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Abstract: New materials require the use of advanced technology in manufacturing complex shape
parts. One of the modern materials widely used in the tool industry for injection molds or hot stamping
dies is high conductivity tool steel (HTCS) 150. Due to its hardness (55 HRC) and thermal conductivity
at 66 W/mK, this material is difficult to machine by conventional treatment and is being increasingly
manufactured by nonconventional technology such as electrical discharge machining (EDM). In the
EDM process, material is removed from the workpiece by a series of electrical discharges that cause
changes to the surface layers properties. The final state of the surface layer directly influences the
durability of the produced elements. This paper presents the influence of EDM process parameters:
discharge current Ic and the pulse time ton on surface layer properties. The experimental investigation
was carried out with an experimental methodology design. Surface layers properties including
roughness 3D parameters, the thickness of the white layer, heat affected zone, tempered layer and
occurring micro cracks were investigated and described. The influence of the response surface
methodology (RSM) of discharge current Ic and the pulse time ton on the thickness of the white layer
and roughness parameters Sa, Sds and Ssc were described and established.

Keywords: electrical discharge machining; EDM; surface layer; roughness; white layer; micro
cracks; modeling

1. Introduction

Electrical discharge machining (EDM) is a modern approach to manufacturing materials that
are difficult to machine through conventional methods. The EDM process is widely used to produce
parts such as injection molds, forging and aircraft parts. An advantage of EDM technology is that
it is possible to machine hard materials and complex shape geometries. The EDM is included in a
group of non-conventional technology with electrochemical machining [1–3], wire electrical discharge
machining [4] and friction-welding [5,6]. In the EDM process, material is removed from the workpiece
through a series of electrical discharges occurring in the gap between the working electrode and
the workpiece. Electrical discharges cause local melting and evaporation in both the workpiece and
material of the working electrode (tool). During this process, there are hundreds of electrical discharges.
Discharge energy forms specific surface integrity of the workpiece. The surface texture is created by
overlapping craters from single discharges. Obtained surface texture properties depend on the EDM
parameters such as discharge current, discharge voltage, pulse duration, pulse interval [7–9], the type
of dielectric used [10], or the electrode materials [11,12].

Heat energy conducted to the material changes the metallographic structure of the workpiece [13,14].
The properties of the changed layers have a strong influence on abrasion resistance, hardness, corrosion
resistance, resistance to thermal shocks, coating quality and more. Improving the quality of the surface
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integrity after the EDM process can be realized by electro discharge mechanical alloying [15,16], laser surface
modification [17–21], the use of powders in dielectric [22,23], hybrid-machining [24], or coatings [25,26].
Research conducted in the field of EDM technology focuses primarily on a better understanding of the
physical phenomenon of the process [27,28], monitoring the machining [29,30], improving surface quality
and the material removal rate [31,32], optimization of process technology [33–36], analyses of surface layers
properties [37,38] and new methods of forming difficult to manufacture materials [39].

The implementation of EDM in the manufacturing process requires full control of the machining
process to determine the impact of the parameters on the surface integrity. In the process of electrical
discharge, the most important factors influencing the surface layer properties and the material removal
rate are discharge current, discharge voltage, pulse duration and pulse interval. The discharge voltage
Uc has a decisive influence on the ionization of the channel where the current flows. For a higher
discharge voltage, it is possible to set a higher value for the inter-electrode gap. Increasing the discharge
voltage causes an increase in surface roughness and removal efficiency. Discharge current Ic directly
affects the amount of eroded material. Maximum current values are used in roughing to obtain a
high value of material removal rate. The pulse duration ton associated with the discharge current Ic

determines the amount of thermal energy delivered to the workpiece. The increasing pulse duration
and discharge current leads to increases in the diameter and the depth of the craters generated by
the electric discharge. Time interval toff is responsible for stabilizing the gap between the electrodes
(removed products of the process and deionization of the discharge channel). Described EDM electrical
parameters in production machines are not independent of each other, e.g., the time interval is
commonly set to a value of 0.3 of the time pulses to achieve the best correlations between the material
removal rate and the stability of the gap conditions after discharge. Discharge voltage in many EDM
production machines can only be set in a few predefined values. Therefore, one of the most important
parameters in the EDM process is the time pulse and discharge current. These two parameters define
the energy of the electrical discharges for constant voltage. The published results of the EDM are
concentrated mainly on improving the surface integrity and optimization of the process parameters.
However, analyses of the surface layers properties for high conductive tool steel related to the EDM
process parameters have not been sufficiently described.

