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Abstract: This research work has presented an investigation on the optimization process
parameters such as grit size, speed, and depth of cut on the opal gemstone faceting operation
process to identify the variations in two performance characteristics such as rate of material
removal, and surface roughness value on the work material for Wollo opal gemstone.
Constructed on the experiments, analysis has been approved by Grey Relational Analysis, a
Taguchi method accompanied on Ly orthogonal array. Response tables and graphs were used to
find the optimal levels of parameters in the opal gemstone faceting process. The validation
experiments were approved to confirm the optimal results. Thus, the machining parameters for
opal gemstone faceting were optimized for accomplishing the mutual objectives of a higher rate
of material removal, and lower surface roughness value on the work material considered in this
work. The obtained results show that the Taguchi Grey Relational Analysis is being an effective
technique to optimize the machining parameters for the opal gemstone faceting process. The
contribution of the main factors and interaction between them to the optimal surface roughness
were determined by using Analysis of Variance (ANOVA). The experimental results shown that
grit size 1400 mesh, speed 60 m/s and depth of cut 0.6 mm yielded the optimal i.e., minimum
surface roughness and maximum material removal rate.

KEYWORDS: Taguchi Method, Surface roughness, Material removal rate, Orthogonal Array,
Grey Relational Analysis, ANOVA.

1. Introduction

The growth of a company is depending on the quality of a product. The value of the product
mostly depends upon the material and process parameters. Optimization system shows a great
role to increase product quality [1].

Hence, many researchers have obtainable their works on the optimization of process parameters
for various machining processes. Sedighi, M. and D. Afshari have done Creep feed grinding
process optimization with multiple performance characteristics by an integrated GANN system
process of a turbine blade [2]. Xu, L.-h., et al. have done the optimization of grinding of cubic
zirconia with grooved and non-grooved diamond discs automatic faceting gem machine based on
the convention vertical grinding type popular in jewelry factories which developed mainly for
the diamond facet grinding and polishing by comparison of some important parameters [3].
Hamprommarat, Sutapun et al. have done Taguchi parametric optimization process used for the
optimization process of cylindrical grinding machine with L9 ANOVA [4]. Santos, M., et al.
have done multi-objective optimization of cutting conditions when turning aluminum alloys
(1350-O and 7075-T6 grades) using a genetic algorithm and an experimental design is approved

145


http://www.ijiset.com/

III-‘il"l' IJISET - International Journal of Innovative Science, Engineering & Technology, Vol. 09 Issue 04, April 2022
o ISSN (Online) 2348 — 7968 | Impact Factor — 6.72

www.ijiset.com

using Lo Taguchi technique [5]. Raghuraman, S., et al. have examined the optimization of EDM
parameters using Ly Taguchi method and grey relational analysis (GRA) for mild steel IS 2026
[6].

Gemstone manufacturing is one of the major manufacturing processes and comprises several
processes. Machining consists of shape and ground cutting, grinding, faceting, and finishing [3].
Consequently, the effects of parameters in faceting gemstones have been investigated to increase
quality and performance. Selecting the parameters of the faceting process is very important.
These parameters should relate to gemstone faceting performance. There are several investigates
accomplished and studied on faceting in any selected parameters such as wheel speed, work feed
rate, depth of grinding, time of grinding, abrasive grit size, wheel bond type, and study on any
materials such as hard and brittle material, harden metal, advanced ceramics and sapphire [7].
However, limited published work is available on the study of faceting on opal gemstone.

The objective of this paper is to determine the optimal levels of the process parameters for the
opal gemstone faceting operation process using the Taguchi-based grey method. This work was
done with Wollo opal gemstone as workpiece material. Taguchi’s and Grey's Relational Analysis
was applied to improve the multi-response characteristics. the input parameters taken with 3
levels are grit size (600, 1000, 1400 in mesh), speed (30, 60, 90 in m/s) and depth of cut (0.6,
0.8, 1.0 in mm) in the operation to recognize the variants in two performance characteristics
those are the rate of material removal, and surface roughness value on the work material for
faceting the opal gemstone using faceting machine.

