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Research of Geometric Accuracy of Circular Holes Machined by Wire EDM Technology
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Abstract: The geometric accuracy of the machined surface after WEDM can generally be understood as complying with the requirements of shape, position, orientation and
runout accuracy. Its level is usually quantified by the respective deviations from the nominal value. Even though WEDM technology is one of the most accurate finishing
machining technologies, when manufacturing curved shapes or rotational surfaces there are certain deviations from the desired geometric shape or dimension. Therefore,
the aim of the applied experimental research was to contribute to the database of existing knowledge, which can clearly define the extent of the influence for a specific
combination of workpiece material EN S355J0 and wire electrode material parameters CuzZn37 through a clear formulation of individual laws in relation to geometric precision
of curved surfaces after WEDM. The subsequent aim was, based on the analysis of the obtained results, to determine the primary causes of the occurrence of geometric

deviations, and to propose recommendations for their elimination.
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1 INTRODUCTION

The surface of most machined surfaces is made up of
various geometrical elements. Since a variety of factors are
present during machining, it is not always possible to
achieve the ideal, i.e. the prescribed surface shape. The
areas then have smaller or larger deviations from the ideal
geometric shape. If only one shape element is considered
then its deviation from the ideal geometric shape according
to international ISO standards is classified as a deviation of
the shape. At the same time, in practice we often encounter
the requirement of a particular bond that is given between
the base and a certain shape element. For example, a certain
part should be parallel or perpendicular to another part, or
the two parts together make a certain angle and so on.
Because WEDM is one of the finishing machining
technologies with a high quality of machined surface [1],
even a small geometric deviation from the desired shape,
position, orientation or runout [2] can have a significant
impact on the functionality of the finished component. This
is also evidenced in the research by Ali et al., Firouzabadi
et al. and Islam et al. [3-5]. They emphasize the
geometrical accuracy of the WEDM machined surfaces,
especially in terms of dimensions. When increasing the
geometrical precision of the machined surface, the research
was oriented mainly on the optimization of the wire
electrode feed rate. This was in particular the main focus
of research by Raksiri et al., Sanchez et al. and Yan et al.
[6-8]. In their works they describe some improvement in
the geometrical precision of the machined surface by
reducing the wire electrode feed rate. However, it should
be noted that a substantial reduction in the wire electrode
feed rate of the electrode leads to a significant
improvement in the number of geometric precision
indicators of the machined surface. On the other hand,
there is a significant fall in manufacturing productivity [9]
and thus a low economic efficiency of the electro-erosion
process [10]. Some researchers have on the other hand
performed a parametric study of the geometric inaccuracy
caused by the wire electrode itself. At the same time, they
attempted to describe these patterns in mathematical terms.
Puri et al. [11] describe part of these results in their studies,
where they focused on the dependence of geometric
accuracy of the machined steel surface with WEDM from

the wire electrode feed rate. Simulation was performed
using the Taguchi method. However, all of these studies
were oriented on flat surfaces.

It can be seen from this that the geometrical inaccuracy
ofnot only flat surfaces but also of the curved surfaces after
WEDM is substantially influenced by the precision of the
wire electrode feed. This is affected on the one hand by the
hardware and on the other hand by the software precision
of wire feed. Therefore, the experimental research was
focused primarily on contributing to the knowledge base
through a clear formulation of the particular laws in
relation to the geometric accuracy of curved surfaces after
WEDM. This includes in particular the identification of
geometric deviations of the curved surfaces of the circular
cross section of steel EN S355J0 after WEDM with
CuZn37 wire electrode ¢ = 0.25 mm.

2 THE FUNDAMENTALS OF GEOMETRIC DEVIATIONS
OF MACHINED SURFACE AFTER WEDM

As mentioned earlier in the introduction, despite the
high quality of the work area after WEDM, there are some
deficiencies. One of the major deficiencies is the geometric
deviation of the machined surface from the required
dimension or shape. In case of maximum deviation of the
dimension or shape we recognize the maximum distance 4
point of the actual work area achieved from the desired
"nominal" area of the envelope surface. The tolerance field
of geometric deviations thus represents the spatially
bounded area between the nominal region and the tolerated
region.

real surface

packaging plane

Figure 1 Tolerance field T of geometric deviations of shape A of real machined
surface from the nominal
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These regions are separated apart by a length equal to
the prescribed tolerance 7' (Fig. 1). It follows that for the
production of high-quality products, it is crucial that the
actual "real" machined area be in the section between the
nominal and the tolerated area.

