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ABSTRACT

Future manufacturing requires a process to achieve high productivity with
high-quality products. Appropriate and optimum machining parameters
during machining operation are essential to enhance the surface quality (Ra).
This study investigated a design for machining parameter optimization to
reduce time and cost with minimum experiments using the Taguchi method via
the screening method. In this study, the machining parameters were the cut
speed (v¢), fed speed (vs), cut depth (doc), cut width (wec), and flute (z). The
response analysed process was done on Aluminium alloy AA6061 via a high-
speed computer numerical control machine (HSM) employing an end mill
cutter in dry cutting. Analysis of Variance (ANOVA) of parameters
combination applied during the process was used to analyse the results from
data obtained and via the screening. Based on the result of ANOVA indicated
that vi showed a greater F-value which meant v had statistical significance for
the terms and model. It was concluded that through the confirmation test, the
optimal machining parameters v¢ at 220 rpm, vi at 150 mm/m, doc of 0.5 mm,
Woc at 4 mm, and z at 4 flutes, with R, was around 0.122 - 0.127 which was
achieved the requirement of standard for industries in polishing.
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Introduction

Various machining processes in current and future manufacturing require a
process with high productivity including improving the quality of products. An
effective manufacturing process produces products of right dimensions and
precision. One classical example is the milling operation which dispose of
material quickly with excellent surface finishing results. Surface morphology
is the main indicator in machining to evaluate process effectivity as well as the
quality of the product [1]-[2]. Surface morphology evaluation handled by
surface roughness measurement on the final product has a strong relationship
to the performance of the machining and its functionality [3]-[4].
Conventionally, manufacturing processes are prepared to derive the maximum
productivity with minimum cost. On the other hand, the surface quality is
influenced also by the deviation of interface between tool and workpieces.
Large or small deviations represent rough or smooth surface roughness
respectively [5]-[6].

Materials with high strength have been manufactured as a result of
numerous developments in material engineering and technology. The
appropriate Computer Numerical Control (CNC) machine tool to remove the
chips over the materials during machining is strongly significant [7].
Currently, aluminium alloys are widely used as main materials in various parts
and products such as in the automotive industry [8]. A study by Novakowski
etal. [9], focused on the influence of the milling conditions of aluminium alloy
2017A by investigating the optimum operating parameters during face milling.
It was found that surface roughness (Ra) was achieved at 0.6 according to the
desired Ra > 0.2 by optimum parameters of v 300 m/min and v; 0.14 mm/tooth.
Similar study can be found at [10]. Machining processes on the aluminium
alloy are predominantly applied in the automotive industry such as the
manufacturing of moulds and dies for producing automotive components.

In this research, the Taguchi method was chosen to analyse the
machining parameters to reach the minimum R, [11]-[12]. The Taguchi
method has been widely used as a technique for process parameter
optimization involving cut speed, fed speed, cut depth, and cut width, as well
as the number of flutes or teeth as described in Figure 1. Several operational
variables can be optimized more easily and effectively with the help of
statistical design of experiments. Often used experimental design techniques
include the Taguchi method, full factorial design, evolutionary operation, and
response surface methodology. Taguchi's optimization technique is a distinct
and potent optimization field that permits optimization with a minimal number
of experiments. Robust design solutions, cost savings, and quality
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improvement are all achieved with the Taguchi experimental design. The
Taguchi technique has two advantages over the other methods: it can optimize
many factors at once and extract more quantitative information from fewer
experimental trials. Joshi and Bolar [13] discovered that end mills with
additional flutes had a significantly superior surface roughness. This due to,
the chip load decreases with an increase in flute number, lowering the cutting
force.

Speed of Cut (Rpm)

CNC Machine Tool

Tool Diametér

Workpiece

Figure 1: Illustration of the milling process in CNC machining

The Taguchi method in [14] via Orthogonal Arrays (OA) manages the
experiments by reducing the number of experiments and minimizes the effects
of disturbances. In addition, it reduces experiment time and costs [15]. Another
study by Yang [16], and Oemar et al. [17], approved that by Taguchi method
found that speed was the important parameter affecting the output of
dimensional tolerance and separation force in 3D additive manufacturing, and
chemical reagent concentration and activation temperature in the activated
carbon production from rubber seed shell, respectively.

