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minimise machining time and reduce surface roughness
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Abstract - Gray cast iron dampen vibrations and has
high thermal conductivity, making it an excellent choice for
housing or industrial applications such as machinery bases.
However, the machining cost of the GCI workpiece can be
more than the casting cost. This study aims to use the
appropriate optimisation method to select values for feed
rate, spindle speed and nose radius to minimise the
machining time and reduce the surface roughness of the
machined GCI workpiece. The results show that the response
surface method is an appropriate optimisation method. An
increase in feed rate contributes more compared to an
increase in the spindle speed, to the reduction in machining
time. The increase in feed rate leads to a rise in surface
roughness. At the same time, an increase in nose radius
leads to a decrease in surface roughness. The results show
that response surface method should be used for
optimisation. Increase in feed rate contributes more
compared to increase in the spindle speed to the reduction
in machining time. The increase in feed rate leads to
increase in the surface roughness. Whereas, increase in nose
radius leads to decrease in surface roughness.

Key Words: milling, full factorial design, response
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1. INTRODUCTION

Cast iron offers a competitive strength-to-cost ratio, good
cast-ability, and high machinability; thus, it is widely used
in industry [1]. Gray cast iron (GCI) has a graphitic
microstructure. The size and shape of the graphite flakes
control its mechanical properties. It also has a high ability
to dampen vibrations [2]. Gray cast iron has good strength,
wear resistance, vibration damping, excellent casting
performance, and low manufacturing costs [3]; as a result,
it is currently the most used material for cast iron parts.
Based on the Modern Casting Census reported at the end
of 2018 [4], the most produced type of cast metal is GCI,
which covers about 44.6% of the total world casting
production. The world output of GCI parts reached 49.53
million tons in 2019, accounting for approximately 46.9%
of the world output of castings. These parts are used in
many fields [5], such as the beds of industrial instruments,
bearing housings, end caps, and the automotive industry.

Surface roughness is vital in evaluating machining quality.
The surface roughness will determine a product's fatigue
strength, tribological property, corrosion resistance, and
aesthetic requirement. In industry, surface roughness is

periodically measured with a roughness tester. Once
measuring data is out of standard, all the products
between the last two testing periods need to be inspected.
Repairing failed products leads to additional costs.
Therefore, online monitoring of surface roughness during
production has attracted much attention. Surface
roughness monitoring has become a potential objective in
a smart manufacturing or Industry 4.0 environment [6].
Cutting and machining costs for castings are frequently
more than the casting cost. Therefore, a significant
challenge in the cutting and machining cast iron materials
is to minimise the manufacturing costs and increase
production efficiency without affecting engineered parts’
quality or the high-strength properties [7]. It is evident
from the literature that optimisation techniques are
needed to ensure a practical selection of cutting
parameters to achieve a balance between machining
efficiency and surface quality. However, whether there is a
linear or non-linear relationship between the cutting
parameters, such as feed rate, cutting speed, and
machining time, is unclear. For instance, full factorial
design (FFD) was used to study the effect of milling cutting
parameters and lubrication on the machinability
characteristics of mold steel [8]. In contrast, the response
surface method (RSM) was used to differentiate the
cutting conditions and analyse the process parameter
influence on surface roughness [9].

Therefore, the main aim of the study is 1) To select the
optimisation method by determining whether there is a
linear or non-linear relationship between the input milling
cutting parameters, such as cutting speed and feed rate,
and the response variable machining time; 2) To optimise
the spindle speed and feed rate to minimise the machining
time of GCI workpiece; 3) To optimise the feed rate and
nose radius of the insert to minimise the surface
roughness. This study aims to contribute to adopting an
appropriate optimisation method to select the cutting
parameter values to minimise the machining time and
reduce the surface roughness of the machined GCI
workpiece.

2 METHODOLOGY
2.1 Material
A specimen of GCI material with dimensions of 100 mm x

100 mm x 10 mm and a contour of 50 mm x 50 mm x 4
mm, as shown in Fig. 1, was used for milling machining.
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Fig -1: Machined specimen dimensions.

2.2 Equipment

The study used SolidWorks CAM, Microsoft Excel, and
Minitab 2023 software.