2. Materials and Methods
2.1. Materials and Machine
Ethiopian attractive and colorfull Wollo opal was selected as the workpiece material. The

photographic view and material properties theTQBI@%.W%Bmg%gfgrg%%bme’gigf %\ﬂoﬂedopgf‘ble

2.1 [8] gemstone

Properties Values
Chemical formula SiO, - nH,0
Molecular weight 87.11gm/mol (g/mol)

o7 - Density 2.026 (g/cc)

N I Refractive index 1.450 (c-axis)

Fig 2.1: Ethiopian Wollo opal gemstone Hardness 5 (mohr)

Modulus of elastic 233 (GPa)

An electroplated diamond disc (laps) was selected in the existing study aimed to faceting a
selected opal gemstone workpice material. The three 200-mm diameter of electroplated diamond
discs was used together with 600, 1000, 1400-mesh diamond particle. The average grit size of
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these particles was 18um [3]. Electroplated diamond disc is used as the faceting tool is shown
Fig 2.2.

Fig 2.2: Electroplated diamond disc

Machining was carried out in a gemstone faceting machine as shown in Fig 2.3. The machine is
provided with changing the grinding disc as we needed. The speed and depth of cut were
selected from the range. Table 2.2 shows the machine specifications and Table 2.3 shows the
working conditions and description of the gemstone faceting machine.

Table 2.2: Machine specifications

Description Details

Supply voltage (AC) AC 110V

Power consumption 120 W

Speed 0-1800 rpm (adjustable)

Machine size 400x215x 360 mm (21.5x15.7 x 14.2")

Figure 2.3: Gemstone faceting machine

Table 2.3: Working conditions and description of the faceting machine

Working conditions Description

Workpiece Wollo opal

Faceting tool Electroplated diamond disc
Faceting disc 600, 1000, 1400 mesh
Speed of disc 30, 60, 90 m/s

Depth of cut 0.6, 0.8, 1.0 mm
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The control parameters for each experiment to determine the optimal machining parameters at
three different levels and three different response parameters considered for multiple
performance characteristics were carried out by setting: are shown in Table 2.4. For each
experiment the combinations of the three input parameters namely. Abrasive grit size (A) in the
range of 600 mesh to 1400 mesh, Speed (B) in the range of 30m/s to 90 m/s, Depth of cut (C) in
the range of 0.6 mm to 1.0 mm, all having 3 levels [9].

Table 2.4: Factors and levels used in experiment

Symbol Machining Unit Level 1 | Level2 | Level 3
Parameters
A Abrasive Grit Size mesh 600 1000 1400
B Speed m/s 30 60 90
C Depth of Cut Mm 0.6 0.8 1.0

2.2. Experimental Setup

The experimental work was performed on the faceting gem machine in jewelry factories which
were established mostly for diamond facet grinding and polishing. Figure 2.4 shows the
experimental setup structure and experimental apparatus. The depth of cut is controlled by Z-
axis. S-axis is engaged for high-speed rotation of the central spindle. The most important
controllers’ in this structure are the depth of cut on the z-axis and cutting speed on the s-axis
because it not only has an effect on the shape of the product but also has an effect on gem quality
as well, with no cracking and no scratching [3]. The grinding discs are changed as we selected
fixed for each level.

Gem

5 I__ .
Grinding disc Depth of Cut . }EEHS
|

|
LA S axis

Fig 2.4: Schematic faceting gem machine setup [3].
3. Experimental Details

The design of the experiment is an effective tool to design and conduct the experiments with
minimum resources. A statistical technique of important parameters that changes test areas into
factors and levels is Orthogonal Array. Test design using an orthogonal array creates an efficient
and concise test suite with fewer test cases without compromising test coverage. L9 Orthogonal
Array design matrix is used to set the control parameters to calculate the process performance.
Table 2.5 shows the design matrix used in this work.
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Table 2.5: Design Matrix of L9 Orthogonal Array [6]

