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Abstract

This paper presents an experimental investigation of Laser Assisted Machining (LAM) of Inconel 718 using turning process. The
experiments were planned according to Taguchi L9 orthogonal array of experimental design. The effects of laser cutting
parameters, namely cutting speed, feed rate and laser power are considered as control factors to determine the effects on cutting
forces and cutting temperature. The cutting tool used for machining is a multi-layered (TiCN/Al,Os/TiN)coated carbide insert.
The optimal cutting conditions were determined using the Taguchi’s Signal-to-Noise (S/N) ratio. The analysis of results reveals
that cutting speed and laser power has maximum influence on the cutting force components compared to feed rate. It was also
observed that there is no change in the hardness value (48 HRc) of the machined surface due to laser heating. Finally, the cutting
forces were compared between conventional and laser assisted machining;a maximum of 60% reduction of cutting force was
observed for LAM at optimal combinations.
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1. Introduction

Nickel based alloys especially Inconel 718 is one of the widely used material in aerospace industries with service
temperature 650° C. The characteristics such as poor thermal properties, high-temperature strength, a tendency to
severe work hardening and high tool workpiece affinity make the machining of Inconel 718 very difficult and
considered as difficult-to-machine material [1]. Considerable research on conventional machining of Inconel 718 for
analyzing cutting force, tool wear, surface roughness and chip morphology have been reported [2-5]. Machining of
Inconel 718 with uncoated cemented carbide tool is limited to a low cutting speed of 60 m/min due to high
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mechanical and thermal loads which adversely affect the tool life [3-6]. To improve the process efficiency, new tool
materials such as coated carbide tools (either PVD or CVD), coated CBN, PCBN and whisker reinforced ceramics
cutting tool are frequently used as cutting tools for machining of Inconel 718 [7-9]. The TiAIN PVD coatings are
used for machining of Inconel 718 when compared with TiN and TiCN coatings in terms of tool life [10]. Preheating
the work materialis an attractive alternative technique for machining of hard-to-machine materials using cheaper
ceramic and coated tools.The preheating reduces the hardness, strain hardening and yield strength of the material.

In recent years, the concept thermal enhanced machining was applied to various hard-to-machine materials [11-
16].Various external heat sources such as gas torch, induction heating, furnace preheating, plasma and laser were
employed for preheating the work material. For effective thermal enhanced machining the heating should be
localized in front of the cutting tool and only the volume of material to be removed. The Localized heating softens
only the chip or workpiece uncut material, leaving the workpiece relatively cool and metallurgically undamaged.
[11]. Several researchers have used the laser energy to preheat the hard-to-cut material during machining and
observed that there is a reduction in cutting force/specific cutting energy, improvement in surface finish of work
material and tool life[17-20].

The two main laser sources which are widely used in LAM are CO, and Nd:YAG lasers. The latter having an
advantage of shorter wavelength (1.06 um) which results in better absorption of laser energy in metals (Inconel,
hardened steel, Titanium), metal matrix composites and ceramics without any coating [21]. Most of the research
works have been focused on the benefits of LAM and addressed the challenges in conventional machining. The
machining results of LAM depend on both machining process parameters and laser parameters. The main operating
parameters associated with laser assisted machining are: Laser power, spot diameter of the laser beam, cutting speed,
feed rate and depth of cut. The optimal setting for LAM is difficult due to the many control parameters and their
interactions. A statistical study based on design of experiments is needed to investigate the effect of process
parameter and their interactions. The present work aims to analyze the machinability characteristics with special
reference to cutting forces and surface temperature of Inconel 718 at different cutting conditions using Taguchi
method. The influence of cutting parameters namely cutting speed (s), feed rate (f) and laser power (p) on the
workpiece surface temperature (Ts) and the cutting forces (Fx, Fy, and Fz) were analyzed using main effect plots.
The Taguchi Methodology has been used in this study to arrive the optimal setting of laser machining parameters. In
addition to this, the present work highlights the general benefits of LAM compared with conventional machining.

