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Abstract
Superalloys have high strengths at elevated temperatures, which make them attractive toward various applications and also make these
materials difﬁcult to machine at room temperature due to excessive tool wear and poor surface ﬁnish. Laser-assisted machining (LAM)
offers the ability to machine superalloys more efﬁciently and economically by providing the local heating of the workpiece prior to
material removal by a single point cutting tool.
An existing transient, three-dimensional heat transfer model is modiﬁed for modeling LAM of Inconel 718. Suitable coating conditions
are determined for increasing the laser absorptivity in metals and an approximate absorptivity value is determined. The thermal model is
validated in axial and circumferential directions by temperature measurement using an infrared camera.
The machinability of Inconel 718 under varying conditions is evaluated by examining tool wear, forces, surface roughness, and speciﬁc
cutting energy. With increasing material removal temperature from room temperature to 620 1C, the beneﬁt of LAM is demonstrated by
a 25% decrease in speciﬁc cutting energy, a 2–3-fold improvement in surface roughness and a 200–300% increase in ceramic tool life over
conventional machining. Moreover, an economic analysis shows signiﬁcant beneﬁts of LAM of Inconel 718 over conventional machining
with carbide and ceramic inserts.
r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Laser-assisted processing of material is one of the
emerging ﬁelds in advanced manufacturing. The advantages that make the lasers increasingly attractive in
industrial production include coherence, focusability, very
high power intensity, power shaping capability, and ease of
automation with in-process sensing [1]. It also offers the
potential to realize innovative design with high ﬂexibility,
a high processing speed, and good quality in many
manufacturing processes. The capital investment may be
higher, but this is offset by the beneﬁts gained in many
applications.
Superalloys, such as nickel, iron-nickel, and cobalt-base
alloys, have high strengths at elevated temperatures, show
resistance to chemical degradation, and have high wear
resistance. Inconel 718 is nickel-base superalloy, which is
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used in the ﬁeld of gas turbine components, cryogenic
storage tanks, jet engines, pump bodies and parts, rocket
motors and thrust reversers, nuclear fuel element spacers,
hot extrusion tooling, high strength bolting, and down hole
shafting. The same properties that make superalloys
attractive toward various applications also make these
materials difﬁcult to machine at room temperature due to
excessive tool wear and poor surface ﬁnish. The associated
manufacturing cost is high because of low material removal
rates and rapid tool wear. In order to reduce overall
machining costs, laser-assisted machining (LAM) is investigated for machining of Inconel 718.
Inconel 718 is a solid solution hardened or precipitation
hardened alloy with an FCC structure. The composition is
such that many different phases and precipitates readily
form, varying in size, distribution, and location [2]. It
receives much of its strength from small g0 and g00
precipitates that are high in Ni and Al or Ti (typically:
Ni3Al/Ti). The yield strength of Inconel 718 decreases
drastically above 650 1C until approximately 950 1C.
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LAM of metals uses a high power laser to provide the
local heating of the workpiece prior to material removal by
a single point cutting tool. The beneﬁts of heating Inconel
718 prior to the material removal with a conventional
cutting tool have been demonstrated by Rajagopal et al.
[3], Novak and co-workers [4,5], and Leshock et al. [6].
These exploratory investigations demonstrated that surface
roughness improvements, a decrease in speciﬁc cutting
energy, and an increase in tool life as a result of thermally
assisted machining of Inconel 718.
The concept of facilitating material removal during
machining by locally heating materials has been around for
many years. In the late 1970s, lasers emerged as a viable
heat source, capable of producing intense heat in a very
precise region. In 1978, Bass and co-workers showed the
feasibility of ‘‘hot spot’’ laser machining using a 1400 W
CO2 laser to assist machining in stainless steels and Udimet
700. No modeling of the process was performed at this
time, providing little insight into temperatures achieved
during the process, but it was observed that coordination
between the cutting speed and laser heating must be
optimized, and that there are large inefﬁciencies in heating
the metal as a result of the reﬂectivity of the workpieces.
Later, Jau et al. [7] predicted temperatures in the shear area
according to the Cline and Anthony [8] model of laser
heating, and assumed an average temperature rise due to
the workpiece plastic deformation to predict overall
temperature rises within the shear zone. They estimated
that 7 kW of laser power is necessary to achieve 100%
improvement in the material removal rate in Inconel 718
using a silicate solution sprayed onto the workpiece to
increase absorptivity.
Rajagopal et al. [3] experimented with a 14 kW CO2 laser
on titanium and Inconel 718, showing that beam location is
important during LAM. Various coatings were studied,
including India ink, silicon carbide, and potassium silicate
with varying degrees of successful absorptivity enhancement. Due to inefﬁciencies associated with laser–metal
interactions and the high initial cost of the laser, economic
justiﬁcation for LAM was not achieved and interest in
LAM became diverted to other research.
Flom and co-workers [9] conducted research on LAM of
Ti-6Al-4V and Inconel 718 using an Nd–YAG pulse laser,
which has the advantage of providing higher absorptivity
for metals due to its shorter wavelength. To overcome the
intermittent energy problem he used two different techniques. Firstly, he used the laser as a primary heat source at a
high pulse rate and observed a reduction in cutting forces
by 49% and chip fragmentation during LAM of Inconel
718. For Ti-6Al-4V forces dropped by 30% in air and 60%
with oxygen assist. Secondly, he used the laser to
precondition the workpiece before machining and obtained
28% reduction in forces for Ti-6Al-4V. However, it lacked
any detailed analysis and no improvements in tool wear
and surface roughness were reported.
Recent plasma-enhanced machining (PEM) research
shows the beneﬁts that could be achieved in difﬁcult-to-