In this work, surface layer properties of new material high thermal conductivity tool steel- (HTCS 150)
after EDM was investigated and described. The selection of this material was made by considering its
wide range of applications in dies in hot stamping, closed die forging and the injection of plastics.
The aim of this paper was to find the relationship between the EDM parameters including discharge
current Ic, pulse duration time ton and surface integrity of HTCS 150. Changes occurring in the
surface layers of the manufacturing material were also investigated. As a result of the supplied
energy from the electrical discharges, the craters formed a specific surface texture. Surface roughness
parameters are directly dependent on the form of the discharge current and time pulse. Heat flux from
discharge causes changes in the surface integrity. Observation of the metallographic structure showed
at the workpiece appearance characteristic layers such as the external melting layer (white layer),
heat affected zone and tempered layer. The physical phenomenon of removed material in EDM leads
to the generation of microstructure defects in the material such as micro-cracks. Response surface
methodology was used to build mathematical models to predict the influence of the investigated
process parameters on the surface layer properties. The experimental studies conducted allowed
a better understanding of the relationship between the changes of the high thermal conductivity
tool steel (HTCS) surface layer properties and showed that it is dependent on the EDM parameters.
Developed models can be used in the EDM process as a guideline for the selection of parameters to
achieve the desired surface layer properties in industrial applications.

2. Materials and Methods

The purpose of the experimental research was to investigate the surface layer properties of high
thermal conductivity tool steel after electrical discharge machining. HTCS 150 is widely used on dies
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in hot stamping, closed die forging and the injection of plastics and other applications requiring high
thermal conductivity and high abrasive wear resistance tool steels. The thermal conduction of the
investigated material was about 66 W/mK at 20 ◦C [40]. Experimental investigations of the EDM
process were carried out on a Charmilles Form 2LC ZNC machine. Manufacturing samples had the
dimensions of 12 mm × 12 × 3 mm, the electrode was a graphite POCO EDM3 and commercial EDM
fluid 108 MP-SE 60 was used as the dielectric.

2.1. Measurement Circuit of Voltage Current Waveforms

Measurement circuit has been developed to monitor the current-voltage characteristics during
machining (Figure 1). Waveforms can be characterized by the following parameters:

• Ic: height of the peak current during discharging;
• Uc: discharge voltage;
• ton: pulse duration time, the time required for the current to rise and fall during discharging; and
• toff: time interval, which is the time from the end of one pulse to the beginning of the next pulse

with the current.
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Figure 1. Scheme of the electrical discharge machining (EDM) process measuring the current
voltage characteristics.

The discharge voltage Uc is the main influence on the size of the gap between the electrodes. For
higher discharge voltage, ionization of plasma channel occurs in the larger distance between electrodes.
Discharge current Ic, pulse duration time ton, along with discharge voltage defines the energy of the
electrical discharge which is described in Equation (1):

E =
∫ ton

0
Uc(t)× Ic(t)dt (mJ), (1)

The experimental study on the influence of the EDM process parameters meant that pulse
current (Ic) and pulse duration (ton) on the surface layer properties of HTCS 150 was conducted.
The selected process parameters according to Equation (1) defined the discharge energy (for constant
voltage) and mainly influenced the physical phenomenon of removing material. Time interval toff was
responsible for the stabilizing conditions in the gap (removal of erosion products and deionization of
the discharge channel).

2.2. Experimental Design

The study was conducted on the basis of the experimental design, which was five levels and
two parameters. Conducting experiments with this methodology allowed us to reduce the number
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of experimental runs required to generate sufficient information for a statistically adequate result.
Experiments were conducted with the following machining conditions: pulse current in the range
Ic = 3–24 A, pulse duration in the range ton = 50–250 µs, with hold constants (open voltage U0 = 225 V,
discharge voltage Uc = 25 V) and time interval toff = 0.3 ton. Table 1 shows the levels of machining
parameters carried out in the experimental design.

