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This work presents a model for the orbital electrochemical hole sizing process, using a disc
like feeding tool. The model is used to investigate the correlation between different process
parameters and process performance measures. Process parameters include orbiting speed,
feedrate, and tool diameter and lip height. Performance measures include linear and
volumetric removal rates, and hole inaccuracy which is represented by the average
roundness errors of hole cross sections and average straightness errors of hole sides. A set
of fifteen experiments was conducted using different machining parameters to present a
base for verifying the model. Experimental and simulation results were compared and it was
found that they exhibit the same pattern. Further simulation of the process model showed
that increasing feedrate increases hole inaccuracy, however, increasing orbiting speed
decreases hole inaccuracy. Also, it was shown that a range of tool diameter should be
avoided to ensure high volumetric removal rate. Moreover, increasing tool eccentricity
resulted in increased volumetric and linear removal rates, and increased hole inaccuracy.
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1. Introduction

ElectroChemical Machining (ECM) is a
metal removal process in which a DC volt is
applied across a gap between a cathode
electrode tool and an anode work part. A
current passes through the electrolyte filled
gap. The work part surface dissolves according
to Faraday’s law. The only reaction that takes
place at the tool surface is gas evolution. The
tool surface undergoes no erosion and retains
its shape. High current densities involved in
ECM results in heating of the electrolyte. High
flow rate of electrolyte is necessary to keep its
conductivity constant and to dispose
machining debris.

The ElectroChemical hole drilling and
Sizing (ECS) processes are one class of ECM.
They include jet, capillary, and electro-stream
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drilling. They have many applications,
especially in the aerospace, electronics and
auto industries [1]. This is due to their ability
to machine new hard materials without heat
affected zones and residual stresses. Drilling
of holes with large aspect ratio is another
application of these processes. To enhance
these processes, orbiting tools are used
(OECS) [2]. Orbiting tools can be stationary or
feeding ones. Orbiting and feeding tools result
in more efficient flow of electrolyte with mini-
mum electrolyte heating effects. Also, disposal
of machining debris is faster, thus avoiding
short circuit and gap variation problems.
Considerable research work has been
conducted to simulate, control and experimen-
tally enhance the ECS process performance. J.
Kozak, et al. [3] developed a two dimensional
model for the ECS process. They investigated
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the effects of machining parameters such as
voltage, flow rate and properties of electrolyte
on metal removal rate and current density.
Experimental and theoretical results showed
that metal removal rate is limited by the
heating of electrolyte. Mohen et al. [4] reviewed
the different ECS processes. They compared
them with other hole drilling operations such
as electro-discharge and laser drilling. ECS
processes have proven to be better from
different comparison points such as aspect
ratio and hole surface characteristics. S.
Sharma et al. [5] investigated the electro-
chemical drilling of holes in Inconel super
alloys using sodium chloride electrolyte. They
created a hole in a multilayered work part by
feeding an electrode tool towards it. They
measured the hole diameter and hole round-
ness error at each layer as a measure of hole
accuracy. They reported inconsistent varia-
tions in hole diameters which they reduced,
together with roundness errors of the
produced hole sections, to variations in
process parameters.

H. Hocheng et al. [6] conducted experi-
mental work to study the electrochemical
polishing and brightening of holes using
rotating and feeding electrodes. They used
different rotating speeds at different feedrates.
The authors concluded that an optimum set of
machining parameters leads to better surface
quality and shorter machining time compared
with manual and machine lapping processes.
Muasuzawa et al. [7] adopted the use of ECM
mate electrode to remove the recast layer
produced by wire electrodischarge machining.
The use of such tool requires large power
supply to provide the necessary current
density over the entire electrode area. Low
current densities could not produce the
required surface quality. J. Kozak, et al. [8]
used a rotating tool electrode to ensure ade-
quate electrolyte flow in gap and to eliminate
the need for high electrolyte pressure. Using
the rotating electrode, pressure changes
within the gap were small, which resulted in a
more stable machining process.

