmetry (near 0.5), η corresponds to overpotential, R is the ideal gas constant
and T the absolute temperature, in Kelvin. There is an exponential dependence between the
current and applied overpotential. Obviously that, with increasing of overpotential, the ionic
current that electrolyte can supply is limited by the other processes as such material transport
or electrical conductivity [2]. Through Coulomb's law, we obtain the relation of thickness with
the charge density (d = MMq/nFρ). Where, MM corresponds to the molecular weight, q is the
charge density, n corresponds the charge of metal ions and ρ is the density.

exp Fi FkC
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= - ç ÷
è ø

(1)

In electrodeposition, is very common the use of potential versus current curves called vol‐
tammetry. The figure 1-a shows a typical cyclic voltammetry for cobalt electrodeposition on a
steel electrode. The cyclic voltammetry is used to identify the potential where begins the
electrodeposition and the electrodissolution. In cathodic scan, for potential more negative than
-0.70 V occurs the Co+2 reductions for metallic cobalt onto steel electrode. In anodic scan, the
cobalt dissolution begins in -0.3 V. The voltammogram shown in figure 1-a represents the
cobalt electrodeposition, however, many others metallic electrodeposition follow the same
pattern.

In the electrodeposition of Mn+ ions using the aqueous media (Eq. 2) is always observed the
hydrogen evolution reaction (HDR) represented by equation 2. This results principally in
reducing the loading efficiency of electrodeposition [1-5].

( ) ( )
n
aq sM ne M+ -+ ® (2)

( ) 2( )2 2aq gH e H+ -+ ® (3)

The charge efficiency is an important aspect in metal electrodeposition. In this case, the parallel
reaction showed in the equations 2 has a great influence in the electrodeposition. The figure
1b shows the charge efficiency for cobalt electrodeposition in pH = 1.50 (high concentration of
H+) and pH = 6.00 (low concentration of H+). In pH = 1.50 note that the maximum efficiency
(about 68%), while in pH = 6.00 the charge efficiency value can easily reach 95%. This occurs
because at high concentrations of H+, part of charge is used for promotes the reaction shown
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by Equation 2. In pH =6.00 the concentration of H+ is very low compared with cobalt concen‐
tration, thus, the cobalt electrodeposition is the principal reaction.
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Figure 1. a) Cobalt electrodeposition on a platinum electrode. The ionic concentration of Co+2 is 1.00 molL-1 and the
scan rate was 1 0mVs-1. (b) Charge efficiency for cobalt electrodeposition in a range of potentials, and at pH 1.50 and
6.00.

The morphological aspects are also influenced by parallels reactions1,2,3.The figure 2 shows the
metallic cobalt electrodeposited on ferritic steel in pH = 1.50 and 6.00. It clearly appears that
the deposit at pH = 1.50 is more compact than the deposit at pH = 6.00. According to many
authors this effect appears due the H+ reduction onto surface of growth islands. The application
of the nucleation models to the initial electrodeposition stages shows that at pH=6.00, the nuclei
grow progressively (progressive nucleation). SEM showed a three-dimensional nucleus
growth. With the decrease in pH to 1.50, the nucleation process becomes instantaneous
(instantaneous nucleation).

(a) (b) 

Figure 2. Scanning Electron Microscopy images of cobalt electrodeposited in: (a) pH= 6.00 and (b) pH 1.50. The po‐
tential applied of −1.00 V and charge density was 10.0 C cm− 2 and the electrolyte was CoSO4 1 molL-1.
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1.2. Oxide electrodeposition

In the electrodeposition of oxides, more of a method can be adopted. From a metal layer
previously electrodeposited can be performed a polarization in alkaline solution such as
NaOH, KOH etc. This results can be expressed by equations 4 and 5. The first step is the metal
dissolution that is an electrochemical process (Eq. 4). The second step (Eq. 5) is the chemical
process due precipitation of hydroxide on the surface of substrate. This method produces films
with high adherence and a reduced thickness. This probably occurs due to formation of an
oxide layer on a metal layer with a high surface area [4-5].

( ) ( )
n

s aqM M ne+ -® + (4)

( ) ( ) ( )( )n
aq aq n adsM OH M OH+ -+ ® (5)

Figure 3-a shows an electrodeposited layer of cobalt over a stainless steel. Figure 3-b represents
the cobalt film after a potentiostatic polarization at 0.7 V (Ag / AgCl reference) during 200 s.
The electrolyte used was NaOH 6 molL-1.

The cobalt film electrodeposited showed a high contact area. This can also be visualized in the
oxide/ hydroxide formed after the anodic polarization in NaOH 6 molL-1.

(a) (b) 

Figure 3. Scanning electron microscopy images of (a) Cobalt electrodeposition on a steel electrode.(b) Cobalt film after
a potentiostatic polarization at 0.7 V (Ag / AgCl reference) during 200 s in NaOH 6 molL-1.

Another method frequently used for electrodeposition of hydroxides on the conductive
substrates is the use of nitrates as counter ions. In this case the hydroxyl ions are generated by
reduction of nitrate ions in solution (Eq. 5).. The film of metallic hydroxide is then generated
as shown by Eq 4.

3( ) 2 4( ) ( )7 8 10aq aq aqNO H O e NH OH- - + -+ + ® + (6)
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Another method used for the formation of metal oxides is the anodic electrodeposition In this
case the equation that represents this generic reaction is shows in Eq 6.

( ) 2 2 ( ) ( )2n
aq n s aqM mH O Mn O mH ne+ + -®

+ + +
¬

(7)

1.3. Electrodeposition morphology

Basically in the most papers, the electrodeposition can occur by passing a current fixed or by
imposing a fixed potential. In both cases, the energy for the formation of nuclei for growth is
given by Eq. 7 (the nucleation energy). In this equation, N* is the number of atoms per nucleus
growth (cluster), zi is the charge of the metal ion, e0 is the elementary charge and | η |
corresponds to the overpotential applied. The second term represents the increased surface
tension caused by the addition of ad-atoms. Thus, the greater number of atoms larger the
cluster size as shows in the Eq. 7. Optimizing the nucleation energy appropriately (dΔG/dη=0)
we get the expression for maximum atoms number that each nuclei may contain (Eq. 8). where
ε is the surface energy and s is the area of each atom.

0* | | ( )iG N z e Nh jD = - + (8)
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Thus, it is not difficult to observe that the higher overpotential, lower the number of atoms per
growth nucleus and consequently the smaller grain size obtained. The electrodeposition
created under low overpotential have smaller grains, while samples prepared under high
overpotential are formed by pyramidal structures. In fact this observation can also be seen in
Figure 2. This Figure shows the SEM of electrodeposited cobalt obtained in 100 and 200
mAcm-2. In the higher current density, the grain size is much smaller.

Now we can see that, unlike other deposition techniques, in the electrodeposition, the
characteristics of formed film are related with simple parameters as pH and overpotential
applied. This makes with this method became versatile and inexpensive compared to other
deposition methods.

2. Modern applications of metallic electrodeposition

With the electrodeposition is possible to achieve very thin layers of metal over the other metal
or another electrical conductor material. Since that a metallic film is onto conductive substrate
is possible formation of oxide layers through electrochemical methods.
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2.1. Supercacitors

The energy always played an important role in human being’s life [4]. Thus, it is necessary to
study about renewable energy sources to reduce the energy consumption. Because this, the
capacitors are used in the transport systems as a mean to store energy and reuse it during short
periodic intervals. Basically, the conventional capacitors consist of two conducting electrodes
separated by an insulating dielectric material and The application of this electrical device is
the storage of energy.

When a voltage is applied to a capacitor, opposite charges accumulate on the surfaces of each
electrode. The differential capacitance is defined as C = dQ/dV where V is the difference of
potential between the capacitor plates and Q is the accumulated charge in the active surface
of capacitor material. The geometric relation of capacitance can be providing by equation 3
[6-7]. Where A and d are the geometric area and distance between capacitors plates respec‐
tively. The ε and εo are the dielectric constant between the plates (no unit) and the vacuum
permittivity (8.8 x 10-12 Fm-1) respectively.

C =
Aεε 0

d
(10)

In this form C is given in Faraday (F). Thus, for practical applications the capacitors plates
must  have  high area  and very  small  separation  distance.  The  first  capacitors  of  carbon
materials can provide the specific capacitances of 15 – 50 μFcm-2 [8].  The materials with
capacitance densities of one, two or more hundreds of Fcm-2 or Fg-1 have been denominat‐
ed as”supercapacitors” or “ultracapacitors”[4-8]. There are two principal types of superca‐
pacitors: (a) the double-layer capacitor, and (b) the redox pseudocapacitor, the latter being
developed in this  paper.  The high performances of  capacitors that  work with reversible

(a) (b) 

Figure 4. SEM images of cobalt electrodeposited from 0.5 molL-1 sulphate cobalt at 200mAcm-2 and (b) at 100
mAcm-2.
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redox reaction are known as supercapacitors. The most used and commercial supercapaci‐
tors  are  basically  made of  an oxide semiconductor  with a  reversible  redox couple.  This
oxide has to show a transition metal ion, which must be able to assume different valen‐
ces and strong bonding power.

Among the oxide materials for application in supercapacitors, ruthenium and iridium oxides
have achieved more attention. In many cases the capacitance depends on the preparation
method and the deposition of oxides materials. Capacitances up to 500 F/g [5] or 720 F/g are
reported for amorphous water-containing ruthenium oxides [6-9]. The great disadvantages of
RuO2 is the high cost and its low porosity structure [9-10]. Thus in recent works great efforts
were undertaken in order to find new and cheaper materials [4-6]. A cheaper and widely used
alternative is the activated carbon. The specific capacitance of this material is about 800 F/g [6].
In this context the researchers have tried to develop a material having a low cost, high surface
area, high conductivity and high stability in alkaline medium.

2.1.1. Cobalt oxides

Cobalt oxides are attractive in view of their layered structure and their reversible electro‐
chemical reactions. The possibility of enhanced performance through different preparative
methods, also interests the scientists. The spinel cobalt oxide Co3O4, for example, can be
obtained from hydroxide cobalt (II) previously deposited onto a conductive substrate (steel
for example). Is enough a thermal oxidation in 400 degrees in air atmosphere, for formation of
Co3O4. In the Co3O4 oxide, the reversibility of both redox process (Co+2/Co+3) (Eq. 4) and (Eq.
5) (Co+3/Co+4) in KOH 6 molL-1 is very high and promising for capacitive applications in
electrochemical devices [7-14].

2 3
(net) (aq) (ads)C OH [C OH ] eo o

®
+ - + -

¬
+ - + (11)

3 4
(ads) (ads) (aq) (ads) 2[C OH ] OH [C O ] eo o H O

®
+ - + -

¬
- + - + + (12)

In figure 3 is shown a schematic of obtaining Co3O4. The previously electrodeposited cobalt
can be subjected to a anodic polarization in solution of KOH 6molL-1. With a thermal treatment
of 20 hours at a temperature of 400 oC the phase Co3O4 is formed onto substrate. This procedure
leads to the formation of a layer of chemical composition of Co(OH)2 [8-9]. The Figure 5
represents a cyclic voltammetry of a steel electrode coated with metallic cobalt in KOH
6molL-1. Note that the first peak (around -0.6 V) is related with the electrodissolution of cobalt
(Eq. 13) that leads to the formation of Co(OH)2 (Eq. 14) [11-12].

2
( ) ( ) 2s aqCo Co e+ -® + (13)
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Figure 4. SEM images of cobalt electrodeposited from 0.5 molL-1 sulphate cobalt at 200mAcm-2 and (b) at 100
mAcm-2.
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redox reaction are known as supercapacitors. The most used and commercial supercapaci‐
tors  are  basically  made of  an oxide semiconductor  with a  reversible  redox couple.  This
oxide has to show a transition metal ion, which must be able to assume different valen‐
ces and strong bonding power.
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were undertaken in order to find new and cheaper materials [4-6]. A cheaper and widely used
alternative is the activated carbon. The specific capacitance of this material is about 800 F/g [6].
In this context the researchers have tried to develop a material having a low cost, high surface
area, high conductivity and high stability in alkaline medium.

2.1.1. Cobalt oxides

Cobalt oxides are attractive in view of their layered structure and their reversible electro‐
chemical reactions. The possibility of enhanced performance through different preparative
methods, also interests the scientists. The spinel cobalt oxide Co3O4, for example, can be
obtained from hydroxide cobalt (II) previously deposited onto a conductive substrate (steel
for example). Is enough a thermal oxidation in 400 degrees in air atmosphere, for formation of
Co3O4. In the Co3O4 oxide, the reversibility of both redox process (Co+2/Co+3) (Eq. 4) and (Eq.
5) (Co+3/Co+4) in KOH 6 molL-1 is very high and promising for capacitive applications in
electrochemical devices [7-14].
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¬
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In figure 3 is shown a schematic of obtaining Co3O4. The previously electrodeposited cobalt
can be subjected to a anodic polarization in solution of KOH 6molL-1. With a thermal treatment
of 20 hours at a temperature of 400 oC the phase Co3O4 is formed onto substrate. This procedure
leads to the formation of a layer of chemical composition of Co(OH)2 [8-9]. The Figure 5
represents a cyclic voltammetry of a steel electrode coated with metallic cobalt in KOH
6molL-1. Note that the first peak (around -0.6 V) is related with the electrodissolution of cobalt
(Eq. 13) that leads to the formation of Co(OH)2 (Eq. 14) [11-12].

2
( ) ( ) 2s aqCo Co e+ -® + (13)
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2
( ) ( ) 2( )( )aq aq adsCo OH Co OH+ -+ ® (14)

The second peak, around 0.0 V, is related to the formation of Co(OH)3 (Eq.15) [6-10]. The
scheme showed in figure 5-b shows the obtention of Co3O4 from thermal oxidation.

2( ) ( ) 3( )( ) ( ) 1ads aq adsCo OH OH Co OH e- -+ ® + (15)

(a) (b) 

Figure 5. a) A cyclic voltammetry of a steel electrode coated with metallic cobalt in KOH 6molL-1. (b) The obtention of
Co3O4 from thermal oxidation.

There is also a method for the electrodeposition of a layer of Co(OH)2 without the need for an
alkaline solution. The Co(OH)2 can be electrodeposited from a solution of cobalt nitrate. The
many papers described this electrodeposition. The first step is the reduction of nitrate ions
(Eq. 5). The reaction shown in the equation 5 promotes the alkalinization of electrical interface
of metal “M”. In a chemical step the Co(OH) is formed onto “M”(Eq. 6) [13-14].

3( ) 2 2( ) ( )2 2aq g aqNO H O e NO OH- - -+ + ® + (16)

2
( ) ( ) ( )2 / ( )M
aq aq sCo OH M Co OH+ -+ ¾¾® (17)

In the vast majority of papers about supercapacitors based on cobalt oxides at least one of the
steps corresponds to electrodeposition. In an interesting case in the literature, Kung et al [13]
performed the electrodeposition of Co(OH)2 on a Ti plate as shown by Eq.6. To obtain the
Co3O4, the film of Co(OH)2 it was submitted to an atmosphere ozone. They obtained an
excellent capacitance specific value around 1000Fg-1. Practically the same method however

Modern Surface Engineering Treatments108

with another the substrate, Zhou et al [14] obtained a specific capacitance of 2700Fg-1. In this
case the substrate was Ni. Are shown in table 1 some values of specific capacitance for oxides
and hydroxides of cobalt found most frequently in literature.

Method for

Co(OH)2

Substrate
Specific

capacitance
Solution

Method for

Co3O4

Reference

Potentiostatic Ti plates 1000 F g-1 Co(NO3)2 Ozone [13]

Potentiostatic Ni sheets 2700 F g−1 Co(NO3)2 - [14]

Cyclic voltammetry
Co

electrodeposit
310 Fg-1 LiOH 150 oC [15]

Table 1. Some values of specific capacitance for oxides and hydroxides of cobalt obtained by electrodeposition or
electrodeposition/calcination.

2.1.2. Manganese oxides

One promising material is hydrated amorphous or nanocrystalline manganese oxide, MnO2

nH2O this material has exhibited capacitances exceeding 200 F/g in solutions of several alkali
salts, such as LiCl, NaCl, and KCl [16]. Chang and Tsai [17] have reported supercapacitance
of 240 Fg−1 for hydrous MnO2 synthesized by potentiostatic method. By other hand Feng et al
[16] reported supercapacitors of 521 Fg−1 for MnO2 multilayer nanosheets prepared galvanos‐
tatically. Both in galvanostatic or potentiostatic electrodeposition, the anodic electrodeposition
for formation of MnO2 can be express by Eq. 7:

2
( ) 2 2( ) ( )2 4 2aq s aqMn H O MnO H e+ + -®

+ + +
¬

(18)

The model more relevant proposed to describe the charge and discharge cycles of MnO2 at
electrolyte constituted by Na2SO4 is given in Eq. 8. This equation demonstrated that the
capacitance of MnO2 is result of redox reaction that occurs in its surface. This redox reaction
corresponds of electrochemical adsorption/desorption of Na+ ions [16-17].

2( ) ( ) 2( )s aq adsMnO Na e MnO Na+ - - +®
+ +

¬
(19)

A fact which makes the MnO2 becomes most promising as supercapacitor, is the recycling Zn-
MnO2 batteries. Few studies in the literature report the recycling of Zn-MnO2 batteries [18].
Thus, this line of research becomes extremely important to make supercapacitors based in
MnO2 more environmentally correct.
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2.3. Solar cells

Photovoltaic (PV) cells are made up of two semi-conductor layers and one electrolyte. One
layer containing a positive charge, the other a negative charge [19-22]. The n-type semicon‐
ductor receive radiation hν, thus valence electron is promoted to conduction band. One
potential difference is established between the n-type semiconductor and the p-type semicon‐
ductor. This causes a photocurrent to flow through of the system. Basically, the electrolyte is
used for circulation of ionic current which restores the nature of semiconductors. The figure
6 shows the scheme of photovoltaic cell. The researches are basically focuses on development
of semiconductor electrodes and electrolytes cheaper and more efficient. Thus in this context
the electrodeposition can contribute greatly. This is because the electrodeposition is a method
simple, practical and inexpensive to produce both p-type as n-type [21,22].

Figure 6. Representation of a photovoltaic cell using two semiconductor electrodes and an electrolyte.

2.3.1. Semiconductive Cu2O

Among various transition metal oxides, cuprous oxide (Cu2O) has attracted much attention.
This because the Cu2O it is a non toxic and inexpensive semiconductor material. Cu2O is a
direct band gap (1.80 eV) (Figure 7) semiconductor material and has a high absorption in the
visible region of the solar spectrum [19,22,23].

The Cu2O may be a p-type semiconductor well as the n-type. In Cu2O-p there are vacancies of
cuprous ions (Cu+) and in Cu2O-n, there are oxygen vacancies. Many papers on the Cu2O-p
show that this material has a lower efficiency than 2% attributed to heterojunction represented
by metallic cooper (Cu/Cu2O-p) [22]. Thus, many studies have been focused on Cu2O-n.
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Particularly, the obtention of n-type or p-type semiconductor can be controlled from pH of
electrodeposition bath (Figure 8).

Figure 8. The cyclic voltammetry of a Pt electrode in Na2SO4 and CuSO4 + Na2SO4 solution.

Figure 7. Representation of energy diagram for formation of Cu2O.
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In copper electrodeposition several mechanisms are proposed. Considering the direct electro‐
deposition, the copper II ions are electrodeposited on one step as shown in Eq. 20. Siripala et
al. [22] discusses the formation of an intermediate in the electrodeposition of copper. In this
case the copper electrodeposition occurs through Cu+ forming the CuOH adsorbed (Eq. 21
and 22). Chemical occurs in one step the formation of Cu2O (Eq. 23).

2
( ) ( )2aq sCu e Cu+ -+ ® (20)

2
( ) ( )1aq aqCu e Cu+ - ++ ® (21)

( ) ( ) ( )aq aq adsCu OH CuOH+ -+ ® (22)

( ) ( ) 2 2ads adsCuOH CuOH Cu O H O+ ® + (23)

The reason for formation of Cu2O is due to oxygen reduction forming peroxide. Among other
electrochemical steps, one of the possible reactions in this case is shows in Eq. 24. The presence
of Cu+ certainly favor the formation of Cu2O.

2
2 2( ) ( ) ( ) ( ) 2( )2 2aq aq aq aq gH O Cu Cu H O+ + ++ ® + + (24)

According to Siripala et al. the type semiconductor (p or n) can be determined by ph of solution.
If the copper electrodeposition occurs in pH below of 6.00 is formed preferably the Cu2O-n.
For pH above 6.00, electrodeposition of Cu2O-p occurs preferably [22,23].

2.3.1. Semiconductive TiO2

Many papers have discussed the dye-sensitized solar cell (DSC) due its promising efficiency
in very low cost [19-25]. In the literature is found cathodic electrodeposition of TiO2 nanopar‐
ticles on the optically transparent fluorine doped tin oxide-coated (FTO) glass [25]. This type
of the oxide electrodeposition is already prepared. The deposition is made due to current of
electrophoresis. In electrodeposition in pH higher than the zero charge point (PCZ) the
particles TiO2 are negatively charged. Thus one cathodic electrodeposition is unfavorable due
to electrostatic repulsion. In low pH there is a tendency for formation of bubbles of hydrogen
gas due to reduction of H + ions. This causes a partial occupation of the electrode surface by
decreasing the efficiency of the process. The electrodeposition of TiO2 on the FTO is pictured
in the figure 9.
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Figure 9. Representation of TiO2 particles electrodeposition on F TO.

The-Vinh et al. [25] showed that the TiO2/SiO2 nanocomposite electrode facilitated the increase
of ca. 20% of photocurrent density and ca. 30% of photovoltaic efficiency in comparison with
the bare TiO2 electrode. In accord to authors this electrodeposition method can be applied as
an advanced microscopic way to control the electrochemical properties of the electrodes.

2.4. Electrical interconnects of Solid Oxide Fuel Cells (SOFCs)

In the current scenario where the researches are focused on cleaner energy sources and
efficient, the fuel cells are gaining more space. Among the most promising fuel cells for
generation of large quantity of power, are the solid oxide fuel cells (SOFCs) [26-29]. Solid oxide
fuel cells (SOFCs) are solid-state devices that produce electricity by electrochemically com‐
bining fuel and air across an ionically conducting electrolyte. During operation of solid oxide
fuel cell (SOFC) the anode is fed of hydrogen and cathode is supply with O2 or air. At the
operating temperature (600 to 800 °C), hydrogen is oxidized at the anode to H+ ions. The freed
electrons are conducted to the external circuit to the cathode, enabling the reduction of the
oxygen ions O-2(Eq.1.2) which are transported from the cathode to the anode through the
electrolyte (ionic conductor). At the interface anode / electrolyte anions O-2 react with H+ to
form H2O (1.3). Figure 10 depicts the scheme of operation of a SOFC.

In order to obtain high voltage and power density, a number of individual cells consisting of
a porous anode, a dense thin-film electrolyte, and a porous cathode are electrically connected
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by interconnects to form a “stack”. These interconnects are in contact with both electrodes
(cathode and anode) and must meet a number of requirements [27-29] :

• Low area specific resistance (ASR). An acceptable value, after 40,000 working hours, is 0.10
Ohm cm-2.

• Chemical stability in both atmospheres (reducing and oxidant) at high temperatures
(between 600 and 1000 ºC).

• Impermeability to O2 and H2.

• Linear thermal expansion coefficient, LTEC, compatible with the other components of the
cell (value close to 12.5 x 10-6 K-1).

Metallic interconnects have attracted a great attention due to their high electronic and thermal
conductivity and a low cost and good manufacturability compared to traditional ceramic
interconnects [30]. In recent years, many works have been focused on ferritic stainless steel
due to its low cost and adequate linear thermal expansion coefficient (11-12 x 10-6 K-1) [28-30].
However, under the cathode working conditions (typically 800 oC in air) CrO3 evaporate from
the Cr2O3 oxide film (Eq. 25) causing severe cell degradation [28-31].

2 3( ) 2( ) 3( )
1 3
2 4s g gCr O O CrO+ ® (25)

Figure 10. Simple scheme of operation and gases flow of a SOFC.
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To improve the surface electrical properties and reduces the amount of chromium in the oxide
film a coating of the stainless steel with semiconductor oxides has been proposed. Cobalt oxide
Co3O4 is a promising candidate because of its interesting conductivity of 6.70 Scm-1 and an
adequate linear thermal expansion coefficient [32-33]. A good strategy to obtain the Co3O4 layer
over stainless steel is cobalt electrodeposition with subsequent oxidation in air at high
temperatures (SOFC cathode conditions) (Figure 11). The cobalt electrodeposition can be a low
cost technique. This methodology initially a cobalt layer is electroplated on steel. Under the
conditions cathode (air and ~ 800) occurs the formation of Co3O4. In the figure 12, is shown the
MEV of a cobalt layer electrodeposited on a stainless steel plate.

Figure 11. Scheme of Co3O4 obtention over stainless steel using the electrodeposition method.

The figure 13 shows that the steel without coating of cobalt subjected a strongly oxidizing
conditions of cathode forms an oxide film very irregular. Also is observed that the steel surface
shows the presence of chromium. Moreover the sample of coating steel with cobalt shows up
very regular and without preença chromium in its surface.

In accord to Deng et al. [33] the stainless steel with electrodeposited cobalt tends to improve
in high temperature and to reduce the chromium evaporation. The cobalt was oxidized to
Co3O4. The coating not only maintains electrical contact, but it offers oxidation protection in
ferritic stainless steels at lower chromium content and it is capable of significantly retarding
chromium evaporation which reduces chromium poisoning of fuel cell. in accord to Wu et al
[32], a uniform and smooth Mn–Co alloy can be successfully deposited on stainless steel
substrate by electrodeposition. Compounds as Mn1.5Co1.5O4 can reach an electrical conductivity
of 90 Scm−1 to 800 degrees [33]. This shows that the electrodeposition is an excellent alternative
for achieving highly conductive films at high temperatures.
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2.5. Ion-Li batteries recycling

The best way to achieve sustainable development is through recycling materials more precisely
batteries. In this context, the electrodeposition takes shape more environmentally friendly. It
is very interesting to note that metallic electrodeposition corresponds to a very interesting
route for metal recycling. The principal metallic sources for recycling can be electronics circuits
or spent batteries [6,34,35,36,37]. The Li-ion battery is a most attractive energy source for
portable electronic products, such as cellular phones and laptop computers. Spinel structure
LiCoO2 is most used as the cathode material for Li-ion batteries due to its good performance
in terms of high specific energy density and durability [1]. Thus, the Li-ion batteries are a
valuable source of cobalt. The global reaction for charge and discharge of a li-ion battery with
LiCoO2 cathode can be represented b y Eq. 26. The LiCoO2 is initially over the Al current
collector. This is represented by figure 14.

2 (1 ) 66 x xLiCoO C Li CoO C Li®
¬ -+ + (26)

The first step in obtaining of cobalt from Li-ion batteries is removal of LiCoO2 of current
collector. This is accomplished by performing a heat treatment of cathode at 400 degrees for
approximately 24 hours. The powder of LiCoO2 obtained is dissolved in acidic solution under
constant magnetic agitation at 80 ◦C for 2 h. The cathode dissolution efficiency increases with

Figure 12. Scanning electron microscopy images of cobalt electrodeposited on stainless steel.
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the increase of the acid concentration and temperature [6,34]. The addition of H2O2 is necessary

to increase the efficiency of cathode dissolution. H2O2 reduces cobalt from oxidation state +III,

insoluble in aqueous system, to +II, soluble in aqueous system. Considering that the active

(a) (b) 

Figure 14. Photograph of the cathode of Li-ion batteries.

Figure 13. Scanning electron microscopy images and dispersive energy of X-ray for sample for steel coated with co‐
balt (low) and without cobalt (up) after 1000 hours at 850 degrees.
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material is LiCoO2, the cathode dissolution reaction is represented by Eq. (2) [6]. Figure 15
shows a simplified diagram of li-ion batteries recycling using the electrodeposition.

2(s) 2 2(l) (aq) 2(aq) 2(g) (aq) 2 (l)
1 1LiCoO   H O   3HCl CoCl   O   LiCl   2H O
2 2

+ + ® + + + (27)

Figure 15. Simplified diagram of li-ion batteries recycling using the electrodeposition.

Although many groups working with Li-ion batteries recycling, the group most advanced in
recycling via electrodeposition seems to be the group's researcher Eric M. Garcia. Garcia and
other researchers perform a study of cathode Li-ion batteries recycling using the electrodepo‐
sition technique. Among several conclusions was shown that the largest charge efficiency
found was 96.90% at pH 5.40. Furthermore, this research group conducted a detailed study of
the mechanism of electrodeposition using electrochemistry quartz crystal microbalance
technique (EQCM) [34]. In this case, it was assessed that at pH below 5, the electrodeposition
of cobalt follows the direct mechanism (Eq. 13). For pH less than 2.70, cobalt electrodeposition
occurs simultaneously with the reduction of protons to hydrogen [34]. In other work of Garcia
and colleagues of research, it was explained the morphology of material electrodeposited with
relation to pH. Although other research papers also focused on the cobalt electrodeposition as
way of recycling battery Li-ion, Garcia's group pioneered the application of recycled cobalt.
Garcia and other researchers associated the recycling of Li-ion battery to production of
supercapacitor based on composite formed by cobalt oxides and hydroxides. The specific
capacitances calculated from cyclic voltammetry and electrochemical impedance spectroscopy
show a good agreement with the value of 625 Fg-1 [36]. Moreover Garcia et al. also proposed
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the application of recycled cobalt in interconnects for SOFC [37]. In this work the metallic cobalt
was electrodeposited on 430 steel in order to obtain a low electrical resistance film made to
Co3O4. After oxidation at 850 oC for 1000 h in air, the cobalt layer was transformed into the
Co3O4 phase. On the other hand, a sample without cobalt showed the usual Cr2O3 and
FeCr2O4 phases.

3. Conclusions

The electrodeposition remains a very important topic for technology development. Through
changes in operating parameters, one can obtain metallic or oxide films with different
characteristics. The electrodeposited Co3O4, have an excellent supercapacitive behavior with
specific capacitive value around 2700 Fg-1. The MnO2 synthesized by electrodeposition method
also have very good values of supercapacitance varying between 240 and 521 Fg−1. In solar
cells, the electrodeposition is a very promising method for electrodes fabrication. This is
because the electrodeposition is a method simple, practical and inexpensive to produce both
p-type as n-type. Moreover, with the advancement of Solid Oxide Fuel Cells development, the
electrodeposition is once again an important method to be considered. In this case the
electrodeposition is an excellent method for improved of electrical interconnects. Finally, there
is also an environmental aspect of electrodeposition. This because the metals recycling of
metals presents in spent batteries is made principally by electrodeposition method.
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Chapter 6

Nanocoatings

R. Abdel-Karim and A. F. Waheed

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55776

1. Introduction

Nanocoatings are one of the most important topics within the range of nanotechnology.
Through nanoscale engineering of surfaces and layers, a vast range of functionalities and new
physical effects can be achieved. Some application ranges of nanolayers and coatings are
summarized in table 1 [1].

Surface Properties Application Examples

Mechanical proeprties (e.g tribology,

hardness, scratch resistance

Wear protection of machinery and equipment, mechanical protection of

soft materials. (polymers, wod, textile, etc.), superplasticity of ceramics

Wetting properties (e.g antiadhesive,

hydrophobic, hydrophibic)

Antigraffiti, Antifouling, Lotus-effect, self-cleaning surfaces.