2.3 Specimen Preparation

The specimen part file was created using SolidWorks
2023 software.

2.4 Parameters, Levels and Responses

Table 1 shows the level settings of the milling operation
parameters, such as cutting speed and feed rate. The
machining time was selected as the response. Table 2
shows the level settings of the milling operation
parameters, such as the nose radius of the insert and feed
rate. The surface roughness is selected as the response.
The range of milling operation parameters is chosen as per
the Mitsubishi Milling Tool Guide [10] and in consultation
with the machine shop at the institution.

TABLE-I: LEVEL SETTINGS OF SPINDLE SPEED AND FEED RATE FOR
MACHINING TIME AS RESPONSE VARIABLE

Input variables level settings
Serial No.

Input variables Low level High level
1 Spindle speed (rpm) 470 2506
2 Feed rate (mm/tooth) 0.02 0.3

TABLE-2: LEVEL SETTINGS OF NOSE RADIUS AND FEED RATE FOR
SURFACE ROUGHNESS AS RESPONSE VARIABLE

Input variables level settings
Serial
No. , Low .
Input variables level High level
1 Nose radius (mm) 0.41 1.6
Feed rate
2 (mm/tooth) 0.02 0.3

3 PROCEDURE

To determine whether there is a linear or non-linear
relationship between the spindle speed, feed rate and
machining time, a null hypothesis (Ho) is that there is a
linear relationship between the input and response
variables. The alternative hypothesis (H1) is that there is
no linear relationship between the input and output
variables. As a result, FFD is used.

3.1 Full Factorial Design

The study used Minitab 2023 software to create a
randomised run order for the experiment involving two
process parameters with low-level and high-level settings
of the input variables spindle speed and feed rate, as
shown in Table 1. The FFD consists of four factorial points
and two center points or six points (Run 1-6). The FFD is
shown in Table 3.

The flat end milling cutter dimensions were modified
according to the measurements in the catalogue [10] for
tool number APXUR4000162SA12SA with two teeth and
one inch cutter diameter. The milling machining runs were
performed on the SolidWorks CAM 2023 software. The
study used default settings of the depth of cut (50% of the
total depth of the pocket) for roughing operation of
SolidWorks CAM 2023 software. The spindle speed and
feed rate per tooth of the first roughing flat end milling
cutter were changed as per Table 3, and the machining
time was recorded for each experiment. The spindle speed
and feed rate of the second flat end milling cutter and
third contouring flat end milling cutter were not changed
for all the experiment runs. Only the first roughing cutter’s
input variables were changed, as the cutter removed the
material up to 4mm depth in two cuts. So, it was easy to
study the effect of input variables on the response
variable. Changing the input parameters of all the cutters
at the same time would make the process more
complicated and time-consuming. The main interaction
plot (Fig. 2) shows that the center point does not lie on the
line joining the start and end points. It indicates that the
relationship between the input variables (spindle speed
and feed rate) and the response variable (machining time)
is not linear. Hence, the study rejected Hp and concluded
that FFD is not an appropriate optimisation method. The
study should use the response surface method to optimise
the variables.
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TABLE-3: FULL FACTORIAL DESIGN

Spindle speed, feed rate and machining time
Run
Order Spindle speed | Feed rate | Machining
(rpm) (mmy/tooth) | time (sec)
1 1488 0.16 568
2 470 0.3 609
3 1488 0.16 568
4 470 0.02 2015
5 2506 0.02 791
6 2506 0.3 527
Main Effects Plot for Machining time
Fitted Means
Spindle speed Feedrate Point Type
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FIG-2: MAIN INTERACTION PLOT OF SPINDLE SPEED, FEED RATE AND
MACHINING TIME.

3.2 Response surface method (RSM)

Second, the study used Minitab 2023 software to create a
randomised run order for the experiment involving two
process parameters (spindle speed and feed rate) at two
levels, as shown in Table 1. The Central Composite Design
(CCD) consists of 8 factorial points and five center points
or 13 points (Run 1-13). The CCD is shown in Table 4. The
machining time is selected as the response variable.

