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ABSTRACT

In this research, optimization of turning cutting conditions and prediction of surface
roughness has been satisfactorily accomplished. Taguchi method was applied and second —
order mathematical model used for prediction has been developed. Standard Lg Taguchi
orthogonal array, S/N ratio through using the quality characteristic ‘the-lower-the-better’, and
ANOVA technique were all adopted to determine the optimum cutting parameters and the
more significant factor among them. The parameters that have considered are Spindle speed
S, feed rate f, and depth of cut a. Nine specimens were machined according to the levels of
parameters, and surface roughness (Ra) values were measured three times for each
experiment. The optimum conditions obtained were 1200 rpm spindle speed, 0.12 mm/rev
feed rate, and 0.7 mm depth of cut. Among them, the more significant factor is feed rate
followed by spindle speed and depth of cut respectively. Based on the results of prediction by
the second — order model, it can be concluded that it is a very appropriate to predict the
surface roughness of high carbon steel. Confirmation results showed that the predicted values
and measured values were dramatically close. This indicates that the Taguchi method and
multiple regression can be effectively used to optimize and predict the surface roughness
such that the coefficient of determination was found to be 99.82 % with average error not
exceed 1.12 %.
Keywords: Turning, Surface Roughness, Taguchi method, Optimization, Prediction,
Multiple regression.
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1. INTRODUCTION

Surface Roughness (SR) is considered as one of the most important indications to specify
the quality of machined parts, since the demand for high quality and fully automated
production focuses attention on the surface condition of the product, especially the roughness
of the machined surface, because of its effect on product appearance, function, and reliability
(Abdulkareem S. et al, 2011 and Hayajneh M.T. et a, 2007). In machining operation, the
quality of surface finish is an important requirement for a lot of turned parts. Thus, the choice
of cutting parameters is very important for controlling the required surface quality. Therefore,
the surface roughness will be optimized if the appropriate cutting conditions are selected. The
selection of cutting parameters is not that easy task, so the optimization of cutting conditions
selection will lead to reduction in production cost, reduction in production time, and
improvement of the product quality (Mahdavingad R.A. and Bidgoli H.S., 2009 and
Thamizhmanii S. et a, 2007).

Taguchi method is a powerful tool for the design of high quality systems. It

provides simple, efficient and systematic approach to optimize designs for
performance, quality and cost. Taguchi method is especialy suitable for industrial
use, and it employs a specia design of orthogonal array to investigate the effects of
the entire machining parameters through the small number of experiments
(Thamizhmanii S. et a, 2007 and Suhail A.H. et a, 2010). Each factor of the cutting
parameters may have so many levels, and so a plenty of experiments will be needed.
To achieve all these experiments, this demands much cost and time, so using of the
orthogonal array (OA) of Taguchi method leads to reduce cost and time of
implementing tests by decreasing the number of experiments according to the
orthogonal array.
By applying the Taguchi technique, the time required for experimental investigations
can be significantly reduced, as it is effective in the investigation of the effects of
multiple factors on performance as well as to study the influence of individual factors
to determine which factor has more influence (Suhail A.H. et al, 2010 and Fong T.Y.,
2006).

A number of authors have researched on surface roughness with respect to
machining parameters. Nalbant M. et al (2007) had used the Taguchi technique to
determine the optimal cutting parameters for surface roughness in turning of AISI
1030 steel with TiN coated inserts. Three cutting parameters, insert radius, feed rate,
and depth of cut, are optimized for minimum surface roughness. SINGH H. and
KUMAR P. (2006) had studied obtaining of the optimal setting of turning process
parameters (cutting speed, feed rate and depth of cut) resulting in an optimal vaue of
the feed force when machining EN24 steel with TiC-coated tungsten carbide inserts.
The effects of the selected turning process parameters on feed force and the
subsequent optimal settings of the parameters have been accomplished using
Taguchi’s parameter design approach. Their results indicated that the selected process
parameters significantly affect the selected machining characteristics. The results are
confirmed by further experiments. lhan Asiltirk and Akkus Harun (2011) conducted
an optimization study by machining a hardened AISI 4140 (51 HRC) with coated
carbide cutting tools. The statistical methods of signal to noise ratio (SNR) and the
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analysis of variance (ANOVA) are applied to investigate effects of cutting speed,
feed rate and depth of cut on surface roughness. Results of their study indicated that
the feed rate has the most significant effect on Ra and Rz. In addition, the effects of
two factor interactions of the feed rate-cutting speed and depth of cut-cutting speed
appear to be important. In the study of Adem Cicek et.a (2012), the effects of deep
cryogenic treatment and drilling parameters on surface roughness and roundness error
were investigated in drilling of AISI 316 austenitic stainless steel with M35 HSS
twist drills by using Taguchi technique.