Thermal and chemical proeprties(e.g

heat resistance and insulation, corrosion

resistance)

Corrosion protection for machinery and equipment, heat resistance for

turbines and engines, thermal insulation equipment and building

materials.

Biological properties (biocompatibility,

anti-infective)

Biocompatible implants, medical tools, wound dressings.

Electronical and magnetic properties

(e.g magneto resistance, dielectric)

Ultrathin dieelectrics for field effect transistors, magnetoresistive sensors

and data memory.

Catalytic efficiency Better catalytic efficiency through higher surface-to-volume.

Optical properties (e.g anti-reflection,

photo-and electrochromatic)

Photo-and electrochromatic windows, antireflective screens and solar

cells.

Table 1. Some applications of nanocoatings

Many synthesis techniques for production of nanostructured coatings have been developed
such as sputtering, laser ablation, sol/gel technique, chemical vapour deposition, gas-conden‐

© 2013 Abdel-Karim and Waheed; licensee InTech. This is an open access article distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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Chapter 6

Nanocoatings

R. Abdel-Karim and A. F. Waheed

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55776

1. Introduction

Nanocoatings are one of the most important topics within the range of nanotechnology.
Through nanoscale engineering of surfaces and layers, a vast range of functionalities and new
physical effects can be achieved. Some application ranges of nanolayers and coatings are
summarized in table 1 [1].

Surface Properties Application Examples

Mechanical proeprties (e.g tribology,

hardness, scratch resistance

Wear protection of machinery and equipment, mechanical protection of

soft materials. (polymers, wod, textile, etc.), superplasticity of ceramics

Wetting properties (e.g antiadhesive,

hydrophobic, hydrophibic)

Antigraffiti, Antifouling, Lotus-effect, self-cleaning surfaces.

Thermal and chemical proeprties(e.g

heat resistance and insulation, corrosion

resistance)

Corrosion protection for machinery and equipment, heat resistance for

turbines and engines, thermal insulation equipment and building

materials.

Biological properties (biocompatibility,

anti-infective)

Biocompatible implants, medical tools, wound dressings.

Electronical and magnetic properties

(e.g magneto resistance, dielectric)

Ultrathin dieelectrics for field effect transistors, magnetoresistive sensors

and data memory.

Catalytic efficiency Better catalytic efficiency through higher surface-to-volume.

Optical properties (e.g anti-reflection,

photo-and electrochromatic)

Photo-and electrochromatic windows, antireflective screens and solar

cells.

Table 1. Some applications of nanocoatings

Many synthesis techniques for production of nanostructured coatings have been developed
such as sputtering, laser ablation, sol/gel technique, chemical vapour deposition, gas-conden‐
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sation, plasma spraying, and electrochemical deposition [1]. Chemical vapour deposition
includes chemical reaction of input materials in the gas phase and deposition of the product
on the surface. Physical vapour deposition (PVD) includes transforming the material into the
gaseous phase and then deposition on the surface [2]. The impact of an atom or ion on a surface
produces sputtering from the surface. Unlike many other vapour phase techniques there is no
melting of the material. Sputtering is done at low pressure on cold substrate. In laser ablation,
pulsed light from an excimer laser is focused onto a solid target in vacuum to boil off a plum
of energetic atom. A substrate will receive a thin film of the target material. The sol-gel process
is well adapted for ceramics and composites at room temperature [1].

The superiority of electrochemical deposition techniques in synthesizing various nanomate‐
rials that exhibit improved compared with materials produced by conventional techniques,
will be discussed. Nanocoatings can be obtained either directly on substrates or by using
porous templates.

2. Electro deposition of nanomaterials

Nano crystalline materials were first reported by Gleiter [3] and due to their attractive
properties. The fact that electrochemical deposition “ED”, also being an atomic deposition
process, can be used to synthesize nanomaterials has generated a great deal of interest in recent
years. The obvious advantages of this century-old process of ED are rapidity, low cost, high
purity, production of free-standing parts with complex shapes, higher deposition rates, the
production of coatings on widely differing substrates. In addition, ability to produce structural
features with sizes ranging from nm to μm, and ability to produce compositions unattainable
by other techniques [4, 5]. This method also provides for cost-effective production of free‐
standing forms such as ultrathin foil, wire, sheet, and plate, as well as complex shapes.

Electro deposition parameters are bath composition, pH, temperature, over potential, bath
additives, etc... Important microstructural features of the substrate include grain size, crystal‐
lographic texture, dislocation density, internal stress. Crystallization (Figure. 1) occurs either
by the buildup of existing crystals or the formation of new ones. These two processes are in
competition with each other and are influenced by different factors. The two key mechanisms
which have been identified as the major rate-determining steps for nanocrystal formation are
charge transfer at the electrode surface and surface diffusion of adions on the crystal surface
[6]. With increasing inhibition, the deposit structure changes from basis oriented and repro‐
duction type (BR) to twin transition types (TT), to field oriented type (FT), and finally to
unoriented dispersion type (UD). A large number of grain refiners have been described in the
literature; their effectiveness depends upon surface adsorption characteristics, compatibility
with the electrolyte, temperature stability, etc. For example, saccharin, coumarin, thiorea, and
HCOOH have all been successfully applied to achieve grain refinement down to the nano‐
crystalline range for nickel electrodeposits. The second important factor in nanocrystal
formation during electro crystallization is overpotential; Grain growth is favored at low over
potential and high surface diffusion rates. On the other hand, high over potential and low
diffusion rates promote the formation of new nuclei [7].
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2.1. Electrodeposited nanocrystalline Ni-Fe alloys

Nanostructured Ni-Fe alloys, produced by electro-deposition technique provide material with
significant  improved strength and good magnetic  properties,  without  compromising the
coefficient of thermal expansion (CTE). Such properties made these alloys to be used in many of
the applications where conventional materials are currently used. For such applications a special
attention has been made to study the physical, mechanical and chemical properties of such alloys
because of the potential for performance enhancement for various applications of Ni-Fe alloys
arising from the enhanced properties due to the ultra-fine grain size of these alloys [7-9].

Figure 1. Two stages of electro crystallization according to Bockris et al. [6]

According to R. Abdel-Karim et al. [10], nanocrystalline Ni-Fe deposits with different compo‐
sition and grain sizes were fabricated by electrodeposition. Deposits with iron contents in the
range from 7 to 31% were obtained by changing the Ni2+/Fe2+ mass ratio in the electrolyte. The
deposits were found to be nanocrystalline with average grain size in the range 20–30 nm. The
surface morphology was found to be dependent on Ni2+/Fe2+ mass ratio as well as electroplating
time. Figure 2 represents SEM of electrodeposited Ni base layers at longer electrode position
time (100 min) as a function of Ni2+/Fe2+ mass ratio in the electrolytic bath. From Figure 2(a),
in case of Ni2+/Fe2+ mass ratio equal to 20.7, SEM image displayed well defined nodular coarse
and fine particles with no appearance of grain boundaries. This nanosized particles can be
better illustrated by using higher magnification (100000x), as shown in Figure 2(b). From Figure
2(c), sample of Ni2+/Fe2+ mass ratio equal to 13.8 displayed clusters of fine particles embedded
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in elongated elliptical ones and some grain boundaries can be seen. By raising the iron content
and thus decreasing the Ni2+/Fe2+ mass ratio down to 9.8 (Figure 2(d)), the surface morphology
showed rough cauliflower structure. The cauliflower morphology particle is made of coagulate
particle distributed all over the surface with a flattened grains. The grains size decreased with
increasing the iron content, especially in case of short time electroplating. Increasing the
electroplating time had no significant effect on grain size. The microhardness of the materials
followed the regular Hall-Petch relationship with a maximum value (762 Hv) when applying
Ni2+/Fe2+ mass ratio equal to 9.8.

Figure 2. SEM of electrodeposited Ni-Fe layers at current density 20 mV/cm2 and deposition time 100 min. as a func‐
tion of Ni2+/Fe2+ mass ratio in the electreolyte [10].

2.2. Mechanism of electro deposition of Ni-Fe alloys

Electro deposition of Ni-Fe alloys exhibit the phenomenon of “anomalous codeposition”. This
term introduced by Brenner [11] is being used to describe the preferential deposition of the
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less noble metal, Fe, to the more noble metal, Ni. In other words, the reduction of nickel is
inhibited while the deposition of iron is enhanced when compared with their individual
deposition rates. According to Afshar et al. [12], the electrode position of nickel-iron alloys is
a diffusion-controlled process with typical nucleation mechanism. According to Krause et al.
[13], the anomalous behavior was assumed due to precipitation of iron hydroxide on surface
electrode that inhibits the nickel reduction.

( )+ 2+
atomNi° / nFe° + H 1/2  Fe + H - Ni°/   n-1/2  Fe® (1)

( ) ( ) -
atomH  - Ni°/ n-1/2  Fe°+ R- Cl Ni°/   n-1/2  Fe°+R + H– Cl® (2)

( ) ( ) ( )2+
atom 2H  - Ni°/ n-1/2  Fe°+H+ 1/2 Fe + Ni°/ n-1 Fe°+H side reaction® (3)

( ) ( )+ 2+
2Ni°/n Fe° + 2H  Fe + H + Ni°/ n-1  Fe° side reaction® (4)

( ) -
2 2O g  +2H O+ 4e 4OH® (5)

2.3. Phase formation

One of the important observations in the Ni-Fe alloys is the dependence of the crystal structure
on the iron and nickel content in the deposited layers. Figure 3 shows X-ray diffraction patterns
of various nanocrystalline Ni-Fe electrodeposits ranging in nickel content from 0 to 100%. Ni-
Fe deposits with low nickel concentrations were found to have a body centered cubic (BCC)
structure, while those with high nickel concentrations had a face-centered (FCC) structure [13].
While a mixed FCC/BCC structure was observed for nickel concentrations ranging from 10wt
% to 40wt% nickel.

2.4. Properties of electrodeposited nanocrystalline Ni-Fe alloys

The first group of properties are strongly dependent on grain size. These include strength,
ductility and hardness, wear resistance and coefficient of friction, electrical resistivity,
coercivity, solid solubility, hydrogen solubility and diffusivity, resistance to localized corro‐
sion and intergranular stress corrosion cracking, and thermal stability.

On the other hand, the second group of properties including bulk density, thermal expansion,
Young's modulus resistance to salt spray environment, and saturation magnetization are little
affected by grain size [5].
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2.4.1. Mechanical properties

The plastic deformation behavior of electrodeposited nanocrystalline materials is strongly
dependent on grain size. Initial increases, followed by significant decreases in hardness are
observed with decreasing grain size (d) in the nanocrystal range, i.e., d ≤20 nm. The observed
decreases in hardness are contrary to Hall-Petch behavior and consistent with results reported

Figure 3. X-Ray diffraction patterns of electrodeposited Ni-Fe alloys with various Fe concentrations [13]
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elsewhere for nanocrystalline materials. Others have only reported a reduction in the Hall-
Petch slope in the nanometer range [5].

The grain size dependence of the proof stress was found to obey the Hall-Petch relationship;
however, at constant grain size, lower values were always obtained with the equiaxed
geometry, are shown in Table 2. In addition to the remarkable increases in hardness, yield
strength, and ultimate tensile strength with decreasing grain size, it is interesting to note that
the work hardening coefficient decreases with decreasing grain size to virtually zero at a grain
size of 10 nm. The ductility of the material decreases with decreasing grain size from 50%
elongation to failure in tension for conventional material to 15% at 100nm grain size and about
1% at 10 nm grain size. Generally somewhat greater ductility was observed in bending. A slight
recovery in ductility was observed for grain sizes less than 10 nm. Compared to conventional
polycrystalline Ni, nanocrystalline Ni electrodeposits exhibited drastically reduced wear rates
and lower coefficients of friction as determined in dry air pin-on-disc tests. Contrary to earlier
measurements on nanocrystalline materials prepared by consolidation of precursor powder
particles, nanocrystalline nickel electrodeposits do not show a significant reduction in Young’s
modulus [4, 14]. This result provides further support for earlier findings of Krstic et al. [15],
and Zugic et al. [16], which demonstrated that the previously reported reductions in modulus
with nanoprocessing were likely the result of high residual porosity.

Property Conventional Nano Ni, 100 nm Nano Ni, 10 nm

Yield strength, MPa (25 ⁰C)

Yield strength, MPa (350 ⁰C)

Ultimate tensile strength, MPa (25 ⁰C)

Ultimate tensile strength, MPa (350 C)

Tensile elongation, % (25 ⁰C)

Elongation in bending, % (25 ⁰C)

Modulus of elasticity, GPa (25 ⁰C)

Vickers Hardness, Kg/mm2

Work hadnening coefficient

Fatigue strength, MPa (108 cycles/air/ 25 ⁰C)

Wear rate (dry air pin on disc, μm3/μm

Coefficient of friction (dry air pin on disc)

103

--

403

--

50

--

207

140

0.4

241

1330

0.9

690

620

1100

760

15

40

214

300

0.15

275

--

--

900

--

2000

--

1

--

204

650

0.0

--

79

0.5

Table 2. Mechanical properties of conventional and nanocrystalline Nickel

Due to Hall-Petch strengthening, nanocrystalline alloys offer significantly increased strength
and hardness over conventional alloys. The table 3 summarizes tensile test data for Prem alloy
(Fe-80% Ni- 4.8% Mo) and a nanocrystalline Ni-Fe alloy close to the Prem alloy in composition
with average grain size between 10-15 nm. It is obvious that the yield strength, ultimate tensile
strength and Vickers hardness values of the nanocrystalline Ni~20% Fe alloy significantly
exceed those for the conventional Prem alloy. While the ductility represented in the elongation
percentage of the conventional Prem alloy is much greater than that of the nanocrystalline
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Due to Hall-Petch strengthening, nanocrystalline alloys offer significantly increased strength
and hardness over conventional alloys. The table 3 summarizes tensile test data for Prem alloy
(Fe-80% Ni- 4.8% Mo) and a nanocrystalline Ni-Fe alloy close to the Prem alloy in composition
with average grain size between 10-15 nm. It is obvious that the yield strength, ultimate tensile
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exceed those for the conventional Prem alloy. While the ductility represented in the elongation
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Ni~20% Fe alloy. Also figure 4 shows the Vickers hardness of nanocrystalline Ni-Fe alloys as
a function of Iron content in the deposits along with the hardness values of for various
conventional Ni-Fe alloys. The average hardness of the nanocrystalline Ni-Fe alloys is
approximately 4 to 7 times higher than that of the conventional alloys as seen in table 3 and
Figure 4. Besides, Figure 4 shows that there is a moderate decrease in the hardness with
increasing the Iron content in the FCC range and a significant increase with Fe- content in the
BCC range and a minimum hardness at the FCC-BCC transition [14].

Material
Yield strength

0.2% Offset MPa

Ultimate tensile

strength
% Elongation

Vickers Hardness

(VHN)

Nano-Ni-20% Fe

Conv Premalloy

1785

207

2250

550

3-4%

30%

550-600

100

Table 3. Mechanical properties of nanocrystalline Ni-20%Fe and conventional Prem alloy

Figure 4. Vickers hardness as a function of iron content for various conventional and nanocrystalline Ni-Fe alloys [14].

2.4.2. Corrosion properties

In general, the corrosion resistance of nanocrystalline materials in aqueous solutions is of great
importance in assessing a wide range of applications. To date, research in this area is still scarce
and relatively few studies have addressed this issue. For the case of the corrosion behavior of
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nanocrystalline materials produced by crystallization of amorphous precursor materials; both
beneficial and detrimental effects of the nanostructure formation on the corrosion performance
were observed. The conflicting results are, to a large extent, due to the poorly characterized
microstructures of the crystallized amorphous materials. On the other hand, for nanostruc‐
tured materials produced by electro deposition, considerable advances in the understanding
of microstructure on the corrosion properties have been made in recent years [18].

In previous studies, potentiodynamic and potentiostatic polarizations in de-aerated 2N
H2SO4 (pH = 0) were conducted on bulk (2 cm2 coupons, 0.2 mm thick) nanocrystalline pure
Ni at grain sizes of 32, 50, and 500 nanometers and compared with polycrystalline pure Ni
(grain size of 100 μm). Figure 5 shows the potentiodynamic anodic polarization curves of these
specimens. The nanocrystalline specimens exhibit the same active-passive-transpassive
behavior typical of conventional Ni. However; differences are evident in the passive current
density and the open circuit potential. The nanocrystalline specimens show a higher current
density in the passive region resulting in higher corrosion rates. These higher current densities
were attributed to the higher grain boundary and triple junction content in the nanocrystalline
specimens, which provide sites for electrochemical activity. However, this difference in current
density diminishes at higher potentials (1100 mV SCE) at which the overall dissolution rate
overcomes the structure-controlled dissolution rate observed at lower potentials [19].

Figure 5. Potentiodynamic polarization curves for nanocrystalline and polycrystalline Ni in 2N H2SO4 at ambient tem‐
perature [19].

Figure 6 shows scanning electron micrographs of nickel with a) 32 nm and b) 100 μm grain
size, held potentiostatically at 1200 mV (SCE) in 2NH2SO4 for 2000 seconds. Both specimens
exhibit extensive corrosion but the nanocrystalline Ni is more uniformly corroded while the
specimen with 100 μm grain size shows extensive localized attack along the grain boundaries
and triple junctions. X-ray photoelectron spectroscopy of the specimens polarized in the
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Ni~20% Fe alloy. Also figure 4 shows the Vickers hardness of nanocrystalline Ni-Fe alloys as
a function of Iron content in the deposits along with the hardness values of for various
conventional Ni-Fe alloys. The average hardness of the nanocrystalline Ni-Fe alloys is
approximately 4 to 7 times higher than that of the conventional alloys as seen in table 3 and
Figure 4. Besides, Figure 4 shows that there is a moderate decrease in the hardness with
increasing the Iron content in the FCC range and a significant increase with Fe- content in the
BCC range and a minimum hardness at the FCC-BCC transition [14].

Material
Yield strength

0.2% Offset MPa

Ultimate tensile

strength
% Elongation

Vickers Hardness

(VHN)

Nano-Ni-20% Fe

Conv Premalloy

1785

207

2250

550

3-4%

30%

550-600

100

Table 3. Mechanical properties of nanocrystalline Ni-20%Fe and conventional Prem alloy

Figure 4. Vickers hardness as a function of iron content for various conventional and nanocrystalline Ni-Fe alloys [14].

2.4.2. Corrosion properties

In general, the corrosion resistance of nanocrystalline materials in aqueous solutions is of great
importance in assessing a wide range of applications. To date, research in this area is still scarce
and relatively few studies have addressed this issue. For the case of the corrosion behavior of
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nanocrystalline materials produced by crystallization of amorphous precursor materials; both
beneficial and detrimental effects of the nanostructure formation on the corrosion performance
were observed. The conflicting results are, to a large extent, due to the poorly characterized
microstructures of the crystallized amorphous materials. On the other hand, for nanostruc‐
tured materials produced by electro deposition, considerable advances in the understanding
of microstructure on the corrosion properties have been made in recent years [18].

In previous studies, potentiodynamic and potentiostatic polarizations in de-aerated 2N
H2SO4 (pH = 0) were conducted on bulk (2 cm2 coupons, 0.2 mm thick) nanocrystalline pure
Ni at grain sizes of 32, 50, and 500 nanometers and compared with polycrystalline pure Ni
(grain size of 100 μm). Figure 5 shows the potentiodynamic anodic polarization curves of these
specimens. The nanocrystalline specimens exhibit the same active-passive-transpassive
behavior typical of conventional Ni. However; differences are evident in the passive current
density and the open circuit potential. The nanocrystalline specimens show a higher current
density in the passive region resulting in higher corrosion rates. These higher current densities
were attributed to the higher grain boundary and triple junction content in the nanocrystalline
specimens, which provide sites for electrochemical activity. However, this difference in current
density diminishes at higher potentials (1100 mV SCE) at which the overall dissolution rate
overcomes the structure-controlled dissolution rate observed at lower potentials [19].

Figure 5. Potentiodynamic polarization curves for nanocrystalline and polycrystalline Ni in 2N H2SO4 at ambient tem‐
perature [19].

Figure 6 shows scanning electron micrographs of nickel with a) 32 nm and b) 100 μm grain
size, held potentiostatically at 1200 mV (SCE) in 2NH2SO4 for 2000 seconds. Both specimens
exhibit extensive corrosion but the nanocrystalline Ni is more uniformly corroded while the
specimen with 100 μm grain size shows extensive localized attack along the grain boundaries
and triple junctions. X-ray photoelectron spectroscopy of the specimens polarized in the
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passive region proved that the passive film formed on the nanostructured specimen is more
defective than that formed on the polycrystalline specimen, while the thickness of the passive
layer was the same on both specimens. This higher defective film on the nanocrystalline
specimen allows for a more uniform breakdown of the passive film, which in turn leads to a
more uniform corrosion. In contrast, in coarse-grained Ni the breakdown of the passive film
occurs first at the grain boundaries and triple junctions rather than the crystal surface, leading
to preferential attack at these defects [19].

The corrosion behavior of nanocrystalline Ni was also studied in 30 wt% KOH solution and
pH neutral solution containing 3 wt% sodium chloride. The results were similar to the
corrosion behavior observed in sulfuric acid. The general corrosion was somewhat enhanced

Figure 6. SEM micrographs of Ni with (a) 100 μm and (b) 32 nm grain size held potentiostatically at 1200 mV (SCE) in
2N H2SO4 for 2000 seconds [19].
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compared to conventional polycrystalline Ni; however, the nanostructured materials were
much more immune to localized attack which often can lead to catastrophic failures.

Comparing bulk nickel to nanocrystalline nickel, it is found that the bulk nickel was more
resistant to anodic dissolution once the free corrosion potential had established. This interest‐
ing result because it indicates that once free corrosion conditions have been established, the
surface of nanocrystalline nickel is more susceptible to corrosion than bulk nickel. It is known
that the primary passivation potential of binary Ni-Fe alloys generally increase with increasing
nickel concentration, comparatively little study has been conducted on the corrosion behavior
of these alloys in nanocrystalline form. A study on the pitting behavior of nanocrystalline
Ni-18% Fe found that it was more susceptible to pitting corrosion after significant grain growth
had occurred during annealing [20]. Another study of the corrosion resistance of electrode‐
posited nanocrystalline Ni-W and Ni-Fe-W alloys reported poor corrosion resistance for the
ternary alloy because of preferential dissolution of Fe. While alloy concentration effects on the
corrosion rate of electrodeposited nanocrystalline Ni-Fe alloys remain to be clearly established,
as the Iron content in the alloy is increased, the corrosion rate is increased simultaneously [21].

2.4.3. Electric and magnetic properties

As the average grain size in the nanocrystalline materials is reduced to the extent that the
domain wall thickness is comparable to the grain size, the coercively is found to dramatically
decrease while for the permeability of such alloys will increase. Another consequence of the
ultra-fine grain size of nanocrystalline materials is an increase in the electrical sensitivity over
the polycrystalline materials due to the high volume of grain boundaries. The electrical
resistivity of electrodeposited nanocrystalline Ni-Fe alloys has been found to increase consid‐
erably as the grain size decreases to less than 100 nm [5, 22, 23].

2.4.4. Coefficient of thermal expansion

The grain size reduction to about 10nm in fully dense electrodeposited material has no major
effect on the thermal expansion. Comparing between the coefficients of thermal expansion of
nanocrystalline Fe-43wt% Ni to that of Ni-Fe conventional alloys it was found that both have
similar values [18].

2.5. Applications of Ni-Fe alloys

Nickel-iron alloys are of great commercial interest as a result of their low thermal expansion
and soft magnetic properties.

2.5.1. Low thermal expansion applications of Ni-Fe alloys

The nanocrystalline Ni-Fe alloys are used in the integrated circuit packaging and shadow
masks for cathode ray tubes where they require a low coefficient of thermal expansion and
also additional strength would be beneficial. For the integrated circuit packaging materials,
they require materials with thermal coefficient matched to those of silicon to prevent the
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compared to conventional polycrystalline Ni; however, the nanostructured materials were
much more immune to localized attack which often can lead to catastrophic failures.

Comparing bulk nickel to nanocrystalline nickel, it is found that the bulk nickel was more
resistant to anodic dissolution once the free corrosion potential had established. This interest‐
ing result because it indicates that once free corrosion conditions have been established, the
surface of nanocrystalline nickel is more susceptible to corrosion than bulk nickel. It is known
that the primary passivation potential of binary Ni-Fe alloys generally increase with increasing
nickel concentration, comparatively little study has been conducted on the corrosion behavior
of these alloys in nanocrystalline form. A study on the pitting behavior of nanocrystalline
Ni-18% Fe found that it was more susceptible to pitting corrosion after significant grain growth
had occurred during annealing [20]. Another study of the corrosion resistance of electrode‐
posited nanocrystalline Ni-W and Ni-Fe-W alloys reported poor corrosion resistance for the
ternary alloy because of preferential dissolution of Fe. While alloy concentration effects on the
corrosion rate of electrodeposited nanocrystalline Ni-Fe alloys remain to be clearly established,
as the Iron content in the alloy is increased, the corrosion rate is increased simultaneously [21].

2.4.3. Electric and magnetic properties

As the average grain size in the nanocrystalline materials is reduced to the extent that the
domain wall thickness is comparable to the grain size, the coercively is found to dramatically
decrease while for the permeability of such alloys will increase. Another consequence of the
ultra-fine grain size of nanocrystalline materials is an increase in the electrical sensitivity over
the polycrystalline materials due to the high volume of grain boundaries. The electrical
resistivity of electrodeposited nanocrystalline Ni-Fe alloys has been found to increase consid‐
erably as the grain size decreases to less than 100 nm [5, 22, 23].

2.4.4. Coefficient of thermal expansion

The grain size reduction to about 10nm in fully dense electrodeposited material has no major
effect on the thermal expansion. Comparing between the coefficients of thermal expansion of
nanocrystalline Fe-43wt% Ni to that of Ni-Fe conventional alloys it was found that both have
similar values [18].

2.5. Applications of Ni-Fe alloys

Nickel-iron alloys are of great commercial interest as a result of their low thermal expansion
and soft magnetic properties.

2.5.1. Low thermal expansion applications of Ni-Fe alloys

The nanocrystalline Ni-Fe alloys are used in the integrated circuit packaging and shadow
masks for cathode ray tubes where they require a low coefficient of thermal expansion and
also additional strength would be beneficial. For the integrated circuit packaging materials,
they require materials with thermal coefficient matched to those of silicon to prevent the
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formation of cracks, de-lamination and/or de-bonding of the different materials during thermal
cycles to which the components are exposed [14].

In the color cathode ray tube televisions and computer monitors, the shadow mask is a
perforated metal sheet which the electrons from the electron gun must pass through before
reaching the phosphor screen. Its role is to ensure that the electron beam hits only the correct
colored dots and does not illuminate more than the one that was intended. Only 20% of the
electrons pass through the shadow mask, and the other 80% are being absorbed by the mask
which leads to an increase in the temperature of the mask. The resulting thermal expansion
can disturb the alignment between the apertures and the phosphor triads, leading to a distorted
image. This effect is known as “doming [14].

The main advantages of using electrodeposited nanocrystalline over conventional Ni-Fe alloys
-for the use in integrated circuit packaging or shadow masks- for cathode ray tubes include:

• Single step process to produce foils ranging in thickness from 150μm to 500μm;

• High mechanical strength and hardness ( > 450VHN);

• Isotropic properties due to fine equiaxed grain structure;

• Improved chemical machining performance;

• Finer pitch possible due to a decrease in grain size and higher strength;

• High etch rates due to increased grain boundary volume fraction [14].

2.5.2. Magnetic applications of Ni-Fe alloys

For soft magnetic applications, such as electromagnetic shielding, transformers materials,
read-write heads, and high efficiency motors, magnetic materials- that exhibit small hysteresis
losses per cycle- are required. More specifically, materials that have high permeability, low
coercivity, high saturation and remnant magnetization, high electrical resistivity (to minimize
losses due to eddy current formation [23-25]

3. Nanocrystalline Nickel-Molybdnum alloys

Nanostructured Ni-Mo alloys functionalized with acrylic acid (AA) and dispersed in paint
have shown a satisfactory performance as corrosion inhibitors which led them to be used as
anticorrosive paints for petroleum industry applications [26]. Recently, few researches have
been conducted to investigate the effectiveness of nanocrystalline Ni-Mo alloys as catalysts for
steam reforming of hydrocarbons, such as T. Huang et al.[27] Ni-Mo bimetallic catalyst of 20.5
nm crystallite size showed high activity, superior stability and the lowest carbon deposition
rate (0.00073 gc.gcat−1.h−1) in 600-h time on steam.

Moreover, owing to the nanocrystalline state of Ni-Mo alloys, a large number of active sites
are provided which make these alloys perfect candidates as catalysts for hydrogen production
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from water electrolysis [28]. Nanocrystalline Ni-Mo alloys have been processed by different
techniques such as RF magnetron sputtering, mechanical alloying and electrodeposition
techniques. H. Jin-Zhao et al. [29] reported that nanocrystalline Ni-Mo alloys prepared by RF
magnetron sputtering technique to be promising electrodes for hydrogen evolution reactions.
While P. Kedzierzawski et al. [30] were able to produce successfully nanocrystalline Ni-Mo
alloys by mechanical alloying method, as well as indicating the positive contribution of the
large surface area in increasing the catalytic effect as electrodes for hydrogen production and
decrease of the exchange current density.

Furthermore, several attempts have been made in order to produce nanostructured Ni-Mo
alloys by electro deposition technique to be used as cathodes for hydrogen production from
water electrolysis. This is because electro deposition is considered to be cheaper than other
production techniques -being mentioned previously- from the aspect of initial capital invest‐
ment and running costs [31, 32]. While it also require minor modifications to existing conven‐
tional plating lines to be able to produce nanocrystalline films or stand free objects, in addition
to that scaling up is relatively easy and high production rates can also be achieved [33].

Ni-Mo deposits have been well known for their use as cathodes for hydrogen production from
water by electrolysis as well as catalysts for hydrogen production by steam reforming of
hydrocarbons [7]. Arul Raj and Venkatesan [34] showed an increased electrocatalytic effect of
Ni-Mo electrodeposited alloys for the hydrogen evolution reaction than that showed by nickel
and other nickel-based binary alloys such as Ni-Co, Ni-W, Ni-Fe, and Ni-Cr. In addition, Ni-
Mo alloys are considered as highly corrosion resistant due to the good corrosion protection
characteristics of molybdenum in non oxidizing solutions of hydrochloric, phosphoric, and
hydrofluoric acid at most concentrations and temperatures and in boiling sulfuric acid up to
about 60% concentration [35]. The nickel-molybdenum alloys normally containing 26–35wt%
Mo are among the few metallic materials that are resistant to corrosion by hydrochloric acid
at all concentrations and temperatures [36]. Electro deposition is one of the most promising
techniques for producing nanostructure materials owing to its relative low cost compared to
the other methods. Electro deposition produces nanocrystalline materials when the deposition
parameters (e.g., plating bath composition, pH, temperature, current density, etc.) are opti‐
mized such that electrocrystallization results in massive nucleation and reduced grain growth
[37, 38]. Due to better anticorrosive in several aggressive environments, mechanical and
thermal stability characteristics of Ni-Mo alloys, the electro deposition of these alloys plays an
important role. It is an example of the induced codeposition mechanism [39].

