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ABSTRACT

Reducing feed rate during end-milling of nickel-based superalloys for low-
cutting force has always been a common approach. This is due to these
alloys having superior properties, making them widely regarded as difficult-
to-machine materials. As feed rate is tied to spindle speed and feed per tooth,
it is crucial to comprehend whether spindle speed, feed per tooth or the
interaction between spindle speed and feed per tooth has a significant factor
on cutting force reduction when increasing the feed rate. Accordingly, this
manuscript presents an effect of spindle speed and feed per tooth in feed rate
perspective on Inconel HX cutting force. Half-immersion down-milling and
full-immersion down-milling was conducted experimentally using solid
ceramic end-mill cutter. The results indicate that cutting force decreases and
then increases after further increase in spindle speed, while cutting force
increases with an increase in feed per tooth. Optimum spindle speed and
optimum feed per tooth for low-cutting force were 21,400 rpm and 0.013
mm/tooth. Furthermore, feed per tooth was the significant factor which
influenced the cutting force, whereas spindle speed, and the interaction
between spindle speed and feed per tooth were not significant.
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Introduction

Cutting force or resultant force in end-milling is conveniently resolved into
three cutting force components in the X, Y and Z axis. Firstly, the cutting
force projection that acts along the feed direction or X-axis is defined as the
feed force. Secondly, the cutting force projection in the Y-axis is called the
normal force. Finally, the cutting force projection that acts in a perpendicular
direction to the feed direction or Z-axis is called the axial force. On the other
side, the findings from cutting force research have positively contributed to
extending cutting tool life [1, 2], improved quality of machined material [2],
reduction in production cost [3] and increase in production rate [4, 5].
Cutting force research findings are also key to curb carbon emissions due to
climate change which is seen as top global threat. This is due to decrease in
cutting force indirectly consumes less power for milling machine and can
cause reduction in carbon emissions. As indicated by Hidayah et al. [6],
approximately more than 70% of machining process is applied in the
production sector in the world, and this sector has contributed about 36% of
carbon emissions [7], thus reducing cutting force in end-milling can help in
reducing the percentage of carbon emissions.

Apart from cutting force research findings, reducing feed rate and
increasing cutting speed during end-milling of nickel-based superalloys have
long been used for low-cutting force, as this difficult-to-machine material
tends to be hard to end-mill [8, 9] which leads to high-cutting force due to its
superior mechanical properties [8, 10]. The decrease in cutting force during
reduction of feed rate is due to decrease in speed at which cutting tool
engages the machined material [1]. Meanwhile, decrease in cutting force
during increasing cutting speed is associated with increase in cutting
temperature in the shear zone, and consequently softening the machined
material due to drop in mechanical properties [11, 12]. In end-milling, feed
rate is tied to spindle speed and feed per tooth, while cutting speed is tied to
spindle speed. Decrease in feed per tooth indirectly decreases feed rate, and
subsequently decreases cutting force. Whereas, increase in spindle speed not
only increases cutting speed, but also increases feed rate. Therefore, a precise
understanding whether spindle speed, feed per tooth or the interaction
between spindle speed and feed per tooth is a significant factor on cutting
force reduction when decreasing the feed rate is crucial.

In this manuscript, Inconel HX is selected as a specimen to study the
effect of spindle speed and feed per tooth on cutting force in the feed rate
perspective. It is one of the nickel-based superalloys and commonly used as a
material for gas turbine engine applications [13] as it has high-strength at
elevated temperatures [14] and outstanding oxidation resistance [15].
Besides, end-milling test performed experimentally by half-immersion down-
milling and full-immersion down-milling as down-milling has been
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recognised as the preferred method to end-mill difficult-to-machine materials
compared to up-milling, since it reduces the load from the end-mill cutter
edge, improves end-mill cutter life and leaves a better machined material
surface quality. Solid ceramic end-mill cutter is used as it is an ideal solution
to eliminate the role of cutting fluid due to its negative effect towards human
health and environment [16], since this end-mill cutter has the ability to
withstand high-cutting temperature during dry end-milling. The effect of
spindle speed, feed per tooth and the interaction between spindle speed and
feed per tooth are analysed systematically, therefore the optimum spindle
speed and optimum feed per tooth for achieving low-cutting force is
simultaneously proposed.