A separate group of geometric shape deviations
includes circular deviations. The circularity of a particular
profile is considered to be correct if the difference in radii
of the two concentric circles between which any point of
the actual profile is equal to or less than the tolerance value
T. The centre of the concentric circles and their radii must
be chosen such that the difference of their radii is as small
as possible (Fig. 2).
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Figure 2 Basic parameters of the geometric deviations of circularity of the
machined area prescribed by STN EN ISO 1101: 2013-12: A1 - is the position of
concentric circles with centre in C1, A2 - is the position of concentric circles with

centre in Ca, An, Ar - the particular radial distances of the circles.

The correct position of the concentric circles according
to Fig. 2 is denoted as A, with center in C,. Then, the
maximum allowable distance Ar, in the given cross section
is represented by two concentric circles [12]. Their
maximum radial distance is equal to the maximum
allowable value generally referred to as the tolerance T.
The real dimension of the machined surface in any cross
section of the cylindrical or conical surfaces must therefore
be between these two concentric circles. Otherwise we
consider it to be a poor workpiece [13]. Formation of
geometric deviations of shape [14] of the actual from the
nominal "required" machined area after WEDM is
dependent on several factors [15]. This is in particular the
precision of the used CNC machine tool [16], the type of
electrode [17], the workpiece material [18, 19] as well as
the adjustment of the process [20, 21] and the technological
parameters [22, 23]. The complex effect of these factors
during the electro erosion process causes geometric
deviations [24] from the nominal shape, with the
predominant influence being that of the technological
equipment [25]. The following Tab. 1 shows the most
common causes of geometric deviations of the actual
machined area from the nominal. These concern the
machine tool, the tool [26], the workpiece and the settings
of the process and technological parameters.

This report in Tab. 1 shows that, when machining
curved surfaces and in particular circular cross sections by
WEDM technology, the decisive factor is the precise
software feeding of the wire electrode along the circular
path.

Table 1 The most common causes of geometric deviations of the real shape
from the nominal machined surface with the wire tool electrode WEDM
Reasons for geometric deviations of shape of
machined surface
- major and minor axis conduction errors,

Influencing factor

Machining CNC .
. - wrong setting,
electro-erosion S .
. - vibration of carrier parts,
machine

- elastic deformations of individual parts.
- size and intensity of wear,
- chemical and mechanical properties of the
material used,
- diameter and composition,
- vibration,
- software management.
- releasing internal residual stresses in the
material,
- shrinkage of the workpiece after electro-
erosive machining,

- chemical inhomogeneity of the material,
- internal disruptions or impurities in the
material,

- thermal influence of the surface layers or base
material,

- corrosion and aging of the material.

- dielectric properties (pH, temperature,
electrical conductivity, purity, etc.)

- intensity of flushing with dielectric fluid,
- combination of the main technological
parameters..

Wire tool electrode

Machined material

Setting of process
and technological
parameters

3 MEASUREMENT OF GEOMETRIC DEVIATIONS OF
CIRCULARITY OF MACHINED SURFACE

To measure the geometrical deviations of circularity of
the machined surface [27], different measuring instruments
[28] and devices are used in practice. The simplest ones
include templates, tooling plates and the like. However, it
is necessary to emphasize that these are not very effective
measuring devices. A more effective way of measuring
geometric deviations of circularity of a machined surface
is by means of measuring instruments, such as dial
deviation meters, pasameters or 3D measuring instruments.
Two basic principles are currently used to measure
geometric shape deviations. In the first case, it is a measure
of base-dependent geometric deviations, in the second
case, the least squares for the line and for the circle (LSC)
method. Measurement of base-dependent geometric
deviations is generally costly and time-consuming. The
individual measurement methods are described in STN
ISO 6318. The simplest, but less accurate is the one, two
and three-point method of circularity measurement. In one-
point measurement, it is essentially a measurement of the
deviations of the workpiece diametrically with the
deviation meter, with the workpiece rotating between the
two points.

