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machining time and increase tool life in the milling of gray cast iron
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Abstract - Gray cast iron (GCI) contains graphite flakes
that provide a high level of stability and minimise shrinking
during the casting process. The high carbon content makes
GCI easy to machine. At the same time, GCI is less ductile. Its
machining affects the machining efficiency and tool life. This
study aims to use an appropriate optimisation method to
reduce the machining time and increase the tool life. As per
the results, the response surface method is used for
optimisation. The feed per tooth makes the maximum
contribution, followed by the depth of cut and spindle speed
towards minimising the machining time. As per the
extended tool life equation, tool life decreases with
increased spindle speed. The optimisation results show that
as per the second tool life equation, the minimum machining
time is five times, and the maximum tool life is thirty times
that of the values obtained by the extended tool life
equation.
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1. INTRODUCTION

Gray cast iron offers several benefits, such as improved
corrosion  resistance, castability, better thermal
conductivity, and a higher level of vibration damping,
along with a homogenous hardness and structure over the
cross-section. However, gray cast iron is not as ductile as
other cast iron forms, and its tensile strength is also lower.
As a result, the workpiece material in front of a cutting
tool is directly shattered and becomes small angular
particles [1]. They can further affect the machining
efficiency and tool life. For instance, in the sculptured part,
the roughing time can be five to ten times that spent on
finishing machining [2]. So, reducing roughing time can
considerably improve the machining efficiency and
subsequently lower the production cost. The minimum
machining time can thus be achieved by maintaining the
maximum cutting volume (per unit time) allowed by the
milling machine and the cutter. However, tool life is one of
the factors which affect the performance of a cutting
process [3]. The maximum cutting volume is affected by
cutting speed, feed rate and depth of cut. These process
parameters also affect the tool life.

Nevertheless, there is still ambiguity in how these process
parameters affect the tool life. For instance, according to
Taylor's equation, cutting speed affects the tool life. At the
same time, Gorezyca’'s [4] tool life equation includes feed
speed and depth of cut. The above literature shows a need
to reduce the machining time and increase the tool life.

Therefore, the study's main aim is 1) To select an
appropriate optimisation method to minimise the
machining time and increase the tool life; 2) To minimise
the machining time of GCI workpiece; 3) To maximise the
tool life while machining the GCI workpiece. This study
aims to contribute to the understanding of using an
appropriate optimisation method to minimise the
machining time and maximise the tool life while
machining the 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.

Fig -1: Machined specimen dimensions

2.2 Equipment

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

The specimen part file was created as per the study [5]
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. The range of
milling operation parameters was selected according to
the Mitsubishi Milling Tool Guide [5] and in consultation
with the machine shop at the institution.

TABLE-1: LEVEL SETTINGS OF SPINDLE SPEED, FEED RATE AND
DEPTH OF CUT FOR MACHINING TIME AS RESPONSE VARIABLE

Input variables level settings
Serial No.
, Low ,
Input variables level High level
1 Spindle speed (rpm) [470 2506
Feed rate
2 (mm/tooth) 0.07 0.15
3 Depth of cut (mm) 0.5 4

3. PROCEDURE

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

3.1 Full Factorial Design

The study used Minitab 2023 software to create a
randomised run order for the experiment involving three
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 eight factorial points
and two center points or six points (Run 1-10). The FFD is
shown in Table 2 below.

The flat-end milling cutter dimensions were modified
according to the measurements in the catalogue [5] for
tool number APXUR4000162SA12SA, which has two teeth
and a one-inch cutter diameter with carbide inserts. The
milling machining runs were performed on the
SolidWorks CAM software. The spindle speed, feed rate
per tooth and depth of cut 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, feed rate and depth of cut 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 was the largest among the three cutters the
SolidWorks CAM software selected. It removed the
maximum amount of material in less time than the other
two cutters. So, it was easy to study the effect of input
variables on the response variable. Changing the input
parameters of all the cutters simultaneously would make
the process more complicated and time-consuming. The
main interaction plot (Fig. 2) shows that the center point
is not on the line joining the start and end points. It
indicates that the relationship between the input variables
(spindle speed, feed rate and depth of cut) and the
response variable (machining time) is not linear. Hence,
the study rejected Ho. It was concluded that the response
surface method (RSM) should be used to optimise the
variables.