According to J. Halim et al [40], Ni-Mo nanocrystalline deposits (7–43 nm) with a nodular
morphology (Figure 7) were prepared by electro deposition using direct current from citrate-
ammonia solutions. They exhibited a single Ni-Mo solid solution phase. Increasing the applied
current density led to a decrease of the molybdenum content in the deposited alloys, increase
in crystallite size, and increase of the surface roughness. The highest microhardness value (285
Hv) corresponded to nanodeposits with 23% Mo. The highest corrosion resistance accompa‐
nied by relatively high hardness was detected for electrodeposits containing 15% Mo. Mo
content values between 11 and 15% are recommended for obtaining better electrocatalytic
activity for Hydrogen evolution reaction “HER” with the lowest cathodic Tafel’s constant.
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the other methods. Electro deposition produces nanocrystalline materials when the deposition
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mized such that electrocrystallization results in massive nucleation and reduced grain growth
[37, 38]. Due to better anticorrosive in several aggressive environments, mechanical and
thermal stability characteristics of Ni-Mo alloys, the electro deposition of these alloys plays an
important role. It is an example of the induced codeposition mechanism [39].

According to J. Halim et al [40], Ni-Mo nanocrystalline deposits (7–43 nm) with a nodular
morphology (Figure 7) were prepared by electro deposition using direct current from citrate-
ammonia solutions. They exhibited a single Ni-Mo solid solution phase. Increasing the applied
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Figure 7. SEM micrograph of Ni-Mo nanocrystalline electrodeposits [40].

3.1. Mechanism of Ni-Mo electro deposition

Ni-Mo electrodeposited alloys are considered as an example of the induced codeposition
mechanism. Several hypotheses have been proposed and many investigations have been
carried out to describe the Ni-Mo electro deposition mechanism. According to Chassaing et
al. [39], the formation of Ni-Mo electrodeposited alloy has been explained in the following
steps:
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1. Reduction of molybdate to Mo (IV) oxide by Ni (II) species forming MoO2Ni4.

2. Reduction of the mixed oxide (MoO2Ni4) forming Ni-Mo alloy.

Whereas, Podlaha and Landolt [41, 42], have proposed a model based on the adsorption and
catalytic reduction of molybdate species using a bath containing citrate species. This model
assumes that [Ni (II)HCit]- catalyze molybdate reduction forming a surface-adsorbed inter‐
mediate, [Ni(II)HCit-MoO2]ads. The deposition of Mo, as indicated by this model, is only
possible when Ni (II) ions are present, while nickel ions reduction following an independent
path.

Generally, in a nickel-rich citrate electrolyte molybdenum deposition is mass-transport
limited. Therefore, the Ni-Mo alloy composition is strongly influenced by the electrode rotation
rate. While in a molybdenum-rich electrolyte, the rate of molybdenum deposition is limited
by the flux of nickel ion. The alloy composition in this case is independent of hydrodynamic
effects [41].

Electro deposition parameters have a large influence on the compostion of Ni-Mo alloys, the
plating current density is one of the important deposition parameters affecting the composition
of Ni-Mo alloys, and it has been investigated by many researches through different plating
bathes that the molybdenum content decreases as the plating current density increases E.
Chassaing et al. [39], reported the decrease of molybdenum content from 30 to about 10 wt%
by increasing the current density from 10 to 150 mA/cm2 as shown in the Figure 8 [42]. The
same conclusion has been reached in the case of Ni-Mo alloys deposited from pyrophosphate
baths as indicated by M. Donten et al. [31] that Mo content ranges from 55 to 35 wt% for a
plating current density from 15 to 50 mA/cm2.

As for the relationship between the Mo content in the citrate bath and that in the depos‐
it, the molybdenum content in the deposit increases as the metal percentage of molybde‐
num in the bath increases [40]. The increase in the content of sodium citrate in the bath
resulted in an increase of the molybdenum content of the deposit. Moreover, the molybde‐
num content in the deposit showed an increased as the pH increases till about pH = 9 and
then decreased.

3.2. Phase formation of nanocrystalline Ni-Mo alloys

Most of the electrodeposited Ni-Mo alloys are composed of a single phase and are mainly semi
amorphous. It was found by XRD analysis that the Ni-Mo alloys electrodeposited from a citrate
bath (ph 8.5-9.5) contain Ni-Mo solid solution.

With diffraction peaks being sharp at the lower content of Mo (12wt%) and wide at the high
concentration of Mo (30wt%) indicating that the alloys are tending to be more amorphous as
the molybdenum content increases as shown in Figure 9 [42]. A similar conclusion was made
by the XRD analysis of the Ni-Mo alloys electrodeposited from pyrophosphate-ammonium-
chloride bath (pH 8.5) [31].
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Figure 7. SEM micrograph of Ni-Mo nanocrystalline electrodeposits [40].
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of Ni-Mo alloys, and it has been investigated by many researches through different plating
bathes that the molybdenum content decreases as the plating current density increases E.
Chassaing et al. [39], reported the decrease of molybdenum content from 30 to about 10 wt%
by increasing the current density from 10 to 150 mA/cm2 as shown in the Figure 8 [42]. The
same conclusion has been reached in the case of Ni-Mo alloys deposited from pyrophosphate
baths as indicated by M. Donten et al. [31] that Mo content ranges from 55 to 35 wt% for a
plating current density from 15 to 50 mA/cm2.

As for the relationship between the Mo content in the citrate bath and that in the depos‐
it, the molybdenum content in the deposit increases as the metal percentage of molybde‐
num in the bath increases [40]. The increase in the content of sodium citrate in the bath
resulted in an increase of the molybdenum content of the deposit. Moreover, the molybde‐
num content in the deposit showed an increased as the pH increases till about pH = 9 and
then decreased.

3.2. Phase formation of nanocrystalline Ni-Mo alloys

Most of the electrodeposited Ni-Mo alloys are composed of a single phase and are mainly semi
amorphous. It was found by XRD analysis that the Ni-Mo alloys electrodeposited from a citrate
bath (ph 8.5-9.5) contain Ni-Mo solid solution.

With diffraction peaks being sharp at the lower content of Mo (12wt%) and wide at the high
concentration of Mo (30wt%) indicating that the alloys are tending to be more amorphous as
the molybdenum content increases as shown in Figure 9 [42]. A similar conclusion was made
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Figure 8. Molybdenum content as a function of the applied current density. Curve 1: 0.02 M Na2MoO4, pH 8.5; Curve
2: 0.02 M Na2MoO4, pH 9.5; Curve 3: 0.03M Na2MoO4 pH 9.5 [42].

Figure 9. XRD patterns for Ni–Mo layers deposited from solution containing 0.03 M Na2MoO4 at pH 9.5 [42].
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3.3. Properties of nanocrystalline Ni-Mo alloys

3.3.1. Corrosion properties of nanocrystalline Ni-Mo alloys

Corrosion resistance of  nanocrystalline materials  is  of  a  great  importance in  assessing a
wide range of potential future applications. To date, a few researches have addressed this
issue. Ni-Mo alloys have been studied for their corrosion resistance especially in the media
where they are used as cathodes for hydrogen evolution [34]. As indicated previously, Ni-
Mo alloys are of excellent corrosion resistance especially in the aqueous solutions contain‐
ing  chloride  ions  [31].  As  for  Ni-Mo  nanocrystalline  alloys,  they  showed  promising
protective characteristics  evidenced by polarization resistance of  about  3.5-17 kΩ.  While
polarization curves being obtained for Ni-Mo nanocrystalline alloys being immersed in 0.5
M NaCl for  various periods as  shown in Figure 10 and 11,  indicated that  at  the begin‐
ning the alloy with higher Mo content (27-30wt%) having a less negative potential (-0.014V)
vs. Ag/AgCl than that for the alloy containing lower Mo content (13-15 wt%) recording a
potential of about -0.749V vs. Ag/AgCl. As the immersion period increased, the corrosion
potential  moved  towards  more  electronegative  values,  down  to  about  -0.93  V  vs.  Ag/
AgCl,  regardless  the  alloy  composition  [43].  While  in  the  deaerated  hydrochloric  solu‐
tions, nanocrystalline Ni-Mo alloys being deposited from citrate solution (pH 8.5-9.5) show
a  large  passivation  domain  without  any  pitting.  The  corrosion  currents  as  well  as  the
passivation currents were higher than for the bulk conventional Ni-Mo alloy (Hastelloy B)
and decreased when the Mo content in these alloys is increased [43].

Figure 10. Polarization curves in semilogarithmic coordinates for Ni-Mo alloy (27-30% Mo) deposit in 0.5 M NaCl for
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Figure 8. Molybdenum content as a function of the applied current density. Curve 1: 0.02 M Na2MoO4, pH 8.5; Curve
2: 0.02 M Na2MoO4, pH 9.5; Curve 3: 0.03M Na2MoO4 pH 9.5 [42].

Figure 9. XRD patterns for Ni–Mo layers deposited from solution containing 0.03 M Na2MoO4 at pH 9.5 [42].
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3.3. Properties of nanocrystalline Ni-Mo alloys
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AgCl,  regardless  the  alloy  composition  [43].  While  in  the  deaerated  hydrochloric  solu‐
tions, nanocrystalline Ni-Mo alloys being deposited from citrate solution (pH 8.5-9.5) show
a  large  passivation  domain  without  any  pitting.  The  corrosion  currents  as  well  as  the
passivation currents were higher than for the bulk conventional Ni-Mo alloy (Hastelloy B)
and decreased when the Mo content in these alloys is increased [43].

Figure 10. Polarization curves in semilogarithmic coordinates for Ni-Mo alloy (27-30% Mo) deposit in 0.5 M NaCl for
various periods of continuous immersion (25 °C, 5 mV/s; geometrical surface of WE-0.63585 cm2) [43].
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Figure 11. Polarization curves in semilogarithmic coordinates for Ni-Mo alloy (13-15% Mo) deposit in 0.5 M NaCl for
various periods of continuous immersion (25 °C, 5 mV/s; geometrical surface of WE-0.63585 cm2) [43].

3.3.2. Electrocatalytic reactivity for hydrogen evolution

Nanocrystalline Ni-Mo alloys are known for their premium electrocatalytic properties as the
presence of molybdenum in these materials apparently increases their catalytic activity. Ni-
Mo alloy coatings electrodeosited from pyrophosphate-sodium bicarbonate bath possess high
catalytic activity for hydrogen evolution in the NaOH solutions. Their stability in the 1 M
NaOH at 25°C under the condition of the reverse polarization are of much better activity
toward hydrogen evolution reaction than pure Ni electrode as the overpotential for Ni-Mo
electrodeposited alloys was recorded as -1.3V vs. SCE at j = -0.3 Acm-2 compared to -1.66 V
vs.SCE for Ni electrode [44, 45].

4. Electrodeposition of Ni-Mo nano composites

Broad application of nickel-based composite coatings in electrochemistry is due to the highly
catalytic activity in electrocatalytic hydrogen evolution (HER) and electrocatalytic oxygen
evolution (OER) as well as good corrosion resistance of nickel in aggressive environments [46].
In order to improve the properties of these materials, and enhance their catalytic activity,
various modifications could be applied, such as alloying with other elements, incorporating
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composite components. All these modifications aimed at obtaining the electrodes with very
developed, rough or porous electrode surface. Many types of particles were used to improve
mechanical, physicochemical or electrocatalytic properties of composite coatings, like car‐
bides, silicides, nitrides, and oxides [47, 48]. Recent research in electro deposition suggested a
technique involving codeposition of metallic particles to form electrodeposited metal matrix/
metal particle composites [49]. Among these composites are those containing metals like Al,
Ti, V, Mo which could not be directly deposited from aqueous solutions. Incorporating such
powdered components to the metal matrix leads to obtain a new kind of composite material
which could be applied as electrode materials [50- 53]. Ni-based binary composite coatings
like Ni–Mo, Ni–Zn, Ni–Co, Ni–W, Ni–Fe and Ni–Cr were tried for hydrogen electrodes; out
of these electrodes, Ni–Mo was found to be best and most stable electrode with an overpotential
of 0.18 V in 6 M KOH solutions [54]. Also according to Kubisztal et al. [55] electrolytic Ni–Mo
and Ni–Mo–Si coatings were prepared by codeposition of nickel with silicon and molybdenum
powders from a nickel bath in which Mo and Si particles were suspended by stirring. Com‐
posite coatings are characterized by very porous surface in comparison with nickel coating
after the same thermal treatment. Ni–Mo composite coatings, obtained by electrodeposition
of Ni with Mo particles on a steel substrate from the nickel bath containing suspended Mo
powder, showed pronounced improvement in the electrochemical performance for HER in an
alkaline environment compared to nickel electrode [47, 55]. The molybdenum content and the
thickness of the Ni–Mo composite coatings change between 28–46 wt%, and 100–130 nm,
respectively depending on the deposition current density. Ni–Mo electrodeposits were
characterized by larger surface than the Ni electrodeposits. According to Jovic et al. [56],
improved performances are to be expected if a composite compact layer of Ni and some Mo
oxides could be prepared by the simultaneous electrodeposition of Ni and MoO3 from an
electrolyte solution in which MoO3 particles are suspended. It seems a unique way for solving
the problem of porosity of electroplated Ni–Mo coatings and low mechanical stability of
thermally prepared Ni–Mo catalysts.

Ni–Mo nanocomposite coatings (18–32 nm) were prepared by electrodeposition of nickel from
a nickel salt bath containing suspended Mo nanoparticles (Figure 12), by Abdel-Karim et al
[57]. All the coatings have been deposited under galvanostatic conditions using current
densities in the range 5–80 mA/cm2. According to structural investigation carried out by X-ray
diffraction, the obtained coatings consisted of crystalline Mo phase incorporated into Ni matrix
(Figure13). The molybdenum content diminished with increasing the deposition current
density and ranged between ∼6 and ∼17% Mo. Table 4 summarizes the corrosion properties
of Ni-Mo composites examined in a remarkable deterioration in the corrosion resistance of Ni–
Mo composites was observed with the increase of Mo content due to crystallite size-refining
and surface roughness effect. Electrocatalytic effect for hydrogen production was improved
mainly as a result of increasing the surface roughness and thus providing more accessible
surface area.

According to Low and Walsh [58],  many operating parameters influence the quantity of
incorporated particles,  including current density,  bath agitation and electrolyte composi‐
tion.  It  has  been  suggested  that  the  transport  of  particles  is  due  to  electrophoresis,
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Ni–Mo nanocomposite coatings (18–32 nm) were prepared by electrodeposition of nickel from
a nickel salt bath containing suspended Mo nanoparticles (Figure 12), by Abdel-Karim et al
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mechanical  entrapment,  adsorption,  and  convection–diffusion.  The  current  density  has
been found to influence the amount of alumina nanoparticles incorporated into electrode‐
posited nickel.  An increase in current density resulted in a rough surface microstructure
and lead to less Al2O3 nanoparticles being incorporated in the metal deposit. The trend of
decreasing the molybdenum content in Ni–Mo composites as a result of raising the applied
current density has been also reported by Kubisztal et al. [55]. This phenomenon could be
due to the fact that the amount of Mo powder incorporated in the composite depends on
the rate of mass transport. At lower current densities Mo powder has longer time to reach
the Ni  matrix  and form Ni–Mo composite.  Whereas,  at  higher  current  densities,  the  Ni
layers  grow faster  and less  time is  allowed for  Mo powder  to  be  transferred to  the  Ni
matrix [54]. Another explanation for the same phenomenon is that by increasing the current
density,  a  strong electric  field is  produced which in turn creates a partial  desorption of
nickel ions on the surface of Mo particles [59, 60]. The Ni crystallite size was reduced from
∼32 to ∼18 nm as the current density was decreased from 80 to 5 mA/cm2. These values
are less than that for Ni crystallites (62 nm) reported by Panek and Budniok [59]. This fact
could be explained by the incorporation of metallic powder particles into the nickel matrix
and the  influence  of  the  deposition  current  density.  When electrically  conductive  parti‐
cles are embedded into the coating, they effectively become a part of the cathode and act
as  nucleation sites  for  the  Ni  matrix.  A structure  refinement  occurs  relative  to  pure  Ni
coatings due to the periodic nucleation and growth from the surface of the particles.

The generally accepted mechanism of the HER in alkaline solution is based on the following
steps:

-
2 adsM + H O + e MH + OH® (6)

-
ads 2MH + H O + e H2+ M+ OH® (7)

22 MH H + 2 M® (8)

where (1) is the proton discharge electrosorption (Volmer reaction), which is followed by
electrodesorption step (2) (Heyrovsky reaction) and/or H recombination step (3) (Tafel
reaction). According to general models for HER mechanisms, the Volmer–Heyrovsky and
Tafel reaction mechanism, reactions (1)–(3), may display three different slopes: 116.3, 38.8 or
29.1 mV dec−1 at 20 °C. When Heyrovsky reaction is the rate determining step, r.d.s., the slope
is 38.8 mV dec−1 and when the Tafel reaction is the r.d.s. slope is 29.1 mV dec−1. When the slope
of 116.3 mV dec−1 is observed, it is impossible to distinguish which step is the rate determining
one. However, as the surface coverage by adsorbed hydrogen should increase with the increase
in negative overpotential, the rate limiting step should be that of Heyrovsky [54, 60].
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Figure 12. SEM micrographs for electrodeposited layers of Ni–Mo composites [57].

Figure 13. XRD of electrodeposited Ni-Mo nanocomposites [57].

4.1. Corrosion properties of electrodeposited Ni–Mo composites

From Table 4, electrodeposited Ni–Mo composites prepared by R. Abdel-karim et al et al [57]
showed higher corrosion rates (0.035–1.795 mm/y) compared to the corrosion rates of Ni–Mo
electrodeposited alloys (4.7–8.3 ×10−3 mm/y) [9]. This result would be attributed to the non-
homogeneity and the rough surface of the Ni–Mo composites compared to the surface of Ni–
Mo alloys. The highest electrocatalytic activity is detected for Ni–Mo composite containing
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Figure 12. SEM micrographs for electrodeposited layers of Ni–Mo composites [57].

Figure 13. XRD of electrodeposited Ni-Mo nanocomposites [57].
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electrodeposited alloys (4.7–8.3 ×10−3 mm/y) [9]. This result would be attributed to the non-
homogeneity and the rough surface of the Ni–Mo composites compared to the surface of Ni–
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∼6% Mo as well as the high surface roughness value (5.35 μm). The obtained results are in
agreement with the results obtained by Panek and Budniok [59] and would indicate that both
factors (Mo content and surface roughness) influence the electrocatlaytic behavior of Ni–Mo
composites. The decrease of one of these two factors would lead to reduction in the electroca‐
talytic activity as for hydrogen evolution reaction. According to Kubisztal et al. [55], the main
contribution toward the electrocatalytic activity of Ni–Mo composites is attributed to the
increase in the actual surface area due to higher surface roughness. Mo particles, while
embedded in the Ni matrix, produce a moderate increase in the catalytic effect in the point of
contact.

Compared to previous work [40] and from table 5 [57], the Ni–Mo composite offers a higher
electrochemical activity toward hydrogen evolution reaction (HER) than that of Ni–Mo alloys,
with the sample containing 17% Mo had the lowest overpotential (−0.725 mV) at j = −1.5 mA/
cm2. These observations are in agreement with Popczyk [60].

Plating current density,

mA/cm2
Mo content, %wt Ecorr, mV Icorr, μm/cm2

Corrosion rate,

mm/y

5

10

20

80

14.6

17.22

16.7

6.4

-435

-512

-752

-356

42.7

153.5

105.6

2.94

0.5

1.795

1.236

0.035

Table 4. Corrosion properties of electrodeposited Ni-Mo nanocrystalline composites

Plating current

density, mA/cm2

Mo content,

%wt

Roughness, Rq,

μm

Ni crystallite

size, nm

Cathodic

mV/decade

Evs SCE(V) at j= -1.5

mA/cm2

5

10

20

80

14.6

17.2

16.7

6.35

0.965

25.6

28.5

32.1

18.3

25.6

28.5

32.1

-115.2

-142.7

-118

-34.9

-1

-0.725

-0.92

n.a

Table 5. Electrocatalyric properties of electrodeposited Ni-Mo nanocrystalline composites

5. Nano-porous alumina formation

Nanoporous alumina films “AAO” produced during electrochemical anodization of alumi‐
num has been studied for many years, and has continued to attract interest from various
researchers because of its unique chemical and physical properties. These unique properties
have made it possible for a wider application such as electronic devices, magnetic storage disks,
sensors in hydrogen detection, adsorption of volatile organic compounds; biodevices; and in
drug delivery, etc [61- 63].
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The advantages of using the AAO membrane as a template are firstly, that it allows the
diameter of the nanowires, nanorods and nanotube to be tailored to the respective pore size
in the membrane (Figure 14) [63]. Secondly, it ensures that the growth of the nanocrystal
(nanowire, nanorod, nanotube) is aligned within the high aspect ratio nano-channel which is
also perpendicular to the substrate surface at the base of the membrane. A wide variety of
materials that include metals, oxides, conductive polymers and semiconductors can then be
deposited into the pores of the membrane. Then a suitable formation mechanism can be used
to generate nanowires, nanorods (short nanowires) and nanotubes. The dimensions of which
can be controlled by adjusting the template pore geometry and the formation parameters [64].

Figure 14. Template Assisted Growth of Nanowires and Nanorods [63]

Electrodeposition of nanoscale materials in the pores of a self- ordered nanochannel matrix is
of relatively low cost. Furthermore, electrodeposition is a fast process for the fabrication of
large arrays of nanostructures with a very large aspect ratio, which is not possible with
standard lithographic techniques [65]. Electrochemical synthesis in a template is taken as one
of the most efficient methods in controlling the growth of nanowires and has been used to
produce a variety of metal nanowires [66].
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also perpendicular to the substrate surface at the base of the membrane. A wide variety of
materials that include metals, oxides, conductive polymers and semiconductors can then be
deposited into the pores of the membrane. Then a suitable formation mechanism can be used
to generate nanowires, nanorods (short nanowires) and nanotubes. The dimensions of which
can be controlled by adjusting the template pore geometry and the formation parameters [64].

Figure 14. Template Assisted Growth of Nanowires and Nanorods [63]

Electrodeposition of nanoscale materials in the pores of a self- ordered nanochannel matrix is
of relatively low cost. Furthermore, electrodeposition is a fast process for the fabrication of
large arrays of nanostructures with a very large aspect ratio, which is not possible with
standard lithographic techniques [65]. Electrochemical synthesis in a template is taken as one
of the most efficient methods in controlling the growth of nanowires and has been used to
produce a variety of metal nanowires [66].
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AAO template is an ideal mold because it possesses many desirable characteristics, including
tunable pore dimensions, good mechanical property, and good thermal stability. Moreover,
especially for metal nanowires, the AAO template has been proved to be a cheap and high
yield technique to produce large arrays of metals nanowires by the electrodeposition. This
oxide has ordered hexagonal cells, of which every cell contains a cylindrical pore at its center.
The pore diameter, cell size and barrier layer thickness can be controlled by anodizing voltage
and the depth of pore by anodizing time [61]. Masuda et al. [64] has shown that AAO mem‐
branes with large pore sizes can be used in optical devices, particularly in the infra-red region
of the spectrum.

The controlled placement of nano-dots on a substrate can be achieved with great accuracy
using electron beam lithography. The major disadvantages of using this technique are the high
capital cost of the equipment and the long exposure times which result in a low production
output. An alternative process for the large scale fabrication of nano-dots on a semiconductor
substrate uses an AAO membrane as an evaporation mask. The membrane provides an array
of uniformly sized pores and site controlled pore locations where the nano-dots can be
deposited. Before being used as a mask, the barrier layer is removed from the AAO membrane
using a suitable etching technique, leaving a through pore structure or nano-channel. The
major advantage of manufacturing nano-dot arrays using an AAO membrane is that the
membrane can be used as a template. The template provides the precise location of individual
pores in a high-density pore array without the need for expensive lithographic processes. The
potential technological application of nano-dots is in the fabrication of ultra-small electronic
devices, ultrahigh-density recording media, and nano-catalysis applications [64].

5.1. Nano-porous alumina formation mechanism

The formation process of the nano-porous oxide layer is a complex process that produces a
self- organized hexagonal pore array, these hexagonal honeycomb structures have been
reported by several researchers [67-73]. The porous structure consists of a thin non porous
oxide layer of constant thickness that is adjacent to the metal substrate that continually
regenerates at the base of the pore while the pore wall is being created, this wall increases in
height with time. The particular electrolyte, its concentration, the anodic voltage and bath
temperature are the main parameters in determining the pore size and the distance between
pores [74].

Typical electrolytes used to produce this type of oxide layer have a pH that is less than 5, and
slowly dissolve the forming oxide layer. Examples of the acids used are sulfuric, phosphoric
and oxalic. However; mixtures of organic and inorganic acids have also been used. The
properties of the electrolyte are important in the formation of porosity and permeability.
Electrolytes that are composed of less concentrated acids tend to produces oxide coatings that
are harder, thicker, less porous and more wear resistant than those composed of higher
concentrated acids. But the most important factor that must be considered when forming the
porous oxide is the electrolyte‘s ability to sustain a significant flow of Al3+ ions from the metal
substrate into the electrolyte. There are two mechanisms that are responsible for the loss of
Al3+ ions from the metal substrate. The first is by the direct expulsion of ions by the applied
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electrical field and the second is the dissolution of the forming oxide layer. In addition, if there
are regions of high current flows when the electric field is applied, an increased dissolution
rate can result (field assisted dissolution) [75].

The origin of pore nuclei and the exact mechanism of pore nucleation are still largely unknown.
Several formation models have been proposed [76, 77]; one model explains that pore nucleation
results from an electric field assisted local chemical dissolution [78] at the electrolyte/oxide
interface and oxide generation at the metal/oxide interface. For electrolytes with a pH less than
5, there is a significant flow of Al3+ ions into the electrolyte and as a consequence there are
regions where the formation of new oxide at the oxide/electrolyte interface is unstable. This
regional instability produces variations in the applied electrical field; this in turn results in an
increased dissolution rate [78, 79]. This mechanism produces an underlying metal/oxide and
oxide/electrolyte interfaces that consist of a large numbers of hemispherical depressions per
cm2 that corresponds to the pores density. In these depressions the electrical field tends to be
more concentrated due to the focusing effect of the hemispherical shape, hence the increased
dissolution rate. [80]. In contrast, the electrical field is fairly constant over the surface of the
barrier layer formed in an electrolyte with a pH greater than 5, where the oxide thickness is
uniform and stable. These hemispherical depressions form the foundations of the resulting
pore structures. The location of these depressions is also influenced by the initial surface
topography, surface imperfections such as impurities, pits, scratches, grain boundaries and
surface treatments prior to anodization [81]. Patermarakis et al. [82] proposed a pore nucleation
model that results from the spontaneous recrystallization of the unstable rare lattice of oxide
formed at the surface of the Al adjacent to metal/oxide interface to a more stable denser nano-
crystalline oxide located in the oxide layer. The resulting recrystallization ruptures in the
surface and produces regions of rarefied oxide between nanocrystallites (anhydrous/amor‐
phous). It is in these regions that pore nuclei form. Earlier studies by Habazaki et al. [77]
indicated the potential for the enrichment of alloying elements, dopants and/or impurities in
the Al substrate adjacent to the metal/oxide interface. The enrichment layers were found to be
about 1 to 5 nm thick immediately beneath the metal/oxide interface and were a consequence
of the oxide growth. These enrichment layers may also be involved in the initiation of changes
within the oxide layer that promote pore nucleation. In a recent investigation by Zaraska et al.
[78], the presence of alloying elements in an Al alloy (AA1050) not only slowed the rate of
oxide growth but also influenced structural features such as porosity, barrier layer thickness,
pore diameter and pore density of the forming oxide layer.

In the early stages of the anodization process Al3+ ions migrate from the metal across the metal/
oxide interface into the forming oxide layer [83]. Meanwhile O2- ions formed from water at the
oxide/electrolyte interface travel into the oxide layer. During this stage approximately 70% of
the Al3+ ions and the O2- ions contribute to the formation of the barrier oxide layer [79], the
remaining Al3+ ions are dissolved into the electrolyte. This condition has been shown to be the
prerequisite for porous oxide growth, in which the Al-O bonds in the oxide lattice break to
release Al3+ ions [80]. During the oxide formation the barrier layer constantly regenerates with
further oxide growth and transforms into a semi-spherical oxide layer of constant thickness
that forms the pore bottom, as shown in Figure 15 [75].
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Figure 15. Schematic structure of anodic porous alumina (A) and a cross-sectional view of the anodized layer (B) [75].

During the formation of the porous oxide layer the anodic Al dissolution reaction is presented
by:

32Al  2Al + + 6e-® (9)

26H+ + 6e- 3H® (10)

2
2 32Al + 3O -  Al O + 6e-® (11)

3
2 2 32Al + + 3H O  Al O + 6H+® (12)

Sum of the separate reactions at electrode: (Overall anodization of Al equation)

2 2 3 22Al + 3H O  Al O + 3H® (13)

The steady state growth results from the balance between the field-enhanced oxide dissolu‐
tion at the oxide/electrolyte interface at the base of the hemispherical shaped pores where the
electric field is high enough to propel the Al3+ ions through the barrier layer and the oxide growth
at the metal/oxide interface resulting from the migration of O2− and OH- ions into the pore base
oxide layer, as in Figure 16. This also explains the dependence of the size of the pore diameter to
the electric field produced by the anodizing voltage. It should also be noted that the electric field
strength in the pore walls is too small to make any significant contribution to the flow of ions.
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The oxidation takes place over the entire pore base and the resulting oxide material grows
perpendicular to the surface, neighboring pore growth prevents growth in any other direc‐
tion. The vertical growth of the pore wall creates a columnar structure with a high aspect ratio
that contains a central circular channel. This channel extends from the base of the pore to the
surface of the oxide layer [81]. This upward growth of the pore wall was recently investigated
by Garcia-Vergara et al. [86] in which a tungsten tracer was placed into an initial oxide layer
formed by an initial anodization step. During the next stage of anodization, the position of the
tracer was monitored and found to travel from the metal/oxide interface of the barrier layer
located at the base of the pore towards the growing wall structure. This flowing motion of the
tracer was credited to the mechanical stresses being generated by the continued formation of
new oxide within the pore base and the repulsive forces set up between neighboring pores during
the growth of the wall structure. These forces resulted from the volume expansion (by a factor
of 2) during the oxidation of Al to alumina. This volumetric expansion factor results from the
difference in the density of Al in alumina (3.2 g cm-2) and that of metallic Al (2.7 g cm-2). This
volumetric oxide expansion at the metal/oxide interface also contributes to the hemispherical
shape of the pore base. However, under normal experimental conditions, the volumetric
expansion factor is less than 2. This is due to the hydration reaction that occurs at the oxide/
electrolyte interface which results in the dissolution and thinning of the oxide layer.

Figure 16. Schematic of ion movement during pore formation [81].