Table 1. Design scheme of process parameters and their levels.

Levels
Parameters

Discharge Current Ic (A) Pulse Duration ton (µs)

−1.41 3 50
−1 6 80
0 14 150
1 21 220

+1.41 24 250

The range of analyzed parameters in the design experiment was selected on the basis of the
literature and a conducted preliminary study based on the stability of the occurring discharges
(monitored in the developed circuit).

Experimental investigation of the influence of the EDM process parameters on the surface
layer properties of high thermal conductivity tool steel was carried out using response surface
methodology (RSM). RSM is a mathematical and statistical technique that uses regression analysis to
build an empirical model on the influence of several variables for the investigated object. Using this
methodology, a near optimal point can be achieved.

In RSM, the influence of the independent process parameters on the investigated parameters can
be written as:

Y = f (X1, X2, . . . , XN) ± ε (2)

where Y is the response; f is the response function; ε is the experimental error; and X1, X2, X3, ..., Xn

are independent parameters.

2.3. Measuring Surface Layer Properties

Investigation of the surface layers properties of HTCS 150 after the EDM was carried out was
undertaken on a Taylor-Hobson FORM TALYSURF Series 2 scan profilometer (Taylor Hobson, Leicester,
UK) and optical microscope (Nikon, Tokyo, Japan). To investigate the surface roughness, an area of
1 × 4 mm was measured with discretization step (10 µm) in the X-axis and Y-axis. To characterize the
surface texture after the EDM, the following 3D parameter surface roughness was used:

• arithmetic mean of the deviations from the mean Sa (average value of the absolute heights over
the entire surface). The Sa parameter responds to the 2D roughness profile parameters Ra. It may
be obtained by adding the individual height values without regard to sign and dividing the sum
by the number of the data matrix, where M is the number of points per profile, N the number of
profiles and z, x, y are the height of the profile at a specific point.

Sa =
1

NM

N=1

∑
x=0

M=1

∑
y=0

∣∣zx,y
∣∣ (3)

• density of the top Sds (a number of summits of a unit sampling area), which relies on the eight nearest
neighbor summit definition where a peak is defined if it is higher than its eight nearest neighbors:

Sds =
1number o f summits
(M− 1)(N − 1)∆x∆y

(4)
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• arithmetic mean curvature to the top Ssc. This parameter obtains the mean form of the peaks
which are pointed or rounded, according to the mean value of the curvature of the surface at
these points.

Metallographic surface structure studies were performed using a NIKON Eclipse LV 150 optical
microscope (Nikon, Tokyo, Japan) coupled to an NIS-Elements BR 3.0 image analyzer (Nikon, Tokyo,
Japan). Specimens were included in the resin; next, they were machined with grinding and polishing.
Micro-etching was performed with nital 5% to reveal the microstructure of the material.

3. Results and Discussions

3.1. Surface Texture

The outer part of the top layer is determined by the topography of the surface. The surface
texture is generated by traces of electrical discharges. Depending on the investigated EDM process
parameters, there were significant differences in surface texture properties. The influence of the two
major EDM parameters were investigated: pulse current in the range Ic = 3–24 A and pulse duration in
the range ton = 50–250 µs, which determine the energy of the discharge pulse (with constant voltage).
The experimental research on the influence of EDM process parameters on the surface roughness was
carried out in accordance with the central composite rotatable design of the experiment with two
factors and five levels. The selection of this type of experiment allowed us to investigate the two factors
at each of the five levels. Conducting experiments with the central composite design allowed us to
reduce the number of experimental runs required to generate sufficient information for a statistically
adequate result. The results of the experimental studies are presented in Table 2.

Table 2. Design of the experimental matrix with measured surface roughness parameters.

