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Abstract: The need to use components with improved surface characteristics in relation to severe
operating conditions, together with the aim of cost reduction associated with the replacement of
damaged components, has led to an increasing use of coatings and repairing processes. The most
common deposition processes are generally characterized by high equipment costs and, sometimes,
by long deposition time. Furthermore, some repair technologies, especially those characterized by
high heat input, are not suitable for alloys used in aerospace applications due to the degradation
of their mechanical characteristics. In the last decades, a novel eco-friendly method capable of
overcoming the limits set out above emerged: the electrospark deposition (ESD) technology. Thanks
to its efficiency, simplicity, cost-effectiveness, and low heat input, this technology has proved to be
suitable both for improving surface properties, such as thermo and wear resistance, higher hardness
and corrosion resistance, and for the repair of high-value components. The aim of this review is to
describe in detail some aspects of the ESD technique to understand the ESD processing preparation
of alloys normally considered difficult to weld by traditional processes and to give some important
clues to the readers to contribute to the defect-free repair of damaged areas and coatings deposition.

Keywords: electrospark deposition; ESD; coating technology; repairing; worn metal components;
pulse fusion surfacing; spark hardening; spark toughening; metal substrates

1. Introduction

Protection and repair have a very important role on the modern technology in in-
dustry. Coatings are considered the backbone for advanced applications in various fields,
for example, gas and steam turbine blades, and in the metal-working, medical, military,
recreational equipment applications and so on. Over the past decades, the coating and
repair procedures that can be performed in situ and, at the same time, can take into account
demands for energy saving and sustainability have gained increasing interest, especially in
the aerospace and aeronautic sectors [1-3].

Nowadays, many kinds of surface treatment technologies (i.e., electroplating, physical
vapor deposition, thermal diffusion, and chemical vapor deposition) used to improve the
anti-softening, wear and corrosion properties of component material are not suitable. The
crucial issues for all coating and repair applications depend on the high pollution, cost of
equipment, and long processing time [4-7]. Besides, a main issue is the high heat input
into the workpiece, resulting in thermal distortion and/or changes in the metallurgical
structure of the substrate (heat-affected zone (HAZ)) [7]. Very often, the microstructural and
physical characteristics of the alloy prevent the use the fusion welding repair techniques
(i.e., tungsten inert gas welding (TIG), laser, electron beam, or an equivalent process) [7-13].
For example, the fusion welding repair processes of components that are made of Al alloy
or Ni superalloys are not suitable because these alloys are particularly prone to cracks
during the solidification period, both in the welded (i.e., hot cracking) and in the base metal
(i.e., liquation cracking) [14-17].

The outstanding versatility and special capabilities of the electrospark deposition
(ESD) process have been recognized in the 21st-century technology, a time in which many
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researches have pointed out as this low-heat-input processes has great potential for coatings
application and restoration of damaged high valued parts [18-21].

ESD is a low-heat-input pulsed micro-bonding process that uses short-duration, high-
current electrical pulses to weld a consumable electrode material to a metallic substrate.
This process is analogous to a pulsed micro-arc welding process, but it differs from this in
that it uses electrical pulses typically three orders of magnitude shorter [22-26].

When the energy stored in a capacitor bank is discharged, the electric current pulse
generates a plasma arc for a short time (typically, 1-10 us) between the tip of the elec-
trode (anode) and the substrate (cathode), having a maximum arc temperature reaching
5000-25,000 K depending on the nature of the shielding gas used and the current con-
ducted by the plasma [26,27]. The electric arc generated is able to melt and vaporize a
small material volume fraction of both the substrate and the electrode. The small molten
droplets from the electrode are propelled and accelerated by the electric field towards the
substrate, where they crash, producing a deposit with strong adhesion. Pulse durations of
a few microseconds and pulse frequencies in the 0.1 to 2 kHz range, associated with a small
amount of transferred material, allow substrate heat dissipation over 99% of the duty cycle.
Since the heat input to the substrate is low (heating only 1%), the average temperatures are
generally below 80 °C [26-30]. Thanks to the low heat input, the process does not produce
significant distortions, shrinkages, and high thermal stresses, and above all, it eliminates or
reduces the HAZ (highly undesirable zone) down to a few micrometers [29-33]. Therefore,
ESD is particularly suitable for the treatment of thin or heat-sensitive metal substrates
(i.e., MCrAlY and 2000 Al alloys) [20,21,29,34]. Furthermore, the high cooling rates in-
volved lead to the formation of advanced microstructures: nanocrystalline or amorphous
structures [30,35,36]. Additional advantages of this process include pollution-free, techno-
logical ease of depositing a metal under normal atmospheric conditions, cost-effectiveness
of equipment, and portability of the ESD machine for use directly on the field (for example,
shop). Furthermore, the ESD process can be manual or automated. Generally, manual
application is often used to quickly coat component surfaces on which quality check and
reproducibility are not required. The automation of this process, on the other hand, has
proved to be a necessary requirement for obtaining reproducible coatings [24,31,33,37,38].

ESD applications range from treating cutting tools and machine components, often
with tungsten carbide or titanium carbide-based electrodes, to repairing wear damages in
steam generator tubes, gas turbine parts used in the aeronautical and automotive industry,
engine components, pump components and so on [32]. To date, ESD is used to deposit
a wide variety of combinations of electrically conductive electrode and substrate materi-
als [20,22-26,39,40]. Researchers have demonstrated the ability of ESD to form a strong
metallurgical bond of the coating to the substrate using electrodes of both homologous
and dissimilar material from the substrate. Liu et al. [40], as well as Cadney and cowork-
ers [41,42], demonstrated the possibility of depositing, by means of the ESD technology,
both amorphous and crystalline electrodes on an amorphous substrate without obtaining
its recrystallization. Similarly, Xie and Wang [23] showed that this process is able to pro-
duce a high-quality NiCoCrAlYTa coating, consisting of a uniform superfine columnar
microstructure. Meanwhile, Hasanabadi et al. [43] examined the electrospark coating mi-
crostructure of as-cast Fes3Cr1gMoyB16C4Nby crystalline alloy deposited on a 316L stainless
steel substrate. A. N. Sheveyko et al. [44] showed the possibility of depositing thick (up
to 30 um) and rough (average surface roughness greater than 6 pm) multicomponent
TiCaPCO(N)-(Ag) coatings on titanium substrates by pulsed ESD in different environments
(i.e., deionized water, argon, and air) using TiC-CaOTizPOyy) and TiC-CaO-TizPO(y)-AgrCa
electrodes produced by self-propagating high-temperature synthesis.

Some studies have aimed at understanding the basic principles of ESD, and they have
led to the development of the process and, consequently, to an increase in potential applica-
tions [45]. Several scholars have studied the mass transfer mechanism in the electrospark
technology in detail [46,47]. Especially, Gallinov and Luban [48] have presented a method
capable of determining the efficiency of mass transfer. This method, also known as the
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transfer coefficient, is based on the constant monitoring of the erosion of the anode and the
mass gain of the cathode.

Other studies have analyzed both the influence of ESD process parameters on the
development of the microstructure and the properties of the coatings, as well as the defects
of coatings deposited onto a similar or dissimilar metallic substrate [20,49-51].

This review article presents a comprehensive overview of the ESD process used for
the deposition of both corrosion and wear-resistant coatings and for the restoration and
refurbishment of worn or damaged areas. Furthermore, to better understand ESD technique
deposition, in the first sections, the intrinsic aspects and the most reliable theories on the
deposition mechanism of electrospark and the influence of the main process parameters on
the efficiency of deposition are presented and discussed.

2. Electrospark Deposition (ESD) Technique
2.1. Background of ESD Technique

ESD is not a recent technology. The first uses of this technique aimed to create hard and
resistant coating surfaces through processes such as pulse fusion alloying, spark hardening,
pulse fusion surfacing, and electrospark alloying [52].

Rawdon was the first to experience the spark deposition phenomenon in 1924 [52,53].
In particular, Rawdon achieved a significant hardening of the pure Fe substrate by sparking
a homologous material electrode, leading to martensite formation. For such a carbon-
free Fe material, this was indeed a very important achievement. Therefore, martensite
formation is due to the fast quenching of the small volumes of Fe, which undergo a very
fast melting/freezing cycle. This is nothing more than a form of rapid solidification.