TABLE-4: CCD OF SPINDLE SPEED, FEED RATE WITH MACHINING
TIME AS THE RESPONSE

Spindle speed, feed rate and machining time
g::er Spindle speed | Feed rate | Machining
(rpm) (mm/tooth) | time (sec)
7 1488 0.16 568
8 470 0.3 609
9 1488 0.16 568
10 2506 0.02 791
11 1488 0.3 540
12 470 0.02 2015
13 1488 0.02 1135

The milling machine simulations were performed using
the SolidWorks CAM 2023, and the machining time was
recorded in column four in Table 4. Afterwards, the study
used Minitab software to analyse the response surface
design with a confidence level of 95% (a=0.05). The
residual plots showed that the errors are random,
independent, normally distributed and have constant
variance across all factor levels.

Pareto Chart of the Standardized Effects
(response is Machine Time, a = 0.05)
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Fig-3: Pareto chart showing the significant parameters.

The Pareto chart (Fig. 3) shows that feed per tooth, spindle
speed, interaction of feed per tooth, spindle speed, and
square of feed per tooth are significant at a = 0.05.

M ain Effects Plot for Machine Time
Fitted Means

Spindle Speed Feed per tooth

1300 -

Spindle speed, feed rate and machining time 1200 |
Run 2 1100
Order Spindle speed | Feed rate | Machining = 2000 |

(rpm) (mm/tooth) | time (sec) % w0
1 1488 0.16 568 S sw
2 2506 0.16 545 £
3 1488 0.16 568 500
4 470 016 750 5['!0 10'00 15'00 20‘00 25‘00}'0 0‘1 0'2 0'3
5 2506 0.3 527

Fig-4: Main effect plots of spindle speed, feed rate and
6 1488 0.16 568 machining time
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The main effects plots (Fig. 4) show a non-linear
relationship between spindle speed - machining time and
feed per tooth - machining time. The higher slope of the
feed per tooth w.r.t. machining time indicates that an
increase in feed rate contributes more to the reduction in
machining time compared to an increase in the spindle
speed.

Interaction Plot for Machine Time
Fitted Means
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Fig-5: Interaction plots of spindle speed, feed rate and
machining time.

The interaction plots (Fig. 5) show that a slow feed rate of
0.02 mm/tooth has a higher machining time over the
entire spindle speed range. A feed rate of 0.3 mm/tooth
has the lowest machining time at a slower speed. In
comparison, a feed rate of 0.16 mm/tooth has the most
down machining time at a higher speed. Hence, a higher
feed rate tends to reduce the machining time.
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Fig-6: Optimised values of spindle speed feed rate to
minimise the machining time.

The optimum spindle speed value of 2362.04 rpm and
feed rate of 0.1897 mm/tooth will give the lowest
machining time, as shown in Fig. 6.

TABLE-5: ANALYSIS OF VARIANCE (ANOVA) OF SPINDLE SPEED
FEED RATE WITH MACHINING TIME AS RESPONSE

ANOVA
Sourc
. , F- P- %
D | Adj Adj I
e
F | ss MS Valu | Valu | Contributio
e e n
n 1 2805 ;’805 29.82 | 0.001 | 18.37%
f 1 8550 | 8550 67 0 41.28%
4 4
nxn 1 3499 3499 2.74 0.142
8 8
fxf 1 5528 2528 19.81 | 0.003 | 12.21%
oxf 1 5200 13290 o555 0001 | 15.74%
Error 7 3933 ;276
Total 12 5071

where, n is spindle speed, f is feed per tooth. ANOVA Table
5 shows that spindle speed, feed per tooth, square of feed
per tooth and interaction of spindle speed and feed per
tooth are significant at a = 0.05. The feed per tooth has a
maximum contribution of 41.28% towards minimising the
machining time, followed by a spindle speed contribution
of 18.37%.

