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Abstract. The dry-EDM process is environmentally neutral and enables to obtain good machining 
accuracy and relatively good surface quality. On the other hand, the application of dry-EDM is limited 
due to problems with the effective dissipation of heat from the machining zone and instability of 
material removal. The machining of Inconel 625 alloy was carried out in the carbon dioxide as a 
dielectric supplied to the machining gap through the channel in the working electrode, in the milling 
kinematics. In one of the investigated variants, the workpiece was submerged additionally in the 
deionized water during machining. The main aim of this research was to determine an influence of 
EDM milling in carbon dioxide with and without external workpiece cooling on the workpiece 
technological surface integrity i.e. roughness, morphology and microhardness. The pulse time, 
current amplitude and gas pressure were selected as investigated parameters. Obtained results indicate 
significant differences in surface layer properties for both investigated machining variants. 

Introduction 
Electro-Discharge machining (EDM) is one of the most commonly used in all the branches of 

industry, non-conventional machining methods, where the material is melted, evaporated and 
removed as a result of electrical discharges occurring between the working electrode and the 
workpiece in the working electrode gap, which is filled with dielectric. Because of the thermal 
character of EDM it is possible to machine each material which is an electroconductive (in some 
cases also semi-conductors can be machined) regardless its mechanical or chemical characteristics. 
EDM process enables to shape very small elements with high precision, good surface quality and 
acceptable accuracy, it is also possible to get even very thin - walled (high aspect-ratio) elements with 
complicated shapes. Changes in the technological properties of the surface layer which occur as 
a result of the spark erosion effect are strictly related to the used EDM machining process parameters. 
There are few factors which affect the EDM process such as current intensity, voltage, pulse on and 
off time, dielectric type, material of working electrode and EDM generator type. The literature [1] 
emphasizes the key influence of the type of used dielectric on the properties of the surface layer. This 
is related to the physical properties of the dielectric, which determine the possibility of electrical 
discharges, the ability to extinguish the arc and cooling and solidification of evaporated or melted 
material, removal of erosion products from the treatment zone, as well as heat dissipation from the 
workpiece and electrode [2]. It should be also pointed that the thermal and electrical character of 
EDM implies the need to pay special attention to the thermal and electrical properties of the machined 
materials. Workpiece thermal and electrical properties determine the efficiency of the machined 
material melting, evaporation and cooling. 

It is possible to divide dielectrics that are used in EDM into three groups: hydrocarbon-based 
dielectric liquids, water-based dielectric liquids and gaseous dielectrics. In the variant of EDM in gas, 
the gas (e.g. air, oxygen or nitrogen) is used as dielectric and the melted material is removed from 
machining gap by the high-pressure gas flow through thin-walled pipe electrode. The role of gas is to 
cool, solidify and prevent molten material from welding to the electrode and workpiece. In addition, 
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gas-jet stabilize the plasma channel between sequent discharges and allows to recovery of dielectric 
strength in the machining gap. As omitting gas air, nitrogen, oxygen and a mixture of argon and air 
can be applied. Conventional EDM treatment in a liquid dielectric is a strictly thermal process, while 
in the EDM treatment in the reactive gas oxidation occurs – which testify about the thermo-chemical 
nature of the treatment [3]. In comparison to treatment in liquid one can state following advantages 
of EDM treatment in a gas [2, 4, 5, 6]: (1) reduced negative impact on the natural environment (no 
harmful products of dielectric decomposition reach the atmosphere), (2) due to the lower energy 
density, more uniform working electrode linear wear, (3) smaller inter-electrode gap, better 
machining accuracy, (4) relatively good surface quality (thin thermal influence layer), (5) higher 
machining efficiency, which is determined by the process stability (for some machining conditions 
the plasma channel can develop more easily). However, despite of a number of advantages of the 
EDM process in the gas, there is still a significant problem with the effective heat removal from the 
machining zone and material surface, the appropriate selection of process parameters, and thus 
achieving the appropriate stability and efficiency of the treatment. Therefore, EDM in gas is still not 
used in industrial conditions.  

