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Abstract: ElectroSpark Deposition (ESD) is a pulsed micro-welding process that is capable of depositing
wear and corrosion resistance deposit to repair, improve, and to extend the service life of the
components and tools. Major new applications have taken place in gas turbine blades and steam
turbine blade protection and repair, and in military, medical, metal-working, and recreational
equipment applications. In this study, the ESD technique was exploited to fabricate 2024 aluminum
alloy deposit on a similar substrate. The deposits were deposited using different process parameters.
Heat input was varied on three levels. The outcoming microstructure was analyzed by optical and
scanning electron microscopies. The deposit was characterized by the overlapping of layers with
a mixed microstructure. The average hardness was independent from the process parameters.
Both porosity inside the deposits and cracks at the deposit/substrate interface were detected.
The porosity lowered with the heat input and increased the average length of cracks.
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1. Introduction

In recent years the deposition processes [1,2] and the repair method [3,4] of some high value
components have become more prominent in the aeronautics industry. Cost of equipment, long
processing time, and pollution are just some of the disadvantages of the traditional surface treatment
processes (such as physical vapor deposition (PVD), chemical vapor deposition (CVD), electro
plating, thermal diffusion (TD)) that are widely used to improve anti-wear, anti-corrosion and
anti-softening of component material [5]. Besides, the alternative repair imposed by cost criteria is
increasingly spreading, instead of the damaged components replacement. Sometimes, the physical and
microstructural characteristics of the alloy limit the fusion welding repair techniques [6]. For instance,
the fusion welding repair process of AA20204 is not suitable because the alloy is specifically susceptible
to hot cracking, both in the welding (solidification cracking) and in the base metal (liquation
cracking) [7–13].

ElectroSpark Deposition (ESD) technique consists of a capacitor-based power supply, a consumable
electrode, and an applicator (electrode holder). An electrical arc (due to discharge of capacitor) is
pulsed between a rotating consumable electrode (anode) and the work piece/substrate (cathode) to
produce the deposit by detaching small droplets of material from the electrode and ejecting towards
substrate. Pulse frequencies of a few kilohertz, combined with pulses duration in the 1–10 µs range
allow substrate heat dissipation over ~99% of the duty cycle [1,14]. The low net heat input into the
substrate, and the ability to bond the deposition to the substrate without metallurgical changes in
the heat sensitive substrate are among the advantages of the ESD process [15,16]. Moreover, the high
cooling-rates during ESD, on the order of 105–106 ◦C/s, can produce nano-structured deposits [17],
characterized by increased hardness and tribological benefits [16,18].
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The deposition parameters regimes (voltage, capacitance, frequency) depend on the type of
electrode and its melting temperature, thermal conductivity, chemical reactivity of the anode elements,
diffusivity, density, electrical resistance, thermal inertia, and flowability [19].

A wide variety of metals and ceramic/metal deposits are produced by ESD [1,20]. Among
them, there are Fe-based alloys [21], superalloys [22–24], and magnesium alloys [25]. Heard and
Brochu [26] determined that ESD is a feasible method of producing an aluminum-nickel deposit,
consisting of a nano-structured Al3Ni phase. Cadney and Brochu [27] investigated the feasibility
of using the ESD process to deposit amorphous electrode material (Zr41.2Ti13.8Ni10Cu12.5Be22.5) onto
an amorphous substrate of the same composition without crystallizing the deposit or the substrate.
Hasanabadi et al. [2] investigated the deposition of Fe48Cr18Mo7B16C4Nb7 crystalline alloy on 316L
stainless steel substrate. Xie and Wang investigated the ESD of several Ni-based super-alloy systems [28,29],
assessing the feasibility of repairing nickel based super-alloy substrates with MCrAlY deposition.
Unfortunately, to date, the state of art is very poor of studies regarding the use of ESD technique to
deposit thermally sensitive materials such as the 2024 alloy.

In this paper, thick deposits of 2024 aluminum alloy on similar substrate using different process
parameters were produced and analyzed. The surface, the macro and microstructure, micro-hardness,
and defectiveness of the samples were characterized and discussed for different process parameters.
Moreover, since the investigated alloy specifically susceptible to hot cracking, even the relationship
between the processing parameters and the cracks in the substrate was investigated. Finally, the suitable
process parameters for reducing both porosity in the deposits and the cracks in the substrate
were identified.