2. Experimental Methods
2.1. Experimental setup

The experimental setup used for the present investigation is shown in Figure 1. The dry turning experiment were
performed on a high speed lathe having maximum spindle speed of 3600 rpm and a drive motor power of 1.5 kW.
An Nd:YAG solid state continuous wave laser(Supplied by JK laser®) with a maximum power of 2 kW and
wavelength of 1.06 um was used as a source for preheating the workpiece during experiments. The laser beam was
focused at 60°to the tool on the work piece surface with a focal length of 160 mm. The laser beam was delivered by
a fiber optic cable of length 15 m long through a lens with a laser spot size of 2 mm. The laser head is mounted to
lathe machine with a specially designed fixture for varying the position of laser beam and its spot size. Compressed
air was used to protect the laser head lens from excess heat and damage due flow of chips. The location of surface
temperature measurement is shown in Fig. 1 (b). The workpiece was rotated counter clockwise during laser heating
tests. An infrared pyrometer was used to track the surface temperature of the workpiece. Each machining trail has
been carried out for a cutting length of 60 mm with a new cutting edge. Cutting force was measured using 9257B
type Kistler dynamometer. Prior to the experimental trials, a skin cut of 0.5mm thickness is done in order to remove
any deformities on the surface.

2.2. Workpiece material

Inconel 718 with hardness of 48HRCand diameter of 25 mm is used as work material. Table 1 shows the
chemical properties of Inconel 718 alloy. It is a precipitation hardenable nickel chromium alloy containing
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significant amount of iron, niobium and molybdenum along with lesser amounts of aluminum and titanium. The
presence of chromium yields a high temperature oxidation resistance and other elements helps to guarantee for high
temperature strength and creep resistance property [3].

Table 1. Chemical composition (wt %) of Inconel 718 alloy

Elements C Mn Si Ti Al Co Mb Cb Fe Cr Ni

Percentage 0.08 035 035 06 08 10 3.0 50 170 190 5282

2.3. Cutting tool material

The cutting tool selected for machining of Inconel 718 was CVD (TICN/AI203/TIN) coated carbide tungsten
inserts (grade 6630). The ISO coding for the insert is CNMG 120408-EM.The grade 6630, MTCVD coated with a
supporting thick layer TiCN and Al,Os coating gives excellent wear and heat resistant properties. The measured hot
hardness of TiCN is 4400 to 4600 HV. Table 2 shows the tool nomenclatures of cutting insert used in the present
study.

Table 2.Cutting inserts used in LAM experiment

Rake angle (y) Clearance angle (o) Inclination angle (1) Approach angle (¢) Included angle (B) Nose radius r (mm)

-7° 0° -6 75° 90° 0.8

2.4. Taguchi method-Design of experiments

Designs of experiments (DOE) are considered as a useful method for determining optimal cutting parameters
from the experimental observations [28]. In this experimental study, orthogonal array (OA) has been used to find the
effect of three process parameters (cutting speed, feed and laser power) on cutting force parameters and cutting
temperature of laser assisted machining of Inconel 718. The cutting parameters selected for laser assisted turning
operations are cutting speed (s), feed rate (f) and laser power (p). From the literature, it is observed that the influence
of cutting speed/laser scanning speed and feed rate are more significant when compared to cutting depth. The
experiments are planned using the Taguchi’s orthogonal array. The machining tests were conducted according to a
3-level and 3-factor L9 orthogonal array. The cutting parameters and their levels are shown in Table 3. The
experimental layout for the L9 orthogonal array is shown in Table 4. To obtain optimal cutting performance, the-
lower-the-better quality characteristic for cutting force and lager the better characteristic for cutting temperature
(Ts)were taken as shown in Eq (1) and Eq (2). The process flow chart of the experimental steps and optimization
procedure are shown in Fig. 1

Table 3 Process parameters used at various levels

Process parameter Unit Level 1 Level 2 Level 3
Cutting Speed (s) m/min 50 75 100
Feed rate (f) mm/rev 0.05 0.075 0.1

Laser power (P) w 1250 1500 1750
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Fig.1 Process flowchart for Experimental

The S/N ratio for cutting force (Fz) is calculated by taking into the consideration smaller-the-better characteristics
by Eq. 1 (in decibel) and for Surface temperature (Ts) by Eq. 2 (in decibel) is given by

5 1 5 1 1
o= —1l0log (;Eﬂn:ﬁz) ----------- 0] 5 = —10Log (; F:lﬁ) ---------- 2)
Where ‘n’is the number of measurements in a row, n=3 and

. -th .
‘y;» is the i measured value in a row.