The volumetric growth of the oxide layer is also dependent upon the type of electrolyte (this
effect is more evident when using phosphoric or sulfuric acids), the electrolyte concentration
and the electric field created by the anodizing voltage. Furthermore, a research investigation
by Li et al. [85] has shown that a volume expansion factor of 1.4 could be achieved under
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optimal anodizing parameters, independent of the electrolyte used. The porous oxide layer
thickness and hence pore height can grow to many times the height of the barrier layer. It is
usually during this oxide growth that electrolyte anions can integrate into the forming porous
structure near the oxide/electrolyte interface, while pure alumina is predominantly found in
layers close to the metal/oxide interface. It is also possible for voids to form in the pore walls
during the growth of the oxide layer. Possible causes of these voids range from oxygen
evolution during oxide formation to localized defects in the barrier layer. These defects
produce a condensation effect that involves cations and/or metal vacancies at the metal/oxide
interface, which subsequently become detached, and form the void.

Diggle et al. [86].discussed the contradictory research results of the period. For example, the
non- porous barrier layer was regarded as amorphous and anhydrous, while the porous layer
had been found to be both amorphous and crystalline. In the case of the barrier layer, under
normal anodization conditions the layer will be amorphous. However, studies by Uchi et al.
[87] have shown that with the right growth conditions it was possible to have amorphous or
crystalline Al oxide being produced during anodization. To form a crystalline oxide structure;
an Al substrate was first immersed in boiling water to form a hydrous oxide layer [oxy-
hydroxide with excess water (AlOOH.H2O)]. The substrate was then anodized in a neutral
borate solution at high temperatures, during which Al3+ ions move from the metal substrate
to the hydrous oxide interface, where they combine and transform the hydrous oxide to
crystalline Al2O3. Some of the contradictory evidence of the earlier works discussed by Diggle
et al. [86] of the porous layer could be explained by the work of De Azevedo et al. [88]. In this
study the structural characteristics of doped and un-doped porous Al oxide, anodized in oxalic
acid was investigated using X-ray diffraction (XRD). The XRD patterns for the un-doped
samples revealed several peaks associated with Al and Al2O3 crystalline phases on top of a
broad peak that was approximately centered on the 2θ angle of 25°. This broad peak indicated
that the synthesized layer was a highly disordered and/or amorphous Al oxide compound.

6. Conclusions

• One of the most important aspects of self-assembly lies in the capability of producing
uniform structures over a large area using conventional electrodepsotion and anodizing
processes.

• Nanostructured Ni-Fe alloys, produced by electro-deposition technique provide material
with significant improved strength and good magnetic properties, without compromising
the coefficient of thermal expansion.

• Due to better anticorrosive in several aggressive environments, mechanical and thermal
stability characteristics of Ni-Mo alloys, the electro deposition of these alloys plays an
important role. Broad application of nickel-based composite coatings in electrochemistry is
due to the highly catalytic activity in electrocatalytic hydrogen evolution (HER) and
electrocatalytic oxygen evolution (OER) as well as good corrosion resistance of nickel in
aggressive environments.
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• AAO template has been proved to be a cheap and high yield technique to produce large
arrays of metals nanowires with tunable pore dimensions, good mechanical property, and
good thermal stability by the electrodeposition.
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Chapter 7

Coating Technology of Nuclear Fuel Kernels:
A Multiscale View

Malin Liu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55651

1. Introduction

The coating technology of nuclear fuel kernels (NFKs) is an important part of the nuclear safety
research. Now there are many new designs of nuclear reactor which based on the coated fuel
particles. Among them, high temperature gas-cooled reactor (HTGR) is one of the Gen-IV
reactors and has a bright future in the electricity and hydrogen production because of its
superior characteristics.

The inherent safety characteristics of HTGR have been paid more attention among many
nuclear reactors in the nuclear renaissance, even more adequately after the Fukushima nuclear
accident. The first security assurance is the HTGR nuclear fuel element based on the coated
fuel particles, so the coating process of nuclear fuel particles is one of the most important key
technologies in the research on HTGR. The tristructural-isotropic (TRISO) type coated fuel
particle, which has been commonly used in the current HTGR consists of a microspheric
UO2 fuel kernel surrounded by four coated layers: a porous buffer pyrolysis carbon layer
(buffer PyC), an inner dense pyrolysis carbon layer (IPyC), a silicon carbide layer (SiC) and an
outer dense pyrolysis carbon layer (OPyC), as shown in Fig.1. All coating layers are prepared
in the spouted fluidized bed by chemical vapour deposition (CVD) method in different
research groups in Germany, USA, South Korea, Japan and China [1-5].

Now, HTR-PM (high-temperature-reactor pebble-bed module), a Chinese 2×250 MWth HTR
demonstration plant, is under construction in Weihai City, Shandong Province, PRC. A pilot
fuel production line will be built to fabricate 300,000 pebble fuel elements per year, and each
pebble fuel element contains about 15000 coated fuel particles, so the higher requirements for
mass production of coated fuel particles for fuel elements are put forward. In order to optimize
and scale up the coating process of fuel kernels from the lab to the factory, the multiscale study

© 2013 Liu; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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concept of the coating process was proposed by us in the research process. In this chapter, the
details of this multiscale concept will be given based on our scientific research achievements.

2. The coating methods for NFKs

The first layer deposited on the kernels is porous carbon, this is followed by a thin coating of
pyrolytic carbon (a very dense form of heat-treated carbon), a layer of silicon carbide and
another layer of pyrolytic carbon. Each coating process is performed at a defined temperature
and for a defined duration of time. The schematic diagram of the experimental facility is shown
in Fig. 2. This experimental facility can be divided into two main parts: the left part is the gas
distribution system and the right part is the conical spouted bed coating system. The gas
distribution system contains argon, the hydrocarbon gas (ethyne and propene), hydrogen and
methyl trichlorosilane (MTS) vapor supply device, flow control system and the gas distribution
device. The conical spouted bed coating system contains the spouted bed, the cooling water
system, the heating system, the thermal insulation system, the gas airtight device and the
temperature control device.

The spherical UO2 kernel as fuel particles are fluidized by the fluidization gas and coated by
the reactive gas in the conical spouted bed coating furnace. The thickness, coating time, coating
temperature, reactive and fluidization gas of four coating layers should be determined
beforehand in the coating experiments as shown in Table 1.

Coating layer
Thickness

/μm

Coating

time /min

Reactive+Fluidization

gas

Coating temperature

/ ºC

1. Buffer PyC 95 ~2.5 Acetylene+Argon ~1260

2. Inner PyC 40 ~12.5 Propylene+ Argon ~1280

3. SiC 35 ~150.0 MTS+Hydrogen ~1600

4. Outer PyC 40 ~12.0 Propylene+ Argon ~1300

Table 1. Experimental parameters in the coating process of TRISO particle

(a) (b) (c) (d) 

Figure 1. (a) schematic diagram of coating layers, (b) nuclear fuel kernels(~0.5mm), (c) coated fuel particle(~0.92mm),
(d) Cross-section of coated fuel particle(~0.92mm)
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The whole coating process can be described as follows: In the pyrolytic carbon coating process,
ethyne and propene as the reactive gas and argon as the fluidization gas are injected into the
coating furnace, they are pyrolyzed at the high temperature about 1300ºC and then PyC layers
are prepared. The SiC coated layer is prepared by MTS vapor as the reactive gas which is
entrained by hydrogen and is pyrolyzed at about 1600 ºC. The integrity and property behavior
of the SiC layer of the Tri-isotropic (TRISO) coated particle (CP) for high temperature reactors
(HTR) are very important as the SiC layer is the main barrier for gaseous and metallic fission
product release.

The fluidized bed chemical vapor deposition (FB-CVD) method is a suitable technique for
preparing various kinds of films/layers on the spherical materials by initiating chemical
reaction in a gas. FB-CVD has the advantage of large reactor volume to offer sufficient space
with uniform mass and heat transfer condition. This technique can be used for other purposes,
such as synthesizing carbon nanotube composite photocatalyst ((CNT)/Fe-Ni/TiO2). Also,
some modified method based on FB-CVD, such as plasma-enhanced FB-CVD, has been used
to prepare the transparent water-repellent thin films on glass beads in modern surface
engineering treatment. So the investigation of FB-CVD method is helpful and important for
modern surface treatments.

3. Multiscale analysis

If we only do the coating experiments in the lab scale, it can be done in a very small reactor
and the efficiency can be very high, but now the question is the how to develop coating
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technology from the lab to the factory? The answer is that we must consider the multiscale
study of coating technology of nuclear fuel kernels. The multiscale study of TRISO-coated
particle includes three scales: microscale(material microstructure scale, ~nm), mesoscale
(mesoscopic scale, paticle size scale, ~mm) and macroscale(reactor size scale, ~m), as shown in
Fig. 3.

Figure 3. Multiscale study of coating techonolgy of nuclear fuel kernels

The microscale study mainly focused on the micro-structure of materials, including charac‐
terize and analyze the coating materials using XRD, SEM, TEM, EDS, et al, and then give the
material growth mechanism, using it we can control the material grown as we want. This scale
is the basic area of materials research. The deposition mechanism of PyC layer, the micro‐
structure of SiC layer, and the new coating layer, such as ZrC, has been exploited in our studies.

In order to prevent the risk associated with producing particles that do not meet the require‐
ments, a fundamental understanding of the fluidization phenomena occurring in the spouted
bed coater is needed. Fluidized-bed CVD is a special technique to coat nuclear fuel particles.
To ensure uniform deposits on particles, efficient contact of particles with the reactive gas must
be achieved. Knowledge of the solids flow pattern in spouted bed is essential to the design of
spouted bed, because the particle trajectories must meet process requirements. So the meso‐
scale study mainly focused on the particle movement behavior, including the space-time
distribution of particles and spout-fluid bed dynamics. The domination factor is the interaction
between particle and coating/fluidization gas, which influences the properties of coating
materials directly.

The macroscale study mainly focused on the process engineering analysis on the whole coating
system, including technological parameters study, reactor structure dependence, coupled-
field analysis which include the velocity field, temperature field and material concentration
field. An example is the associated research between a reactor-scale pressure changes and the
coating process.
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3.1. Microscale study

The microscale study mainly focused on characterizing and analyzing the micro-structure of
the coating materials by using XRD, SEM, TEM, EDS, et al [6-8]. Based on the examination
results, the growth mechanism of coating layers was analyzed and the relation of coating layers
microstructure and the deposition technology was established. We have validated the droplet
deposition mechanism in the PyC layer [9] and investigated density change reasons in the SiC
layer [10]. The relationship between the temperature change and the microstructure of the SiC
layer [11], and the new coating layer, such as ZrC, has been exploited.

• The coating process of PyC layer

In the PyC coating process, the ethyne and the propene are injected into a conical fluidized
bed coating furnace and pyrolytic carbon is coated on the fuel particle by CVD (chemical vapor
deposition). However, pyrolytic carbon has not been fully exploited in the coating process of
fuel particles, so a large amount of pyrolytic carbon powder as waste will settle down in the
subsequent cyclone separator. The pyrolytic carbon powder is the main solid byproduct
generated in the coating process. The pyrolytic carbon powder can be collected as carbon black
powder sample, which can be seen as the intermediate products and can be used to study the
mechanism of the coating process of the PyC layer.

The microstructure of pyrolytic carbon powder and the PyC layer are investigated using JEM
2010 TEM (JEOL Ltd., Tokyo, Japan). The preparation method of electron microscopy sample
is to suspend the PyC layer and carbon black powder in the anhydrous ethanol at first, and
then disperse the sample for 15 minutes by adopting the ultrasound method.

The TEM image of the carbon black samples is showed in Fig. 4. It can be found that the
pyrolytic carbon black powder is composed of the nano-spherical carbon particles. They are
ring-layered nano-structured carbon particles and many layers of carbon atoms arrange tidily
in the nano-spherical carbon particles.

Figure 4. The TEM image of the carbon black sample

The high resolution TEM image in Fig. 5 indicate that the near-ordered structure of nano-
spherical carbon particle is mainly characterized by interrupted lattice fringes of 0.34 nm in
average. This value is comparable with the (002) d-spacing in graphite 2H and the (003) d-
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spacing in graphite 3R. But the carbon atom layer is incomplete here and the structure shows
a high defect concentration. The results confirm that the carbon black sample has the layered
structure and the near-ordered structure of nano-spherical carbon particle is mainly charac‐
terized by lattice fringes of 0.34 nm in average.

Figure 5. The high resilution TEM image of the carbon black sample

The TEM image of the deposition pyrolytic carbon samples is given in Fig.6. It can be found
that agglomeration of carbon nano-particles is much greater. Numerous models have been
proposed to describe the carbon deposition mechanism: molecular deposition mechanism,
droplet deposition mechanism, surface decomposition theory and so on [12]. The experimental
results here have shown that the gas-phase nucleation occur at first and then nano-particles
deposit on the surface of fuel particle. The droplet deposition mechanism is suitable to describe
the formation of the dense PyC layer in the fuel particle coating process.

Figure 6. The TEM image of the deposition pyrolytic carbon samples

The schematic diagram of the nano-particles agglomeration is shown in Fig. 7. The nano-
particles with the diameter ofabout 50 nm aggregate into the large clusters with the diameter
of about 1 μm at first. Then the 1 μm clusters aggregate into the larger cluster with the diameter
of 10 μm. Usually, the microstructure of the carbon black powder consists of three grades:(1)
the primary particle; (2) the particle aggregates(∼1μm), which is the primary structure of the
carbon black; (3) the agglomerate(∼10μm), which is also known as the secondary structure of
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carbon black. The Van der Waals force plays a major role in the agglomerating process of the
nano-spherical carbon particle.

Figure 7. The schematic diagram of the nano-particles agglomeration

From the above discussion, it can be found that the droplet deposition mechanism can be used
to explain the formation of the dense PyC layer in the fuel particle coating process. The nano-
spherical carbon particles are generated at first, and then deposit on the surface of fuel particle.

• The coating process of SiC layer

The microstructure of the SiC coating layer are invesitgated under different coating tempera‐
tures, from 1520-1600ºC. The reasons of density change are discussed based on microstructure
analysis. After coating experiments, the coated particle are pressed carefully, until the SiC
coated layer are crushed, then the fragments of SiC coated layer are collected carefully, as
shown in Fig.8. Prior to characterization analysis, it need to heat the fragments for 10 hours at
800 ºC, to remove the layers of pyrolytic carbon.

Figure 8. Appearances of SiC coating layer after crushing

The XRD analysis results of the cross-section and the surface of the SiC sample produced under
different temperatures are almost the same. The peaks located at 36', 60' and 72' are the
characteristic peak of the SiC, corresponding to the (111), (220) and (311) crystal face diffraction
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Figure 5. The high resilution TEM image of the carbon black sample

The TEM image of the deposition pyrolytic carbon samples is given in Fig.6. It can be found
that agglomeration of carbon nano-particles is much greater. Numerous models have been
proposed to describe the carbon deposition mechanism: molecular deposition mechanism,
droplet deposition mechanism, surface decomposition theory and so on [12]. The experimental
results here have shown that the gas-phase nucleation occur at first and then nano-particles
deposit on the surface of fuel particle. The droplet deposition mechanism is suitable to describe
the formation of the dense PyC layer in the fuel particle coating process.

Figure 6. The TEM image of the deposition pyrolytic carbon samples

The schematic diagram of the nano-particles agglomeration is shown in Fig. 7. The nano-
particles with the diameter ofabout 50 nm aggregate into the large clusters with the diameter
of about 1 μm at first. Then the 1 μm clusters aggregate into the larger cluster with the diameter
of 10 μm. Usually, the microstructure of the carbon black powder consists of three grades:(1)
the primary particle; (2) the particle aggregates(∼1μm), which is the primary structure of the
carbon black; (3) the agglomerate(∼10μm), which is also known as the secondary structure of
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carbon black. The Van der Waals force plays a major role in the agglomerating process of the
nano-spherical carbon particle.

Figure 7. The schematic diagram of the nano-particles agglomeration

From the above discussion, it can be found that the droplet deposition mechanism can be used
to explain the formation of the dense PyC layer in the fuel particle coating process. The nano-
spherical carbon particles are generated at first, and then deposit on the surface of fuel particle.

• The coating process of SiC layer

The microstructure of the SiC coating layer are invesitgated under different coating tempera‐
tures, from 1520-1600ºC. The reasons of density change are discussed based on microstructure
analysis. After coating experiments, the coated particle are pressed carefully, until the SiC
coated layer are crushed, then the fragments of SiC coated layer are collected carefully, as
shown in Fig.8. Prior to characterization analysis, it need to heat the fragments for 10 hours at
800 ºC, to remove the layers of pyrolytic carbon.

Figure 8. Appearances of SiC coating layer after crushing

The XRD analysis results of the cross-section and the surface of the SiC sample produced under
different temperatures are almost the same. The peaks located at 36', 60' and 72' are the
characteristic peak of the SiC, corresponding to the (111), (220) and (311) crystal face diffraction
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of SiC respectively. The peaks located at 41' and 75 'are corresponding to the crystal face (200),
(222) diffraction of SiC respectively. The sample has a perfect crystallinity from these charac‐
terization results. The pure SiC product is obtained substantially, impurities such as carbon
and silicon peaks is not obvious, so the influence of impurities such as carbon can be excluded
in the possible reasons of the aforementioned density changes. Thus it can be concluded that
SiC without the doped C, Si and other impurities can be prepared in the experimental MTS
concentration value, in different temperature from 1 520 ºC to 1 600 ºC.

The Raman spectra of the SiC coating layer obtained under different temperature are shown
in Fig. 9. We know that the two characteristic peaks of the β-SiC are the two optical mode
(peak): 796cm-1, the TO(transverse optical mode) and 972cm-1, LO (longitudinal optical mode)
in the Brillouin zone. As can be seen from Fig.10, The Raman spectral peaks measured
experimentally are the peak 1 (796cm-1) and peak 2 (972cm-1), which can be considered as the
two characteristic peaks, therefore it can be concluded that β-SiC (3C-SiC) is obtained, and the
crystal structure is the zinc-blende structure. There are no characteristic peaks of the α-SiC, it
can be determined that the sample are almost pure β-SiC. So β-SiC can be generated in the
experimental temperature range from 1520-1600ºC.

Figure 9. Raman spectrum of SiC coated layer

The secondary Raman peaks of SiC coating layer can also be obtained as: 3#(1 520 cm-1), 4#(1
620 cm-1), 5#(1 720 cm-1) in Fig.9. It is consistant with the literature. From further analysis it can
be found that the peak 5 (1 720 cm-1) has a blue shift trend with the decrease in density of the
sample, as shown in Fig.10. The reason can be deduced from the literature [13]. The presence
of the microscopic pore structure in the sample with low density destroyed the complete lattice
structure of SiC crystal, so the lattice vibration frequency increases as a result.
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Figure 10. Secondary Raman spectrum of SiC coating layer and temperature vs density

The SEM image of the cross-section of the SiC coating layer with low density (ρ=3.177 g/cm3)
are given and the characterization images are shown in Fig. 11. As can be seen from the figure,
the coating layer of low density SiC has the the presence of a microporous structure indeed,
this is consistent with the results of the Raman spectroscopy. The above results show that the
porous structure should be the main reason of which the apparent density of the SiC coating
layer is lower than the theoretical value.

micropores

Figure 11. SEM image of shell cross-section of SiC coating layer
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The  linear  distribution  of  micropores  can  also  be  found  from  Fig.  11,  and  the  linear
distribution  is  parallel  to  both  the  inside  and  outside  shell  of  the  SiC  coating  layer
approximately, i.e. the micropores are located at a same deposition surface in the growth
process  of  the  SiC  coating  layer.  It  can  be  assumed that  during  the  growth of  the  SiC
coating layer,  the SiC layer grows gradually from the inner shell  to the outer shell,  the
temperature or the fluidized state of the particles fluctuate at a certain time point, resulting
of interruption occurs in the continuous SiC crystal growth, to produce a linear distribu‐
tion of micropores. So these micropores are in linear distribution, and parallel to the inner
and  outer  shell  approximately.  Obviously,  these  micropores  are  not  conducive  to  the
performance improvement of hindering the fission products, and should be avoided in the
actual production process.

To sum up, the pure β-SiC can be prepared in the experimental temperature range from
1520-1600ºC.  Microstructure analysis  validates that  the density change of  the SiC coated
layer is mainly due to the micropores in the coated layer, not the doped C, Si and other
impurities.  The  linear  distribution  of  the  micropores  is  found,  and  all  micropores  are
located  at  the  same  deposition  surface.  It  can  be  concluded  that  the  formation  of  the
micropores in the coated layer is closely related to the particle fluidized state, which should
be focused on in the mesoscale study.

High temperature oxidation behavior of the SiC coating layer are also investigated. High
temperature oxidation experiments were carried out about 10 hours at different tempera‐
tures from 800 to 1 600 ºC at air atmosphere.  The microstructure and composition were
studied using different characterization methods.  High-resolution SEM images are given
in Fig. 12.

It  showed that  the  oxidation  began  from the  surface  and  gradually  formed a  punctate
distribution of the oxide. The small crystal structure (~1 μm) of the SiC surface was very
clear at 1000 ºC, this crystal structure was disappeared gradually at high temperatures, and
oxidized to form oxides of Si in the SiC surface. There was a stacking fault stress due to
the  different  thermal  expansion  coefficient  and  elastic  modulus  of  SiC  and  Si  oxides,
leading  to  the  gradual  formation  of  cracks  around  the  punctates.  With  the  increasing
temperature,  the crack further  increased the oxidation rate  of  SiC,  finally the formed Si
oxides layer fell  off  from the particles.  It  can be seen clearly that  the layer was peeling
when the temperature was increased to 1 400 ºC.

The SEM images of new fracture surface of SiC coating layer after oxidization at 1400 ºC
are shown in Fig.13.  It  can seen obviously that oxidation front-end interface with many
micropores are between oxidation layer with the smooth surface and the SiC coating layer
with crepe-like texture. It can also be found that the oxidation layer is very thin, only about
1μm, indicating that the oxidation rate is very slow. The oxidation layer was so thin (~1μm)
comparing with the original thickness(~35μm) of the SiC coating layer, so the remain SiC
coating layer has the same fuction of hindering fission products in the TRISO particles.
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Figure 13. SEM images of SiC fracture surface after oxidization at 1400℃
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Figure 12. SEM images of SiC coating layer after oxidization at different temperature(1. 1000 ºC, ×70; 2. 1000 ºC,
×10000; 3. 1200 ºC, ×1000; 4. 1300 ºC, ×2500; 5. 1400 ºC, ×500; 6. 1400 ºC, ×10000 )
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Figure 13. SEM images of SiC fracture surface after oxidization at 1400℃
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Figure 12. SEM images of SiC coating layer after oxidization at different temperature(1. 1000 ºC, ×70; 2. 1000 ºC,
×10000; 3. 1200 ºC, ×1000; 4. 1300 ºC, ×2500; 5. 1400 ºC, ×500; 6. 1400 ºC, ×10000 )
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The XRD characterization results of the SiC coating material after the oxidation test of different
temperatures are given in Fig. 14. The SiO2 peaks gradually appear when the oxidization
temperature is more than 1 400 ºC. It showed that there was a growing SiO2 peaks from 1 400
ºC, indicating that surface oxidation was significant gradually. The relative degree of oxidation
is deepened when the temperature rises. The peak is very sharp, which means that SiO2 is
already crystallized. The oxidation behavior found here is consistent with the SEM images
above.
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Figure 14. XRD results of the SiC coating layer after oxidization at different temperature

To sum up, the oxidization of the SiC coating layer was not obvious below 1 200 ºC. The
oxidization of the SiC coating layer was significant gradually from 1 400 ºC, but the oxidation
rate is very slow. So the SiC coating layer has good performance of hindering the fission
product, even at the severe air ingress accident in the nuclear power station. The TRISO coated
particles can be seen as the first security assurance of the HTGR nuclear fuel element.

3.2. Mesoscale study

The mesoscale study mainly focused on how to improve gas-solid contact efficiency, which
based on a fundamental understanding of the fluidization phenomena of high density particles
(UO2, ~10.86g/cm3) occurring in the spouted bed coater. In our work, the particle movement
behaviors including the space-time distribution of particles and spout-fluid bed dynamics
based on Euler-Euler simulation were studied [14]. It was found that the specially designed
multi-nozzle gas inlet is better than the single-nozzle gas inlet for obtaining a more uniform
fluidization, which can disperse the gas to increase the gas-particle contact efficiency. Also we
have established the DEM-CFD simulation platform. The spout process was simulated based
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on this coupling method. Some key parameters in coating process are proposed and the scale-
up technology has been developed. It was emphasized that efficient contact of particles with
the reactive gas must be achieved to ensure uniform deposition on particles.

• Euler-Lagrange simulation

The coating layer on the UO2 fuel kernel surface is prepared by chemical vapor deposition
when the gases are injected into the spouted bed coating furnace. One of the major factors to
influence coating performance is the contact efficiency between the gas and the solid particles,
which is determined by the hydrodynamics in the spouted bed nuclear fuel particle coated
furnace. The hydrodynamics of a spouted bed are important from a CVD perspective because
they directly determine the magnitude and variability of the concentration and species
gradients in the zone where the reactant gases first come into contact with hot particles. It is
recommended for the gas distributor to disperse the gas over the full area of the coating
chamber to enhance gas-particle contact efficiency. Specifically, the particle flow in spouted
bed consists of three distinct regions: a dilute phase core of upward gas-solid flow called the
“spout“, a surrounding region of downward quasi-static granular flow called the “annulus“,
and a top area called “ fountain“ between these aforementioned two regions as shown in Fig.
15.

Figure 15. The spout area, annulus area and fountain area in the spouted bed coater

Generally, one particle is flowed up in spout area, and contacted with the reaction gas, coated
by the CVD products, and then, falling down into the annulus area, which can not contact with
the reaction gas. So the key parameters in coating process are the volume of spout area (V s),
the oscillation cycle period of particle clusters (T c), the single particle cycle time(T p) and the
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product, even at the severe air ingress accident in the nuclear power station. The TRISO coated
particles can be seen as the first security assurance of the HTGR nuclear fuel element.
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the oscillation cycle period of particle clusters (T c), the single particle cycle time(T p) and the

Coating Technology of Nuclear Fuel Kernels: A Multiscale View
http://dx.doi.org/10.5772/55651

171



time period of particle in spout area in a particle cycle time(T s). It is difficult to measure these
key parameters in experiments, but it is easy to obtain them in the simulation results.

 

          1.38s                 1.43s                  1.48s                   1.52s                 1.57s                1.76s 

Figure 16. The periodical change of particle movement in the spout process(Red: high particle velocity; Blue: low par‐
ticle velocity)

Figure 17. The periodical change of average particle vertical velocity in the spout process

The Discrete Element Method (DEM), which can resolve particle flow behaviors at an indi‐
vidual particle level, has been widely used for studying granular-fluid flow in fluidized-bed.
The k–ε turbulence model, coupling with the DEM was used to simulate the particle spout
behaviours in the coating process. The typical simualtion results in the conventional spouted
bed are given in Fig.16 and Fig. 17. The simulation results indicate very rapid motion of the
particles within the spout, with typical velocity of nearly 1 m/s. The oscillation cycle period of
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particle clusters (T c) can also be obtained as 190ms (1.38s -1.57s is one period and 1.57s-1.76s
is one period in Fig. 16). The periodical change of average particle vertical velocity in the spout
process in Fig. 17 can also validate that the oscillation cycle period of particle clusters is 190ms.

The single particle cycle time(T p) is an important factor in the coating process, which can also
be obained form the simulation results of the particle movement trajectory, as shown in Fig.
18. It can be found that the cycle index is 5 from 1s to 5s, so the cycle time can be obtained as
4.0s/5=0.8s. It can also be found that the time period of particle in spout area (the movement
trajectory is indicated as red color) in one particle cycle time(T s) is 40 ms, which is very short
comparing with the single particle cycle time(T p). It means that in the whole coating process,
the growth time of the coating layer occupies only 5%(=40ms/800ms) of the total time of the
coated process. The conventional spouted bed should be improved to obtain a high gas-solid
contact efficiency.

Figure 18. The particle movement trajectory in the spout process(1s-5s)

To sum up, the DEM-CFD simulation results can give the particle movement behaviors in
details (T c=190ms, T p=800ms, T s=40ms), so it has great potential in optimizing and scaling up
the particle coating technology. It is obvious that the expansion of the spout area and reduction
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of the cycle time will increase the coating efficiency and improve the performance of the coating
layer. These methods should be considered as the basic principles of optimization and scale
up of the coating technology.

• Euler-Euler simulation

To enhance the gas solid contact efficiency, the hydrodynamics of a three-dimensional conical
spouted bed was studied using an Eulerian-Eulerian two-fluid model (TFM) incorporating the
kinetic theory of granular flows. Four designs with traditional single-nozzle inlet, modified
single-nozzle inlet, multi-nozzle inlet and swirl flow design inlet, as shown in Fig. 19, were
simulated and compared.

      
a) general single-nozzle inlet                      b) modified single-nozzle inlet 

      
c) multi-nozzle inlet                               d) swirl flow design inlet 

Figure 19. The pictures of different inlet designs

The typical simulation results are given in Fig. 20. The spout area is increased significantly
with the multi-nozzle inlet. It can be found that the accumulation of particles near the wall
disappears with a swirl flow design inlet, expecially at the bottom of the coater. These results
illustrate that the design of the inlet is helpful to reduce the particle aggregation close to the
wall and the spout area is enlarged as a result. The particle entrainment in the spouted bed
with swirl flow design inlet increases significantly and the maximum spouted height is
decreased at the same superficial gas velocity (0.6m/s), so T s will be increased and the gas-
solid contacting efficiency will be enhanced as a result.

To sum up, the swirl flow designed multi-nozzle gas inlet is better than any other gas inlets
for obtaining a more uniform fluidization, which can disperse the gas to increase the gas-
particle contact efficiency. In the future, the coating experimental results should be given to
validate the good performance of this newly designed inlet with swirl flow multi-hole.

It should be indicated that the necessity of simulation for this process is obvious [15]. The new
design and the details of particle movement can be obtained before experiments, so a lot of
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time and money can be saved in the research process, and the results can be used as the targeted
initial conditions for further optimization in experiments. On the other hand, how to obtain
accurate and meaningful simulation results is very important, it is based on the basical studies
of mathematical models and numerical simulation method. 

 

Figure 20. Profiles of the solid holdup under different inlet designs in the spouted bed at the same superficial gas
velocity (0.6m/s)

3.3. Macroscale study

The macroscale study mainly focused on the process engineering analysis on the whole coating
system, such as the pressure fluctuation analysis in the coating process [16, 17]. An example
we have completed is the associated research between a reactor-scale pressure changes and
coating process [18]. In this research, I have proposed a relationship about the change of
pressure drop and the change of particle properties before and after the coating process of each
layer. A convenient method for real-time monitoring the fluidized state of the particles in a
high-temperature coating process is proposed based on this relationship. It will descibed in
details as follows.

