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Abstract
Control of splat thickness in an electrospark deposition (ESD) process can be used to improve the mechanical
properties of deposited Inconel 718. The lower cooling rates of thicker deposition splats obtained through higher
energy ESD parameters result in greater subgrain coarsening and lower microhardness. A subgrain growth model
and Hall-Petch relationship are used to quantify the extent of subgrain coarsening and the influence of splat
thickness on hardness, with a 4.5 times reduction in splat thickness achieving a 20% increase in microhardness.
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Introduction
ESD has found several applications in wear or corrosion resistant coatings and as a repair technique for cracked and
pitted components. Sartwell et al. (2006) achieved successful mechanical property and dimension restoration for
stainless steel, Inconel and nickel-copper alloy components, the assessment of which was based on porosity,
microhardness, wear resistance, tensile and fatigue testing, and surface finish analysis. These applications benefit
from a deposited material with properties equivalent to – or better – than the base metal, which can be achieved
through a finer grain structure. The Hall-Petch relationship indicates that smaller grain sizes result in a greater yield
strength, alongside other improvements to ultimate tensile strength, hardness and wear resistance (Russell and Lee,
2005).
Nanoscale grains have been reported to form in various electrospark deposition (ESD) processed materials including
aluminum-zirconium alloys (Brochu and Portillo, 2013) and Fe2B (Wei et al., 2017). These small grain sizes are
attributed to the short pulse duration of the ESD process, allowing for rapid solidification and cooling of the material
between each deposition. The use of ESD to restore oxidation resistant coatings by Farhat and Brochu (2012), found
that the performance of the repaired coating was improved due to the fine grain structure of the deposited material,
which allowed for improved diffusion along the grain boundaries. Improved tribological properties (increased wear
resistance) of nanoscale structured ESD WC-Co coatings have also been reported in the literature (Wang et al., 2010).
The improved properties were directly attributed to the nanostructured coating, which resulted in increased
hardness and the formation of lubricating oxides.
Ruan et al. (2016) showed that decreasing dendrite diameter and secondary dendrite arm spacing both resulted in
a microhardness increase, analogous to the Hall-Petch relationship. The presence of cellular dendritic structures in
ESD processed materials have been reported for nickel based superalloys by Ebrahimnia et al. (2014), which formed
parallel to the ESD growth direction with submicron diameters. Other rapid solidification processes exhibit similar
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cellular dendritic structures for nickel-based superalloys, including laser powder bed additive manufacturing of
Hastelloy X (Saarimäki et al., 2016). In this process, cellular dendritic structures with primary arm diameters less than
1 µm and no secondary arm formation were attributed to high cooling rates. Although the presence of subgrain
structures is well documented, the ability to control the dendritic subgrain diameter in an ESD process is beneficial
for optimizing mechanical properties. A model based on a subgrain growth mechanism is developed and used to
relate the deposition splat thickness with the cellular dendritic subgrain diameter, as well as describing the effect of
splat thickness on hardness in ESD processed Inconel 718.
Experimental Methods
An Inconel 718 solution-annealed sheet obtained from McMaster-Carr was used as the substrate material for the
ESD process. The substrate surface was 6 cm2 and the substrate thickness was 3.2 mm, with the supplier provided
chemical composition listed in Table 1. Inconel 718 solution-treated electrodes obtained from AlloyShop with a 3.2
mm diameter were used.
Table 1. Inconel 718 Substrate Composition (wt%)
Ni
53.5

Fe
17.8

Cr
18.5

Nb
5.1

Mo
2.9

Ti
0.9

Co
0.2

Al
0.6

C
0.03

Mn
0.09

Si
0.08

Cu
0.13

The deposition process was performed using a Huys Industries ESD machine. A process window varying several
process parameters was used to obtain depositions with low and high energy parameters. Due to the effect of
capacitance and voltage on the input energy of the ESD process, several voltage and capacitance values were used
while maintaining constant pulse frequency. These parameters are summarized in Table 2. Argon cover gas was used
at a flow rate of 10 L/min and the material was deposited in a bidirectional raster scan pattern for each sample.
Deposition time was kept constant by manually controlling the electrode travelling speed, with a single pass on a 1
cm2 area requiring 20 seconds of coating time. A total of 10 passes were performed for each sample, with a 10
second peening step using a hand-held motorized tool after each pass. The use of a peening step leads to a reduction
in surface roughness, improving the uniformity of subsequently deposited layers.
Table 2. ESD Process Window
Parameter
Pulse Frequency (Hz)
Voltage (V)
Capacitance (µF)