Ex. No.
Parameters Sa

(µm)
Sds

(pks/mm2)
Ssc

(1/µm)Discharge Current Ic (A) Pulse Duration ton (µs)

1. 6 80 4.6 315 0.113
2. 21 80 7.53 203 0.112
3. 6 220 2.65 345 0.071
4. 21 220 11.4 137 0.151
5. 14 50 7.01 258 0.138
6. 14 250 10.4 113 0.139
7. 3 150 2.11 522 0.070
8. 24 150 11.8 127 0.125
9. 14 150 9.76 141 0.153
10. 14 150 9.33 144 0.139

The surface texture after EDM was formed by the overlapping of craters of electrical discharges
and had a random nature. The arithmetic mean of the deviations from the mean Sa was in the range
of 2.11–11.8 µm and corresponded to the values obtained in the finishing and roughing treatment.
For the obtained similar value of surface roughness parameter Sa for Samples 7 and 3, the value of the
density of the top Sds showed quite significant differences. This is due to the fact that the Sds parameter
depends on both the amplitude of the roughness and the distance between summits. The surface
hybrid roughness parameter Sds represents a number of summits in a unit sampling area and indirectly
define the distance between the next summits. A higher value of Sds means that the same area has
more summits. The changed distance between the next summits with a similar value of roughness
height parameters can show that the crater has a similar height but different diameter.

The arithmetic mean curvature to the top Ssc was in the range of 0.07–0.153 1/µm. The larger
value of the Ssc meant that the vertices were rounded. The Sds and Ssc values had a significant effect on
the abrasive wear of the surface, the application of coatings and reflectivity. With a smaller rounding
radius of the vertices, the top had a sharpness edge, which caused an increase in the surface adhesion.
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Analysis of the 3D measured surface texture (Figures 2 and 3) showed that the shape and depth
of the craters was dependent from the investigated EDM parameters.
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3.2. Modeling Surface Roughness Parameters Using Response Surface Methodology

Response surface methodology allows a process by a different function to be modeled.
The choice of the function should consider a best fit of the experimental results for response function
(the investigated parameters). Considering the above assumption, a regression equation was described
by the polynomial function of the second degree:

Y = β0 +
k

∑
i=1

βiXi+
k

∑
i=1

βiiX2
i +

k

∑
i=1,i 6=j

βijiXiXj + ε (5)
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This function allows the region of interest to be located where the response reaches its optimum
or near optimal value.

Results from the experimental studies were used to build an empirical model of influence
discharge current Ic and pulse duration ton on the surface roughness parameters. The statistical
test of the bullied model was conducted. The degree of fit of the regression equation to the results of
the experimental studies described the ratio correlation R. The ratio R was in the range R
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reflected the variability of the investigated characteristic. If the value of the coefficient R approached
unity, it was a more accurate fit of the regression equation to the research results. The Fishera-Snedecora
test (F) was used to verify the significance of the obtained correlation coefficient R. The test allowed us
to assess the adequacy of the regression equation, in other words, the compatibility of the model with
the results obtained during the experimental research. The value of the function test F was calculated
and compared with the critical value of the tables Fkr (read for the number of freedom at an established
level of significance p). The correlation coefficient R was significant when there was a relation for the
associated p-value (p = 0.05):

F ≥ Fkr (6)

The signification of each term in the regression equation was checked with a test of t-students.
The value of the function test t was calculated and compared with the critical value of the tables tkr
(read for the number of freedom at an established level of significance p).The term of the equation was
significant when there was a relation for the associated p-value (p = 0.05):

t ≥ tkr (7)

After eliminating the non-significant terms, the final response equations for the surface roughness
parameters were described by the polynomial function of the second degree, which is presented in
Equations (8)–(10). Table 3 presents the regression summaries for the established equations.

Sa = −1.31 + 0.86× I − 0.023× I2 − 0.0013 × I × ton (8)

Sds = 631.3− 40.40× I + 1.45× I2 − 0.39× I × ton (9)

Ssc = 0.113 + 0.0076× I − 0.0006× t2
on − 0.0004× I2 + 0.00004× I × ton (10)

Table 3. Regression summary.