The mean S/N ratio of each parameter level has been calculated by averaging their corresponding levels in
orthogonal array. The optimal parameters were chosen based on higher S/N ratio as the signal represents the
desirable value and noise represents the undesirable value. Next, statistical analysis of variance (ANOVA) was
conducted to study the significance of process parameters on responses based on their P-value and F-value at 95%
confidence level. Finally, the optimal parameters are verified by conducting confirmation runs.

A Cutting Speed | m/min | 50 B 100 | —
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Fig.2. LAT experimental setup with Nd:YAG CW laser:(a)Schematic diagram, (b) Original setup.

2.5. Procedure

Inconel 718 alloy of diameter 25 mm and 300mm length washeld in the precision lathe using a three-jaw chuck.
The workpiece was rotated in counter clock wise direction. The laser war irradiated at the workpiece surface for
preheating the material. Once the required temperature is reached the feed was given to the tool. The turning
experiments were carried out in dry cutting environment for a length of 60 mm. The experiments were repeated two
times and average values were used for the analysis. The experimental set-up is shown in Fig. 2. The cutting force
data and surface temperature were recorded during machining. The results obtained are presented in Table 4.

3. Results and Discussion

The experiments were performed according Taguchi’s L9 orthogonal array and the results are tabulated in the
Table 4. The cutting forces and surface temperature were measured for all the experiments. Fig.3 shows the typical
force data and temperature data recorded during Expt. Sl. No. 6. This section presents the statistical analysis of
cutting forces and surface temperature of work material during LAM. Also, the cutting force results of LAM and

conventional machining are compared and discussed.
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3.1Analysis of S/N ratio and ANOVA for cutting force and surface temperature

The effects of the laser cutting parameters on the responses were analyzed using the MINITAB® statistical
software. The main effect and interaction effect are referred as two statistical analyses. In this, main effect is the
effect which separate out the effect of each and every cutting parameter at different levels. The interaction effects
are used to predict the effect of relationships between independent and dependent parameters on the object
functions. According to Eq (1),S/N ratios of each measured values listed in Table 4 are calculated. Then, the mean
S/N ratios at each level of process parameters are obtained by computing the average at corresponding levels. The
main effect plots of S/N ratio results for the feed force (Fx), Thrust force (Fy) and cutting force (Fz) are shown in
Fig. 4. It is evident from Fig 3 that with application of low laser powers in LAM will deliver more benefits during
machining that cannot be recognized at highest laser powers. High laser powers will result in higher cutting force
reductions as well as high cutting temperatures. So, LAM can be successfully implemented in the industrial
environment with low laser power. However, at the laser spot the temperature produced should be within the limit
otherwise deleterious effects of excessive surface heating will be observed. This attributed to surface damage and
subsurface microstructure.

Results of analysis of means indicate that cutting speed and laser power is the most significant machining
parameter followed by feed rate which affect the cutting force performance characteristics. From the main effect
plot (Fig 4.), it is observed that the thrust force component have higher magnitude compared to other two component
force. In the research work dealt by Bhatt [29] on finishing machining operations conventional machining of Inconel
718 using triple layered CVD (TiCN/AL,O5/TiN) coated WC tools having round insert geometry. It was observed
that for low cutting speeds of 50 m/min the forces generated were higher. However, feed forces generated by this
cutting inserts exhibited a drop as the feed increased. At medium cutting speed of 75 m/min and 0.1 mm/rev, these