2. Experimental Setup

The substrate and electrode material is an AA2024-T4 alloy, based on Al-Cu-Mg system. The suffix
(T4) indicates that the alloy has been naturally aged (at Room Temperature) after solutionizing.
The substrate was supplied as rolled plates 4 mm thick: 80 × 20 mm strips were cut from the plates.
The deposit was deposited up on the strip, performing multiple depositions on the same line along the
rolling direction (RD). The scheme of the depositions is shown in Figure 1.
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Table 1. Chemical composition of AA2024 alloy.

Composition Ti Zn Fe Cr Si Cu Mn Mg Other Al

AA2024 <0.15 <0.25 <0.5 <0.5 <0.5 3.8–4.9 0.3–0.9 1.2–1.8 <0.15 Bal.

ElectroSpark Deposition was performed using a “Technocoat MicroDepo Model 150” ESD machine
(TechnoCoat International, Shizuokaken, Japan). The deposition was carried out at room temperature
using a hand-held gun with Ar protection. The Argon was flowed throughout the deposition process at
a rate of 10 L/min. Before performing the deposit process, the substrate was polished with 800-grit SiC
paper. The rotational speed of the 3 mm diameter electrode was kept constant at 1200 rpm throughout
the trials, whereas the other three parameters voltage, capacitance, and frequency, were properly
varied. To determine the feasibility of producing thick deposits using the ESD process, for each set
of parameters, multiple-layer depositions were performed using 50 subsequent deposition passes.
The spark pulse-energy (Es) in joule (J) of each set parameter given in the Table 2 was determined
as follows:

Es =
1
2

CV2

where C is the capacitance in Farad (F) and V is the voltage in Volt (V); while F is the discharge
frequency in Hertz (Hz) [26]. In Table 2 are shown the values of the spark pulse Energies used for
processing the samples whereas increasing values of the V, C, and F subscript indicate increasing values
of the respective parameters. After the deposition, the deposits were sectioned using a diamond blade
on the Short Transverse-Long Transverse, ST-LT, (see Figure 1). The ST-LT sections of the deposits were
cold mounted. Then, they were ground and mechanically polished. After that, the specimens were
etched using Keller reagent (1 mL HF, 1.5 mL HCl, 2.5 mL HNO3, and 95 mL H2O). The analysis of
the microstructure was performed by conventional analytical techniques, such as Optical Microscope
(OM) Nikon Epiphot 200 (Nikon Inc., Melville, NY, USA) accompanied by a computer-assisted image
analysis (NIS Elements AR) and Scanning Electron Microscope (SEM) Zeiss EVO (Zeiss, Jena, Germany)
equipped with energy dispersive spectrometry (EDS) technique using a Brucker electron microprobe.
The grain structure of BM was revealed, after standard metallographic procedures, through anodizing
by Barker′s electrolyte at room temperature with 20 V for 50 s. Both of the voids areas inside the deposit
and the length of the cracks at the substrate/deposit interface on ST-LT plane (Figure 1) were obtained
for each deposit using NIS software for imaging analysis. Especially, defects percentage were measured
as the sum of the defects areas divided by the area of the deposit. The average length of the interface
cracks was estimated. Vickers micro-hardness (0.05 kg/15 s) was measured in the deposit cross-section
(ST-LT plane). Micro-hardness indentations were arranged parallel to the deposit/substrate interface.
Three lines of indentations 100 µm far each other and from interface were realized. Both the average
hardness, resulting from the measurements along each line, and the average hardness considering all
the indentation made, was calculated. Moreover, the micro-hardness was measured also in some areas
of the deposits showing interesting microstructural features.

Table 2. ESD process parameters for the depositions.

n◦ Voltage [V] Capacitance [µm] Frequency [Hz] Es [J]

1 V1 C2 F1 0.5
2 V1 C2 F2 0.5
3 V1 C2 F3 0.5
4 V2 C1 F1 0.9
5 V2 C1 F2 0.9
6 V2 C1 F3 0.9
7 V2 C2 F1 1.125
8 V2 C2 F2 1.125
9 V2 C2 F3 1.125
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3. Results and Discussion

