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Abstract

Inconel-718 has poor machinability due to this; it is leading to severe low surface integrity. The paper discusses the
effect of ball end milling parameters on surface integrity produced during dry and chilled machining environment. In
this work, the variable depth of cut concept of Scattergood is used to describe the influence of machining process
parameters on the machined surface. Taguchi orthogonal (L8) experiments were designed considering five input
parameters. The surface integrity in terms of arithmetic average surface roughness Ra and the microhardness is analysed
in this paper. The results show that the dry machining was beneficial for surface integrity.

Keywords: Ball End Mill; Environment; HSM, Inconel-718; Microhardness.

1. Introduction

Inconel-718 is one of the proven high-performance materials, which can withstand stringent operating conditions in
aero-engine, gas turbine and defense components. It finds applications in aero-engine in the manufacture of flexible
web parts like rings and blades [1-2]. However, higher specific shear strength and poor thermal conductivity of these
alloys causes difficulties during machining. Higher tool wear on account of rapid work hardening during machining
promotes larger tool wear and therefore show poor surface integrity of after machining [3-7]. A number of researchers
have worked on the experimental as well as mathematical modeling of ball end milling process. There are attempts to
identify optimum processing parameters combination that gives the best surface finish. Moreover, most of these studies
are related to generation of plane surfaces using radial feed in a ball end milling. Aspinwall et al. [8] found a good
surface finish during high speed ball end milling of Inconel-718 plate. Further, the experimental analysis with cutter
orientation, and lead/tilt angles during five-axis ball end milling of turbine blade has shown that the best surface finish
is obtained during milling in horizontal inward direction with a 15 tilt angle with respect to vertical axis. Bouzakis et al.
[9] have evaluated the undeformed chip geometry and cutting forces using initial part geometry, tool path and tool
geometry as input parameters. Further, they have shown that the chip width and thickness of the cutting edge at its
successive revolving positions are a function of two flute ball end mill in the case of down milling. Sonawane and Joshi
[10] demonstrated the influence of process parameters on surface topography during ball end milling. The machined
surfaces show formation of distinct bands along the periphery of cutter edge. They found the influence of chip
compression and instantaneous shear angle on surface roughness and microhardness in those bands. Mizugaki et al. [11]
have theoretically determined the machined surface profile. They developed mathematical equations to identify the cusp
height at any point on the machined surface. Shokrani et al. [12] have shown that the cryogenic cooling produced better
machined surface as compared to that of dry machining during ball end milling. Kasim et al. [13] a mathematical model
is established to predict the location of pitting on the PVD coated carbide milling cutter. Dosbaeva et al. [14] examined
the machined surface cross sections and found the origin of defect formation after machining. The model will be useful
to determine the exact reason of nothing and flaking of the milling cutter. Kaya et al. [15] developed ANN based flank
wear simulation under changing cutting conditions, using cutting time, and cutting force. Therefore, it appears from the
literature review that most of the researchers have determined the effects of various machining conditions on the cutting
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force and surface quality in ball end milling process. They have predicted the tool workpiece interactions, chip
geometry, cutting forces and surface topography using analytical as well as experimental models. Further, literature
review shows that the mechanism and mechanics of surface generation and resultant surface integrity of ball end milling
of Inconel-718 have received limited attention. As mentioned above, the objectives of the work is to study the effect of
process parameters on surface quality after high speed ball end milling of Inconel-718, in terms of surface roughness
(Ra), surface damage and microhardness of machined surface and subsurface. The number of passes and the machining
environment has also been considered in this investigation.

2. Experimental work

2.1. Experimental theme and design

In line with the objectives of the work, the selected response variables are surface roughness and the subsurface induced
microhardness after machining. Further, the surface alterations were qualitatively analysed to understand the surface
topography. The range of cutting conditions for this work was based on initial experiments and tool catalogue [16], see
Table 1.