M.S. Hewidy et al. [9] developed a model
for the electrochemical drilling under orbital
motion conditions. They conducted an
experimental work to verify the model.
Experimental and model simulation results

were in good agreement. Results showed that
using orbital motion enhances the accuracy of
the machined hole. They also showed that
current spikes due to debris accumulation in
the gap diminished resulting in better surface
finish. Z. Sadollah et al. [10] used an orbiting
ECS electrode for finishing surfaces produced
by electrodischarge machining. They noticed a
reduction in the surface protrusion height at
the flow ports. They also noticed an
improvement in surface roughness with the
increase of orbiting eccentricity and frequency.
H. El-Hofy et al. [11- 12] conducted experi-
mental work to study the effect of different
machining parameters on quality of holes
produces by the OECM process using both
stationary and feeding tools. The parameters
included tool lip height, in case of feeding
tools, and feedrate. They concluded that using
orbiting tools results in good surface finish,
low roundness errors and efficient machining.

In the present paper, a model of the OECS
process is developed and simulated using
orbiting and feeding tools. The model is used
for studying the effect of different machining
parameters on volumetric and linear removal
rate and inaccuracy of machined holes.
Experimental work is wused to verify the
developed model.

2. Process modeling and simulation

Fig. 1 shows a schematic representation of
the OECS process. A disc like tool of radius Rr
and lip height Hr passes through a hole in a
work part to adjust hole dimension. The tool is
modeled as a stack of Nr discs each of height
h, Hr= Nr x h, fig. 1-a. The work part is
modeled as a stack of Nw discs each of the
height h. The height of the work part is Hu=
Nuw x h. The work part is further divided into
Sw radial segments, fig. 1-b. The tool and work
part are eccentric by a distance E, which is
the distance between the geometric center of
the hole and that of the tool. The work part
rotates at N [RPM]. The tool travels at a
feedrate F [mm/rev]. It starts moving from an
initial potion where it just engages the work
part to a final position where it just exits the
work part, as shown in fig. 1-a. The distance
traveled by the tool, D, is then given by:
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Fig. 1. Model of the orbital electrochemical hole sizing process.

D=Hy +H;. (1)

The total machining time T'is given by:

r-_P . 2)
FxN

The axial position of the tool, x(t) at any
time t [sec] is calculated using the following
equation:

x(t)=FxNxt. (3)

Then, for each disc i of the tool, a facing
disc of the work part j is determined, where
i =1 to Nr, and j is between 1 and Ny,
depending on the position of the tool. The tool
lasts at any position for at least one
incremental time step At, depending on the
feedrate and disc height h. In the present
work, At and h are selected for each feedrate
so that the tool would last at least SAt at each
position.

At any point of time ¢ the distance
between a segment s in disc i of the work part
and the geometric center of the hole is
expressed by the vector Ry (i, s, t). This vector

represents the variations in the hole geometry
during machining. In the present work, the

vector Ry (i,s,t) is updated each time step

and previous values of its elements are
ignored. This is to save computer memory
during simulation. Also, the present work is
concerned with the final rather than
incremental radius variations. Therefore, the
suffix tis redundant.

After machining time t, the segment s, will
have an angular position, ¢fs,t), which is given
from the following equation:

go(s,t):27r><(6—]\(])><t+si). (4)

w

Also, after machining time ¢, the segment s,
will be separated by a gap g(6,t), from the tool
as shown in fig. 1-b, where 0 is the angular
position of the gap around the tool. Referring
to fig.1-b, and considering triangle ABC, the
following relation is obtained;

E _ Ry (i,s,t) _ Ry +9(6,1) (5)
sin(f(s,t) sin(z—-6) sin@-p(s,t)
Hence,
. _ Esin(z - 0)
sin(f(s, t)) = Rl (6)
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The gap g(6,t ) can, then, be given by;

Ry (i,s,t)xsin(@ — f(s, t)

sin(z - 6) R )

g(e7t) =

The above equation holds only when the
following relation is valid, see fig.1-b:

0 = B(s,t) + ¢(s, 1). (8)
The initial gap g(0,0) is given by:

g(0,0)= Ry, (i,1,0)-R; —E . 9)

An electrolyte with conductivity « is
assumed to completely fill the gap around the
tool. Electrolyte flow rate and work part
rotation are assumed to result in negligible
conductivity variations. A potential of Vg [volts]
is applied across the electrode tool and the
work part. Consequently, a current I[{is,t)
flows in radial direction from the work part
segment s at the disc i towards tool geometric
center. It can be approximated by the
following equation, which is derived from the
model presented in reference [13]:

Vgxh

_ Ygkn | (10)
In(l + g(6,t))

I(i,s,t) =

Total machining current at any time can then
be obtained from the following equation:

Ny S

S

I(i,s,t). (11)

t=0 i=1

(7]
I
—_

During an incremental time period A4t, the
volume of material removed at segment s and
disc i, A(i, s, t), can be given from the following
equation, where Aw is the atomic weight
[kg/mole|, Zw is valency, pw is density [kg/ms3]
and Fq is Faraday’s constant:

A, I -A
AV(i,s,t)=—§ (l’s’t; t

a

(12)

w  Pw

As a result, hole radius at segment s and disc
i will be increased by ARw(i, s, ) which can be
given from the following equation:

AV(i,s,t)-S,,

AR, (i,s,t) = - .
wl )27z~Rw(l,s,t)~h

(13)

The increments of all hole segments during
total machining time are averaged to obtain
the average hole radius increase, AR,
according to the following equation:

N, S

%) AR(i,s,t). (14)
22

s=1t=0

IS

S, N,

w g

I
—

The rate of increase of hole radius, [RR, is
take as a process performance measure as it
represents how fast sizing takes place. It is
given from the following equation:

LRR = 2Bw (15)
T

Similarly, volume removal rate, VRR, is taken
as a conventional measure of process
performance, and is given from the following
equation:

N, S

w T
VRR:iZ D AV(i,s,t). (16)
T i=1 s=1t=0

w

Simulation data, stored in the vector
Ru(i, s = 1, 2,..., Sw,T7) is used to calculate
roundness error of the hole at disc i
Roundness errors of the discs are then
averaged to give the hole roundness error.
Similarly, simulation data stored in the vector
Ru(i=1, 2,..., Nu, s, T) is used to calculate the
hole straightness error. Standard procedures
are used for calculating straightness and
roundness errors [14].

Simulation procedure of the model
includes the following steps, which are
repeated at each point of time during

machining:
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1. Calculate tool position, using eq. (3), to
determine active hole cross sections at which
radius variations will take place.

2. Calculate angular position of the work
part, eq. (4).

3. For each segment of the hole find the
corresponding angular position with respect to
tool center, eqgs. (5, 6 and §).

4. Calculate the gap for each segment, eq. (7).
S. Calculate the current for each segment,
eq. (9), and total machining current for all
active hole cross sections.

6. Calculate corresponding change in each
work part segment radius.

7. Stop simulation if the tool exits the work
part according to eq. (1). Then calculate LRR
and VRR, considering total machining time,
eq. (2).

8. Use work part radius data to calculate
roundness and straightness errors at each
cross section and consequently the overall
roundness and straightness errors

9. Increment simulation time and repeat
starting with step 1.

The following table provides a
nomenclature for simulation parameters. It,
also, gives their default values. If Different
values are used, they will be given for the
corresponding simulation results.

3. Experimental work

The experimental set wup is shown
schematically in fig. 2. A cylindrical work part
with a 16 mm reamed internal hole is used.
The height of the work part is 12 mm. The
material of the work part is low carbon steel

with 0.15% carbon content. The work part is
fixed to the chuck of a center lathe using
special attachment, which electrically isolate
the work part from the center lathe. The tool is
a disc like one as shown in the fig. 2-a with 5
mm radius. The lip height of the tool varies
from one experiment to another. The tool is
fixed to the cross slide of the lathe using a
special attachment. The attachment is a
Perspex box like electrolyte cell that isolates
the tool from the center lathe body. The tool is
fed through the work part at different
feedrates using the carriage automatic feeding
mechanism. The orbital movement of the tool
is obtained relatively by rotating the work part
at 95 RPM. The minimum machining gap
between the tool and the work part is kept
0.75 mm in all experiments. To set the
machining gap, the tool was first allowed to
touch the work part by moving the cross slide
in the inward direction. Touching was
detected by closing an electric circuit which,
in turns, turns a lamb on. Then, the cross
slide was moved outward by 0.75 mm using
the 0.05 mm resolution scale shown in
fig. 2-b. The tool attachment was precisely set
so that the tool is concentric with the lathe
spindle in a vertical plane.