3.1. Microstructure of AA2024 Al-Cu-Mg Alloy

The microstructure of the substrate cross-section is shown in Figure 2a,b. The optical micrograph
(OM) after chemical etchant (Figure 2a) and SEM/EDS analyses (Figure 2b) reveal that the intermetallic
particles are mainly roughly spherical Al2CuMg (n◦1 Figure 2a,b) of approximate size 5–10 µm, and
light grey CuAl2 particles (n◦2 Figure 2a,b). Moreover (Mn,Fe)3SiAl12 (light brown n◦3 Figure 2a,b)
and Al(Cu,Fe,Mn) phase (dark brawn n◦4 Figure 2a,b) have been detected. These last particles are
as big as 10 µm and with an irregular shape. Furthermore, according to literature [6,30], the fine
dispersoids observed in the Al matrix could be both Cu2Mn3Al20 and/or Al2Cu. Figure 2c displays the
as-cast microstructure of the electrode. The electrode microstructure is homogeneous and consisting
of a matrix of Al studded by the same intermetallic particles observed in the substrate but having a
smaller size.
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Figure 2. Optical (a) and Scanning Electron Microscope (SEM) micrographs (b,c) of AA2024-T4
substrate (a,b) and electrode (c).

Figure 3 shows the substrate microstructure after anodizing both in the ST-LT (Figure 3a) and in
the ST-RD plane (Figure 3b). As expected, the grain structure is elongated, especially in the rolling
direction (Figure 3b). Both the planes exhibit the same average micro-hardness (HV0.05/15) equal to
141 ± 2.2. The average micro-hardness (HV0.05/15) of AA2024 electrode is 124 ± 1.
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3.2. Surface Morphology

Both the typical splash pattern appearance produced by this technique (Figure 4a) and the last
splat superimposed on the previous layer is clearly visible. This splash morphology depends on
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the arc energy, which melt the electrode tip and result in the formation of the droplet. The molten
droplet from the electrode is propelled towards and impinges on the melted or partial melted substrate.
The liquid pool rapidly solidifies along with the associated shrinkage. Particularly, the deposit is
characterized by peaks and valleys that indicate that the material is deposited in preferential spots.
This is mainly due to a plasma pressure effect and irregular gap space between the electrode and
substrate. The plasma pressure splashes the liquid pool generating peaks and valleys of solidified
material [1,20]. Once generated, those irregularities led to irregular space [1,20] of electrode with
substrate. The variation of gap space promotes a higher amount of material mainly on the peaks of the
deposit where the electrostatic forces prevail. Of course, even casual local electric field oscillations
due to the manual deposition, generate different amount of melted material and irregular deposition.
Therefore, the deposit buildup is not uniform and the top surface is uneven.
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Figure 4. SEM micrograph of the AA2024 deposit surface following a manual ESD deposition: (a)
morphology of 50 layer deposits in higher magnification; (b) enlarged image of the spot fringe at 500×.

Cracks were observed onto the coated surface (Figure 4b). The formation of these cracks is mainly
due to thermal stresses but it can also be generated by the mechanical impact of the electrode tip
to the workpiece. Generally, the cracks can nucleate in the first deposited layer and/or on defects
(voids) inside the deposit. Thereafter, they are usually propagated upwards by the thermal stress,
which produces well-delimited regions on the coated surface (Figure 4b). Those cracks propagate
perpendicular to the substrate and they can be clearly observed in the deposits cross-section (Figure 5).
Some cracks propagated parallel to the substrate and to the deposit/substrate interface (delamination
cracks). That was due to the cooler bulk of the substrate, which prevents the shrinkage during the
solidification of the molten metal that is transferred to the substrate from the electrode [31,32].

The deposit cross-section exhibits several discontinuities, i.e., voids. It was observed small
spherical voids (gas porosity n◦1), large, random shaped voids (bridging porosity n◦2), and thin void
layers (laminar porosity n◦3). The formation of these discontinuities depends greatly on the amount of
material that led to fusion during the process and its distribution (Figure 5).