Value(s)
170
50, 100, 120
80, 100, 120

One sample was created for each process parameter and the samples were cross-sectioned and mounted in a
conductive resin, after which they were subjected to a series of grinding (400, 600, 800 and 1200 grit) and diamond
polishing (6, 3, 1 µm) steps. The samples were then etched by immersion using inverted glyceregia
(HCl:HNO3:Glycerol in a 5:1:1 ratio) for 1.5 and 3.5 minutes (Vander Voort, 1998), with a shorter time required to
etch the deposited material and a longer time required to etch the substrate.
Analysis of the prepared samples was performed on a JEOL JSM-6460 scanning electron microscope (SEM) with an
Oxford Instruments INCAx-sight EDX attachment and an Oxford BX51M optical microscope (OM). Subgrain diameter
measurements were performed using the intercept method for grain size determination (ASTM E112-13), modified
to account for the cellular dendritic shape. A line of known length was drawn perpendicular to the subgrain growth
direction, and the length was divided by the number of intersected subgrains to get the average subgrain diameter.
Hardness measurements were made using a load of 0.1 kgf on a Wolpert Wilson 402 MVD micro Vickers hardness
tester. Indentations on the boundary between deposition splats were avoided.
Results and Discussion
Microscopic analysis of ESD deposited Inconel 718 after etching shows a series of individually deposited splats with
varying thicknesses that stack to form the coating. Higher voltage and capacitance parameters result in higher
2

deposition rates and poorer coating quality, as seen in Figure 1a, while lower parameters result in favourable
coatings with no significant voids or cracks (Figure 1b).

Figure 1. OM image of a) 120 V, 120 µF, 170 Hz ESD deposition and b) 100 V, 80 µF, 170 Hz ESD deposition.
The ESD process deposits material through a series of short electrical pulses determined by the frequency parameter,
with each of these pulses depositing a single splat on the substrate surface. The rapid cooling rates associated with
ESD allow for the deposited material to solidify prior to the deposition of a subsequent splat, forming the layered
microstructure in Figure 1. As can be seen by the uneven substrate-deposition interface, some of the substrate is
melted during the deposition of the first layer. This can also be expected with subsequent depositions, where a
portion of the previously deposited material is re-melted.
Higher magnification images of the deposited layers show large regions with submicron cellular dendritic subgrains,
seen in previous work on the deposition of nickel alloys using ESD. Ebrahimnia et al. (2014) identified these subgrains
are being composed of primary dendrite cells with no secondary dendrite structures, comparable to that identified
by Savage et al. (1976) as occurring during cellular dendritic solidification modes in copper-nickel alloys. This and
other work on solidification modes is summarized by Lippold (2015), who states that the cellular dendritic subgrain
structure is a result of both high temperature gradients in the liquid and high solidification growth rates.
These cellular dendritic subgrain structures are predicted to form epitaxially with the rapid solidification of the
deposited layer, where initial subgrain formation starts at the interface of the previous layer or substrate and
propagates towards the deposition surface. Figure 2 shows that grain formation is influenced by the substrate grain
structure; grain boundaries extend across the substrate-deposition interface, with the structure changing from
equiaxed in the substrate to epitaxial in the deposition. Electron backscatter diffraction (EBSD) techniques used by
Ebrahimnia et al. (2014) for an ESD Inconel 738LC deposition identify splats with sufficient fusion to the substrate as
having cellular growth in the same crystallographic orientation as substrate grains. However, the presence of
impurities and lack of fusion defects can result in misoriented cellular growth.
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Figure 2. a) OM image along substrate-deposition interface and b) schematic of competitive cellular dendritic
subgrain growth directions at the interface
In an analysis of columnar to equiaxed transition in solidification processes, Kurz et al. (2001) concluded that the
solidification of molten material typically leads to equiaxed grains when local heat flux is equal in all directions and
epitaxial grains when local heat flux occurs preferentially in one direction. The change in morphology can therefore
be attributed to unidirectional heat flux within the deposited layers during ESD, compared to the uniform heat flux
experienced by the substrate during its subgrain formation. Figure 3 shows cellular dendritic subgrains of
approximately 800 nm in diameter, surrounded by splats with thinner or no discernable subgrain structure. Larger
cellular subgrains are visible in etched samples with the use of an optical microscope,
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Figure 3. a) SEM image of deposition with cellular dendritic subgrain, b) area of interest, and OM images of
competing cellular growth directions in c) a 100 µm thick splat and d) a 70 µm thick splat
as seen in Figure 3c and Figure 3d. These images more clearly show the existence of competing cellular subgrain
growth directions. Although a majority grow with small angles to the vertical direction – which matches the direction
of heat flow – some growth occurs at almost 90° to the vertical direction.
During ESD, the cellular subgrains form at the solid-liquid interface as the deposited splat cools below its melting
point and the solid-liquid interface moves from the substrate-deposition interface towards the deposition surface.
As the solidified material continues to cool, the fine cellular structure is expected to undergo coarsening. The amount
of coarsening depends on the amount of time the solidified deposition remains at an elevated temperature. In Figure
3, it is possible to distinguish the difference in cellular dendritic subgrain diameters between the individual
deposition splats. The subgrain diameter is defined as starting at the inner leftmost edge of a subgrain and extending
to the inner leftmost edge of the adjacent subgrain (Figure 2), and is calculated using the intercept method as
described in the experimental section. Arrow 2 indicates a region with fine cellular structures when compared to the
thick deposition splat and thicker cellular structures indicated by arrow 1. The presence of larger diameter subgrains
in thicker splats suggests that the thickness of material deposited with each pulse in the ESD process is correlated to
the final microstructure.
This premise stems from the larger time requirement for cooling thicker deposition splats. The longer duration at
elevated temperatures is expected to act as the mechanism that induces coarsening, resulting in larger cellular
dendritic subgrain diameters for thicker splats. This type of subgrain coarsening has been shown to follow the
subgrain growth equation (Rollett et al., 2004),
𝑑 𝑛 = 𝑘 𝑇 𝑡 + 𝑑0𝑛