TABLE-2: FULL FACTORIAL DESIGN

Spindle speed, feed rate and machining time
Run ;
Order Spindle Feed rate Depth Machining

speed (mm/tooth) of cut time (sec)

(rpm) (mm)
1 2506 0.15 4 537
2 470 0.15 0.5 1544
3 1488 0.11 2.25 625
4 2506 0.07 4 565
5 470 0.07 4 799
6 2506 0.15 0.5 710
7 2506 0.07 0.5 930
8 1488 0.11 2.25 625
9 470 0.07 0.5 2718
10 470 0.15 4 646

Main Effects Plot for Machine Time
Fitted Means
] Cutting Speed Feed Rate Despth of Cut Point Type
.E 1300
g 1000i

470 1488 2506 007 011 015 0.50 225 4.00

Fig-2: Main interaction plot of spindle speed, feed rate
and machining time.
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3.2 ReSponSe Surface Method (RSM) Pareto Chart of the Standardized Effects
(response is Machine Time, a = 0.05)

Term 2228
Second, the study used Minitab 2023 software to create a . : | freter Name e
randomised run order for the experiment involving three c | | c Deptn of cut
process parameters (spindle speed, feed rate and depth of sc | |
cut) at two levels, as shown in Table 1. The Central a |
Composite Design (CCD) consists of 14 factorial points and B |
six center points or 20 points (Run 1-20). The CCD is AC 1 !
shown in Table 3. The machining time is selected as the %]
response variable. ::

TABLE-3: CCD OF SPINDLE SPEED AND FEED RATE WITH ° ' : ; :

Standardized Effect

MACHINING TIME AS THE RESPONSE

- — Fig-3: Pareto chart showing the significant parameters.
Spindle speed, feed rate and machining time
Run . . .
on Z‘pmdl f:i: Depth | Cutting mcm LT:}ZI Tool Life The Pareto ch.art (Fig. 3) shows that .feed per tooth,
r speed | mmyeo |J Cut | speed a.mi (Taylo | (Goreave depth of cut, spindle speed, the interaction of feed per
(rpm) | oth) (mm) | (SMM) (sec) | ) a tooth-depth of cut, the interaction of spindle speed- feed
. 2506 | 0.02 05 15746 1962 | 7167 |5737 r;.ate,. .and interaction of spindle speed-depth of cut are
significant at a = 0.05.
2 470 0.02 05 2953 8218 | 565.93 |46374.46
3 2506 | 0.02 4 15746  |700 |7167 |21.14 Main Effects Plot for Machine Time
Spindle Speed Feed Rate Depth of Cut
4 1488 | 0.16 225 93.49 590 13641 |8.05 oo
5 1488 | 0.02 225 93.49 1133 | 13641 | 224.25 ®
£
1500 -
6 1488 | 0.16 225 93.49 590 13641 | 8.05 p
£
7 470 0.02 4 29.53 1519 |[565.93 |17092.11 8 w0
8 2506 | 0.16 225 157.46 558 | 7167 |1.00 =
2 so0
9 1488 | 0.16 4 93.49 551 13641 |6.11
10 1488 | 0.16 225 93.49 590 13641 |8.05 0
860 1 5‘00 24‘00 0:1 0:2 0‘3(‘) I2 :4
11 1488 | 0.16 2.25 93.49 590 13641 |8.05
12 470 |03 0.5 29.53 1031 ]565.93 | 60888 Fig-4: Main effect plots of spindle speed, feed rate,
13 |470 o016 225 2953 758 |56593 |808.71 depth of cut and machining time
14 2506 103 4 15746 24 | 7167 028 The main effects plots (Fig. 4) show a non-linear
15 470 03 4 29.53 579 565.93 | 224.41 relationship between spindle speed - machining time, feed
per tooth - machining time and depth of cut - machining
16 2506 |03 05 15746 | 614 | 7167 |0.75 . :
time. The higher slope of the feed per tooth wur.t.
17 |1488 |03 225 93.49 554 | 13641 |294 machining time indicates that an increase in feed rate
18 1488 | o016 225 93.49 590 13641 | 8.05 make§ a maximum contribution comp.ared to the
contributions made by depth of cut and spindle speed to
19 1488 | 0.16 05 93.49 822 13641 | 1657 the reduction in machining time.
20 1488 | 0.16 225 93.49 590 13641 |8.05

The cutting speed calculations and the milling machine
simulations were performed using the SolidWorks CAM
software. The cutting speed and machining time were
recorded in columns four and five in Table 3. 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.
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Interaction Plot for Machine Time
Fitted Means