machine materials using a plasma arc as a heat source
[4–6]. Although the amount of heat input to the workpiece
in PEM is not limited by reﬂectivity problems of the
metals, PEM causes extraneous heating to the bulk
material, which may cause part distortion and adverse
heat affected zones. On the other hand, LAM provides
precise control of deposited energy and heated region,
thereby avoiding any undesirable heating of the ﬁnished
surface. Therefore, it is much more attractive from the view
point of ensuring desired subsurface conditions of a
machined part.
Even though previous researchers have shown the
feasibility of LAM of metals, signiﬁcant beneﬁts in tool
life and surface condition need to be demonstrated. In
order to do this, governing root causes for the insufﬁcient
gain of LAM over conventional machining need to be
separated out and minimized. The objectives for this study
on LAM are to (i) apply a thermal model for LAM to
accurately predict and characterize the thermal ﬁelds of
Inconel 718 undergoing LAM, (ii) experimentally verify
such predictions using surface temperature measurements
for a wide range of operating parameters, (iii) utilize this
validated model to discern the underlying physical phenomena, which include machinability, material removal
mechanism, tool wear mechanism, and tool wear rate, and
(iv) ﬁnd optimized operating ranges of process parameters
for LAM of Inconel 718.

2. Thermal model
A transient, three-dimensional thermo-mechanical model of a rotating workpiece undergoing laser heating and
material removal was ﬁrst developed by Rozzi et al. [10–12]
for an opaque homogenous ceramic workpiece. The
schematics of workpiece geometry with the complete heat
transfer problem is shown in Fig. 1. Assuming isotropic
thermal conductivity, the heat equation governing this
phenomenon is given by
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where r is the density in kg/m , o the rotational speed in
rad/s, h the enthalpy in J/kg, k the thermal conductivity in
W/mK, and r, f, and z are cylindrical coordinates in m.
In the above equation, circumferential advection arises
from the rotation of the workpiece and axial advection
arises because the coordinates are ﬁxed relative to the laser
heating and/or machining. In order to account for the
variation of speciﬁc heat with temperature, the numerical
solution for the current heat transfer problem given in
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computational time. An implicit scheme was used to attain
convergence, which prevented any unrealistic oscillations
in the solution [11]. Calculations marched in time until
machined length is reached. At each time step a global
energy balance convergence criterion was computed. This
criterion had to be satisﬁed for four consecutive iterations
before proceeding to the next time step.
Figs. 2 and 3 show the thermal conductivity and speciﬁc
heat, respectively, of Inconel 718 measured by various
investigators. The spread in the data is relatively small,
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Thermal Conductivity (W/mK)