Exp. No Control Factors

©| o | o|lu| & w| N e
w| w| wl NN N R R R
w| N R W] R w N RN
N R W Rlw] N w N R|w

3.1. Material Removal Rate

The workpiece was weighed before and after the grinding by using the electronic weigh-balance
to calculate the material removal rate. The material removal rate of the workpiece is the volume
of the material removed per minute. It can be calculated using the following relation [10].
(wi—wf)

pxt

MRR = (2.1)

MRR Material Removal Rate (mm®/min)

W; The initial weight of the workpiece (gm)
Wk The final weight of the workpiece (gm)
p The density of the workpiece (gm/cm®)

t Period of the trial (min).

3.2. Surface Roughness

Roughness is frequently a good forecaster of the performance of responses, since irregularities in
the surface may form cracks. It is a measure of the texture of a surface. It is computed by the
vertical deviations of a real surface from its ideal form. If these deviations are large, the surface
is rough; if small, the surface is smooth. The parameter mostly used for general surface
roughness is Ra [10].

Surface roughness was measured in terms of the mean surface roughness (Ra) by using a TR100
Surface roughness tester. Its Measuring Range is 0.05 to 10um (Ra). The contact tip of the
instrument was kept in contact with the measured surface and the workpiece surface roughness
was measured. The surface roughness can be measured using a surface roughness tester machine,
which is shown in Fig 2.5.
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TRIM Sorfae Roughnew Tester

Fig 2.5: Equipment for surface roughness measurement

4. Analysis of Experiments

As the objective is to obtain the high material removal rate (MRR), and the best surface finish, it
is concerned with obtaining the largest value for MRR, and the smallest value of surface
roughness. Hence, the required quality characteristic for high MRR is larger the better, which
states that the output must be as large as possible, and surface roughness is smaller the better,
which states that the output necessity as low as promising.

4.1. Experimental Results

Experiments were accompanied as per Lg orthogonal array, assigning different values of the
levels to the process parameters. After individual experiments for each set of values were
conducted on opal gemstone, the Material removal rate is calculated using Equation (2.1). The
surface roughness values were measured using a surface roughness tester and the final results are
given in Table 3.1.

Table 3.1 Experimental results

Surface
Exp. Grit Size Speed Depth of cut MRR Roughness (Ra,
No (mesh) (m/s) (mm) (mm?®/sec) pum)
1 600 30 0.6 212.500 0.070
2 600 60 0.8 38.500 0.075
3 600 90 1.0 214.354 0.038
4 1000 30 0.8 170.500 0.052
5 1000 60 1.0 44.000 0.042
6 1000 90 0.6 45.000 0.061
7 1400 30 1.0 104.000 0.056
8 1400 60 0.6 60.500 0.024
9 1400 90 0.8 39.214 0.034

4.2. Optimization Using Grey Relational Analysis

Taguchi's method [11] is focused on the effective application of engineering strategies rather
than advanced statistical techniques. The primary goals of the Taguchi method are

e A decrease in the distinction of a product design to increase quality and lesser the loss
conveyed to people.

e A proper product or process implementation strategy can further reduce the level of
variation.
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The stages elaborate in Taguchi’s Grey Relational Analysis are [12]:
Step-1

The experimental data have been normalized for both material removal rate and surface
roughness using Eqn. (3.1) and (3.2) and presented in Table 4.6 called grey relational
generations.

y; —min(y;,i=12,..n)

i,- (3.1)

- max(y;,i=12,..n)—min(y;,i=12,..n)
Then the output parameters, which follow the lower-the-better criterion can be expressed as;

max(y;,i=12,..n)-y;