Table 1: Control Factors and Their Levels for Experiment

Control factors 1 L2e vel

Cutting speed (m/min) 25 75

Feed (mm/tooth) 0.06 0.12

Axial depth of cut (mm) 0.50 1.00
Environment Dry Chilled air
Cutter orientation Up milling Down milling
Number of pass (Nos.) 1 2

Table 2: Processing Conditions for Experimental Runs

Input Factors

TestRun Environment ?%J;;;?E)Sp%d (Frzfg ftooth) Axial depth of cut (mm) Cutter path  Nos. Of pass
1 Dry 25 0.06 0.5 Up 1
2 Dry 25 0.06 1.0 Down 2
3 Dry 75 0.12 0.5 Up 2
4 Dry 75 0.12 1.0 Down 1
5 Chilled air 25 0.12 0.5 Down 1
6 Chilled air 25 0.12 1.0 Up 2
7 Chilled air 75 0.06 0.5 Down 2
8 Chilled air 75 0.06 1.0 Up 1

NozzJe inlet

Cold End

sl

Fig. 1: (a) Close up View of Ball End Milling, and (b) Vortex Tube Refrigerator for Chilled Air Supply
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2.2. Work piece preparation and experimental setup

The experiments were performed on Inconel-718 specimen of dimensions 160 mm x 70 mm X 8 mm in length, width
and thickness, respectively (Fig.1). The chemical composition of work material is 51.3% Ni, 20.14% Fe, 18.17% Cr,
4.8% Nb, 3.25% Mo, and balance C. Solid carbide Ti-Al-N coated ball end mill cutters of 10 mm diameter, 100 rake
angle and 300 helix angle with two cutting flutes were used for the experiments. A vertical CNC milling machine
(HASS, Model-TM2) was used to carry out the experiments in dry and chilled air environments (Fig.1). The
experiments were performed at various machining conditions as per the L8 experimental array [17] as shown in Table 2.
Each experiment was replicated once. The machined surface roughness was examined and recorded using Mitutoyo
make, Surftest- SJ 301 portable surface roughness tester. The chilled air was supplied to the machining region by using
vortex tube refrigerator fabricated in house (see Fig.1b). After machining, each work specimen was cut into three
segments across the machined surface of size 15 mm x 15 mm x 10 mm using a precision saw for measurement of the
surface roughness, surface damages and microhardness. The work specimen segments for the measurement of
microhardness were hot mounted in bakelite, and polished carefully to obtain a scratch free surface. For this purpose,
initially the manual polishing using coarse, intermediate and fine polishing was carried out with water proof SiC
polishing papers. Further, the hand polished specimens were cloth polished on a polishing machine using Al203
powder and water to obtain fine mirror like surface. Microhardness was measured on the transverse section of the
machined surfaces at depths ranging from 25 um to 3000 um from the respective sample edges (see Fig.4). The
microhardness beneath the machined surface was examined by Vickers indenter at a load of 100 gf.-f for 15 seconds,
using a square-base pyramid, whose opposite sides meet at the apex at an angle of 1360 on Vickers hardness tester
(Make Shimadzu, Model-MV2). A bakelite fixture was used to fix the mount on table to ensure accurate measurement.
Surface microhardness measurements were taken at different points at same level. An average of three measurements
was taken as final surface microhardness. During the measurement, an adequate spacing between the indentations was
provided to avoid overlap.

3. Results and discussion

Experimental results were analysed in terms of understanding of the surface damage, surface roughness and
microhardness profile beneath the machined surface.

3.1. Analysis of surface topography

SEM microscopy of the machined surface was also performed to analyse the surface topography, which clearly reveals
the surface irregularities caused due to machining. Even though the surface appears smooth, there may be many surface
irregularities which can be noticed in high magnification microscopy. A typical topography shows the presence of
different surface bands as the depth of cut/chip cross-section area varies, see Fig.2 (a-b). An arrow in the figures
indicates the width of the bands identified on the machined surfaces (Fig.2. a-b). The first band is just under the tool tip
and is rough it is followed by a smooth and again by a rough band. This indicates that there is a significant effect of
depth of cut on machined surface topography which is more irregular due to vibration effect. A narrow rubbing zone
just under the tool tip is considered as a part of band #1 (Fig.2. a). All the four band regions on the machined surface are
magnified so that the surface topography can be observed in detail in Fig.2 (a-b). The surface scallops with higher
surface irregularities are clearly observed in band #1. The minimum variation is shown in the band #2 and band #3.
SEM photographs of machined surfaces during dry machining and chilled air machining are shown in Fig.2 (b). In
general, more surface damage is observed in band #1. It is noticed that the width of bands also changes with a change in
machining conditions. Machining with a dry environment is found to be better as it introduces less alteration on the
machined surfaces.