In 1957, Welsh [54] showed that extremely hard surfaces can be obtained on steel
by sparking it with electrodes of WC (tungsten carbide) and W/TiC (titanium carbide).
In addition, it demonstrated the feasibility of hardening the surfaces of copper, brasses,
aluminum, and titanium using this technology [54-56]. The fact that such a relatively simple
process can produce marked improvements in the wear resistance of different materials has
attracted the attention of numerous researchers. Several investigations on spark deposition
conducted by ESA researchers in the Soviet Union, between 1948 and 1999, led to the
development of corrosion- and wear-resistant coatings for coal gasification apparatus,
high-performance coatings on nuclear reactor components, and major enhancements in
equipment for the deposition of sparks [32,56-60]. Over the past decades, even in the
United States, research and development on ESD have been obtained, thanks to the strong
interest from large private companies, such as General Electric, Pratt and Whitney, Rolls
Royce Corporation, Aircraft Engines, General Electric Power Systems, and Advanced
Surfaces and Processes.

Further improvements in the ESD equipment have led to the use of this technology
not only to deposit coatings on nuclear reactor components, but also to deposit anti-wear
and anticorrosion coatings on mechanical components subjected to strong thermal and
dynamic stresses in the energy, aeronautic, and automotive sectors [61].

2.2. Principle and Apparatus of ESD

The electrospark deposition equipment is essentially composed of two main compo-
nents: a capacitor-based power supply and an electrode holder (also known as applicator
or torch) [27,62]. The most common power supply consists of a current rectifier, which
transforms alternating current into direct current (DC) needed to charge up a series of
capacitors and the discharge circuit. To discharge the capacitors, the power supply uses
a resistor—capacitor (RC) or a microprocessor-controlled discharging circuit [27,62]. The
electrode, controlled by the torch, is connected to the positive pole of the capacitance bank,
while the workpiece (substrate) is connected to the negative one [32,52,62]. The electrical
circuit between the electrode and the workpiece is completed by an electrical ground cable
fixed to the workpiece [27]. Figure 1 shows the equipment for the electrospark deposition.
Moreover, an inert gas supply system is added to the electrode holder to allow a cover
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gas to flow over the deposition site at all times. Generally, the shielding gases used are:
argon, helium, carbon dioxide, and mixtures of these gases. The inert gas protects the
deposited metal from oxidation, provides cooling, and affects the physical properties of the
arc, thereby also affecting the characteristics of the deposit [62].

Inert gas supply system: Argon

Electrode holder ~.

Figure 1. Electrospark deposition apparatus.

The electrode is in continuous relative movement against the substrate, by rotation
or vibration. The relative motion of the electrode is necessary to avoid welding with the
substrate, on which the coating or deposition is carried out. When the rotating consumable
electrode is subsequently in mobile contact with the substrate (short circuit), the energy
stored in a capacitor bank is discharged through a sequence of short electric sparks at low
voltage and high current. Following the electric discharges, the metal is transferred, from
the electrode to the substrate, through the emission of melted droplets that occur in micron
gaps filled with a dielectric gas [26,27,63]. Unfortunately, the ESD technique has been found
to suffer from serious deficiencies in process stability, resulting in coating discontinuity
spatter layers, crater erosion, and high surface roughness. In general, a variety of effects
may contribute to the process instability. Most notably, the process instability can be
attributed to the nature of the dielectric gas, which has been recognized to heavily affect the
mass transfer mechanisms and the surface coating topography. In particular, it was found
that in depositions, in the absence of shielding gas, the size of the molten droplets increases,
giving rise to a very uneven deposition. The larger size of the droplets is due to the fact
that the high thermal conductivity plasma generated by molecular gases (i.e., nitrogen
and oxygen) promotes a globular/spray-type mass transfer mechanism [26,63]. Unlike the
depositions carried out in the air, those carried out in the presence of Ar shielding gas lead
to finer spray depositions and more uniform surfaces, thanks to the formation of smaller
droplets compared with those generated in the presence of air. However, many other
factors influence the stability of the deposition process. First of all, the process instability
can be linked to an irregular geometry of the contact surface in the discharge zone. In the
literature, it is reported that these irregular contact surfaces are generated both by a change
of the electrode and by the discharge conditions, such as due to a change in the shape of
the electrode tip or in the roughness of the coating, respectively. Moreover, very often,
very harmful transient arcs are established due to these irregular contacts, leading to a
high transfer of energy and overheating of the electrodes and spot localization. Again, the
process instability may also be attributed to the inhomogeneity of the electric field, which
can lead, depending on the intensity, to partial or total discharge phenomena [26,64,65].

As shown by Frangini et al. [26], the spark discharge is generally not a stationary
process but, in reality, only a transition mechanism characterized by a voltage activation
peak, which, if the short-circuit current will not be disrupted, ends unequivocally with a
stationary thermal arc (Figure 2). Moreover, the local oscillations of the electric field are
caused by the irregularity of the microgap space generated during the relative movement of
the electrode along the substrate. A variation of the microgap space during the deposition
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generates a great variability of the activation peak of the voltage and the energy available
for the discharge pulses, thus being the cause of uneven deposition.
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Figure 2. Representation of tension—current behavior of stationary electrical discharge in gas at
atmospheric pressure [26].

2.3. ESD Parameters

A variety of process variables can contribute to the properties and quality of the
deposits. These may include mechanical and electrical parameters. The mechanical pa-
rameters include rotation and/or oscillation velocity of the electrode, travel motion of the
electrode along the substrate, step-over at each pass to allow some overlap of the deposit,
and electrode contact force against the substrate. Instead, electrical process parameters
include capacitance, discharge frequency, charging voltage, pulse current and circuit induc-
tance, and pulse duration (waveform width), which are directly controlled by the power
supply [52]. In particular, the voltage, current, and capacitance are those variables that
greatly affect the deposition quality as they affect the spark energy Ep, defined as:

Ep = /Otp V(t) % 1(£)dt (1)

where fp is the pulse duration and V/(t) and I(t) are a function of the voltage and of current
during discharge, respectively [32,66]. By multiplying the capacitance by the voltage, it is
possible to calculate the pulse-energy Ep:

Ep= %nCVZ )

where Ep is the pulse energy, n is the fraction of capacitor discharge that occurs during
arcing, and V and C are the voltage and the capacitance, respectively [32,66].

Therefore, the use of higher voltages and currents leads to an increase in the deposition
rate and roughness. More specifically, a higher capacitance produces a wider pulse width.
Therefore, the greater the capacitance, the greater the duration of the discharge for a
given voltage potential. By changing the capacitance and the voltage, the duration of the
discharge and the peak current are altered, respectively. Instead, the charging voltage (V)
controls the amount of the current flowing through the capacitor.

The spark duration of the ESD process is usually limited to a few microseconds.
Compared with other arc welding processes, the spark duration of the ESD process is
generally about three orders of magnitude shorter. Moreover, it is possible to change the
deposition frequency from 60 to 4 kHz [52,62,66,67].
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Detailed studies on the ESD technique have shown that discharge parameters (such as
frequency, voltage, and capacitance) depend on the melting temperature of the electrode
and the type, electrical resistance, chemical reactivity of the anode elements, thermal
conductivity, density, diffusivity, flowability, and thermal inertia. Moreover, it was found
that the base material influences the electric parameters by its melting point, conductivity,
boiling point, and affinity absorption for discharge gases [45,68]. Other key factors are:
number of passes, amount of overlap between passes, and spark time per unit area. In
Table 1, all the important process parameters affecting the quality and properties of the
resultant deposition are summarized.

Table 1. Summary of ESD process parameters. Adapted from [52].