The aim of the present research is to study the effect of the basic cutting condition
factors, namely; spindle speed, feed rate, and depth of cut on the surface roughness of
the high carbon aloy steel turned parts to optimize and predict the surface roughness
by using Taguchi method and multiple regression.

2. MATERIAL AND CONDITIONS

In this work, high carbon alloy steel was chosen as a work piece material. The
experimental tests were carried out on a traditional turning machine Harrison M300.
Also, the experiments had been conducted under dry condition. The carbide insert
with designation DNMG 443-15 having 1.2 mm nose radius was used as a cutting
tool material. The average surface roughness (Ra) was measured using Pocket Surf
1l device. Three readings of Ra were taken for each experiment, and the arithmetic
mean of these three values was cal cul ated.

Three essential cutting parameters (spindle speed S feed rate f, and depth of cut a)
with three levels for each, were considered to optimize and predict the surface
roughness. These parameters and their levels are shown in Table 1.

3. EXPERIMENTAL DESIGN

The traditional experimental design methods are too complex and difficult to use,
and they also require large numbers of experiments to be carried out when the
number of machining parameters increase (lhan Asiltirk and Harun Akkus, 2011 and
Marinkovi¢ Velibor and Madi¢ Milos, 2011). Therefore, the need for decreasing the
number of experiments, which in turn leads to decrease the cost and the effort, is
becoming a necessary demand. For that reason, Taguchi method, that is an
experimental design technique, is useful in reducing the number of experiments by
using orthogonal arrays (lhan Asiltirk and Harun Akkus 2011). Thus, for three
parameters and three levels for each parameter used in this study, Taguchi orthogonal
array Lo (3°) with nine rows had been selected. Table 2 shows the standard Taguchi’s
L ¢ orthogonal array.

There are three types of quality characteristic S/N ratio, such as ‘the lower - the -
better’, ‘the higher - the - better’, and ‘the nomina - the - better’. Since the surface
roughness should be as minimum as possible, the quality characteristic ‘the lower -
the - better’ has been used; it is calculated as follows (lhan Asilturk and Sileyman
Neselib, 2012):

5 1 2 2 z
/y = —10log|- (7 +3% +--y3)] (1)

Where (v{+y;+--v2) ae the responses (Ra) of the machining characteristic
for each experiment. In this study, the machining characteristic is the surface
roughness Ra which is repeated three times (n=3). For all the 27 readings, the SN
ratios were caculated and their values along with the results of the experimental
surface roughness values are reported in Table 3.
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4. ANALYSIS OF MEANS (ANOM)

ANOM is the process of estimating the factor effects. Depending on the results of
analysis of mean, optimum combination of the cutting parameters can be specified
(D. Lazarevi¢ et al, 2012). The factor means effects have been analyzed according to
signal to-noise ratio as well as to the response. Tables 4 and 5 show the results of the
average values for both SN ratio and Ra. The average was calculated at each level
for a factor. The level that corresponds to the highest S/N ratio value and lowest
value of the mean of Ra should be chosen to be the optimum level. Therefore, the
level combination of three factors that agrees with these principles is A3B1C,, which
equivalent to spindle speed of 1200 rpm, feed rate of 0.12 mm/rev, and depth of cut
of 0.7mm.

The results of ANOM have been graphically represented in Fig. 1 and Fig. 2. It
can be seen from Fig. 1 that the feed rate has a continuous negative relationship with
the S/N results, while it has a continuous positive relationship with the mean of Ra as
shown in Fig. 2. And this is true, since lower feed rate can make an overlapping
action which will concentrate machining over very small distance of the work piece
and thereby decreasing the surface roughness.

5. ANALYSIS OF VARIANCE (ANOVA)

ANOVA is widely used in the design of experiment. The purpose of anaysis is to
investigate the factors that affect the quality characteristics significantly (Sang-Heon
Lim et al, 2006). The results of analysis of variance are summarized in Table 6.
About the calculations of determining the terms placed in ANOVA table, it can refer
to the reference (Kompan Chomsamutr and Somkiat Jongprasithporn, 2010). Based
on the results shown in the table, it can be seen that the feed rate has the highest
contribution of 74.124 %. This emphasizes that the feed rate has the significant effect
on the process. The second factor in affecting the surface roughness is the spindle
speed with contribution of 15.334 % followed by the depth of cut with contribution of
10.413 %. These results have proved the results of ANOM.

