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EVALUATION OF TOOL WEAR AND SURFACE ROUGHNESS
DURING DRY TURNING OF INCONEL 601 WITH PVD AND CVD
INSERTS

Goran JoviciétAleksandar Milosevi¢®Mario Sokac®Zeljko Santoci * Viadimir Kocovié 5 Goran Simunovié ® Dorde Vukelié”

Abstract: The paper presents the results of the evaluation of tool wear and surface roughness of the workpiece
after dry turning of Inconel 601. Two cutting inserts are made by the PVD coating process and two by the CVD
process. Of two pairs of cutting inserts, one is made with and one without wiper geometry. Other geometrical and
mechanical parameters of the cutting inserts are identical. The obtained results, for identical experimental
conditions, show that the PVVD cutting insert coated with TIAIN+TiAIN with wiper geometry produced the best
surface quality, while at the same time the highest durability, i.e. least wear. The worst results were shown by the
CVD cutting insert coated with TICN+AI>Oz+TiN and without wiper geometry. Medium results, approximately
equal, were achieved by the PVD cutting insert coated with TIAIN+TiAIN without wiper geometry and CVD
cutting insert coated with TICN+AIl,O3+TiN and with wiper geometry.
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1. INTRODUCTION

Nickel-based alloys are widely used in the production of vital parts for the military industry,
aerospace industry, nuclear industry, etc. These alloys are characterized by excellent hardness and
strength, resistance to corrosion and oxidation. Excellent properties ensure good performances of
elements from Nickel-based alloys during their exploitation. However, the machining of these alloys is
difficult due to the high temperatures and stresses that occur in the cutting zone, especially if it is dry
machining. Poor thermal conductivity and rapid hardening of Nickel-based alloys with high
temperatures and contact pressures, as well as high cutting forces affect the low durability of the cutting
tool and poor surface quality. Inconel is one of the most studied nickel-based alloys.