Spindle Spee * Feed Rate Feed Rate
.02
—-— 0.6

———= 0.3

4000

3000

2000

1000 o

Feed Rate * Depth of Cut

4000

3000 -

Mean of Machine Time

2000 4

1000 o

2000 2500.0 0.1 0.2 03
Feed Rate

500 1000 1500
Spindle Spee

Fig-5: Interaction plots of spindle speed, feed rate,
depth of cut 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
minimum machining time at a higher speed. Hence, a
higher feed rate tends to reduce the machining time.
Second, at a low depth of cut of 0.5 mm, it has a higher
machining time over the entire spindle speed and feed
rate range. A maximum depth of cut of 4 mm has the
lowest machining time at a slower spindle speed and low
feed per tooth rate. In comparison, a depth of cut of 2.25
mm has the minimum machining time at a higher spindle
speed and feed per tooth rate. Hence, a higher spindle
speed, higher feed per tooth rate and higher depth of cut
tend to reduce the machining time.

TABLE-4: ANALYSIS OF VARIANCE (ANOVA) OF SPINDLE
SPEED, FEED RATE AND DEPTH OF CUT WITH MACHINING TIME AS

RESPONSE
F- P- %

Source DF |AdjSS |AdjMS (|Value [Value [Contribution
Spindle Speed {1 600160 [6001601 [8.09 [0.02 (12.02%
Feed Rate 1 [104653 [10465290{14.1 [0.00 [20.96%
DepthofCut |1 769831 (7698308 (10.37 [0.01 (15.42%
Spindle
Speed*Spindle
Speed 1 (418178 (418178 [0.56 [0.47 [0.84%
Feed
Rate*Feed Rate [1 [910657 (910657 ([1.23 (0.29 (1.82%
Depth of
Cut*Depth of Cut [1 481537 (481537 (0.65 [0.44 [0.96%
Spindle
Speed*Feed Rate [1 544995 [5449951 7.34 (0.02 [10.92%

Spindle
Speed*Depth  of
Cut 1 [420355 4203550 [5.66 [0.04 [8.42%
Feed
Rate*Depth  of
Cut 1 |688020 [6880195 [9.27 |0.01 [13.78%
Error 10 |742066 |742066 14.86%
Total 19 499299 100.00%

Bold terms are significant at a = 0.05.

ANOVA table 4 shows that spindle speed, feed per tooth,
depth of cut, and interaction between spindle speed-feed
rate per tooth, interaction between spindle speed-depth of
cut and interaction between feed per tooth and depth of
cut are significant at a = 0.05. The feed per tooth has a
maximum contribution of 20.96%, followed by depth of
cut contribution of 15.42%, interaction between feed rate-
depth of cut (13.78%) and spindle speed contribution of
12.02% towards minimising the machining time.

The regression equation for the machining time of the
significant terms is,

Machine Time = 10271 - 3.72 Spindle Speed - 33836 Feed
Rate - 2327 Depth of Cut + 5.79 Spindle Speed* Feed Rate
+ 0.407 Spindle Speed*Depth of cut + 3785 Feed Rate*
Depth of Cut

Scatterplot of Cutting Speed vs Spindle Speed
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Fig-6: Graph showing the relation between spindle
speed and cutting speed.

3.3 Tool Life

To maximise the tool life, both the result of the extended
tool life equation [6] based on Taylor’s tool life equation
and Gorczyca tool life equation [4] are used.

The extended equation for the tool life using the Taylor
tool life equation was formulated for carbide tools used in
turning of cast iron material [6]. As per the equation, the
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cutting speed mainly affects the tool life. This study also
used carbide inserts to machine the GCI workpiece. So, the
extended equation (1) was used to calculate the tool life,
and the values were recorded in column seven of Table 4.

VexTL.081=5011.87

M ain Effects Plot for Tool Life
Fitted Means

Spindle Speed Feed Rate Depth of Cut

600 -

500 -

300 4

200 -

Mean of Tool Life

100 4

T T T T T T T T
800 1600 2400 01 02 0.30 2 4

Fig-7: Graph showing the relationship between spindle
speed, feed rate, depth of cut and tool life.

The graph (Figure 7) shows that tool life decreases with
increased spindle speed. At the same time, the feed rate
and depth of cut do not affect the tool life.

Optimal Spindle Feed Rat Depth of
D:o1g3s [lgh 2506.0 0.30 a0
: Cur [1748.0] [0.1614] [2.2677]
Low 470.0 0.020 0.50
Composite
Desirability
D: 0.1838
Tool Lif
Maximum
y = BB.3672
d = 003378
= — — =
Machine
Minimum
y = 294 8860
d=10000 | _ _ o I A o

Fig-8: Optimised values of spindle speed, feed per tooth
and depth of cut to minimise the machining time and
maximise the tool life.