Fig. 1. Model geometry for the laser-assisted machining of a cylindrical
workpiece [10].

Eq. (1) can be written as [13]
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where T* and h* are the values of T and h gained from the
previous iteration and used to solve for T in current
iteration. When convergence is achieved, T* and h* are
equal to T and h, respectively.
In order to solve the governing Eq. (2), it is needed to
deﬁne proper boundary conditions. The detailed descriptions of the boundary conditions are skipped here for
brevity and referred to Rozzi et al. [10] and Rebro et al.
[14]. The complete computational domain is deﬁned by
boundary conditions that involve mixed convection,
emitted radiation, and absorbed laser radiation. Rozzi et
al. [11] provide the further details for the thermal model
regarding geometric approximations, free and forced
convection correlations, air-jet correlations, etc.
After formulating the above equations, a numerical
solution of the above problem was obtained. A numerical
code based on the ﬁnite volume method was used to
discretize the given equations [11]. The workpiece was
divided into a set of predeﬁned control volumes
52  42  72 (F, r, z) and size of mesh under the laser
was equal to 0.35 mm for z, 0.06 mm for r, and 0.014 rad
for f. By doubling the control volumes in the circumferential direction it was observed that the temperature ﬁelds
are independent of further decrease in grid size. Finer grids
under the laser and near the material removal plane are
possible, where temperature and their gradients are highest
and of most interest to LAM, since the coordinate system is
ﬁxed relative to the laser. This resulted in saving a lot of
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Fig. 2. Comparison of temperature-dependent thermal conductivity of
Inconel 718.
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Fig. 3. Comparison of temperature-dependent speciﬁc heat of Inconel
718.
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Fig. 4. Theoretical and experimental normal spectral absorptivity of
Inconel 718 at different laser wavelengths.
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Fig. 5. Comparison of measured and predicted temperatures for power300 W.

indicating that all of the data is precise and most likely
accurate. Fig. 4 shows the experimental values of spectral
absorptivity for Inconel 718 [15,16]. As can be seen, the
absorptivity of Inconel 718 is very low for CO2 lasers, while
it is higher for shorter wavelength lasers, such as Nd:YAG
and diode lasers.
3. Thermal model validation
3.1. Experimental arrangement
In order to overcome the low absorptivity of bare
Inconel 718 to CO2 laser, all parts are coated with graphite
before laser heating is done. For ﬁve different coatings
including three graphite coatings, viz., aerodag, aquadag,
and graphite adhesive as well as oxide and black paint
coating predicted using absorptivity of 1, and measured
temperatures are compared over for different laser powers
(100, 200, and 300 W). Fig. 5 shows the comparison for the
complete heating cycle for 300 W power case. A common
observation is that the measured temperature is always
lower than the predicated temperature over the complete
heating cycle irrespective of the coating type and condition.
Moreover, the absolute difference in the temperature
increases as the heating continues and is the largest at the
highest temperature for all the cases. Yet, the percentage
difference in the measured and predicted temperature
remains fairly constant over the complete heating cycle.
This indicates that approximate absorptivity values can be
determined by adjusting a until they match for different
coatings. Since the relative performance of graphite
adhesive coating is far superior than the other tried
coatings, it is therefore used for further experiments.