Experimental Setup

Experimental test for this research was carried out on a vertical machining
centre model Mori Seiki NV 4000 DCG. Its maximum spindle speed is
30,000 rpm. The experimental set-up is illustrated in Table 1 where spindle
speed and feed per tooth are divided into three levels. Since this research is
focused on spindle speed and feed per tooth in feed rate perspective, there is
no correlation between axial depth of cut and feed rate, thus axial depth of
cut is held constant at 0.2 mm.

Table 1: Experimental setup

Cutting parameter Level

Spindle speed (rpm) 16,000, 21,400 and 26,800
Feed per tooth (mm/tooth) 0.013, 0.016 and 0.019
Axial depth of cut (mm) 0.2

Dry end-milling of Inconel HX was performed by half-immersion
down-milling and full-immersion down-milling using KYS40 solid ceramic
end-mill diameter of 6 mm with 4 flutes from Kennametal. The dimension of
Inconel HX specimen was 90 mm x 40 mm x 10 mm with original hardness
92 HRs. Figure 1 and Figure 2 illustrate half-immersion down-milling and
full-immersion down-milling performed in this experimental test. The cutting
length was set at 22 mm per run. In addition, fresh KYS40 solid ceramic end-
mill cutter was used at each run.
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down-milling.

Figure 1: Half-immersion

down-milling.

Figure 2: Full-immersion
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Cutting force components consisting of feed force (Fx), normal force
(Fy), and axial force (F;) were recorded using dynamometer type 9129AA
from Kistler. The measurement was repeated three times at each run to find
the average value. Figure 3 depicts the dynamometer measuring chain used
in this experimental test.
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Figure 3: Dynamometer measuring chain.

The recorded cutting force components were then inserted into the
Equation (1) [17] to compute the resultant force (F/) or cutting force.

Fr = \/Fx* 4+ Fy* + Fz* 1)

From the computed cutting force, main effects plot and Pareto chart of the
standardized effects in Minitab 19 were applied to perform analysis.

Results and Discussion

X-Y plots in Figure 4 and Figure 5 illustrate the overall results obtained after
the recorded cutting force components were computed using Equation (1). X-
axis and Y-axis represent spindle speed and cutting force respectively, while
each trend-line represent feed per tooth at 0.013 mm/tooth (orange), 0.016
mm/tooth (lavender) and 0.019 mm/tooth (black). The effect of spindle speed
and feed per tooth in feed rate perspective were discussed further based on
the results obtained from main effects plot. Meanwhile, the factor that has
significant effect on cutting force was discussed based on the results obtained
from Pareto chart of the standardized effects.
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Figure 4: Cutting force against spindle speed for half-immersion down-
milling.
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Figure 5: Cutting force against spindle speed for full-immersion down-
milling.

Main effects in terms of mean cutting force (N) values for half-
immersion down-milling and full-immersion down-milling were plotted in
Figure 6 and Figure 7. It is evident from both plots that cutting force
decrease when spindle speed increases from 16,000 rpm to 21,400 rpm, then
start to increase when spindle speed increases higher from 21,400 to 26,800
rpm. This is contrary to [11, 18], which stated that the reduction of cutting
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force is directly proportional to the increase in spindle speed. Furthermore,
from both plots, it appears that spindle speed 21,400 rpm in half-immersion
down-milling and full-immersion down-milling produced the lowest mean of
cutting force, thus it can be claimed that increase in immersion amount or
radial depth of cut does not influence the mean of cutting force. Following
this, spindle speed 21,400 rpm can be classified as a critical spindle speed for
both immersions due to the mean of cutting force drastically decrease before
reaching 21,400 rpm and then increase again beyond this critical spindle
speed. This can be related to the transition of machined material from ductile
regime to brittle regime due to high-strain rate of the increased in spindle
speed [19, 20]. In this scenario, Inconel HX undergoes brittle regime end-
milling instead of ductile regime end-milling at spindle speed 21,400 rpm,
whereby the chips of this end-milled material is removed due to brittle
fracture that occurs at the point of tool-chip interface, and subsequently
results in low mean of cutting force [21]. As expected, the mean of cutting
force increases as the feed per tooth increases in both immersions. The
observed increase in the mean of cutting force with increasing feed per tooth
from 0.013 mm/tooth to 0.019 mm/tooth can be attributed to the probable
increase in a shear amount of unwanted material at the end-mill cutter edge
[1, 22]. Apart from this, feed per tooth 0.013 mm/tooth in both immersions
are associated with the lowest mean of cutting force. From Figure 6 and
Figure 7, it is observed that the optimum cutting parameters in achieving low
cutting force are found to be at spindle speed 21,400 rpm and feed per tooth
0.013 mm/tooth, while the cutting force recorded were 213 N for half-
immersion down-milling and 260 N for full-immersion down-milling.

