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functional performance of engineering components in service. A
single surface texture parameter is not sufficient to analyze the
functional properties of the part surface such as friction & wear
or lubrication. Hence, combination of parameters is necessary to
characterize the functional property of a surface. The objective
of this work is to locate optimal values of process parameters for
ECM namely applied potential, inter-electrode gap and
machining time for low coefficient of friction in this study two
cases i.e. dry and lubricated conditions have been considered. In
dry case, the constraints used are maximum Sq, Syr, and
minimum Ssk, Sy, . For lubricated case the constraints used are
minimum Sq, Sg, Sure and maximum Sy,. It is observed that
Overall Desirability Function as implemented in Design- Expert
® software together with Box-Behnken design can be used
effectively for simultaneous optimization four surface roughness
parameters Sg, S, Sk and Sy, based on constraints referred
above. The effects of ranges, weights, importance of response
variables on the results have been studied.

Keywords— ECM, surface roughness, multicriteria

optimization, desirability function.

I INTRODUCTION

Electrochemical machining (ECM), a nontraditional
machining process offers a number of advantages. The
advantages include ability to machine very complex features
in hard and difficult to machine materials with negligible tool
wear, reasonable accuracy and acceptable surface finish.
However, there are many parameters both
controllable and uncontrollable that dictate the material
removal rate, accuracy and surface texture. [1-12].
Functional performance of engineering components in service
is strongly influenced by surface roughness [13-17] and
hence, it is treated as an index of product quality. 2D
parameters have been used extensively to characterize the
surface roughness. However, 3D parameters or combination
of different 3D/ areal parameters [14,18-22] are found to be
more effective for surface characterization than a
combination of 2D parameters. There are a large number of
3D surface texture parameters/ areal parameters. A single
surface texture parameter is not sufficient to reflect true
quality of the product [13-16, 18]. Combination of parameters
is necessary to characterize the functional property of a
surface. For example friction and wear has been reported to

Ry), (RuR2), Rk Riwr Roeta, W, [13]. Wear is reported [15] to
be larger when the initial values of the amplitude parameters
Sa Sq and Sy, as well as rms. slope Spq are high. It is
reported [16] that in case of dry wear test, coefficient of
friction is low when roughness is high. In lubricated case,
when roughness is low, then coefficient of friction is low. It
is found [16] that increase in parameter Ry, led to increase in
friction in lubricated case and decrease in friction in dry tests.
Friction also is observed to be lower when the parameter Rgy
tends to be more negative in lubricated tests.

Based on the above reports it is decided to locate optimal
process parameters for ECM namely applied potential, inter-
electrode gap and machining time for low coefficient of
friction for the two cases i.e. dry and lubricated conditions.
The constraints used are:

1. Dry case-maximize Sq, Sy, and minimize Sgy, Sy
2. Lubricated case- minimize Sg, S, Swrp and maximize
Sku-

The first step is to develop mathematical models to predict
the effect of process variables on surface roughness
parameters- Sq, S, Sk, Skus Ship-  The models will be used to
calculate the values of roughness parameters at any point in
the allowable design space.

The second step is to use these models to generate optimum
levels of process parameters for minimum coefficient of
friction for dry and lubricated conditions.

I. MATHEMATICAL MODEL

The mathematical models used in this work are taken from
reference [23]. The essential details and truncated results are
presented here. The matrix is a fifteen point Box Behnken
design [24]. The fifteen experiments allowed estimation of
the linear, quadratic and two-way interaction effects of the
variables on the surface parameters. The actual and coded
values of the different variables are listed in Table-1. The
design matrix is shown in Table-2.

ECM machine model ECMAC - Il, manufactured by
MetaTech Industries, Pune, is used along with flat hexagon
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shaped tool made of copper. Electrolyte used is KCI solution
(250 grams of KCI / litre of tap water).