The average disagreement for the output response of the experimental
results in each parameter context is described in the OA matrix [18]. Analysis
of the response was then performed using the Signal to Noise Ratio (SNR). It
can be categorized as "smaller-better", "bigger-better”, and "nominal-better"
in which a typical response advantage category is considered [19]. The CNC
machining needs the fastest response of the swirling process of the tool on the
material. Therefore, the “smaller is better” of SNR is highly recommended
[20]. It is proposed using the following equation:

=2 t0eg (3 ) 8
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where Y; is the data obtain from experiments and # is the experiment
observation number. The Taguchi method was applied with the Minitab
software for Analysis of Variants (ANOVA) that produced an unspoilt output
of SNR [21]. This value was applied to measure experimental design
variations. The SNR provides an increase in the control factor that is measured
in terms of quality characteristics, namely the quality improvement achieved
from the reduction in variability. The SNR characteristic was chosen according
to the experiment response. For this reason, using the Taguchi orthogonal array
can minimize the number of experiments [22]-[23]. Minitab 19.0 was applied
with array L8*25 employing factors equal 5 for the screening process. The
screening test and Minitab 19.0 produces small run numbers, and the variant
analysis (ANOVA) output was still unspoilt. By ANOVA, the potential
contribution of the CNC machining parameters based on output response from
the surface roughness measurements was determined [24].

ANOVA offers tools such as the normal probability plot [25]. It can be
used to describe the relationship between the roughness value and cut speed,
fed speed, cut depth, cut width, and amounts of tool's teeth. The distribution of
normal data was indicated by the normal probability plot, while the variables
influenced the response of the process. The Pareto chart refers to the absolute
values of the significant effects statistically of the selected machining
parameters via plots of a reference line [26]. Another important part of
ANOVA is the regression to evaluate the significant fit of the data. Through a
residual plot, it can be seen how far the error between the predicted value and
the observed actual value is [27].

Based on the above references it was understood that the selected value
of process parameters in combination and variation among them affected
significantly the end quality of the product i.e., surface finish (roughness) Ra.
This can be done through investigation to process optimization of the process
by analysis of the selected values of the machining parameters which was the
objective of this study. Five different process parameters with their
combinations were tested and analysed to find the best fit affected significantly
by the Ra. Via Taguchi, ANOVA, and screening methods, the characteristics
of each parameter can be analysed for their contribution to the output response
Ra. Therefore, the future output response of R, was predictable.

Material and Method

In this study, Aluminium alloy 6061 was used as sample specimens. The
mechanical properties of this alloy can be seen in Table 1. The chemical
composition of the specimen was obtained using Optical Emission
Spectroscopy. The specimen material was identified as AA6061 based on the
Designation of International Alloy and Chemical Composition for wrought
aluminium and aluminium alloy with the chemical composition listed in Table
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2 [29]. It was selected due to its excellent mechanical characteristics [30], with

good machinability which is often used for automotive and aerospace
components.

Table 1: Mechanical characteristic of aluminium alloy 6061 [28]

Properties Metric Imperial
Tensile strength 310 MPa 45000 psi
Yield strength 276 MPa 40000 psi
Shear strength 207 MPa 30000 psi
Fatigue strength 96.5 MPa 14000 psi
Elastic modulus 68.9 GPa 10000 ksi
Poisson's ratio 0.33 0.33
Elongation 12-17% 12-17%
Hardness, Brinell 95 95

Table 2: The chemical composition of aluminium alloy (AA6061) in the
workpiece used in this study

Element Al Cr Cu Fe Mg Mn Si Ti Ni Pb Zn
Wt.(%) 96 0.1 02 0.7 23 0.15 0.6 0.15 <0.005 <0.004 0.25

In the sample specimen’s preparation, workpieces are set with a
geometry of 50 x 38 x 20 mm and then prepared viaa CNC machine. A finished
sample specimen was ready for experiment shown in Figure 2.