Turning of Inconel has been previously studied during turning from different aspects. Bhatt et al.
[1] presented the results of an experimental investigation on the wear mechanisms of uncoated tungsten
carbide and coated tools. The triple layer CVD coated tools exhibited the highest wear resistance at high
cutting speeds, uncoated tools outperformed the coated tools in the low range of cutting speeds. The
cutting tool with single-layer PVD coating outperformed the other tools at the medium cutting speed.
Pawade and Joshi [2] applied Taguchi grey relational analysis to experimental results in order to
optimize the turning of Inconel. The Grey relational theory was adopted to determine the best process
parameters that give lower magnitude of cutting forces as well as surface roughness. Khan et al. [3]
presented experimental results following finish turning of Inconel using PCBN inserts. They evaluated
the effects of tool insert shape and tool edge preparation. At the lowest cutting speed, average tool life
using the round insert was approximately 5 times longer in comparison to the C-type tool. Cantero et al.
[4] analysed of coated carbide tool wear mechanisms in wet and dry cutting. It was found great influence
of side cutting edge angle on tool wear. Bushlya et al. [5] presented results of a study of superalloy
machinability with whisker-reinforced alumina, uncoated and coated PCBN inserts. Application of
uncoated PCBN inserts resulted in surface quality and force level superior to other tool materials. Diaz-
Alvarez et al. [6] applied finite element numerical model for simulation of dry turning. Main wear modes
experimentally identified were related to variables predicted using the numerical model, such as
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temperature and plastic strain at the chip. Zhuang et al. [7] investigated the wear mechanism of alumina-
based ceramic cutting tools during dry turning of Inconel 718. A predictive model of notch wear depth
considering the influence of work hardened layer was developed. Hao et al. [8] studied PVD coated
carbide tool wear morphology and tool wear mechanism. The results showed that tool wear
characteristic changed with cutting speeds. Lotfi et al. [9] presented numerical simulation of tool wear
propagation in turning of Inconel 625. The Usui wear rate model was exerted to estimate the tool wear
rate. TICN coating outperformed other coatings in turning of Inconel 625. Grzesik et al. [10] tested
cutting tools coated with heat isolating TiAIN/AITIN layers with different stoichiometry ratios. Tool
wear progress was recorded along with measurements of cutting forces and determination of relevant
amount of the specific cutting energy and the friction coefficient. Zou et al.[11] designed a new carbide
coated cutting tool by modifying a standard carbide cutting tool to include a micro-groove on the rake
face. The micro-groove altered the contact between chips and rake face of the cutting tool, resulting in
reduced thermo-mechanical loading, and reduced wear of both the rake and flank faces, compared to the
wear observed for the original tool. Capasso et al. [12] investigated the wear characteristics of two
different coating deposited on cemented carbide tools and used in the finish turning of an Inconel 718.
The tool with the nanocomposite coating outperformed the AITIN coating under higher speed
conditions. Qadri et al. [13] investigated the effect of tool tip temperature on crater wear of cutting
inserts of ceramics (aluminum - oxide ceramic, mixed - oxide ceramic and silicon- nitride ceramic). The
aluminum -oxide insert shown better cutting performance irrespective of the workpiece hardness and
cutting speed. Sivalingam et al. [14] compared the performance of whisker-reinforced ceramic tools
regarding wear progression, surface roughness, and vibration analysis under dry and atomization-based
cutting fluid was compared. The results showed less flank wear and less surface roughness with the use
of solid lubricants. Zhao and Liu [15] investigated the influence of different coating thicknesses on
cutting temperature and tool-chip friction coefficient. The results showed that PVD TiAIN coated tool
with coating thickness 1 um was more suitable for dry turning by obtaining better coating antifriction
effect and lower cutting temperature. Vukelic et al. [16] evaluated of turning process of Inconel 601 in
dry conditions. Multi-objective optimization was applied to evaluate influence the cutting speed, feed,
depth of cut and corner radius on the roughness, wear and energy consumption. Sadhukhan et al. [17]
presented flank wear estimation during the turning process in dry cutting condition using unscented
Kalman filter. The proposed model was predicted the actual states of tool flank wear in real-time by
measuring the cutting force variation. Sivalingam et al. [18] addressed the surface integrity, tool and
chip morphology analysis during Inconel turning. The process parameters of the machining to evaluate
the surface roughness were optimized using response surface methodology. Improved surface roughness
and tool wear reduction was mainly due to the lubrication effect of spray coolant and reduced cutting
temperature in the tool—chip interface. Panigrahi et al. [19] examined the impact of cutting speed, feed
and depth of cut on arithmetic mean surface roughness, tool flank face wear and tool chip interface
temperature. The Taguchi grey relational analysis has been implemented to trial results so as to optimize
responses. Danish et al. [20] studied turning operations by the use of the dry and minimum quantity
lubrication environments, as well as cryogenic LN and cryogenic CO; environments. The LN, cooling
environment has been shown to significantly reduce cutting force, tool wear, and surface roughness.
Xue et al. [21] investigated the wear mechanisms of SiC whisker-reinforced alumina and Sialon during
turning Inconel under dry condition. The results showed that the wear process of SiC whisker-reinforced
alumina was dominated by the notch wear, while the flank wear characterized by ridges and grooves
perpendicular to the cutting edge was the main wear mode for Sialon.

Unlike the previous research, the goal of this research is to compare four cutting inserts that have
the same geometry and shape. All cutting inserts have the same basic material, but they differ in the
coating method and the type of coating. Two cutting inserts are coated with the PVD process, and two
with the CVD process. The cutting inserts have an identical shape and geometric characteristics, with
the fact that two are conventional and two with wiper geometry.

2. METHODOLOGY
The methodology in which the experimental research was carried out is shown in Figure 1.
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Figure 1 - Methodology

Experimental research was conducted on workpieces with dimensions of @ 40 x 400 mm made of
Inconel 601 alloy whose chemical composition is: (58-63) % nickel, (21-25) % chromium, (1-1.70) %
aluminum, <1 % copper, <l % manganese, <0.50 % silicon, <0.10 % carbon, <0.015 % sulphur and
balanced % iron. The characteristics of Inconel 601 alloy are: density = 8.11 g/cm?, melting point =
1349 °C, tensile strength = 760 MPa, yield strength = 450 MPa, hardness = 160 HB, thermal expansion
coefficient = 13.75 um/m°C and thermal conductivity = 11.2 W/mK.