Investigated Parameters
Calculate Regression Statistics

Ratio R F/Fkr p-Value Standard Error of Estimate

Sa 0.96 21.58 0.0013 1.255
Sds 0.96 25.34 0.0008 43.53
Ssc 0.98 29.67 0.0011 0.008

Developed models of the surface roughness parameters after EDM were checked by a residual
normal probability plot, the residuals versus the predicted values and the residuals versus the order of
data. The investigated normal probability plots in Figures 4a, 5a and 6a show that the relationship
between the expected normal value and residuals was approximately linear, which indicated that the
residuals may have normal distributions. An analysis of the residuals versus the predicted values
(Figures 4b, 5b and 6b) showed that the residuals had a stochastic nature. Observed errors had a
random pattern around the center line and were not correlated with another variable or with each other.
The study of residuals versus the order of data (Figures 4c, 5c and 6c) showed that the error terms were
independent of one another. The developed models were correct on average for the predicted values.
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The value of R was over 96% which meant that the regression models provided a good explanation
of the relationship between the investigated parameters discharge current Ic, pulse duration ton and
the surface roughness parameters. The associated p-value for the model was 0.05 (95% confidence).
Figures 7 and 8 show the estimated response surface for the surface roughness parameters in relation
to the discharge current Ic and pulse duration ton.
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The parameter describing the average height of surface roughness Sa (Figure 7a) was mainly
dependent on the discharge current. The increased current and pulse time corresponded to an increase
in the amount of eroded material in a single impulse. The craters generated by the electrical discharges
were characterized by a larger diameter and depth. This led us to obtain a higher value of roughness
height parameter Sa. At low currents (about 3 A), increasing the discharge time (and therefore discharge
energy) did not result in a significant increase in the Sa parameter. This was related to the amount of
heat generated and supplied to the workpiece during the discharge process, which caused melting
and evaporation of the material. The shape and evolution of the plasma channel radius is dependent
on pulse time. Increasing pulse time at the lowest current caused the generation of craters with a
larger diameter but with an unchanging depth. The shape of the roughness vertices can be described
by the arithmetic mean curvature to the top of Ssc and the density of the top Sds. The value of these
parameters is dependent on both the discharge current and the pulse time. For the highest values of
discharge current and pulse time, the lowest density of the top Sds and heights value of roughness
parameters Ssc (Figure 8) and Sa were obtained. This meant that the crater generated by the electrical
discharges had the largest diameter and height and the vertices were rounded. Overlapping individual
traces of the discharges built the surface texture. The increased current and pulse time increased the
diameter and power of the plasma channel. This led to a higher roughness profile with larger distances
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between the individual vertices and rounded tops. For short pulse times and the smallest current
values, the surface texture was characterized by a high density of vertices with sharpened edges.

3.3. Surface Layer Properties

The thermal, chemical and mechanical processes occurring during the electrical discharges create
specific surface layer properties. On the basis of the analysis of the metallographic surface of the
machined samples, the appearance of characteristic layers was observed (Figure 9). The external
melting layer (WL) and heat affected zones, which were visible in the form of a light structure
directly under the melted layer, had structural members oriented along the heat dissipation direction
(perpendicular to the surface to be treated) and tempered layer, occurring as a dark streak.
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Electrical discharges occurring in the gap cause melting and evaporation of both the workpiece
and the working electrode. At the end of the discharges, melted materials—which are a collapsed
bubble around the plasma channel—is ejected to the gap. This melted material—that is not removed
from the crater—re-solidifies, therefore creating the white layer. This layer in structure may be a
chemical decomposition from both the core material and the working electrode. Under the melted
layer was the heat affected zone (HAZ). This layer was visible in the form of a bright structure directly
under the melted layer, which had structural elements oriented along the heat-dissipating direction
(perpendicular to the surface to be treated). This layer was composed of martensitic and residual
austenite. The specific structure was formed by the diffusion of carbon from the pyrolysis of the oil
and rapid heat dissipation. Under the HAZ, there was a tempered zone. The tempered layer was
formed by the influence of discharge energy which caused the heating of this material zone, which was
then cooled by transporting the heat to the bulk. The occurrence of individual layers was observed for
all samples.

The main elements of the surface layers that has an influence on the properties of surface
integrity are the thickness of the white layer. Experimental research into the influence of EDM process
parameters on the thickness of the white layer was carried out in accordance with the central composite
design of experiment of two factors and five levels. The thickness of the white layer was measured
in 10 sections for each sample. The machining parameters used in the design of the experiment and
measured thickness of the white layer are presented in Table 4.
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Table 4. Design of experimental matrix and results for thickness of the white layer.

