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Abstract: This paper presents an experimental study on the diameter accuracy and material removal rate
obtained during machining of micro shafts through wire electric-discharge grinding (WEDG). Many trials
were taken by machining a@2.0mm High Speed Steel (HSS) pin to @0.60mm under various conditions to
analyze the effect of process parameters. The diameters of the shafts were measured using stereo microscope
at various magnifications. The effects of various parameters were analyzed for the variation in diameter
and material removal rate (MRR). The better process parameters were estimated using the signal to noise
ratio and the experimental results were analyzed using analysis of variance approach.
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1. INTRODUCTION

The Electrical Discharge Machining (EDM) technology has been developed rapidly in the recent
years and become important in precision manufacturing applications like die and mold making and
micro machining. Wire electrical discharge machining (WEDM) is an electrical discharge machining
technique used for manufacturing components with intricate shapes and profiles with the help of a
numerically controlled travelling wire electrode. Material is eroded from the work piece by a number
of intermittent sparks between the work piece and the wire electrode separated by a thin film of
dielectric fluid. Because of its wide capabilities it has applications in various fields such as
automobile, aerospace, medical and virtually all areas of conductive materials machining. Grinding
with WEDM is one of the fast growing areas developed to generate cylindrical form on hard and
difficult to machine materials by adding a rotary axis to WEDM. [1-5]

2. EXPERIMENTAL PROCEDURE

The WEDG process, illustrated in Figurel, is similar to turning on a lathe. A simple RC circuit
generates pulses that produce electrical discharges between the work piece (cathode) and a 250 um
brass wire (anode). The discharges occur within a small gap (~ 2um) filled with dielectric fluid. The
work piece is held horizontally in a spindle that can rotate at variable speed and its position is slowly
fed in the z direction. The wire is supported on a wire guide, and its position is controlled in the x-
and y-directions [8]. During WEDG each electrical discharge erodes material from the work piece and
the anode wire. To prevent discharges from the worn regions of the anode, the wire travels around
0.5mm/s, through a reel and take-up system.

In order to give rotary motion to the work piece during electric discharge the spindle was fabricated
and installed in the WEDM.
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Figl. Schematic diagram of the setup

Precision spindle is the key sub- system for wire electrical discharge grinding process [7,13]. Since this
spindle is in at submerged condition the parts of this spindle have to be sealed properly. Angular
contact bearing has been selected in order to avoid the run out errors. Both the spindle shaft and the
motor shaft are connected using timing belt and pulley.The ER16 type Collet was assembled to the
spindle in order to hold the cylindrical component of size from @2 to @6 mm and it was attached to the
spindle. The total spindle was covered by spindle housing and a L-bracket was used in the assembly of
the rotary axis unit. In this bracket one end was attached with the spindle and the other end was
attached with the motor. The speed of the motor can be controlled by VFD(Variable Frequency Drive)
which ranges from 10 to 2500rpm. This bracket was fixed in the WEDM table and as the table is
cathode the total unit will become as cathode, so the material can be eroded from the workpiece. It was
observed that the spindle run out is the key parameter affecting consistent machining in WEDG [13-
18].

3. EXPERIMENTAL SET UpP

The WEDG were carried out on a MITSHUBISHI ADVANCE FA10Smachine and the photograph of
the experimental setup is shown in Figure 2. The machining trials were done on HSS cylindrical rod of
a @2mm to a length of 50mm by @0.25mm brass wire.

Fig2. WEDG set up on the machine

Process constants used for the WEDG machining process depends upon the material. The values will
be assigned directly from the machine library once the material of the work piece was specified. The
process constants for HSS material were listed in Tablel.
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Tablel. Process constants used for WEDG

Parameter Value
Wire Speed (m/min) 5
Current (A) 7
Wire Tension (N) 10
Feed Rate (mm/min) 3
Number of passes 1

4. DESIGN OF EXPERIMENTS

Experimental design techniques are powerful approach both in product and process development area,
so they have an extensive application in the engineering areas. Potential applications include product
design optimization, process design development, process optimization, material selection, and many
others. There are many benefits gained by many researchers and experimenters, from the application
of experimental techniques.