The maximum deviation of circularity ycmax 1S then
determined as the difference between the maximum and the
minimum measured value by the deviation meter according
to the Eq. (1):

Yemax = Ymax ~ Ymin > KT (1)

where:

Ycmax - max. deviation of circularity / pm
Ymax - max. measured value of deviation / pm
Ymin - Min. measured value of deviation / pm
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The two-point measurement measures the diameters of
the workpieces circumferentially by simple two-touch
measuring instruments. The maximum circle deviation
Yemax 18 then determined as the half value of the difference
between the maximum and minimum measured diameter
of the workpiece with the following Eq. (2):

_ max|(PD1 _(PD2|

Yemax = 110, pm )

where:

Ycmax - max. deviation of circularity / pm

@1 - first measured value of the workpiece diameter / mm
o2 - second measured value of the workpiece diameter /
mm

The three-point method uses dial deviation meters. The
measurement is performed on a prismatic pad with the
measured workpiece rotating around its axis. The
maximum deviation of circularity is then determined as the
value of the difference between the maximum and
minimum value measured by the deviation meter with the
use of the Eq. (1).

As mentioned above, these methods of measuring
circularity deviations are rather inaccurate [19] and serve
mostly as an informative measurement. At present, the
most accurate methods for measuring circularity include
those that use special touch measuring devices. These
include, in particular, universal coordinate systems in
which the measuring touch moves around a firmly held
component. Alternatively, systems are also used in which
the component rotates about its axis of rotation. In this
case, the deviations are detected by a special stylus. In
certain specific cases, profilometer with diamond sensor or
surface scanners are also used to measure circularity
deviations.

4 MATERIALS AND METHOD
4.1 Used Material and Methods of Work

Experimental samples were made of fine-grained
construction steel EN S355J0 for welding. It is a steel that
is often used in practice on machine parts [6], cars, and so
on. Its chemical composition is shown in the following
Tab. 2.

Table 2 Chemical composition of EN $355J0 steel
Chemical composition of EN S355J0 steel
. Mn P S N Cu,
0, 0 max max max max
C/% SU% 1 o | 7% | v | % | 1%
max. 0.20 | max.0.55 | 1.60 | 0.040 | 0.045 | 0.012 0.55

The preparation of experimental samples of a circular
cross-section with nominal dimensions ¢w= 10, 20, 30, 40,
60 and 80 mm was carried out using CNC electro-erosion
equipment FANUC ALFA C600iA (Fig. 3).

To measure the deviations of the circularity ycmax of
the machined surface after WEDM of the experimentally
prepared samples from EN S355J0 steel, the compact
MittestoyRoundtest RA-120 measuring instrument was
used (Fig. 4).

Figure 3 Preparation of experimental samples with ¢w = 10, 20, 30, 40, 60
and 80 mm using CNC electro-erosion equipment FANUC ALFA C600iA

Figure 4 Measurement of circularity deviations ycmax 0f experimentally prepared
samples using compact MittestoyRoundtest RA-120 measuring instrument

With this method of measuring the -circularity
deviations of experimentally prepared samples, a method
was used in which the measured component rotated around
its own axis of rotation. Continuous course of circularity
deviations was scanned by a special touch tip.
Measurement was performed at three levels (upper, middle
and lower). The course of the measurement is shown in Fig.
5.

Figure 5 Measurement of circularity deviations Yemax OF exerimentally prepared
sample with dimension ¢w =80 mm using Roundtest RA-120 measuring
instrument

Unlike single and multipoint measurement methods
using simple measuring instruments, it is much more
difficult to evaluate the measured data using special touch
measuring instruments. In order to evaluate the maximum
deviation of circularity, it is necessary to have the "real"
surface data, i.e. profile with a filtered component of
roughness and waviness and a nominal "prescribed"
surface. The rotation object profile is most often obtained
in the form of polar diagrams. The basic requirement for
correctly evaluating the deviation of circularity is therefore
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the choice of the appropriate evaluation method. Methods
of evaluation of circularity deviations are given in STN
ISO 4291 or STN ISO 4292.

According to the standards mentioned, the circularity
deviation can be measured from any of the following
centres:

a) Least Squares mean Circle (LSC), which is the
circle for which the sum of squares of the deviations of this
circle from the removed or modified profile of the
components is the smallest.

b) Minimum Zone Circles (MZC) describes two
concentric circles surrounding the removed or modified
profile and have the smallest radial distance.

¢) Minimum Circumscribed Circle (MCC), which is
the smallest circle that can be drawn around the removed
or modified profile. (Used to measure -circularity
deviations on the outer surface).

d) Maximum Inscribed Circle (MIC) describes the
largest circle that can be drawn into the removed or
modified profile. (This method is used to measure
roundness deviations on the inner surface).

