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ABSTRACT
Aiming at the complexity and unpredictability of EDM(electrical discharge
machining) honeycomb ring, the Taguchi method with gray relation analysis
was proposed to determine the EDM parameters with consideration of
multiple performance characteristics.The main machining parameters pulse-
on time(t

on
), pulse-off time(t

off
), peak current(I) and peak voltage(U) were

selected to explore the effects of multiple performance characteristics on
SR(surface roughness) and EWR(electrode wear rate).A series of
experiments were conducted according to an orthogonal array L

18 
based

on Taguchi method. The significant process parameters that affected MRR
and SR were determined by the analysis of variance.The obtained optimal
machining conditions were pulse-on time of 5 s , peak current of 10A,
peak voltage of 1V, pulse-off time of 75.Under these conditions, the SR of
0.826and MRR of 1.913could be obtained.An additional experiment was
conducted to verify the obtained optimal machining conditions.
 2013 Trade Science Inc. - INDIA
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INTRODUCTION

Honeycomb seal can improve efficiency and sta-
bility of airplane and reduce energy consumption be-
cause of its good seal properties and rotor dynamic
characteristics. Therefore, honeycomb rings have been
widely used in various jet or vortex engines at home
and abroad, such as U-2 plane, F16 fighter jets as well
as a number of civil aircraft engine, since the 1980s[1,

2].Engine performance and service life are affected by
honeycomb ring quality.Because of the special struc-
ture and materials of honeycomb ring, traditional me-
chanical processing method is difficult to achieve.

EDM has gained importance due to its capability
to remove material with good accuracy and precision
and lack of direct contact between the tool electrode
and the workpiece[3].EDM accomplishes shapes that
could hardly been achieved with any other conventional
method, regardless the hardness of material and the
complex of the part to be machined. Therefore, EDM
was suitable for machining honeycomb with special
shape and material. But the physical mechanism of EDM
is complex and volatile, randomness and uncertainty.

Taguchi method is an efficient tool for the design of
a high-quality manufacturing system based on orthogo-
nal array experiments, which provides much-reduced
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variance for the experiment with optimum setting of pro-
cess control parameters[4].The gray theory, first initi-
ated by Dr.Deng in 1982, can provide a solution to a
system in which the model is unsure or the information
is incomplete[5].It avoids the inherent shortcomings of
conventional statistical methods and requires limited data
to estimate the behavior of an uncertain system.It also
provides an efficient solution to the uncertain, multi-in-
put and discrete data problem.The gray relation analy-
sis based on this theory is applied in different manufac-
turing processes to effectively solve the complicated
interrelationships among multiple performance charac-
teristics and to determine the optimal parameter set-
ting[6-10].

In this present paper, four independently control-
lable parameters pulse-on time(t

on
), pulse-off time(t

off
),

peak current(I) and peak voltage(U) were varied to
determine their effects on MRR and SR.An L

25 
orthogo-

nal array based on the Taguchi method was utilized to
plan the experiments.The data of experiments were
transferred into gray relational grade and were assessed
by analysis of variance (ANOVA) to determine the sig-
nificant machining parameters and obtain the optimal
levels of machining parameters for multiple performance

characteristics.

EXPERIMENTATION

The workpiece honeycomb ring

Honeycomb ring is typical thin-walled part with
thickness of 0.03mm, shown in Figure 1.Meanwhile,
the surface quality requirement of its structure is very
strict, the processing requirements of the remelted layer
thickness is less than 0.035mm, the runout on compo-
nent benchmark is less than 0.05mm,

0.8 ~ 1.6aR mm mm , the requirements on the sur-

face is no crack, no residual burr and no heat affected
zone[11, 12].

Honeycomb ring is made of nickle-based superal-
loys (GH3536) characterized by excellent resistance
to oxidation, corrosiveness resistance, high thermal sta-
bility and fatigue, however, it is regarded as one of the
most difficult-to-machine materials because of hard
particle, work hardening and low thermal conductivity,
the properties of GH3536 were shown in TABLE 1[13]

.

Experimental conditions and procedures

EDM is a process whereby unnecessary material is
removed by the action of electrical discharges between
the workpiece and the tool electrode. In this study, a
series of experiments were performed on a CNC elec-
trical discharge grinding machine �ZT-034 �, detailed

processing parameters are shown in TABLE 2.
The concept of EDM honeycomb ring was illus-

trated in Figure 1.In the process of EDM, the honey-
comb ring was fixed on the rotating table, and tool elec-
trode was moved to machine the inner cambered
surface.A relatively stable discharge gap (0.01~0.07mmFigure 1 : 1/4 honeycomb ring

TABLE 1 : physical and mechanical properties of GH3536
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)was maintained between tool electrode and workpiece
rotating in opposite direction to complete radial com-
pensation processing. Clavate tool electrode was de-
signed to not only facilitate chip removal and deioniza-
tion but also enhance the machining precision of honey-
comb ring[14].Copper with good electrical conductivity
and low price was chosen as tool electrode material.The
working liquid feed system was employed to ensure
that the workpiece and tool electrode was completely
immersed with kerosene of low viscosity and good

deionization property.Positive polarity machining was
applied to obtain high processing quality[15].