The conical spouted bed coating furnace is the main part of the coating system, which was
designed carefully in experiments. Operations in particle spouting are sensitive to the
geometry of the equipment and particle diameter/density. The following geometric parameters
for stable operations in spouting bed are important, as shown in Fig. 21: (1) Cone included
angle (γ), (2) Inlet diameter (D o), (3) Column diameter (D c), (4) Height of conical part (H c).
The pressure drop can be related to this parameters. There are also some parameters related
to the particle properties, such as particle diameter d p, static bed height H o, particle density ρ
p, which are also very important to determinate the spouted bed hydrodynamics. The pressure
drop changed with the superficial gas velocity and different stages are illustrated in Fig. 22 in
details. The stable spouting state is the optimum state to achieve the efficient and uniform
contact of particles with the reactive gas phase, Therefore, particles should remain the stable
spouting state in the conical spouted bed coating furnace and ΔP s is expected to be found
during the whole coating process.
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Figure 19. The pictures of different inlet designs
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validate the good performance of this newly designed inlet with swirl flow multi-hole.
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Figure 21. The geometric factors of the spouted bed using in the coating process

Figure 22. Pressure drop change in spouted bed with different superficial gas velocity

All the particles and graphite column tube are in the glowing red state at 1200-1600ºC. So it is
unfeasible to obtain the pressure signals in the gas solid flow in the high temperature graphite
column tube directly. But it is easy to measure the pressure signals at both ends of the coating
furnace in the real coating process, for example points A&B are selected for measuring the
pressure signals in our experiments as shown in Fig. 2. In this way, one can not know the pressure
drop resulting of particle spouting accurately, because the pressure drop between points A&B
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also includes pressure drops produced by the additional unit components, such as the nozzle,
the insulation panel, the gas buffer device and others. Pressure drops in these specially de‐
signed graphite devices are often very large and can not be ignored, so the pressure drop resulting
of particle spouting can not be obtained accurately, but the change of pressure drop values at
points A&B at different coating time can be calculated from experimental results.

The pressure changes at points A&B in the coating process of four layers are given in Fig 23.
It can be found that the pressure change is different in the coating process of four layers at
points A&B. Point B is close to the outlet of the furnace, so the gage pressure at point B is almost
not changed and nearly zero. The gage pressure at point A is changed distinctly during the
coating process. Period a-b is the rising temperature process. Only argon is used as the
fluidization gas. The flow rate is 362 L/min. The pressure at point A is increasing with the
temperature. Period b-c is the buffer PyC coating process. In this coating process acetylene is
introduced into the spouted bed as reactive gas. Similarly, Period d-e, f-g, h-i is the IPyC, SiC,
OPyC coating process respectively. Period c-d, e-f, g-h is the process of adjusting the temper‐
ature. Besides, the fluidization gas changes to hydrogen at point f and changes back to argon
at point g. The flow rate of argon remains 362 L/min in the whole process except the period f-
g, and the temperature at point b and c is the same, so the change of the gage pressure drop
ΔP from b to c represents the change of particle properties caused by buffer PyC coated layer.
Similarly, the changes of ΔP from d to e, f to g, h to i represent the change of particle properties
caused by IPyC, SiC, OPyC coated layer respectively. Period i-j is cooling process after the
completion of coating experiments. The pressure at point B is not changed, so the change of
pressure drop ΔP from h to i is equal to the change of pressure at point A from h to i. The
change of pressure drop ΔP from h to i can be read as 580 Pa from the inset in Fig. 24. In the
same way, It can be obtained that the changes of pressure drop ΔP from b to c, d to e, f to g are
367, 412, 705 Pa respectively from experimental results.

Figure 23. Pressure signals at points A&B during the successive coating process
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Figure 21. The geometric factors of the spouted bed using in the coating process

Figure 22. Pressure drop change in spouted bed with different superficial gas velocity

All the particles and graphite column tube are in the glowing red state at 1200-1600ºC. So it is
unfeasible to obtain the pressure signals in the gas solid flow in the high temperature graphite
column tube directly. But it is easy to measure the pressure signals at both ends of the coating
furnace in the real coating process, for example points A&B are selected for measuring the
pressure signals in our experiments as shown in Fig. 2. In this way, one can not know the pressure
drop resulting of particle spouting accurately, because the pressure drop between points A&B
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also includes pressure drops produced by the additional unit components, such as the nozzle,
the insulation panel, the gas buffer device and others. Pressure drops in these specially de‐
signed graphite devices are often very large and can not be ignored, so the pressure drop resulting
of particle spouting can not be obtained accurately, but the change of pressure drop values at
points A&B at different coating time can be calculated from experimental results.

The pressure changes at points A&B in the coating process of four layers are given in Fig 23.
It can be found that the pressure change is different in the coating process of four layers at
points A&B. Point B is close to the outlet of the furnace, so the gage pressure at point B is almost
not changed and nearly zero. The gage pressure at point A is changed distinctly during the
coating process. Period a-b is the rising temperature process. Only argon is used as the
fluidization gas. The flow rate is 362 L/min. The pressure at point A is increasing with the
temperature. Period b-c is the buffer PyC coating process. In this coating process acetylene is
introduced into the spouted bed as reactive gas. Similarly, Period d-e, f-g, h-i is the IPyC, SiC,
OPyC coating process respectively. Period c-d, e-f, g-h is the process of adjusting the temper‐
ature. Besides, the fluidization gas changes to hydrogen at point f and changes back to argon
at point g. The flow rate of argon remains 362 L/min in the whole process except the period f-
g, and the temperature at point b and c is the same, so the change of the gage pressure drop
ΔP from b to c represents the change of particle properties caused by buffer PyC coated layer.
Similarly, the changes of ΔP from d to e, f to g, h to i represent the change of particle properties
caused by IPyC, SiC, OPyC coated layer respectively. Period i-j is cooling process after the
completion of coating experiments. The pressure at point B is not changed, so the change of
pressure drop ΔP from h to i is equal to the change of pressure at point A from h to i. The
change of pressure drop ΔP from h to i can be read as 580 Pa from the inset in Fig. 24. In the
same way, It can be obtained that the changes of pressure drop ΔP from b to c, d to e, f to g are
367, 412, 705 Pa respectively from experimental results.

Figure 23. Pressure signals at points A&B during the successive coating process
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The minimum spouting velocity can be related with the parameters of the spouted bed
geometry and particle properties. Many researchers have given relationships about the
minimum spouting velocity in different experiment conditions [19, 20], such as the D. Sa‐
thiyamoorthy’s equation [21]. It has been indicated that the temperature only influence the
constant coefficient and the index number is not changed with temperature. The experiments
have been performed in the cold mockup of our spouted bed coating furnace and the following
equations are proposed analogy with the literature reports:

( )0.4771.499 0.610
1 0ms p f pU k H dr r= - (1)

The constant k 1 is combination factor of the spouted bed geometrical parameters D 0, D c, γ
fluid density ρ f and temperature. The pressure drop at stable spouting state ΔP s can be related
to the spouted bed geometry and particle properties, which expressed as follows:
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It can be found that the pressure drop at stable spouting state ΔP s is a function of the spouted
bed geometrical parameters and particle parameters. By substituting Eq.(1) into Eq.(2),
considering that the gas density is small, and can be neglected compared to the solid density,
then a simplified relationship can be obtained as:
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The constant k is a combination factor and is not changed in the same spouted bed under the
same temperature, so k is not changed before and after the coating process of each layer. The
change of pressure drop can be deduced from Eq.(3). The time points 1 and 2 are represent of
the time points before and after the coating process of each layer. Then the simplified form of
the pressure drop can be obtained as
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It can be found that, if only particle properties change, for example, in the coating process of
particles, the change of pressure drop is linear with the change of combination factor φ about
particle density, particle bulk density and static bed height. The change of particle density ρ p
and diameter d p during the coating process can be calculated, as shown in Fig. 24. Then the
bed density ρ b and static bed height H 0 can be obtained according to the experimental bulk
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coefficient and the spouted bed geometrical parameters (D c=150 mm), as shown in Fig. 25. The
change of combination factor Δφ during coating process of buffer PyC, IPyC, SiC, OPyC can
be obtained as 28.06, 31.70, 55.83, 45.63 by Eq.(4). The change of pressure drop Δ(ΔP) during
coating process of buffer PyC, IPyC, SiC, OPyC layer has been obtained as 367, 412, 705, 580
Pa respectively from Fig. 23, k can be calculated as 13.08, 12.99, 12.63, 12.71 in four coating
process of buffer PyC, IPyC, SiC, OPyC layer. It can be found that k is almost a constant as
shown in Fig. 26. The consistent relationship Eq.(4) is verified by experimental results.

Figure 24. The change in particle diameter and particle density during successive (TRISO) coating on UO2 micro-
spheres

Figure 25. The change in static bed height and bed density during successive (TRISO) coating on UO2 micro-spheres

Coating Technology of Nuclear Fuel Kernels: A Multiscale View
http://dx.doi.org/10.5772/55651

179



The minimum spouting velocity can be related with the parameters of the spouted bed
geometry and particle properties. Many researchers have given relationships about the
minimum spouting velocity in different experiment conditions [19, 20], such as the D. Sa‐
thiyamoorthy’s equation [21]. It has been indicated that the temperature only influence the
constant coefficient and the index number is not changed with temperature. The experiments
have been performed in the cold mockup of our spouted bed coating furnace and the following
equations are proposed analogy with the literature reports:

( )0.4771.499 0.610
1 0ms p f pU k H dr r= - (1)

The constant k 1 is combination factor of the spouted bed geometrical parameters D 0, D c, γ
fluid density ρ f and temperature. The pressure drop at stable spouting state ΔP s can be related
to the spouted bed geometry and particle properties, which expressed as follows:

0.060.08 0.11
00

0 0
1.20 tg

2
ms fs

b

D UP H
H g D

r
r m

-- æ öæ ö-D æ ö
= ç ÷ç ÷ ç ÷ç ÷ ç ÷è øè ø è ø

(2)
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considering that the gas density is small, and can be neglected compared to the solid density,
then a simplified relationship can be obtained as:
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The constant k is a combination factor and is not changed in the same spouted bed under the
same temperature, so k is not changed before and after the coating process of each layer. The
change of pressure drop can be deduced from Eq.(3). The time points 1 and 2 are represent of
the time points before and after the coating process of each layer. Then the simplified form of
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It can be found that, if only particle properties change, for example, in the coating process of
particles, the change of pressure drop is linear with the change of combination factor φ about
particle density, particle bulk density and static bed height. The change of particle density ρ p
and diameter d p during the coating process can be calculated, as shown in Fig. 24. Then the
bed density ρ b and static bed height H 0 can be obtained according to the experimental bulk
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coefficient and the spouted bed geometrical parameters (D c=150 mm), as shown in Fig. 25. The
change of combination factor Δφ during coating process of buffer PyC, IPyC, SiC, OPyC can
be obtained as 28.06, 31.70, 55.83, 45.63 by Eq.(4). The change of pressure drop Δ(ΔP) during
coating process of buffer PyC, IPyC, SiC, OPyC layer has been obtained as 367, 412, 705, 580
Pa respectively from Fig. 23, k can be calculated as 13.08, 12.99, 12.63, 12.71 in four coating
process of buffer PyC, IPyC, SiC, OPyC layer. It can be found that k is almost a constant as
shown in Fig. 26. The consistent relationship Eq.(4) is verified by experimental results.

Figure 24. The change in particle diameter and particle density during successive (TRISO) coating on UO2 micro-
spheres

Figure 25. The change in static bed height and bed density during successive (TRISO) coating on UO2 micro-spheres
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Figure 26. The change of pressure drop, the change of combination factor φ and combination factor k during succes‐
sive (TRISO) coating on UO2 micro-spheres

Through the above process, a convenient method for on-line monitoring the fluidized state of
the particles in a high-temperature coating process can be proposed. The pressure drop change
before and after coating can be used effectively as real-time analysis of particle flow conditions.
The combination factor φ can be calculated on the basis of design values of coating layer, the
pressure drop change can be obtained from the experimental results, so k can be calculated in
four coating process, then a constant k should be obtained. One can compare k values to
estimate the fluidization state at different coating process of four coating layers. If an abnormal
value is found, which indicates the poor quality of particle fluidization state during the coating
process, and then the quality of the coated layer will be affected. Additionally, k can also be
estimated firstly by a series of experiments, the pressure drop changes can be calculated by
Eq.(4) in the same spouted bed coating furnace according to the design value of the coated
layer, and then real-time comparative analysis with the experimental results of pressure drop
changes can be performed to monitor the fluidized state of the particles on-line in the coater.

4. Brief summary

The multiscale study of the coating technology of nuclear fuel kernels are discussed above,
and the brief summary can be given as follows:
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1. In microscale study, it was found that the droplet deposition mechanism can be used to
explain the formation of the PyC layer in the fuel particle coating process. The nano-
spherical carbon particle is generated at first, and then deposit on the surface of fuel
particle. The pure β-SiC can be prepared in the experimental temperature range from
1520-1600ºC. The density change of the SiC coated layer is mainly due to the micropores
in the coated layer, not the doped C, Si and other impurities. The oxidization of SiC coating
layer was not obvious below 1 200 ºC. The oxidization of SiC coating layer was significant
gradually from 1 400 ºC, but the oxidation rate is very slow.

2. In mesoscale study, some key parameters in coating process are proposed, such as single
particle cycle time and so on, which can be obtained exactly from DEM-CFD simulation
results. The newly proposed gas inlet with swirl flow designed multi-nozzle is better than
any other gas inlets for obtaining a more uniform fluidization, which can disperse the gas
to increase the gas-particle contact efficiency.

3. In macroscale study, the pressure signals of the coater during the coating process of real
TRISO UO2-coated particles are given and analyzed. A relationship about the change of
pressure drop and the change of particle properties before and after the coating process
of each layer is proposed. This relationship is also validated by the experimental results.
A convenient method for real-time monitoring the fluidized state of the particles in a high-
temperature coating process is proposed based on the proposed relationship.

5. Conclusions and prospective

In this chapter, the multiscale study concept of the coating technology is stated and validated
as an effective and necessary method to develop the coating technology of nuclear fuel kernels
from the lab to the factory. It should be indicated that the application of the coating technology
for other usages rather than nuclear industry is extensive, such as CNT preparation and suface
modification of catalyst particles. The multiscale study of the coating technology can be seen
as a universal methodology in the R&D of the coating process, especially in the field of fluidized
bed chemical vapor deposition (FB-CVD).

The FB-CVD method is a suitable technique for preparing various kinds of films/layers on the
spherical materials by initiating chemical reaction in a gas. This technique can be used for many
purposes, such as synthesizing carbon nanotube composite photocatalyst ((CNT)/Fe-Ni/
TiO2). Also, some modified method based on FB-CVD, such as plasma-enhanced FB-CVD, has
been used to prepare the transparent water-repellent thin films on glass beads in modern
surface engineering treatment. So the investigation of FB-CVD method is helpful and impor‐
tant for modern surface treatments.

This multiscale study should be developed in the future, especially in the the mutual coupling
reasearch in micro-, meso- and micro- scales, such as the effect of fluidized state on the
homogeneity and compactness of coating materials. Also, this method should play an
important role in the study of the scale-up methodology in the field of FB-CVD.
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Figure 26. The change of pressure drop, the change of combination factor φ and combination factor k during succes‐
sive (TRISO) coating on UO2 micro-spheres

Through the above process, a convenient method for on-line monitoring the fluidized state of
the particles in a high-temperature coating process can be proposed. The pressure drop change
before and after coating can be used effectively as real-time analysis of particle flow conditions.
The combination factor φ can be calculated on the basis of design values of coating layer, the
pressure drop change can be obtained from the experimental results, so k can be calculated in
four coating process, then a constant k should be obtained. One can compare k values to
estimate the fluidization state at different coating process of four coating layers. If an abnormal
value is found, which indicates the poor quality of particle fluidization state during the coating
process, and then the quality of the coated layer will be affected. Additionally, k can also be
estimated firstly by a series of experiments, the pressure drop changes can be calculated by
Eq.(4) in the same spouted bed coating furnace according to the design value of the coated
layer, and then real-time comparative analysis with the experimental results of pressure drop
changes can be performed to monitor the fluidized state of the particles on-line in the coater.

4. Brief summary

The multiscale study of the coating technology of nuclear fuel kernels are discussed above,
and the brief summary can be given as follows:
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1. In microscale study, it was found that the droplet deposition mechanism can be used to
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particle. The pure β-SiC can be prepared in the experimental temperature range from
1520-1600ºC. The density change of the SiC coated layer is mainly due to the micropores
in the coated layer, not the doped C, Si and other impurities. The oxidization of SiC coating
layer was not obvious below 1 200 ºC. The oxidization of SiC coating layer was significant
gradually from 1 400 ºC, but the oxidation rate is very slow.

2. In mesoscale study, some key parameters in coating process are proposed, such as single
particle cycle time and so on, which can be obtained exactly from DEM-CFD simulation
results. The newly proposed gas inlet with swirl flow designed multi-nozzle is better than
any other gas inlets for obtaining a more uniform fluidization, which can disperse the gas
to increase the gas-particle contact efficiency.

3. In macroscale study, the pressure signals of the coater during the coating process of real
TRISO UO2-coated particles are given and analyzed. A relationship about the change of
pressure drop and the change of particle properties before and after the coating process
of each layer is proposed. This relationship is also validated by the experimental results.
A convenient method for real-time monitoring the fluidized state of the particles in a high-
temperature coating process is proposed based on the proposed relationship.

5. Conclusions and prospective

In this chapter, the multiscale study concept of the coating technology is stated and validated
as an effective and necessary method to develop the coating technology of nuclear fuel kernels
from the lab to the factory. It should be indicated that the application of the coating technology
for other usages rather than nuclear industry is extensive, such as CNT preparation and suface
modification of catalyst particles. The multiscale study of the coating technology can be seen
as a universal methodology in the R&D of the coating process, especially in the field of fluidized
bed chemical vapor deposition (FB-CVD).

The FB-CVD method is a suitable technique for preparing various kinds of films/layers on the
spherical materials by initiating chemical reaction in a gas. This technique can be used for many
purposes, such as synthesizing carbon nanotube composite photocatalyst ((CNT)/Fe-Ni/
TiO2). Also, some modified method based on FB-CVD, such as plasma-enhanced FB-CVD, has
been used to prepare the transparent water-repellent thin films on glass beads in modern
surface engineering treatment. So the investigation of FB-CVD method is helpful and impor‐
tant for modern surface treatments.

This multiscale study should be developed in the future, especially in the the mutual coupling
reasearch in micro-, meso- and micro- scales, such as the effect of fluidized state on the
homogeneity and compactness of coating materials. Also, this method should play an
important role in the study of the scale-up methodology in the field of FB-CVD.
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Appendix

γ Cone included angle

Do Inlet diameter, m

Di Diameter of the bed bottom, m

Dc Column diameter, m

Hc Height of conical part, m

Ho Static bed height, m

dp Particle diameter, m

ρp Particle density, kg/m3

ρf Fluid density, kg/m3

ρb Bed density, kg/m3

ΔPM Maximum pressure drop, Pa

ΔPs Pressure drop at the stable spouting state, Pa

UM Spouting velocity at maximum pressure drop, m/s

Ums Minimum spouting velocity at the stable spouting state, m/s

g Gravity, m/s2

Vp The volume of spout area, m3

Tc The oscillation cycle period of particle clusters, s

Tp The single particle cycle time, s

Ts The time period of particle in spout area in a particle cycle time, s
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Appendix

γ Cone included angle

Do Inlet diameter, m

Di Diameter of the bed bottom, m

Dc Column diameter, m

Hc Height of conical part, m

Ho Static bed height, m

dp Particle diameter, m

ρp Particle density, kg/m3

ρf Fluid density, kg/m3

ρb Bed density, kg/m3

ΔPM Maximum pressure drop, Pa

ΔPs Pressure drop at the stable spouting state, Pa

UM Spouting velocity at maximum pressure drop, m/s

Ums Minimum spouting velocity at the stable spouting state, m/s

g Gravity, m/s2

Vp The volume of spout area, m3

Tc The oscillation cycle period of particle clusters, s

Tp The single particle cycle time, s

Ts The time period of particle in spout area in a particle cycle time, s
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1. Introduction

In the last two decades a lot of attention has been payed on the preparation of nanoscaled
materials and recently, depending on the development of new fabrication and characterization
techniques, materials composed of a few atoms up to hundreds of atoms can be synthesized
and their properties determined easily. Nano sized materials, as compared to their bulk
counterparts, exhibit new characteristic optical, electrical and magnetic properties due to the
enhanced surface to volume ratio and quantum confinement effects emerging in these size
ranges. These new features of nanoparticles offers them the possibility to be used in a wide
range of technological (magnetic data storage, refrigeration), environmental (catalysts,
hydrogen storage), energy (lithium-ion batteries, solar cells) and biomedical applications. In
biomedical applications there are different kind of nanoparticles used like metallic [1],
magnetic, fluorescent (quantum dot) [2,3], polymeric [4,5] and protein-based nanoparticles [6,
7], in which much of the research in this field is focused on the magnetic nanoparticles. In this
review only magnetic nanoparticles, which are composed of a magnetic core surrounded by
a functionalized biocompatible surface shell will be concerned, where several reviews on other
type of nanoparticles are available in the literature. In the scope of the text particular attention
will be payed on superparamagnetic iron oxide (SPIONs), which is beyond the most studied
one among all types of magnetic nanoparticles. In the beginning of the article, the biomedical
applications of magnetic nanoparticles are summarized together with the key factors effecting
the nanoparticles’ performance in these applications. Then the requirement for the surface
treatment of the nanoparticles are discussed in the context of colloidal stability, toxicity
(biocompatibility) and functionalization. Finally, the followed procedures for the surface
coating of magnetic nanoparticles are briefly explained and the different materials used as
surface coatings are listed in detail with examples from literature.
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2. Biomedical applications of magnetic nanoparticles

Magnetic nanoparticles (MNP) with dimensions ranging from a few nanometers up to tens of
nanometers, thanks to their comparable or smaller size than proteins, cells or viruses, are able
to interact with (bind to or penetrate into) biological entities of interest [8]. These size advan‐
tages of MNPs together with their sensing, moving and heating capabilites based on the unique
nanometer-scale magnetic and physiological properties give them the possibility to be used in
biomedical applications such as magnetic resonance imaging (MRI), targeted drug delivery
and hyperthermia [9].

In MRI, which is the most promising non-invasive technique for the diagnosis of diseases,
MNPs are used as contrast enhancement agents [10-12]. The improved contrast in MR images
permits better definition and precise locating of diseased tissues (such as tumors) together
with monitoring the effect of applied therapy. The operation of MRI is based on the Nuclear
Magnetic Resonance (NMR) phenomena and the image processing is realized by spatially
encoding of NMR signal of water protons which comes from different volume elements in the
body called voxels. The image contrast in MRI depends mainly on proton density, spin-lattice
(T1) and spin-spin (T2) nuclear relaxation times, differently weighted along different parts
(voxels) of the body. The so-called contrast agents (CAs) themselves do not generate any
signals, yet they contribute to the nuclear relaxation of water protons by creating local magnetic
fields, which are fluctuating in time through different mechanisms like magnetization reversal
and water diffusion [13]. As a consequence, the CAs decrease or increase the MRI signal
intensity in the tissues by shortening both the T1 and T2 relaxation times of nearby protons
resulting darker or brighter points in the image. The contrast enhancement efficiency of CAs
is measured by the relaxivity r1,2, which is defined as the increament of the nuclear relaxation
rates 1/T1,2 of water protons induced by one mM of the magnetic ion. The CAs having a ratio
r2/r1 greater than two, especially at magnetic fields mostly used in MRI tomography (0.5, 1,5
or 3 Tesla), are classified as T2-relaxing (or negative) CAs since they more effectively decrease
T2 rather than T1. On the other side CAs, characterized with a ratio r2/r1 smaller than two, have
more pronounced effect on T1 and hence called as T1-relaxing (or positive) contrast agents [14].
The MNPs showing superparamagnetic property at physiological temperatures generally
serve as T2-relaxing CAs and they negatively improve the image contrast resulting darker spots
where they are delivered. Commercially a wide variety of superparamagnetic iron oxide
(SPIO) based negative CAs are available in the market like Endorem, Sinerem, Resovist,
Supravist, Clariscan, Abdoscan etc., where each of them are used for different puposes or in
different organs in clinical MRI application.

In a second biomedical application called magnetic hyperthermia, which is a thermally
treatment of cancerous cells based on the fact that the cancer cells are more susceptible to high
temperatures than the healthy ones, the MNPs can be used as heating mediators [15,16]. In
this technique after concentrating the MNPs in the region of malignant tissue (by targeting or
by direct injection), the MNPs are made to resonantly respond to a time-varying magnetic field
and transfer energy from the exciting field to the surroundings as heat. By this way using an
alternating field with sufficient intensity and optimum frequency, the temperature of tissue
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can be increased above 40-42 oC and the infected cells could be selectively destroyed. According
to the models describing the heat release mechanisms of MNPs, increasing the frequency and
the amplitude of the alternating field promises to significantly enhance the amount of released
heat, but the limitations imposed by the biological systems restrict these values under a few
tens of kA/m and a few hundreds of kHz for the field strength and frequency, respectively [17].
The MNPs’ heating capacity in magnetic hyperthermia is denoted by Specific Absorbtion Rate
(SAR) or in another term Specific Loss of Power (SLP), which is a measure of the energy
converted into heat per unit mass. As the similar case in MRI CAs, the majority of magnetic
hyperthermia heat mediators investigated to date are based on iron oxide MNPs, where in
these studies the typical values reported for the maximum attained SAR range between 10 and
200 W/g [18-20]. However, it has been also focused on several systems alternative to iron oxide,
where in some of them SAR values 3-5 times larger than those of similar iron oxide MNPs are
attained for the same field parameters [21-22]. Recently, although there are lots of in-vitro
studies about magnetic hyperthermia, the therapy with hyperthermia is still in pre-clinical
stage and only a few studies on human patients are reported [23,24]. However, in cancer
treatment the magnetic hyperthermia is thought to be introduced as a complementary
technique to chemo- and radiotherapy as increasing the effects of these therapies [25, 26].

In another major in-vivo application, the MNPs are used as drug carriers in a magnetic ‘tag-
drag-release’ process called targeted drug delivery. In a drug delivery process the MNPs,
loaded with special drug molecules or conventional chemotherapy agents, are directly
vectorized to tumor cells by targeting ligands on their surfaces or they brought into the vicinity
of target tissue through magnetic forces exerted on them under an applied external magnetic
field. Once the drugs/carriers are concentrated at the diseased site, the drugs are released from
the carriers, again through modulation of magnetic field, enzymatic activity or changes in
physiological conditions such as pH, osmolality or temperature. With this approach, the tumor
cells can be destroyed by concentrating only the required quantity (dose) of drugs at target
specific locations with minimized side effects on healthy tissues. The performance of the
application depends mainly on the drug release kinetics and the cellular uptake of MNPs in
tissues. There are huge number of drug delivery studies in the literature reporting both in-
vitro and in-vivo results on different cell cultures and different types of tumors respectively,
where in these studies several kind of targeting ligands and anticancer drugs are tested and
in most of them again superparamagnetic iron oxide is used as magnetic core [27,28]. Generally
in the design of MNPs for targeted drug delivery, in order to monitor the effect of the therapy,
MRI contrast increament ability of the same MNP system is also investigated [29].

Actually in recent years much more interest has been concentrated on multifunctional MNPs,
in which the above mentioned diagnostic (MRI) and therapeutic (hyperthemia and drug
delivery)  capabilities  are  combined [15,30,31].  Although some MNP-based  MRI  contrast
agents are commercialy available on one side and magnetic hyperthermia is already utilized
in conjunction with other kind of therapies on the other side, MNPs optimized to perform
both  functions  (diagnostic  and  therapeutical)  have  not  been  developed  yet.  Indeed  the
possibility to associate therapeutic effect generated by the heat release and delivered drugs
with the enhanced contrast in MRI images, is extremely appealing since it would provide the
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possibility before heating the tissue to track the particle distribution by MRI, and after the
drug therapy or thermotherapy to have an immediate control of the efficacy of the treat‐
ment itself. In Figure.1 a summarized illustration of biomedical applications has been shown.

Figure 1. Biomedical applications of magnetic nanoparticles (image has been reproduced from A. Lasicalfari et al. [9].

3. Design of MNPs for biomedical applications

In many biomedical applications of MNPs, usually a core/shell structure is required, where
the inorganic magnetic core is surrounded by an outer layer of shell (coating). The successfull
design of MNPs needs a carefull selection of magnetic core and surface coating material, where
the first mainly determines the MNPs’ above mentioned heating, sensing etc. abilities related
with application eficiency and the second specifies the interaction of these MNPs with
physiological environment. In following sections the properties of magnetic core and the
surface coating are discussed in detail.

3.1. Magnetic core

In the selection of magnetic core some important aspects should be taken in the consideration,
such that for the first the magnetic core should be crystalline and smaller than a critical size as
to consist of only one magnetic domain. This ensures that the single-domain nanoparticles
exihibit superparamagnetic behaviour with zero remanent magnetization in the absence and
a very high magnetization (approximately three orders of magnitude greater than paramag‐
netic materials) in the presence of an external field. This physical phenomenon is the key
requirement for biomedical applications since the particles can be dispersed and concentrated
in solution in-vitro or in blood circulation in-vivo, without forming magnetized clusters and
they can also respond to an instantly applied field with some kind of magnetic on/off switching
behaviour. For the second aspect, the size distribution of the magnetic cores should be as
narrow as possible and third, all the magnetic cores in a particular sample should have a unique
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and uniform shape (monodispersed). This is because all the magnetic and physico-chemical
properties strongly depend on the size and shape of the magnetic cores. From an applicative
point of view the size, properly speaking the hydrodynamic size which is the total diameter
of MNP including the coating tickness, is also important for the elongation of MNPs’ circula‐
tion time in blood and for the improvement of their internalization by the cells at the target
tissue such that smaller nanoparticles have bigger chance to reach the target cells and to
penetrate inside them.

In the search of suitable elements for the magnetic core of MNPs, among other magnetic
materials  transition metals  like Fe,  Ni,  Co and Mn are good candidates since they offer
high magnetization values which is important for high performance MRI and hyperther‐
mia applications. However they are not stable and oxidate very quickly yet in the synthesis
step,  if  they are not specially treated.  For this reason transition metal  oxide compounds
(also  called  ferrites)  which  are  stable  and have  acceptable  magnetizations  are  generally
introduced in biomedical applications. Superparamagnetic iron oxide (SPION), belonging
to ferrite family, is the most commonly employed one in biomedical applications. Nano‐
crystalline iron oxides have an inverse spinel crystal structures, where the oxygen atoms
form face centered cubic lattices and iron ions occupy tetrahedral (Td) and octahedral (Oh)
interstitial sites (Figure.2). İron oxide generally exist as two stable forms called magnetite
(Fe3O4) and its γ phase maghemite (γ-Fe2O3),  but there is also a α phase called hematite
(α-Fe2O3), which is not stable and obtained by thermal treatment of magnetite or maghe‐
mite.  In magnetite,  bivalent Fe+2  ions occupy Oh sites and trivalent Fe+3  ions are equally
distributed between Oh  and Td  sites,  whereas  maghemite,  which can be result  from the
oxidation of magnetite, only contains Fe+2 ions distributed randomly over Oh and Td sites
[32]. In magnetite, since there is the same number of Fe+3 ions in Oh and Td sites, which
compensate for each other, the resulting magnetization arises only from the uncompensat‐
ed Fe+2 ions in Oh sites. On the other side the magnetization of maghemite originates from
uncompensated  Fe+3  ions.  However  their  magnetic  behaivours  and  other  properties  are
quite similar, which makes it very difficult to distinguish between them.