Substrate Electrode Electrical Protective Environment Other
Material Material Power input Shielding gas type System efficiency
Surface Geometry Voltage Flow rate Number of passes
Finish Motion Capacitance Temperature Overlap of passes
Cleanliness Speed Spark rate Flow geometry Spark duration
Temperature Contact pressure - - -
Geometry Orientation - - -

Application direction - - -

2.4. Materials: Base Material and Electrode Materials

The substrate and electrode materials suitable for this process are all those electri-
cally conductive materials, that is, all those materials that are melted by means of an
arc [62,66,67,69]. To date, several types of metals and ceramic/metal deposits are manufac-
tured by ESD [26,39], including superalloys [22-24], Mg alloys [25], iron-based alloys [40],
and so on [20]. The most commonly used electrode materials are those applied to produce
wear resistance and corrosion resistance coatings (i.e., hard alloys, carbides, borides, inter-
metallics or cermets), followed by those that improve the corrosion or oxidation resistance
of the surface, while the least used are refractory metals and structural materials. Figure 3
summarizes the applied coatings and alloys of ESD-coated substrates to date. Moreover,
the ESD process is able to bond dissimilar materials that are incompatible with traditional
welding techniques. However, it is recommended in the literature to use electrode materials
that have a lower hardness than the substrate material to avoid abrasive wear during
deposition. In other words, when the electrode has a higher hardness than that of the
substrate, the inverse phenomenon of deposition occurs: electroerosion [32].

[ ESD process materials J

l

| |
|

v

Applied coatings Coated substrates

Tialloys

Al alloys
Cu alloys

- Ni-base and Co-base superalloys

-Noble metals: Au, Pt,

-Refractory alloys :
W, Ta, Mo, Nb, Re, Hf

-Other alloys:

Fe, Ni, Cr, Co, Al, Cu, Ti, V, Sn, Er, Zr, Zn

- Stainless steels

Refractory metals: W, Re, Ta, Mo, Nb

- Hastelloys - Intermetallics and cermets Stainless steels

- Inconels - Hardfacing alloys: Niand Co alloys

Ag, Pd, Ir
Zirconium alloys

- Aluminides of: Fe, Ni, and Ti stellites, tribaloys, colmonoys, etc.
- Monels
- FeCrAlY
- NiCrAlY

- CoCrAlY

- Borides of: Tool steels

Cr,Ti, Zr, and Ta Chromium

Uranium

- Hard carbides of:
W, Cr, Ti, Ta, Hf, Mo, Zr, V, Nb

Erbium

- Al and Al bronze alloys

High and low alloy steels

Figure 3. Chart of applied coatings and alloys of ESD-coated substrates to date. Adapted from [70].
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2.5. Mechanism of Building Deposited Layer in ESD: Material Transfer between Deposit and Substrate

Over the years, many researchers have advanced different hypotheses on the material
transfer mechanism from the rotating electrode to the substrate during the electrospark
process [48,67,71]. However, the heuristic physical model proposed by Liu et al. [69] to
explain the mechanism of the transferred material was the most widely accepted. Figure 4
shows the scheme of the proposed physical model. In this model, the process is divided
into four stages. Initially, the rotating electrode is shifted until the tip touches the substrate
locally (1° stage, Figure 4a). Immediately after (2° stage), a pulsed electrostatic discharge is
generated between the electrode tip and the substrate. The large amount of energy and
current provided by the discharge rapidly leads to the melting and gasification of both the
electrode material and a small amount of the substrate material. In particular, at this second
stage, there is the generation of a melted pool on the substrate and small melted droplets of
electrode material (Figure 4b). Furthermore, it has been found that the heat input is able to
improve the ionization of the gas present between the substrate and the rotating electrode.
High temperatures and pressures are generated in the contact microzone (Figure 4b,c).
Subsequently, thanks to the rotation of the electrode, the melted drop formed is rapidly
propelled towards the melting pool; here, it impinges on the substrate and solidifies rapidly
(Figure 4c) [19,69]. Due to the small melt thickness and the high heat transfer rate among the
substrate and the melt, or even the previous deposit, it can be assumed that the temperature
gradient, the solidification rate, and the cooling rate are constant at all times inside the
single deposit and perpendicular to the surface of the substrate [24]. At the end in the
fourth stage, a new discharge cycle will take place as the substrate and electrode come into
contact again (Figure 4d).

(2) (b)

Discharging
microzone

\X\

1¢
‘\‘.o(,
gl

~ e

Substrate (<) Melting pool

Splash Single pulse deposition spot

(©) (d)

Figure 4. Schematic diagram of the material transfer mechanism in the rotating ESD process:
(a) 1° stage, the electrode is moved until the tip touches the substrate locally, (b) 2° stage, a pulsed
electrostatic discharge is generated between the electrode tip and the substrate; the large amount of
energy supplied leads to the formation of fused droplets of electrode material and a small amount of
substrate material, (c) 3° stage, the molten droplet is rapidly rushed to the melt pool impinging on
the substrate and solidifying, and (d) 4° stage, the electrode and substrate will contact again and a
new discharging cycle is started. Adapted from [69].
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A study by Thamer A. D. et al. [39] shows that the deposit surface is characterized
by three morphologically different regions (Figure 5a). The first is called “near region”,
and it is the region that originates on both sides of the track from the weld. This region
appears as a white area because, in addition to the drop of molten metal, the vapors
released by the fusion are also deposited (Figure 5b). Region 2 does not necessarily occur
in all electrospark processes but only in some cases and based on the displacement of the
electrode with respect to the substrate (Figure 5c). This is an intermediate and nonuniform
region. Moreover, in this region, it is possible to see and count all the passages performed
by the electrode [39]. Generally, when the deposition is performed manually, it is difficult to
calculate the overlap percentage, as this depends on the movement speed of the electrode.
Moreover, it was found that if the discharge frequency is very low and the electrode follows
a linear movement, an inadequate overlap of the splats occurs, resulting in high porosity,
increased chance of microcracks, and therefore weakness of the deposit [39,45]. Conversely,
the increasing overlap leads to increased temperature locally and can create HAZ, leading
to microcracks in the substrate alloy and can also create global separate asperities, leading
to a rough surface. The third region is defined as the main area and is characterized by
low porosity. Unlike region 2, in this region, it is difficult to identify the splashes of the
microdrops [39].

Figure 5. (a) SEM micrograph showing the deposition track of N16625 (Inconel 625) upon Inconel 738
substrate with variables of 25 volt, 400 Hz, and rotating electrode of 600 rpm using argon; (b) SEM
micrograph of region 1 at higher magnification showing the splashes produced by the impact of
the drops following the direction imposed by the electric discharge; and (c) SEM micrograph of the
deposition in region 2 at higher magnification showing the six overlapping layers. Adapted from [39].

Figure 6 shows the representative drawing of the single spark effect on the cross
section during the movement of the electrode towards the left and what happens when
a second drop is generated. The heat produced by the discharge of the electric spark
evaporates and expands a small amount of material, causing a very high local pressure;
consequently, the liquid pool will splash into the surrounding and solidify due to the heat
absorbed by the lower substrate (Figure 6a). It is noteworthy that at the point where the
electrode material is mixed with the base material, the surface takes the form of a forward
bent arc (region 3). At the same time, some drops will tend to fly away and impact in
more distant areas together with the vapors, thus creating region 1 (Figure 6a). When the
second electrical discharge occurs, the heat produced generates evaporation and melts the
previously deposited material together with a small amount of substrate, bonding with the
new molten electrode material, which is diluted from the old deposited layer. Therefore,
the new material contains about 60% of the electrode and 40% of the prior deposited layer
(see the green area in the drawing, Figure 6b). Figure 6b shows how the advancement of
the electrode determines the geometry of the subsequent deposits [39].
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Deposition direction

Region 3

Figure 6. Schematic representation of the distribution of the resulting material (a) to the single spark
and (b) with a second overlapped spark. The substrate is represented in gray, the formation of the
first splat in red, and the formation of the second splat in green [39].

2.6. Microstructure Morphology of Electrospark Coatings

The high cooling rates (about 10°-10° °K/s) involved during the electrospark de-
position process determine the formation of advanced microstructures during solidifica-
tion [40,43,67]. More specifically, the solidification microstructure of a specific alloy is
directly correlated with the solidification conditions predominant at the transformation
front. Specifically, the temperature gradient G (K/m) at the solid/liquid interface and
the solidification rate (or also called growth rate) R (m/s) are the fundamental quantities
that determine the solidification structure [20,72]. The morphology of the solidification
microstructure is determined by the G/R ratio [20,23]. In particular, low values of this ratio
imply an equiaxial dendritic growth, while very high G/R values lead to cellular dendritic
or cellular growth up to even having a planar growth. Consequently, the lower this ratio,
the greater the tendency towards the growth of equiaxial dendrites.