Table-1. The Actual and Coded Values of Different
Variables

Intermediate
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Low Level High Level
Variable Symb Level Co
S ol Actua | Code | Actua | Code | Actua d
e
| d | d |
d
Time +1.
(minutes) T 2 1.0 3 0 4 0
Potential +1.
(volt) \Y; 15 -1.0 20 0 25 0
Inter
Electrode | | 064 | 10 | 096 | o | 128 | *T
Gap 0
(mm)
Table- 2. Design Matrix
Sl Variables
N+ v | G
1 -1 -1 0
2 +1 -1 0
3 -1 +1 0
4 +1 +1 0
5 -1 0 -1
6 +1 0 -1
7 -1 0 +1
8 +1 0 +1
9 0 -1 -1
10 0 +1 -1
11 0 -1 +1
12 0 +1 +1
13 0 0 0
14 0 0 0
15 0 0 0
A. Work-piece material specification:
SG Iron: Chemical Composition:
%C %Si %Mn %S %P
3.60- 2.30- 0.35- 0.014- 0.083-
3.63 2.38 0.36 0.013 0.080

Hommel Tester T-8000 is used for measuring the surface
texture parameters.

To correlate the effects of the variables and the response
factor i.e. the surface roughness parameters Sq, Ssk, Sku, and
Ship the following second order polynomial is used.

Y = B, + BT+ B,V +B;G+ By T? + B,V +BgG?
+B TV+B3TG+BVG . . ... .. (1)

Where, B's are the regression coefficients. The controllable
ECM parameters T, V, G and their combinations are in coded
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values. The coefficients of the models developed and model
statistics are given in Table 3.

Table-3:The Coefficients of the Models Developed and the
Statistical Model Parameters for KCI electrolyte.

Sq Sk Sku Ship
o | B 8.30667 -0.18087 2.84333 13.43334
i B, 0.44000 0.06925 0.18750 2.14625
s | B 1.12625 -0.22128 -0.2387 2.11500
(E’D, Bs 0.08125 -0.19798 0.22875 0.44375
8 B11 0.01666 -0.28504 0.19083 -0.30792
3 B2 2.06916 0.15891 0.31333 4.57458
2 | Bz -3.08084 -0.00009 -0.3367 -4.83792
Z | B -1.25750 0.36600 0.68250 -1.60000
o
& | B 0.55250 -0.29150 0.12750 0.00250
g Bas 1.29000 0.09155 0.30000 2.03000
@D
S | Framio | 0.82413 0.05233 0.50843 0.35424
8 [ 0.27373 0.08892 0.02243 2.94333
R? 98.5071 91.5377 98.2455 96.8652
Rl | 95.8199 76.3056 95.0874 | 91.2227
Rz(pred) 85.2914 72.4920 85.6117 77.9881

The variance for the mean estimated values can be calculated
using equation (2) [25].

V(y)= %2 - %Jz (Z xﬁ,) + g o? (Z xﬁ,) -I—%J2 (Zx?axﬁ,) )]

To validate the models further three experiments were carried
out at levels different than those of design matrix. The
conditions and results are given in Table 4. The confidence
interval is calculated based on the equation (3).

_ [ g2
Yio= Vot | Sip X Foosas

Where,

SE=SEA+VO]. .. 3)

The experimental values are within the confidence interval.
Design- Expert ®[26] is used For locating the optimum levels
of ECM process parameters for minimum coefficient of
friction for dry and lubricated conditions. Design- Expert
uses an optimization method developed by Derringer and
Swich [27], as described by Meyrs,Montgomery and
Anderson-Cook[28].

