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Abstract: Residual stress in the end-milled subsurface can significantly affect the fatigue performance of end-
milled material. In the end-milling process, the generation of residual stress is extremely complex, which is closely
related to the spindle speed, feed per tooth and cutting force. Thus, it is crucial to elucidate the influence of spindle
speed and feed per tooth on cutting force and residual stress, also the correlation between cutting force and residual
stress in terms of spindle speed and feed per tooth. According to this, dry end-milling of Inconel HX was
performed by climb-milling using Kennametal KY'S40 solid ceramic end-mill. From this experimental test, cutting
force and residual stress showed a U-shaped relationship with the increase of spindle speed, while cutting force and
residual stress showed a linear relationship with the increase of feed per tooth. Furthermore, for low cutting force
and residual stress, the focus should be on choosing the optimum combination of spindle speed (21,400 to 24,100
rpm) and feed per tooth (0.014 to 0.016 mm/tooth).
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1. Introduction

Residual stress refers to an internal stress distribution that remains in a material, and this stress is generated after
the material experiences plastic deformation caused by mechanical load or/and thermal load [1]. In view of the
machining process, residual stress presents a challenge to production sectors due to the small changes in this stress can
have a significant effect on the fatigue performance of machined material [2, 3]. Harmful residual stress can lead to
deformation, cracks formation and other defects [4]. Machining strategy can be applied to characterize as well as to
obtain favorable residual stress for improvement on fatigue performance of machined material [3]. Apart from
machining strategy, residual stress can be categorized into two; compressive residual stress and tensile residual stress.
Residual stress with incremental decrease in magnitude is classified as compressive residual stress, while residual stress
with incremental increase in magnitude is classified as tensile residual stress [S]. Moreover, high fatigue strength is
associated with the presence of compressive residual stress, while low fatigue strength is associated with the presence
of tensile residual stress [6]. Masmiati et al. (2016) and Thakur and Gangopadhyay (2016) indicated that the changes
from compressive residual stress to tensile residual stress, and vice versa is strongly influenced by machining
parameter. Due to this, machining strategy has attracted great attention from metal cutting researchers to exploit
residual stress changes for improvements on fatigue performance of machined material.

Machining parameter consists of cutting speed, feed rate and depth of cut. These three parameters are closely
related to cutting force. Cutting force decreases with increase in cutting speed [5], in contrast, cutting force decreases
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with decrease in feed rate [8] and depth of cut [9]. On another note, residual stress is directly proportional to cutting
force [10]. Excessive cutting force can cause low machined surface quality [9], chatter [11], short cutting tool life [12],
etc. End-milling process is one of the commonly machining processes used in the production sector to produce
aerospace components [13, 14]. In view of the end-milling, cutting speed is tied to spindle speed, whereas feed rate is
tied to spindle speed and feed per tooth. Decrease in feed per tooth will decrease feed rate, however, increase in spindle
speed will not only increase cutting speed but increase feed rate too. Due to this complexity, it is very difficult to
understand the influence of spindle speed and feed per tooth on cutting force and residual stress, as well as the
correlation between cutting force and residual stress in the aspect of spindle speed and feed per tooth. Hence, selection
of spindle speed and feed per tooth combination for obtaining low cutting force and residual stress before performing
end-milling process becomes complicated.

In this manuscript, end-milling test is experimentally performed to elucidate the influence of spindle speed and
feed per tooth on cutting force and residual stress. It is also done to determine the correlation between cutting force and
residual stress in the aspect of spindle speed and feed per tooth. Inconel HX is selected as experimental specimen since
it is widely used as a material for gas turbine engine components. In addition, this nickel-based superalloys possess
great mechanical properties; outstanding oxidation resistance [15] and high-strength at elevated temperatures [16].
Furthermore, KSY40 Kennametal solid ceramic end-mill is selected as experimental cutting tool in order to match with
great mechanical properties of Inconel HX, and also due to the end-milling test is performed under environmentally
friendly dry cutting conditions. Additionally, solid ceramic end-mill is rarely used and researched due to the aspect of
design and manufacturing restrictions [17, 18]. The most important outcome from this research is to propose the range
of optimum combination of spindle speed and feed per tooth for low cutting force and residual stress. Most of the
optimum machining parameters from previous research is proposed in specific value, thus it becomes too rigid
compared to range. By using this range, will enable production sector to select the appropriate spindle speed value and
feed per tooth value based on their milling machine capacity.