Instead, the scale of the solidification structure is determined by the product G x R.
This product is named with T corresponds to the cooling rate. Therefore, higher cooling
rates imply finer microstructures. Often, the microstructure sizes may not be the same at
several points of the deposition [20]. In general, the microstructure scale in electrospark
deposition is always very fine as the process generates splats characterized by a very small
volume of molten metal during each pulse. When splats come into contact with the cold
substrate, they undergo very high cooling rates. Figure 7 represents schematically the
various solidification morphologies and how these depend on R and G.
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Figure 7. Schematic representation of the influence of the solidification rate (R) and the temperature
gradient (G) on the final morphology of the microstructure [24].

When G is the predominant factor, there will be a development of a planar morphology.
Under these conditions, it will be possible to obtain a chemically homogeneous solidified
material, thanks to a low tendency to solute or chemical segregation. Meanwhile, as R
begins to increase, a solute gradient begins to develop, and planar morphology gives way
to a cellular structure. Finally, a dendritic solidification morphology and greater chemical
segregation is obtained when R is the predominate factor [24].

2.7. ESD for Coating Purposes

Thanks to the wide variety of materials that the ESD process can deposit, this process
finds several kinds of applications for which it can be used as a surface engineering process.
Specifically, the applications receiving electrospark deposition treatments are principally
of two types: restoration and refurbishment of worn or damaged components (repair)
and coating deposit. Generally, coating deposit application consists in the enhancement
of the tribological and corrosion properties of surfaces especially in relation to the rapid
solidification event that leads to the microstructure refinement at the nanostructured
(nanocrystalline structures) or amorphous levels.

2.7.1. Nanocrystalline Deposits

It is known that nanostructured materials, in general, show improved toughness,
enhanced diffusivity, increased strength/hardness, reduced elastic modulus and ductility,
enhanced CTE (thermal expansion coefficient), and higher specific heat than conventional
materials [73]. For that reason, it is important for the manufacturing industry to acquire
the ability to fabricate nanostructured deposits using eco-friendly and low-cost processes.
Deposits with a nanocrystalline microstructure have been the object of many studies over
the past couple of decades with considerable progress in their understanding especially in
recent years. The nanocrystalline structures, also known as “ultrafine grain size structures”
are single- or multiphase polycrystals with nanoscale (250-1000 nm) grain size. In other
words, nanocrystalline deposits are structurally characterized by a large fraction in the
volume of grain boundaries (interfaces) inside which a substantial fraction of atoms lies [73].

In the literature, several studies show the ability of the electrospark technology to
obtain a material coating with a highly refined microstructure by depositing both homolo-
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gous and dissimilar electrode materials to the substrate. For example, Figure 8a—d shows
the morphology and microstructural changes that occur in Al-based alloy coatings as a
consequence of rapid solidification [20,30,33]. It is worthy of note that coatings consist of
many superimposed thin layers. The layered structure is depicted in Figure 8a, where both
some layer—layer interfaces and one single deposited layer are also indicated by arrows.
The subsequent superimposed layers and the first one to be deposited on the substrate
are bonded by metallurgical reaction, such as diffusion or fusion [11,20]. As it can be
observed in Figure 8b,c, the most frequent morphologies related to the ESD process are
equiaxed dendritic or cellular dendrite morphology. Specifically, the layer-layer interfaces
are generally characterized by the presence of equiaxed dendrites (indicated by the arrow
B in Figure 8b), while the different layers are characterized by the presence of a cellular
dendritic microstructure (indicated by arrow A in Figure 8b). Generally, the microstructural
morphology and scale within the coating are nonuniform but highly variable due to the
different local solidification conditions induced by the deposition process. A study on
high gamma prime superalloy IN-792 coating deposited showed that the typical cellular
microstructure grows antiparallel to the heat flux direction [24]. In addition, Y. Xie et al.
pointed out that in the deposited layers, grains grow vertically passing through layers
and form long columnar grains with a preferential growth orientation along the buildup
direction [24].

=N ey 2
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Layer—layer interfaces |
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Figure 8. Microstructural morphology in the Al-based coatings: (a) structure of Al-Si coating
deposited on ZL101 Al alloy substrate [33], (b) magnification of Al-Si coating deposited on ZL.101 Al
alloy substrate showing the microstructures to the layer-layer interface and of two thin deposited
layers [33], (c) microstructure of Al 2024-T4 coating deposited upon homologue substrate (the circles
A and B point out the same cellular dendritic microstructure more or less fine in different layers) [20],
and (d) microstructure of Al-175i alloy coating [30].
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M. Brochu et al. [30] showed that ESD can be easily used to considerably refine
the microstructure of the Al-175i electrode material. The microstructure of the Al-175i
deposited material is depicted in Figure 8d. In particular, compared with the average
primary Si particle size in the cast electrode (60 + 37 pm), they found that after deposition,
the primary Si particle size was reduced by two orders of magnitude to 256 + 68 nm.
Generally, Al-Si coatings consisting of a fine dispersion of particles of spherical morphology
are strongly desired since this morphology reduces the tendency towards microcracking
and particle pullout [30,74,75]. At the same time, the spherical phase of fine Si distributed
throughout the aluminum matrix gives excellent performance and greater wear resistance
to Al-Si coating [76]. Instead, W. Wang [33] showed that the Al-Si coating fabricated by
electrospark deposition exhibits greatly superior cavitation erosion resistance than the cast
Al-5i alloy substrate.

Furthermore, it is well known that coatings/components characterized by the presence
of an intermetallic phase of small size are characterized by better mechanical properties due
to an increase in the impact of the dislocation movement in relation to the greater surface
between the intermetallic and the matrix. Based on this, many scholars have investigated
the possibility of producing deposits displaying a high refined intermetallic phase using the
ESD process. Heard et al. [77] claimed that the optimal pulse energy required for refining
the Al3Ni intermetallic within a hypoeutectic AI-Al3Ni alloy at the nanoscale was 0.1 ]
(100 V and 20 F). However, using this energy value, the particle size of the Al phase was
~25 nm. The minimum grain size of Al can be calculated from X-ray diffraction spectra by

Scherrer’s equation:

,_ 092 )

" Bcos6

where t is the crystallite size, A is the radiation wavelength (Cu Ko = 1.54 A), Bis the full
width at half maximum (FWHM), and 0 is the angle in radians. Meanwhile, due to the
overlapping of nearby peaks, the minimum grain size of the Al3Ni phase was calculated
with the SEM analysis, and the results were ~44 nm [77]. The XRD spectra of the for-Al-Ni
alloy deposit and the as-cast ingot used to produce the electrode and the SEM micrograph
used for the determination of the minimum grain size of the AlsNi phase are shown in
Figure 9a,b, respectively [77]. A similar conclusion was reported by Zhang [78]; in addition,
the authors pointed out that decreasing the size of the Al3Ni precipitate within an Al-Al3Ni
eutectic alloy leads to a notable improvement in the pitting corrosion resistance.
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Figure 9. (a) Comparison between the X-ray diffraction spectra of the ESD deposit and the as-cast
ingot for Al-Ni alloy and (b) SEM micrograph of an Al-Ni coating produced using a pulse energy of
0.1J[77].