= . . . (3.2)
max(yij i=12,..n)— mln(yij ,i=12,..n)

ij

Table 3.2: Normalized experimental data

Normalized experimental data
, Surface Roughness
Exp. | GritSize | Speed Depth of cut MRR (mm'/sec) (Ra. pm)
No (mesh) (m/s) (mm) Larger-the-Better Smaller-the-Better
1 600 30 0.6 0.011 0.098
2 600 60 0.8 1.000 0.000
3 600 90 1.0 0.000 0.725
4 1000 30 0.8 0.249 0.451
5 1000 60 1.0 0.969 0.655
6 1000 90 0.6 0.963 0.275
7 1400 30 1.0 0.628 0.373
8 1400 60 0.6 0.875 1.000
9 1400 90 0.8 0.996 0.804
Step-2

From the normalized data set of Table 3.3, grey relational coefficients have been computed using
equation 3.3. The value of the distinguishing coefficient is taken as 0.5 as equal weighting has
been given to both quality characteristics. The results are shown in Table 3.4.

The deviation sequence AiQ can be calculated using Eqg. 3.7. as follows;
Ao + A (Grey Relational Coefficient)
Ay (K)+ A,

Ay (K) 21y, (k) -y (k)[ (Deviation sequences)

& (k) =

A, =1.00and A_ =0.00
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Table 3.3: Results of Deviation sequences

Deviation Sequences
Agi (K) =1y, (k) =y (k)L
Exp. Grit Size Depth of cut
No (mesh) Speed (m/s) (mm) MRR (mm®/sec) Surface Roughness (Ra, pm)
1 600 30 0.6 0.989 0.902
2 600 60 0.8 0.000 1.000
3 600 90 1.0 1.000 0.275
4 1000 30 0.8 0.751 0.549
5 1000 60 1.0 0.031 0.345
6 1000 90 0.6 0.037 0.725
7 1400 30 1.0 0.372 0.627
8 1400 60 0.6 0.125 0.000
9 1400 90 0.8 0.004 0.196
The grey relational coefficient (&;) for the MRR of experiment No.2 using the given equation is
given below.
£ (k) = oo ¥ e (3.3)

Ag; (K) + EA
Where, Ay;(k)is the deviation sequence of the reference sequence and comparability sequence.
Agi (K) =Yy (k) —y; (K) [ (3.4)
A, =1.00and A . =0.00

Table 3.4: Results of grey relational coefficient

Grey Relational Coefficient
fi (k) — Amln + gAmax
Agi (K) +EA o
Surface
Exp. Grit Size Depth of cut MRR Roughness (Ra,
No (mesh) Speed (m/s) (mm) (mm?®/sec) pm)
1 600 30 0.6 0.336 0.357
2 600 60 0.8 1.000 0.333
3 600 90 1.0 0.333 0.646
4 1000 30 0.8 0.400 0.477
5 1000 60 1.0 0.941 0.592
6 1000 90 0.6 0.931 0.408
7 1400 30 1.0 0.573 0.443
8 1400 60 0.6 0.800 1.000
9 1400 90 0.8 0.992 0.718
Step-3

Next, grey relational grade (GRG) has been found using Equation (3.5) from the results of grey
relational coefficients. The result of GRG is presented in Table 3.5. This result is utilized for
optimizing the multi-responses as it is converted to a single grade.
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1 n
Yi :_Zé(k) (3-5)
N
Table 3.5: Results of Grey Relational Grade (GRG) and rank
Grey Relational
Grade (GRG)
1 n
Exp. | Grit Size Speed y, = —z & (k)
No | (mesh) (m/s) Depth of cut (mm) Nia Rank
1 600 30 0.6 0.346 9
2 600 60 0.8 0.667 4
3 600 90 1.0 0.489 7
4 1000 30 0.8 0.438 8
5 1000 60 1.0 0.766 3
6 1000 90 0.6 0.670 5
7 1400 30 1.0 0.508 6
8 1400 60 0.6 0.900 1
9 1400 90 0.8 0.855 2
Step-4