3.3. Microstructure

Deposit microstructure is independent of process parameters. Figure 6 shows the ESD morphology
in the deposit longitudinal section (perpendicular to the ESD buildup direction). The surface is
characterized by the impact of a single splat having a well-defined interface, which forms between
them by fusion and diffusion reactions [32]. Some of those interfaces are highlighted by dashed lines
in Figure 6a. The microstructure at interface, see the arrows in Figure 6a, was resolved at higher
magnification in Figure 6b,c. It is non-uniform and contains mainly equiaxed dendrites (Figure 6b)
with an unclear dendritic morphology (Figure 6c). Dendritic morphology is highlighted by the second
phase segregation (light color) at the interspacing. The splats microstructure is also not uniform. In A
and B areas in Figure 6b,c, the microstructure is characterized by cellular dendrites of assorted size.
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The microstructure of each splat can result not uniform as shown in the areas D and E in Figure 6b.
The solidification microstructure depends on the local solidification conditions, i.e., the rate of growth
V [mm/s] and the temperature gradient G [◦C/mm] at the solid/liquid interface [33]. The ratio of
G to V, namely G/V, determines the features of the solidification microstructure [23]. The smaller
is the ratio of G/V, the greater is the tendency to equiaxed dendritic growth. While, high values of
the ratio of G/V lead to cellular dendritic or cellular growth until to planar growth mode. Owing to
manual process of deposition, the deposition rate, the distance of the electrode to work-piece surface
and the force on the electrode are difficult to keep constant. As a result, the local heat input and
the thickness of the splat vary at different points, which affect the solidification conditions and the
resulting microstructure. Moreover, since the product G × V (equivalent to cooling rate) governs the
scale of the solidification structure (the greater the cooling rate and the finer the scale of microstructure),
the size of the microstructure would vary at different points. Generally, the microstructure scale is
quite fine as each splat is always characterized by small volume of molten metal (even if variable due
to manual process) and undergoes very high cooling rates in contact with the cold substrate.Appl. Sci. 2017, 7, 945  6 of 16 
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The cross-section morphology of AA2024 electrospark deposit (parallel to the build direction) is
shown in Figure 7. Figure 7a,b show optical and SEM micrograph, respectively. The deposit consists
of several stacked splats [32]. The layered structures can be seen in Figure 7a, where layer-layer and
layer-substrate interfaces are shown. The microstructure of the deposit cross-section is characterized by
grains that have the same crystallographic orientation. The grains are columnar (parallel to the growth
direction of the deposit) and nucleate epitaxially on the grains of the substrate [9,34,35]. For this reason,
the columnar grain boundaries of the deposit are along the grain boundaries of the substrate and form
a continuous network (Figure 4a). The grain boundaries have been highlighted in Figure 7a,b. Usually,
columnar grains contain more than one layer and grow through the whole deposit from the surface of
the substrate (Figure 7a) [36].
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Figure 7. Overview of deposit cross-section: (a) Optical Microscope (OM) Nikon Epiphot image
showing the microstructural of built-up layered deposit and (b) SEM micrograph showing the boundary
of slender columnar like grain vertical to the build direction.

Figure 8 shows SEM micrographs for some different areas inside of the deposit cross-section.
The microstructural scale and morphology are non-uniform but strongly variable (Figure 8), as it was
discussed in the above paragraph (Figure 6). Particularly, the layer-layer interfaces microstructure
exhibits either equiaxed dendrites (highlighted in Figure 8a) or undefined dendrites morphology
(highlighted in Figure 8b). Moreover, the different layers can exhibit the same cellular dendritic
microstructure (highlighted by the circles A and B in Figure 8c) or different microstructures (highlighted
by the circles C and D in Figure 8a). Moreover, inside of the same layer, both a dendritic morphology
(circle E in Figure 8b) and a uniform distribution of fine second phase particles (circle F, Figure 8b)
can be observed. The cellular dendrites, usually, grow anti-parallel to the main heat flux direction
(perpendicular to layer-layer interface). As mentioned before, the scale of microstructure is variable,
and the dendrites size is coarser in such a zone and finer in some others (compare circles A, B in
Figure 8c and circle E in Figure 8b). The sizes and type of microstructure can be attributed to the
different solidification condition induced by the manual process of deposition. Anyway, the scale
of microstructure is in general quite fine due to the high cooling rate of the melt induced by the
ESD process.