In the literature, one can find examples of using EDM in gas in various kinematic variants and 
modifications of the process itself (so-called process hybridization). One of the hybridization 
describes Yang et al. [7], who indicate the use of EDM in milling kinematics in deionized water using 
oxygen as a dielectric (in this configuration one can state that is quasi dry-EDM process). Thanks to 
the continuous supply of oxygen to the machining zone and the fast-moving working electrode, very 
high machining efficiency have been achieved and at the same time the oxidation of the surface 
increased. Joshi et al. [8] introduced the pulsed magnetic field during dry-EDM. It allowed to achieve 
a 130% increase in the machining efficiency with negligible working electrode wear (in relation to 
EDM treatment in the gas without assistance). Liqing and Yingjie [9] due to use of a mixture of 
oxygen and other gases (argon, nitrogen and air) and the use of cryogenic cooling of the workpiece 
with liquid nitrogen achieved an increase in machining efficiency and a reduction in surface 
roughness. 

In the paper the results of dry-EDM milling of Inconel 625 in the carbon dioxide and in the second 
variant in the carbon dioxide with the sample immersed in the de-ionized water environment were 
presented. The goal of these research was to determine an influence of gap voltage, current intensity, 
pulse on-time and pulse off-time on the material surface integrity (i.e. roughness, heat affected zone, 
morphology and microhardness). 

Materials and Methods 
The EDM milling was conducted on the research test stand equipped with electro-discharge 

generator at the Cracow University of Technology. The tests were carried out with the application of 
tubular copper electrode with an outer diameter of 1 mm. The carbon dioxide as a dielectric was 
supplied to the machining gap through the channel in the working electrode in two following 
configurations (Fig. 1): 

• variant A: the carbon dioxide as the medium was supplied with pressure to the machining gap 
through thin - walled pipe electrode, 

• variant B: the carbon dioxide was supplied to the gap in similar way as in A, however the 
workpiece was submerged in the de-ionised water. 

In both cases, the Inconel 625 alloy was machined and in each EDM milling operation 10 layers 
of material were removed, alternating in two directions (the working electrode was lowered by 25 
µm each layer). Such a strategy allowed to stabilized machining conditions. For each variant 9 
samples were machined with different pulse on-time, voltage, current and gas pressure (Tab. 1) and 
following constant machining conditions: polarity - working electrode (+), workpiece (-); pulse duty 
CO2 factor: 0,5. The values presented in the Table 1 for samples 1A and 1B are the average values 
from three repetitions of the machining. 
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a) Dry-EDM (variant A) b) Dry EDM in the deionized water 
environment (variant B) 

Figure 1 Scheme of the two dry-EDM variants [10] 
 

Table 1 Samples description with machining parameters 

Sample number 
with additional 
external cooling 
(variant A) 

Sample number 
without 

additional 
external cooling 

(variant B) 

Pulse 
on-time 

[µs] 

Voltage  
[V] 

Current 
intensity 

[A] 

Gas 
pressure 

[bar] 

2A 2B 100 100 2.70 6 
3A 3B 500 100 2.70 6 
4A 4B 300 100 0.90 6 
5A 5B 300 100 4.50 6 
6A 6B 300 100 2.70 2 
7A 7B 300 100 2.70 10 

1A (3 repetition)  1B (3 repetition) 300 100 2.70 6 
 
Presented below analysis was focuses on selected aspect of surface integrity and consists of: surface 
roughness (parameters Rq, Rz, Rsk, Rku), SEM photographs and microhardness comparison for 
samples machined with two mentioned before variants. The surface roughness was measured with 
the Taylor Hobson profilometer (because of the sample size, measuring length was 4 mm). The 
microhardness tests were performed with Vickers method on INNOVATEST microhardness tester at 
the load of 0.001 N. The hardness measurements were taken at three heights starting from the 50 µm 
from the machined surface to a value of 150 µm where the last measurements were taken. At each 
level the measurement was repeated three times. 