The techniques of Taguchi [18] consist of the plan of experiments with the objectives of acquiring
data in a controlled way, executing these experiments and analyze data, in order to obtain the
information about the behavior of a given process. These techniques use orthogonal arrays to define
the experimental plans. The treatment of the experimental results is based on the analysis of variance
(ANOVA) [18,19].

Table2. Plan of Experiments

Parameter Level 1 Level 2 Level 3
Spark gap (mm) 0.18 0.2 0.22

Spindle Speed (rpm) 300 500 700

Voltage (V) 50 60 70

Table 2shows the parameter settings for WEDG experiments. The plan of experiments is made of 9
tests in which the first column was assigned to the spark gap and the second column to the spindle
speed and the third column to the voltage. In this present study interaction of factors is not considered.
The outputs to be studied are diameter accuracy and the material removal rate (mm®min).The trials
are conducted for a set of cutting parameters as listed in orthogonal array. In this experimental work
the three levels, three factors used to form L orthogonal array is shown in Table 3.

Table3. Design of experiments

S.No. Spark gap Spindle speed Voltage

(mm) (rpm) V)
1 0.18 300 50
2 0.18 500 60
3 0.18 700 70
4 0.20 300 60
5 0.20 500 70
6 0.20 700 50
7 0.22 300 70
8 0.22 500 50
9 0.22 700 60

5. EXPERIMENTATION

Once the identified factors are assigned to the respective columns of the orthogonal array, the physical
process of performing the trial was done. Totally 9 trials with 3 replications pertrialwere conducted
and compatibility values obtained in each replication and each of the trial average values were
recorded. In our trials the target value for the machining is @ 0.60mm. The specimens were
measured with stereo microscope for the actual size and recorded. The measurement and calculated
records for the designed parameters were shown in Table 4. In the present work complete
randomization technique was adopted for conducting the various trials.

6. IMAGES OF MACHINED COMPONENT

The trials were taken for different machining parameters and the image of machined component was
shown in Figure3. The images of the component taken through stereo microscope and optical
microscope were shown in Figures4&5.
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Fig5. Machined work piece (120X) (Stereo microscope image)

Table4. S/N Ratio for designed parameter

1.443pm

Fig3. Photograph image of machined part

Trial Spark Speed Voltage | Initial@ | Final @ | Diameter Time MRR
No. Gap (rpm) V) D, (mm) D (mm) | Accuracy (uS) (mm?*/min)
(mm) (pm)
1 0.18 300 50 2 0.575 -25 212 8.645
2 0.18 500 60 2 0.585 -15 302 8.618
3 0.18 700 70 2 0.592 -8 704 8.599
4 0.20 300 60 2 0.609 9 340 8.551
5 0.20 500 70 2 0.580 -20 691 8.632
6 0.20 700 50 2 0.599 -1 252 8.579
7 0.22 300 70 2 0.626 26 682 8.501
8 0.22 500 50 2 0.620 20 261 8.519
9 0.22 700 60 2 0.631 31 342 8.487

7. DESIGNED PARAMETERS AND ITS RESPONSE

The S/N ratio of diametric accuracy and material removal rate (MRR) for the designed parameter
were reported in Table 5.

Table5. Designed parameters and its response

Machining parameters S/N Ratio
Spark gap (A) | Spindle speed (B) Voltage (C) MRR mm®min Diameter accuracy

mm rpm V pm

0.18 300 50 18.7353 -27.9588

0.18 500 60 18.7081 -23.5218

0.18 700 70 18.689 -18.0618

0.2 300 60 18.6403 -19.0849

0.2 500 70 18.7222 -26.0206

0.2 700 50 18.6687 0

0.22 300 70 18.5894 -28.2995
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0.22

500

50

18.6078

-26.0206

0.22

700

60

18.5751

-29.8272

For example, the mean S/N ratio for the spindle speed at levels 1, 2 and 3 can be calculated by
averaging the S/N ratios for the experiments 1, 4 and 7.The mean S/N ratio for each level of the other
cutting parameters was computed in the similar manner. The mean S/N for each level of the cutting
parameters is summarized and called the mean S/N response table for diametric accuracy and material
removal rate.
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Fig6. S/N Ratio for Diametric Accuracy

The higher S/N ratio of the process parameter gives the better diametric accuracy (Fig 6). Hence the
parameters are Spark gap = 0.2mm, Spindle speed = 700 rpm and Voltage = 50V.
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Fig7. S/N Ratio for MRR

The higher S/N ratio in the graph (Fig.7) is the better process parameter for maximum material
removal rate and the parameters are sparkgap=0.18mm.,spindle speed of 300rpm, and Voltage = 50V.