5 EXPERIMENTAL EXECUTION AND RESULTS

When evaluating the geometric deviations of
circularity of ycmax of the machined surface of the
experimentally prepared samples with nominal dimensions
ow = 10.0, 20.0, 30.0, 40.0, 60.0 and 80.0 mm using the
progressive WEDM technology, the evaluation method
according to STN ISO 4291 was used, i.e. Minimum Zone
Circles (MZC). The measured data are shown in Tab. 3.

Table 3 Measured data of maximum ycmax and average yip values of geometric
circularity deviations of EN S355J0 steel after WEDM

Average
Rated Average Measured valueg
size | Measured Meaiured measured Val.ue. max. | geviation
dw/ | location vatue value deylatloqs of of profile
Gwm / MM circularity . .
mm dwp / mm Y/ um circularity
'max Ve / pm
upper 9.884 134.70
10.0 | middle 9.930 9.923 190.40 164.37
lower 9.956 168.00
upper 19.965 114.80
20.0 | middle 19.895 19.896 161.70 136.83
lower 19.826 134.00
upper 29971 100.40
30.0 | middle 29.958 29.898 141.50 119.70
lower 29.764 117.20
upper 39.901 90.40
40.0 | middle 39.941 39.918 121.90 105.07
lower 39911 102.90
upper 59.941 73.60
60.0 | middle 59.868 59.891 93.70 82.40
lower 59.865 79.90
upper 79.914 66.00
80.0 | middle 79.962 79.935 83.60 74.27
lower 79.930 73.20

Based on the measured values of the maximum
geometric deviations of circularity ycmax of the
experimental samples of the circular cross-section with
nominal dimensions ¢w= 10.0, 20.0, 30.0, 40.0, 60.0 and
80.0 mm after WEDM with CuZn37 wire electrode
¢e=0.25 mm, the graphic relations shown in Fig. 6 were
created.
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Figure 6 Geometric deviations of circularity ycmax of EN S355J0 steel after
WEDM with CuZn37 wire electrode ¢ = 0.25 mm in upper, middle and lower
profile line of the machined surface with thickness of Hw =20.0 mm

Graphical relations in Fig. 6 show the course of the
values of the maximum geometric deviations of circularity
yemax Of the circular cross-sectional experimental samples
with a nominal dimension ¢w = 10.0, 20.0, 30.0, 40.0, 60.0
and 80.0 mm after WEDM in three profile lines (upper,
middle and lower) of the machined surface with a thickness
of Hy,=20.0 mm. From the graphs in Figs. 6a to 6f it can
be observed that the value of the maximum geometric
deviation of the circularity ycmax in individual lines of the
profile of the machined surface after WEDM with CuZn37
wire electrode ¢r=0.25 mm reaches the highest values
approximately in the center of the profile (for a profile with
dw=10.0 mm the value ycmax= 190.4 um). Lower ycmax
values were recorded at the lower line of the profile of the
machined surface and the lowest values were recorded in
the upper line (for a profile with ¢gw= 80.0 mm the value is
Vemax = 06.0 um). This deviation of the measured ycmax
values between the upper and the middle line of the profile
of the machined surface is 20 to 30% in the samples with
nominal dimensions ¢gw = 10.0 to 80.0 mm. A lower
percentage deviation of the measured data was recorded at
larger diameters. On the other hand it was higher for
smaller cross-sections of the profile ¢w of the machined
area.

Tehnicki viesnik 28, 5(2021), 1532-1538

1535



Luboslav STRAKA et al.: Research of Geometric Accuracy of Circular Holes Machined by Wire EDM Technology

Based on the measured values, graphical dependencies
(Fig. 7) were created. These describe the course of the
maximum geometric deviations of the circularity of ycmax
of the circular cross-sectional experimental samples with
nominal dimensions in the range of ¢w = 10.0 to 80.0 mm
in the individual profile lines (upper, middle and lower) of
the machined surface.