Derringer and Swich [27] has developed an overall
desirability function (D) by combining the quality attribute
from multiple responses. For measuring single quality
attribute three types of desirability functions (D) were
defined. The individual desirability function d; varies over the
range [29].
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Table 4: Model Validation. (iii) The two sided desirability function:
SN 1 2 3
0 0 y<1
co — ATt
y— L
cod | actua code | act de act J L<y < T
ed | d ual ual T — L ~
d d= 5
T @ @ o U—yy T
D |(min|015|3158 | 05 |358 | -1[35]¢ (U _ T) r<y =40
S m ) =" = z 0 y=U
22 [V 3 = 2 :
@ 2] 1] @
& (volt | -0.4 18 5| -02 |19 505|195
c); i i 03 % Where, L, U, T stand for lower limit, upper limit, target or
mm | -1 | 064 5 1 1é2 5 43 | 19 E objective of the response y. r, rl'& r2 are the weights.
) = = | 75 ~ The overall deswablllty1 function (D) is calculated as .
m Sq 4.99 4.99 8.52 D =(dy. dy. dy. . dy)m
§§_;g Sy 0.262 -0.55 -0.259 The design variables are then chosen to maximize the overall
235 S 551 306 57 desirability.
@ 2 Sk“ 9.08 8'58 14' 8 The overall desirability function as implemented in Design —
Hip : : : Expert depends on a number of factors: (i) Range of the
= - = individual parameters (ii) weights assigned to the parameters
Sq 56 E 5.533 § 9.288 § and (iii) relative importance of the parameters. Design —
Expert, however calculates the desirability functions from -1
o o to 1 limits for all the parameters. The models developed can
o | S« 0.199 S| -0.5656 § -0.7412 % be used for estimating the roughness parameters reliably as
g w o long as the coded values of T,V and G satisfy the relation.
5
<3 o = /T2 2 2 = L2 .
o Sku 2.516 K 2.873 B3 2511 8 VIV 167 =< +2
a1 B ©
For all experimental and desirability values presented here
A this constraint has been satisfied.
P P :
Shitp 9.26 B 9.55 2 13.909" | 5
a Case 1: Dry Case
Table 5. Constraints used in Dry Case
0 = d; =1 [ Lower Upper Lower Upper
(i) For the response ‘y’ is maximum: Name Goal Limit Limit Weight Weight Importance
0 y < L AT BNy 1 1 1 3
v Ly - range
d=]|: <y = i i
(T— L) L=y =T Bv 5 M1 1 11 3
0 y=L . J .
ce ® Ny 1 1 1 3
range
(i) For response ‘y’ is minimum: Sq  maximize 3.21333 12.375 1 1 3
Ssk  minimize -1.009 0.48876 1 1 3
0 y=T Sku  minimize 1.7524 4.09373 1 1 3
U — w’ ..
d= (U . ) T<y < U Shtp maximize 5.31714 20.68191 1 3
0 y>U Table:6 Optimized Parameters for dry case.
Vol Gal Ssk
Time* | tag | . P Sq S Surp | D
e*

0.07 | 123 | 092 | 227 | 194
-0.992 |1 8 75 2 2 41 0.906
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0.791698

Desirability

Duslmilty

0
B:V (volt) 05 05 AT (sec)

Fig.2.b.

Table-9: Effect of weights on the overall desirability function

Fig.1.b (D) and the optimized parameters.
Table 7: Modified Constraints . Vol ]
Time Gap Wei
* tag * Sq Ssk Sku SHTp D ght
Lower Upper Lower Upper e*
I o . . , - All
Name -Go-al Limit Limit Weight Weight Importance 0.99 0001 1231 09l 22 0.82 9
AT Isin 1 1 1 1 3 7 1 6 4 3 4| 19.29 7
range - - - All
. isin 0.99 003 | 123 | 09| 22 0.75 3
B:vV range -1 1 1 1 3 9 1 3 1 4 3| 19.19 3
. - - - All :
C:G r:n'”e 1 1 1 1 3 0.99 003 | 122 | 09| 2.2 068 | 4
g 2| 1| 9| 9| 3| 3|1918] 1
Sq maximize 3.21333 8 1 1 3 - - All :
Ssk minimize -1.009 0.48876 1 1 3 . 09-8 O-Oi 12-3 O-Z 2-; L0168 0-65 S
Sku minimize 1.7524 4.09373 1 1 3 __ - :
Shtp maximize 5.31714 10 1 1 3 0.99 0.00| 123 | 09| 2.2 0.38 | All:
7 1 3 4 4 4| 19.28 7] 10
Sek=b
Table_8: Optimized Parameters for dry case with modified - - - ,all
constraints. 099 | 09| 007 | 122 | 09| 22 0.79 | other
Ti volt | Ga 9] 93 1 2 4 1| 18.99 7] s2
me age* *p Sq Ssk Sku SHTp D Ssk:5
o . . . all
- 0.99 006 | 122 | 09| 22 0.73 | other
0.59 8. - 199 | 10.7 | 0.95
-1 5 0.;6 0 | 0887 7 1 5 1 1 2 6 4 2| 19.11 1| s3