Figure 2. The cubic inverse spinel crystal structure of iron oxide showing Td and Oh sites

Alternatively other types of ferrites were also studied for biomedical applications. In these
ferrites, as compared to the iron oxide nanocrystalls, Fe+2 ions are fully or partially replaced
by other transition metals in spinel structure and they represented by a general formula
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possibility before heating the tissue to track the particle distribution by MRI, and after the
drug therapy or thermotherapy to have an immediate control of the efficacy of the treat‐
ment itself. In Figure.1 a summarized illustration of biomedical applications has been shown.

Figure 1. Biomedical applications of magnetic nanoparticles (image has been reproduced from A. Lasicalfari et al. [9].

3. Design of MNPs for biomedical applications
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netic materials) in the presence of an external field. This physical phenomenon is the key
requirement for biomedical applications since the particles can be dispersed and concentrated
in solution in-vitro or in blood circulation in-vivo, without forming magnetized clusters and
they can also respond to an instantly applied field with some kind of magnetic on/off switching
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narrow as possible and third, all the magnetic cores in a particular sample should have a unique
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properties strongly depend on the size and shape of the magnetic cores. From an applicative
point of view the size, properly speaking the hydrodynamic size which is the total diameter
of MNP including the coating tickness, is also important for the elongation of MNPs’ circula‐
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step,  if  they are not specially treated.  For this reason transition metal  oxide compounds
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crystalline iron oxides have an inverse spinel crystal structures, where the oxygen atoms
form face centered cubic lattices and iron ions occupy tetrahedral (Td) and octahedral (Oh)
interstitial sites (Figure.2). İron oxide generally exist as two stable forms called magnetite
(Fe3O4) and its γ phase maghemite (γ-Fe2O3),  but there is also a α phase called hematite
(α-Fe2O3), which is not stable and obtained by thermal treatment of magnetite or maghe‐
mite.  In magnetite,  bivalent Fe+2  ions occupy Oh sites and trivalent Fe+3  ions are equally
distributed between Oh  and Td  sites,  whereas  maghemite,  which can be result  from the
oxidation of magnetite, only contains Fe+2 ions distributed randomly over Oh and Td sites
[32]. In magnetite, since there is the same number of Fe+3 ions in Oh and Td sites, which
compensate for each other, the resulting magnetization arises only from the uncompensat‐
ed Fe+2 ions in Oh sites. On the other side the magnetization of maghemite originates from
uncompensated  Fe+3  ions.  However  their  magnetic  behaivours  and  other  properties  are
quite similar, which makes it very difficult to distinguish between them.
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(MFe2O4; M=Zn, Ni, Co, Mn). Manganese ferrites (MnFe2O4) serve as potential MRI contrast
agents with largest magnetization among other ferrites [33] and zinc ferrite (ZnFe2O4) nano‐
crystals demonstrated better MRI contrast with respect to similar magnetite nanocrystals [34].
On the other side as regard to magnetic hyperthermia, the use of cobalt ferrites (CoFe2O4),
known by its high magnetic anisotropy energy which is responsible for holding the magneti‐
zation along certain direction, has proven to be a good way since much higher heating rates
were reported for these nanocrystals compared to other ferrites [21]. Another strategy followed
in the design of magnetic core for biomedical applications is the synhesis of mixed ferrites,
where simple ferrites including one kind of magnetic ion except iron are doped with other
kind of magnetic ion. This is generally realized in order to utilize from different outstanding
magnetic features of different ions. For example in hyperthermia application, Co, being a hard
magnetic material, is doped to other ferrites (MFe2O4) in changing concentrations (CoxM1-

xFe2O4; x=concentration) in order to increase the magnetic anisotropy eventually to improve
the heat transfer rate, whereas Zn is added for reducing the Curie temperature of resulting
mixed ferrite [35]. This latter operation permits the tuning of the maximum reached temper‐
ature by heat transfer and prohibits overheating of healthy tissues via the process called self-
controlled hyperthermia [36]. Table.1 summarizes some important magnetic parameters of
transition metal oxides (ferrites) used in biomedical applications.

Another class of materials used as magnetic cores are the magnetic alloy nanoparticles, which
composed of two or three different kind of metals like FeCo, FePt and NiCu. FePt is the most
famous one among these materials due to its chemical stability and high magnetic anisotropy.
Maenosono and Saita have studied FePt nanocrystals and proposed them to be used as high
performance contrast agents and heating mediators in MRI and magnetic hyperthermia,
respectively [37,38].

Ferrites

RT saturation

magnetization

Ms (emu/g)

Anisotropy

constant

K1 (x104 J/m3)

Curie

temperature

Tc (oC)

Superparamagnetic

size

DSP (nm)

Fe3O4 90-100 -1.2 585 25

NiFe2O4 56 -0.68 585 28

CoFe2O4 80-94 18-39 520 14

MnFe2O4 80 -0.25 300 25

Table 1. Some important magnetic parameters (room temperature saturation magnetization, first degree anisotropy
constant, Curie temperature and superparamagnetic transition size) of ferrites [32]

Although MNPs can be prepared with several techniques including inert gas condensation
[39], mechanical milling [40], spray pyrolysis [41], sol-gel [42], vapor deposition [43] and wet
chemical processes [44], all the before mentioned key requirements for biomedical applications
like crystallinity, size and shape uniformity together with other criterias for organic/inorganic
coating of MNP, can be satisfied by hydrothermal chemical decomposition method, which is
the most common one used in the synthesis of MNPs for biomedical applications. In this liquid
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phase synthesis method, basically several organometalic precursors with suitable sitochio‐
metric ratios are put in reaction in the presence of some organic surfactants or polimers. During
the decomposition process at high tempertature, in order to prohibit a possible oxidation,
continously an inert gas is fluxed through the mixture and at the end of the reaction the desired
nanomaterial is obtained as a precipitate. The method enables the control on size of the MNPs
through systematically change of the reaction parameters like concentration, reaction temper‐
ature and reaction time. In the method, MNPs with very narrow size distributions (σ~% 10)
are synhesized and the distribution can be further improved (down to σ~% 5) by subsequently
precipitating, redispersing and centrifuging of the particles, so-called as size selection proc‐
esses (Figure.3). S. Sun and co-workers have published several pioneering papers in this area,
where they have introduced hydrothermal routes for the synthesis of size-controlled MNPs
for the first time and they have synthesized monodispersed iron oxide [45], other transition
metal oxides [46] and iron-platinum [47] nanoparticles by using this method. The other
advantages of the methods are the abilities of large quantity production of MNPs and the
subsequent coating of them which will be explained in detail in the following of the chapter.

Another common technique used in MNP synthesis for biomedical applications is the co-
precipitation method. It has some disadvantages against thermal decomposition method like
lower crystallinity and lower monodispersity but the procedure is easier and at the end of the
procedure larger amount of product can be yield. The method is based on the simultaneous
nucleation and growth of magnetic cores by dissolving metal salt precursors in aquaeous
environment with changing pH and temperature [35]. Alternatively this reaction can be
governed in a confined environment via microemulsion method. In this method the co-
precipitation reaction takes place in some kind of “nano-reactors” called micelles, those are
dispersions of two immiscible liquids like oil-in-water or water-in-oil (reverse micelle). The
main advantage of the microemulsion is to ensure that the reaction occurs in an isolated media
limiting the particle growth and it is possible to control the size of the magnetic core precisely
by changing the size of the micelles [48].

 

Figure.3 An illustration of nanoparticle synthesis by high temperature thermal decomposition method 
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(MFe2O4; M=Zn, Ni, Co, Mn). Manganese ferrites (MnFe2O4) serve as potential MRI contrast
agents with largest magnetization among other ferrites [33] and zinc ferrite (ZnFe2O4) nano‐
crystals demonstrated better MRI contrast with respect to similar magnetite nanocrystals [34].
On the other side as regard to magnetic hyperthermia, the use of cobalt ferrites (CoFe2O4),
known by its high magnetic anisotropy energy which is responsible for holding the magneti‐
zation along certain direction, has proven to be a good way since much higher heating rates
were reported for these nanocrystals compared to other ferrites [21]. Another strategy followed
in the design of magnetic core for biomedical applications is the synhesis of mixed ferrites,
where simple ferrites including one kind of magnetic ion except iron are doped with other
kind of magnetic ion. This is generally realized in order to utilize from different outstanding
magnetic features of different ions. For example in hyperthermia application, Co, being a hard
magnetic material, is doped to other ferrites (MFe2O4) in changing concentrations (CoxM1-

xFe2O4; x=concentration) in order to increase the magnetic anisotropy eventually to improve
the heat transfer rate, whereas Zn is added for reducing the Curie temperature of resulting
mixed ferrite [35]. This latter operation permits the tuning of the maximum reached temper‐
ature by heat transfer and prohibits overheating of healthy tissues via the process called self-
controlled hyperthermia [36]. Table.1 summarizes some important magnetic parameters of
transition metal oxides (ferrites) used in biomedical applications.

Another class of materials used as magnetic cores are the magnetic alloy nanoparticles, which
composed of two or three different kind of metals like FeCo, FePt and NiCu. FePt is the most
famous one among these materials due to its chemical stability and high magnetic anisotropy.
Maenosono and Saita have studied FePt nanocrystals and proposed them to be used as high
performance contrast agents and heating mediators in MRI and magnetic hyperthermia,
respectively [37,38].
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Table 1. Some important magnetic parameters (room temperature saturation magnetization, first degree anisotropy
constant, Curie temperature and superparamagnetic transition size) of ferrites [32]

Although MNPs can be prepared with several techniques including inert gas condensation
[39], mechanical milling [40], spray pyrolysis [41], sol-gel [42], vapor deposition [43] and wet
chemical processes [44], all the before mentioned key requirements for biomedical applications
like crystallinity, size and shape uniformity together with other criterias for organic/inorganic
coating of MNP, can be satisfied by hydrothermal chemical decomposition method, which is
the most common one used in the synthesis of MNPs for biomedical applications. In this liquid
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phase synthesis method, basically several organometalic precursors with suitable sitochio‐
metric ratios are put in reaction in the presence of some organic surfactants or polimers. During
the decomposition process at high tempertature, in order to prohibit a possible oxidation,
continously an inert gas is fluxed through the mixture and at the end of the reaction the desired
nanomaterial is obtained as a precipitate. The method enables the control on size of the MNPs
through systematically change of the reaction parameters like concentration, reaction temper‐
ature and reaction time. In the method, MNPs with very narrow size distributions (σ~% 10)
are synhesized and the distribution can be further improved (down to σ~% 5) by subsequently
precipitating, redispersing and centrifuging of the particles, so-called as size selection proc‐
esses (Figure.3). S. Sun and co-workers have published several pioneering papers in this area,
where they have introduced hydrothermal routes for the synthesis of size-controlled MNPs
for the first time and they have synthesized monodispersed iron oxide [45], other transition
metal oxides [46] and iron-platinum [47] nanoparticles by using this method. The other
advantages of the methods are the abilities of large quantity production of MNPs and the
subsequent coating of them which will be explained in detail in the following of the chapter.

Another common technique used in MNP synthesis for biomedical applications is the co-
precipitation method. It has some disadvantages against thermal decomposition method like
lower crystallinity and lower monodispersity but the procedure is easier and at the end of the
procedure larger amount of product can be yield. The method is based on the simultaneous
nucleation and growth of magnetic cores by dissolving metal salt precursors in aquaeous
environment with changing pH and temperature [35]. Alternatively this reaction can be
governed in a confined environment via microemulsion method. In this method the co-
precipitation reaction takes place in some kind of “nano-reactors” called micelles, those are
dispersions of two immiscible liquids like oil-in-water or water-in-oil (reverse micelle). The
main advantage of the microemulsion is to ensure that the reaction occurs in an isolated media
limiting the particle growth and it is possible to control the size of the magnetic core precisely
by changing the size of the micelles [48].
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3.2. Surface coating

In the design of MNPs, except the selection of a suitable magnetic core, fine tuning of surface
coating materials represents a major challenge for the practical use of MNPs in clinical
applications. The coating can consist of long-chain organic ligans or inorganic/organic
polymers, where these ligands or polymers can be introduced during (in-situ coating) or after
(post-synthetic coating) synthesis. During the in-situ coating, which is the procedure followed
in co-precipitation synthesis technique, precursors of magnetic cores and coating materials are
dissolved in the same reaction solution, and the nucleation of magnetic core and the coating
occurs simultaneously. On the contrary in post-synthetic coating, which is the case in MNP
synthesis with thermal decomposition technique, the surface coating materials are introduced
after the formation of magnetic cores. In both procedures in order to link the surface molecules
to magnetic cores, generally two different approaches; either end-grafting or surface-encap‐
sulation are followed. In the former one, the coating molecules are anchored on magnetic core
by the help of a single capping group at their one end, whereas in the latter generally polymers,
already carrying multiple active groups, are attached on the surface of magnetic core with
multiple connections resulting stronger and more stable coatings.

In some cases, surface modification of MNPs can drammatically change the magnetic prop‐
erties hence the performance of the MNPs in biomedical applications depending on which
coating material is used and how these materials are linked on the magnetic core surface as
discussed above. Formation of chemical bonds between coating molecules and surface metal
ions changes the surface spin structure and consequently the magnetic properties of coated
MNPs with recpect to uncoated ones. Actually it is difficult to discriminate between surface
coating and finite size contributions, the latter being the effect of surface spin canting due to
the minimization of magnetostatic energy at the surface and observed also in uncoated
particles [49]. In finite size effect the canted spins at MNP’s surface, do not respond to an
external applied magnetic field as the bulk spins and give rise to a significant decrease in net
magnetization, where this effect becomes dominant in smaller MNPs, since the volume fraction
of disordered surface spins are increased [50]. On the other side, the physical origin of the
surface coating effect on magnetic properties is still unclear and different results were reported
in several studies for different kind of magnetic cores and coating materials. For example,
Vestal and Zhang [51] have investigated the influence of the surface coordination chemistry
on the magnetic properties of MnFe2O4 nanoparticles by capping the 4, 12 and 25 nm sized
MnFe2O4 nanoparticles with a variety of substituted benzenes and substituted benzoic acid
ligands and observed an increase in saturation magnetization, whereas a decrease is reported
by Ngo et al. [52] for citrate coated 3 nm CoFe2O4 nanoparticles. On the other hand, no
significant change in the magnetic properties of 10 nm sized γ-Fe2O3 nanoparticles is observed
for different surface chemical treatments such as NO3, ClO4 and SO4 [53]. Another in-direct
effect of the surface coating on magnetic properties, which should be mentioned, is to reduce
the magnetic interparticle interactions through decreasing the distance between magnetic
cores. This is important since strong interparticle interactions can alter the MNPs’ overall
magnetic properties i.e. superparamagnetic behaivour and diverse it from isolated ones.
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Dormann and Fiorani have published several important papers investigating the magnetic
interparticle interactions and the effect of coating [54-56].

The surface coating of MNPs plays a crucial role in biomedical applications by fulfilling more
than one function at a time. The organic/inorganic surface coating is important for i) prohib‐
iting agglomeration (clustering) of MNPs due to the above mentioned interparticle interactions
and eventually providing the colloidal stability of water/organic solvent based suspensions/
solutions (ferrofluids) prepared with MNPs ii) providing biocompatibility of MNPs by
preventing any toxic ion leakage from magnetic core into the biological environment iii)
serving as a base for further anchoring of functional groups such as biomarkers, antibodies,
peptides etc. In the next paragraphs these functions of MNP’s surface coating are discussed in
detail.

3.2.1. Stability

The stabilization of the MNPs is crucial to obtain magnetic colloidal ferrofluids that are stable
against aggregation both in a biological medium and in a magnetic field. By coating the MNPs,
direct contacts among the particles are prevented by surface ligands and polymer chains
extending into the medium. Therefore, no aggregates of particles will be formed or the rate of
precipitation will be decreased depending on the degree of covarege of coating on the particles
and the thickness of the coating layer. The stability of a magnetic colloidal suspension results
from the equilibrium between attractive (magnetic dipol-dipol, van der Waals) and repulsive
(electrostatic, steric) forces [57]. Controlling the strength of these forces is a key parameter to
elaborate MNPs with good stability. A suitable surface coating should not only keep the MNPs
apart from each other, eliminating the distance dependent attractive forces but should also
ensure the charge neutrality and steric stability of MNPs in aquaeous or organic media. The
MNPs capped by hydrophilic surfactants like dodecylamine, sodium oleate can be easily
dispersed in aqua but when they are stabilized by hydrophobic surfactants like oleic acid,
oleylamine, which is the frequent case in the MNP synthesis with thermal decomposition
method, they can only be dispersed in nonpolar solvents such as hexane, toluene or weak polar
solvents such as chloroform. Therefore in order to stabilize these MNPs in aquaeous media,
different kind of polymers can be introduced on MNPs either by end-grafting or surface
encapsulation or as an alternative strategy, the MNPs can be capped with amphiphilic
molecules, consisting both hydrophobic and hydrophilic regions at their opposite ends via
hydrophobic interactions resulting micelle-like structures [58].

3.2.2. Toxicity (Biocompatibility)

Another critical point which should be considered in the design of MNPs for biomedical
applications is the toxicity of magnetic ion included in the magnetic core. The surface coating
ensures a double- sided isolation both preventing the release of toxic ions from magnetic core
into biological media and shielding the magnetic core from oxidization and corrosion. Among
different types of MNPs iron oxide is by far the most commonly employed one for in vivo
applications since iron is physiologically well tolerated. This is partially because the body is
designed to process excess iron and it is already stored primarily in the core of the iron storage
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3.2. Surface coating
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occurs simultaneously. On the contrary in post-synthetic coating, which is the case in MNP
synthesis with thermal decomposition technique, the surface coating materials are introduced
after the formation of magnetic cores. In both procedures in order to link the surface molecules
to magnetic cores, generally two different approaches; either end-grafting or surface-encap‐
sulation are followed. In the former one, the coating molecules are anchored on magnetic core
by the help of a single capping group at their one end, whereas in the latter generally polymers,
already carrying multiple active groups, are attached on the surface of magnetic core with
multiple connections resulting stronger and more stable coatings.

In some cases, surface modification of MNPs can drammatically change the magnetic prop‐
erties hence the performance of the MNPs in biomedical applications depending on which
coating material is used and how these materials are linked on the magnetic core surface as
discussed above. Formation of chemical bonds between coating molecules and surface metal
ions changes the surface spin structure and consequently the magnetic properties of coated
MNPs with recpect to uncoated ones. Actually it is difficult to discriminate between surface
coating and finite size contributions, the latter being the effect of surface spin canting due to
the minimization of magnetostatic energy at the surface and observed also in uncoated
particles [49]. In finite size effect the canted spins at MNP’s surface, do not respond to an
external applied magnetic field as the bulk spins and give rise to a significant decrease in net
magnetization, where this effect becomes dominant in smaller MNPs, since the volume fraction
of disordered surface spins are increased [50]. On the other side, the physical origin of the
surface coating effect on magnetic properties is still unclear and different results were reported
in several studies for different kind of magnetic cores and coating materials. For example,
Vestal and Zhang [51] have investigated the influence of the surface coordination chemistry
on the magnetic properties of MnFe2O4 nanoparticles by capping the 4, 12 and 25 nm sized
MnFe2O4 nanoparticles with a variety of substituted benzenes and substituted benzoic acid
ligands and observed an increase in saturation magnetization, whereas a decrease is reported
by Ngo et al. [52] for citrate coated 3 nm CoFe2O4 nanoparticles. On the other hand, no
significant change in the magnetic properties of 10 nm sized γ-Fe2O3 nanoparticles is observed
for different surface chemical treatments such as NO3, ClO4 and SO4 [53]. Another in-direct
effect of the surface coating on magnetic properties, which should be mentioned, is to reduce
the magnetic interparticle interactions through decreasing the distance between magnetic
cores. This is important since strong interparticle interactions can alter the MNPs’ overall
magnetic properties i.e. superparamagnetic behaivour and diverse it from isolated ones.
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Dormann and Fiorani have published several important papers investigating the magnetic
interparticle interactions and the effect of coating [54-56].

The surface coating of MNPs plays a crucial role in biomedical applications by fulfilling more
than one function at a time. The organic/inorganic surface coating is important for i) prohib‐
iting agglomeration (clustering) of MNPs due to the above mentioned interparticle interactions
and eventually providing the colloidal stability of water/organic solvent based suspensions/
solutions (ferrofluids) prepared with MNPs ii) providing biocompatibility of MNPs by
preventing any toxic ion leakage from magnetic core into the biological environment iii)
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MNPs capped by hydrophilic surfactants like dodecylamine, sodium oleate can be easily
dispersed in aqua but when they are stabilized by hydrophobic surfactants like oleic acid,
oleylamine, which is the frequent case in the MNP synthesis with thermal decomposition
method, they can only be dispersed in nonpolar solvents such as hexane, toluene or weak polar
solvents such as chloroform. Therefore in order to stabilize these MNPs in aquaeous media,
different kind of polymers can be introduced on MNPs either by end-grafting or surface
encapsulation or as an alternative strategy, the MNPs can be capped with amphiphilic
molecules, consisting both hydrophobic and hydrophilic regions at their opposite ends via
hydrophobic interactions resulting micelle-like structures [58].

3.2.2. Toxicity (Biocompatibility)

Another critical point which should be considered in the design of MNPs for biomedical
applications is the toxicity of magnetic ion included in the magnetic core. The surface coating
ensures a double- sided isolation both preventing the release of toxic ions from magnetic core
into biological media and shielding the magnetic core from oxidization and corrosion. Among
different types of MNPs iron oxide is by far the most commonly employed one for in vivo
applications since iron is physiologically well tolerated. This is partially because the body is
designed to process excess iron and it is already stored primarily in the core of the iron storage
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protein called ferritin. Manganese (Mn) and Zinc (Zn) are other essential trace elements in
human bodies, but their tolerable limit is much lower than iron’s, so a surface manipulation
is required [59]. Other elements, such as Co and Ni, which are desired for their high perform‐
ance in hyperthermia application, are highly toxic and necessitates proper coatings when they
are used in vivo. During in vivo applications once the MNPs are injected into the body, they
are recognized by the body’s major defence system (also known as reticuloendothelial system
(RES)), which eliminates any foreign substance from blood stream. In this “opsonisation”
process, MNPs are attacked by plasma proteins, which are sent by RES and are responsible for
the clearance of MNPs. The specific surface coatings prevent the adsorbtion of these proteins,
thus elongate the MNPs circulation time in blood and maximize the possibility to reach target
tissues [60].

3.2.3. Functionalization

In order to enable the direct use of MNPs in biomedical applications, the MNPs should be
further functionalized by conjugating them with functional groups. The surface coating
provides suitable base for the attachment of these functional groups on MNPs. These groups
such as antibodies, peptides, polysaccharides etc. permit specific recognition of cell types and
target the nanoparticles to a specific tissue or cell type by binding to a cell surface receptor.
Usually some linker molecules such as 1-ethyl-3-(3-dimethylaminopropyl) carbodi-mide
hydrochloride (EDCI), N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP), N-hydroxysuc‐
cinimide or N, N’-methylene bis acrylamide (MBA) are also used to attach the initial hydro‐
philic coated molecules to these targeting units [58]. In practice although the targeted cell
population is recognized with high specifity, the fraction of targeted cells interacting with the
antibody attached MNP is relatively low. Actually the effectiveness of biomedical applications
depends more on cell-nanoparticle interactions than particle targeting. It is indicated that the
cell membranes plays an important role in cell-nanoparticle interactions, either particle
attachment to the cell membrane or particle uptake into the cell body. In order to clarify the
nature of cell-nanoparticle interactions, usually phospholipid bilayers mimicking a cellular
membrane or living cell membranes are used in studies.

3.2.4. Surface coating materials

For utilizing all the above mentioned functionalities of MNP’s surface coating, different
criterias of inorganic/organic molecules and polymers such as hydrophobic or hydrophilic,
neutral or charged, synthetic or natural etc. are considered. The polymer coatings can be
classified as natural polymers such as chitosan, dextran, rhamnose or synthetic polymers like
polyethyleneglycol (PEG), polyvinyl alcohol (PVA), polyethyleneimine (PEI), polyvinylpyro‐
lidone (PVP). In some cases other organic molecules including oleic acid, oleylamine, dode‐
cylamine and sodium oleate are also used to enhance water solubility of MNPs. On the other
side, there are very less number of inorganic materials available for MNPs surface coatings, in
which gold (Au) and silica (SiO2) are the most common used ones due to their biocompatibility.
In Figure.4 a representative sketch of MNPs with different types of coatings are shown. In the
next paragraphs, these coating materials are introduced in detail by summarizing their
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outstanding properties and by discussing their feasibility in clinical applications with recent
examples from literature.
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3.2.4.1. Inorganic surface coatings

Gold (Au)

Nanosized gold (Au) attracts too much attention due to its unique physical properties
combined with chemical stability, biocompatibility and surface properties which permits its
attachment to different chemical moieties. Surface modification of MNPs with biocompatible
gold, both provides the in-water stabilization of particles by preventing their agglomeration
and enables their fuctionalization by the attacment of several ligands on them. From applica‐
tive point of view, it also maintains the incorporation of some optical properties on MNPs
promoting their use in dual-mode (optical and magnetic diagnosis) applications. Gold
nanosurface shows surface plasmon resonance (SPR) phenomena, which triggers MNPs to
strongly absorb and scatter near infrared wavelengths (Surface Enhanced Raman Scattering-
SERS) accepted as “clear window” for deeper penetration of light into the human tissue [61].
In this respect gold modified MNPs, besides other applications, can simultaneously be used
in SERS imaging, where detection in molecular level is possible enabling the diagnosis of
diseases at very early stages. E. Umut et al. [12] have synthesized organically coated mono‐
dispersed gold-iron oxide hybrid nanoparticles following the chemical procedures introduced
by W. Shi [62] and H. Yu [63], and showed that the superparamagnetic hybridnanoparticles
have MRI contrast enhancement abilities associated with optical properties based on SPR
phenomena, where the optical SPR absorbance depens on the geometry of synthesized hybrid
nanoparticles. Similarly X. Ji et al. [64] have fabricated hybridnanoparticles where superpar‐
amagnetic iron oxide nanoparticles were embedded in silica and further coated with gold
nanoshell, and they exihibit that the resulting nanoparticles both can improve the MRI contrast
and have efficient photothermal effects when exposed to near infrared light. In another study
H. Y. Park et al. [65] have synthesized Fe3O4@Au coreshell nanoparticles with controllable size
ranging from 5 to 100 nm following a hetero-interparticle coalescence strategy and demon‐
strated the surface protein-binding properties and SERS effectiveness of synthesized nano‐
particles. There are lots of similar studies in the literature, where gold nanoparticles or
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cylamine and sodium oleate are also used to enhance water solubility of MNPs. On the other
side, there are very less number of inorganic materials available for MNPs surface coatings, in
which gold (Au) and silica (SiO2) are the most common used ones due to their biocompatibility.
In Figure.4 a representative sketch of MNPs with different types of coatings are shown. In the
next paragraphs, these coating materials are introduced in detail by summarizing their
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outstanding properties and by discussing their feasibility in clinical applications with recent
examples from literature.
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3.2.4.1. Inorganic surface coatings

Gold (Au)

Nanosized gold (Au) attracts too much attention due to its unique physical properties
combined with chemical stability, biocompatibility and surface properties which permits its
attachment to different chemical moieties. Surface modification of MNPs with biocompatible
gold, both provides the in-water stabilization of particles by preventing their agglomeration
and enables their fuctionalization by the attacment of several ligands on them. From applica‐
tive point of view, it also maintains the incorporation of some optical properties on MNPs
promoting their use in dual-mode (optical and magnetic diagnosis) applications. Gold
nanosurface shows surface plasmon resonance (SPR) phenomena, which triggers MNPs to
strongly absorb and scatter near infrared wavelengths (Surface Enhanced Raman Scattering-
SERS) accepted as “clear window” for deeper penetration of light into the human tissue [61].
In this respect gold modified MNPs, besides other applications, can simultaneously be used
in SERS imaging, where detection in molecular level is possible enabling the diagnosis of
diseases at very early stages. E. Umut et al. [12] have synthesized organically coated mono‐
dispersed gold-iron oxide hybrid nanoparticles following the chemical procedures introduced
by W. Shi [62] and H. Yu [63], and showed that the superparamagnetic hybridnanoparticles
have MRI contrast enhancement abilities associated with optical properties based on SPR
phenomena, where the optical SPR absorbance depens on the geometry of synthesized hybrid
nanoparticles. Similarly X. Ji et al. [64] have fabricated hybridnanoparticles where superpar‐
amagnetic iron oxide nanoparticles were embedded in silica and further coated with gold
nanoshell, and they exihibit that the resulting nanoparticles both can improve the MRI contrast
and have efficient photothermal effects when exposed to near infrared light. In another study
H. Y. Park et al. [65] have synthesized Fe3O4@Au coreshell nanoparticles with controllable size
ranging from 5 to 100 nm following a hetero-interparticle coalescence strategy and demon‐
strated the surface protein-binding properties and SERS effectiveness of synthesized nano‐
particles. There are lots of similar studies in the literature, where gold nanoparticles or
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nanosurfaces are introduced in different “smart” nanostructures for utilizing its optical
properties together with surface binding properties in multifunctional manner [66-69].

Silica (SiO2)

Another inorganic but “biofriendly” material used as MNPs’ coating is silica, which is known
for its chemical stability and easy-to-formation. The first advantage of having surface enriched
in silica is the presence of silanol groups, which can easily react with coupling agents providing
strong attachment of surface ligands on MNPs [70]. As a second advantage, silica coating
increases the stabilization of MNPs in liquid dispersions both by preventing the dipolar
attractions and by increasing the surface charges hence the electrostatic repulsions between
particles in non-aquaeous dispersions. There are several succesfull methods available for the
formation of silica coating, in which the mostly used one is the Stöber method, where a
hydrolysis reaction of tetraethyl ortosilicate (TEOS) is governed in alcohol media under
catalysis by ammonia [71]. In different studies reporting the synthesis of silica coated iron
oxide nanoparticles, Y. H. Deng et al. have used Stöber method and obtained spherical
coreshell nanoparticles by the condensation of TEOS in sol-gel form on pre-formed magnetite
nanoparticles and have investigated the morphology and the thickness of the coating by
systematically changing the used alcohol type or the amount of alcohol, amonia and TEOS [72].
S. Santra et al. have applied water-in-oil microemulsion method again for the coating of
previously synthesized iron oxide nanoparticles by using different nonionic surfactants and
obtained as small as 1-2 nm and very uniformly sized (with standard deviation less than 10%)
nanoparticles [73]. In another study D. K. Yi and colleagues, again by following a reverse
microemulsion method, have synthesized homogenous silica-coated SiO2/Fe2O3 nanoparticles
with changing shell thickness at first stage and then they used these nanoparticles to derive
mesoporous silica-coated SiO2/Fe2O3 MNPs and hollow SiO2 nanoballs [74]. In these studies
the effect of coating and coating tickness on the magnetic properties of iron oxide were also
investigated. As being in Au coated MNPs, attachment of different functional components to
silica encapsulated MNPs either by embedding into or binding onto silica shell, smart
engineering nanostructures realizing more than one function can be prepared [75,76].