Wang Mao-cai et al. [79] investigated using SEM and TEM the microstructural charac-
teristics of a NiCoCrAlYTa coating epitaxially built-up on a directionally solidified (DS)
Ni-based superalloy blade tip by ESD. They showed that the coating consists of the overlap
of several layers. In particular, the built-up coating exhibits zones characterized by the
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presence of microstructures, such as cellular dendrites and very fine columnar dendrites
and transition zones. More specifically, the layer consists of y-dendrites and (3-precipitated
particles. It has been observed that the precipitation and growth of the latter occur along
the y dendrite (Figure 10a—c). In Figure 10c, the precipitates forming in front of the cellular
columns can be clearly seen. The presence of the precipitates not only prevents the growth
of the cellular columns (indicated as “S”), but in addition, if they are coarse, they also affect
the direction of the growth of these with respect to their original orientation (indicated as
“C”). Furthermore, in the TEM image in Figure 10d, four parallel strips of bamboo-shaped
structure can be observed. This structure basically consists of rod-shaped particles having
different lengths. Intervals between these strips were measured and appear to be in the
range of approximately 800-1200 nm. Figure 10e shows the electrobeam diffraction pattern
performed on the bamboo-shaped dendrite for the NiCoCrAlYTa ESD coating. It was
observed that the bamboo-shaped dendrite exhibits the characteristics of 3 (i.e., a BCC
crystalline phase). The high-magnification TEM images clearly highlight the existence of
the nanoparticles between two bamboo-like dendrites (Figure 10f,g). These nanoparticles
have been identified as a BCC structure, or 3 phase (Figure 10h). Furthermore, in Fig-
ure 10g, it can be observed that the y phase has a homogeneous cellular substructure of
approximately 6 nm inside which some bright white particles are randomly distributed.
The bright white particles can be v’ phases. Meanwhile, from the diffraction pattern re-
ported in Figure 10i, it was observed that the matrix has an FCC structure, which is a y
phase (zone B in Figure 10f) [79].
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Figure 10. NiCoCrAlYTa ESD built-up coating on the Ni-based DS superalloy (DZ22) blade tip:
(a) laminate microstructure with a superfine column dendrite, (b) few precipitates in the first thin
deposited layer, (c) distinguished precipitates in the fifth thin deposited layer, (d) TEM images
showing microstructures of a sublayer near the interface between built-up coating and a substrate:
four parallel rows of bamboo-like dendrite, (e) electrobeam diffraction pattern from bamboolike
dendrite (indicated as A in Figure 10f), (f,g) magnified images showing nanoparticles existing in
inter-dendrites, (h) electrobeam diffraction pattern from nanoparticles (indicated as C in Figure 10f),
and (i) electrobeam diffraction pattern from the matrix (indicated as B in Figure 10f) [79].
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In the literature, it has been widely demonstrated that carrying out multiple deposi-
tions passes and raising the normalized energy density leads to an increase in the deposit
thickness. For example, it has been found for the WE43 alloy deposited upon a homologue
substrate, that after 50 subsequent deposition passes, the thickness varies from a minimum
of 82.6 um to a maximum of 407.6 um obtained at the lowest (0.15 J) and highest spark
energy (1.69 ]), respectively [51]. However, some authors show that after a given energy
value or after a definite pass number, the deposit quality is reduced. In particular, it was
found for Al-Ni alloy (Al-3 wt% Ni) that a maximum thickness ranging from ~120 to
140 um can achieved using a normalized energy density of about 0.689 J/mm?. At that
point, by further increasing the normalized energy density, the thickness does not increase
and/or the quality of the coating decreases [77]. According to Johnson et al., this coating
thickness limit occurs owing to embrittlement, as a result of induced thermal strain, of the
previously deposited layer during subsequent deposition passes [67]. In addition, it has
also been found that for the same number of passes and the same level of energy used, the
coating thickness changes depending on the metal alloy deposited. Studies report that for
several Al alloys, coating thicknesses between 30 and 50 microns are obtained following a
single pass using an energy of 0.55 J/pulse [30].

Cao et al. [48] showed for the NiCrAlY coatings deposited on the GH4169 superalloy
that different mass gain values were obtained by varying the process parameters (voltage
and capacitance). Figure 11 shows the mass gain curves as a function of the number of
passes for different values of spark energy Ep. The results presented in Figure 11 show
that the mass gain, for the same area and the same deposition time, grows linearly as the
number of depositions performed increases. More specifically, they observed that mass
gain increases more rapidly with increasing voltage, while the opposite trend was found
as capacitance increases (i.e., mass gain decreases as capacitance increases). Finally, it was
found that high capacitance values generate a less regular splash pattern and a deposit
with a greater presence of defects, thus obtaining a lower mass gain value [49,77].
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Figure 11. Mass gain curves of NiCrAlY coatings performed upon a superalloy GH4169 substrate as
a function of processing parameters [49].

Similarly, Renna G. et al. [51] reported that the thickness of the deposits varies ac-
cording to the process parameters used and, consequently, as the spark energy varies.
They found that as the spark energy increases, the thickness of the coatings increases. In
particular, they showed that thicknesses ranging from 180.4 to 770 um can be obtained
for depositions of A357 alloy electrodes on homologous substrate [50]. The increase in
thickness is attributed to a greater quantity of material transferred as the spark energy
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increases. At the same time, an increase in the deposit growth rate was also observed.
Consequently, an increase in Ep leads to shorter deposition times [51,77].

Analysis of Defectiveness of Deposits

Many studies have reported that the shortcomings of electrospark coatings include
both a high concentration of defects, such as voids and microcracks, and a high surface
roughness. It is well known that the microcracks and voids drastically reduce the resistance
of the deposit, while the roughness can represent a real advantage for certain types of
application (Figure 12a—c). The typical voids identified within the coating are of three
types and are indicated by arrows in Figure 12¢: spherical-shaped defects (n°1), random-
shaped defects (n° 2), and laminar defects (n° 3). The latter, identified as cracks, can
extend through all the deposit both parallel and perpendicular to the substrate/coating
interface. It was found that the formation of the first two types of defects (i.e., spherical-
and random-shaped defects) depends substantially on the amount of material brought
to melting and its distribution [4,20,21,31,51]. Instead, the formation of laminar-shaped
defects is mainly due to the thermal stresses generated by the high thermal gradients (G)
typical of the electrospark process. More specifically, the cracks that extend perpendicular
to the interface are due to the shrinkage that occurs during the solidification and cooling
of the deposited material. It was observed that very often these cracks were generated
in the very first deposited layers, but they can also originate in subsequent layers and
nuclear on the random shape defects present within the deposits [51,80]. In addition, it
was found that the perpendicular cracks that were generated in the first deposited layers
very often propagate upward through the entire thickness. This is due to the repeated
thermal stresses to which the coating is subjected for the entire duration of the construction
of the deposit [20,21]. Unlike perpendicular cracks, those that extend instead parallel to
the interface are most often generated by poor mixing of the electrode material with the
substrate or previously deposited layer and can also originate from the mechanical impact
of the electrode during its advancing. These are also known as delamination since they
originate at cracks’ weakly bonded interfaces [51].

Figure 12. Cross-sectional images of NiCrAlY coatings fabricated on superalloy GH4169 with an Es
of (a) 0.2 ] and (b) 1.35 J; as it can be seen, the deposit has some defects [49]. (¢) SEM micrograph
of multiple-layer deposition of 2024-T4 Al alloy coating upon a homologous substrate showing the
voids of the ESD deposit (Es = 0.9 ]): n° 1 small spherical voids, n° 2 large random-shaped voids, and
n° 3 laminar porosity [20].
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Researchers found that the defect’s density and consequent deposit properties are
influenced mainly by the process parameters used. More recently, Leo et al. and coworkers
conducted a deep investigation of changes in the defects level in coatings produced with
different alloys (i.e., 2024, A357, and WE43 alloy) depending on different process parame-
ters [20,50,51]. In those works, it was noted that there is a general tendency to reduce the
percentage area fraction of defects within the coatings as the spark energy (Ep) increases.
The defectiveness level decreases because when Ep increases both the thickness and volume
of the splat molten increase, the splat becomes larger [19,20,43].

More specifically, the defect level is reduced because the space between individual
splats decreases as the spark energy increases [81]. Furthermore, higher energy values allow
to remelting a greater amount of material deposited in the previous pass, reducing or com-
pletely eliminating the undulations and surface roughness originated previously [20,82].
In addition, they claimed that, among all process parameters, the percentage of defects in
the deposit is most affected by the voltage value (V). Particularly, it has been shown that
the percentage of defects within the coatings does not change significantly if the V is kept
constant, while if this increases, the percentage of defects is considerably reduced [20,50,51].
Conversely, for the NiCrAlY coatings deposited on superalloy, it was found that the min-
imum defect density was obtained at low energy levels (100 V and 120 pF; 100 V and
40 uF) [49].

Therefore, since the coating performance depends on the defect density of the coating,
it is necessary for each deposited alloy to identify the optimum process parameters that
provide effective deposition to achieve the best mechanical properties.