2. Experimental Procedure

In this experimental test, dry end-milling of Inconel HX was carried out on a Mori Seiki NV 4000 DCG vertical
machining centre with a capacity of 13 drive power rating and 45 Nm torque. The Inconel HX specimen was untreated
with original hardness 92 HRg, with dimension of 90 x 40 x 10 mm. Climb-milling was performed using KYS40
Kennametal 6 mm solid ceramic 4 flutes end-mill. Figure 1 presents the Inconel HX specimen and KYS40 Kennametal
6 mm solid ceramic 4 flutes end-mill, while Table 1 depicts the factors and levels used in the experimental test.
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Fig. 1 - Specimen and cutting tool (a) Inconel HX; (b) KYS40 Kennametal solid ceramic end-mill

Table 1 - Factors and levels used in the experimental test

Factor Level

Spindle speed (rpm) 21,400, 24,100 and 26,800
Feed per tooth (mm/tooth) 0.013,0.016 and 0.019
Axial depth of cut (mm) 0.2

Radial depth of cut (mm) 6
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Furthermore, new end-mill was used for each test with the cutting length set at 24 mm per test. As illustrated in
Figure 2, Kistler 9129AA dynamometer was used to record cutting force components; feed force (Fx), normal force (Fy)

DynoWare Multi-channel
software amplifier
==m]

and axial force (F,).
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Fig. 2 - Specimen and dynamometer (a) Inconel HX and Kistler 9129AA dynamometer; (b) Kistler 9129AA
dynamometer measuring chain

From the recorded Fy, Fy and F,, resultant force (F;) or cutting force was computed using the equation below [19].

;;:J1=;2+FJ,Z+F;Z (1)

Next, wire electrical discharge machining was performed to cut out a small rectangular piece from the cutting force
specimen, as depicted in Figure 3. In addition, the small rectangular piece was used as a residual stress specimen with
the dimension of 10 x 4 X 3 mm.

(@ (b)
Fig. 3 - Inconel HX (a) cutting force specimen; (b) residual stress specimen
Inconel HX residual stress was measured at the end-milled subsurface using PANalytical X'Pert Pro MPD PW

3040-60. Cu Ka was used as x-ray radiation and the tilt angle step size was set at 0.001. Space lattice was measured at
five different tilt angles (i) and the equation below [20] was used to compute the residual stress.

= (1fu)m 2)

Where, o is the residual stress, E is the Young’s modulus, v is the Poisson’s ratio, and m is the slope of space
lattice against sin? w. Additionally, the values of the £ and v are 205 GPa [16] and 0.3 [21].
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Surface plot, optimization plot and contour plot in Minitab software were applied to interpret the computed cutting
force and residual stress.

3. Results and Discussion

The influence of spindle speed and feed per tooth on cutting force and residual stress, and also the correlation
between cutting force and residual stress in dry end-milling of Inconel HX were interpreted using surface plot. Figure 4
and Figure 5 illustrate the computed cutting force and residual stress that are interpreted using surface plot. The meshes
for the x-axis (spindle speed) and y-axis (feed per tooth) were 13 and 7, respectively. Therefore, the increment of
spindle speed was 450 rpm, while the increment of feed per tooth was 0.001 mm/tooth.

Surface Plot of Cutting force vs Feed per tooth, Spindle speed
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Fig. 4 - Surface plot of cutting force against feed per tooth, spindle speed

Surface Plot of Residual stress vs Feed per tooth, Spindle speed
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Fig. 5 - Surface plot of residual stress against feed per tooth, spindle speed

It is evident from Figure 4 that the cutting force decreases with the increase in spindle speed, but further increase in
spindle speed causes an increase in cutting force. When the spindle speed is in the range of 21,400 to 24,100 rpm, the
cutting force decreases, whereas it begins to increase when the spindle speed ranges from 24,100 to 26,800 rpm. This
phenomenon might be associated with ductile-to-brittle transition and in agreement with the result of previous research
by Mohd Nor et al. (2020). This is also supported by Wang et al. (2015), where they claimed that the machined material
experiences plastic deformation at critical cutting speed during the transition from ductile regime to brittle regime,
which subsequently leads to a decrease in cutting force then increases after reaching a minimum cutting force value. On
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the contrary, since spindle speed is tied to cutting speed, this indicates that the experimental results contradict the
theory of cutting force being inversely proportional to cutting speed as stated in the [24, 25]. As expected, cutting force
has linear relationship with feed per tooth. By observing Figure 4, increasing the feed per tooth from 0.013 to 0.019
mm/tooth has led to the linearly increasing of the cutting force. The observed increase in cutting force with the
increasing of feed per tooth can be attributed to the probable increase in a shear amount of unwanted Inconel HX at the
solid ceramic end-mill edge [9, 26].

By comparing both surface plots in Figure 4 and Figure 5, the behavior of cutting force and residual stress showed
a slight difference but similar tendency. This mismatch might be associated with uncontrolled parameters, e.g. defect of
cutting force specimen during space lattice measurement. It can be proposed that there is a correlation between cutting
force and residual stress in terms of spindle speed and feed per tooth. This correlation is in agreement with G. De Paula
Oliveira et al. (2018) and Jiang et al. (2016), where they claimed that the residual stress strongly depends on the cutting
force. Therefore, as spindle speed increases from 21,400 to 24,100 rpm, the cutting force decreases and indirectly
evolves the residual stress from tensile residual stress to compressive residual stress, but further increase in spindle
speed higher than 24,100 rpm causes an increase in cutting force and indirectly evolves the residual stress from
compressive residual stress to tensile residual stress. Since compressive residual stress is beneficial as it tends to
improve fatigue performance of machined material [6, 28], thus increasing spindle speed higher than 24,100 rpm is
undesirable in dry end-milling of Inconel HX. Furthermore, variations in feed per tooth increase the residual stress
where its value produced is directly proportional to the cutting force. Thus, as the feed per tooth increases, the cutting
force increases, compromising the fatigue performance of Inconel HX.