3.2.4.2. Organic surface coatings

Chitosan

Natural polymers and their derivatives have been widely utilized for coating of MNPs for
in vivo applications. This is because such polymers are inexpensive and are known to be
nonimmunogenic  and  nonantigenic  in  the  body.  They  are  usually  anchored  onto  the
surfaces of MNPs through carboxylate groups on their side chains. Chitosan is a natural
polysaccharide cationic polymer, which is nontoxic, hydrophilic and biodegredable. There
are lots of studies introducing chitosan as MNP carriers with the aim of use in biomedi‐
cal applications. Y. Chang and D. Chen [77] have reported the preparation of 13,5 nm sized
chitosan coated magnetite nanoparticles, where the chitosan was first carboxymethylated
and  then  covalently  bound  on  the  surface  of  preformed  magnetite  nanoparticles  via
carbodiimide activation.  They have also demonstrated that  the synhesized nanoparticles
can  be  efficiently  used  in  magnetic  ion  separation.  Thereafter  instead  of  this  two  step
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suspension crosslinking approach, J. Zhi et al. proposed an alternative method for in situ
preparation of chitosan-magnetite nanocomposites in water-in-oil  microemulsion [78].  By
this method they have synthesized spherical chitosan nanoparticles in varying size from
10 nm to 80 nm with cubic shaped magnetite core. D. Kim et al. have prepared chitosan
and  -its  derivative-  starch  coated  iron  oxide  nanoparticles  with  the  aim  of  treatment
carcinoma cells  by magnetic  hyperthermia [79].  After  performing in vitro cell  cytotoxity
and affinity  tests  together  with  magneto-caloric  measurements  on  magnetic  fluids,  they
have shown that targeting of MNPs to cells was improved by using a chitosan coating and
the coated MNPs are expected to be promising materials for use in magnetic hyperther‐
mia. In another study published by Y. Ge et al. chitosan coated maghemite nanoparticles
were  modified  with  fluorescent  dye  by  covalent  bonding  for  dual-mode  high  efficient
cellular  imaging.  They  have  shown  that  prepared  nanoparticles  could  be  efficiently
internalized  into  cancer  cells  and  serves  as  MRI  contrast  agents  and optical  probes  for
intravital fluorescence microscopy [80].

Dextran

Another natural polymer is dextran, which is a neutral, branched polysaccharide composed
of glucose subunits. Dextran is one of the most frequently chosen polymer because of its high
biocompatibility. The studies conducted in order to find the biocompatibility of dextran have
shown that the surface-immobilized dextran on MNPs is stable in most tissue environment,
because dextran is resistant to enzymatic degradation [81]. However, the cellular uptake of
dextran coated MNPs are not sufficient for most biomedical applications. One strategy to
overcome this handicap has been reported by A. Jordan et al. as creating aminosilane groups
on the surface of MNPs and by following this approach in vitro cellular uptake of such
nanoparticles in carcinoma and glioblastoma cells was found to be thousand times higher than
that of only dextran-coated MNPs [82]. With this method also much more efficient hyperthe‐
mia results have been obtained. Another pathway to increase the internalization of dextran
coated particles by tumor cells is the further coupling of them with specific ligands. Some
authors, with the aim of achieving better localized MRI contrast, have attached “transferrin”
onto dextran coated MNPs and the cellular uptake of these ligand modified MNPs were two
or four times higher compared to unmodified ones [83, 84]. There are many studies reporting
different synthesis methods for preparing dextran-coated iron oxide nanoparticles [85,86] and
investigating their interaction with cells [87,88].

Polyethylene Glycol (PEG)

PEG is a neutral, hydrophilic, linear synthetic polymer that can be prepared with a wide range
of terminal functional groups. By varying these functional groups, PEG can be binded to
different surfaces. PEG coated MNPs reveal excellent stability and solubility in aquaeous
dispersions and in pysiological media. Moreover the implementation of PEG as a surface
coating of MNPs drammatically increases the blood circulation time of MNPs, enhancing their
hinderence from the body’s defence system. But as compared to multi-branched dextran
coating, surface immobilized PEG permits limited grafting of further macromolecules since it
has only one site available for ligand coupling. Related with the cellular uptake performance,
Zhang et el. [89] have shown that the amount of internalized PEG coated MNPs into mouse
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suspension crosslinking approach, J. Zhi et al. proposed an alternative method for in situ
preparation of chitosan-magnetite nanocomposites in water-in-oil  microemulsion [78].  By
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internalized  into  cancer  cells  and  serves  as  MRI  contrast  agents  and optical  probes  for
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of glucose subunits. Dextran is one of the most frequently chosen polymer because of its high
biocompatibility. The studies conducted in order to find the biocompatibility of dextran have
shown that the surface-immobilized dextran on MNPs is stable in most tissue environment,
because dextran is resistant to enzymatic degradation [81]. However, the cellular uptake of
dextran coated MNPs are not sufficient for most biomedical applications. One strategy to
overcome this handicap has been reported by A. Jordan et al. as creating aminosilane groups
on the surface of MNPs and by following this approach in vitro cellular uptake of such
nanoparticles in carcinoma and glioblastoma cells was found to be thousand times higher than
that of only dextran-coated MNPs [82]. With this method also much more efficient hyperthe‐
mia results have been obtained. Another pathway to increase the internalization of dextran
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authors, with the aim of achieving better localized MRI contrast, have attached “transferrin”
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or four times higher compared to unmodified ones [83, 84]. There are many studies reporting
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macrophage cells are much lower than uncoated MNPs. However, for breast cancer cells PEG
modification of MNPs promotes better internalization of particles, where this situation is
explained with the high solubility of PEG in physiological media hence the possibility of its
diffusion into cell membranes [90]. In any case, as being in dextran coated MNPs, additional
surface coupling of targeting ligands on PEG modified MNPs increases their cellular uptake.
In order to attain a better intracellular hyperthermia efficacy, M. Suzuki et al. have attached
monoclonal IgG antibody on the surface of PEG-modified magnetite nanoparticles and
showed that cellular uptake of particles is improved [91].

Polymers / organic molecule Properties Advantages / Disadvantages

Chitosan -natural, cationic,

hydrophilic, linear,

biodegredable

-can be used in non-viral gene delivery

Dextran -natural, branched,

hydrophilic, biocompatible

-permits the anchoring of biovectors and

drugs when functionalized with amino

groups

Polyethyleneglycol (PEG) -synthetic, neutral,

hydrophilic, linear,

biocompatible

-remain stable at high ionic strengths of

solutions with varying PH values, enhances

blood circulation time (a few hours), permits

functionalization

Polyethyleneimine (PEI) -synthetic, cationic, linear or

branched, non-

biodegredable, toxic

-forms strong covalent bonds with MNP’s

surface, can be used for DNA and RNA

delivery, but exhibit cytotoxity

Polyvinylealcohol (PVA) -synthetic, hydrophilic,

biocompatible

- irreversibly binds on MNP’s surface but can

be used in temperature sensitive heating or

drug release applications due to its

decomposition temperatures (40-50 oC),

Polyvinylpyrolidone (PVP) -synthetic, branched,

hydrophilic

-forms covalent bonds with drugs containing

nucleophilic functional groups

Table 2. Some properties of different organic surface coating materials

Polyvinyl Alcohol (PVA)

PVA is a hydrophilic, synthetic polymer. Coating of MNPs surface with PVA enhances the
colloidal stability of ferrofluids prepared with these MNPs. But it has been suggested that PVA
irreversibly binds on MNPs surface due to interconnected network with interface, which
means a fraction of PVA remains associated with the nanoparticles despite repeated washing
[92]. The residual PVA, in turn, influence different properties of nanoparticles such as particle
size, zeta potential and surface hydrophobicity. Importantly, nanoparticles with higher
amount of residual PVA had relatively lower cellular uptake. It is proposed that the lower
intracellular uptake of nanoparticles with higher amount of residual PVA could be related to
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the higher hydrophilicity of the nanoparticle surface [93]. A. P. Fink et al. have coated 9 nm
sized iron oxide nanoparticles with unfunctionalized or carboxylate, amine or thiol function‐
alized PVA and observed that nanoparticles coated with PVA and carboxyl and thiol func‐
tionalized PVA were non-toxic to melanoma cells, whereas for the amine functionalized PVA
nanoparticles, some cytotoxicity was observed particularly when the polymer concentrations
were high [94].

Polyethyleneimine (PEI)

PEI is a cationic, synthetic polymer and exist either as linear or branched forms. Although PEI
is toxic and non-biodegredable, it has long been used for gene delivery thanks to its ability to
bind with DNA [95]. Since it is a cationic polymer it can further interact with a wide variety
of negatively charged complexes. Recently F. M. Kievit et al. have developed a complex MNP
system, which is made of a superparamagnetic iron oxide nanoparticle (NP), which enables
magnetic resonance imaging, coated with a novel copolymer comprised of short chain
polyethylenimine (PEI) and poly(ethylene glycol) (PEG) grafted to the natural polysaccharide,
chitosan (CP), which allows efficient loading and protection of the nucleic acids [96]. In this
study they have illustrated the function of each component by comparative experiments and
proposed that the designed complex MNP system is a potential candidate for safe in vivo
delivery of DNA for gene therapy.

As should be summarized, there is a wide variety of coating materials could be attached on
MNPs’ surfaces by following different coating procedures and each of these materials have
different advantages and disadvantages in biomedical applications depending on their
characteristic properties like hydrophilicity, neutrality and structure. Table.2 lists some
properties and outstanding advantages / disadvantages of different organic surface coating
materials.

4. Conclusions

In the last two decades, a lot of attention has been devoted to synthesis and characterization
of functionalized iron or other transition metal oxide based MNPs, which have potential use
in diagnosis and/or therapy in cancer treatment. These MNPs can act as contrast enhancement
agents in diagnostic applications such as MRI and/or they can be used as carriers or localy heat
releasers in therapeutic applications such as targeted drug delivery and magnetic hyperther‐
mia, respectively. In the design of MNPs, the selection of the magnetic core and its surface
modification with several organic/inorganic materials and polymers plays the major role
effecting the performance of MNPs in these biomedical applications. Among different
available magnetic ions, the correct selection of the magnetic core for MNPs requires careful
and balanced consideration on material’s properties such as chemical stability, toxicity and
magnetization. The magnetic core further should be crystalline, small than a critical size and
have a narrow size distribution where all these requirements together with proper in-situ or
post synthetic surface coatings are satisfied by chemical methods like co-precipitation and
thermal decomposition method. The surface coating is important for ensuring the biocompat‐
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nanoparticles, some cytotoxicity was observed particularly when the polymer concentrations
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is toxic and non-biodegredable, it has long been used for gene delivery thanks to its ability to
bind with DNA [95]. Since it is a cationic polymer it can further interact with a wide variety
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chitosan (CP), which allows efficient loading and protection of the nucleic acids [96]. In this
study they have illustrated the function of each component by comparative experiments and
proposed that the designed complex MNP system is a potential candidate for safe in vivo
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agents in diagnostic applications such as MRI and/or they can be used as carriers or localy heat
releasers in therapeutic applications such as targeted drug delivery and magnetic hyperther‐
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effecting the performance of MNPs in these biomedical applications. Among different
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thermal decomposition method. The surface coating is important for ensuring the biocompat‐
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ibility, colloidal stability and functionalization of MNPs, where a wide variety of coating
materials are available like organic molecules/ polymers such as chitosan, dextran, Polyethy‐
leneglycol (PEG), Polyethyleneimine (PEI), Polyvinylalcohol (PVA) or inorganic materials like
silica and gold. Although much progress has been made on the fabrication of MNPs with
delicate structure and enhanced surface properties, in using these MNPs for in vivo applica‐
tions, major challenges still present like degredation, clearence of MNPs in the body, particle-
cell interactions and changing physiological conditions like pH, temperature, blood pressure
etc. which makes difficult to predict the behaivour of MNPs in biological medium.
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1. Introduction

Electrical and electronic equipment have developed rapidly and their average life spans have
been reduced due to the changes in functions and designs [1-3]. Recently, the recovery of
precious metals from these electronic scraps has become attractive. Precious metals and copper
in PC board scraps and waste mobile phones account for more than 95% of the total intrinsic
value [4] and recently several authors are carrying out study on the applicability of economi‐
cally feasible hydrometallurgical processing routes to recover precious metals [3-5].

Due to this massive industrialization of electronic equipment like toys, cameras, laptops, cell
phones, etc [6]. In recent years there has been a considerable increase in the consumption of
household batteries The American industry invoice approximately 2.5 billion dollars annually
selling about 3 billion batteries. In Europe in the year of 2003 were produced 160,000 tonnes
of portable batteries. In this year in Brazil the annual production of these devices reaches about
1 billion units [7, 8]. In this way spent batteries represent an increasing environmental problem
due to the high content of heavy metals. Unlike large batteries used for vehicles, small, portable
batteries are very diverse in terms of chemical composition and represent 80–90% of all
portable batteries collected [9, 10]. The difference between various types of used battery is
represented by the used materials such as electrolytes and electrodes [9]. These batteries can
be sorted by size, shape and chemical composition so that we can determine which metals can
be recovered from each category.
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For these reasons in several countries, collecting batteries is becoming mandatory, and so is
recycling those containing toxic materials. Recycling may also be applied to recovering
valuable materials to be reutilized [11].

There are basically two types of household batteries: primary batteries that after becoming
worn are discarded and the secondary batteries that can be recharged [12, 13]. Within the wide
range of commercially available batteries zinc-carbon batteries (also known as Leclenché or
dry cells) and alkaline batteries are the most consumed because of its low cost. In Europe, from
the total of batteries sold in 2003, 30.5% and 60.3%, were Zn-C batteries and alkaline batteries,
respectively. In China are produced annually more than 15 billion of these devices and in Brazil
estimating a consumption of six batteries per inhabitant per year [7, 8, 14].

The disposal of these batteries is a serious problem, because in their composition there are
metals considered dangerous to the environment [13]. The cost for the safe disposal of these
materials is quite high due to the large amount of dangerous waste generated and due to the
fact that the storage capacity in landfills or dumps is running out. A policy adopted in 2006 by
the European Union (EU) banned incineration and disposal of batteries in landfills. This
regulation applies to all types of batteries regardless of shape, volume, weight, composition
or use. Through this new policy it is expected to mobilize the EU countries member for the
collection, recovery and recycling of metals present in these power devices [15]. In Brazil,
according to the resolution 401/2008 of the Brazilian National Council of the Environment
(CONAMA in Portuguese) [16], after consumption, household batteries must be collected and
sent to the manufacturers, to be recycled, treated or disposed of an environmentally safe way,
but until 1999 they could be disposed of in household waste since meet the limits of heavy
metals in its composition. Although required, this resolution proved to be insufficient to solve
the problem of environmental contamination by means of this waste since there is a large
annual consumption of these batteries. A factor to be noted is that in spite of Zn and Mn match
most of the composition of cells Zn-MnO2, the limits of contamination of these metals are not
established by law. Another aggravating factor is the use of irregular cells entering the
Brazilian market. Frequently these products do not meet manufacturing standards. The heavy
metal content of these cells is seven times greater than that limited established by the CON‐
AMA. Thus, the contamination starts by improper disposal of these devices in landfills or
dumps, which is the destination of the majority of household solid waste in Brazil [13,16, 17].

Industrial recycling of batteries is generally focused on two processes: the pyrometallurgical
and/or the hydrometallurgical. The pyrometallurgical method is based on the difference of
volatilization of different metals at high temperatures followed by condensation. The hydro‐
metallurgical method is based on the dissolution of metals in acidic or alkaline solutions. The
advantage of the first method is the absence of the necessity of dismantlement of the devices.
However, it is an expensive process, since it requires high temperatures and is not efficient
selectively, for example, to obtain pure zinc from Zn-MnO2 batteries, Ni-Cd batteries cannot
be treated simultaneously because the Zn and Cd are not selectively volatized in the oven, so
sorting steps are required in advance of the materials recycling. Another drawback is related
to the production of dust and gas emission into the atmosphere during the recycling process.
The hydrometallurgical route is usually more economical and efficient than the pyrometal‐
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lurgical process. In addition there is a diminishment of the emission of particles into the
atmosphere. However, it is a more laborious process requiring pretreatment steps such as
sorting, disassembling and leaching of material to improve the dissolution of metals in aqueous
phase. In addition, the recovery of metals requires different aqueous media (acid or alkaline)
and various processes of precipitation [14, 18, 19].

The recovery of these materials is very important because in addition to reducing the enormous
amount of waste generated by consume of these power devices, recycling could lower the cost
of production of new batteries through the reuse of raw materials by recycling and, conse‐
quently it reduces the risks to the environment [19, 20].

2. Features of Zn-MnO2 batteries

Zn-C (also known as Leclanché or Zn-MnO2 Batteries) batteries and alkaline batteries are
basically composed by potassium, manganese and zinc as metal species. The stack of Zn-C
was invented in 1860 by George Leclanché and the devices currently used are very similar to
the original version.

A schematic view of this type of batteries is showed in Figure 1. In these batteries the anode
consists of a zinc metal cylinder used, usually in the form of plate to procedure the outside
structure of the cell. The cathode consists of a graphite rod surrounded by a powder mixture
of graphite and manganese dioxide. The electrolyte is a mixture of ammonium chloride and
zinc chloride. During the Zn-C and alkaline batteries discharge, basically the following
reactions are observed:

Zinc oxidation at anode:

( )- -
4 3 2 22

Zn + 2NH Cl + 2OH  Zn N OH Cl  + 2H  + 2 e® (1)

Manganese reduction at cathode:

- -
2 22MnO  + 2H O + 2e  2OH  + 2MnOOH ® (2)

Resulting in the overall reaction:

( )2 4 3 22
Zn + 2MnO  + 2NH Cl  Zn NH Cl  + 2MnOOH® (3)

In this kind of batteries, during storage and in rest periods while operating some parallel
reactions can occur, causing leaks and loss of efficiency. In this way, some metals such as Cd,
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Cr, Hg and Pb are added to these devices to improve their performance and to avoid these
parallel reactions.

The alkaline battery is a modified version of the stack of Zn-C. It features the same electrodes
(anode and cathode), however, the electrolyte is a concentrated potassium hydroxide folder
containing zinc oxide. Another difference is that its outer part is made on steel plate for
assuring better seal. The reactions that occur in the cathode during discharge are the same that
occurs in the Zn-C batteries, but the anodic reactions are different:

Zinc oxidation at alkaline batteries anode:

( )- -
2

Zn + 2OH  Zn OH  + 2e® (4)

Resulting in the overall reaction:

( )2 2 2
Zn + 2MnO  + 2H O  Zn OH  + 2MnOOH® (5)

The advantage of the alkaline batteries is that they do not have parallel reactions and can be
stored for up to four years keeping more than 80% of their original capacity, additionally its
lifetime is up to ten times higher, however they are on average five times more expensive.
Alkaline batteries are placed on the market as "mercury-free", however the literature reports
that in several works on recycling of batteries were found heavy metals in these devices,
including mercury [19-23]. The composition of some alkaline batteries and Zn-C are given in
Table 1.

These portable batteries (alkaline and Zn–C) contain Mn and Zn in high concentrations.
Considering that the production of these kind of power device are increasing it has become
important the usage of recycled metals production instead of primary metals. Besides the
positive impact on the environment, in the recuperation process of materials lot of energy is
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Figure 1. Schematic View of the Zn-MnO2 Battery (Leclanché Device)
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saved and the pollution is also reduced as the chemical treatment of primary metals is not
needed. Manganese and zinc are important metals in many fields. Zinc is the most important
nonferrous metal after copper and aluminum [23] and of the total zinc consumption, 55% is
used to cover other metals to prevent oxidation, 21% in zinc-based alloys, 16% in brass and
bronze. The increase of zinc demand in 2010 was due to a revival of the consumption in Europe
(24%) and also to the consolidated economic growth of the emerging economies like Brazil,
India and most notably China where the consumption increased 11% respect to 2009. Most of
consumption of manganese is related to steel production, directly in pig iron manufacture and
in the ferroalloy industry. Manganese resources are large but irregularly widespread in the
world and South Africa and Ukraine account for about 75% and 10 % of the word´s identified
manganese resources respectively [24].

Due to the growing interest in global environmental issues, recycling of Zn–Mn batteries
carried more attentions and was reviewed in detail recently [15]. As the most widely used
hydrometallurgical process, acid leaching was frequently used to release both Zn and Mn from
the spent Zn–Mn batteries in the presence of strong acid solution such as H2SO4, HCl, HNO3

and so on. In most cases, acid leaching produce nearly 100% of Zn extraction from the spent
batteries, but Mn dissolution was rather poor due to insoluble MnO2; moreover, the heavy
consumption of various strong acids endowed the leaching process with high cost, strict
requirements of equipment and potentially safe risk. The reductive acidic leaching could
greatly improve extraction yield of Mn by adding inorganic reductants such as H2O2 and
SO2 or organic ones such as glucose, sucrose, lactose, oxalic acid, citric acid, tartaric acid, formic
acid and triethanolamine, but higher safety risk and greater operation cost occurred [15]. So,
developing the environmentally-friendly and cost-effective recycling methods for the spent
Zn–Mn batteries are encouraged. At present, biohydrometallurgical processes (bioleaching-

Metal
A1a

% in weight*

A2b

% in weight*

B1c

% in weight*

B2d

% in weight*

Zn 21 20,56 5 5,05

Mn 45 26,60 23-30 29,04

Fe 0,36 0,15 0,2-10 0,18

Hg 1 (ppm) 0,0012 - -

Cd 0,06(ppm) 0,0007 - 0,0002

Pb 0,03 0,005 - -

Ni - 0,008 0,007 0,006

K 4,7 7,3 - -

* (% in weight of the electrolytic paste)

aAlkaline [23]; bAlkaline [22]; cZn-C [23] and dZn-C [21].

Table 1. Composition of Zn-MnO2 and Alkaline Cells.

Electrodeposition of Alloys Coatings from Electrolytic Baths Prepared by Recovery of Exhausted Batteries for…
http://dx.doi.org/10.5772/56438

213



Cr, Hg and Pb are added to these devices to improve their performance and to avoid these
parallel reactions.

The alkaline battery is a modified version of the stack of Zn-C. It features the same electrodes
(anode and cathode), however, the electrolyte is a concentrated potassium hydroxide folder
containing zinc oxide. Another difference is that its outer part is made on steel plate for
assuring better seal. The reactions that occur in the cathode during discharge are the same that
occurs in the Zn-C batteries, but the anodic reactions are different:

Zinc oxidation at alkaline batteries anode:

( )- -
2

Zn + 2OH  Zn OH  + 2e® (4)

Resulting in the overall reaction:

( )2 2 2
Zn + 2MnO  + 2H O  Zn OH  + 2MnOOH® (5)

The advantage of the alkaline batteries is that they do not have parallel reactions and can be
stored for up to four years keeping more than 80% of their original capacity, additionally its
lifetime is up to ten times higher, however they are on average five times more expensive.
Alkaline batteries are placed on the market as "mercury-free", however the literature reports
that in several works on recycling of batteries were found heavy metals in these devices,
including mercury [19-23]. The composition of some alkaline batteries and Zn-C are given in
Table 1.

These portable batteries (alkaline and Zn–C) contain Mn and Zn in high concentrations.
Considering that the production of these kind of power device are increasing it has become
important the usage of recycled metals production instead of primary metals. Besides the
positive impact on the environment, in the recuperation process of materials lot of energy is
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Figure 1. Schematic View of the Zn-MnO2 Battery (Leclanché Device)
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saved and the pollution is also reduced as the chemical treatment of primary metals is not
needed. Manganese and zinc are important metals in many fields. Zinc is the most important
nonferrous metal after copper and aluminum [23] and of the total zinc consumption, 55% is
used to cover other metals to prevent oxidation, 21% in zinc-based alloys, 16% in brass and
bronze. The increase of zinc demand in 2010 was due to a revival of the consumption in Europe
(24%) and also to the consolidated economic growth of the emerging economies like Brazil,
India and most notably China where the consumption increased 11% respect to 2009. Most of
consumption of manganese is related to steel production, directly in pig iron manufacture and
in the ferroalloy industry. Manganese resources are large but irregularly widespread in the
world and South Africa and Ukraine account for about 75% and 10 % of the word´s identified
manganese resources respectively [24].

Due to the growing interest in global environmental issues, recycling of Zn–Mn batteries
carried more attentions and was reviewed in detail recently [15]. As the most widely used
hydrometallurgical process, acid leaching was frequently used to release both Zn and Mn from
the spent Zn–Mn batteries in the presence of strong acid solution such as H2SO4, HCl, HNO3

and so on. In most cases, acid leaching produce nearly 100% of Zn extraction from the spent
batteries, but Mn dissolution was rather poor due to insoluble MnO2; moreover, the heavy
consumption of various strong acids endowed the leaching process with high cost, strict
requirements of equipment and potentially safe risk. The reductive acidic leaching could
greatly improve extraction yield of Mn by adding inorganic reductants such as H2O2 and
SO2 or organic ones such as glucose, sucrose, lactose, oxalic acid, citric acid, tartaric acid, formic
acid and triethanolamine, but higher safety risk and greater operation cost occurred [15]. So,
developing the environmentally-friendly and cost-effective recycling methods for the spent
Zn–Mn batteries are encouraged. At present, biohydrometallurgical processes (bioleaching-

Metal
A1a

% in weight*

A2b

% in weight*

B1c

% in weight*

B2d

% in weight*

Zn 21 20,56 5 5,05

Mn 45 26,60 23-30 29,04

Fe 0,36 0,15 0,2-10 0,18

Hg 1 (ppm) 0,0012 - -

Cd 0,06(ppm) 0,0007 - 0,0002

Pb 0,03 0,005 - -

Ni - 0,008 0,007 0,006

K 4,7 7,3 - -

* (% in weight of the electrolytic paste)

aAlkaline [23]; bAlkaline [22]; cZn-C [23] and dZn-C [21].

Table 1. Composition of Zn-MnO2 and Alkaline Cells.
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tech) have been gradually replacing hydrometallurgical ones due to their higher efficiency,
lower cost and few industrial requirements [25]. Bioleaching was characterized by efficient
release of metals from solid phase into aqueous solution under the mild conditions of room
temperature and pressure by contact and/or non-contact mechanisms in the presence of
acidophilic sulfur-oxidizing and/or iron-oxidizing bacteria [26, 27].

Another alternative method developed for Zn-Mn batteries recycling is the electrodeposition
of Zn and Zn–Mn alloy coatings over different kinds of steel to corrosion protection [28, 29].
Electrodeposited coatings of zinc are extensively employed in the protection of steel against
corrosion. However, this protective effect is not very effective under aggressive atmospheric
conditions [30]. In recent years, several materials have been investigated to improve the
durability of these coatings. Electrodeposited alloys of Zn, such as Zn–Ni, Zn–Co and Zn–Fe,
present higher corrosion resistance than pure zinc coatings. Also, it has been reported in the
literature that Zn–Mn alloys show even better corrosion resistance properties [31–34]. The high
corrosion resistance of these alloys is likely due to the dual protective effect of manganese: on
the one hand Mn dissolves first because it is thermodynamically less noble than Zn, thereby
protecting Zn; and on the other hand Mn ensures the formation of compounds with a low
solubility product over the galvanic coating. Depending on the aggressivity of the environment
to which the Zn–Mn alloy is exposed, various compounds may be found in the passive layer,
including oxides such as MnO, MnO2, Mn5O8 and γ−Mn2O3, or basic salts like
Zn4(OH)6SO4.xH2O and Zn5(OH)8Cl.2H2O [31, 35, 36]. The protective effect of Zn–Mn is
dependent on the Mn content of the alloy. Although it has been reported that among the Zn
alloys those of Zn–Mn show the highest corrosion resistance, their deposition process presents
some drawbacks related to the bath instability and current efficiency. Among the various
electrolytic baths and additives proposed to obtain Zn–Mn alloys, the use of a chloride-based
acid bath with polyethylene glycol (PEG) as the additive seems very promising [31–33].

The mainly practical application in produce a protective Zn-Mn layer over steel is related to
the substitution of the primary painting process on metallic parts produced in foundries.
Furthermore it is important to note that beside the great interest in recycling Zn-C batteries
the use solution produced by the acidic leaching of these exhausted batteries to obtaining
protective Zn-Mn films were described only in two papers[28,29].

Considering the concepts described above this chapter brings some highlighting on the
development of a methodology to recover zinc and manganese present in exhausted zinc–
carbon batteries through chloride acidic leaching of the solid material. The leaching solution
is then used as an electrolytic bath for the electrodeposition of the galvanic coating on AISI
1018 steel. Polyethylene glycol is used as the additive in the bath to obtain both Zn and Zn–
Mn alloys.

3. Electrodeposition of Zn and Zn–Mn alloy coatings

To carrying out the electrodeposition of Zn and Zn–Mn Alloy coatings from electrolytic baths
obtained from leaching of spent batteries is important to know the metallic composition and

Modern Surface Engineering Treatments214

concentration of the solution. Table 2 shows the typical composition obtained by an acid
leaching with diluted HCl, of the carbon paste obtained from Zn-C spent batteries manufac‐
tured in Brazil [28]. This quantitative analysis of the metal content was performed by atomic
absorption spectrometry and indicated that in addition to Zn2+ and Mn2+ traces of other species
such as Fe2+, Cu2+ and Pb2+ were present in solution.

Metal Concentration (mg L-1) Metal Concentration (mg L-1)

Zn 6,981.33 Pb 55

Mn 3,030.30 Cr 0

Cu 30.4 Ag 0

Fe 5.5 Ni 0

Table 2. Composition of the Electrolytic Bath Obtained from Recycling of Zn-C Batteries.

It could be seen from the Table above that the batteries used containing Pb as heavy metal in
their composition, however this quantity found corresponds to 0.18% by weight of the battery
electrolytic paste that was in agreement with the limits established by CONOMA (0.20%).

To prepare the electrolytic bath from this solution the pH is adjusted to 5.0. During this step
occurs the hydrolysis of some metallic ions forming a gelatinous brown material, possibly due
to the formation of iron hydroxide that was removed by filtration. From this filtrated solution
it was prepared four electrolytic baths used in obtaining the Zn-Mn alloy coatings. These baths
were prepared to the addition of boric acid and different quantities of additives (ammonium
isocyanate - NH4SCN and polyethylene glycol – PEG10.000) as showed in Table 3.

Bath Name Zn Mn PEG10.000 NH4SCN H3BO3

S0

0.10 mol L-1 0.06 mol L-1

- -

0.32 mol L-1
S1 1 g L-1 -

S2 - 6.5 mmol L-1

S3 1 g L-1 6.5 mmol L-1

Table 3. Composition of the Obtained Electrolytic Bath through Recycling of Cells Used to Obtain Mn-Zn Alloys.

The behavior of AISI 1018 carbon steel electrodes in the presence of the electrolytic baths
prepared from recycled batteries could be investigated by measurements of cyclic voltamme‐
try. The Figure 2 shows the voltammetric curves obtained on 1018 carbon steel immersed in
the proposed electrolytic baths (see Table 3). It could be seen from Figure 2a that with no
additive on the bath the voltammogram showed two regions of reduction. The first region
present a peak current with maximum current in -1.4 V and is related to the electrodeposition
of zinc on the electrode. The second region present a continuous increase on reduction current
starting on E = -1.5 V, this region can be related to the formation of Mn-Zn alloy, but tis increase
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temperature and pressure by contact and/or non-contact mechanisms in the presence of
acidophilic sulfur-oxidizing and/or iron-oxidizing bacteria [26, 27].