6. MULTIPLE REGRESSION ANALYSIS.

Multiple regresson is a dtatistical technique that determines the correlation
between independent and dependent variables (lhan Asiltirk, 2012). Considering the
experimental values of surface roughness as output, and cutting parameters as inputs,
the second order (quadratic) model can be used to express the relationship between
the output, dependent variable, Ra, and inputs, independent variables, S f and a (M.
Cemal Cakir et a, 2009). Thismodel is expressed as follows (Ihan Asiltirk, 2012):

Ra= Bo+By-S+B;.f +E5a +ﬁ4-5: +1'95-f2 +.I86'ﬂ':
+ B V. f (2)

+p.V.a+fi,.f.a

where:

Ra: The value of the dependent variable (the predicted surface roughness).
S Spindle Speed.

f: Feed Rate.

a: Depth of Cut.

Bo: Theregression constant.
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B1,... Po: The coefficients of regression model for three independent variables with
their squares and interactions.

By using Matlab R2011a, and by the input and output data reported in Table 3, the
unknown coefficients of the regression model can be estimated, and the equation will
be written as:

Ba= 04074 +0.0114 5+ 8.0242 f— 10.78 a — 0.00619 5
— 0.0 f*? (3)

+ 6.3547 a* — 0.00405 5.f + 0.0012 5.a + 3.8515 f.a

The predicted values (Ra) producing of applying eg. (3) and the experimental
values (Ra) were represented in Fig. 3 with the fitting between them.

To present the potential of multiple regression, second — order, model described in
eq. (3), the coefficient of determination, R? has been determined. The coefficient of
determination is widely used as a measure of fit for regresson mode (Ken Black,
2013). The equations used for computing R? can be established below (Ken Black,
2013):

R*= 1— (4)

where
SSe: The sum of squares of error. It is calculated as follows:

SSg = 2(}* —3)? (5)

wherey: The actual value (in this study y = Ra)
¥: The predicted value (¥ = Ra).
SS,y: the sum of squares of dependent variable.
The dependent variable, Ra, being predicted in a regresson model has a variation
which is measured by SS,y, depending on the following equation:

S5y = ) =) (6)

Or by using the terms used in this work, this equation can be written as:

58, = Z(Ra— Ra)* = Zﬂaﬁ _ & Ra)’ (7)

T

where
Ra: The mean of surface roughness which equalsto ((Rap + Rax+ ...+ Ra,) / n)

n: The number of trails (n =9)

After substituting all the equations described above, the R2 was found to be (0.9982 or
99.82%).
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Also, the mean absolute percentage error MAPE has been calculated from the equation shown
below (Ihan Asiltirk, 2012):

T

1
MAPE = —Z
mn

Ra, — Ra,
Ra,

X 100 (8)

wherei=1,2,...,n
The results of prediction of surface roughness along with the experimental values are showed
in Table 7 with their residual s that represent the differences between the experimental values of

surface roughness Ra and the predicted values, £@. Also, the results of applying eg. (8) for
each trail, and the average of all of them are shown in the same table.

From the results of Table 7, it is clear that the values of predicted Ba are very
close to those of the experimental Ra, since the differences or residuals between each
one of them is so smal. Thus, the average error percentage was so small too.
According to these results, it can be said that the developed regression model is
excellent in prediction the surface roughness.

7. CONFIRMATION TEST

The final step of the Taguchi method is the confirmation test for examining the
quality characteristic and validating of the optimized condition (Adem Cicek et al,
2012 and Nilrudra Mandal et a, 2011). The optimal levels of factor process design,
obtained by analysis of S/IN ratio and by the main effect of surface roughness shown
in Tables 4 and 5, will be used to develop the confirmation experiment. The
confirmation test can be applied using the regression model presented in eq. (3) and
another model called predicted optimum surface roughness, which is computed as
follows (Adem Cicek et al, 2012 and Nilrudra Mandal et al, 2011):

Ra,,. = Rarge + (A3 — Rarge) +(By — Ragge)+ (€2 — Raryeq) (9)

Where Ra...; iS the tota average of surface roughness (corresponding to al (9 x
3 = 27) readings in Table 3). 43, By, and C, are the average vaues of the surface
roughness Ra at the optimum levels of the process parameters spindle speed, feed
rate, and depth of cut. This model depends directly on the resulted optimum
conditions of cutting parameters and the total average of Ra (Rar,..). The Ra,,.
represents the optimum predicted mean value of the surface roughness at optimum
condition.