From the value of GRG, the effects of each process parameter at different levels are plotted and
shown in Fig. 3.1, and the mean grey relational grade is presented in Table 3.6. The optimal
parametric combination is chosen based on higher mean grey relational grade values from Table
3.6. The higher value of grey relational grade implies a stronger correlation to the reference
sequence and better performance. Thus, the optimal settings for multi-responses become G3-S,-
DP; i.e. Grit size 1400 mesh, Speed 60 m/s, and Depth of cut 0.6 mm respectively. The higher
values of mean grey relational grade Fig 3.1 give the maximum value of MRR, and minimum
values of surface roughness (R;). The difference in maximum and minimum values of mean
GRG for faceting parameters was 0.2537 for grit size, 0.3468 for speed, 0.0653 for depth of cut
(Table 3.6). This result indicates that speed has the most influencing effect on multi-responses
compared to the depth of cut and grit size in gemstone faceting operation. The sequence of the
importance of process parameters on multi-responses is speed >grit size > depth of cut.

Table 3.6: Main effects on mean grey relational grade

Mean Grey relational grade Delta (max-
Factors Level 1 Level 2 Level 3 min) Rank
Crit Size 0.5008 0.6247 0.7544 0.2537 2
Speed 0.4309 0.7777 0.6714 0.3468 1
Depth of Cut 0.6386 0.6533 0.5880 0.0653 3
The total mean value of the grey relational grade = 0.627
* Levels for optimum grey relational grade
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Main Effects Plot for SN ratios
Data Means

Grit Size Speed Depth of Cut

aa

-8
600 1000 1400 30 60 90 0.6 0.8 10

S

Mean of SN ratios

Signal-to-noise: Larger is better

Figure 3.1: Main effect plot of grey relational grade

Step-5

Next, an analysis of variance (ANOVA) table is formulated considering grey relational grade
value which has been shown in Table 3.7. This table gives the significance of process parameters
on multi-responses. From the ANOVA table, it is revealed that grit size and speed are the
significant process parameters affecting multi-responses as its p-value is less than 0.05 at a 95 %
confidence level and depth of cut does not show significance on responses. And F values are also
greater than referring F Critical value.

Table 3.7: Results of ANOVA on grey relational grade

Source DF Adj SS Adj MS F-Value P-Value Remark
Grit size 2 0.096551 0.048276 24.77 0.039 Significant
Speed 2 0.189385 0.094693 48.59 0.020 Significant
Depth of cut 2 0.007034 0.003517 1.80 0.357 Insignificant
Error 2 0.003897 0.001949
Total 8 0.296868

Step-6

The confirmation test for the optimal parameters with their levels was conducted to evaluate
quality characteristics for opal gemstone. Table 3.5 shows the highest grey relational grade,
indicating the initial process parameter set of G3-S,-DP; for the best multiple performance
characteristics among the nine experiments. Table 3.8 shows the comparison of the experimental
results for the optimal conditions (G3-S,-DP;) with predicted results for optimal (G3-S,-DP;)
faceting parameters.

The response values obtained from the experiments are MRR = 60.500 (mm?®/sec), and the
surface roughness is 0.024 um. The comparison again shows the good agreement between the
predicted and the experimental values [13].
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Table 3.8: Confirmation results

Optimal process parameters

Predicted Experiment

Level G;-S,-DP; G3-S,-DP,
MRR (mm?/sec) 60.500
Surface Roughness (Ra, um) 0.024
Grey Relational Grade 0.918 0.900

5. Conclusions

Taguchi’s and Grey Relational Analysis was applied in this work to improve the multi-response
characteristics such as MRR (Material Removal Rate) and Surface Roughness of Wollo opal
during the faceting process. The conclusions of this work are summarized as follows:

v The optimal parameters combination was determined as G3-S,-DP; i.e., 1400 mesh,
Speed 60 m/s, and Depth of cut 0.6 mm respectively.

v" From the ANOVA table, grit size and speed are the most significant controlled process
parameter influencing multi-responses at a 95% confidence level in gem faceting
operation as a case study when maximization of material removal rate and minimization
of surface roughness are concerned. Other parameter depth of cut does not show any
significance on responses.

v The predicted results were checked with experimental results and a good agreement was
found.

v This work demonstrates the method of using Taguchi methods for optimizing the faceting
parameters for multiple response characteristics.
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