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Abstract
Electrochemical machining [ECM], offers the unique advantage of a better
accuracy and high surface integrity of hard machined components. A new
technique has been developed to utilize a simultaneous moving and rotating
electrode to remove a specific amount of material, from a pre-machined holes
and rods of hardened steel specimens. One of the electrodes was provided with
two simultaneous movements; traverse speed and rotational speed. The
electrolyte was pumped into the gap between tool and workpiece, through a
matrix of fine holes distributed along one of the electrode surfaces. A
mathematical model has been proposed for accurately estimating the thickness

the removed workpiece layer under different working conditions.
Experimental results revealed that this technique could lead to the removal of a
surface layer thickness up to 200 microns, which consequently, classified this
method as a super finishing process. Finally, the results of the experiments and
the simulation are compared to each other. The obtained results are an
endeavor to enhance the controllability of the ECM process.

‘1. Introduction
Electrochemical machining [ECM] is increasing being used in aircraft and

aerospace industries due to its ability of producing complex shapes in very hard
materials [1]. Finishing of the advanced hard materials poses many problems,
particularly, those related to accuracy and surface integrity of the components.
Recently, the ECM process has been recommended as the unique solution to get
' better accuracy and high surface integrity of the machined surfaces after the
electrodischarge machining process [2-4]. On the other hand, it is felt that the
capabilities of the ECM process on finishing of the pre-machined shapes have
not been fully matured , due to the difficulties encountered in the supply and the
distribution of the electrolyte in the interelectrode gap [5-6]. Electrochemical
finishing of holes has been investigated by several researches [7-11].
Modification of tool shape [7], rotating of the tool [8-9] and electrochemical
woning [10] were the main techniques which have been adopted to improve the
electrolyte distribution in the ECM process. However, it has been reported that
electrolyte pressure drop is usually associated during these methods.
Furthermore, the chance of changing the electrolyte conductivity was associated
with the electrolyte circulation in the machining gap [12] . This result decreases
the control of the dimensional accuracy and sometimes leads to poor surface
quality {13]. Furthermore, it has been observed that there is a deviation of the
flatness of the machined workpieces at the place where the electrolyte enters
and leaves [13] . :

In the present work, an attempt has been submitted to finish holes and rods
through the ECM process using a simultaneously moving and rotating motions
to remove a specific amount of material from the hole or rod surface. The
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electrolyte was pumped into the gap between tool and workpiece, through a
matrix of fine holes distributed along one of the electrodes [Fig. 1].
2- Theoretical model
For an accurate modeling of the ECM process, the successive removal thickness
of the workpiece surface can be calculated considering the effect of each tool
element length., Figure 1 shows the tool and workpiece geometry at side gap
~gnals Yg During the ECM process the initial side gap value will increase
according to the forward motion of the electrode [tool]. Each element of the tool
electrode [Ab] causes an increase in the workpiece radius equal to AYsi.
Depending on the tool length [B] and the other working conditions of the ECM
process, the workpiece diameter [Dy;] could be determined according to the
present relationship:

D, = Dy +2Y, (1)
The electrolytic area cross — section [A], at instantaneous workpiece diameter ,
equal to Dy and can be calculated as follows:

A=Y 7Dy - D] )
The electrolyte velocity in the side gab [V] can be computed from the following
equations:

V= Q/A; 3)

where Q is the electrolyte flow rate [mmslmin]
The electrolyte velocity varies according to the change in the cross — sectional

area of the flow.
The metal removal thickness along the side gap can be computed as follows [13]:

AYg=Z. Js. At “4)
Where, Z is the effective metal removal rate [A. mm’*/min] and can be computed
s follows:

Z=&/pwF &)
Where & is the chemical equivalent, O v is the workpiece density [g/cmS] and
F is the Faraday’s constant.

The current density at the workpiece surface J,; at the initial side gap value Y
is commonly expected as follows [13]: '

Ji=[V-AV]. Ki/ Yii (6)
Where K, is the electrolyte conductivity and Yy is the side gap, V is the applied

voltage AV is the over potential value [10].
The successive machining time interval At, can be estimated from the tool land

interval Ab and the feed rate [f] according to the next equation:
At= Ab/f @)
The width of the side gap at the end of A b tool element length can be expressed

as follows:
Yo = Y+ AYi ®
Where AY, is the metal removal thickness for tool element length Ab at side

gap Y.