Substrate /Coating Interface Behavior

It is also noteworthy that continuous, adherent, and metallurgical sound substrate/coating
interfaces can be commonly achieved with this technique. This metallurgical bonding
results in better adhesion between the substrate and the coating than traditional low-
energy coating processes, for example, electrochemical plating, detonation gun and plasma
spray [42]. Several papers showed that the substrate does not exhibit a heat-affected zone
(HAZ) due to the low heat input supplied. Thus, the portion of the base material next to
the interface will not exhibit any chemical and microstructural modification. Mixing at
the interface among the coating microstructure and the base material was also reported.
Figure 11 shows the microstructures near the interface between the substrate and Al-5i
coating (Figure 13a—c) and Mg alloy coating (Figure 13d,e). Particularly, near the coat-
ing/substrate interface of Al-Si alloy coating, several large Si particles surrounded by a
cellular structure are observed (Figure 13a—c) [50]. These Si particles originate from the
substrate material and are embedded into the coating by the action of the rotating electrode,
which causes the mechanical mixing of the molten material of the substrate with that of
the electrode during deposition. Meanwhile eutectic structures embedded in the Mg alloy
coating close to the interface (Figure 13b) exhibit a slight dissolution [51].

Some studies on depositing of the thermally sensitive materials, such as 2024 alu-
minum alloy deposited on a homologue substrate, report some critical changes in the
substrate/coating interface. These effects occur in the form of cracks perpendicular to the
substrate/coating interface, which extend into the substrate preferentially along the grain
boundaries (see Figure 14). As it is known, the AA2024 alloy is susceptible to the formation
of solidification cracks and/or liquation cracks during the welding processes, being charac-
terized by large solidification range, high thermal expansion, large solidification shrinkage,
and large quantity of alloying addition [20].

Solidification cracking occurs, of course, during the solidification of the melt. It is inter-
granular, occurring along grain boundaries, and it is due to the shrinkage-induced stresses
from both molten metal solidification and nonuniform thermal contraction [20,83,84].
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Figure 13. Microstructure close to the substrate/coating interface: (a) Optical micrograph and
(b) scanning electron micrograph of A357-T61 coating deposited upon a homologous substrate [50],
(c) magnification of the substrate/coating interface (indicated as “A” in Figure 13b, (d) OM and
(e) SEM micrographs of WE43-T6 coating deposited upon a homologous substrate, (f) magnification
of the substrate/coating interface (indicated as “B” in Figure 13e) [51].

Figure 14. Electrospark deposit in alloy 2024-T4 on a homologous substrate. OM close to the
coating/substrate interface showing the cracks that propagate in the base material along the
boundary grain.

Liquation cracking occurs at a temperature lower than the solidus temperature during
nonequilibrium heating of the alloy, such as in the heat-affected zone of welding, where
the peak temperature of the welding cycle is just below the solidus temperature. This
liquation cracking is due to the combination of the constitutional liquation phenomenon [84]
(localized grain boundaries melting at a temperature significantly below the solidus T of
the alloy) and tensile stresses that act on the constitutionally liquated area to produce cracks
called liquation cracks.

Studies have shown that, for any setting of the Ep level, the process leads to the
formation of cracks extending into the substrate along the grain boundaries and that the
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average length of these increases with Ep (Figure 12). Although the heat input of ESD is
lower than that of conventional fusion welding, during the ESD process, the heat input is
high enough to melt the substrate, as shown above. Therefore, the temperature of the area
close to the coating/substrate interface promotes the melting of some areas where a higher
solute concentration develops and locally alters the liquidus (solidus) T of the alloy [20].
At the same time, the rapid cooling due to the electrospark process induces a large thermal
strain, which opens the liquated zones [12,85-88].

The presence of these cracks at the interface dramatically reduces the mechanical
properties of the base material and, in addition, limits the possibility of carrying out
coatings and/or repairs in the 2024 alloy (alloy based on an Al-Cu-Mg system). This
alloy was a forerunner of a variety of the 2000 aluminum alloy series. Generally, it is
supplied in T4 or T6 conditions, as these heat treatments give higher mechanical properties.
It is widely used in the aerospace industry due to its excellent properties, that is, good
fracture toughness, excellent resistance to fatigue crack growth, and high strength-to-weight
ratio [7,21].

2.7.2. Amorphous Deposits

The major interest in “amorphous metals” (defined as a group of noncrystalline metals)
resides in properties that are better than their crystalline counterparts, that is, wear and
corrosion resistance and mechanical hardness [40,89,90]. Moreover, the absence of grain
boundaries and a homogeneous nature gives amorphous metals unique electronic and
magnetic properties. Thanks to their unique properties, these metals have found several
applications in industry, such as transformer cores, magnetic storage media, electronic
casings, sporting goods, surgical instruments, and corrosion-resistant coatings [91]. An
extremely high cooling rate is required to produce amorphous coatings or repair damaged
parts without inducing substrate crystallization. In general, the family of zirconium-based
alloys (known as Vitreloy), Fe-based alloys, and hard chromium are promising materials
for producing protective coatings as they have excellent properties [41,43].

Compared with the traditional techniques (such as laser electron beam surface treat-
ment with gas-atomized powders and magnetron sputtering, vacuum plasma spray,
cladding, high-velocity oxygen fuel spray) ESD is a modern technology able to produce
amorphous surface layers on substrates made of a thermally sensitive microstructure
without destroying their unique properties.

For instance, M. F. Hasanabadi et al. [43] showed that ESD has the ability to produce
amorphous layers from Fe-based Fe48Cr18Mo7B16C4Nb?7 crystalline alloy on a 316L stain-
less steel substrate. An important factor considered in this work is the total heat input
used for the production of amorphous coatings. In particular, they determined the range
of electrical parameters suitable for the production of amorphous alloys. It was found
that the coating structure is amorphous at total heat input values lower than 4.4 W, but at
values of total heat input above this value (17 and 32 W), the coatings are not completely
amorphous. This implies that an increase in the total heat input in this process generates
an ultra-fine-grained or nanocrystalline coating structure due to a decrease in the cooling
rate [43]. Figure 15a—e shows the FESEM micrographs of the coating cross-section for the
sample obtained with a total heat lower (Figure 15a,b) and higher (Figure 15¢,d) than 4.4 W.
As it can be seen, unlike the sample in Figure 15a, particular phases are formed in the
sample obtained with a thermal input of 32 W (Figure 15c). The XRD results show that
the crystalline phases formed in this sample are x-Fe and Fe3B. Based on Figure 15d, the
range of precipitate sizes is tens of nanometers to several hundred nanometers. Instead,
in Figure 15e, it is possible to identify the boundaries among the fully amorphous region
and mixed amorphous/crystalline region of the specimen. Furthermore, it was found that
the average hardness of the amorphous coating was found to be about 1300 HV, which
is similar to the hardness of amorphous bulk metal (Fe48Cr18Mo7B16C4Nb7 amorphous
alloy) [43].
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Figure 15. FESEM micrographs for a sample made by depositing an FeysCrigMoyB15C4Nby crys-
talline alloy on a 316L stainless steel substrate at: (a) 1 W total heat input showing the coating and
interface of coating/base metal; (b) coating surface with higher magnification. Meanwhile (c¢) FESEM
micrographs for a sample at 32 W total heat input etched with an aqua regia agent, (d) coating
microstructure, (e) crystalline phases in coating, and (c) amorphous/crystalline interface [43].

S. Cadney and coworkers developed several types of amorphous ESD coatings. In
particular, S. Cadney et al. [41] demonstrated that it is possible to deposit an amorphous elec-
trode (Zr41.2Ti13.8Ni10Cul2.5Be22.5) commercially known as Vitreloy on the amorphous
substrate without crystallizing the deposit or the substrate. They found that the hardness
values of the deposition and substrate were comparable, 508 HV £ 20 and 514 HV =+ 14,
respectively, and no evidence of a heat-affected zone was observed. Similar to what has
been observed for nanocrystalline coatings, the thickness of the coating increases with
the number of passes for Vitreloy alloy. In another study, S. Cadney et al. [42] deposited
Al-based crystalline alloy (A171.2C012.2Ce16.6) on the crystalline substrate with a similar
composition to the electrode as well as upon to a zirconium-based amorphous substrate
(Zr41.2Ti13.8Ni10Cu12.5Be22.5) using the ESD process.