Ex. No.
Parameters Average Thickness of the

White Layer HWL (µm)Discharge Current Ic (A) Pulse Duration ton (µs)

1. 6 80 6.5
2. 21 80 21.2
3. 6 220 9.5
4. 21 220 34.4
5. 14 50 13.5
6. 14 250 27.2
7. 3 150 5.24
8. 24 150 31.3
9. 14 150 21.2

10. 14 150 22.5

3.4. Modeling of White Layer Thickness Using Response Surface Methodology

According to the described response surface methodology based on the results of the experimental
studies, an empirical model for the white layer thickness was developed. After eliminating the
non-significant terms, the final response equation for the average white layer thickness was described
by the polynomials function of the second degree Equation (11). Table 5 presents the regression
summaries for the established equation.

HWL = −2.076 + 1.32× I − 0.029× I2 + 0.005× I × t2
on (11)

Table 5. Regression summary.

Investigated Parameter
Calculate Regression Statistics

Ratio R F/Fkr p-Value Standard Error of Estimate

HWL 0.99 226.43 0.00001 1.17

The developed model of the white layer thickness was checked by the analysis of the residual
normal probability plot, the residuals versus the predicted values and the residuals versus the order of
data. The relationship between the expected normal value and residuals was approximately linear,
which indicates that the residuals may have normal distributions (Figure 10a). The residuals versus
the predicted values had a random nature (Figure 10b). The plot of the residuals versus the order of
data (Figure 10c) showed that errors were independent of each another.
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The value of R was over 99%, which meant that the regression model provided an excellent
explanation of the relationship between the investigated parameters of discharge current Ic, pulse duration
ton and the average white layer thickness. The associated p-value for the model was 0.05 (95% confidence).

The average thickness of the white layer was mainly dependent on the amount of thermal energy
supplied to the workpiece. Increasing the pulse time at the lowest current did not significantly change
the HWL value. In this case, most of the discharge energy was conducted to the material, which caused
a small amount of eroded material. Increase pulse time and current caused an increase in the amount
of fused and evaporated material, consequently, more material that was not removed from the surface
of workpiece re-solidified on the core. Figure 11 shows the estimated response surface for the average
white layer thickness in relation to the design parameters of discharge current Ic and pulse duration ton.
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3.5. Defects of Surface Layers: Micro Cracks

The physical phenomenon of removal material in the EDM generates microstructure defects
in material such as micro cracks. The energy of the electrical discharge leads to local melting and
evaporation of material. Between the electrodes, a plasma channel is formed around bubbles filled
with vaporized metals. An implosive closing of the plasma channel and bubbles leads to throwing
away erosion products to the gap. Part of the molten material that was not removed from the crater,
rapidly re-solidifies in the core which causes thermal stress. Tensile stress is generated by the result
of the rapid cooling and solidification of the molten layer at the much lower temperature of the core
material. Shrinkage is produced by the resist of the core material. Exceeding the maximum tensile
strength of the material, causes the generation of micro cracks (Figure 12). These surface structure
defects strongly influence fatigue resistance and corrosion resistance.
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Analysis of images of the metallographic structure from conducted experimental research revealed
that in each sample, micro cracks were found. Micro cracks mostly occur on the surface of the crater
and are usually directed perpendicular to the heat affected zone. In most of the investigated samples,
micro cracks propagated to the end of the white layer.

3.6. Influence of Sequential Machining on Surface Layers Properties

The industrial manufacture of parts with EDM technology is divided into several treatments.
In the first stage, material is removed from the workpiece using the biggest discharge energy (roughing
technology). In the next step, the parameters of the process are changed to achieve the proper surface
layer properties and low roughness of the manufactured parts. The EDM process is conducted with
the semi finishing and finishing step with respectively smaller discharge energy.

In addition to the studies conducted with an experimental methodology design, sequential
processing of EDM has been carried out to investigate the metallographic structure typical for
production processes where roughing, semi finishing and finishing operations occur. Table 6 presents
the investigated processing.

Table 6. Parameters of the EDM for sequential manufacturing.