The conductivity of the two-phase medinm K; can be determined as follows [10]:
=K, [1+a.6][1- 81" )]
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Where K, is the conductivity of the electrolyte in the tank, o is the temperature
coefficient of the electrolyte conductivity at T,, & is temperature rise for each
electrode interval , S is the void fraction of hydrogen. Both of @ and S can be
<..;culated as mentioned in [10 & 14].

The temperature rise & for tool element length can be represented by the
following equation [10] :

0,=K;[V-AV]. Ab/ [V Y P e ¢l (10)
The void fraction*of hydrogen can be calculated as follows [10] :
Bi= A X/ [1+A]. X' (11)
Where:
X; = [Ab. &0 i/ P e Vi . Yii] (12)
P = PR 0 13)
Ai=:pe-gg~/‘7'pgi-ga (14)
c=V,/ Vg, (15)
Where:

P gi is the hydrogen density for each interval [g/m1m3]
R, is the gas constant

6 is the temperature for each interval [°C]

O . is the electrolyte density [g/mm3]

7 g is the clectrochemical equivalent of gas

& a is the electrochemical equivalent of electrolyte

Ab is the distance along the electrolyte flow direction [mm]
P is the electrolyte pressure [Mipa].
The major factor that contributes to temperature rise is the Joule heating effect
[10]. However, in the present case, the temperature rise was low, since the
process is a finishing and not a shaping. The pre-elementary tests of the present
work revealed that the change of electrolyte temperature did not exceeded 1 °C,
which has been attributed to the rotation of the electrolyte and the fast feed rate
of the tool. So, the assumption of constant conductivity is reasonable [7].

Ki =K, (16)
Substituting Eqs. 4,5,6, and 9 into Eq. 3 the equation can be rewrite as follow:
AYi=(s/pwEF).(V-AV).K,/f). (Ab/Yy) , a7
Substituting Eq. 10 into Eq. 7, we get :

Y=Y+ (e/pwE). (V- AV)L.K, /). (Ab/Ys) (18)

The final side gap can be estimated as follows:

i=
Yi= Y+ (e/ pwF). (V- AV). K, /). 2 ei(Ab /1Y) (19)

According to the previous equation , each tool element (Ab) enters the
interelectrode gap at different side gap lengths (Y ) and each element causes
different and specific metal removal thickness (A dg ) of workpiece surface. The
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final ~workpiece diameter will be the summation of ail the alerent meuas
removal thickness plus the initial diameter of the hole .
For steel material, and at K, =0.02 O 'mm™ , applied voltage V=20v, AV =
2.3v [14], feed rate = 2(i)___mm/min , and initial side gap (Y )= 0.5mm

Ye=05+0.04 2 1(Ab/Ys) 20)
For rod finishing [Fig. 1-B | ECM process, the same technique is also valid with
a little change to predict the accurate value of the final rod (anode) diameter
isfud ¢

D= Dy — 2dg 21
Where, Dy is the initial rod diameter and dg is the final metal removal thickness
of the rod and can be expressed as follows:

dg=(g/pwF). (V- AV). K, /1) (AL /Ys) 22)
Length value( AL) is the cathode interval .
The previous equations are simplified from the main radial gap configuration.
The equations are based on a plane-parallel gap configuration which proved its
adequacy in similar cases [ 7] .
The mathematical models obtained earlier were plotted to study the influence of
process parameters on metal removal thickness . In order to analyze the metal
removal thickness of the workpiece in the ECM process and to predictit, a
computer simulation ( Fig. 2 ) has been performed using the theoretical models
developed in the previous section . The parameters used in the simulation of the
metal removal thickness are collected from experimental results and listed in
Table 1.
Figure 3 shows the effect of the applied voltage on the resultant workpiece
diameter at different feed rates. Figure 4 shows the significant effect of feed rate
an the resultant hole diameter at different conditions of the initial side gap
values. It has been revealed that as the initial gap value increases, metal removal
thickness decreases. This result is due to the decrease of the current density
value at the higher values of the side gap.
Based on the present theoretical analysis, Fig. 5 reveals that as the number of
tool strokes increases, accumulated metal removal thickness increases. This
result was expected, however, it has been submitted to emphasize the possibility
of this technique to achieve the required metal removal thickness through the
increase of tool strokes instead of the increase of the tool length, which
sometimes leads to poor controllability of the ECM process.
3. Experimental work
A special test-rig has been designed to confine with the features of the ECM
process. Figure 6 shows the machining cell that has been used for hole and rod
finishing. The cell has been adapted to work on a radial drilling machine to get
the advantages of the controlled feed rate, and the rotational motion of the tool.
The electrolyte was sodium chloride [200 g/1] and has been supplied into the cell
through a centrifugal pump drawing from a plastic tank [1. m3].
The specimens [holes and rods] were made of hardened steel with a circular
cross-section as shown in Fig.1. The pre-machined holes of the workpiece were
machined through a fine turning process to get different initial side gap values
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between tool and workpiece surface. A matrix of fine holes [2.5 mm diameter]
were arranged on the tocl surface to supply the electrolyte into the
interelectrode gap.The outer frame of the machining cell was made from a tube
of transparent Perspex. Table 1 summarizes the working conditions used during
.2 present work .

To adapt the cell to be valid for rod finishing (outer surfaces), some
modifications have been introduced on its construction to confine with the
features of this process, especially that for the tool fixture. However, the present
results were only concerning with hole finishing., Surface roughness of the
specimens has been tested using Talysrf 10.

Mum,
Table 1.

ECM Working Conditions.

Parameter value
Workpiece material St.45
Workpiece outer diameter 20 mm.
Workpiece height 20mm

Tool material Brass

Tool diameter 9 mm to 12 mm
Tool rotational speed 10 r.p.m
Electrolyte type » NaCl
Electrolyte conductivity 0.02 Q! mm™
Flectrolyte pressure 1 Kg/em®
Applied voltage 12-24 v

Feed rate 10-30 mm/min
Machining time 40s to 1 min.

4- Results and discussions

The accuracy and the productivity of the ECM process with a rotating electrode
is influenced not only by the average electrolyte flow rate, but also by the entire
cross-section of the interclectrode gap. For hole finishing, the investigations
have been carried out using fine perforated electrodes with the objective of
achieving optimum machining performance in terms of high surface quality and
minimal metal removal thickness. Experimental results revealed that in order to
keep the machining process without sparking, it was necessary to provide an
electrolyte flow rate of more than 3 liters per minute. It was observed that using
electrodes with closely packed perforations caused tendency to sparking.

Figure 6 shows the effect of the applied voltage on the metal removal thickness.
It has been observed that as the applied voltage increases,the final metal
removal thickness also increases. This result has been attributed to the increase
of the current density as the applied voltage increases. Figure 7 shows the
“‘gnificant effect of the feed rate on the metal removal thickness at different
working conditions of the initial side gap values. It has been observed that as the
initial gap value increases, metal removal thickness decreases. This result is due
to the drop of the current density value at the higher values-of the initial side
gap. Figure 8 shows the effect of the number of strokes on the metal removal



thickness. Lt has been Tound tNav NeE SUMLACE FUURUIITID VW ad 1 AUEBLuE 2x vas = po o

up to 0.62 x m according to the current density value [IESA/cm2 up to 86 A/cm2].

It has also been found that as the metal removal thickness increases, surface

roughness improves.

5. Conclusions ‘

- The present technique proved its adequacy to finish outer and inner surfaces
under high surface quality and low-cost operation. ;

- In the present work , the possibility of increasing feed rates, has been
achicved which could lead to remove wall thickness upto 0- 2 mm. This
result enhances the controllability of the ECM process.

- Theoretical model and computer simulations facilitate the prediction of
metal removal thickness through different combinations of ECM
parameters.

- The proposed technique of electrolyte supply can be extended to deal with
complex shapes of moulds and dies.
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