3.3 Surface roughness

Third, for optimising feed rate and nose radius to
minimise surface roughness, the RSM method is adopted
due to a square term in the equation used to
mathematically calculate the surface roughness value. The
study used Minitab 2023 software to create a randomised
run order for the experiment involving two process
parameters (spindle speed and feed rate) at two levels, as
shown in Table 1. The Central Composite Design (CCD)
consists of 8 factorial points and five center points or 13
points (Run 1-13). The CCD is shown in Table 6. The
surface roughness is selected as the response variable. The
low-level and high-level settings of feed rate and nose
radius are set as shown in Table 2. The level values of the
input variables were selected using the catalogue [10] for
the GCI workpiece.
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TABLE-6: CCD OF FEED RATE AND NOSE RADIUS WITH SURFACE

ROUGHNESS AS A RESPONSE.

Feed rate, nose radius and surface roughness
g::iler Feed rate IIY;;;""S Surface

(mm/tooth) (mm) roughness
1 0.02 1.005 0.00001
2 0.16 1.005 0.00080
3 0.02 0.41 0.00003
4 0.357 1.005 0.00396
5 0.16 1.005 0.00080
6 0.16 1.846 0.00043
7 0.16 0.163 0.00491
8 0.02 1.6 0.00001
9 0.16 1.005 0.00080
10 0.16 1.005 0.00080
11 0.16 1.005 0.00080
12 0.3 1.6 0.00176
13 0.3 0.41 0.00686

The surface roughness values were calculated using the
well-known mathematical model of surface roughness,
called the kinematic equation [11], shown below and used
to calculate the surface roughness value.

f2
Rq = 32xr M)

Where f is the feed rate, and r represents the tool nose
radius. The calculated surface roughness value was
recorded in column four in Table 6. Afterwards, the study
used Minitab software to analyse the response surface
design with a confidence level of 95% (a=0.05). The
residual plots showed that the errors are random,
independent, normally distributed and have constant
variance across all factor levels.

Pareto Chart of the Standardized Effects
(response is surface Roughness, a = 0.05)
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Fig-7: Pareto chart showing the significant parameters.

The Pareto chart (Fig. 7) shows that feed per tooth, nose
radius, interaction of feed per tooth and nose radius, and
square of nose radius are significant at a = 0.05.

Main Effects Plot for Surface Roughness
Fitted Means
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Fig-8: Main effect plots of feed rate, nose radius and
surface roughness.

The main effects plots (Fig. 8) show a non-linear
relationship between nose radius-surface roughness and
feed per tooth-surface roughness. The increase in feed
rate leads to a rise in the surface roughness. At the same
time, an increase in nose radius leads to a decrease in
surface roughness. In addition, an increase in nose radius
above 1.6 mm (approx.) leads to an increase in the surface
roughness.

Interaction Plot for Surface Roughness
Fitted Means

Feed Rate * Nose Radius Nose

0.010

0.008

0.006
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0.000

0o 01 02 03 04
Feed Rate

Fig-9: Interaction plots of feed rate, nose radius and
surface roughness.

The interaction plots (Fig. 9) show that a smaller
nose radius has a higher surface roughness value
than the surface roughness value for a large nose
radius. The surface roughness value increases with
an increase in feed rate for small and large nose radii.
However, with an increase in feed rate, the smaller
nose radius has a more significant increase in the
surface roughness value than the large nose radius.
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Fig-10: Optimised values of feed rate and nose radius to
minimise the surface roughness.

As per the catalogue [10], given feed per tooth value
of 0.1524 mm for the depth of cut less than 5 mm, the
optimised nose radius value is 1.6 mm (Fig. 10). The
insert with a 0.063 inch nose radius is available in
the catalogue [10].

TABLE-7: ANALYSIS OF VARIANCE (ANOVA) OF FEED RATE, NOSE
RADIUS WITH SURFACE ROUGHNESS AS RESPONSE

ANOVA
souree DF | AdjSS | AdjMS f/'-alue II;;IIue thciz:tri
f 1 | 0.00002 | 0.000023 | 161.76 | O 41.07%
r 1 | 0.00002 | 0.000016 | 115.84 | 0 28.57%
fxf 1 | 0.00000 | 0.000001 | 5.39 0.053
rXr 1 | 0.00001 | 0.000006 | 40.68 | O 10.71%
fxr 1 | 0.00001 | 0.000006 | 45.78 | O 10.71%
Error 7 0.00000 | O
Total 12 | 0.00006

where, f is feed per tooth and r is nose radius. ANOVA
Table 7 shows that feed per tooth, nose radius, square of
nose radius and interaction of nose radius and feed per
tooth are significant at a = 0.05. The feed per tooth has a
maximum contribution of 41.07% towards minimising the
surface roughness value, followed by a nose radius
contribution of 28.57%.