Appl. Sci. 2017, 7, 945 8 of 16

Appl. Sci. 2017, 7, 945  8 of 16 

Figure 8 shows SEM micrographs for some different areas inside of the deposit cross-section. 
The microstructural scale and morphology are non-uniform but strongly variable (Figure 8), as it was 
discussed in the above paragraph (Figure 6). Particularly, the layer-layer interfaces microstructure 
exhibits either equiaxed dendrites (highlighted in Figure 8a) or undefined dendrites morphology 
(highlighted in Figure 8b). Moreover, the different layers can exhibit the same cellular dendritic 
microstructure (highlighted by the circles A and B in Figure 8c) or different microstructures 
(highlighted by the circles C and D in Figure 8a). Moreover, inside of the same layer, both a dendritic 
morphology (circle E in Figure 8b) and a uniform distribution of fine second phase particles (circle F, 
Figure 8b) can be observed. The cellular dendrites, usually, grow anti-parallel to the main heat flux 
direction (perpendicular to layer-layer interface). As mentioned before, the scale of microstructure is 
variable, and the dendrites size is coarser in such a zone and finer in some others (compare circles A, 
B in Figure 8c and circle E in Figure 8b). The sizes and type of microstructure can be attributed to the 
different solidification condition induced by the manual process of deposition. Anyway, the scale of 
microstructure is in general quite fine due to the high cooling rate of the melt induced by the  
ESD process. 

 
Figure 8. High magnification SEM images of the deposit cross-section showing some different areas 
inside the deposit. Yellow arrows indicate the microstructure in the layer-layer interfaces. (a) circles 
C and D highlighted the different microstructures in the different layers, (b) circle E shows dendrites 
with mixed morphology while the circle F shows uniform distribution of fine second phase particles 
inside the same layer, (c) circles A and B highlight the same cellular dendritic microstructure in 
different layers. 

Figure 9 shows the microstructure near the interfacial region in electrospark deposit. There is a 
thick interfacial region of about 20 μm between the substrate and the deposit that can be observed 
(Figure 9a,b). Backscattered electron images reveal that this interfacial region is characterized by large 
constituent intermetallic particles that are distorted and partially melted surrounded by a high 
segregation (Figure 9a,b). By EDS analysis (Figure 9c) it was found that those deformed particles are 
the (Mn,Fe)3SiAl12 phases coming from the substrate material because of melting and mechanical 
mixing of both electrode and base material [25,36]. The base material next to the interface does not 
present any chemical and microstructural modification or HAZ. 

Figure 8. High magnification SEM images of the deposit cross-section showing some different areas
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micrograph (backscattering mode) showing the microstructure of deposit/substrate interface and
(c) energy dispersive spectrometry (EDS) map to interface layer.

Figure 9 shows the microstructure near the interfacial region in electrospark deposit. There is a
thick interfacial region of about 20 µm between the substrate and the deposit that can be observed
(Figure 9a,b). Backscattered electron images reveal that this interfacial region is characterized by
large constituent intermetallic particles that are distorted and partially melted surrounded by a high
segregation (Figure 9a,b). By EDS analysis (Figure 9c) it was found that those deformed particles are
the (Mn,Fe)3SiAl12 phases coming from the substrate material because of melting and mechanical
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mixing of both electrode and base material [25,36]. The base material next to the interface does not
present any chemical and microstructural modification or HAZ.

3.4. Mechanical Characterization

The effect of mixed refined microstructure on the hardness values in the deposit cross-section
was evaluated by indentations performed both within some layers and at the interfaces between the
layers (Figure 10a–e). The indentations on the layer-layer interfaces, as well as on the inner of different
layers exhibited different values of micro-hardness as a function of the solidification microstructure.
The layer interfaces in Figure 10a,b exhibit values of micro-hardness respectively of 156.4 HV and
132.5 HV. Figure 10c–e shows the value of micro-hardness as equal to 145, 140, 132 HV, respectively.
In some cases, the micro-hardness values can also be influenced by micro defects present within the
deposit. So, the hardness within the deposit is not constant but strongly variable. Nevertheless, the
average hardness values evaluate along lines of indentation parallel to the substrate/deposit interface
do not significantly change both with the spark pulse-energy (Es) and/or with frequency at fixed
Es (Figure 11a–c). Three different average micro-hardness values can be read for each distance as a
function of the increasing frequency, except for the deposit fabricated at the lowest Es and frequency
(Figure 11a), where just one line of indentation has been produced due to the reduced thickness of the
deposit. Our result, therefore, indicated that the three set values of Es and frequency do not significantly
affect the mechanical behavior of the deposits. Figure 12 shows the average deposit hardness as a
function of Es for F1, F2 and F3. In close accordance with the above results (Figure 11), the average
deposits of micro-hardness does not significantly change, indicating that all the ESD parameters
sets produce similar microstructures. The average micro-hardness values of the analyzed deposits
are in fact distributed in a small range (100–120 HV). Of course, the average hardness values are
characterized by high standard deviations due to the great variability of the microstructure. Moreover,
the micro-hardness of the substrate close to interface do not exhibit any change, which confirms the
absence of a heat affected zone (HAZ).
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3.5. Analysis of Defects