The emissivity of graphite binder was determined at
the wavelength of different measuring instruments used.
Table 1 lists the normal spectral emissivity values as
determined at different wavelengths corresponding to
different measuring instruments, viz., radiation pyrometer
and long-wavelength infrared camera.
To verify the thermal model, two different non-contact
temperature measuring devices have been utilized. The
Williamson ﬁberview radiation pyrometer series 6000E is a
non-contact measuring device monitoring temperature
from one spot. It operates over a single waveband, which
relies on a band pass ﬁlter that transmits radiation only
around 2.2 mm wavelength to measure temperature in the
working range of 250–650 1C. Calibration of the pyrometer
was done prior to its ﬁrst use using a blackbody calibration
source and has also been calibrated regularly after
moderate usage.
For heating-only tests, the pyrometer position is ﬁxed
along the circumferential plane close to the location of the
cutting tool after the cutting tool was removed for these
tests. It continuously measures the surface temperature
from one spot while translating along with the laser. With a
special ﬁxture designed for holding the pyrometer probe, it
could be moved 40–601 circumferentially from the laser.
Fig. 6 shows the pyrometer ﬁxture design for heating-only
tests. The heating tests have been conducted using this
setup with the intention of measuring temperature that
would be generated in the vicinity of cutting tool.
A high performance ThermaCAM SC3000 infrared
camera was later used to measure the surface temperature.
Unlike the pyrometer, for measurements with the infrared
camera, the workpiece is rotated in anticlockwise direction
and the camera remains stationery while the laser
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Table 1
Emissivity of graphite coating for different wavelengths
Instrument

Symbol

Wavelength range

Center wavelength

Spectral emissivity

Radiation pyrometer
Long-wave infrared camera

epyro
eir

2.2
8–9

2.2
8.5

0.85
0.88

tests is to validate the thermal model (i) for the variation of
laser power, (ii) in the circumferential direction, and (iii)
for repeatability of coating conditions. The temperature
measurement location of the infrared camera is shown in
Fig. 7.
3.3. Validation results

Fig. 6. Schematic illustration of in-process temperature measurement with
a pyrometer.

translates. The measuring wavelength window of this
device is 8–9 mm and the temperature sensing range set
for the present case was 100–500 1C. The focal spot is
perpendicular to the workpiece axis and 301 downstream
from the laser spot, and remains stationery while the laser
translates. The emissivity was set at 0.88, corresponding to
the applied surface coating. The output is read directly
from an attached PC data acquisition system using the
software provided with the camera, which is very efﬁcient
in compensating for environmental and geometrical error
factors, while calculating true surface temperature. The
data were collected at 60 Hz and averaged for every ﬁve
points. Since it can measure temperature with a large ﬁeld
of view, it is possible to measure the temperature at the
same angular location throughout the heating process
without moving the camera.
3.2. Experimental conditions
First, heating-only tests are conducted by translating the
laser beam across the heating length while the workpiece is
rotating and temperature is measured using either the
radiation pyrometer or infrared system. No cutting tool is
used during these tests. Table 2 shows the experimental test
matrix for the heating-only tests conducted for thermal
model validation. Two surface temperature measuring
devices, viz., long-wavelength infrared camera and radiation pyrometer, have been employed. The purpose of these