In search of optimization in cutting force and residual stress, the research interest is to determine the combination
of spindle speed and feed per tooth that leads to low cutting force and residual stress. The suggested combination of
spindle speed and feed per tooth was obtained after analyzing the optimization plot as depicted in Figure 6.
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Fig. 6 - Optimization plot

Apart from this, the highest value of composite desirability or D-value indicates the combination of spindle speed
and feed per tooth which corresponds with the lowest combination of cutting force and residual stress. Using the results
presented in Figure 6, this combination can be obtained at a spindle speed of 24,100 rpm and accompanied with a feed
per tooth at 0.013 mm/tooth which produces the highest value of composite desirability at 0.9139. However, this
optimum machining parameter is too rigid; it may cause difficulty for production sectors to perform dry end-milling of
Inconel HX if milling machine with a capacity of spindle speed 24,100 rpm is not available. Therefore, range is the
ideal method for determining optimum machining parameter. The overall composite desirability value with individual
desirability value (d-value) are extracted from Figure 6 and tabulated in Table 2.
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Table 2 - Overall composite desirability value with individual desirability value

Spindle Feed per Individual desirability, d

speed tooth Cutting Residual degi(;-gll?i(l)istl;eD
(rpm) (mm/tooth) force stress i
21,400 0.013 0.8052 0.8158 0.8105
24,100 0.013 1.0000 0.8353 0.9139
26,800 0.013 0.6141 0.3706 0.4771
21,400 0.016 0.4566 0.9175 0.6472
24,100 0.016 0.6718 0.9370 0.7934
26,800 0.016 0.2655 0.4723 0.3541
21,400 0.019 0.3056 0.5243 0.4003
24,100 0.019 0.5209 0.5438 0.5322
26,800 0.019 0.1145 0.0791 0.0952

By observing the results in Table 2, a spindle speed of 24,100 rpm at each level of feed per tooth had a high composite
desirability value as compared with spindle speed at 21,400 and 26,800 rpm. The cutting force and residual stress
recorded were 251 N and 120 GPa for spindle speed at 24,100 rpm and feed per tooth at 0.013 mm/tooth, 263 N and 97
GPa for spindle speed at 24,100 rpm and feed per tooth at 0.016 mm/tooth, and 264 N and 124 GPa for spindle speed at
24,100 rpm and feed per tooth at 0.019 mm/tooth.

The range of spindle speed and feed per tooth that leads to low cutting force and residual stress can be understood
more by analyzing contour plot of composite desirability against feed per tooth, and spindle speed produced based on
Table 2 as illustrated in Figure 7.

Contour Plot of Composite desirability vs Feed per tooth, Spindle speed
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Fig. 7 - Contour plot of composite desirability against feed per tooth, spindle speed

From the contour plot, the upper right corner of the contour plot indicates the lowest composite desirability value
or having a composite desirability value of 0.2 or less, which corresponds with high values of both spindle speed and
feed per tooth. Whereas, darker region indicates the highest composite desirability value or having a composite
desirability value of 0.8 or more. Since increasing the spindle speed higher than 24,100 rpm is undesirable, dotted
rectangular box is used to set the upper and lower values of the optimum machining parameter. By referring to the
dotted rectangular box in the darker region, it can be observed that the optimum combination of spindle speed and feed
per tooth for low cutting force and residual stress lies in the range 21,400 to 24,100 rpm and 0.014 to 0.016 mm/tooth.
Therefore, the spindle speed ranging from 21,400 to 24,100 rpm and feed per tooth ranging from 0.014 to 0.016
mm/tooth are to be chosen in achieving the optimum combination of low cutting force and residual stress during dry
end-milling of Inconel HX.

4. Conclusion

Dry end-milling of Inconel HX was performed by climb-milling using Kennametal KYS40 solid ceramic end-mill.
The following conclusions can be drawn from this experimental test:
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e As spindle speed increases, the cutting force decreases and indirectly decreases residual stress, but further increase
in spindle speed causes an increase in cutting force and indirectly increases residual stress.

e Increase in feed per tooth indirectly increases cutting force, and subsequently increases residual stress.

e The optimum combination of spindle speed and feed per tooth for low cutting force and residual stress lies in the
range of 21,400 to 24,100 rpm and 0.014 to 0.016 mm/tooth. Nevertheless, the lowest combination of cutting force
and residual stress can be obtained at a spindle speed of 24,100 rpm and accompanied with a feed per tooth of
0.013 mm/tooth.

e  Further research should be focused on the life span of Kennametal KYS40 solid ceramic end-mill based on the
proposed combination of spindle speed and feed per tooth.
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