Discussion of the results 
Considering the results presented in Table 2, Figs. 2 and 3, one can state, that machining in variant 

B cause significantly improve of surface roughness parameters. However, considering nature of the 
investigated process one can state that it is hard to identify the relation between roughness parameters 
in dry-EDM which is caused by the stochastically distribution of discharge craters. In selected cases, 
the values of Ra and Rz are almost twice smaller than for variant A (i.e. sample 3A vs 3B, 4A vs 4B, 
6A vs 6B). One can also state, that surface roughness changes with change of investigated parameters, 
however in case of pulse time and current amplitude roughens increases with ti and I increases for 
both investigated variant, while change of CO2 inlet pressure cause roughness increase only in variant 
B. The mean square deviation of the roughness profile Rq for the individual milling was also 
identified.  

The value of Rsk gives information about the symmetry of the profile distribution in relation to 
mean plane. The lower the Rsk value, the flatter the surface and the more rounded the peaks what is 
which is beneficial during part exploitation (i.e. good lubrication purposes). It is worth mentioning 
the advantages of workpiece cooling, because in the variant B value of Rsk decreases with increasing 
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pulse time and current intensity, however an increase in the pressure of the gas supplied to the 
machining zone causes an increase in the value of Rsk for variant A and B.  

The value of Rku (kurtosis) is a measure of the sharpness of profile peaks. When the distribution 
of profile peaks and valleys are normal Rku=3 µm, while for profiles with sharp peaks Rku can be 
higher than 20 µm. Considering obtained results one can state, that in majority cases Rku is close to 
3 µm, so the profile height distribution is close to normal. The exception is sample 6B, where 
Rku=7.6 µm.  

It is worthy to mention, that roughness values for experiments 3A/3B and 6A/6B differ 
significantly from the other samples. These tests were conducted with the same voltage and current 
intensity but for extreme value of pulse on-time (max. ti=500 µs for samples 3A/3B) and gas pressure 
(min. p=2 bar for samples 6A/6B).  
 

Table 2 Surface roughness parameters (mean values based on 3 measurements) after EDM in two 
variants 

Sample number 
(var. A/var B) 

Ra [µm] Rz [µm] Rq [µm] Rsk [µm] Rku [µm] 
A B A B A B A B A B 

2A/2B 3.72 3.25 21.00 20.53 4.64 4.29 -0.01 0.72 3.03 3.75 
3A/3B 6.92 3.25 39.53 19.23 8.77 4.09 0.36 -0.06 3.07 3.06 
4A/4B 4.80 1.82 24.27 11.43 5.86 2.31 0.63 0.48 2.79 3.04 
5A/5B 5.71 4.77 32.07 29.20 7.12 6.09 0.45 -0.04 3.14 3.20 
6A/6B 11.19 3.82 49.27 21.57 13.37 4.72 0.05 0.10 3.53 7.67 
7A/7B 5.73 5.36 35.10 29.30 7.26 6.51 0.48 0.20 3.23 2.82 
1A/1B  5.34 3.83 28.88 23.99 6.58 4.90 0.44 0.07 3.07 3.18 

 

 
a) Ra 

 
b)  Rz 

Figure 2 Comparison of surface roughness parameters for both investigated variants: a) Ra 
and b) Rz 
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a) pulse time - ti, b) current intensity - I 

 

Standard deviations of Ra and Rz for samples 
machined with research plan central parameters 
(ti=300 µs, I=2,70 A, p= 6 bar): 

• 1A: σRa= 1,65 µm; σRz=7,12 µm, 
• 1B: σRa= 0,55 µm; σRz=3,44 µm. 

c) gas presurre - p  

Figure 3 Comparison of the influence of different process parameters: ti,, I and p on the surface 
roughness petameters Ra and Rz for investigated variants (relation based on the mean values 

according to Table 2) 
 

The preliminary and qualitative analysis of changes in surface layer morphology SEM photographs 
of surface cross-section was considered. According to Figs. 4, 5, and 6 one can formulate the 
following conclusions: 

• in both variants increase of pulse time current amplitude cause increase of thickness of white 
layer as well as more microcracks occur. Increase of ti and I also increasing surface 
irregularities and makes discharge craters deeper, however such effect is more noticeable when 
machining is carried out in variant A (Fig. 4 and 5), 

• the surface layer morphology depends also on gas pressure, especially when machining 
without workpiece cooling. In variant A increase of p cause decrease of thickness of white 
layer, discharge craters become shallower and less amount of melted material (particles) is 
visible on surface (Fig. 6). It is worth to mentioning that there were not such significant 
differences in case of machining in variant B. 