The following independently controllable process
parameters are identified to carry out the experiments:
pulse-on time(t

on
), pulse-off time(t

off
), peak current(I)

and peak voltage(U).Preferred levels, units and sym-
bols are given in TABLE 3.

The methodology of Taguchi for four factors at five
levels was used for the implementation of the plan of
orthogonal array experiments.An L

25 
orthogonal array

with 4 columns and 25 rows is employed in this work,
shown in TABLE 4.And experiments were carried out
according to the arrangement of the orthogonal array.

The evaluation and measurement of MRR and SR

MRR was calculated by using the volume loss from
the work piece divided by the time of machining.The
calculated weight loss is converted to volumetric loss in
cubic millimeter per minute as Eq(1).

T

W

T

V
MRR

w

ww







 (1)

where wV  is the volume loss from the work piece,

wW is the weight loss from the work piece, T is the

TABLE 2 : The detailed parameters of ZT-034

1�tool electrode 2�honeycomb 3� fixture 4� rotating table

Figure 2 : The concept of EDM honeycomb ring

TABLE 3 : Process parameters and their levels
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duration of the machining process, and

w =8.28 3/ cmg  is the density of the work piece.

SR was measured at three different positions and
average SR(Ra) value was taken using a surf test mea-
suring instrument (TR200).

GRAY RELATIONAL ANALYSIS

Gray relational analysis is an improved method for
identifying and prioritizing main system factors and is
helpful for variable independence analysis.Therefore,

the relationships between the machining performance
characteristics and the machining parameters can be
determined using gray relational analysis[16].

Gray relational generating

Gray relational analysis adopted discrete measure-
ments to evaluate the distance between two sequences
and then explored the extent of their relationships.If the
sequence range is excessively large and the stand value
is too enormous, it will induce the effect of some fac-
tors to be ignored[17].Therefore, the raw experimental

data are normalized at first.The normalized results ijx ,

TABLE  4 : Experimental layout using L
25 

orthogonal array
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for higher-the-better performance characteristic can be
expressed as:

ijjijj

ijjij
ij yminymax

yminy
x




 (2)

For lower-the-better performance characteristic ijx  can

be expressed as:

ijjijj

ijijj
ij yminymax

yymax
x




  (3)

Where ijy  is the ith performance characteristic in the

jth experiment.

Gray relational coefficient

The gray relational coefficient is determined to ex-
press the relationship between ideal and actual normal-
ized experimental data.Besides, the gray relational co-
efficient can be calculated as :

ij
0
ijiij

0
i

ij
0
ijiij

0
iji

ij
xxmaxmaxxx

xxmaxmaxxxminmin




  (4)

where 0
ix is the ideal normalized result for the ith per-

formance characteristics, and  is a distinguishing co-

efficient, which is defined in the range of 10   .Gen-

erally   can be adjusted to fit the practical require-
ments and it is normally set at 0.5[18].

Gray relational grade

The gray relation grade that is obtained by aver-
aging the gray relational coefficients associated with
each performance characteristic.It can be expressed
as:

 
n

i
ijij w

n
1

 (5)

where j  is the gray relational grade for the jth  ex-

periment, iw is the weighting factor for the ith perfor-

mance characteristic, and n is the number of perfor-
mance characteristics.

The optimization of machining parameters associ-
ated with the complex multiple performance character-
istics can be converted into the optimal resolution of
single gray relational grade.And the optimal level of the
process parameters is the level with the highest gray
relational grade.

INFLUENCE OF PROCESS
PARAMETERS ON MRR AND SR

The purpose of the ANOVA is to investigate which
process parameters significantly affects the MRR and
SR.This is completed by separating the total variability
of the response, which is measured by the sum of
squared deviations from the total mean of the response,
into contributions by each EDM process parameter and
the error.The results of ANOVA were furnished in
TABLE 5 and 6.