In this work, it is noteworthy that a significant dilution of alloying elements was
observed within the deposit, which may result in a weldment composition outside the
glass-forming range for the alloy, yielding in either nanocomposites or fully crystalline
materials. Moreover, they found that the average weld thickness is 12 + 8 um obtained
after 10 passes.

The experimental results obtained from most studies show that the ESD process
is unable to create a relevant dilution zone between the base material and the filler
metal [24,40,66]. However, most of these studies were conducted as part of repair studies,
and thus, combinations of similar materials were used.

A study on the ESD of WC—Co cermets on steel and Ti showed the existence of a
dilution zone of about 10 pm, characterized by a chemical composition close to that of
the substrate [91]. The observed dilution zone is in line with the results obtained by
S. Cadney et al. [42].
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Similarly, Liu Dongyan et al. [40] showed the feasibility of obtaining amorphous struc-
ture coatings by depositing an Fe-based amorphous electrode (Fe48Cr15Mo014Gd2C15B6)
in an amorphous form on a 304 stainless steel crystalline substrate. They found that the
coatings are fully dense with a typical thickness of 30 um. Moreover, they are strongly
bonded to the steel substrate and exhibit high microhardness of 1542 kg/mm?.

2.7.3. Mechanical and Tribological Properties of the Deposits

Typically, the mechanical properties of ESD coatings were evaluated by performing
Vickers indentations on the coating cross section. Specifically, some studies, in order to
study the effect of a mixed refined microstructure on the hardness values as well as the
microstructural characteristic of the built-up coating, were conducted. They performed
Vickers indentations at the interfaces between the layers or in line arrangement and perpen-
dicular to the substrate/coating interface. It is well known that the hardness of an alloy is
mainly related by the solidification structure. In fact, in full agreement with the Hall-Petch
equation, the microhardness value is inversely proportional to the square root of the grain
size. Alongside the grain refinement, the hardness of a given alloy can also increase, thanks
to the presence of extra fine particles, which are able to increase the activity of the grain
boundaries. The latter play a very important role in load transfer in the strengthening of
the coating. Additionally, the wear resistance of the coatings is related to the hardness.
The tribological performance of an ESD coating depends on the distribution, size, and
morphology of the particles present in the deposit as well as the coating thickness [92].
Generally, the main wear mechanisms found are: fatigue wear, adhesive wear, oxidation
wear in different conditions, and abrasive wear. Several authors have shown that the
hardness of the deposits was generally higher than that of the substrate regardless of the
depositing parameters. In particular, they reported that the microhardness of the coatings
gradually decreased from the coating top surface to the substrate [49,92-94]. As shown
above, the higher hardness value of the ESD coatings compared with that of the substrate is
mainly due to the formation of the fine microstructure induced by rapid solidification. For
example, W. Wang et al. [93] found that the highest microhardness value of the Mo coating
was 1369.5 HV( 1, which is about 6.7 times higher than that of the H13 steel substrate, and
the wear resistance of the coating was about seven times higher than that of the substrate.
The good wear resistance of the coating corresponds to the defect-free and high micro-
hardness of the coating and the good metallurgical bonding between the substrate and
coating. Furthermore, the presence of a large number of cemented carbides dispersed in the
coating greatly improves the wear resistance of the coating. Similarly, J. S. Wang et al. [92]
found a microhardness value of WC-0.8Co coating much higher (1441 + 132 HV; 3) than
the microhardness value of the substrate (320 £ 10 HV). In addition, they showed that the
coating has a good wear resistance, and the average wear resistance was 3.3 times larger
than that of the cast steel roll substrate. The high hardness and wear resistance of the
coating is determined by the dispersion of fine hard phases in the coating.

Although the fine microstructure present in all coatings confers a greater hardness, in
some cases, an average hardness value of the coating equal to [79] or lower than that of
the substrate has been observed [20,21,50,51]. In the latter case, the hardness value of the
coating is strongly influenced by the presence of widespread defects.

2.7.4. Innovations in Electrospark Deposition

To overcome the shortcomings of the ESD technology, researchers suggest using some
effective approaches to improve the quality of deposition, such as applying a magnetic or
ultrasound field during the deposition process and optimizing the deposition process.

For example, Ph. V. Kiryukhantsev-Korneev et al. [95] conducted a comparative study
of Ti-C-Ni-Fe, Ti-C-Ni-Al and of bilayer Ti-C-Ni-Al/Ti-C-Ni-Fe deposits performed by the
electrospark technique using TiCNi electrode (ESD coating), magnetron sputtering of the
TiCNiAl target (MS coating), and a combined MS/ESD process. Results showed that the
utilization of a combined two-step MS-ESD technology permits us to obtain bilayers made
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of Ti-C-Ni-Al/Ti-C-Ni-Fe coatings with improved crack, wear, and oxidation resistance
compared with their single-layered Ti-C-Ni-Al counterparts deposited by MS, and with the
reduced friction coefficient and enhanced corrosion resistance compared with ESD Ti-C-Ni-
Fe coatings. More recently, Ph. V. Kiryukhantsev-Korneev and co-workers [96] showed that
the problem of defectiveness of electrospark coatings can be solved by vacuum electrospark
alloying deposition (VESA) or even by using a combined VESA-PCAE-MS technology
(pulsed cathodic arc evaporation (PCAE) and magnetron sputtering (MS) techniques).
Besides, they presented evidence that this latter hybrid technology allows the modification
of the structure and the improvement of the protective properties of electrospark coatings,
also leading to an increase in corrosion and oxidation resistance at least by 1.5 times in
comparison with the VESA coating. Additionally, K. A. Kuptsov et al. [97] showed the
advantages of ESD in a vacuum in combination with pulsed arc evaporation (PAE) by
depositing WC/a-C coatings on CP-Ti substrate. The main difference between vacuum and
air deposition is that, in addition to spark discharges, arc evaporation occurs.

Meanwhile, Yang Liu et al. [98] explored the feasibility of the fabrication of Ti-Al inter-
metallic compound coatings on Ti-6A1-4V alloy by combined UIT and ESD. Their results
demonstrate that UIET (ultrasonic impact electrospark treatment) induces a compressive
stress state in the sample. Therefore, UIET is useful for improving the wear, fatigue, and
stress corrosion resistance of coatings.

2.8. ESD for Component Repair

Nowadays, applications for advanced materials, such as amorphous or bulk nanocrys-
talline, are continuously increasing in the aerospace and energy industries. However,
despite their enhanced properties, wear and surface damage of components made of these
materials continue to occur throughout their service life. Weld repair is nothing more than
applying the material to a worn or damaged surface to obtain the original dimensions of
the part [99]. Generally, before proceeding with the repair, it is necessary to remove the
damaged part by milling or grinding and then rebuilding the missing volume by welding
with a suitable filler metal [99,100]. It is known that the microstructure morphology of the
substrate and properties of the repaired components are still changed under the influence
of the thermal cycle induced by conventional welding [101]. Consequently, the successful
implementation of these materials in new, demanding applications depends on the de-
velopment of low-cost and innovative repair techniques where the novel features of the
microstructure can be maintained.

Based on this, many scholars have envisioned that the ESD technique could be used
for the repair of worn parts in amorphous or heat-sensitive advanced materials. Most
applications and studies focus on high-cost components, for which there are no other
low-cost or high-quality technologies.

For this reason, the ESD application, as a repair technology, is of great interest for
aerospace and energy industries, in which much high-cost and high-performance materials
are subjected to severe operating conditions. Examples of ESD in aerospace applications
include repair of diffusion coatings, repair of thermal fatigue cracks in single crystal turbine
blades, repair of casting defects, buildup and repair of worn or undersized components,
and preplacement of braze alloys on nonweldable superalloys for the precision assembly
of components. The use of ESD to repair microcracks or restore damaged surfaces of
components involves material deposit thicknesses that are considerably higher than those
used for coating and, therefore, deposit characteristics that are performing from all points
of view. Studies show that with an increasing deposit thickness, there are increasingly
complex microstructural conditions; in particular, the results show a diversification in the
microstructure morphology along the thickness [23].