The optimum combination was found to be a levelss Az, B;, and C,. The
caculated value of total average Ra was (Rar,.,; = 3.237 um), and the optimum
levels are (A4;=2.731 um), (By = 2320 pm), and (C,= 2776 wm) respectively.
By substituting these values in eq. (9), the optimum predicted mean value of the
surface roughness was found to be (Ra,,,. = 1.353 um).

Also, the confidence interval has been calculated to reveal the reliability of
optimization. It was calculated by the equation below (Adem Cicek et al, 2012 and
Nilrudra Mandal et a, 2011), assuming that the reliability of the confidence interval
is 95 %.

11

cl= |F_ .\ * V:--( +—) (10)

(alfe) &
‘\Jl Negrp T
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If the reliability of the condition is assumed to be 95%, then the confidence
interval can be given by using the following equation (Adem Cicek et al, 2012 and
NilrudraMandal et al, 2011):

N = N
ST 1+ Taor

(11)

Where Fi, 1z is the Fratio of significant level a, f. is the degree of freedom of

error = 20 (taken into consideration the all number of experiments 27), V. is the error
variance = 0.0341 (from ANOVA table 6), N.s; is the number of effective measured
results, N is the total number of experiments = 27 (9 x 3), T4,f is the total degrees of
freedom associated with optimum factor considering in determining the mean
optimum characteristic = 6 (2 degrees of freedom for each effected factor S f, and a),
and r is the number of replications for confirmation experiment. In this study, three
confirmation trails using the optimum levels (A3B1C,) were carried out to verify the
matching between the predicted and actual surface roughness. From F — standard
table (Ken Black, 2013), the Fi, .z 1.0y = 4.35. Therefore, substituting the values in

eq. (10) and eq. (11), the confidence interval is (CI = £0.2965). Hence, 95%
confidence interval will lead to predict surface roughness to be (Ra,,. * CI) by
using eq. (9) and Ra + €I when using eq. (3). Consequently, the confirmation output
should be 1.053 < Ra,,, <1647 and 1.275< Ra <1.868. In terms of the
optimum levels (A3B;C,), three experiments were carried out to confirm the results
obtained from the prediction. The measurements of these experiments are supposed
to be in between the limits [1.053, 1.868] um. The three measurements of surface
roughness were 1.537, 1.391, and 1.746 respectively. Table 8 summaries the results
of confirmation experiment.

In general, it can be said that the prediction was successful in obtaining
satisfactorily results for the surface roughness. Also, in most literatures the model of
eq. (9) is used widely in prediction aong with the confidence interval, while, in this
study the model of eq. (3) was used in addition to the model of eq. (9). This is to
increase the reliability of prediction the surface roughness. It can be seen clearly that
the limits with using eq. (3) is wider than that of eq. (9), and it seems close to the
average of experimental values of confirmation test as shown in Table 8. Since that
may be true where there are some other cutting conditions were not considered in this
study.

8. CONCLUSIONS

The results of optimization and prediction, by using Taguchi method and multiple
regression model of turning high carbon alloy steel, have showed a very good
matching between the experimental and predicted values. Depending on the results of
this work, the following points can be drawn:

e According on the anaysis the means of both signal - to - noise ratios (S/N) using
the lower-the-better and surface roughness Ra, the best optimum condition of the
three independent factors or parameters is AzB;C,. That is, spindle speed of
1200 rpm, feed rate of 0.12 mm/rev, and depth of cut of 0.7 mm.

e Depending on ANOVA summary, al the process parameters were significant, but
the more significant parameter was feed rate with contribution of 74.124 %
followed by spindle speed with contribution of 15.334 %. Finally, the depth of
cut with contribution of 10.413 %.
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e The results of applying the multiple regression, second — order, model showed
that the quadratic model has an excellent prediction with coefficient of
determination of
R? = 99.82 % and coefficient of correlation of R = 0.999. This indicates that the
predicated values by the developed model were a very close to the actual values
such that the average error MAPE equalsto 1.12 %.

e The optimized value of surface roughness, by using 95% confidence interval, was
predicted to be 1.353 £ 0.2965 pum based on optimum process parameter level
(eq. (9)), while depending on regresson model, the optimized Ra was predicted
to be 1572 + 0.2965. Also, in terms of the optimum condition, the result of
experimental test of confirmation using three replications was 1.558 pm, which
lies between the limits of [1.053, 1.868] pm.