(1)

where 𝑑 is the final subgrain diameter, 𝑘 𝑇 is a temperature dependent rate constant, 𝑑0 is the initial subgrain
diameter, 𝑡 is the time, and the growth exponent 𝑛 has a theoretical value of 2 when derived using a boundary
migration model in a pure single-phase system. Brook (1976) proposed that 𝑛 ranges between ideal values of 1 and
4 depending on several factors including the presence of impurities in single phase systems, the continuity and
mobility of secondary phases, and the diffusion mechanism responsible for boundary mobility. Similarly, 𝑘 𝑇 is
derived from an Arrhenius-type equation that depends on the activation energy of the grain growth mechanism,
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which – typically irrespective of grain size – is more commonly boundary diffusion than lattice diffusion (Koch and
Suryanarayana, 2000).
As previously stated, the subgrain growth process for ESD is expected to begin with a short-lived nucleation stage
during the rapid solidification process. The starting diameter of these cellular dendritic subgrains is assumed
negligible in comparison to the final diameter, simplifying Equation 1 by setting 𝑑0 to zero as was proposed by Martin
et al. (1997). A simple relationship now exists between the subgrain diameter and the coarsening time,
𝑑 = 𝑛√𝑘 𝑇 𝑡

(2)

Accurate experimental measurements of cooling time for each deposition are not easily made, requiring that a
relationship be developed between the deposition splat thickness and cooling time. This relationship can be
developed through an analysis of the heat diffusion equation, which can be simplified to one dimension, as heat can
be assumed to transfer from the deposition to the substrate in the vertical axis. Equation 3 presents the onedimensional form of the heat diffusion equation,
𝜕𝑇
𝑘 𝜕2𝑇
=
(
)
𝜕𝑡 𝑐𝑝 𝜌 𝜕𝑥 2

(3)

where 𝑇 is the temperature, 𝑡 is the time, 𝑘 is the thermal conductivity of Inconel 718 (11.4 W m-1 K-1 (MatWeb,
2017)), 𝑐𝑝 is the specific heat capacity of Inconel 718 (0.435 J g-1 K-1 (MatWeb, 2017)), 𝜌 is the mass density of Inconel
718 (8.19 g cm-3 (MatWeb, 2017)), and 𝑥 is distance in the vertical axis. Further assumptions can be made when
modeling heat diffusion within this system; the size of the substrate allows it to act as an infinite heat sink while
maintaining the starting room temperature and the argon atmosphere above the deposition has no ability to remove
heat from the deposited material. This results in one Dirichlet boundary condition at the substrate and one Neumann
boundary condition at the argon-deposition interface, as shown in Equation 4.
𝑇 = 298.15,

𝜕𝑇
𝜕𝑡

=0

(4)