The longitudinal turning is performed on CNC lathe (Mori Seiki CTX 510 Ecoline), which is
characterized by economic power consumption, excellent rigidity and vibration absorption, hight
accuracy and precision.

In order to achieve good stiffness and minimal compliance between the workpiece and the fixture,
locating and clamping the workpiece is performed using a three-jaw chuck and rotary center.

In this research, four types of coated cutting inserts were used, two coated with PVD and other two
coated with the CVD process, with and without wiper geometry. Selection of cutting inserts, i.e. their
shape and geometric characteristics were made in accordance with the manufacturer's recommendations.
The geometry of the cutting inserts is practically identical, and the difference is in the coating process
and the wiper geometry. The basic characteristics of cutting inserts are shown in Table 1.

Turning was performed with machining parameters that were chosen in accordance with the
recommendations of the cutting insert manufacturer, and they are: cutting speed vc = 45 mm/min, feed
rate f = 0.15 mm/rev and cutting depth a, =1 mm.

The plan and program of the experimental research envisaged the measurement of the flank wear
of the cutting inserts and the mean arithmetic roughness of the treated surface after certain time intervals.
Measurements were taken every 30 seconds until critical flank surface wear was reached. Flank wear
VB and surface roughness Ra values were calculated as mean values derived from ten measurements.
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Table 1 - Turning inserts properties

Turning insert
Insert data
1 2 3 4
Wiper edge property No Yes No Yes
Coating PVD TIAIN+TIAIN CVD TIiCN+AI,O3+TiN
Operation type Finishing
Hole diameter 4.4 mm
Cutting edge count 2
Inscribed circle diameter 9.5 mm
Insert thickness 4 mm
Cutting edge effective length 11 mm
Corner radius 0.8 mm
Major cutting edge angle 93°
Clearance angle major 7°
Substrate HC
Shape

The flank wear measurement was performed on a Mitutoyo Microscope MF-UB measuring device
with the following basic characteristics: accuracy XY -axis (2.2+0.02L) um and accuracy Z-axis (5+0.04
L) um. This measuring microscope gives observation with a clear and flare-less erect image and a wide
field of view. Measurements were taken perpendicular to the flank surface.

The surface roughness (arithmetic mean surface roughness) measurement was performed on a
Mitutoyo Surftest SV measuring device with the following basic characteristics: measuring speed 0.05
mm/s, stylus tip angle 60° and stylus tip radius 2 um. The parameters Ra was evaluated within the
evaluation length, which consists of five sampling lengths. The sampling length corresponds to the cut-
off wavelength of the profile filter. Gaussian filter was used to separate roughness and waviness
characteristics. The measurement was conducted with a cut-off length of 0.8 mm, a sampling length of
0.8 mm, and an evaluation length of 4 mm. Measurements were taken along the contour lines on the
workpiece, in feed direction.

3. RESULTS

Measurement results of flank wear of cutting inserts are shown in Table2, and the results of mean
arithmetic mean surface roughness measurements are shown in Tables 3. In addition, a graphical
interpretation of the mean values of flank wear of cutting inserts and arithmetic mean surface roughness
is shown in Figures 1 and 2, respectively.

On the basis of Figure 2, the zone of initial wear, the zone of steady wear and the zone of progressive
wear of the cutting inserts can be clearly seen. In the initial machining phase (initial wear phase),
intensive wear occurs (of relatively large growth) over time. The initial wear zone lasts approx. 1 minute
for all four cutting inserts. In the next machining phase (stage of steady wear), a moderate increase in
the wear of the cutting inserts occurs. This is a period of fairly uniform wear for all cutting inserts, and
it lasts approx. from 1 to 5 minutes of machining time. At the end (phase of progressive wear), after
approx. 5 minutes of machining, there is a large increase in wear with time.
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Table 2 - Measurement results of flank wear

PVD coated cutting insert PVD_ coat_ed cutting insert CVD coated cutting insert CVE? coat_ed cutting insert
with wiper geometry with wiper geometry