In the above case all the factors have been given equal
weight. Next the effects of weights on the overall desirability
function (D) and it’s position in the design space have been
studied.
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Table 10. Effect

A: T (sec)

importance of the

parameters.

: Con
Tim | Volt | Gap | g, | g | g, | S| p | ditio
e age p n

Sskat

4 | -036 | 988 | 406 | 506 | 2949 | 62 | 0614 | A

1 7 other

sat

*k

Sskat

- 12.2 h 19. * All

-1 1 0.03 | 7§ 0.33 2226 | o | 0799 | L

sat

*%

Sskat

- - *

a4 | 1 |oo0s | 2% 093 |2217 | | o731 | Al
7 11

6 other

sat

Case 2:Lubricated Case

Table 11. Constraints used in Lubricated Case.

Name Goal

AT isin
range

BV isin
range

cG isin
range

Sq

Ssk  minimize

Sku

Shtp
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Lower

Limit

-1

-1

-1

Upper Lower Upper

Limit Weight Weight Importance

1

1

minimize 3.21333 12.375

-1.009 0.48876

maximize 1.7524 4.09373
minimize 5.31714 20.6819

1

e

1

e

3

w w w w
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Table:12 Optimized Parameters for lubricated case.

Time
*

Voltage
*

Gap*

Sq

Ssk

Sku

SH'I' D

p

1

-0.040

0.999

6.277

0.92

3.212

10.8 | 0.708

Table-13: of weights on the overall desirability function (D)

_ -
Tm | vollage | gapr | sq | So | Sm | D
0.60 -0.379 1 3.811 0.188 2.793 6.357 0.608

Table-14: Effect of weights on the overall desirability
function (D) and it’s position in the design space.

Time

*

Volta

Gap
ge* *

Sq

Ssk

Sku

SHTp

Wei

D ght

0.969

0.046

6.23

0.893

3.187

10.72

AL

0.5 L:2

0.998

-0.03 1

6.28

0.915

3.218

10.80

AL

0.4 L:3

0.99

-0.07 1

6.23

3.182

10.70

0.3

AL

0.916 L:4

0998 | 003 | 1 | 628 3218 | 1080 | 02 f'%

0.915

Sy=
5,
all

othe

rs 2

1 -0.16 8 6.29 0.931 3.137 | 10.76 0.5

Sg=
5,
all

othe

rs 3

0.988 | -0.07 1 6.23 3.185 | 10.71 0.3

0.913

For dry case the highest value of D calculated is 0.906 when
all factors have equal weight of 1 and have same importance
value of three. Under the same conditions highest value of D
calculated is 0.708 in lubricated case (Table 6 & 12). The
ideal value of D is 1.00. In the experimental space under the
constraints considered, dry case is closer to ideal condition
than lubricated one. With changing limits, value of D
changed appreciably (Table 7 & 13). For dry case it has
improved from 0.906 to 0.952; where as in lubricated case it
has decreased from 0.708 to 0.608. In case of dry, Sg and Sy,
values have changed in opposite direction (Table 6 & 8).
Though D value is greater in case of modified constraint but
relative importance of the two parameters will decide which
condition will be the best. In case of lubricated case, value of
D has decreased from 0.708 to 6.08 when the constraints have
been modified. Though D has decreased but, there is
substantial reduction in Sy , Syr, values and a very large
increase in Sg value (Table 12 & 13). Again the relative
importance of Sg, Syre in one hand and S on the other hand
will decide the selection of optimum conditions.

