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DEVELOPMENT OF ELECTRO SPARK 
DEPOSITION TECHNOLOGY 
FOR NI-SUPERALLOY REPAIR
1.0 INTRODUCTION

Electrospark deposition (ESD) has historically been 
used for the repair of small defects and the application 
of coatings on metal parts. It functions by repeatedly
discharging a capacitor power supply through a 
consumable electrode, which transfers material to 
the substrate. This transfer occurs in the form of 
small molten droplets originating at the electrode, 
which splash onto the substrate surface and rapidly 
solidify. The atypical material transfer mechanism 
and capacitor-based power supply results in several 
advantages over other deposition processes. The 
required charging and discharging of the capacitor 
necessitates a cooling period after each transfer 
event, which allows heat to rapidly dissipate from the 
surface of the substrate. Additionally, the transfer of a 
small quantity of molten material with each capacitor 
discharge limits the amount of heat input. Because of 
the very rapid cooling rate, the part being coated or 
repaired remains at near ambient temperatures. This 
limits the size of the heat-affected zone (HAZ) and 
allows for the coating of materials that typically suffer 
from HAZ cracking, while also resulting in a fi ne-
grained deposition that forms a metallurgical bond 

with the substrate. Consequently, coatings and repairs 
performed by ESD are denser and more strongly 
adhered to the substrate than those produced via cold 
spray, while resulting in less damage to the substrate 
when compared to laser cladding or directed energy 
deposition repair techniques. 

An ESD process can be manually operated (Figure 1a), 
which makes use of a hand-held applicator to move 
the electrode across the substrate surface. An auto-
mated ESD system (Figure 1b) uses computer numer-
ical controlled (CNC) or robotic systems to move the 
coating head and a force feedback control system 
to adjust the electrode contact with the substrate 
surface. The use case for manual and automated 
ESD systems are different, with manual systems more 
cost-effective when coating or repairing small areas 
or non-standard geometries. One example (shown in 
Figure 2) is the repair of damaged or eroded areas
on turbine and compressor blades, with repairs 
performed on edge or surface defects once they are 
detected. However, an automated system is more 
effectively scaled for the deposition of large-area 
coatings or the coating/repair of multiple parts with 
the same geometry.
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In addition to the repair of turbine engine compo-
nents, ESD has broader applications in aerospace 
and other industries where components are exposed
to harsh conditions. The ability to dimensionally 
restore worn or damaged components makes ESD 
useful in the automotive/transportation industry, 
where turbocharger turbine wheels, diesel engine 
injector nozzles, high-performance exhaust valves/
manifolds and ship propellers can either be coated 
to extend their lifespan or repaired instead of being 
replaced. The energy, manufacturing and chemical 
processing industries also benefi t from the coating 
and repair of components exposed to corrosive 
environments, including valves, moulds and dies. 
Several examples of the application of ESD have 
been reported, demonstrating the repair of com-
ponents such as valves in nuclear power plants [1], 
generator rotor shafts [2], steering and diving control 
rods on submarines [3], helical gear shafts [4], and 
bearing housings [3], as well as the coating of 
components such as the interior surface of gun 
barrels [3] and seal ring surfaces [5].

The large number of electrical and physical 
parameters in an ESD process makes optimization 
a challenge. Electrical parameters such as power 
input, voltage, capacitance and spark frequency 
can be regulated by the operator in both manual 
and automated ESD systems. Some physical process
parameters are controllable in manual systems, 
such as the gas type, gas fl ow rate and electrode 
rotation/vibration speed. However, the use of auto-
mated ESD systems allows for further control over 
other physical parameters which would otherwise 
be subject to operator discretion, such as electrode 
contact pressure and travel speed. While the ability 
to control a greater number of parameters is useful 
for reliability and repeatability of the ESD process, it 
greatly complicates process optimization. Fortunately,
literature has identifi ed a subset of parameters that 
have the greatest effect on deposition quality and 
deposition rate; capacitance and voltage are the two 
primary parameters optimized when the deposition 
of a new material is required. Analyzing the effect of 
these parameters on metallurgical features allows for 
the selection of optimized parameters. 