As per the catalogue [5], the optimisation was performed
with the range constraint of spindle speed (1748rpm-
2506 rpm), feed per tooth (0.1mm-0.2mm) and depth of
cut (0.5mm-4mm). The spindle speed range and feed per
tooth range were selected with reference to the catalogue
[5] and machine shop consultation. The optimum spindle
speed values are 1748 rpm, feed pre-tooth rate of 0.1614
mm and depth of cut value of 2.26mm. The minimum
value of machining time is 294.89 sec, and the maximum
value of the tool life is 88.37 min respectively.

Second, the tool life equation given by Gorczyca [4] was
also used to calculate the tool life. As per Gorczyca tool life
equation (2), the tool life is affected by cutting speed (V),
feed rate (F) and depth of cut (D).

6
Tool Life VED = -0 )
The results of the calculated tool life were recorded in
column eight of Table 3.

Pareto Chart of the Standardized Effects
(response is Tool Life_VFD, a = 0.05)

Term 2228
T

Factor Name
Spindle Speed

B Feed Rate

a | c Depth of Cut

AB |

AC

BC

AR

BB

CC

Standardized Effect

Fig-9: Pareto chart showing the significant parameters
for tool life

The Pareto chart (Figure 9) shows that for the tool life
calculated using the Gorczyca equation, the interaction of
spindle speed- feed rate, feed per tooth and spindle speed
are significant at a = 0.05.

TABLE-5: ANALYSIS OF VARIANCE (ANOVA) OF SPINDLE
SPEED AND FEED RATE WITH TOOL LIFE AS RESPONSE

© 2025,IRJET | ImpactFactor value: 8.315

F- P- %
Source DF |Adj SS |Adj MS \Value Value [Contribution
Spindle Speed |1 4228646 (422864624 [12.46 (0.005 (18.97%
FeedRate (1 [3960445 [396044454 |11.67 |0.007 [17.76%
Depthof Cut [1 [8829207 (88292073 (2.6 [0.138
Spindle
Speed*Spindle
Speed 1 [2705083 [27050826 0.8  [0.393
Feed Rate*Feed
Rate 1 [2225993 [22259928 [0.66 [0.437
Depth of
Cut*Depth of
Cut 1 [2068856 [20688556 [0.61 [0.453
Spindle
Speed*Feed
Rate 1 4891536 [489153555 [14.41 |0.004 [21.94%
Spindle
Speed*Depthof1 1097430 [109743023 (3.23 [0.102
IS0 9001:2008 Certified Journal | Page65
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Cut

Feed
Rate*Depth of

Cut 1 [1046444 (104644385 (3.08 [0.11

Error 10 [3394429 (33944290

Total 19 [2229432

BOLD TERMS ARE SIGNIFICANT AT « = 0.05.

ANOVA table 5 shows that spindle speed and feed per
tooth and interaction between spindle speed-feed rate per
tooth are significant at a = 0.05. The interaction between
the spindle speed and feed per tooth has a maximum
contribution of 21.94%, followed by the spindle speed
contribution of 18.97% and feed per tooth contribution of
17.76% towards maximising the tool life. The regression
equation of tool life obtained is,

Tool Life_ VFD = 59718-28.9 Spindle Speed - (206257*
Feed Rate) + (54.9*Spindle Speed*Feed Rate)

Main Effects Plot for Tool Life_VFD
Fitted Means

Spindle Speed Feed Rate Depth of Cut

10000

A
g

5000

2500

Mean of Tool Life_VFD

-2500

-5000

800 1600 2400 01 02 030 2 4

Fig-10:Graph showing the relationship between spindle
speed, feed rate, depth of cut and tool life

The graph (Figure 10) shows that increased spindle
speed and feed rate decrease the tool life.

Spindle Feed Rat
High 2506.0
Cr [1748.0]
Low 470.0

Optimal e DEI?;S of
(e Bl [0.1524] [0.50]

Composite
Desirability
D: 0.2239

[

Toal Lif
Maximum
y = 26621967
d =0.05740

/1)

Machine

Minirmum \
y=14956438 [ — — — R

d = 087371

Fig-11: Optimised values of spindle speed, feed per
tooth and depth of cut to minimise the machining time and
maximise the tool life.

As per the catalogue [5], the optimisation was
performed with the range constraint of spindle speed
(1748rpm-2506 rpm), feed per tooth (0.1524 mm - 0.2
mm) and depth of cut (0.5mm-4mm). The spindle speed
range and feed per tooth range were selected with
reference to the catalogue [5] and machine shop
consultation. The optimum spindle speed values are 1748
rpm, feed rate of 0.1524 mm and depth of cut value of 0.5
mm. The minimum value of machining time is 1495.64 sec,
and the maximum value of the tool life is 2662.19 min
respectively.