Spindle speed Feed Rate Depth of Cut

Mean of S/N ratios

Factor level Factor level Factor level

Fig. 1: The plot of mean of S/N ratio with Factor’slevels.
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Fig. 2: The plot of mean of Rawith factor’s levels.
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Table 1: Cutting parameters and their levels

. Factor levels
Parameter or Factor Unit Symbol Tovdl 1 ol 2 Tovd 3
Spindle Speed (9 rem A 540 800 1200
Feed Rate (f) mm/rev B 0.12 0.25 0.40
Depth of Cut (a) mm C 04 0.7 1.0

Table 2: Standard Taguchi’s orthogonal array Lg (Domnita Fratila and C.

Caizar, 2011).

Ra
Experiment no. A B C
R R> R3

1 1 1 1 Ti1 T2 T
2 1 2 2 Taa T2 Tas
3 1 3 3 Tas Ta Taa
4 2 1 2 Tan Ta2 Tas
5 2 2 3 Tss Tso Tsa
6 2 3 1 Tea Te2 Tea
7 3 1 3 T2 T2 T3
8 3 2 1 Tsa Tg2 Tea
9 3 3 2 Tos1 To2 Tos

A, B, and C are the parameters.
Rais the surface roughness repeated three times R;, R, and Rs.
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Table 3: Experimental results and S/N calculated values

Combinations Surface Roughness
EXp. \Aépi ndle = :Depth I(:?;tum) Second  Third '(A\Rvg o rsétli\lo
No. Speed l(:mga/t)e of Cut  reading reading  reading  (nm) (dB)

(rpm) (mm) Ry R, Rs
1 540 0.12 0.4 2.516 2.121 2.707 2.448 -7.819
2 540 0.25 0.7 2.534 3.003 2721 2.753 -8.816
3 540 0.40 1.0 4727 4.559 4.801 4.696 -13.436
4 800 0.12 0.7 2.487 2.149 2.371 2.336 -7.384
5 800 0.25 1.0 3.647 4.109 3.921 3.892 -11.815
6 800 0.40 0.4 4.447 5.129 4.871 4.816 -13.668
7 1200 0.12 1.0 2.023 2.339 2171 2.178 -6.775
8 1200 0.25 0.4 2.817 2.389 3.121 2.776 -8.918
9 1200 0.40 0.7 3.467 2.909 3.341 3.239 -10.232

Table 4: Mean S/N ratio for each factor level

Average of levelsfor S/N ratio Delta

Factor Symbol - =g Levd 2 Level 3 MaxMin  RaK
Spindle Speed (rpm) A -10.024 -10.955 -8.642 2.314 2
Feed Rate (mm/rev) B -7.326 -9.850 -12.445 5.119 1
Depth of cut (mm) C -10.135 -8.811 -10.675 1.865 3
Underlined value represents the optimum level.
Table 5: Mean Surface roughness Ra for each factor level
Average of levelsfor Ra Delta
Factor Yol TEgT Led 2 Lovd 3 Max-Min  RaK
Spindle Speed (rpm) A 3.299 3.681 2.731 0.950 2
Feed Rate (mm/rev) B 2.320 3.140 4.250 1.930 1
Depth of cut (mm) C 3.346 2.776 3.589 0.813 3
Underlined value represents the optimum level.
Table 6: ANOVA table for Surface roughness Ra
Source Sumof Degreeof Mean F(value) Contribution
Squares SS Freedom d.f. SquaresMS (M S/error) (%)
Spindle Speed 8.1331 2 4.0666 119.16 15.334
Feed Rate 39.314 2 19.657 576.01 74.124
Depth of Cut 5.5228 2 2.7614 80.92 10.413
Error 0.0683 2 0.0341 0.1287
Total 53.0381 8 100
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Table 7: Experimental and prediction of Ra and error %

No. Ra Ra Residuals (Ra - Ra ) Error %
1 2.448 2.4286 0.0194 0.7925
2 2.753 2.6528 0.1002 3.6397
3 4.696 4.6757 0.0203 0.4323
4 2.336 2.3107 0.0253 1.0830
5 3.892 3.866 0.026 0.6680
6 4.816 4.7928 0.0232 0.4817
7 2.178 2.1489 0.0291 1.3361
8 2.776 2.7511 0.0249 0.8970
9 3.239 3.2132 0.0258 0.7965
Average 1.12%
Table 8: Confirmation experiment and prediction comparison
Confirmation results
Best initial combination | Predication Predication
- Experimental ; (Regression
Machining (Equation 9) model)
characteristic S=1200 rpm Optimum process parameter Level
f=0.12 mm/rev, a= 1.0mm S=1200rpm, f= 0.12mm/rev, a= 0.7mm
A3B,C; A3B,C, A3B,C, A3B,C,
Ra (Hm) 2.178 1.558 1.353 1.572
SN (dB) -6.761 -3.851 -2.626 -3.929
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