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Abstract- Surface roughness is one of the most common performance measures in machining and an effective parameter
in representing the quality of machined surface. Surface roughness is influenced by controlled machining parameters such
as feed rate, cutting speed and depth of cut. The paper aims is to present overview on the non conventional approaches
that have been used for the prediction of surface roughness. The procedures of applying the techniques classified as non-
conventional approaches and application potentials are discussed and concluded in relation to the prediction of surface
roughness performance measures of milling machining processes.
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I. INTRODUCTION

The increase of consumer needs for quality metal cutting related products has driven the metal cutting industry to
continuously improve quality control of metal cutting processes. Within these metal cutting processes, the end-milling process is
one of the most fundamental metal removal operations used in the manufacturing industry. Surface roughness, which is used to
determine and evaluate the quality of a product, in one of the major quality attributes of an end-milled product.

In order to obtain better surface roughness, the proper setting of cutting parameters is crucial before the process takes place.
As a starting point for determining cutting parameters, technologist could use the hands on data tables that are furnished in
machining data hand book. Lin (1994) suggested that a trail — and- error approach could be followed in order to obtain the optimal
machining condition for a particular operation. Consequently, it is a very time consuming processes of identifying the optimum
cutting condition for a particular operation. A Design of experiment (DOE) has been implemented to select manufacturing
process parameters that could result in a better quality product.

The DOE is an effective approach to optimize the throughput in various manufacturing = related processes (Fidan, Kraft, Ruff,
&Derby, 1998). In their study, three independent variables, each with three level, had total of (33) =27 experimental runs.
Oftentimes, the optimum metal cutting process required studying more than three factors for the cutting parameters. For example,
if a DOE set up considered four or five independent variables, each with at least three levels, then (34) =81 runs or (35)=243 runs
were required in the experiment. Imagine the total cost of these experimental runs one could conclude that is was very costly for
the industry. In addition, the time of these runs could delay any quality resolving action for the industry.

More industrial technology (IT) graduates are facing challenges to improve the quality of product & processes with minimum
cost and time constraint in their careers. The Taguchi parameter design techniques have been proved to be successful in meeting
this challenge over the past 15 years (Antony & Kayee, 1999). Therefore, there is a need to not only introduce our IT graduates to
DOE but also Taguchi parameter design. This paper attempts to introduce how Taguchi parameter design could be used in
identifying the significant processing parameter & optimizing the surface roughness of end- milling operations. This systematic
approach of implementing Taguchi parameter design could be sought for IT curriculum (Foster, 2000).

Il. PURPOSE OF STUDY

There were two purpose of this research. The first was to demonstrate a systematic procedure of using Taguchi parameters
design in process control of individual milling machines. The second was to demonstrate the use of the Taguchi parameter design
in order to identify the optimum surface roughness performance with a particular combination of cutting parameters in an end-
milling operation.

I11. 11.TAGUCHI PARAMETER DESIGN

In the early 1950s, Dr. Genichi Taguchi, “the father of Quality Engineering, “introduced the concept of off-line Quality control
techniques known as Taguchi parameter design (Antony & Kaye, 1999). Off-line quality control techniques are those activities
performed during the product (or process) design and development phases. Taguchi parameter design is based on the concept of
fractional factorial design (Montgomery, 1997). The two major goals of parameter design are (1) to minimize the process or
product variation and (2) to design robust and flexible processes or products that are adaptable to environmental conditions.
“Robust” means that the process or product performs consistently and is relatively insensitive to factors that are difficult to
control (Torng, Chou, & Liu, 1998).Two important tools used in parameter design are orthogonal arrays and signal-to-noise (S/N)
ratios (Phadke, 1989). Orthogonal arrays have a balanced property in which number of times for every setting of all other factors
in the experiment. Orthogonal arrays allow researchers or designers to study many design parameters simultaneously and can be
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used to estimate the effects of each factor independent of the other factors. Therefore, the information about the design parameters
can be obtained with minimum time and resources (Antony & Kaye, 1999). The signal-to-noise ratio is simply a quality indicator
by which the experimenters and designers can evaluate the effect of changing a particular design parameter on the performance of
the process or product. Figure 2 demonstrates the procedure and steps of Taguchi parameter design (Fowlkes & Creveling, 1997).

IV. IV.EXPERIMENTAL DESIGN, SETUP, AND RESULTS

The study was carried out using a XL MILL ATC with multiple tool-change capabilities (max number of tools = 6) and with
Programmable spindle speed 150- 4000 rpm. The machine is capable of a three-axis movement (along the x y and z planes). CNC
programs can be developed in the XL MILL CPU.The experimental design, setup, and results are presented as follows:

A. Selection of the quality characteristic

There are three types of quality characteristics in the Taguchi methodology, such as smaller-the-better, larger the-better, and
nominal-the-best. For example, smaller-the-better is considered when measuring fuel consumption of an automobile or shrinkage
of a plastic component (Antony & Kaye, 1999). The goal of this research was to produce minimum surface roughness (Ra) in an
end-milling operation. Smaller Ra values represent better or improved surface roughness. Therefore, a smaller-the-better quality
characteristic was implemented and introduced in this study.