1SS z 1S (5|5 |z |8 |55 |z |8]|5]|%| z
1 0.5 0.06 | 0.05 | 0.07 | 0.008 | 0.04 | 0.03 | 0.05 | 0.008 [ 0.23 | 0.21 | 0.24 0.01 0.20 | 0.19 | 0.21 | 0.008
2 1 0.08 | 0.07 | 0.09 | 0.008 | 0.06 | 0.05 | 0.07 | 0.008 [ 0.25 | 0.25 | 0.27 | 0.007 | 0.22 | 0.21 | 0.23 | 0.008
3 15 0.11 0.1 0.12 | 0.007 | 0.09 | 0.08 0.1 0.007 | 0.27 | 0.26 | 0.28 | 0.006 | 0.25 | 0.24 | 0.26 | 0.007
4 2 0.12 | 0.11 | 0.13 | 0.008 | 0.10 | 0.09 | 0.11 | 0.007 | 0.28 | 0.27 | 0.29 | 0.007 | 0.26 | 0.25 | 0.27 | 0.007
5 25 0.13 | 0.12 | 0.14 | 0.007 | 0.11 | 0.11 | 0.12 | 0.004 | 0.29 | 0.28 0.3 0.006 | 0.27 | 0.27 | 0.28 | 0.004
6 3 0.14 | 0.14 | 0.15 | 0.004 | 0.13 | 0.12 | 0.13 | 0.005 | 0.30 | 0.3 | 0.31 | 0.004 | 0.29 | 0.28 | 0.29 | 0.005
7 35 0.15 | 0.15 | 0.16 | 0.005 | 0.14 | 0.13 | 0.15 | 0.007 | 0.31 | 0.31 | 0.32 | 0.005 | 0.30 | 0.29 | 0.31 | 0.007
8 4 0.16 | 0.16 | 0.18 | 0.007 | 0.15 | 0.14 | 0.16 | 0.008 | 0.32 | 0.32 | 0.34 | 0.007 | 0.31 | 0.3 | 0.32 | 0.008
9 45 0.18 | 0.17 | 0.19 | 0.008 | 0.17 | 0.16 | 0.18 | 0.008 | 0.34 | 0.33 | 0.35 | 0.008 | 0.33 | 0.32 | 0.34 | 0.008
10 5 021 | 019 | 0.22 | 0.01 | 0.20 | 0.18 | 0.22 | 0.011 | 037 | 035 | 0.38 | 0.01 | 0.36 | 0.34 | 0.38 | 0.011
11 55 0.26 | 0.24 | 0.28 | 0.012 | 0.25 | 0.24 | 0.26 | 0.006 | 0.42 | 0.4 | 0.44 | 0.012 | 041 | 04 | 0.42 | 0.006
12 6 031 | 029 | 0.33 | 0.012 | 031 | 0.29 | 0.33 | 0.015 | 050 | 0.47 | 0.52 | 0.015 | 0.47 | 0.45 | 0.49 | 0.015

Table 3 - Measurement results of arithmetic mean surface roughness

PVD coated cutting insert PVD. coat.ed cutting insert CVD coated cutting insert CVD. coat.ed cutting insert
with wiper geometry with wiper geometry

No. | Time . ] . .