4. DISCUSSION

First, the FFD experiment result shows that the main
interaction plot (Fig. 2) shows that the center point does
not lie on the line joining the start and end points. It
indicates that the relationship between the input variables
(spindle speed and feed rate) and the response variable
(machining time) is not linear. The study concluded that

RSM is a more appropriate optimisation method to
optimise the variables compared to FFD. Whereas, in the
research study [2], the FFD was used to study the effect of
cutting speed, feed rate and nose radius on the resultant
cutting force, cutting temperature and surface roughness.
Therefore, it is essential to determine whether there is a
linear or non-linear relationship between the variables
before opting for an optimisation method. Second, the
main effects plots (Fig. 4) show a non-linear relationship
between spindle speed - machining time and feed per
tooth - machining time. The higher slope of the feed per
tooth w.r.t. machining time indicates that an increase in
feed rate contributes 41.28% to the reduction in
machining time compared to an increase in the spindle
speed with a contribution of 18.37% (Table 5). These
findings agree that an increase in feed rate and cutting
speed leads to an increase in the material removal rate
[12]. Therefore, it reduces the machining time of GCI
workpiece. Third, the main effects plots (Fig. 8) show a
non-linear relationship between nose radius-surface
roughness and feed per tooth-surface roughness. The
findings that an increase in feed rate leads to an increase
in surface roughness are similar to the RSM research [13].
The results of this study also agree with the RSM research
study [13] that an increase in feed rate has the maximum
contribution to the increase in surface roughness. In
addition, this study’s findings agree with [2] that
increasing nose radius leads to decreased surface
roughness. However, this study concluded that the inverse
relationship between the nose radius and the surface
roughness is non-linear, as shown in Fig.8. Also, an
increase in nose radius above 1.6 mm (approx.) leads to an
increase in the surface roughness as shown in Fig. 10.

5. CONCLUSION

The study concluded that 1) There is a non-linear
relationship between the input variables (spindle speed
and feed rate) and the response variable (machining time).
As a result, FFD is not an appropriate optimisation
method. Therefore, RSM should be used to optimise the
variables. 2) The higher slope of the feed per tooth w.r.t.
machining time indicates that an increase in feed rate
contributes more (41.28%) to the reduction in machining
time compared to an increase in the spindle speed, which
contributes 18.37%. 3) The optimum value of spindle
speed of 2362.04 rpm and feed rate of 0.1897 mm/tooth
will give the lowest machining time, as shown in Fig. 6. 4)
There is a non-linear relationship between nose radius -
surface roughness and feed per tooth - surface roughness.
The increase in feed rate leads to an increase in the
surface roughness. At the same time, an increase in nose
radius leads to a decrease in surface roughness. In
addition, an increase in nose radius above 1.6 mm
(approx.) leads to an increase in the surface roughness. 5)
A smaller nose radius has a higher surface roughness
value than a large nose radius. The surface roughness
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value increases with an increase in feed rate for small and
large nose radii. However, with an increase in feed rate,
the smaller nose radius has a more significant increase in
the surface roughness value than the large nose radius. 6)
As per the catalogue [18], given the value of feed per tooth
of 0.1524 mm for the depth of cut less than 5 mm, the
optimised nose radius value is 1.6 mm (0.063 inches). 7)
The feed per tooth has a maximum contribution of 41.07%
towards minimising the surface roughness value, followed
by a nose radius contribution of 28.57% (Table 7).
Therefore, optimising the feed rate when machining GCI is
essential because an increase in feed rate reduces the
machining time and increases the surface roughness.
Similarly, a machining process should select a larger nose
radius as it reduces the surface roughness. The limitation
of this study is that only virtual milling machining
simulations have been done on SolidWorks CAM 2023
software to gather the data. Further researchers may
study the effect of cutting speed, feed rate, depth of cut
and vibrations along the XYZ axis on the surface roughness
of the GCI workpiece.
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