According to TABLE 5, pulse-on time was the most
dominant effect factor on MRR, and it was followed by
peak current, peak voltage and pulse-off time.The MRR
mainly depends on the energy, a higher pulse-on time
generates high thermal energy, which produces a large
MRR.The peak current and peak voltage have positive
effect on MRR, and the MRR increase with them.Pulse-
off time is inversely proportional to MRR, with the in-

TABLE 5 : Results of the ANOVA for MRR
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TABLE 6 : Results of the ANOVA for SR

crease of pulse-off time, the number of discharge
pluses per unit time decrease, as a result, MRR is
low.

It could be found from TABLE 6 that pulse-on time
had the most dominant effect on SR, and it was ranked
by pulse-off time, peak current and peak voltage.SR
increase as the pulse-on time.It is due to the fact that a
higher pulse-on time make a single pulse discharge time
and energy increase and enlarge discharge craters.A
lower pulse-off time make a single pulse discharge cycle
decrease and pulse discharge frequence increase, the
refinement can obtain a lower SR.If the pulse-off time
is lower than the critical value, deionization is not suffi-
cient and the stability is reduced, so SR will increase.
The increase of peak current and peak voltage cause a
larger single pulse discharge energy and larger discharge
craters, so SR increases as well.

DETERMINATION OF OPTIMAL
PROCESS PARAMETERS ON

MRR AND SR

The normalized results for MRR and SR were listed
in TABLE 7, in this work, the MRR was desired to
obtain a higher value, namely, higher-the-better feature
and the SR exhibited the feature of lower-the-
better.Consequently, the gray relational coefficients for
each experiment can be calculated according to Eq(4).In
calculating the gray relational grades, the weighting for
both performance characteristics was set as 1:1, each
characteristics had equal importance or relative
weighting.After averaging the corresponding gray rela-
tional coefficients, the gray relational grades were ob-
tained.

Figure 3 : Response graph of gray relational grade
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TABLE 7 : Gray relational generation of SR and MRR TABLE 8 : Gray relational coefficients and grades

TABLE 8 presented the results of gray relational
coefficients, grades and their ranks.The results indicated
that experiment number 8 had the largest relational

grade.It could be expected that the levels of each ma-
chining parameter were superior to obtain a better mul-
tiply performance characteristics.

The response of the gray relational grades associ-
ated with the levels of each machining parameter and
the effects of each each machining parameters was sum-
marized in TABLE 9.The total mean value of the gray
relational grade is found to be 0.5354.Pulse-on time
has been found to have maximum effect on the
response.In addition, the response graph of gray rela-
tional grades were shown in Figure 3.

From the analysis of results presented in TABLE 9
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TABLE 9 : Response table for gray relational grades

and Figure 3, the optimal combinational levels of ma-
chining parameters associated with multiple performance
characteristics from EDM honeycomb rings were as
follows: pulse-on time at level 1(t

on=
5 s ), peak current

at level 3(I=10A), peak voltage at level 1(U=1V),
pulse-off time at level 3(t

off 
=75) for minimizing SR and

maximizing MRR, respectively.The EDMed surfaced
micrograph was shown in Figure 4, the smoother sur-
face due to lower discharge current (10 A) and lower

pulse-on time (5 ìs).

CONFIRMATION EXPERIMENT

Once the optimal level of machining parameters
were selected, the final step is to predict and verify the
improvement of the performance characteristics using
the optimal level of machining parameters.The estimated

grade 


  using the optimum level of machining param-

eters can be calculated as:

)( m

p

1i
jm  





(6)

where m is the total mean of gray relational grade, 


j

is the mean of the gray relational grade at the optimum
level and p is the number of machining parameters that
significantly affects the multiple performance
characteristics.Based on Eq(6), the results of the con-
firmation experiment using optimal machining param-
eters shown in TABLE 10.The SR was reduced
from1.057 to 0.826 m and MRR was enhanced
from1.560 to 1.913 min/3mm .It was clearly presented

TABLE 10 : Results of confirmation experiment

Figure 4 : The SEM micrographs of GH3536 in optimum
condition
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that multiply performance characteristics in EDM hon-
eycomb ring were greatly improved through this work.

CONCLUSIONS

(1) ANOVA results indicated that the pulse-on time,
peak current, peak voltage and pulse-off time were
significant machining parameters that obviously af-
fected the multiple performance characteristics in
the EDM honeycomb ring.Moreover, the optimal
combinational levels of machining parameters based
on gray relational grades associated with multiply
performance characteristics in the EDM honey-
comb ring process as follows: 5 s pulse-on time
(t

on
), 10A peak current (I), 1V peak voltage (U),

75pulse-off time (t
off)

.As a result, optimization of
the complicated multiple performance characteris-
tics can be greatly simplified through this approach.

(2) The corresponding confirmation tests show that the
improvement of SR and MRR from the initial con-
dition to optimal condition is 21.85%and 22.63%,
respectively.
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