Additionally, since subgrain coarsening begins once the deposition has solidified, the initial temperature is
approximated as the solidus temperature for Inconel 718 (1533.15 kelvin (MatWeb, 2017)). These assumptions allow
for the solution of the heat diffusion equation using the method of lines technique for partial differential equations.
The spatial dimensions in Equation 3 are discretized using centered finite difference and the resulting ordinary
differential equation (Equation 5) is solved numerically using MATLAB’s ode45 built-in function to find the
temperature profile as the cooling process progresses.
𝜕𝑇
𝑘 𝑇𝑖+1 − 2𝑇𝑖 + 𝑇𝑖−1
=
(
)
𝜕𝑡 𝑐𝑝 𝜌
(∆𝑥)2

(5)

For a 10 and 20 µm thick deposition splat, the temperature profile throughout the material is shown as it progresses
over time in Figure 4. As can be seen by the diverging temperature profiles, a longer period of time is required to
cool depositions with larger thicknesses.
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Figure 4. Temperature profile of 10 and 20 µm thick deposition splat during cooling process
To determine the effect of deposition thickness (𝐿) on the time required to cool the deposition to the substrate
temperature, the average temperature at each time step is calculated (Equation 6) using MATLAB’s trapz built-in
function.
𝑇𝑎𝑣𝑔 =

1 𝐿
∫ 𝑇 𝜕𝑥
𝐿 0

(6)

The time required to reach an average deposition splat temperature within 1 kelvin of the substrate is calculated for
depositions between 5 µm and 30 µm thick, with the results shown in Figure 5.
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Figure 5. Time required to cool a deposition splat to an average temperature of 299.15 kelvin
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An analysis of the solution shows a square dependence between the time required to reduce the temperature of a
deposition and its thickness,
𝑡 = 𝛽𝑥 2

(7)

related by a constant 𝛽. Varying the initial condition (temperature), substrate temperature or material dependent
constants (𝑘, 𝑐𝑝 and 𝜌) result in changes to the value of 𝛽 while maintaining the square relation between time and
thickness. Substituting this relationship into Equation 2 results in,
𝑑 = 𝐶𝑥 2/𝑛

(8)

where 𝐶 is equal to 𝑛√𝑘 𝑇 𝛽 . The dependence of the final subgrain diameter on constants 𝑛 and 𝐶 (which includes
both 𝑛 and 𝑘 𝑇 ) suggest a significant influence of the grain growth mechanism on the amount of coarsening
experienced during the cooling of an ESD splat. Another influence on subgrain growth can be attributed to
temperature and material properties such as density, specific heat capacity and thermal conductivity through the
constant 𝐶, which is influenced by 𝛽.
Equation 8 provides a model by which to analyze experimental values. Experimental cellular dendritic subgrain
diameters and the respective deposition splat thicknesses are displayed in Figure 6. The sample size used for the
analysis consisted of 728 cellular dendritic subgrains – examples of which are shown in Figure 3 – and were measured
using the intercept method described in the experimental methods section. Table 3 contains the best fit parameters
for an exponential relationship, as well as the R2 and normalized root-mean-square error values for the model.
Table 3. Fit parameters for subgrain size and deposition thickness relationship
Form
Eq. 8

Fit Parameters
𝐶
𝑛
0.178
4.387

Model Summary
R2
NRMSE
0.82
0.14

1.8
Data Points
Best Fit

Subgrain Diameter (m)

1.6

1.4

1.2

1
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0
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Figure 6. Average cellular dendritic subgrain size for various deposition splat thicknesses
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For the current system, Equation 8 is able to relate the thickness of a deposition splat made by ESD to the diameter
of the resulting cellular dendritic subgrains with relatively high accuracy, as shown with the R2 value in Table 3. The
process dependence of deposition splat thickness, in which higher energy parameters result in greater material
transfer and thicker splats, indicates that a reduction in energy input during ESD results in splats with finer subgrain
structures. The exponent 𝑛 is found to vary from the ideally predicted value of 2, although it is still similar to
previously reported experimental results for the subgrain growth equation (Rollett et al., 2004). Based on a
derivation by Brook (1976), a fit parameter 𝑛 of approximately 4 suggests the presence of an impure system in which
the grain growth mechanism occurs through the coalescence of a secondary (in this case interdendritic) phase by
boundary diffusion. ESD processed materials have been shown by Ebrahimnia et al. (2014) to exhibit interdendritic
secondary phases, which can be expected to coalesce during the subgrain coarsening process. The effect of grain
growth mechanism on 𝑛 and 𝐶 suggests that they are highly material dependent parameters. However, the
dependence of 𝐶 on 𝛽, which partly depends on the temperature differential between the substrate and deposited
material, suggests that substrate temperature is another process parameter (in addition to energy input) that can
affect the final subgrain diameter.
Contrary to the assumptions made in Equations 3 and 4, some heat loss is expected at the argon-deposition interface,
and not all heat transfer occurs only in the x-axis. Some heat may be removed from the deposited layer in a direction
with components perpendicular to the x-axis, as suggested by competing growth directions of the cellular subgrains.
Additionally, the temperature profile in a deposited material is not uniform over time; a longer exposure to higher
temperatures further from the substrate surface leads to some variations in subgrain coarsening within a deposition.
These non-idealities are likely to introduce deviations from the model – particularly for thicker depositions – which
helps to explain the non-ideal R2 value. Additionally, very thick splats beyond those studied here are expected to
experience a cellular to equiaxed transition. As the solidification front moves through thicker depositions, decreasing
thermal gradients and increasing solidification velocities may result in morphological changes that make
comparisons between subgrain diameters in thin and thick deposition splats inaccurate. The model fit parameters
presented in Table 3 may not be applicable to this scenario and should be taken into consideration before extending
the model to larger splat thicknesses.
The relationship between deposition splat thickness and subgrain diameter can be extended to explain the
mechanical properties of the deposited material. The Vickers hardness (𝐻𝑉) can be related to grain size using a
relationship analogous to the Hall-Petch equation, previously applied by Hanamura et al. (2014) to investigate the
hardness of steels in relation to their grain size. This expression is shown in Equation 9,
𝐻𝑉 = 𝐻𝑉0 + 𝑘𝑑 −1/2