Fig. 8 displays the measured and predicted temperature
histories for 300 W (Test_Pre_IN_300). The temperature
data below 100 1C is not shown in this plot as the
temperature range was set at 100–500 1C in the infrared
camera. At the beginning of the heating cycle, a smooth
and relatively rapid increase in temperature matches very
well with predicted temperature histories. For the case of
500 W power, the measured temperature was much lower
than the predicted temperature during the complete heating
cycle with increasing difference at higher temperatures.
This discrepancy has been attributed to the lower
absorptivity of metals to the laser at higher laser power.
The coating gets off the surface by the high laser power
energy at the preheating cycle and a portion of the bare
metal surface is exposed, which results in lowering surface
absorptivity.
Fig. 9 shows the variation of theoretical, predicted
maximum temperature under the laser spot with increasing
power. A sharp linear increase in temperature with power
is evident from this plot, which can be used to explain the
decreasing absorptivity and draw a bound for a safe
maximum temperature. Since the coating cannot sustain
itself on the surface for temperatures greater than
approximately 1100 1C corresponding to 500 W case, it
results in decreasing absorptivity and thus the measured
temperatures.
Fig. 10 shows the comparison of measured and predicted
maximum temperatures at a location axially aligned with
and 401, 551, and 901 downstream from the laser center.
The measurements have been performed using the infrared
camera and the temperature data less than 100 1C are not
shown as it was outside the temperature measurement
range set in the infrared camera (100–500 1C). There is an
excellent agreement between the measurements and prediction for 401 but it shows a larger discrepancy at higher
angles of 551 and 901, with measurements showing
consistently lower temperatures than the predictions. One
reason for such a deviation could be associated with
modeling of the air-jet in the thermal model since the
boundaries of air-jet exist till 730 1C around the laser
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Table 2
Experimental conditions for heating-only tests for Inconel 718
Case

Measuring device

Pl (W)

Angle (deg.)

Comparison parameter

Test_Pre_IN_200
Test_Pre_IN_300
Test_Pre_IN_400
Test_Pre_IN_500

IR
IR
IR
IR

camera
camera
camera
camera

200
300
400
500

90
90
90
90

Power

Test_Pre_IN_300
Test_Pre_IN_300
Test_Pre_IN_300

IR camera
IR camera
IR camera

300
300
300

90
55
40

Circumferential temperature gradient

Test_Pre_IN_300
Test_Pre_IN_300
Test_Pre_IN_400

Pyrometer
Pyrometer
IR camera

300
300
400

45
38
90

Circumferential temperature gradient
Experimental setup

N ¼ 200 RPM; Dl ¼ 4:5 mm; f ¼ 0:05 mm=rev; Dw ¼ 40 mm; tp ¼ 4 s; a ¼ 0:8; eir ¼ 0:88; epyro ¼ 0:85.
(1) Measured temperature corresponds to emissivity of Infrared camera set to 0.88 and pyrometer at 0.85.
(2) Rotation direction is counterclockwise. Length of travel is 11 mm (70 s).

300W
250

Temperature (C)

200

150

Measured-IR@point1

100

Measured-IR@point2

Fig. 7. Measurement locations for the infrared camera (l ¼ 829 mm).

Measured-IR@point3

50

predicted@point1
predicted@point2

center. The agreement is good for the complete heating
time of 70 s. Similarly, Fig. 11 shows the temperature
comparison with the radiation pyrometer at circumferential
locations 381 and 451 downstream from the laser center.
For both locations, there is an excellent agreement between
the measurements and prediction over the complete heating
cycle. The temperature data less than 250 1C are not shown
as it was outside the temperature measurement range of the
radiation pyrometer (250–650 1C).
4. LAM experimental results
Proper control of coating conditions (thickness, uniformity, and surface adhesion) is an integral part of a good
experimental setup. In order to test the repeatability of the
experiment results, similar experimental conditions were
repeated and measured temperatures were compared. The
measurements in both cases overlap on the top of each
other over the complete heating cycle, which shows that the
setup has a high repeatability.

predicted@point3

0
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10
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Time (s)

50
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70

Fig. 8. Predicted and measured temperature history (300 W).