Table 4 Experimental results

LAM
SINo | ¥ f ?
’ m/min | mm/rev w FxkN | FykN | FzkN Cutting | Hardness
Temp HRC
1 50 0.05 1250 | 115.5 | 1539 | 119.8 768 46
2 50 0.075 1500 | 187.8 | 234.4 | 203.9 890 48
3 50 0.1 1750 | 163.1 | 2024 | 116.7 737 47
4 75 0.05 1500 | 129.1 | 1524 | 124 960 45
5 75 0.075 1750 | 1332 | 108.7 | 1194 700 47
6 75 0.1 1250 | 116 58.9 77.62 880 47
7 100 0.05 1750 | 161.7 | 221.6 | 137.1 735 47
8 100 0.075 1250 | 182.6 | 208.6 | 137.5 755 47
9 100 0.1 1500 | 187.9 | 2719 | 211.5 626 48
Table 5 Optimum values for Responses
SL.No | Responses Optimum Values
1 Feed Force (Fx) 75 m/min,1250 W, 0.05 mm/rev
2 Thrust Force (Fy) 75 /min,1250W,0.1 mm/rev
3 Cutting Force (Fz) 75 /m/min, 1250W, 0.1 mm/rev
4 Surface Temperature (Ts) 75 m/min, 1500W, 0.05 mm/rev

inserts had the lowest cutting, feed and thrust forces. At high cutting speeds this cutting inserts generated the highest
forces in all three directions. Similarly trend was observed in LAM, the forces drops at 75 m/min, 0.1 mm/rev and
laser power of 1250 W. This decrement in force is due to the workpiece surface temperature Ts in the cutting zone is
880°C as observed in Table 4. Based on the analysis of the S/N ratio (Fig. 4), the optimal levels of cutting condition
for the process parameters are listed in Table 5.

This is due to heat generated by laser power reaches the material yield strength i.e. 650°C, while in turn results in
reduction in forces in all direction. The observed hardness value (48 HRC) of the machined surface showed no
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significant change before and after LAM. All three components of cutting force are higher in magnitude for higher
cutting speed and medium laser power compared to low cutting speed and high laser power. At higher cutting speed
and higher laser power, the observed work surface temperature Ts in the shear zone is lower (626°C) which is below
the yield stress reduction temperature 650 “C. At medium cutting speed of 75 m/min and laser power of 1250 W, the
temperature at the cutting zone is higher which makes the material soft and helps in the removing of material at
lower cutting force. Machining of Inconel 718 at medium cutting speed and low laser power is advisable due to the
fact that the work surface temperature is between 800°C- 880°Cat a feed rate of 0.1 mm/rev. A higher cutting speed
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Fig. 4. Plot of Factor effects

is possible with application of laser during turning of Inconel 718 compared to conventional machining without
metallurgical damage. Therefore, due to application of laser energy on the work piece the chip gets thinner and
decrement in force is observed. The results of analysis of variance for identifying significant factors and its
percentage contribution are given in Table 6 and Fig 5. From the ANOVA results for Fx, Fy and Fz, it is evident that
the cutting speed is the most significant parameter for affecting force component while the P-value (Probability of
significance) is less than 0.05 at 95% confidence level, followed by laser power. The cutting force increases with
increase in cutting speed and laser power. However, feed rate is found to be insignificant in the experiments for
affecting the responses in the experimental region. The optimum process parameter evolved with respect to
minimization of cutting force leads to two different combinations such as s2flp1 and s2f3p1 respectively.

Table 6 ANOVA Analysis

Source DF SS MS F ratio P %P

Feed Force (Fx)

Cutting Speed (s) 2 39752 1987.6 15.03 0.062 55.04
Feed rate (f) 2 1610.1 805.1 6.09 0.141 22.29
Laser Power (p) 2 1371.5 685.8 5.18 0.162 18.9
Error 2 264.5 3.66
Total 8 7221.4

Notes: S=11.5 R-Sq =96.34% R-Sq(adj) = 85.35%

Thrust Force (Fy,)

Cutting Speed (s) 2 25743.2 12871.6 64.87 0.015 70.45
Feed rate (f) 2 104.1 52.0 0.26 0.792 0.292
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Laser power (p) 2 9397.2 4698.6 23.68 0.041 26.36
Error 2 396.8 1.11
Total 8 35641.4

Notes: S =14.086 R-Sq=98.99% R-Sq(adj)=95.55%
Cutting Force (F.)