Figure 2: The geometry of workpieces made of aluminium alloy (AA6061)

In the analysis, required methods were also prepared such as the
Taguchi method, ANOVA, and screening methods. As mentioned, the
independent variables being selected in this study for screening were the cut
speed, fed speed, cut depth, cut width, and number of flute (z). From these five
independent variables, the optimum parameters are determined. These
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optimum parameters form the basis for the development of the model that
predicts surface roughness values in each experiment. The optimum
parameters were synthesized based on the Taguchi method using analysis of
table of variants in Minitab. The R, was measured using a stylus probe type
(handy surf) based on the WAS Foundry Master ASTM E 1251 standard as an
output response from the CNC machining process in the experiments.

A 3-axis high-speed computer numerical control machines (HSM) of
LG-1000 HARTFORD which is available in the manufacturing laboratory at
Engineering Faculty, Universitas Pembangunan Nasional Veteran Jakarta was
employed to conduct the experiment using end mill cutter utilized in dry
cutting at 750 rpm value according to the tool geometry and workpiece. The
Taguchi method was then applied to observe the significant parameters
through reducing experimental works. Through this method, an efficient and
systematic approach to find the optimum machining parameters can be
achieved.

Table 3 lists the range of selected parameters level in this study. The
five parameters were used in this study, where each parameter was set at two
levels with low and high levels in Taguchi. The design of experiment (DOE)
was performed using Minitab 19.0 with array L8*2° employing factors equal
to 5.

Table 3: The range of selected parameters represented by two categories i.e.,
low- and high-level parameters used in this study

Low level  High level

Process parameters Status Unit
parameters parameters
Cut speed (v¢) Process input 100 220 m/min
Fed speed (v5) Process input 150 1681 mm/min
Cut depth (doc) Process input 0.1 0.5 mm
Cut width (Woc) Process input 4 6 mm
Number of flute (z) Process input 3 4 flute
Surface roughness Process The surface roughness values based
(Ra) output/response on two levels of parameters could be

identified.

After laboratory preparation, the study starts with the selection of the
machining parameters i.e., cut speed (v¢), fed speed (vs), cut depth (doc), cut
width (woc), and tooth amount (z). After that, the Taguchi method was
employed for process parameter optimization. The machining test through
experimental work on sample material (workpieces) was done to test the
machining process based on the selected machining parameters. Furthermore,
the surface roughness (Ra) of the finished machining product was evaluated
and analysed. ANOVA was then applied in the study to determine the
significant contribution of the selected machining parameters. Through
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screening, the proposed machining parameters were known whether the
parameters are significant or not significant.

Results and Discussion

Table 4 shows the value of surface roughness measurement (Ra) obtained for
each run of experiments. The results indicated that the sixth experiment
produced the lowest value of R, of 0.108 at 220 m/min of v, at 150 m/min of
vs, 0.5 mm of doc, 6 mm of wec, and with 3 of z. This Ra was suited to apply for
low friction or high aesthetics components based on machine component
guidelines provided by industry standards (ASME B46.1). On the other hand,
the highest value of surface roughness emerged in the fourth experiment when
Ve, at 100 m/min, viat 1681 mm/min, doc at 0.5 mm, wyc at 6 mm, and z at 4.
From all runs of the experiment, was revealed that the lower fed speed
produced a lower surface roughness value and increasing the cut speed led to
reducing surface roughness value. Other parameters such as doc, Woc, and z have
contributed to the surface roughness value but not too significant.

Table 4: The measurement results of surface roughness (Ra) affected by
selected parameters through the CNC milling process at each run

Run  vc (m/min)  vs(mm/min)  doc (MM)  Woe (Mmm) 7z Ra
1 100 150 0.1 4 3 0.117
2 100 150 0.1 6 4 0.117
3 100 1681 0.5 4 3 0.753
4 100 1681 0.5 6 4 0.922
5 220 150 0.5 4 4 0.126
6 220 150 0.5 6 3 0.108
7 220 1681 0.1 4 4 0.272
8 220 1681 0.1 6 3 0.293