o o o (7) o o o (7) o o o (7) o o o z‘/'i
1 0.5 0.72 | 0.71 | 0.75 | 0.017 | 053 | 0.51 | 0.55 | 0.015 | 0.93 | 0.91 | 0.94 | 0.013 | 0.69 | 0.64 | 0.72 | 0.033
2 1 073 | 0.71 | 0.75 | 0.017 | 054 | 0.52 | 0.57 | 0.017 | 0.93 | 0.91 | 0.95 | 0.015 | 0.68 0.6 0.72 | 0.041
3 15 072 | 0.71 | 0.73 | 0.009 | 054 | 0.52 [ 0.55 | 0.011 | 0.93 0.9 0.95 0.02 0.71 | 0.67 | 0.72 | 0.014
4 2 0.73 | 0.71 | 0.75 | 0.018 | 0.54 | 0.52 | 0.55 0.01 093 | 091 | 096 | 0.018 | 0.67 0.6 0.71 | 0.038
5 25 073 | 0.72 | 0.75 | 0.014 | 0.54 | 052 | 0.56 | 0.013 | 093 [ 0.9 | 0.95 | 0.018 | 0.69 | 0.64 | 0.72 | 0.032
6 3 073 | 071 | 0.75 | 0.018 | 0.54 | 0.53 | 0.56 | 0.011 | 0.94 | 0.92 | 0.96 | 0.013 | 0.69 | 0.65 | 0.72 | 0.026
7 35 0.74 | 071 | 0.75 | 0.015 | 0.55 | 0.52 | 0.57 | 0.017 | 0.92 | 0.91 | 0.94 | 0.013 | 0.70 | 0.66 | 0.72 | 0.023
8 4 073 | 071 | 0.75 | 0.015 | 0.55 | 053 | 0.56 | 0.01 | 094 [ 09 | 0.96 | 0.021 | 0.68 | 0.63 | 0.72 | 0.036
9 45 073 | 071 | 0.76 | 0.019 | 0.56 | 0.52 | 0.58 | 0.016 | 0.93 | 0.91 | 0.94 | 0.013 | 0.71 | 0.68 | 0.72 | 0.011
10 5 0.89 | 0.87 | 093 | 0.016 | 0.66 | 0.61 | 0.71 | 0.03 | 1.06 | 1.01 | 1.09 | 0.024 | 0.84 | 0.81 | 0.89 | 0.025
11 55 112 | 1.09 | 1.17 | 0.021 | 094 | 0.89 | 1.01 | 0.035 | 1.27 | 1.22 | 1.31 | 0.028 | 1.15 | 1.11 | 1.19 | 0.029
12 6 144 | 141 | 149 | 0.026 | 1.35 | 1.31 | 1.38 0.02 157 | 152 | 161 0.03 146 | 1.41 | 1.51 | 0.035

Furthermore, the results of the arithmetic mean surface roughness measurement indicate that
approximately the same roughness of the machined surface was achieved for all four cutting inserts up
to 5 minutes of machining time, Figure 3. After that, surface roughness of the machined surface worsens,
Figure 2. After 5 minutes, cutting inserts enter the zone of intense wear, Figure 2, which automatically
results in the deterioration of the quality of the machined surface, Figure 3. Flank wear occurs due to
abrasion, caused by hard constituents in the workpiece material. There is a noticeable interdependence
between tool wear and the quality of the machined surface. While the wear of the cutting inserts is
acceptable, the quality of the machined surface is uniform. After moving into the zone of progressive
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wear, the quality of the machined surface decreases. Cutting inserts, for the given machining conditions,
should be used for approx. 5 minutes, i.e. in the first and second stages of wear, until a period of
progressive wear occurs, since then the quality of the machined surface significantly deteriorates.
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Figure 2 - Graphical interpretation of flank wear
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Figure 3 - Graphical interpretation of arithmetic mean surface roughness

4. CONCLUSION

This paper presents the results of the evaluation of tool wear and surface roughness of the workpiece
during dry longitudinal turning of workpieces made of Inconel 601 with four cutting inserts.

All four inserts show similar trends in both flank wear and arithmetic mean surface roughness. The
wear of cutting inserts increases continuously with increased machining time. Increasing the width of
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the flank wear band increases the friction coefficient between the tool and the workpiece. A change, or
deterioration, of the quality of the machined surface can actually be one of the criteria for tool
replacement.

The experimental results showed that the surface roughness deteriorates with increasing wear of the
cutting inserts. The quality of the machined surface depends on the width of the wear band on the flank
surface of the tool, i.e. the friction between the machined surface and the flank surface of the cutting
tool. The wear of the flank surface of the tool affects the quality of the machined surface so that it is
possible to establish a dependency between them that would be useful for determining the stability of
the cutting tool. For the given conditions of the experiment, PVD coated cutting insert with wiper
geometry had the best results. PVD cutting insert coated with TIAIN+TiAIN and with wiper geometry
generated the best surface quality of the machined surface, while at the same time the highest durability,
i.e. least wear.

Future research directions will be focused on the analysis of dominant wear mechanisms, modeling
and optimization of the machining process in terms of choosing adequate cutting parameters, as well as
materials, geometry and shape of cutting inserts.
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