Another alternative method developed for Zn-Mn batteries recycling is the electrodeposition
of Zn and Zn–Mn alloy coatings over different kinds of steel to corrosion protection [28, 29].
Electrodeposited coatings of zinc are extensively employed in the protection of steel against
corrosion. However, this protective effect is not very effective under aggressive atmospheric
conditions [30]. In recent years, several materials have been investigated to improve the
durability of these coatings. Electrodeposited alloys of Zn, such as Zn–Ni, Zn–Co and Zn–Fe,
present higher corrosion resistance than pure zinc coatings. Also, it has been reported in the
literature that Zn–Mn alloys show even better corrosion resistance properties [31–34]. The high
corrosion resistance of these alloys is likely due to the dual protective effect of manganese: on
the one hand Mn dissolves first because it is thermodynamically less noble than Zn, thereby
protecting Zn; and on the other hand Mn ensures the formation of compounds with a low
solubility product over the galvanic coating. Depending on the aggressivity of the environment
to which the Zn–Mn alloy is exposed, various compounds may be found in the passive layer,
including oxides such as MnO, MnO2, Mn5O8 and γ−Mn2O3, or basic salts like
Zn4(OH)6SO4.xH2O and Zn5(OH)8Cl.2H2O [31, 35, 36]. The protective effect of Zn–Mn is
dependent on the Mn content of the alloy. Although it has been reported that among the Zn
alloys those of Zn–Mn show the highest corrosion resistance, their deposition process presents
some drawbacks related to the bath instability and current efficiency. Among the various
electrolytic baths and additives proposed to obtain Zn–Mn alloys, the use of a chloride-based
acid bath with polyethylene glycol (PEG) as the additive seems very promising [31–33].

The mainly practical application in produce a protective Zn-Mn layer over steel is related to
the substitution of the primary painting process on metallic parts produced in foundries.
Furthermore it is important to note that beside the great interest in recycling Zn-C batteries
the use solution produced by the acidic leaching of these exhausted batteries to obtaining
protective Zn-Mn films were described only in two papers[28,29].

Considering the concepts described above this chapter brings some highlighting on the
development of a methodology to recover zinc and manganese present in exhausted zinc–
carbon batteries through chloride acidic leaching of the solid material. The leaching solution
is then used as an electrolytic bath for the electrodeposition of the galvanic coating on AISI
1018 steel. Polyethylene glycol is used as the additive in the bath to obtain both Zn and Zn–
Mn alloys.

3. Electrodeposition of Zn and Zn–Mn alloy coatings

To carrying out the electrodeposition of Zn and Zn–Mn Alloy coatings from electrolytic baths
obtained from leaching of spent batteries is important to know the metallic composition and
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concentration of the solution. Table 2 shows the typical composition obtained by an acid
leaching with diluted HCl, of the carbon paste obtained from Zn-C spent batteries manufac‐
tured in Brazil [28]. This quantitative analysis of the metal content was performed by atomic
absorption spectrometry and indicated that in addition to Zn2+ and Mn2+ traces of other species
such as Fe2+, Cu2+ and Pb2+ were present in solution.

Metal Concentration (mg L-1) Metal Concentration (mg L-1)

Zn 6,981.33 Pb 55

Mn 3,030.30 Cr 0

Cu 30.4 Ag 0

Fe 5.5 Ni 0

Table 2. Composition of the Electrolytic Bath Obtained from Recycling of Zn-C Batteries.

It could be seen from the Table above that the batteries used containing Pb as heavy metal in
their composition, however this quantity found corresponds to 0.18% by weight of the battery
electrolytic paste that was in agreement with the limits established by CONOMA (0.20%).

To prepare the electrolytic bath from this solution the pH is adjusted to 5.0. During this step
occurs the hydrolysis of some metallic ions forming a gelatinous brown material, possibly due
to the formation of iron hydroxide that was removed by filtration. From this filtrated solution
it was prepared four electrolytic baths used in obtaining the Zn-Mn alloy coatings. These baths
were prepared to the addition of boric acid and different quantities of additives (ammonium
isocyanate - NH4SCN and polyethylene glycol – PEG10.000) as showed in Table 3.

Bath Name Zn Mn PEG10.000 NH4SCN H3BO3

S0

0.10 mol L-1 0.06 mol L-1

- -

0.32 mol L-1
S1 1 g L-1 -

S2 - 6.5 mmol L-1

S3 1 g L-1 6.5 mmol L-1

Table 3. Composition of the Obtained Electrolytic Bath through Recycling of Cells Used to Obtain Mn-Zn Alloys.

The behavior of AISI 1018 carbon steel electrodes in the presence of the electrolytic baths
prepared from recycled batteries could be investigated by measurements of cyclic voltamme‐
try. The Figure 2 shows the voltammetric curves obtained on 1018 carbon steel immersed in
the proposed electrolytic baths (see Table 3). It could be seen from Figure 2a that with no
additive on the bath the voltammogram showed two regions of reduction. The first region
present a peak current with maximum current in -1.4 V and is related to the electrodeposition
of zinc on the electrode. The second region present a continuous increase on reduction current
starting on E = -1.5 V, this region can be related to the formation of Mn-Zn alloy, but tis increase
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in cathodic current has an important contribution of the process of hydrogen evolution. This
former observation is the reason of the needing of usage of additives that could be a hindrance
for this reaction on the surface. When the potential is swept in the positive direction no peak
of current is observed, just a constant increase on anodic current starting in almost E = -1.2 V,
this current increase is related to the dissolution of metal layer deposited on the steel during
the cathodic scan.
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Figure 2. Voltammetric Curves Obtained on 1018 Carbon Steel Immersed in the Proposed Electrolytic Baths (see Table
3) (a) S0, (b) S1, (c) S2 and (d) S3 with scan rate = 20 mV s-1.

No significant changes are observed with the addition of the addictive PEG10,000 and with the
addition of a mixture of NH4SCN and PEG10,000 (see Figures 2b and 2d), except by a slight
diminishment on the current density, this loss in current density could be assigned to the
presence of the additives. As discussed by Diaz-Arista et al. [31] the PEG10,000 can adsorb on
the steel surface blocking of the active sites for hydrogen evolution, but the isocyanate,
according to these authors has the function of complexing with the ions Zn2+ decreasing the
competition with the reduction of ions Mn2+. However, in the presence of NH4SCN the
voltammetric curves are considerably different from the others conditions, as could be seen in
Figure 2c. This figure shows that the process of Zn2+ electrodeposition, that occurred with a
peak current at ca. -1.4 V in the other conditions, is now linked to the Mn2+ electrodeposition
process as could be observed by the continuous increase in the cathodic current with the
augment of the potential forward negatives values. This behavior was assigned to the fact that
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the NH4SCN has complex interactions with Zn2+ and Mn2+ decreasing the difference between
the reduction potential of these two metallic species on the steel surface. The characterization
of the coatings obtained with NH4SCN as addictive showed films with bad quality as weak
adherence to the surface, inhomogeneity, and with no increase in the Mn proportion related
to the presence of Zn. For this reason this additive was not used in the others experiments
described in this text.

After determining the potential range for reduction of the metallic ions Zn2+ and Mn2+ presented
in the prepared electrolytic baths, the coating were obtained in the potentiostatic mode in two
situations: first by application of -1.2 V and the second by application of -1.6 V during 15 min.
The conditions used during the potentiostatic electrodeposition using the S0 and S1 solutions
were chosen in agreement with previous studies carried out by other authors on the electro‐
deposition of Zn–Mn alloys [31]. The resulting current–time curves are shown in Figure 3. At
-1.2 V, in the absence of additive, the current density stabilized at around -4.5 mA cm-2. In the
presence of PEG, the current density is slightly less negative (-3.6 mA cm-2). When electrode‐
position was carried out at -1.6 V the current densities with and without the additive were
-17.6 mA cm-2 and -10.8 mA cm-2, respectively. It is important to note that the presence of
additive during the electrodeposition at more negative potentials makes the current density
more stable. The instability observed in the electrodepositions carried out with S0 solution,
particularly at -1.6 V, may be attributed to hydrogen evolution. In a study on the effect of
additives on the hydrogen evolution reaction during Zn electrodeposition, Song et al. [37]
suggested that PEG acts as an inhibitor of hydrogen absorption in the electrodeposited Zn.

Figure 3. Potentiostatic curves obtained during electrodeposition onto an AISI 1018 steel electrode from S0 and S1
baths.

The characterization of the coating obtained potentiostatically was performed by measure‐
ments of Scan Electronic Microscopy (SEM), Energy Dispersion Spectroscopy (EDS) and X Ray
Diffraction (XRD). The Figure 4 shows the morphology of the deposit obtained potentiostati‐
cally at -1.2 V from the base solution (S0). The SEM image shows that the deposit is comprised
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in cathodic current has an important contribution of the process of hydrogen evolution. This
former observation is the reason of the needing of usage of additives that could be a hindrance
for this reaction on the surface. When the potential is swept in the positive direction no peak
of current is observed, just a constant increase on anodic current starting in almost E = -1.2 V,
this current increase is related to the dissolution of metal layer deposited on the steel during
the cathodic scan.

8

-2,0 -1,8 -1,6 -1,4 -1,2 -1,0 -0,8 -0,6
-20

-15

-10

-5

0

5

10

15

20

IIc
Ic

Ic

Ic

j /
 m

A
.c

m
-2

E/V (Ag/AgCl)

 1 ciclo
 2 ciclo
 3 ciclo
 4 ciclo

a

Ic

-2,0 -1,8 -1,6 -1,4 -1,2 -1,0 -0,8 -0,6

-15

-10

-5

0

5

10

15

20

 1 ciclo
 2 ciclo
 3 ciclo
 4 ciclo

 1 ciclo
 2 ciclo
 3 ciclo
 4 ciclo

j /
 m

A
.c

m
-2

E/V (Ag/AgCl)

b

-2,0 -1,8 -1,6 -1,4 -1,2 -1,0 -0,8 -0,6
-15

-10

-5

0

5

10

15

 1 ciclo
 2 ciclo
 3 ciclo
 4 ciclo

j /
 m

A
.c

m
-2

E/V (Ag/AgCl)

c

-2,0 -1,8 -1,6 -1,4 -1,2 -1,0 -0,8 -0,6
-20

-15

-10

-5

0

5

10

15

20

j /
 m

A
.c

m
-2

E/V (Ag/AgCl)

d

-2.0      -1.8   -1.6      -1.4     -1.2    -1.0   -0.8  -0.6 -2.0      -1.8  -1.6     -1.4   -1.2    -1.0   -0.8    -0.6 

-2.0      -1.8   -1.6      -1.4     -1.2    -1.0   -0.8  -0.6 -2.0      -1.8  -1.6     -1.4   -1.2    -1.0   -0.8    -0.6 

______1 Cycle 

______2 Cycle 

______3 Cycle 

______4 Cycle 

______1 Cycle 

______2 Cycle 

______3 Cycle 

______4 Cycle 

______1 Cycle 

______2 Cycle 

______3 Cycle 

______4 Cycle 

______1 Cycle 

______2 Cycle 

______3 Cycle 

______4 Cycle 

Figure 2. Voltammetric Curves Obtained on 1018 Carbon Steel Immersed in the Proposed Electrolytic Baths (see Table
3) (a) S0, (b) S1, (c) S2 and (d) S3 with scan rate = 20 mV s-1.

No significant changes are observed with the addition of the addictive PEG10,000 and with the
addition of a mixture of NH4SCN and PEG10,000 (see Figures 2b and 2d), except by a slight
diminishment on the current density, this loss in current density could be assigned to the
presence of the additives. As discussed by Diaz-Arista et al. [31] the PEG10,000 can adsorb on
the steel surface blocking of the active sites for hydrogen evolution, but the isocyanate,
according to these authors has the function of complexing with the ions Zn2+ decreasing the
competition with the reduction of ions Mn2+. However, in the presence of NH4SCN the
voltammetric curves are considerably different from the others conditions, as could be seen in
Figure 2c. This figure shows that the process of Zn2+ electrodeposition, that occurred with a
peak current at ca. -1.4 V in the other conditions, is now linked to the Mn2+ electrodeposition
process as could be observed by the continuous increase in the cathodic current with the
augment of the potential forward negatives values. This behavior was assigned to the fact that
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the NH4SCN has complex interactions with Zn2+ and Mn2+ decreasing the difference between
the reduction potential of these two metallic species on the steel surface. The characterization
of the coatings obtained with NH4SCN as addictive showed films with bad quality as weak
adherence to the surface, inhomogeneity, and with no increase in the Mn proportion related
to the presence of Zn. For this reason this additive was not used in the others experiments
described in this text.

After determining the potential range for reduction of the metallic ions Zn2+ and Mn2+ presented
in the prepared electrolytic baths, the coating were obtained in the potentiostatic mode in two
situations: first by application of -1.2 V and the second by application of -1.6 V during 15 min.
The conditions used during the potentiostatic electrodeposition using the S0 and S1 solutions
were chosen in agreement with previous studies carried out by other authors on the electro‐
deposition of Zn–Mn alloys [31]. The resulting current–time curves are shown in Figure 3. At
-1.2 V, in the absence of additive, the current density stabilized at around -4.5 mA cm-2. In the
presence of PEG, the current density is slightly less negative (-3.6 mA cm-2). When electrode‐
position was carried out at -1.6 V the current densities with and without the additive were
-17.6 mA cm-2 and -10.8 mA cm-2, respectively. It is important to note that the presence of
additive during the electrodeposition at more negative potentials makes the current density
more stable. The instability observed in the electrodepositions carried out with S0 solution,
particularly at -1.6 V, may be attributed to hydrogen evolution. In a study on the effect of
additives on the hydrogen evolution reaction during Zn electrodeposition, Song et al. [37]
suggested that PEG acts as an inhibitor of hydrogen absorption in the electrodeposited Zn.

Figure 3. Potentiostatic curves obtained during electrodeposition onto an AISI 1018 steel electrode from S0 and S1
baths.

The characterization of the coating obtained potentiostatically was performed by measure‐
ments of Scan Electronic Microscopy (SEM), Energy Dispersion Spectroscopy (EDS) and X Ray
Diffraction (XRD). The Figure 4 shows the morphology of the deposit obtained potentiostati‐
cally at -1.2 V from the base solution (S0). The SEM image shows that the deposit is comprised
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of hexagonal plates with pyramidal clusters grouped into nodules of several sizes, as is normal
for pure zinc electrodeposits [37]. The EDS analysis (inset on Figure 4) showed the presence
of zinc as the predominant element in the coating.

In the presence of PEG, the deposit obtained is comprised of hexagonal crystals oriented
perpendicularly to the substrate surface (Figure 5) and the zinc also was the predominant
element (inset on Figure 5). This type of morphology was also observed by Ballesteros et al. [30]
who studied the influence of PEG as an additive on the mechanism of Zn deposition and
nucleation.

Figure 4. SEM image of the deposit formed on AISI 1018 steel electrode at -1.2V vs. (Ag/AgCl), polarization time = 15
min, using solution S0 as electrolytic bath. The results for the EDS analysis of the film are shown in the inset.

Figure 5. SEM image of the deposit formed on AISI 1018 steel electrode at -1.2V vs. (Ag/AgCl), polarization time = 15
min, using solution S1 as electrolytic bath. The results for the EDS analysis of the film are shown in the inset.
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Although differences were observed in the morphology of the deposited coatings obtained
with and without the use of the additive, the XRD analysis exhibited in Figure 6 showed the
characteristics diffraction peaks for the coating obtained on AISI 1018 steel electrode at −1.2 V
vs. (Ag/AgCl), t = 15 min, using the solution S0 (without additive). A similar composition was
obtained with the bath S1 in the same electrodeposition condition. As can be seen, the
formation of a Zn-Mn alloy could not be obtained from this potentiostatic experiments carried
out at -1.2 V.

Figure 6. X-ray diffraction (XRD) pattern of the deposit obtained on AISI 1018 steel electrode at −1.2 V vs. (Ag/AgCl), t
= 15 min.using the solution S0 (without additive).

Figure 7. SEM image of the deposit formed on AISI 1018 steel electrode at −1.6 V vs. (Ag/AgCl), t = 15 min, from
solution S0. The results for the EDS analysis are shown in the inset.
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perpendicularly to the substrate surface (Figure 5) and the zinc also was the predominant
element (inset on Figure 5). This type of morphology was also observed by Ballesteros et al. [30]
who studied the influence of PEG as an additive on the mechanism of Zn deposition and
nucleation.

Figure 4. SEM image of the deposit formed on AISI 1018 steel electrode at -1.2V vs. (Ag/AgCl), polarization time = 15
min, using solution S0 as electrolytic bath. The results for the EDS analysis of the film are shown in the inset.

Figure 5. SEM image of the deposit formed on AISI 1018 steel electrode at -1.2V vs. (Ag/AgCl), polarization time = 15
min, using solution S1 as electrolytic bath. The results for the EDS analysis of the film are shown in the inset.
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Although differences were observed in the morphology of the deposited coatings obtained
with and without the use of the additive, the XRD analysis exhibited in Figure 6 showed the
characteristics diffraction peaks for the coating obtained on AISI 1018 steel electrode at −1.2 V
vs. (Ag/AgCl), t = 15 min, using the solution S0 (without additive). A similar composition was
obtained with the bath S1 in the same electrodeposition condition. As can be seen, the
formation of a Zn-Mn alloy could not be obtained from this potentiostatic experiments carried
out at -1.2 V.

Figure 6. X-ray diffraction (XRD) pattern of the deposit obtained on AISI 1018 steel electrode at −1.2 V vs. (Ag/AgCl), t
= 15 min.using the solution S0 (without additive).

Figure 7. SEM image of the deposit formed on AISI 1018 steel electrode at −1.6 V vs. (Ag/AgCl), t = 15 min, from
solution S0. The results for the EDS analysis are shown in the inset.
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Figure 7 shows the morphology of the deposit obtained potentiostatically at -1.6 V without
the use of the additive. In the SEM image an amorphous and porous deposit covering some
parts of the substrate can be observed. The EDS analysis (inset on Figure 7) indicated that
the manganese content of this deposit is around 8% wt.

The XRD analysis of the coating obtained at −1.6 V vs. (Ag/AgCl) from solution S0 is showed
in Figure 8. This XDR measurement also indicated that these experimental conditions did not
favor the formation of a Zn-Mn alloy. This result may be related to the formation of Mn(OH)2(s)
species on the substrate surface due to the hydrogen formation under these experimental
conditions, resulting in an increase in the pH in the vicinity of the working electrode [38]. In
addition, the formation of Mn(OH)2 in high alkaline conditions agrees well with the Eh x pH
(Pourbaix) diagrams [39].

Figure 8. X-ray diffraction (XRD) pattern of the deposit obtained on AISI 1018 steel electrode at −1.6 V vs. (Ag/AgCl), t
= 15 min.using the solution S0 (without additive).

In comparison with the morphology observed for the deposit obtained without PEG, the
deposit formed in the presence of this additive is very different. The SEM image and EDS
analysis for this coating are showed in Figure 9.

This figure shows that the deposit formed is compact and homogeneous with a cauliflower-
like morphology; however, once again, the presence of manganese in the deposit could not be
detected. The change in the morphology of the deposit may be associated with the partial
adsorption of the additive on the electrode surface during the electrodeposition of Zn2+ [40].
In addition, the XRD analysis exhibited in Figure 10 revealed that the deposit is comprised
principally of Zn crystals in the plane (101), corroborating the EDS results.
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Figure 10. X-ray diffraction (XRD) pattern of the deposit obtained on AISI 1018 steel electrode at −1.6 V vs. (Ag/AgCl),
t = 15 min, using the solution S1 (with PEG10,000 as additive).

As it was not possible to obtain films containing Zn-Mn alloy through potentiostatic electro‐
deposition, coatings were obtained by galvanostatic deposition. As the current density
stabilized at around -10 mA cm-2 with the presence of PEG in the electrolytic bath during
potentiostatic electrodeposition at -1.6 V, this current density was chosen for the attempted
galvanostatic electrodeposition of the Zn-Mn alloy. Figure 11 shows the chronopotentiometric
curves obtained.

Figure 9. SEM image of the deposit formed on AISI 1018 steel electrode at −1.6 V vs. (Ag/AgCl), t = 15 min, from
solution S1. The results for the EDS analysis are shown in the inset.
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Figure 11. Chronopotentiometric curves obtained during electrodeposition of the deposits on AISI 1018 steel elec‐
trode from base solution S0 and solution S1.

In the absence of PEG the potential changed during the electrodeposition, resulting in a rough
and irregular deposit, as evidenced in the SEM analysis. On the other hand, when the additive
was added to the base solution, the deposition potential stabilized at around -1.68 V at the
beginning of the electrodeposition. Additives such as PEG can shift the potential of Zn
deposition to more negative values, enabling Zn alloys to be obtained with metals for which
the deposition potentials are very negative [30]. In addition, the use of PEG as an additive
allowed a compact and homogeneous deposit to be obtained.

Figure 12. SEM image of the deposit formed on AISI 1018 steel electrode at −10 mA cm-2, t = 15 min, from solution S0.
The results for the EDS analysis are shown in the inset.

Modern Surface Engineering Treatments222

Figure 12 shows the SEM image of the deposit obtained galvanostatically at -10 mA cm-2 in
the absence of PEG. The deposit formed is porous and with grains of diverse dimensions ir‐
regularly distributed on the substrate surface. The EDS analysis (inset in Figure 12) revealed
that there is no manganese present in the coating.

In addition, the XRD patterns of the film showed above were very similar as those obtained
during the potentiostatic deposition at -1.2 V from solution S0n (see Figure 6) indicating only
the presence of the Zn crystals in different planes.

The results obtained in the presence of PEG indicated the formation of the Zn-Mn alloy during
galvanostatic electrodeposition. Figure 13 shows the SEM micrograph of the deposit obtained
under these conditions. The results indicate that the PEG decreased the mean size of grains
inducing the formation of a smooth deposit. Although the EDS analysis did not clearly indicate
the presence of Mn in the deposit.

Figure 13. SEM image of the deposit formed on AISI 1018 steel electrode at −10 mA cm-2, t = 15 min, from solution S1.
The results for the EDS analysis are shown in the inset.

The XRD results, exhibited in Figure 14 showed a diffractogram characteristic of a mixture of
Zn and ε-phase Zn-Mn with different crystallographic. This finding may be related to the low
manganese content, around 2% wt in the deposit. Ballesteros et al.[30] have reported that the
presence of additives such as PEG can shift the potential of Zn deposition to very negative
values. Such behavior is associated with the partial adsorption of PEG onto the substrate
surface. The authors related that in the presence this additive the electrodeposition of zinc can
occurs in two different ways. First, the zinc is electrodeposited onto the active sites on the
electrode surface that are not blocked by adsorbed PEG molecules. In second, the zinc is
electrodeposited onto the active sites that are liberated when PEG molecules are desorbs from
electrode surface. This occurs in potential very more negative than the first. The effect of
displacement of the zinc reduction potential to more negative values is known as cathodic
polarization. Accordingly, potentials as negative as -1.6V vs. SCE could be used to obtain
deposits of zinc alloys with metals such as Mn. Similar XRD results were observed by Sylla et
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manganese content, around 2% wt in the deposit. Ballesteros et al.[30] have reported that the
presence of additives such as PEG can shift the potential of Zn deposition to very negative
values. Such behavior is associated with the partial adsorption of PEG onto the substrate
surface. The authors related that in the presence this additive the electrodeposition of zinc can
occurs in two different ways. First, the zinc is electrodeposited onto the active sites on the
electrode surface that are not blocked by adsorbed PEG molecules. In second, the zinc is
electrodeposited onto the active sites that are liberated when PEG molecules are desorbs from
electrode surface. This occurs in potential very more negative than the first. The effect of
displacement of the zinc reduction potential to more negative values is known as cathodic
polarization. Accordingly, potentials as negative as -1.6V vs. SCE could be used to obtain
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al. [32]. They reported a Mn content of 1% wt in a Zn-Mn alloy deposit obtained from a chloride-
based acidic bath containing PEG as an additive. The authors postulated that the presence of
PEG allowed the formation of a compact and homogeneous deposit with cauliflower-like
morphology. However, the presence of PEG in the solution hindered manganese deposition
and inhibited the formation of the ζ-phase Zn-Mn. It is important to note that the peaks
observed in our study for Zn and the phases of Zn-Mn alloy are very close and some overlap
may have occurred.

Figure 14. X-ray diffraction (XRD) pattern of a deposit obtained on AISI 1018 steel electrode at -10 mA cm-2, t = 15
min from solution S1 (with PEG10,000 as additive)

Table 4 shows a summary of all parameters used in the electrodeposition and some charac‐
teristics of the deposits obtained.

Without additive Deposit

-1.2 V Homogeneous, comprised by hexagonal plates only Zn

-1.6 V Amorphous and porous, Zn and Mn(OH) 2 (~ 8% w/t Mn)

-10 mA cm-2 Amorphous and porous only Zn

With additive Deposit

-1.2 V Homogeneous , comprised by hexagonal crystals only Zn

-1.6 V Homogeneous, cauliflower morphology only Zn

-10 mA cm-2 Homogeneous, smooth Zn, Zn-Mn alloys, (~2%

w/t Mn)

Table 4. Electrodeposition parameters and characteristics of the deposits obtained
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The evaluation of the corrosion resistance of the coating obtained could be performed by
measurements of polarization curves. Figure 15 shows the polarization curves of the produced
coatings in a solution containing NaCl 3% (w/v).
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Figure 15. Potentialdynamic Polarization Curves (a) steel surface without protection (b) coating obtained potentiosta‐
ticly at -1.2 V vs (Ag/AgClsat.); (c) coating obtained potentiostaticly at -1,6 V vs (Ag/AgClsat.) and (d) coating obtained
galvanostaticly at -10mA.cm-2.

The results showed above include the measurements of the coatings obtained using NH4SCN
as additive to illustrate the poor protection of the coating produced with this additive due to
the lack of homogeneity as described above (see Table 3). The curves showed in Figure 15
indicate that in general, all coatings shift the corrosion potential value (Ecorr) to negative regions
when compared with the Ecorr of the substrate (-0.77 V), this behavior is characteristic for the
formation of cathode coatings. It could be also noted from Figure 15 that the corrosion current
density (icorr) is relatively higher for the coating that presented more negative values of Ecorr.
This fact could be seen as divergences but it needs to take in account that the coating that
presented more negative values for Ecorr presented also higher roughness, fact that increase
their superficial area causing this increase in current.

Almost at the same time that the work described in this text was done, others experiments
using a very similar approach were done by Brito et al. [29]. These authors used H2SO4 solution
to leaching spent Zn-C and used methylamine as addictive. They found that the quality of
deposits produced from lixiviation depends strongly on the magnitude of the electrodeposi‐
tion current; homogeneous and uniform deposit layers with good anticorrosive properties
were obtained, preferentially, at low current densities. The Mn/Zn mass ratios in the produced
deposit layers are influenced by electrodeposition currents and the electrodeposition duration.
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The evaluation of the corrosion resistance of the coating obtained could be performed by
measurements of polarization curves. Figure 15 shows the polarization curves of the produced
coatings in a solution containing NaCl 3% (w/v).
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The results showed above include the measurements of the coatings obtained using NH4SCN
as additive to illustrate the poor protection of the coating produced with this additive due to
the lack of homogeneity as described above (see Table 3). The curves showed in Figure 15
indicate that in general, all coatings shift the corrosion potential value (Ecorr) to negative regions
when compared with the Ecorr of the substrate (-0.77 V), this behavior is characteristic for the
formation of cathode coatings. It could be also noted from Figure 15 that the corrosion current
density (icorr) is relatively higher for the coating that presented more negative values of Ecorr.
This fact could be seen as divergences but it needs to take in account that the coating that
presented more negative values for Ecorr presented also higher roughness, fact that increase
their superficial area causing this increase in current.

Almost at the same time that the work described in this text was done, others experiments
using a very similar approach were done by Brito et al. [29]. These authors used H2SO4 solution
to leaching spent Zn-C and used methylamine as addictive. They found that the quality of
deposits produced from lixiviation depends strongly on the magnitude of the electrodeposi‐
tion current; homogeneous and uniform deposit layers with good anticorrosive properties
were obtained, preferentially, at low current densities. The Mn/Zn mass ratios in the produced
deposit layers are influenced by electrodeposition currents and the electrodeposition duration.
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Lower electrodeposition currents and shorter electrodeposition duration improve the depo‐
sition of Mn in relation to Zn. The presence of the methylamine, also benefit the deposition of
Mn and that the addition of methylamine to the electrodeposition baths contributes to the
establishment of deposit coatings, with better anticorrosive properties.

4. Conclusions

The results reported by our group[28] and by the group of the Portalegre Polytechnical Institute
- Portugal[29] demonstrate that it is possible to obtain galvanic coatings in a bath prepared
from zinc and manganese recovered from exhausted zinc-carbon batteries. Additionally these
showed that the production of a protective Zn-Mn layer over steel related to the substitution
of the primary painting process on metallic parts produced in foundries is possible to be
developed as practical application.

Specifically thought in the results obtained in the experiments described it could be observed
that the presence of polyethylene glycol or methylamine as additives in the electrolytic bath
during electrochemical deposition favors the obtainment of a compact and homogeneous
deposit containing a mixture of Zn and a Zn-Mn alloy, with a manganese content in the range
of 2% to 7% in weight and the electrodeposited coatings with higher Mn content improve the
anticorrosiveness of mild steel in saline environments. The proposed method may represent
an alternative use for zinc and manganese recovered from exhausted alkaline and zinc-carbon
batteries and thus minimize the adverse environment impacts caused by these residues.
Moreover lixiviation solutions resulting from the hydrometallurgical treatment of spent
domestic batteries, mainly, Zn–MnO2 batteries can be valued directly as electrodeposition
baths for zinc and zinc alloys.

The fact that the methodology developed for recycling batteries can now produce the separa‐
tion of the elements of which these batteries are made can open new avenues of application
for these recovered materials. As an example it could be produced nanostructures of Zinc
Oxide by electrodeposition over different kind of surfaces that could be used as quantum dots
in photovoltaic devices. Also it could be produce magnetic films from the hydrometallurgical
treatment of spent Zn–MnO2 batteries by the electrochemical deposition of ferrites with
different contents of Zn and Mn in the structure. However these subjects are still possibilities,
because no work involving these potentials could be found in the literature.
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that the presence of polyethylene glycol or methylamine as additives in the electrolytic bath
during electrochemical deposition favors the obtainment of a compact and homogeneous
deposit containing a mixture of Zn and a Zn-Mn alloy, with a manganese content in the range
of 2% to 7% in weight and the electrodeposited coatings with higher Mn content improve the
anticorrosiveness of mild steel in saline environments. The proposed method may represent
an alternative use for zinc and manganese recovered from exhausted alkaline and zinc-carbon
batteries and thus minimize the adverse environment impacts caused by these residues.
Moreover lixiviation solutions resulting from the hydrometallurgical treatment of spent
domestic batteries, mainly, Zn–MnO2 batteries can be valued directly as electrodeposition
baths for zinc and zinc alloys.

The fact that the methodology developed for recycling batteries can now produce the separa‐
tion of the elements of which these batteries are made can open new avenues of application
for these recovered materials. As an example it could be produced nanostructures of Zinc
Oxide by electrodeposition over different kind of surfaces that could be used as quantum dots
in photovoltaic devices. Also it could be produce magnetic films from the hydrometallurgical
treatment of spent Zn–MnO2 batteries by the electrochemical deposition of ferrites with
different contents of Zn and Mn in the structure. However these subjects are still possibilities,
because no work involving these potentials could be found in the literature.
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