Figure 13 presents the percentage (%) of defectiveness in the deposits cross-section as a
function of spark pulse-energy (Es) for three values of frequency. The defectiveness levels induced
by depositions are considered acceptable, however at lower energy level all the deposits display
a greater percentage of defectiveness. The results indicate that the increasing Es (increasing the
voltage and decreasing/keeping constant the capacitance) decreases the percentage defectiveness for
all three frequencies sets. It is believed that the percentage defectiveness decreases, since a higher
Es will produce a higher volume of the molten splat and a higher thickness splat [2,37]. In other
words, by increasing the Es the splat becomes larger [38] and the space between the individual splat
reduces, leading to lower level of voids. Moreover, with each successive pass, a higher energy allows
the re-melting of a greater amount of the deposited material, leading to elimination of the surface
roughness (micro-voids) and undulation (peak and valley) previously created [23].
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Particularly, the voltage value plays a significant role on the percentage defectiveness of the
deposit when compared to the other process parameters set. In fact, if the voltage value is increased
from V1 to V2 (compare 0.5 J vs. 1.125 J in Figure 13), the level of defectiveness is reduced; while, if the
voltage is kept constant (0.9 J vs. 1.125 J in Figure 13), the level of defectiveness does not significantly
change. The analysis of the distribution of the defect area observed in the deposits produced at 0.5, 0.9
and 1.125 J is shown in Figure 14. The deposits (Figure 14) are characterized by high percentage of
defects having small area. Furthermore, the defects both of small and large areas are reduced when the
energy (Es) increase due to the voltage increment (Figure 14a,b and Figure 14a,c). The defects areas
distributions do not change significantly with capacitance (Figure 14b,c).
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Higher magnification SEM images suggest the delineation of the crack paths by re-solidified 
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Once initiated, the cracks propagate along the substrate grain boundary and may also easily 
propagate in the deposited layers giving rise in a continuous network (Figure 15a). The liquation 
cracks dramatically reduce the mechanical properties of the substrate, and moreover, limit the 
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3.6. Effect of the Parameters Electric on Substrate/Deposit Interface Behavior

It is known that the AA2024 alloy is susceptible to solidification cracks or liquation cracks being
characterized by a large solidification range, high thermal expansion, large solidification shrinkage,
and a large quantity of alloying addition [9,35]. Solidification cracking occurs during the solidification
of melt. It occurs along grain boundaries, and it is due to the shrinkage stress from both molten metal
solidification and non-uniform thermal contraction [34,35]. Liquation cracking occurs at a temperature
lower than solidus temperature during non-equilibrium heating of the alloy, for example in the HAZ
of weld, where the peak temperature of the welding cycle is just below the solidus temperature.
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Liquation cracking is due to the combination of constitutional liquation phenomenon [35], (localized
grain boundaries melting at temperature significantly below the solidus T of the alloy) and tensile
stresses that act on constitutionally liquated areas to produce cracks called liquation cracks. In fact,
with the grain boundary liquated, the alloy has little strength to resist tensile stresses. All the ESD
parameters set lead to cracks extending into the substrate along the grain boundaries (Figure 15a).
Higher magnification SEM images suggest the delineation of the crack paths by re-solidified products,
typical of liquation cracking (Figure 15b). During the ESD process, the temperature of the area close to
the substrate/deposit interface can promote the melting of some areas (usually, located at intermetallic
particle surface and/or at the grain boundaries) where a higher solute concentration develops and
locally alters the liquidus (solidus) T of the alloy. Simultaneously, the rapid cooling from the ESD
process induces a great thermal strain that opens the liquated zones. Therefore, due to ESD process,
those cracks are inevitable on the heat sensitive AA2024 substrate [9,12,39,40]. Once initiated, the
cracks propagate along the substrate grain boundary and may also easily propagate in the deposited
layers giving rise in a continuous network (Figure 15a). The liquation cracks dramatically reduce
the mechanical properties of the substrate, and moreover, limit the feasibility of producing ESD
deposits/repair in the 2024 alloy. So, the cracks number, length, and length distributions as a function
of ESD process parameters have been investigated in the following.Appl. Sci. 2017, 7, 945  13 of 16 
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Figure 16. Effect of spark pulse-energy Es on average cracks length that propagate in the substrate 
from the deposit/substrate interface for three different values of frequency (F1 < F2 < F3). 