Main Effects Plot for Cutting force (N)
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Figure 6: Main effects in terms of mean of cutting force (N) values for half-
immersion down-milling.
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Main Effects Plot for Cutting force (N}
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Figure 7: Main effects in terms of mean of cutting force (N) values for full-
immersion down-milling.

Pareto chart of the standardized effects on cutting force were plotted
in Figure 8 and Figure 9. The results show that B factor has the highest
magnitude in half-immersion down-milling followed by A factor and AB
factor. While in full-immersion down-milling, B Factor had the highest
magnitude followed by AB factor and A factor. Furthermore, the reference
line for both immersions was 2.571, therefore any factor that extended past
this line was considered significant. It can be seen from Figure 8 and Figure
9 that feed per tooth is the significant factor in half-immersion down-milling
and full-immersion down-milling. This is due to the increase in feed per
tooth, whereas the mean of cutting force in both immersions also increases,
as depict in Figure 6 and Figure 7. Meanwhile, spindle speed and the
interaction between spindle speed and feed per tooth have effects on cutting
force; however, both factors are not significant in half-immersion down-
milling and full-immersion down-milling. In this scenario the mean of
cutting force decreases and then increases after further increase in spindle
speed, as can be seen in Figure 6 and Figure 7 this is the reason why spindle
speed becomes insignificant factor on cutting force in both immersions.
Since spindle speed has low magnitude and far from reference line as
presented in Figure 8 and Figure 9, this scenario has led to interaction
between spindle speed and feed per tooth to became insignificant factor on
cutting force in half-immersion down-milling and full-immersion down-
milling; although feed per tooth is the significant factor affecting cutting
force in both immersions.
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Pareto Chart of the Standardized Effects
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Figure 8: Pareto chart of the standardized effects on cutting force for half-
immersion down-milling.
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Figure 9: Pareto chart of the standardized effects on cutting force for full-
immersion down-milling.

Finally, although spindle speed on cutting force is not a significant
factor in feed rate perspective, spindle speed 21,400 rpm is enough to
promote low-carbon manufacturing practices. This is due to spindle speed
21,400 rpm not being relatively high when considering Inconel HX as a
machined material. Hence, low power consumption of machine tools can be
obtained, and subsequently will curb carbon emissions [7]. In addition,

73



N. A. Mohd Nor et al.

production sectors can reduce production cost due to low power consumption
by using this spindle speed during end-milling of Inconel HX. Therefore,
increasing spindle speed higher than 21,400 rpm or to its highest level for
low-cutting force [11, 18], becomes unnecessary. Although Inconel HX had
once been considered impractical to machine under dry condition, the use of
KYS40 solid ceramic end-mill cutter in this experimental test proves that dry
end-milling is practicable. Harmful effects of cutting fluid are becoming
more apparent, mainly on human well-being and environment [23, 24].
Considering this issue, dry end-milling of Inconel HX using KYS40 solid
ceramic end-mill cutter is the key for sustainable development.

Conclusion

In present research, the effects of spindle speed and feed per tooth in feed
rate perspective on Inconel HX cutting force are studied. The following
conclusions can be drawn from this research:

e Cutting force decreased when spindle speed is increased between 16,000
rpm and 21,400 rpm, and increased when using a spindle speed higher
than 21,400 rpm.

e Cutting force increased with the increasing in feed per tooth.

o Spindle speed 21,400 rpm and feed per tooth 0.013 mm/tooth were an
optimum cutting parameters as it was found to achieve low-cutting force.

o Feed per tooth was the significant factor affecting cutting force. Likewise,
the effect of the spindle speed and the interaction between spindle speed
and feed per tooth were not statistically significant.

e Future work should be focused on tool life and economical aspect of
KYS40 solid ceramic end-mill cutter.
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