B. Selection of noise factors and control factors

Depth of cut, cutting speed, and feed rate had significant effects on surface roughness in the end milling operations. In this study,
the controllable factors are depth of cut (A), cutting speed (B), feed rate (C), which were selected because they can potentially
affect surface roughness performance in end-milling operations. Since these factors are controllable in the machining process,
they are considered as controllable factors in the study. One of the important attributes of Taguchi parameter design is it could
also consider uncontrollable (Noise) factors in the analysis. One of the noise factors used in this study is the measurement location
of the work piece. It is very difficult to control the surface roughness measurement because it is different at separate locations. In
this study, the measurement location of the finished surface was considered as a noise factor and was measured at eight different
locations. Table 1 listed all the Taguchi design parameters and levels.

C. Selection of Orthogonal Array

There are 18 basic types of standard Orthogonal Arrays (OA) in the Taguchi parameter design (Torng, Chou, & Liu, 1997). Since
three factors were studied in this research, three levels of each factor were considered. Therefore, an L9 Orthogonal Array was
selected for this study. The layout of this L9 OA is shown in Table 2. Each run will have eight data collected. Therefore, a total of
(9*8) = 72 data values were collected, which were conducted for analysis in this study.

D. conducting the experiments

Figure 2 illustrates the experimental settings in this study for work piece and end-milling operations. The tool used in this
experiment was a 05 mm, high-speed steel end mill. The materials used for the experiment were 100 x 100 x 10 mm blocks of
aluminum. The 09 experiments, shown in table 2, were randomly run by the XL Mill. Also, eight measured surface roughness
data values were collected using the SJ-201 surface roughness tester to measure the finished work pieces after end milling was
completed. After the data were collected and recorded in Table 3, signal-to-noise ratios of each experimental run were calculated
based on the following equation, which are listed in Table 3 with the data.

1 !
S/N(n) =-10xlog(=n>_yi2)
ARG
Where n = number of measurements in a trial/row, in this case, n=3 and
Yi is the ith measured value in a run/row.
The average response values were also calculated and recorded in Table 3.

E. Analyzing the results and determining the optimum cutting conditions

e Analysis of Raw Data and S/N Ratios
After raw data were collected (Table3), average effect response values (Table 4) and S/N response ratios (Table 5),
respectively, were calculated based on Table 3. The calculation of average effect response values and S/N ratios were
based on the following procedure. For example, the average effect for level one of depth of cut was computed using data
from experimental numbers 1-3 of Table 3. The average effect for level two of depth of cut was computed using
experimental numbers 4-6 of Table 3. The average effect for level three of depth of cut was computed using
experimental numbers 7-9 of Table 3. Similarly, the average effect of cutting speed and feed rate was computed for all
other cutting levels. The S/N ratio is calculated in the same way. The average effects and S/N ratios for each level of
cutting parameters are summarized and referred to in the average effects response table and S/N ratios response table for
surface roughness (Ra), as shown in Tables 4 and 5.

e Determination of the Optimum Factor-Level Combination
Figure 3 shows three graphs, each of which contains a curve representing the mean and a curve representing the S/N
ratio. The values of the graphs are from Table 4 and 5. The objective of using the S/N ratio as a performance
measurement is to develop products and processes insensitive to noise factors. The S/N ratio indicates the degree of the
predictable performance of a product or process in the presence of noise factors. Process parameter settings with the
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highest S/N ratio always yield the optimum quality with minimum variance (Antony & Kaye, 1999). Consequently, the
level that has a higher value determines the optimum level of each factor. For example, in Figure 4, level one for depth
of cut (Al= 0.02 mm) has the highest S/N ratio value, which indicated that the machining performance at such level
produced minimum variation of the surface roughness. In addition, the lower surface roughness value had a better
machining performance. Furthermore, level one of depth of cut (Al = 0.02 mm) has indicated the optimum situation in
terms of mean value. Similarly, the level three of cutting speed (B3=1500 rpm) and the level three of feed rate (C3=30
mm/min) have also indicated the optimum situation in terms of S/N ratio and mean value. Therefore, the optimum
cutting condition will be (depth of cut=0.02mm (A1), cutting speed=1500rpm (B3), and feed rate=30 mm/min (C3), was
determined to be able to produce the optimum surface roughness within the specific cutting condition range.

F. Predicting Optimum Performance

Using the aforementioned data, one could predict the optimum surface roughness performance using the cutting conditions as:
Predicted Mean

=Al+B3+C3-2(Y)

=2.25+2.84+2.72-2 (3.13)

=154 um

Similarly, the S/N ratio could be predicted as:

Predicted SN = 77AL+77B3+77¢3—2(77)

=-7.19-9.37-8.95-2 (-8.50)

=-8.51

With this prediction, one could

Conclude that the machine creates the best surface roughness (Ra =1.54 £¢iMm) within the range of specified cutting conditions

(Table 1). A confirmation of the experimental design was necessary in order to verify the optimum cutting conditions.