Furthermore, the following Tables (Table 5 and Table 6) presented the
effectiveness of each condition in influencing the characteristics of the related
responses within a limited range. Table 5 lists the parameter coefficients from
coefficient, SE coefficient, T-Value, P-value, and VIF. It is well known that
the coefficient lies in the relationship between the predictors and response
variables measured by their size and direction, where the error is standardized
by the SE coefficient via estimation from the sample data. Meanwhile, the ratio
between the coefficient and standard error is denoted by T-Value.
Subsequently, The P-value is the probability which is the lower P-value will
lead to the null hypothesis. From Table 5 can be seen that v, vi, and dqc, are
lower probabilities compared to other parameters, where they have a
significant effect on the response Ra. Similar results of R, can be found in [31]
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and [30]. By VIF equal to 1 at all parameters indicated that they have no
correlations among the predictors in the model.

Table 5: Parameter coefficients in relation to the predictor and the response

variable
Term Coef. SE Coef. T-value P-value VIF
Constant -0.017 0.201 -0.09 0.939

Ve -0.002310  0.000362 -6.38 0.024 1.00
Vi 0.000289  0.000028 10.19 0.009 1.00

doc 0.695 0.109 6.39 0.024 1.00
Woc 0.0215 0.0217 0.99 0.428 1.00
z 0.0415 0.0435 0.95 0.441 1.00

Table 6 presents the analysis of variance. The DF of seven determined
the number of observations in the sample. Adjusted sums of squares (Adj SS)
represent the variation for different parameters of the model with the error sum
of squares (error Adj SS) being 0.007557. The total variation of data was then
quantified through the total sum of squares (total Adj SS) which was 0.715061
[27]. Distinct from Adj SS, the adjusted mean squares (Adj MS) refer to the
degrees of freedom with an error close to zero (0.003778). The F-value shows
the significance of terms and models statistically, where v, vi, and doc have
greater F-values compared to we and z. It shows vs (103.86) was the greatest
F-value compared to others. The P-value of vt was 0.538211, which means a
lower probability than others. The highest percentage contribution ratio (PCR)
revealed that vi had a PCR of 20%, followed by d.c and v at PCR of 21% and
20%, respectively. The wec and z had the smallest PCR of 1%, respectively.

Table 6: The analysis of variance (ANOVA)

Source DF Adj SS Adj MS F-value P-value PCR

Ve 1 0.153615 0.153615 40.66 0.204259 20%
Vi 1 0.392412 0.392412 103.86 0.538211 54%
doc 1 0.154355 0.154355 40.85 0.205294 21%
Woc 1 0.003682 0.003682 0.97 -0.00542 1%
z 1 0.003441 0.003441 0.91 -0.00576 1%
Error 2 0.007557 0.003778
Total 7 0.715061 0.715061

Figure 3 then shows the Pareto chart as a bar chart in which the bars are
ordered from highest frequency of occurrence to lowest frequency of
occurrence. Figure 3 shows evidence that vs through the screening test reached
the standardized effect of 10, while the others are available between 1 to 6.
This means, the v; provided the best parameter contribution to the quality of
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the product via its output response (Ra), followed by Ve, doc, Woe, and z,
respectively.

Pareto Chart of the Standardized Effects
(response is Ry o = 0.05)
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Figure 3: The five machining parameters described by the Pareto chart
revealed the lowest to the highest machining parameters optimization

Figure 4 illustrates the different residual plots for Ra. The normal
probability plot shows the trend of the residuals versus their predicted
relatively followed a straight line which confirmed it was normally distributed.
The residual versus fitted value (predicted) plot is a graphical tool to assess the
assumptions and the goodness of fit of a regression model. Each data point in
the plot represents a pair of predicted values and its corresponding residual.
The histogram charts, which show a graphical representation of the residual
versus frequency of data that emerged, represent a visualization of the
distribution of a dataset [32]. It displays the frequency or count of data points
falling into different intervals or bins. From histogram, it can be seen that all
predicted data provided a relatively equal amount frequency of the bins. The
versus order chart represents the accuracy of the fits of the predicted value of
the residuals during the observation period. It is shown that the residuals fall
randomly around along the centre line. A sudden shift in the points was
produced, indicating that the underlying pattern of the data has changed.