A saturated (150 gm/liter) NaCl aqueous
solution is pumped into the gap at a rate of 6
liter/min. The flow rate is set for all
experiments by adjusting an orifice valve fitted
to the out line of the pump. The amount of
solution collected during certain period of time
is used to calculate flow rate. The pump and
valve are not shown in the experimental setup
due to irrelevancy. A full wave rectified DC

Table 1

Default simulation parameters

Parameter Symbol Value Parameter Symbol  Value

Work part height Hy 12 [mm] Orbiting speed N 95 [RPM]
Tool height Hr 3 [mm)] No. of radial sectors Sw 90

Work part radius Ruw 8 [mm)] Volt Ve 21 [volts], 50 Hz
Feedrate F 0.1 [mm/rev] Time increment At 0.001 [sec]
Atomic weight Aw 0.056 [kg/mole] Conductivity K 25 [1/Q/m]
Valency Zw 2 Density Pw 7800 [kg/ms3]
Tool radius Rr 5 [mm] No. of work part discs  Nw 120

Disc height h 0.1 [mm)] Faraday’s constant Fa 96494 [A.sec]
Eccentricity E 2.25 [mm)] No. of tool discs Nr 30

Tool position X [mm)] Tool travel D [mm)]
Machining gap g [mm] Machining current I [A]

Work radius variation ARw [mm] Machined volume AV [mm?3]
Volumetric removal rate VRR [mm3/min] Linear removal rate LRR [um/min)]
Work part mass reduction AM [kg] Current efficiency & [%]
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voltage, 21 volts equivalent, is applied across
the —ve electrode tool and the +ve work part.
At the beginning of machining, the front face
of the tool is just outside of the work part
while at the end of machining, the end face of
the tool is outside the work part. This is
accomplished using limit switches. Machining
time is the time required by the tool to move
between switches.

A set of fifteen experiments were
conducted to present a base for verifying the
model. Five tools with different lip heights

Work part holder

Insulator  Twork part

Lock n

"4

\\1

were used; 1, 3, 5, 8 and 10 mm. Each tool
was fed through the work part at different
feedrates; 0.05, 0.1 and 0.5 mm/rev. The
work part diameter and weight were measured
before and after machining for each
experiment. Then, mass reduction of work
part, AM, is determined. VRR and LRR are
determined by considering machining time of
the experiment. Current efficiency was
calculated using the following equation:

Electrolyte

ut Tool flow out Tool holder

Work part holder

Electrolyte

flow out
Insulator

Electrolyte
flow in

[\

Machining ga
&P Feed direction

Machining chamber

Lock nut

Tool holder

Perspex electrolytic

cell

<

Work part

center

Tool center

YA

Electrolyte
flow in

|__ Gap setting

B

Feed direction

direction

Bed

\

Cross slide

0.05 mm

resolution scale

SEw

Carriage

-b-

Fig. 2. Schematic diagram of the experimental setup.

802

Alexandria Engineering Journal, Vol. 46, No. 6, November 2007



E. Soliman, H. El-Hofy / Electrochemical hole sizing process

AM
o, -T-VRR’

= (17)

g

Where, ¢ is current efficiency and 4M is
change in work part mass after machining.

4. Results and discussions

Fig. 3-a shows the variations of current
efficiency, £ with tool lip height and feedrate,
Hr and F respectively. From the figure, it can
be seen current efficiency exceeds 100% in
some experiments. This is because a true
rectified sine wave is used to apply volt across
the machining gap. This was not the case for

100

90

Current Effeciency [%0]

80

0.8

......... E:s(peﬁmerlltal‘
Simulation
0.6f F=0.05 [mm/rev]
= 04 i
S
02 ST
[
0.0— : I
1 2 3 4 5 6 7 8 910
H, [mm]
_C_

VRR [mm"ﬁminj

AR, [mm]

the experimental machining gap where the
rectified signal obtained from the power
supply was slightly distorted with little bias.
Analyzing and improving the performance of
the power supply was outside the scope of the
present work. Also, from the figure, it can be
seen that current efficiency is above 100% for
small values of Hr. Increasing Hr, beyond 3
[mm], does not significantly affect current
efficiency. This is because small lip height
results in easier flow and less heating and gas
evolution of electrolyte. The figure, also, shows
that lower F results in higher current
efficiency. The F direction is opposite to the
electrolyte flow out direction thus higher F
presents an obstacle to the electrolyte flow.