(9)

where 𝐻𝑉0 and 𝑘 are fitted constants and the Hall-Petch relationship is extended to subgrain diameter (𝑑) as
suggested by Rollett et al. (2004). Substitution of the relationship between subgrain diameter and deposition splat
thickness (Equation 8) into Equation 9 results in a relationship between the Vickers hardness and the thickness of
the deposition splat,
𝐻𝑉 = 𝐻𝑉0 + 𝑘𝐶 −1/2 𝑥 −1/𝑛

(10)

with the values of 𝐶 and 𝑛 previously listed in Table 3. 𝐻𝑉0 is analogous to the friction stress constant in a traditional
Hall-Petch relationship, which is indicative of the lattice’s intrinsic resistance to dislocation motion. The
strengthening coefficient 𝑘 is described by Russell and Lee (2005) as the stress intensity required to induce plastic
yielding across grain boundaries, which is expected to extend to subgrain boundaries as well. Hardness and splat
thickness data obtained from ESD processed samples are shown in Figure 7, along with best fit parameters in Table
4 for the relationship in Equation 10.
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Table 4. Fit parameters for deposition splat thickness and Vickers hardness
Form
Eq. 10

Fit Parameters
𝐻𝑉0
𝑘
195.742
259.096

Model Summary
R2
NRMSE
0.53
0.16

540
Data Points
Best Fit

Vickers Hardness (kgf/mm2)
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Figure 7. Vickers hardness for various deposition splat thicknesses
Due to the nature of microhardness measurements there exists significant variation in the gathered data, as shown
by the lower R2 value. EDX measurements show negligible differences in composition between areas measured at
similar deposition splat thicknesses. Therefore, variation in the hardness values can likely be attributed to other
material properties including variations in subgrain orientation and surface texture, as suggested by the relevant
testing standards (ASTM E384-16). Resistance to deformation is highly dependent on cellular dendritic subgrain
orientation, with some orientations providing greater or lower resistance than others. This effect is more prevalent
when small indentation sizes are used, since dendritic subgrains in contact with the indenter may be uniformly
oriented in high or low resistance orientations. However, the results still indicate the existence of a negative
relationship between deposition hardness and splat thickness. As indicated by Russell and Lee (2005), larger spacing
between boundaries provides less barriers to dislocation movement and lower strength. This larger spacing is a result
of subgrain coarsening that occurs to a greater extent in thicker deposition splats, resulting in lower Vickers
hardness. Through the models presented in Equation 8 and 10, it has been demonstrated that the deposition splat
thickness can be used to predict cellular dendritic subgrain size and deposited material properties. Improved
performance of ESD processed materials is obtained with the use of lower energy input, which results in less material
transfer, thinner deposition splats, finer subgrain features and higher hardness.
Conclusions
The use of lower energy input during ESD to achieve thinner deposition splats results in improved coating quality,
finer subgrain size and improved mechanical properties.
•
•

Thinner deposition splats result in smaller diameter cellular dendritic subgrains. This is due to higher cooling
rates and a smaller degree of coarsening after the solidification of the molten deposition.
Material within thinner deposition splats show higher microhardness as a result of the finer subgrain
structure in accordance with a Hall-Petch relationship.
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