When developing an ESD process for the repair of 
critical components made of high-cost materials
 – such as gas turbines and jet engines made of 
Ni-superalloys – special attention must be given to 

the microstructure of the deposited material. The ESD 
process parameters are closely linked to microstructural
features that affect performance, which forms the basis 
of the commonly studied process-structure-property 
relationship. The following sections summarize the 
fi ndings of several studies and introduce new data to 
evaluate the use of ESD technology for the repair of 
Inconel 718 Ni-superalloy parts.

2.0 EXPERIMENTAL

Sample characterization is performed on an Oxford 
BX51M optical microscope and a Zeiss UltraPlus 
scanning electron microscope (SEM) with an energy-
dispersive X-ray spectroscopy (EDX) attachment. 
Sample preparation was performed according to the 
tests required, with further details provided in the 
following sections. 

2.1 Parameter optimization
In order to determine an appropriate set of parameters
for the repair of an Inconel 718 substrate, a manual
ESD machine developed by Huys Industries was
used to deposit Inconel 718 with all combinations 
from a chosen set of capacitance (80, 100 and 120 μF)
and voltage (50, 100 and 120 V) parameters. The 
frequency was kept fi xed at 170 Hz, as was the elec-
trode diameter (3mm) and 5.0 grade argon shielding 
gas fl ow rate (10L/min). A total of 10 passes with the 
electrode in a 1 cm2 region using a raster scan pattern

Fig. 1: Equipment provided by Huys Industries for a) manual and b) automated ESD coating and repair of components.                               

Fig. 2: Example of an ESD repaired turbine blade with a) surface 
damage and b) edge damage.                                 
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were used to apply the coating, and a hand-held 
peening tool was used after each pass. The compo-
sition of the Inconel 718 electrode and substrate are 
listed in Table 1.

2.2 Oxidation resistance testing
Inconel 718 specimens were cut in 6mm by 3mm by 
1.5mm dimensions using a Struers Accutom-50 preci-
sion saw. Oxidation resistance testing was performed 
using thermogravimetric analysis (TGA). The ESD 
coatings were performed using the same conditions 
as the parameter optimization study, with voltage and 
capacitance fixed at 100 V and 80 μF, respectively. 
All sides were coated with 7 passes performed in a 
raster scan pattern, after which all specimens were 
then aged using a two-step process. Specimens were 
loaded in a horizontal tube furnace at room tempera-
ture and argon gas was used to purge the tube for 15 
min. The temperature was ramped to 720 °C at 5 °C/
min and held for 8 hours, after which it was furnace
cooled to 620°C and held for 10 hours. At the  
conclusion of the holding period, the samples were 
removed from the furnace and water quenched.

Samples after aging demonstrated discoloration on 
their surface, likely due to the formation of an oxide 
layer when being removed from the furnace. Grinding 

with up to 600 grit SiC paper was used to remove the 
discoloration on coated and uncoated samples, while 
also serving to remove surface roughness introduced 
by the ESD process. Sample dimensions were individ-
ually measured with the use of a caliper to determine 
the true exposed surface area, which may vary due to 
imprecision during their fabrication, slight differences 
in coating thickness, and differences in the amount 
of material removed during grinding. During TGA 
testing, the initial temperature ramp was performed 
under argon atmosphere to prevent uncontrolled 
oxidation at lower temperatures, after which the inlet 
gas was switched to a 20% oxygen/80% nitrogen 
mixture at 10 mL/min to allow for oxidation.

3.0 RESULTS AND DISCUSSION

3.1 Microstructure of ESD processed Inconel 718
The droplet transfer mechanism occurring during ESD 
results in a unique microstructure that can be viewed 
in Figure 3a. After etching, the boundaries of the 
transferred droplets are visible, and their shape  
indicates that some re-melting of previously transferred
material occurs when additional droplets are deposited. 
A wide variation in the thickness is also observed, 
although droplet thickness is typically larger when 
using higher pulse energy (higher voltage and capac-
itance). Variations in microhardness were identified 
between the droplets of different thickness, attributed
to higher cooling rates in thinner droplets [7]. Lower 
capacitance and voltage parameters can therefore be 
expected to produce coatings or repairs with higher 
hardness. A similar trend was observed for the tensile
strength of repaired specimens [8], however the 
hardness and strength is still not comparable to that 

Fig. 3: Etched cross-section of Inconel 718 deposited on Inconel 718 substrate showing a) optical image of the droplet morphology and 
an intermetallic defect, and b) SEM image of γ” and γ’ phases after an aging heat treatment                                