100
G- & Experimental
80 Simulation
F=10.1 [mm/rev]
60 O, <
40 _
20
0
1 2 3 4 5 6 7 8 910
HT [mm)]
-b-
08—
""""" Experimental
Simulation
0.6 F=0.1 [mm/rev]

Fig. 3. Effect of tool lip height Hr on current efficiency, & volumetric removal rate, VRR, and hole radius variation, ARw.
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The effect of tool lip height, Hr, on
volumetric removal rate, VRR, is determined
experimentally and from model simulation.
Results are given in fig. 3-b. From the figure,
it can be seen that there is a deviation
between the simulation and experimental
trends. However, the figure shows that for
small Hr the experimental VRR is the larger
than simulated VRR, while for large Hr,
simulated VRR is larger than experimental
VRR. This result is a consequence of the
result, concerning effect of Hr on current
efficiency, obtained in fig. 3-a. Figs. 3-c and 3-
d show the effect of tool lip height, Hr, on
simulated and experimental hole radius
variation, ARw, for 0.05 and 0.1 [mm/rev]
feedrates, F, respectively. It is clear that
increasing Hr results in increased ARw. It is,
also, clear that experimental ARw is slightly
larger than simulated ARw for small Hr while
experimental ARw is smaller than simulated

45

Simulation
441 H, =3 [mm]

43¢

421

VRR [1111113/1ni11]

41t

40

0 02 04 06 0.8
FImm/rev|
_a_
0.1

=0.05 [mm/rev]

E

2 0.075f

=

N

= 0.05

[

B 00257 F=0.5 [mm/rev]

Q:.: () a"“ ) ) ‘-,\_ -
0 90 180 270 360

Hole profile [Degrees)

-C_

ARw for large Hr. Again, this result is a
consequence of the same result obtained in
fig. 3-a.

The effect of feedrate, F, on volumetric
removal rate, VRR, and hole radius variation,
ARw, is shown in figs 4-a and 4-b respectively.
From fig. 4-a, it can be seen that for small F,
less than 0.3 mm/rev, increasing feedrate
results in a considerable increase in VRR,
about 7%. However, increasing F beyond 0.3
mm/rev does not have a significant effect on
VRR, less than 1%. In general, the effect of F
on VRR is marginal. The effect of F on ARw is
shown in fig. 4-b, which indicates that
increasing the F results in less change in 4Rw.
The same trend is exhibited for simulation and
experimental results. The experimental ARw is
slightly larger than the simulated one due to
the increased experimental current efficiency
at small Hr , which is 3 mm as indicated in
figs. 4-a and 4-b.

0.3 g
Simulation
* % % % Experimental

= 027 H, =3 [mm]
£
% 0.1

0 . .

0 0.2 0.4 0.6 0.8 1
F Imm/rev]
-b-

0.5
— * % % % Simulation
g I
5 041 Fitted
s *
= 03
F]
2
202
2
201

o 1 2 3 4 5
F [mm/rev])

-d-

Fig. 4. Effect of feedrate, F, on volumetric and linear removal rates, VRR, LRR, respectively and hole roundness error.
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Figs 4-c show normalized Rw variations,
which are obtained by subtracting the work
part radius at each segment of a cross section
from the minimum radius. A cross section
that is 12 mm away from the starting
machining side of the work part is considered.
Two values of F are used; 0.05 and 0.5
mm/rev. Smaller feedrate results in larger
normalized Rw variations. This, in turns,
results in larger roundness error at smaller F.
This can be reduced to the larger changes in
Rw at small F as shown in fig. 4-b. However,
further increase in F results in dispersed
results, as shown in fig. 4-d. This is mainly
due to incomplete and non uniform machining
of the hole sides at high F. These results are
parallel to the experimental results presented

in ref. [13].
Fig. 5 shows the variations in the
experimental and simulated average
140
Average
1207 e Actual
100 H,=8[mm]
= AAAAANADNARDMA
B 80( Y 4V VA Y
ol
wf § ¥ §EE Y
NEREEEEEDE
30 50.02 50.04 30.06 50.08 350.1
t [sec]
_a_
80 —— Simulation
----------- Experimental
60 tH,=3 [mm]

]
=

Average [ [Amp]
E=S
<

t [sec]

-C_

Average I [Amp]

Average 1 [Amp]
e
(]

0 40 80 120 160 200

machining current over time. Fig. 5-a shows
the simulated actual and averaged (filtered) I,
for a tool having Rr = 8 mm. The averaging
process is obtained by using a 9t low pass
filter with 10 Hz cut off frequency. Figs. 5-b,
5-c and 5-d show the simulated and
machining currents for three tools with Rr= 1,
3, 7 mm respectively. The figures show that
there deviations between experimental and
simulation results in terms of the patterns of
average [ over time. This can be related to
stray current effect and the high current
efficiency even at low current densities. Also,
it is clear that the experimental average I is
higher than the simulated one for small Hr
while the experimental average I is lower than
the simulated one for large Hr. This result is
parallel to those results obtained through
figs. 3 and 4.