It is now clear that the ball end milling cutter geometry generates a complex surface topography consisting of bands on
the machined surfaces. The magnitude of width of band changes with a change in feed, depth of cut and tool geometry
parameters [10].
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Fig. 2: (a-b) SEM Micrographs of Machined Surface with Different Bands at VVarious Machining Conditions

3.2. Quantitative analysis of surface roughness

In addition, the examination of surface topography was carried out in terms of arithmetic average and is discussed
below surface roughness (Ra).

Surface Roughness assessment on different bands, it is clearly understood from Fig.3 that the surface generated in band
#1 in all the experimental conditions show higher Ra values as compared to that with other bands #2 to #4. The initial
input of the cutter leads to vibrations and chatter that might produce rough surface in this band. In the case of surface
roughness almost all the chosen machining parameters influence on the surface roughness in the case of band #1 only.
The surface roughness in band #1 region is more influential as compared to other bands. This might be due to the
dominant effect of tool geometry on the machined surface generation near the tool tip area as compared to the regions
away from the tool tip during machining. It is examined that the value of surface roughness (Ra) was low when the
milling was carried out in dry machining environment. A change in machining environment from dry to chilled air due
to that a considerable surface roughness (Ra) value increases. The thermal stress experienced by the rapid change in
environment from dry to chilled causes significant chipping of the machined surfaces. It is noticed that the small
amount of increment in surface roughness with an increase in the depth of cut and due to this the chip thickness
increases, which interrupts the process leading to intensive material deformation of the machined surface and thus
shows higher surface roughness (Ra) at higher feed and the chip is not removed completely for the machined surface
near the tool tip region leaving behind a surface irregularity and due to this surface roughness is higher.
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Fig. 3: Comparison of Surface Roughness at Different Bands at VVarious Machining Conditions

In case of cutting speed, it is observed that the surface roughness decreases with an increase in the cutting speed 25
m/min to75 m/min. The contact duration with the cutter and workpiece is less at a higher cutting speed, which prevents
the chip interruption with the cutter and hence the surface roughness is low at higher cutting speed. However, the
surface roughness increases by a small amount during up milling process. During down milling operation, smooth
machining was observed due to absence of vibration. However, vibration is more likely to occur during up milling in
which the thrust force acts on the z axis, which resulting into greater tendency for chatter as the majority of the thrust
force pushes cutter away from the surface.
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3.3. Analysis of subsurface deformation

Ball end milling operation produces significant amount of thermal as well as mechanical properties changes at beneath
the machined surface due to generation of high temperature and stresses during machining of Inconel-718 [18]. The
subsurface and near surface layer beneath the machined surface undergo deformation and hence show changes in the
mechanical properties such as alteration in the hardness values along the cross section beneath machined surface [19] ,
(see Fig.4). Shows the scheme of microhardness measurement whereas, the Fig.4 shows typical measurement of
microhadness that are taken along the cross section of machined surface. A variation of subsurface microhardness
beneath the machined surface for few specimens is shown in Fig.5. The corresponding results are discussed in this
section. It is found that the maximum microhardness occurs at the region near the first and, as we move from region of
band #1 to band #4, the microhardness decreases. This can be attributed to the fact that the rubbing forces at band #1
due to the minimum cutting speed in the tool tip area (band #1) causes more mechanical loads in the band #1 region
[20]. The microhardness also shows different patterns under various cutting parameters. It is observed that various
machining parameters such as higher cutting speed, chilled environment, two passes and up milling, the workpiece
surface shows more microhardness values as than that of with the other machining conditions (Fig. 5).
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Fig. 4: Actual Photograph of Microhardness Indentation beneath the Surface