TABLE 1. MEASUREMENTS OBTAINED VIA EDX OF 
INCONEL 718 COMPOSITION (WT%) [1]

Ni Cr Nb Mo Ti AI Si Fe

Base Metal 54.0 19.7 3.3 2.6 1.1 0.3 _ 19.0

Electrode 53.7 19.2 3.8 2.8 1.0 0.3 0.2 19.0



041WINTER 2019 |         

1-866-733-3272

of the precipitation hardened Inconel 718 used in 
components. Similar to the welding of Inconel 718  
using other techniques, post-processing heat treat-
ments are required to achieve a maximum hardness 
and strength [9].

Many of the most commonly used Ni superalloys 
are precipitation strengthened. Inconel 718 forms 
a roughly 20 nm sized Ni3Nb strengthening phase 
known as γ” when exposed to an aging heat treat-
ment (720 °C for 8 h, 2 h ramp down to 620 °C, hold 
at 620 °C for 8 hours), as well as a less influential 
Ni3(Al,Ti) phase known as γ’. Both phases are difficult 
to image due to their small size and are also difficult 
to distinguish between each other (Figure 3b). In the 
as-deposited condition, ESD processed Inconel 718 
does not have γ” or γ’ and therefore exhibits strengths 
similar to solution annealed (not strengthened) Inconel 
718. Although the deposited Inconel 718 has much 
higher hardness than solution annealed Inconel 718, 
the presence of interdendritic phases and droplet 
boundaries contribute to a lower fracture toughness [8].

Exposure of ESD processed Inconel 718 to an aging 
heat treatment precipitates the γ” and γ’ phases,  

resulting in a slightly higher hardness (8%) and slightly
lower ultimate strength (-8%) than the precipitation 
hardened base metal [6]. The lower ultimate strength 
is once again attributed to the presence of interden-
dritic phases and droplet boundaries. If an equivalent 
or higher strength than the base metal is required, a 
solution heat treatment (1100 °C for 1.5 h) is required 
prior to aging. However, the use of a solution heat 
treatment comes at the expense of grain growth in 
the base metal, which reduces the overall strength of 
the part being repaired. For this reason, a direct-aging
heat treatment (where the solutionizing step is avoided)
is recommended in some cases.

In addition to improving the strength of the depos-
ited Inconel 718, the use of an aging heat treatment 
also strengthens the softened HAZ that forms when 
repairing precipitation hardened Inconel 718. A heat 
affected zone of 40 μm has been reported, with 
softening attributed to solutionizing of the γ” and γ’ 
phases [6]. Although this HAZ size is significantly
smaller than other welding processes due to the 
smaller heat input of the ESD process, the use of 
a direct-aging heat treatment re-precipitates these 
phases and regains the base metal’s strength.
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Fig. 4: Mean of means plots for capacitance and voltage factors with a) defects as a response variable and b) thickness of the deposited 
coatings as a response variable.                               

3.2 Process parameter optimization
Two measures are often used to evaluate the ESD 
process: the quantity of defects and deposition rate. 
Defects such as intermetallics or porosity are often 
detrimental to mechanical properties, acting as crack 
initiation sites and reducing the effective strength, 
whereas the deposition rate is important for industrial
applications that depend on high throughput or 
shorter turnaround times. Unfortunately, the quantity
of defects and deposition rate are often inversely 
related, with higher deposition rates resulting in more 
defects within the deposited material. The higher  
porosity is partially attributed to higher surface 
roughness with higher pulse energy, which encourages
lack of fusion defects between subsequent deposi-
tions [10]. Additionally, the formation of detrimental 
intermetallics is reduced with lower energy input, as  
a result of more limited diffusion. 

The use of an intermittent hand-held peening tool to 
mechanically deform the surface has proven effective 
at reducing the surface roughness between deposited 
layers. This results in a reduced quantity of defects,
since lack of fusion porosities are less likely to form. 
For the repair of deeper cavities or thicker coatings, 
peening is necessary to prevent an excessive uneven 
buildup of deposited material. The careful selection 
of parameters can also be used to eliminate the need 
for post-process grinding or polishing, depending  
on the required surface roughness [10]. A surface 
roughness (arithmetic mean height) as low as 5 μm 
has been obtained when using optimized ESD  
parameters in conjunction with intermittent peening. 
Applications that require further reduction in surface 
roughness would require further processing. 