4. DISCUSSION

First, the FFD experiment result shows that the main
interaction plot (Figure 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, feed rate and depth of cut) and the
response variable (machining time) is not linear. The
study concluded that RSM is an appropriate optimisation
method to optimise the variables compared to FFD.
Second, the main effects plots (Figure 4) show a non-linear
relationship between spindle speed - machining time, feed
per tooth-machining time and depth of cut-machining
time. The higher slope of the feed per tooth compared to
the depth of cut and spindle speed w.r.t. machining time
indicates that an increase in feed per tooth has a maximum
contribution of 20.96% followed by the depth of cut
contribution of 15.42% and spindle speed contribution of
12.02% to the reduction in machining time. These findings
agree that feed rate contributes more to the material rate
removal than the cutting speed [7]. Third, the main effects
plots (Figure 7) show a non-linear relationship between
spindle speed- and tool life. The findings that an increase
in spindle speed leads to a decrease in tool life agree that
cutting speed reduces tool life [7]. Fourth, the main effects
plots (Figure 10) show a non-linear relationship between
spindle speed- tool life, feed rate - tool life and depth of
cut - tool life. The findings that spindle speed and feed
rate affect the tool life agree with the result that cutting
speed and feed rate are the practical factors affecting the
tool life [8]. In addition, this study also found that the
interaction of the spindle speed and feed rate also affects
the tool life. Fifth, based on the extended tool life equation,
the optimum values of spindle speed, feed rate and depth
of cut are 1748 rpm, 0.16 mm/tooth and 2.27 mm. The
minimum machining time is 294.89 sec, and the maximum
tool life is 88.37 min. At the same time, based on the
Gorczyca tool life equation, the optimum values of spindle
speed, feed rate and depth of cut are 1748 rpm, 0.1524
mm/tooth and 0.5 mm. The minimum machining time is
1495.64 seconds, and the maximum tool life is 2662.19
minutes. Therefore, as per the Gorczyca tool life equation,
the minimum machining time was five times that of the
minimum machining time obtained by the extended tool
life equation.
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Similarly, based on the Gorczyca tool life equation, the
maximum tool life was thirty times that of the maximum
tool life obtained by the extended tool life equation. The
difference in the maximum calculated tool life using
equation (1) and equation (2) is because in equation (1),
cutting speed is the significant cutting parameter and in
equation (2), the cutting speed, feed rate and the
interaction between the cutting speed and feed rate (Table
5) are the significant factors. Table 5 shows that spindle
speed, feed rate and interaction between spindle speed
and feed rate are significant at o = 0.05. It gives more
confidence in selecting the optimised cutting speed and
feed rate values for the metal cutting as per the milling
tool catalogue [5] to increase its tool life. The optimisation
of cutting speed is vital as an increase in cutting speed
reduces machining time and shortens the tool life.

5. CONCLUSION

The study concluded first there is a non-linear relationship
between the input variables (spindle speed, feed rate and
depth of cut) 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. Second, the feed per tooth has a maximum
contribution of 20.96%, followed by a depth of cut
contribution of 15.42%, the interaction between feed rate-
depth of cut of 13.78% and spindle speed contribution of
12.02% towards minimising the machining time. Third,
higher spindle speed, higher feed per tooth rate and higher
depth of cut tend to reduce the machining time. Fourth, as
per the tool life equation (1), tool life decreases with
increased spindle speed. At the same time, the feed rate
and depth of cut do not affect the tool life. Fifth, as per the
tool life equation (2), the interaction between the spindle
speed and feed per tooth has a maximum contribution of
21.94%, followed by the spindle speed contribution of
1897% and feed per tooth contribution of 17.76%
towards maximising the tool life. Sixth, increased spindle
speed and feed rate decrease the tool life. Seventh, in the
Gorczyca tool life equation [4], the minimum machining
time is five times that of the minimum machining time
obtained by the extended tool life equation [6]. Eight,
based on the Gorczyca tool life equation [4], the maximum
tool life is thirty times that of the maximum tool life
obtained by the extended tool life equation [6]. Ninth,
increasing cutting speed reduces the machining time and
shortens the tool life. The limitation of this study is that
only virtual milling machining simulations have been done
on SolidWorks CAM software to gather the data. Further
investigation may be performed by comparing the results
of the virtual machining and laboratory experiments to
establish the reliability and validity of the extended tool
life equation and the Gorczyca tool life equation in
calculating the tool life.
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