Cutting Speed (s) 2 4843.5 2421.7 5.50 0.154 32.92
Feed rate (f) 2 1114.2 557.1 1.27 0.441 7.57
Laser Power (p) 2 7877.9 3928.9 8.95 0.10 53.53
Error 2 879.9 597
Total 8 14715.4

Notes: S =20.9751 R-Sq=94.02% R-Sq(adj) = 86.08%

From the result of the analysis of variance shown in Table 6, the variations caused by each control factor on the
cutting parameters as well as the effect of the control factors on the quality characteristic variation can be observed.
The main control factors that can effectively reduce the variations and contribute to the quality characteristics are
identified in descending order for Fx as feed rate (22.9%), laser power (18.9%) and cutting speed (55.04%), for Fy
as feed rate (0.3%), laser power (26.36%) and cutting speed (70.45%), and for Fz feed rate (7.57%), laser power
(53.53%) and cutting speed (32.92%).

3.2. Comparison of benefits of LAM and Conventional machining

Fig. 6 shows the percentage reduction of cutting force components (Fx, Fy and Fz) during LAM of Inconel 718
when compared to conventional machining (without laser) for the experimental runs given in Table 4. It is to be
noted that for all the experiments there is a reduction of cutting forces during LAM. It could be attributed to the fact
that laser source locally soften the work material ahead of the cutting edge before machining. The thermal softening
of material in cutting zone helps in reduction of cutting forces. Further it is also observed during LAM that thinner
chips are produced which subsequently reduces the cutting forces [29]. For the experiment, S1. No. 4 it was observed
that a reduction of 160.4 N (61%) in the feed direction, 132.3 N (60%) in the thrust direction, and 118.8 N (62%) in
the main cutting direction on the cutting tool.

2 _ Feed Force (Fx) ®  ThrustForce(Fy) = © = CuttingForce(Fz)
rrar B%

o

Error )
Laser Power Cutting

1%
nl il Speed (3
= 33%

Laser Power

(n)
19%

Feedrate (f)

%

Cutting Feedrate (f)
Speeds) B%

1%

Fig. 5. Percentage contribution on cutting force a) Feed Force (Fx) b) Thrust Force (Fy) c) Cutting Force (Fz)
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Conventional Vs LAM
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Fig.6a) Force reduction (%) obtained by Conventional Vs LAM of Inconel 718 using varying cutting speeds (s), and feeds (f), for a fixed depth of
cut ap=0.5 mm and laser power(p)=1250W

4. Conclusion

This paper discussed about L, orthogonal array, S/N ratio and ANOVA were adopted for finding the optimal
process parameter for the performance measures of feed force (Fx), thrust force (Fy) and cutting force (Fz).The
following conclusions were drawn from the present research:

1. The responses are the uncut temperature, hardness and cutting force. The selected laser cutting
parameters include cutting speed, feed rate and laser power.

2. There is a significant decrease in the cutting force. This decrease is more important when the surface
temperature is high. The surface temperature depends strongly on the cutting parameters. It increases if
the cutting speed, the laser power and the feed rate decrease.

3. Based on the S/N table, main effect plot and ANOVA analysis, the optimal cutting parameter for Fx, Fy
and Fz were s2flpl and s2f3p1.

4. Cutting speed and laser power was found to be the most significant parameter for Fx, Fy and Fz which
accounts the maximum percent contribution of 55% and 19% for Fx, 71% and 26% for Fy and 33% and
53% for Fz. Only for Fx, feed rate account the percent contribution of 22%.

5. At laser power 1250 W with cutting speed 70 m/min and 0.05 mm/min, the benefit of LAM was shown
by 61%, 60% and 62% decrease in Feed force (Fx), thrust force (Fy) and cutting force (Fz) as compared
to those of the conventional machining.

6. Additionally, it is also recommended to employ a work surface temperature (Ts) in the range of 750°C—
880°C during LAM of this Inconel 718 alloy to have maximum force reduction. The results also
reveals that measured hardness value (48 HRC) of the machined surface showed no significant change
before and after LAM.

7. The results of this study would have wide application in laser assisted turning for the machining of
difficult-to-cut materials.
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