The other interesting result is that’ as weights of all the
parameters are increased equally (Table 9 & 14) value of D
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has decreased continuously. But, there is little change in
values of, Sq S, Sk and Syrp. Giving more weight to S
than other parameters has pulled the value of Sg towards the
absolute minimum. Under same weight of Sg when the
weights of all other parameters are increased from 2 to 3,
value of Sy has increased slightly from -0.9446 to -0.9362
i.e. moved in reverse direction.

Changing the importance of parameter (Table 10)
shows that when S status is changed from (****) to (*****)
keeping all other parameters at status of (**) S, value has
changed from -0.267 to -0.93874. A very large change.
However, when status of all other parameters except Sy are
changed to (***) a negligible change occurred in the value of
S« Between importance and weight, it is found that weight is
slightly more effective in satisfying the constants than
importance of parameters.

CONCLUSION

1. Overall desirability function together with Box-Behnken
design can be wused effectively for simultaneous
optimization of several response parameters. In this study
four surface roughness parameters Sy, Sg, Sy and Syrp
have been optimized based on constraints selected to
minimize the coefficient of friction. The model
verification results confirmed that the predictions of Box-
Behnken models are reliable and hence can be used for
optimization.

2. Design-Expert is used to locate the values of ECM process
variables - applied potential, inter-electrode gap and
machining time which will give lowest value of the
functional characteristic i.e. coefficient of friction based
on constraint applied to four surface roughness parameters
Sq,Ssk,Sku and SHTp-

3. Highest value of D calculated for dry case is 0.9523 for the
ECM process variables: time at -1 level, potential at
0.59538 level and gap at -0.76617 level.

4. For lubricated case the highest value of D calculated is
0.708 for the ECM process variables time at 1 level,
potential at -0.04 level and gap at 0.999 level.

5. As weights of all the parameters are increased equally
value of D has decreased continuously. However, there is
little change in values of Sq, Se, Sk, and Syy.

6. Giving more weight to Sy than others parameters has
pulled the value of Sy to towards the absolute minimum.
Under same weight of Sy when the weights of all other
parameters are increased from 2 to 3 , value of Sy has
increased slightly from -0.9446 to -0.9362 i.e. moved in
reverse direction. This shows the sensitivity of the
optimization method.

7. Weight has slightly more effect than importance (for
setting up of effective constraints :ranges, weights,
importance of response variables) knowledge of relative
effects of the four roughness parameters on the coefficient
of friction in dry and lubricated cases are important.

8. Design — Expert searches the design space of -1 to +1 for
all the ECM process variables for optimization. In case of
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Box-Behnken design it should be limited to spherical
radius of /». Outside this range the prediction from Box-

Behnken design is not reliable.

9. The software by default selects the maximum and
minimum value from the given design points. However,
those values may not be the global maximum and
minimum. For each response, maximum and minimum
may be calculated and the constraints may be formulated
suitably.

Roughness Parameters:

All parameters starting with S is 3D extension of R

roughness profile parameter: for example S is the 3D
extension of R

Rpeia : Average Slope of the Profile.
R¢ : Maximum Height of Profile.
Sa: Arithmetic Mean Deviation of the Surface ,um

Spq: Root mean square gradient of the surface

Sku: Kurtosis of the Topography Height Distribution.

Sq: Root-Mean-Square (RMS) Deviation of the Surface,um
Swrp: Surface section height difference (20% - 80%)

S Skewness of the Topography Height Distribution.

W, : Mean Value of the Waviness of the Unfiltered Profile.

Experimental Variables
T : Time of machining (minutes)

V : Applied potential(volts)

G : Inter electrode gap(mm)

X . Variable (T,V,G)
Statistical Analysis Parameters

V(¥ = variance of estimated response at a point given by
( xw-"-':l:)
5t = Mean Square of Residual

¥o = Mean estimated response at a point given by (X1, X201
X30)

%o = Confidence interval for single estimated response at a
point given by (X0, X20, X30)

Fpez1s = F ratio

¢* = Mean Square of Experimental Error
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