After validating the thermal model for the present
application, LAM tests were designed and conducted. It
is desired to achieve a material removal temperature of
between 550 and 650 1C (Tmr is the material removal
temperature generated by heating from the external source,
i.e., laser and heat gun, and does not account for heat
generated due to plastic deformation). This corresponds to
the average temperature of the plane immediately before
the beginning of the primary shear zone. The heat
generated by plastic deformation in the primary shear
zone will raise the local temperature by another
100–150 1C. At a temperature of approximately 750 1C
Inconel experiences a sharp decrease in yield stress with
increasing temperature. Therefore, Inconel 718 is much
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Fig. 11. Comparison of maximum predicted and measured temperature at
different circumferential locations with the radiation pyrometer.

temperature. In addition, the material removal temperature
is restricted by the current LAM setup that does not allow
shorter circumferential angular distance than 551 between
the CO2 laser spot and the cutting tool.
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250

4.1. Experimental setup for LAM

200

Machining experiments were performed on Inconel 718
workpieces using a 60 hp Jones and Lampson turret lathe
equipped with an NUM 1060 controller. The motor setup
is capable of a maximum of 2600 RPM spindle speed. A
Convergent Energy Everlase S51 1.5 kW CO2 laser is
directed vertically to the top of the workpiece surface by
reﬂective mirrors through a 25 mm focal length lens. In
order to maintain the maximum temperature below the
maximum allowable temperature for the coating, a second
500 W Nd:YAG was used to heat the machined chamfer at
451 from the vertical, 10–121 circumferentially ahead of the
cutting tool, delivered through a 10 m long, 600 mm
diameter ﬁber optic cable to a lens with a focal length of
200 mm.
Force data were collected during machining using a three
component Kistler 9121 dynamometer and a Kistler Model
5184B1 ampliﬁer. The data acquisition system with
National Instruments LabView was used to process and
record the signals. Temperature measurements were
performed using an FLIR SC3000 infrared camera, linked
with ThermoCAM2002 software. The camera is most
sensitive to radiation measurements at wavelengths between 8 and 9 mm.
The workpieces were Inconel 718 supplied from Special
Metals Corporation, the composition of which is shown in
Table 3, and were 150 mm in length and 50 mm in diameter.

Test conditions

150
Predicted temperature @ 40 deg
Measured-IR camera @ 40 deg
Predicted temperature @ 55 deg
Measured-IR camera @ 55 deg
Predicted temperature @ 90 deg
Measured-IR camera @ 90 deg

100

50

Power = 300W
Feed =0.05 mm/rev
Scan speed =0.4m/s
RPM =200
Laser dia. =4.5 mm
Absorptivity =0.8
Emissivity - 0.85
Preheat = 4 sec.

0
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10
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40
Time (sec)

50
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Fig. 10. Comparison of maximum predicted and measured temperature at
different circumferential locations with infrared camera.

more machinable at 800 1C than at 600 1C. The beneﬁt of
thermally assisted machining of Inconel 718 has been very
well demonstrated earlier by Novak and co-workers [4,5],
Shin and Kim [17], Leshock et al. [6], and Rajagopal et al.
[3]. Since it has been observed that the absorptivity value of
0.80 can be maintained only up to a maximum surface
temperature of 1100 1C, achieving the desired material
removal temperature is limited not only by the maximum
laser power but also by the maximum allowable surface
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Approximately 50 mm was machined during each experiment using a Greenleaf WG-300 insert (SNGN 452-T1),
which is an alumina-oxide ceramic insert reinforced with
silicon-carbide whiskers. A carbide chip breaker was
clamped on top of the insert for every test, approximately
0.8 mm away from the primary cutting edge.
Tool wear was characterized with two metrics, i.e., the
average (VB) and notch depth. These quantities are
measured at prescribed machining intervals on a Zeiss
optical microscope. Typical tool failure for ceramic tools
may be assumed by notch wear 41.0 mm, ﬂank wear
(VBave) 40.5 mm, or catastrophic failure of the tool insert.
If these are the criteria, then current trends suggest that the
tool will fail by notch wear.
After machining, the surface roughness was measured
using a Surtronic 3+ surface proﬁlometer with a 0.02 mm
diamond stylus. Two sets of ﬁve circumferential Ra values