Measured value yy,,, for ¢, = 10 to 80 mm
200,00

180,00
160,00 \

140,00

120,00 - - ~

100,00 t T e

Greatest devlation from circularity ey, {ikm)

X
v
I
|
|

o _1-n m 30 ﬂ:) !;] &0 70 80 90
Circle profile diameter of the machined surface ¢,, {mm)
Figure 7 Maximum values of geometric circularity deviations ycmax of EN S355J0
steel after WEDM with CuZn37 wire electrode ¢& = 0.25 mm in respective profile
lines of machined surface within the nominal dimensions ¢w= 10.0 to 80.0 mm

From the graph in Fig. 7 it can be observed that the
value of the maximum geometric deviation of circularity
Yemax 10 individual lines of the profile of the machined
surface after WEDM with the CuZn37 wire electrode
#:=0.25 mm is dependent on the diameter of the eroded
surface @w. Furthermore, it can be observed that its size
paradoxically decreases with an increasing ¢w of the
machined surface. Its maximum size for ¢w of the
machined surface in the range of 10.0 to 80.0 mm ranges
at Yemax = 66.0 to 190.4 um. Higher value applies to smaller
@w of the machined surface with the lower value applying
to larger ¢w of the machined surface. Based on the above-
mentioned course of the maximum values of geometric
deviation of circularity ykmax in the individual machined
surface profile lines, it can be seen that in the range of ¢w
=10.0 to 80.0 mm the higher values were recorded in the
middle part of the machined surface profile. In contrast, the
smallest ycmax values were recorded in the upper line of the
profile of the machined surface. With detail examination of
the possible causes, we have come to the conclusion that
this deviation could have been caused by a higher pollution
of the dielectric fluid in the middle line compared to the
upper and lower line of the profile of the machined surface.

Another supposed reason for the higher geometric
deviation of circularity ycmax in the middle line compared
to the upper and lower line of the profile of the machined
surface is seen in the presence of vibrations in feeding of
the wire electrode. Despite the tensioning of the wire
electrode with a tension force approaching the maximum
values appropriate for the given strength of the wire
electrode material, it was not possible to completely
eliminate the vibrations [29] that are generated by the
shocks [30] between the electrode and the material to be
machined [31]. These achieve maximum amplitude
approximately at the centre of the profile of the machined
surface, as confirmed by the individual recorded values of
the maximum geometric deviations of circularity in this
area.

Higher values of deviations of the geometric accuracy
of the eroded surface in the middle part of the workpiece
compared to the edge parts are also the reason for the

inappropriate choice of the combination of technological
and process parameters. These are especially pronounced
at larger thicknesses of the machined material. The
material properties of the workpiece and the tool electrode
also play an important role in this regard. Therefore, further
research is needed in this area.

6 CONCLUSION

In practice, a great deal of emphasis is often placed on
qualitative indicators [32-34] in terms of roughness
parameters of machined surface. At the same time, the
geometric deviations of the machined surface have a
primary impact on the operational functionality, durability,
and operating life of WEDM manufactured products by
progressive technology [35, 36]. For these reasons,
experimental research was conducted focusing on the
determination of the maximum circularity deviation ycmax
during the manufacturing of parts from EN S355J0 steel
using WEDM with CuZn37 wire electrode ¢z = 0.25mm.
In case of WEDM the experimental research actually
showed the presence of geometrical inaccuracies in shape
of the machined surface in terms of deviation of circularity.
These varied quantitatively depending on the size of the
actual dimension gw of the machined surface of the circular
profile. The increasing trend of maximum deviation of
circularity ycmax Was recorded with decreasing ¢w of the
machined surface.

Summary of experimental research results:
= Based on the results of the experimental research, the

maximum deviations of the circularity of the machined

surface ycmax for the individual dimensions ¢w = 10.0,

20.0, 30.0, 40.0, 60.0 and 80.0 mm with the thickness

of the machined material Hy=20.0mm were

identified.

= ]t was determined that the values of the maximum
geometric deviations of circularity ycmax are different
not only for the individual ¢w diameters, but also for
the individual lines of the profile of the machined
surface.

=  For the size range of the machined surface gw = 10.0
to 80.0 mm, the maximum deviations of the circularity
vemax Of the machined surface at the level of 66.0 to

190.4 pm were recorded.
= At the same time it was found that the maximum

deviations of circularity ycmax of the machined surface

reach the highest values approximately in the center of
the profile (for the profile with ¢w = 10.0 mm the value
iS ycmax = 190.4 um) and the lowest values in the upper
line (for profile gw = 80.0 mm the value is ycmax = 66.0
pm).
= Deviation of the measured ycmax values between the
upper and intermediate line of the profile of the
machined surface in samples with nominal dimensions
dw = 10.0 to 80.0 mm at 20-30% was identified.

= Experimental research was oriented with regard to the
practical use of the results achieved not only for theory
but also for technical practice. The results obtained in
terms of identifying the maximum deviations of the
circularity ycmax of the machined surface after WEDM
thus enable meeting much narrower specifications of
the requirements for the workpiece quality.
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