Figure 17 shows, for all three pulse energy conditions, the cracks length distributions that extend 
into the base material at increasing frequencies. Specifically, each graph shows the cracks number 
having a length comprised in classes of fixed amplitude. The analysis of the histograms shows that 
both the number of cracks and the length variation range tend to rise with the energy discharge.  
In addition, with increasing frequency, the peak of the distributions tends to shift towards higher 
lengths (Figure 17b,c). With reference to the results presented through Figures 13, 14, 16 and 17,  
it appears that the combination of 0.9 J pulse energy and F2 frequency allows to get sufficiently thick 
deposit and low defectiveness, both inside the deposit and at the interface. 

Figure 15. (a) OM micrograph of the deposit/substrate interface showing the crack that propagate in
substrate along boundary grain; (b) higher magnification SEM image of liquation cracking.

Figure 16 shows the average cracks length that propagates within the substrate from the
substrate/deposit interface as a function of spark pulse-energy (Es). The analysis of the average
cracks length in function of the Es (Figure 16), shows that the average cracks length increase with Es.
In fact, as Es increases, a higher heat input is supplied to the substrate favoring both hot cracking and
grain boundary liquation of 2024 alloy [6]. Thus, this trend is opposite to that of the defects within
the deposits. Specifically, the increase of average crack length is more sensitive to voltage increase in
respect to capacity increase. After all, both voltage and capacity increases lead to higher heat input,
but the role of voltage on Es is more significant (Es = 1/2CV2). Furthermore, it was observed that,
for the same Es the average cracks length increased with the frequency increase.

Figure 17 shows, for all three pulse energy conditions, the cracks length distributions that extend
into the base material at increasing frequencies. Specifically, each graph shows the cracks number
having a length comprised in classes of fixed amplitude. The analysis of the histograms shows that
both the number of cracks and the length variation range tend to rise with the energy discharge.
In addition, with increasing frequency, the peak of the distributions tends to shift towards higher
lengths (Figure 17b,c). With reference to the results presented through Figures 13, 14, 16 and 17,
it appears that the combination of 0.9 J pulse energy and F2 frequency allows to get sufficiently thick
deposit and low defectiveness, both inside the deposit and at the interface.
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Figure 17. Number of cracks vs. cracks length of multiple-layer deposition produced using: (a) 0.5 J
(V1, C2, 10 L/min), (b) 0.9 J (V2, C1, 10 L/min) and (c) 1.125 J (V2, C1, 10 L/min) as a function of the
frequency (F1 < F2 < F3).

4. Conclusions

In the present study, AA2024 was deposited on homologous substrate by the electro-spark process.
The deposits exhibit the following characteristics.



Appl. Sci. 2017, 7, 945 14 of 16

(1) They have layer-by-layer microstructure, and all layers are characterized by a fine and mixed
microstructure both cellular and equiaxed. The cell size is not uniform along the deposit.

(2) The grains are columnar and parallel to the growth direction of the deposit. Their size is not
uniform and they spread through more than one layer whose microstructure is mixed.

(3) The average hardness values do not change significantly with process parameters. The great
standard deviation in average hardness is due to the strong variations microstructural within
the thickness.

(4) The defects have small dimensions whose size reduces with the increasing Es at a fixed frequency.
When increasing the heat input, the defectiveness is reduced due to higher volume of re-melted
substrate, the higher volume of molten splat and the lower space between the splats.

(5) The substrate/deposit interface is characterized by the presence of cracks which extend into the
substrate preferentially along the grain boundaries. The average length of cracks increases with
frequency and Es.

(6) Within the experimental plan developed in this study, the best energy value (Es) to deposit 2024
alloy on homologue substrate reducing both the inner porosity and the length of the interface
cracks, is 0.9 J.

Future studies will focus on the reduction of the defects. For example, the use of automatized
depositions could solve the limits due to the manual process and/or a slight heating of the
substrate during the depositions could reduce the thermal stresses crack without affecting the
deposit/substrate microstructure.
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