were measured from the workpiece and averaged to
provide the surface roughness measurement.
4.2. Experimental conditions
Table 4 shows the complete experimental test matrix
used for the study of LAM of Inconel 718. In order to see
the effect of changing feed and depth-of-cut on the
machining results, it is important to keep Tmr constant.
Test LAM_4 and test LAM_5 represent the machining
cases where depth-of-cut is varied above and below the
nominal value of 0.5 mm, while tests LAM_6 and LAM_7
show the effect of lower and higher feed than the nominal
value of 0.05 mm/rev. Also, it is important to lower Tmr
from the nominal value of 620 1C to see its effect on
machinability at different work material strengths. To
compare the LAM with conventional machining processes,

Table 3
Material composition of Inconel 718, in weight percent
Ni

Fe

Cr

Cb

Mo

Ti

Al

C

S

53.46

18.31

18.29

4.97

3.01

1.02

0.52

0.015

0.0004

Table 4
Experimental test matrix for LAM of Inconel 718
Test #

V (m/s)

fr (mm/rev)

d (mm)

Dia (mm)

N (rpm)

Power (W) (CO2)

Tmr,ave (1C)

Conv1
LAM1
LAM2
LAM3
LAM4
LAM5
LAM6
LAM7
L8
L9
L10
L11
L12
L13
L14
L15
L16
L17
L18

2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.2
3.0
4.0
2.2
2.2
1.0
3.0
4.0
2.2
2.2
2.2

0.05
0.05
0.05
0.05
0.05
0.05
0.025
0.075
0.1
0.1
0.1
0.1
0.15
0.1
0.1
0.1
0.1
0.1
0.05

0.76
0.76
0.76
0.76
0.50
1.00
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76

30
29
29
28
30
30
28
28
50
47
49
27
18
36
24
31.5
45
40.5
45

1368
1368
1410
1475
1368
1368
1475
1480
840
1220
1560
1590
2330
531
2490
2540
945
1037
937

—
860
750
610
820
870
740
860
—
—
—
900
600
900
900
900
900
900
922

CONV
590
540
480
530
550
600
540
CONV
CONV
CONV
540
540
540
540
360
360
410
450

Invariant parameters
DOC ¼ 0.76 mm
Dlaser;CO2 ¼ 4:5 mm a
CO2-tool lead ¼ 1.7 mm

aCO2 ;graphite ¼ 0:8
EmissCO2 ;graphite ¼ 0:85
Bold type represents the value of the parameter varied.
a
Varies from 4.5 to 6.5 mm.

tpreheat ¼ 2 s CO2 and 2 s both lasers
Dlaser;YAG ¼ 3:0 mm
YAG-tool lead ¼ 0.7 mm
YAG-tool angle ¼ 10–121
YAG-vertical angle ¼ 451
aYAG ¼ 0.3
EmissYAG ¼ 0.20
PYAG ¼ 500 W
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4.60
4.40
4.20
4.00
3.80
3.60
3.40
3.20
3.00

4.60
4.40
4.20
4.00
3.80
3.60
3.40
3.20
3.00

1.5
1

V= 2.2 m/s
fr= 0.1 mm/rev
Vol.= 5000 mm3

0.5

Surface Roughness
(µm)

2

Specific Cutting Energy
Surface Roughness

0
28

360
410
Tmr,ave (˚C)

540

fr= 0.1 mm/rev
Tmr= 540˚C
Vol.= 5000 mm3

2
1.5
1
0.5

Specific Cutting Energy
Surface Roughness

Surface Roughness
(µm)

4.60
4.40
4.20
4.00
3.80
3.60
3.40
3.20
3.00

0
1

2.2
V (m/s)

3
2
1.5
V= 2.2 m /s
Tmr= 540˚C

1

Vol.= 5000 mm3

0.5

Specific Cutting Energy
Surface Roughness

0.075

Surface Roughness
(µm)

Spec. Cutting Energy
(J/mm3)