Johnson showed the possibility of repairing a single-crystal turbine blade using ESD.
The free-form distortion and low net heat input are just two of the main requirements
for the repair of single-crystal alloy components [102]. Figure 16 shows the three steps
performed for the repair of the single-crystal turbine blade using the electrospark deposition
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Damaged part:
thermal fatigue cracks

technique [102]. Farhat et al. [34] also demonstrated that this technique can be applied to
further extend the life of coatings. In particular, they showed that ESD can be successfully
used to repair a locally damaged NiCoCrAlY or CoNiCrAlY coating [34].

Damagedpart Damagedpart
removed P restored

Figure 16. Repair of a turbine blade in single-crystal alloy using the ESD technique: (a) image of
an as-received turbine blade showing the damaged area characterized by the presence of thermal
fatigue cracks, (b) removal by grinding of the damaged part from the blade, and (c) restoration of the
damaged part by depositing homologous material to the substrate [102].

A recent paper [21] shows the results of a comparative study between the repair
of AA2024 alloy substrates provided in both T6 (artificial aged) and T4 (natural aged)
conditions. The composition of 2024 aluminum alloy includes 3.8%—4.9% Cu and 1.2%-1.8%
Mg as major alloying elements. The higher nominal Cu content of 1.5% increases the weld
crack sensitivity in AA2024, which, therefore, hinders its weldability. It also has <0.5% Fe,
<0.5% Cr, <0.5% Si, <0.25% Zi, <0.15% Ti, and 0.3 | %—0.9% of Mn. The content of other trace
in the alloy is less than 0.15%. The repairing of defects was performed with Ep equal to
0.9 J. Figure 17 shows the cross-section macrograph and the optical and scanning electron
micrographs of the repaired sample. The results showed the same microstructure of the
repaired area and the widespread defects as those obtained in the AA2024 coatings [20]; the
authors pointed out that the percentage of defects inside the deposit was 2.5%, therefore
considered acceptable. In addition, the tensile properties of the repaired specimens (both
T6 and T4 states) were found to be lower than the notched ones owing to the residual
stresses and the presence of defects. One important factor to take into consideration in such
work is the post-repair heat treatment, which improved the yield strength of the repaired
specimen by reducing residual stresses. In particular, the authors showed that post-repair
heat treatment at 190 °C was most effective when carried out on 2024-T4 since, in addition
to a residual stress reduction, the heat treatment also led to a rise in the substrate hardness.

Some studies on the electrospark repair of Ni-based superalloy materials have found
favorable deposition properties concerning the substrate material and traditional repair
techniques [103]. The experimental results obtained from the tensile and wear tests of
the repaired Inconel 718 substrates showed values similar to those of the base material of
the ultimate strength, yield strength, and wear rate, although reductions in ductility were
observed during the tensile tests [61]. Similar observations were also reported for other
Ni-based alloys. A study comparing microplasma and ESD repair processes for Waspaloy
showed that the ESD technology achieves greater ultimate strength at the expense of a
significant reduction in ductility [104]. In this study, the yield and ultimate strengths
achieved for the electrospark-repaired samples were about —2% and —9%, respectively,
compared with the base metal samples.

More recently, P. D. Enrique [105] conducted a comprehensive investigation on the
mechanical properties of the repaired Inconel 718 samples in relation to microstructure as a
function of the set process parameters. The authors presented strong evidence of the effect
of microstructure on the fracture toughness and yield strength of repaired ESD samples. In
particular, they showed that subgrain microstructure size and the ESD splat boundaries
are related to yield strength recovery and that the latter exhibit lower fracture toughness
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comparison with the material inside the splat. In other words, an increase in yield strength
is obtained as the number of splat boundaries increases since they would act as barriers to
the movement of dislocations.

Table 2 shows the tensile property results of the several Al-based and Ni-based sub-
strates repaired by ESD.

Grain
boundaries

Layer-layer interface ’

Figure 17. Optical and scanning electron micrograph of a microstructure parallel to the building
direction: (a) cross-section macrograph of ESD deposit in AA2024-T4 on a homologous substrate;
(b,c) several overlapping layers (morphology cross section); (d) long, slender columnar-like grains
and within of the layers; and (e) fine microstructure to layer-layer interface due to the high cooling
rate showing some layers characterized by a cellular dendritic microstructure (pointed by the circle
B) and some other layers characterized by uniform distribution of fine small second-phase parti-
cles (appearing as light point in circle A). In addition, the layer-layer interface exhibited a coarse
microstructure, generally equiaxed (pointed by box C) [21].

Table 2. Summary of tensile properties results for repaired samples using ESD. (PRHT = post-repair
heat treatment).

Yield

Ultimate

Material Specimen Type Ep () Strength Var. % Strength Var. % Ref.
Base material 339 MPa 485 MPa
Repaired 257 MPa —242 402 MPa ~17
AA2024-T4  Ropaired +PRHT. Tigsec 0.9 291MPa 142 419 MPa ~13.6 21]
Repaired +PRHT_Tig0-c 329.3 MPa 29 4425 MPa -88
Base material 482 MPa 516 MPa
Repaired 372 MPa —228 439 MPa ~149
AA2024-T6  popaired +PRHT_Tyasc 0.9 411 MPa 14, 455 MPa ~118 [21]
Repaired +PRHT_Tygg-c 418.8 MPa ~13 457.3 MPa ~114
Base Material 0.617 1000
Waspalloy Repaired 0.606 ~1.73 0.909 ~9.08 [104]
Base material 605 MPa 853 MPa
Inconel 718 Repaired 0.1 586 MPa -3 777 MPa -9 [105]
Repaired 0.4 632 MPa -5 791 MPa -7
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3. Conclusions

The ESD technology has been exploited for years for the sole purpose of producing
coatings on tools and mechanical components subjected to strong thermal and dynamic
stresses. The deposition of films with improved properties in terms of hardness, wear
resistance and corrosion resistance has therefore allowed for improving the surface proper-
ties without modifying the component properties. Over the past few decades, there has
been increasing acceptance of the idea of using ESD to extend the service life of mechan-
ical components because of the technological simplicity that distinguishes it from other
fusion welding processes, combined with the ability to use it in the shop or in the field.
This technology is therefore very interesting for the repair in many applications. In fact,
nowadays, the ESD technique is a candidate to an implementation at the industrial scale
aimed at repairing superficial damage on aircraft components caused by wear, corrosion, or
manufacturing defects. It has been shown that the ESD process is able to form a good metal-
lurgical bond between a substrate and coating without inducing substantial microstructural
changes in heat-sensitive substrates (HAZ) and nanocrystalline or amorphous deposits.
Moreover, this technique has proved to be suitable for both the fabrication of a wide variety
of cermet and metallurgical coatings and the repair of materials, for example superalloys,
MCrAlY and thermally sensitive materials (2000 series Al alloy). Irrespective of the process
parameters, the deposits show a layer-by-layer microstructure. A cellular columnar struc-
ture prevails within the layers, while an equiaxed structure occupies most of the layer-layer
interface. Furthermore, the cell size is not uniform across the coating due to the different
solidification conditions induced by the process. Anyway, the scale of the microstructure
is, in general, quite fine because each splat, when it comes into contact with the substrate,
undergoes a rapid solidification process, thanks to the high cooling rates. However, with
regard to the thermally sensitive materials, the deposits are affected by several discontinu-
ities that occur as voids and cracks. The formation of voids depends mainly on the amount
of material melted during the deposition process and on its distribution. Instead, cracks
in general, originate from thermal stresses and from the mechanical impact of the tip of
the rotating electrode on the piece during its advancement along the substrate. Very often,
cracks nucleate in the first deposited layers and/or on the voids with random morphology
present inside the coating.

To improve the performance of deposits, researchers have adopted some effective
processes and methods, such as magnetic or ultrasound treatments during the deposition
process and post-weld treatment techniques. Although studies have made great achieve-
ments, the deposit performance remains lower than that of the substrate, and thus, there
is room for improvement. Therefore, it is necessary to carry out further study for the
thermally sensitive materials of aeronautical interest as follows: to investigate interactions
between parameters of the ESD coating process and their effects on the quality of the
deposit. Through this, the process can be optimized for productivity and performance in
the application of both coatings and repair.
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