B—— Simulation
----------- Experimental
60 HH .= 1 [mm]
40 ¢
20t R
-------------- ."\
0 .

0 40 80 120 160 200

—— Simulation
----------- Experimental
60t H . 8 [mm

_______

Fig. 5. Experimental and simulated machining current.
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Fig. 6 shows the simulated effect of work
part orbiting speed, N, on volumetric and
linear removal rates, VRR and LRR,
respectively, and hole inaccuracy as
represented by straightness and roundness
errors. From fig. 6-a, it is clear that the effect
of N on VRR and LRR is marginal. However,
the effect of N on straightness and roundness
errors is significant, especially at small N.
Increasing N results in a decrease in
roundness and straightness errors. This is
due to the averaging action of the orbital
motion of the tool on the machining rate at the
surface of the hole and consequently on Rw.
Also, figs 6-a and 6-b show that the effect of
feedrate on straightness and roundness errors
is negligible. In the same figure, the feedrates

are expressed as mm/min rather

mm/rev as there are variations in N.

Fig. 7-a shows the simulated effect of tool
radius, Rr, on volumetric and linear removal
rates, VRR and LRR, respectively. From the
figure, it can be seen that increasing Rr
results in decreasing VRR and LRR up to Rr= 3
mm. Increasing Rr, beyond 4 mm, results in
an increase of VRR and LRR. An explanation of
this result can be given in terms current
density distribution which is shown in fig.7-b.
The current density distribution for Rr=4 mm
is determined at an arbitrary cross section of
the work part at an arbitrary time during
machining. It is represented by the dashed

line in the figure. Obviously it is much lower
compared

than

with  the current density
distributions of for Rr=0.5 and for Rr=7 mm.
66.89 T T T T T T T T T 109.49
= 66.889 - wlii 1 =
g - 1109.48 g
B 66.886 1 | e . :
-~ LRR =
g - 1109.47 &
66.884 a ~
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Fig. 6. Simulated effect of work part orbiting speed, N, on volumetric and linear removal rates, VRR and LRR,
respectively, and hole inaccuracy.
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Fig. 7. Effect of tool radius, Rr, on volumetric and linear removal rates, VRR and LRR and hole inaccuracy.

Fig. 7-c shows the variations in Rw for Rr
equal to 0.5 and 7 mm. The data is obtained
from a cross section at the bottom of the work
part, fig.1 or at the far left side of the work
part, fig. 2-a. The variation in Rw using the
tool with Rr = 4 mm is smaller compared with
that using the tool having Rr = 4 mm. Also,
straightness is minimum when using the tool
with Rr = 4 mm. However, the roundness
error, when using the tool with Rr = 4, is
larger.

The simulated effect of tool eccentricity, E,
on volumetric and linear removal rates, VRR
and LRR, respectively, is shown in fig. 8-a.
From the figure, it can be seen generally that
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increasing E increases VRR and LRR. However,
for smaller E, the increase is minor, while, for
larger E, the increase in larger. This is
because increasing E results in a
corresponding decrease in the machining gap
and consequently more machining. The effect
of E on straightness and roundness errors are
shown in fig. 8-b, which indicates that
roundness error is more susceptible to E
compared with straightness error. This can be
reduced to fact that E varies in radial direction
and consequently it has more effect on
roundness error.
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Fig. 8. Effect of tool eccentricity, E, on volumetric and linear removal rates, VRR and LRR, respectively,
and hole inaccuracy.

5. Conclusions

This work presents a model for the orbital
electrochemical hole sizing process; using
feeding tools. The model was used to
investigate the correlation between different
process parameters and process performance
measures. The effect of feedrate on volumetric
metal removal rate and linear removal rate
was found to be marginal; a conclusion that
was verified experimentally. Also, it was found
that the effect of orbiting speed on volumetric
removal rate and linear removal rate is
negligible compared with its effect on hole
inaccuracy as represented by roundness and
straightness errors. Increasing orbiting speed
resulted in reduced hole roundness and
straightness errors. Moreover, it was found
that small or large tool radius should be used
to ensure large volumetric removal rate and

low hole inaccuracy. A certain range of tool
radius should actually be avoided as it results
in small volumetric removal rate and large
hole inaccuracy. Finally, increasing tool
eccentricity resulted in increasing volumetric
removal rate and linear removal rate. However,
it led to an increase in hole inaccuracy.
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