G. Establishing the design by using a confirmation experiment

The confirmation experiment is very important in parameter design, particularly when screening or small fractional factorial
experiments are utilized. The purpose of the confirmation experiment in this study was to validate the optimum cutting conditions
(A2B3C) that were suggested by the experiment that corresponded with the predicted value. In this research, the confirmation runs
with the optimum cutting condition A2B3C1 resulted in response values of 1.64, 1.43, 1.53 & 1.54 ¢m. Thus the mean
(=1.53 zm), And the S/N ratio (= -5.04 ) were calculated. Since the Mean and S/N ratio of the four confirmation runs were all

within the 95% confidence interval, the optimum cutting condition has been verified. Therefore, the optimum surface roughness
(Ra =1.53 £im) can be obtained under the above-mentioned cutting condition in the XL MILL machine.

V. FIGURES AND TABLES

Figure 2. Procedure and steps af Tagnchi paramerter design
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Figure 3. Response graphs of three significant factors
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Table 1. Variable factor levels
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Controllable Level 1 Level 2 Level 3
Factor
A: Depth of cut | 0.1 mm 0.2 mm 0.3 mm
B: Cuttin 1000 1500
speed Y | 500 (rpm) (rpm) (rpm)
C: Feed rate 10 . 20 . 30 .
mm/min mm/min mm/min
Table 2. Orthogonal array L9
Expt. No. | (P1) | (P2) | (P3) | (A) | (B) (C) | Noise factor location (1-8)
1 1 1 1 0.2 | 500 | 10
2 1 2 2 0.2 | 1000 | 20
3 1 3 3 0.2 | 1500 | 30
4 2 1 2 0.3 | 500 | 20
5 2 2 3 0.3 | 1000 | 30
6 2 3 1 0.3 | 1500 | 10
7 3 1 3 0.5 | 500 |30
8 3 2 1 0.5 | 1000 | 10
9 3 3 2 0.5 | 1500 | 20
Table 3.Result of the experiment
(Raij) j=1,2,3,4,5,6,7,8 Response Value (Rai)
Expt. No. S/N value
1 2 3 4 5 6 7 8
1 296 | 1.86 | 3.09 | 2.03 | 2.61 | 1.38 | 4.47 | 2.16 | 257 | -8.7
2 2641224149 |311 160|263 |264|285|24 -7.82
3 205|166 |170|225|183 (165|149 | 153|177 |-5.04
4 440|259 |3.69|360|324|182|237|170|292 |-9.71
5 293 1310|297 |232|488 231|349 325|315 |-10.22
6 254 1319|341 |3.00|322|3.09|276|1.67 | 286 |-9.15
7 3531197 |213|1.64|460 | 3.36|6.64|209]| 324 |-1158
8 3.65|341|246|6.01|369 276|246 | 439 | 3.60 |-11.99
9 2901092 |559 |619|148|9.19| 195 3.00| 3.89 | -13.91
Table 4.Average effect response table for the raw data
Levels Depth of cut (A) Cutting Speed (B) Feed rate (C)
1 2.25 291 3.01
2 4.47 3.05 3.07
3 3.58 2.84 2.72
Max-Min 2.22 0.21 0.35
Rank 1 3 2
Table 5.Average effect response table for S/N ratio
Levels | Depth of cut (A) Cutting Speed (B) Feed rate (C)
1 -7.19 -9.99 -9.95
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2 -9.69 -10.01 -10.48
3 -12.49 -9.37 -8.95
Max-
Min 5.3 -0.64 1.53
Rank 1 3 2

VI. CONCLUSION

In this study, the analysis of confirmation experiments has shown that Taguchi parameter design can successfully verify the
optimum cutting parameters, which are A2B3C12 [depth of cut=0.02 mm (A1), cutting speed=1500rpm (B3), feed rate=300 mm/
min (C13).

The material used for the experiment was Aluminum. In order to set the cutting parameters, four confirmation runs were

conducted. The average value of surface roughness [Mean (=1.53 Mn) and S/N ratio (= -5.04)] were calculated and were found to
be within the 95% confidence interval. Therefore, the optimum surface roughness was verified in end-milling operations. Taguchi
parameter design can provide a systematic procedure that can effectively and efficiently identify the optimum surface roughness
in the process control of individual end milling machines. It also allows industry to reduce process or product variability and
minimize product defects by using a relatively small number of experimental runs and costs to achieve superior-quality products.
This research not only demonstrates how to use Taguchi parameter design for optimizing machining Performance with minimum
cost and times to industrial readers but also shows the Industrial Technology educator a project exercise in any Taguchi-related
curricula. Further study could consider more factors (e.g. materials, lubricant, etc.) in the research to see how the factors would
affect surface roughness. Also, further study could consider the outcomes of Taguchi parameter design when it is implemented as
a part of management decision-making processes.
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