Figure 5a shows a 3D contour plot of roughness value versus cut speed
and cut depth. It presents roughness value (Ra) that the high Ra places in doc of
0.5 mm and v; of 100 m/min. Figure 5b denotes the 3D plot of roughness value
versus vi and doc. It shows roughness value (Ra), where the high R, was
achieved at maximum doc of 0.5 mm and at maximum v; of 1681 m/min.
Meanwhile, low R, was found in all ranges of doc and in minimum vs.
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Residual Plots for Ra
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Figure 5: (a) The contour plot of R, affected by the on-cut speed (v¢) and cut
depth (doc), and (b) the contour plot of R, affected by fed speed (vi) and cut
depth (doc)

Figure 6 shows the main effect plot for R, and explains the impact of
Ve, Vi, Ooc, Woe, and z on the final machining of Ra values. These are
distinguished by the steepest slope and the longest line, which suggests that
respective factors have a high effect on the Ra [33]. In addition, when the lines
are similar in slant and length, the components would mostly similarly affect
the Ra. Thus, no other factor has a higher impact than another. The main effect
plot shows the v has the steepest slope and longest line compared to the others.
It was confirmed that the most significant machining parameter influencing the
response Ra was vi. The lowest R, signifies the lowest values of mean R, for
each process parameter i.e., Vi, Ve, doc, Woe, and z. Based on the results faster v¢
produced smaller R, values. Meanwhile, Ra shows smaller values by using a
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low vi. On the other hand, small doc produced smaller R, values. The main
effect plot confirmed that the most suitable machining parameters for R, were
at 150 m/min of v, 220 mm/m of v¢, 0.1 mm of doc, 4 mm of wq, and 3 of z.

Main Effects Plot for Ra
Data Means

Ve vr dloc Woe z

Mean
.

o

Figure 6: Main effects plot for R, affected by vs, Ve, doc, Woc, and z

A confirmation test was performed using the above conditions of the cut
speed (v¢) at 220 m/min, fed speed (vr) at 150 mm/m, cut depth (doc) of 0.1 mm,
cut width (wec) at 4 mm, and with a number of flutes (z) was 3, and with three
times of repetitions, in order to validate results from the statistical analysis. The
confidence interval (95%) for the R, results of the confirmation test was
calculated. Based on the calculated value, the confidence interval was + 0.021
while the confidence limits were 0.108 + 0.021; thus, the confidence limits were
between 0.087 and 0.129 (R.). Following the confirmation test, the surface
roughness obtained was R, = 0.122 - 0.127 pm, which was within the confidence
interval calculated, indicating that the experiment was statistically acceptable,
and confirmed to be used in polishing CNC machining of machine components
or mechanical parts of Ra: 0.005 - 0.2 (ASME B46.1).

Conclusion

The study showed a combination of techniques to define the optimum
parameters in a CNC Machining process such as Ve, Vt, doc, Woc, and z. From the
study, it was found that the enhancement of the quality of the product can be
reached through R, measurement with respect to the selected combination of
the machining parameters. The best morphology of surface roughness was
reached at 0.1088 pm with the best fit of parameters of v¢ at 220 m/min, v at
150 mm/min, doc at 0.5 mm, w,c at 6 mm, and z at 3. Furthermore, the data
were analysed through ANOVA using Taguchi and Minitab based on the F-
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value and P-value. The highest significant parameters to the R. were found in
the v¢, vi, and doc, respectively. The optimum machining parameters via
screening were found using v in the range of 100 - 220 m/min, vy in 150 - 1681
mm/min, and dqc in 0.1 - 0.5 mm by employing end mill cutter in dry cutting.
Therefore, these three optimum machining parameters are recommended to be
used in the CNC machining process to produce the best surface morphology
on the manufacturing product which in turn increases product quality. Based
on the result of ANOVA indicated that v; showed a greater F-value which
meant v; had greater significance of the terms and model statistically. Via the
confirmation test, the optimal machining parameters were the cut speed (v¢) at
220 m/min, fed speed (vi) at 150 mm/m, cut depth (doc) of 0.5 mm, cut width
(Woc) at 4 mm, and a number of flutes (z) at 4, with the surface finish quality
(Ra) were around 0.122 - 0.127, which was achieved the requirement of
standard for industries in polishing.
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