The analysis of variance (ANOVA) establishes the relative significance of factors in terms of their
percentage contribution to the response.

ANOVA is also needed for estimating the variance of error for the effects and confidence interval of
the prediction error [18]. The ANOVA of diametric accuracy and MRR were shown in Tables 6 & 7
respectively.

Table6. ANOVA for Diametric accuracy

-

SEQ ADJ ADJ
SOURCE DF F P (%C)
SS SS MS
Spark gap 2 3749 3749 187.4 125 | 0445 50
Voltage 2 128.8 1288 544 0.05| 0949 17
Spindle speed 2 184.8 1848 924 024 | 0806 24
Error 2 751 75.1 376 9
Total 8 763.6 100
DF=Degrees of freedom, SEQ SS= Sequential sum of squares, ADJ SS= Adjacent
sum of squares, ADJ MS= Acjacent mean sum of squares, %C = Percentage
contrbution
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From Table 6, influence can be made such that the spark gap (50%) and Spindle speed (24%) have great
influence of the diametric accuracy obtained, especially the Voltage (17%) represent lower percentages of
significance of contribution on the diametric accuracy.

Table7. ANOVA for MRR

SEQ ADJ ADJ
SOURCE DF F P (%C)
S8 88 Ms
Spark gap 2 0.03002 0.03002 0.01501 3142 0.031 81
Voltage 2 0.00296 0.00296 0.00148 309 0244 8
Spindle
2 0.00296 0.00296 0.00148 3.00 0.244 8
speed
Error 2 0.00096 0.00096 0.00048 3
Total g 0.03689 100
DF=Degrees of freedom, SEQ S$5= Sequential sum of squares, ADJ SS= Adjacent sum of
squares, ADJ MS= Adjacent mean sum of squares, %C = Percentage contribution

From Table 7, influence can be made such that the Spark gap (81%) have great influence of the
material removal rate obtained.

The error associated to the ANOVA table for the diametric accuracy is approximately 9%, and for the
MRR is approximately 3%.

By analyzing the results it is understood that the spark gap (50%) and spindle speed (24%) have great
influence of the diametric accuracy obtained. The Voltage value (17%) represents lower percentages of
significance on the diametric accuracy. The spark gap(81%)have great influence of the material
removal rate obtained. It is understood that lower spark gap can lead to higher MRR.

8. OPTIMAL MACHINING PARAMETERS

The optimum machining parameters for diameter accuracy and material removal rate (MRR) are
shown in Table 8.

Table8. Optimum machining parameters

Parameter Spark Gap Spindle Speed Voltage
Diameter Accuracy 0.20 700 50
MRR 0.18 300 50

9. MACHINING TRIALS FOR ASPECT RATIO

Based on the diametric accuracy parameters given in Table 8 trials were taken in order to achieve the
better aspect ratio i.e. L/D ratio and the images of those are shown below. With the current set up the
aspect ratio of25 [Fig 8] and 16[Fig 9] were achieved.
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10. CONCLUSIONS
In the present work an experimental set up has been fabricated and WEDG was carried out.

Micro rods of @0.3mm to a length of 6mm and @0.4mm to a length of 10mm were produced. [Aspect
ratios of 16 & 25 were achieved].

From the experimental results it is understood that the spark gap has 50% influence on the diametric
accuracy and 81% for the material removal rate.

In the present set up the spindle run out is 32um which may be instrumental factor with other process
parameters for not able to achieve more aspect ratios in machining as the work piece breaks while
machining for high aspect ratio.

By controlling the spindle run out more trials can be conducted to find the optimal process parameter to
machine higher aspect ratio.
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