The overall trends can be observed in the mean of 
mean plots in Figure 4, which show increasing defects 
with higher capacitance and voltage, whereas the 
deposition thickness for a fixed deposition time generally
increases with higher capacitance and voltage. Two 
sets of process parameters that exhibit the fewest 
defects are highlighted in Figure 4 and although the 
deposition thickness is noticeably different between 
the two, they both remain low when compared to other
studied parameters. To overcome the lower deposition
rates, longer deposition times are required when  
depositing thicker coatings or repairing components.

Although the optimized parameters produce good 
quality depositions when applying Inconel 718 as  
a coating or performing most repairs, increased  
substrate temperatures and erosion due to poor  
heat transfer were issues when repairing thin regions 
of less than 200 μm. The ability to accurately control 
travel speed and electrode contact force in automated
systems improves the deposition of material in  
these situations. 

The test specimen in Figure 5a shows the manual 
buildup of a thin ridge approximately one millimeter
in height, which suffers from significant lack of fusion
porosities (Figure 5b). However, the use of an 
automated system has demonstrated a significant 
decrease in the quantity of these defects when 
manufacturing these geometries (Figure 5c). The 
improvement is attributed to the precise control of 
the electrode movement, with the automated system 
able to specify both location and travel speed with 
greater accuracy and consistency than an operator 
can achieve on a manual system. Additionally, since 



043WINTER 2019 |         

Fig. 5: Optical images of a) thin ridge buildup using manual ESD, b) cross-section of the ridge along the long axis, and c) etched  
cross-section of ridge along the long axis built with an automated ESD system.                              

Fig. 6: Etched cross-section of oxide scale in ESD Inconel 718 after 24 h in air at 800 °C and EDX linescan results.                              
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Fig. 7: Mass gain curves and model fits for ESD processed and base metal Inconel 
718 oxide growth at 800°C during a) the initial growth phase and b) after formation of a 
passivating scale.                             

TABLE 2. FIT PARAMETERS FOR THE BEST FIT EQUATIONS  
IN FIGURE 7

Model Material R2 Model  
applicability

Logarithmic Base Metal 2.93 0.67 0.997 0 - 5.25 min

ESD 6.92 0.53 0.997 0 - 3.75 min

Model Material R2 Model  
applicability

Parabolic Base Metal 0.11 27.10 0.991 >15 min

ESD 0.86 93.60 0.999 >15 min

these thin structures result in less 
effective heat transfer from the 
deposition surface, they benefit 
from lower voltage and capacitance
parameters due to the lower heat 
input. This increases the build time 
and makes the use of an automated 
system more appealing.

3.3 Oxidation behaviour 
The oxidation of ESD processed 
Inconel 718 at elevated tempera-
tures in an air environment is also 
evaluated and compared to base 
metal Inconel 718. As expected,
the formation of an oxide layer is 
observed (Figure 6). The high con-
centration of Cr suggests the scale 
consists primarily of a Cr-rich oxide 
[6], with the depletion of Cr in the 

substrate indicating that outward 
diffusion of Cr occurs when form-
ing the oxide scale. Additionally, 
the formation of internal Nb-rich 
oxides at the interface between 
the Cr oxide scale and Inconel 718 
are detected. Enrichment of the 
oxide scale with Al and the presence
of other elements suggest that  
oxides beyond the primary Cr2O3 
may form [7–9]. Although both the 
ESD Inconel 718 and base metal  
Inconel 718 show similar oxide 
composition, differences between 
the oxide thicknesses are observed. 
The oxide that forms on the ESD 
processed Inconel 718 is approx-
imately twice as thick as the base 
metal Inconel 718.

Experimental mass gain measure-
ments obtained by TGA of base 
metal and ESD Inconel 718 at 
800°C are shown in Figure 7, with 
two periods showing distinctly 
different oxidation rate kinetics. As 
is typically observed in literature, 
Ni-superalloys similar to Inconel 
718 rapidly react to form an oxide 
according to logarithmic kinetics 
(indicated by the black best-fit 
lines in Figure 7a), after which it 
transitions to the desired parabolic 
kinetics (Figure 7b) [10]. The initial 
rapid oxide formation is rarely stud-
ied in detail since it occurs rapidly,
requires precise measurements, and 
is typically of little concern to the 
overall lifespan of the part. However,
in a component exposed to an 
abrasive high-temperature envi-
ronment, the ability to rapidly form 
an oxide scale is important.