Further analysis of heat affected zone properties is necessary, especially to explain the differences in 
the amount and thickness of solidified material on the machined surface.  

The last investigated factor was surface microhardness, calculated as the average of the three 
measurements (Fig. 7). As a reference microhardness of raw material was also measured (its mean 
value was 229 HV). When analyzing the values of microhardness machined in variant A, one can 
state that in most cases it is lower than microhardness of raw material as well as microhardness of 
surface obtained during machining in variant B. The decrease of hardness in relation to raw material 
may result from changes in the chemical composition of surface layer. It is connected with phenomena 
occurring during melting and solidification of the electrode material, as well as the oxidation process. 
It leads to changes of composition in the surface layer and affects physical and chemical properties 
of material. However, to detail the change in microhardness further in-depth analysis is necessary, 
especially with regard to changes in the depth of the material. 
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Figure 4 Comparison of the SEM photos after EDM process with pulse time ti=100 µs and ti=500 
µs in two variants with the following machining parameters: U=100 V, I=2.7 A, p=6 bar. 
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Figure 5 Comparison of the SEM photos after EDM process with current I=0.9 A and I=4.5 A in 
two variants with the following machining parameters: ti= 300 µs, U=100 V, p=6 bar 
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Figure 6 Comparison of the SEM photos after EDM process with pressure p=2 bar and p=10 bar in 
two variants with the following machining parameters: ti= 300 µs, U=100 V, I=2.7 A 

 

 
Figure 7 Results of microhardness measurements in two variants, average values from repetitions at 

three levels, RAW material hardness 229 HV 

Summary 
One of the most important advantages of dry-EDM process is that it is environmentally friendly, 

meaning that during the machining process decomposition of the harmful dielectric’s components, as 
it happens during machining with e.g. carbon-based dielectric liquids, does not occur. Unfortunately, 
dry-EDM process is still not commonly used in industrial applications. It is caused by the complex 
physical-chemical nature of the process, problems with effective heat dissipation from the machining 
zone, as well as adjusting proper process parameters, allowing to achieve the appropriate reliability 
of material removal.  

The main aim of the research described in the paper was to determine the influence of chosen 
process parameters on the material surface integrity. During the research it was stated that: 

• machining in variant B (the carbon dioxide supplied with the pressure to the machining gap 
through thin-walled pipe electrode and the workpiece submerged in the de-ionised water) cause 
significantly improve of surface roughness parameters in comparison to variant A (the carbon 
dioxide supplied with pressure to the machining gap through thin-walled pipe electrode) 
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• in both variants by an increase of pulse time and current amplitude cause increase of thickness 
of heat affected zone, 

• the surface layer morphology depends also on gas pressure, especially when machining 
without workpiece cooling, with the increase of gas pressure discharge craters become 
shallower and less amount of material is melted on the surface. Such significant differences 
were not noticed in variant B, 

• in variant A in the most cases microhardness is lower than microhardness of raw material as 
well as microhardness of surface after machining in variant B. It will be caused by potential 
changes in the chemical composition of the surface layer. 

Considering the complexity of the nature of electrical discharge machining in gaseous dielectrics, 
the broader and deeper analysis of the influence of mentioned EDM process parameters is required.  
It has to be noticed, that in variant B gap consists of stochastic mixture of gas and liquid (which 
influence on gap deviations) and application of carbon dioxide has influence on the nature of spark 
discharge and material removal process. Therefore, further research should especially focus on 
these aspects of proposed modification of dry-EDM process and its influence on the heat affected 
zone properties in details.  
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