Operation

Parameters
Manufacturing

Depth (mm)Discharge
Current Ic (A)

Discharge
Voltage U (V)

Pulse Duration
ton (µs)

Pulse Interval
toff (µs)

Roughing 24 25 150 50 0.1
Semi finishing 14 25 80 30 0.05

Finishing 3 25 150 50 0.05

A comparative analysis of metallographic images (Figure 13) was performed for the sample
to be treated sequentially and for Sample 7 of the experimental design, which corresponded to the
finishing stage.
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The average thickness of the white layer of the sample by sequential manufacturing was about to
HWL = 5.5 µm and it corresponded to the average layer thickness obtained for Sample 7. Additionally,
the average layer thickness of the heat-affected zone (HAZ) for both samples was similar and was
equal to HHAZ = 6–7 µm. Significant differences in the analyzed samples were obtained in the thickness
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of the tempered zone. The sequentially processed sample had a twice the thickness of the tempered
layer (HT = 20 µm) from sample processing with only the finishing parameters. The heat flux of the
sample processed in sequential order left changes in the thickness of the tempered layer.

4. Conclusions

The experimental studies conducted were focused on the surface layer properties of high thermal
conductivity tool steel HTCS 150 after electrical discharge machining. As a result of the energy supplied
by the electrical discharges, craters formed a specific surface texture. Surface roughness parameters
directly depend on the form discharge current and time pulse. Heat flux from the discharge causes
changes in the surface integrity. Observation of the metallographic structure showed that the workpiece
had characteristic layers such as the external melting layer (white layer), heat affected zones and
tempered layer. The newly formed metallographic structure was characteristic of the EDM process
and the thickness of the individual layers was dependent on the machining parameters that defined
the amount of energy transferred to the workpiece. The physical phenomenon of material removal in
EDM led to the generation of microstructure defects in the material such as micro-cracks.

To summarize the results of the experimental investigation:

• The roughness parameter Sa was the range of 2.11–11.8 µm and corresponded to finishing and
roughing machining. Sa was mainly dependent on the discharge current. Furthermore, the increase
of discharge current increased the amount of eroded material in a single pulse, thus leading to
higher roughness.

• Surface roughness hybrid parameters Sds and Ssc described the shape of the roughness vertices.
The arithmetic mean curvature to the top Ssc was in the range of 0.07–0.153 1/µm and the density
of the top Sds was in the range of 113–522 pks/mm2. For the highest values of discharge current
and pulse time, the lowest density of the top Sds and the height values of the roughness parameters
Ssc and Sa were obtained. The increase in discharge current and pulse time caused increases in
the amount of eroded material, which provided a higher roughness profile with larger distances
between the individual vertices and rounded tops. For finishing parameters with the shortest
pulse times and the smallest current values, the surface roughness was characterized by a high
density of vertices with sharpened edges.

• The thermal, chemical and mechanical processes occurring during the electrical discharges caused
the creation of a surface layer containing a white layer, heat affected zones and a tempered
layer. The thickness of each layer depended on the discharge current and pulse time. A minimal
thickness of the investigated layers was observed for the lowest discharge energy.

• The main elements of the surface layers that influence the surface integrity properties are the
thickness of the white layer. The average thickness of the white layer was in the range of 5–34.5 µm
and depends mainly on the amount of thermal energy supplied to the workpiece. Increasing the
pulse time at the lowest current did not significantly change the HWL value.

• Images of the metallographic structure showed defects in the surface layers as micro cracks. The micro
cracks mostly occurred on the surface of the crater and were usually directed perpendicular to the
heat affected zone.

• Sequential processing of the EDM typical for production processes such as roughing,
semi-finishing and finishing operations, showed that the average thickness of the white layer of
sample sequential manufacturing was equal to HWL = 5.5 µm. This value corresponded to the
average layer thickness obtained in single finishing processing but had a twice as large thickness
of the tempered layer (HT = 20 µm). These differences were a result of the residue after the
heat flux in the roughing operation and could be minimized by the appropriate selection of
finishing parameters.

• Developed regression equations can be used in electrical discharge machining as a guideline for
the selection of process parameters to achieve the desired surface layers properties.



Metals 2017, 7, 550 15 of 16

Acknowledgments: This research work was supported by a grant from the Fundamental Research Funds of the
Faculty of Production Engineering, Warsaw University of Technology, No. 504/03142/1104/42.000100.
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