Logarithmic oxidation kinetics are 
often used to describe initial oxide 
growth [16], which in this case has 
a thickness between 500 nm and 
1 µm. The kinetics are observed in 
the form of:
  m=A ln(1+Bt)

where m is the mass of the sample,
t is the time, and A and B are 
constants. Although many theories 
have been proposed to describe 
logarithmic oxidation kinetics, none
are fully accepted [17]. Parabolic 
growth kinetics are commonly used 
to describe the oxidation rate of 
high temperature materials that 
form passivating films [18]. Inconel
718 has been shown to form a 
chromium oxide film that slows 
oxidation of the underlying metal, 
with the oxidation rate inversely 
dependent on the thickness of 
the film. Oxidation kinetics in this 
regime are controlled by diffusion 
processes and can be described by:
  
                       m2=kp t+C

A (        )μg2 

cm2 B (        ) 1 

min

Kp(                 )μg2 

cm4 min C (         ) μg2

 cm4
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where m is the mass of the sample, 
t is the time, kp is the diffusion rate 
constant, and C is an integration 
constant. In Inconel 718, the diffusion
of Cr during high temperature  
oxidation is known to occur pref-
erentially along grain boundaries 
[19]. Therefore, the finer grain size 
and solidification microstructure 
of ESD processed Inconel 718 
– which forms cellular subgrain 
structures – should allow for a 
faster rate of passivating oxide film 
formation than the base metal. 

Experimental fits for these models 
are listed in Table 2. The R2 values 
are listed to indicate the ability of 
the model to explain the observed 
mass gain; the R2 values greater 
than 0.99 indicate that the models 
provide an excellent description 
of oxide film growth upon initial 
oxide formation and over periods 
of up to approximately 10 hours. 
Additionally, the visual differences 
in oxide thickness are quantified; 
ESD Inconel 718 experiences a 
faster initial oxidation rate and 
forms a thicker oxide coating 
than the base metal Inconel 718, 
although both follow parabolic 
kinetics that indicate a passivating 
effect. However, the effect of a fine 
grain structure in the metal may 
only be limited to the short-term 
oxidation kinetics. Other literature 
results of Ni-superalloys with high 
chromium content show that the 
metal grain size does not influence 
the long-term oxidation behavior 
[20], which is instead influenced by 
the oxide grain size [21].

4.0 CONCLUSIONS

The development of an electrospark 
deposition (ESD) process for the 
repair of Ni-superalloys was  
presented, with a focus on Inconel 
718. Two main topics are investi-
gated: process parameter selection
and an evaluation of oxidation  

behaviour. Depending on the 
target application, the findings 
presented here can help guide the 
use of ESD in repair and coating 
applications.

  Optimized process parameters 
were selected by studying the  
effect of voltage and capacitance.
It is concluded that lower capaci-
tance and voltage results in depo-
sitions with fewer defects, at the 
expense of the deposition rate. A 
porosity of less than 1% is achieved 
with the chosen parameters. Both 
peening and parameter selection 
influence the extent of surface 
roughness, with post process grind-
ing or polishing required to achieve 
roughness below 5 μm.

   The use of automated ESD 
systems with accurate control over 
the electrode movement, travel 
speed and contact force result 
in depositions with fewer lack of 
fusion defects. This improves the 
deposition quality when fabricating 
sub-millimeter thin ridges, which 
are otherwise challenging in manual 
systems that rely on operator skill. 
Additionally, lower capacitance and 
voltage parameters can be used 
on automated systems to achieve 
higher quality depositions without 
having to consider the difficulties 
attributed to long deposition times 
for manually operated systems.

   Oxidation behaviour of ESD 
processed Inconel 718 is compared 
to the base metal, which shows 
that the ESD processed Inconel 
718 more rapidly forms a chromium 
oxide scale. This is attributed to the 
fine solidification microstructure 
commonly found in ESD processed 
materials, which allows for the fast-
er diffusion of chromium. Both the 
deposited and base metal Inconel 
718 show logarithmic oxide growth 
kinetics during the initial stages, 
which then transition to parabolic 

kinetics that indicate the formation 
of a passivating film.
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