However, at lower cutting speed, with the dry environment, the workpiece shows lower hardness values (Fig.5). The
microhardness is higher on the layers very close to the machined surface (at #30 um depth) in all the bands. It is
decreases with the depth of machined surface, due to a decrease in the work hardening of the material beneath the
surface layer. It is again observed in all microhardness profiles (Fig.5) that after certain depth beneath the surface layer,
the bulk hardness (400-450 Hv) is achieved. Therefore, the machining affected zone (MAZ) is defined as the depth
below the subsurface, where the microhardness reaches to the bulk hardness values. In all the surface bands, the
microhardness in band #1 appears to be the maximum followed by in the band #2 and so on in all the experiments. The
maximum microhardness value, i.e. 958 Hv is observed at band #2 in experiment #5 (Fig.5), which was performed at
higher cutting speed, the chilled environment, two passes with up milling and at lower feed as well as depth of cut
values. On the other hand, the lowest microhardness value, i.e. 490 Hv is observed at band #1 in experiment #4 (Fig.5),
which was performed at higher cutting speed, feed and depth of cut in dry environment, down cutter path position with
a single pass. As the band #2 and band #3 have relatively better surface finish, various microhardness values in this
region at different machining conditions are compared and shown in (Fig.5). It is observed that the machining parameter
shows significant effect on the microhardness in all bands. Among the selected control factors the machining
environment has shown dominant effect on the microhardness at beneath the machined surface. It is noted that the
microhardness value is low when the milling was carried out in dry machining environment beneath 25 um. A change
in machining condition from dry to chilled air causes an increment in the microhardness value. This steep increase in
the microhardness value for band #1, #2 and #3 is due to the higher mechanical load due to prevailing quenching effect
in the presence of chilled environment that leads to workhardning of the machined surface. Among all these bands, the
effect of the increase in workhardening is more predominant in the case of band #1 region. The temperature in the
machining zone increases with an increase in the cutting speed that could lead to thermal softening of the machined
surface and subsurface layer. This phenomenon is observed in the regions of band #1, #3 and #4. However, the effect is
opposite in the band #2 region in that case the machined surface shows an increased microhardness value. In the region
near tool tip i.e. band #1, the cutting tool contacts over a smaller surface area due to which more amount of frictional
heat gets concentrated in this region of band #1 and hence the effect of thermal load is more as compared to mechanical
loading. However, in the case of region of band #2, the frictional heat gets distributed over a large surface area beneath
the cutter edge and thus the effect of thermal load becomes less prominent and therefore mechanical work hardening
showing higher values of microhardness. The effect of number of passes on the machined surface microhardness, it is
noticed that there is a significant increase in microhardness during two-pass machining as compared to single-pass
machining. The machined surface becomes work hardened after the first pass due to rapid work hardening tendency of
Inconel-718. Therefore, the two-pass machining always shows increased value of microhardness.
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Fig. 5: Analysis of Microhardness beneath the Surface with Different Band
Conclusions

The following conclusions can be drawn from the experimental investigation of machining alteration and machining
near the surface and subsurface of Inconel-718 after the machining.

The machined surface topography revealed distinct band formation on the surface. In most of the cases, three
distinct bands were observed. However, based on the measurement of surface roughness, the bands #2 and #3 are
sometimes distinctly evident.

The poor surface finish of 6.12 um Ra is obtained in the band #1, an unstable cutting zone near the tool tip region.
It is followed by the region of the better surface finish (0.19 um Ra) in the stable cutting zone i.e. at band #3.
Again, a slightly poor surface finish at band #4 as compared to the surface roughness Ra at band #3 in stable
cutting zone is obtained at the narrow and unstable cutting region near the periphery of the cutter.

The microhardness variation is observed from up to 60 um beneath the ball end milled surface.

A higher microhardness was obtained very close to the machined surface at 25 pum depth due to mechanically
dominated effect in the form of severe plastic deformation than thermal effect or rapid heating and quenching.
The microhardness gradient becomes linear with an increase in the depth beneath the machined surface, which
indicates that the plastic deformation gradually weakens with an increase of the depth beneath the surface.
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