Spec. Cutting Energy
(J/mm3)

Spec. Cutting Energy
(J/mm3)

a conventional machining condition similar to the nominal
LAM case (test LAM_1) has been used and tool lives of
both these processes have been compared. The invariant
process parameters include the cutting speed, v ¼ 2:2 m=s,
laser beam diameter, Dl ¼ 4:5 mm, laser-tool lead,
Ll ¼ 1:7 mm, preheat time, tp ¼ 4 s, workpiece emissivity,
epyro ¼ 0:85, and absorptivity, a ¼ 0:8. Here, it is important
to understand that laser power and RPM (constant
velocity) do not affect the machining process directly but
only inﬂuence Tmr and Tmax. Therefore, with changing
workpiece diameters, the laser power and RPM have been
suitably varied such that required thermal ﬁelds are
obtained.
There is no optical access to the laser spot and material
removal plane during an LAM experiment; therefore, Tmax
and Tmr are predicted by the thermal model. Validation of
the model was achieved by comparing the predicted surface
temperature at the pyrometer location with the measured
value during actual tests.
The three components of the cutting forces were
collected at 1000 Hz, and the data between t ¼ 25 and
32 s were averaged and used to compare different operating
conditions. Fig. 12 shows a marked decrease in uc with
increasing Tmr. By increasing Tmr from 0 1C (conventional
machining) to 620 1C, the speciﬁc cutting energy, uc, is
reduced by 25%.

0
0.1

0.15

Feed (mm/rev)

Fig. 12. Speciﬁc cutting energy and surface roughness vs. Tmr,ave, velocity,
and feed, measured after removing 5000 mm3 of material.
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4.3. Parametric testing of Inconel 718 thermal model
It is desirable that a relationship be developed to
determine the average material removal temperature due
to laser heating as a function of machining, laser, and
workpiece parameters. A statistical analysis was performed
on the predicted temperature values from the thermal
model using the SAS software. The obtained equation
shows the predicted correlation between laser parameters
and the average material removal temperature. Although
including more parameters in the analysis provided slightly
better correlation, this equation incorporates only the most
pertinent factors affecting Tmr to provide a good correlation and yet facilitate the use of
T mr;ave ¼ 27; 890

0:031
P0:086
CO2 PYAG

Dia0:95 f 0:32

.

(3)

Both power terms are in W, Dia is the diameter of the
workpiece in mm, and f is the feedrate in mm/min.
4.4. Machining results
4.4.1. Specific cutting energy and surface roughness
The speciﬁc cutting energy decreases with increasing
material removal temperatures, cutting speed, and feed, as
seen in Fig. 12. There is a large decrease in speciﬁc cutting
energy between conventional machining and LAM at
360 1C, but very little change in speciﬁc cutting energy
above this temperature. The speciﬁc cutting energy
decreases signiﬁcantly as speed is increased from 1 to
2.2 m/s, but shows only a slight decrease at cutting speeds
above 2.2 m/s. Feed has a large effect on speciﬁc cutting
energy and, as seen in Fig. 12, as feed increases from
0.075 mm/rev, the decrease in speciﬁc cutting energy is
substantial, but the amount of decrease lessens as feed
increases further.
Nickel-based superalloys will generally exhibit a signiﬁcant decrease in speciﬁc cutting energy from conventional machining to ‘‘low temperature’’ LAM (around
T mr;ave ¼ 300 1C), and another signiﬁcant decrease in
speciﬁc cutting energy will generally be observed at higher
temperatures when the strength of the material is
signiﬁcantly reduced. In the current experiments, the initial
decrease in speciﬁc cutting energy has been measured, but
the second decrease in speciﬁc cutting energy is not
observed, suggesting that the lowest material strength has
not been achieved. Therefore, further beneﬁts might be
realized as Tmr,ave is increased even above 540 1C, if the tool
life continues to be deﬁned by notch wear, instead of the
slowly increasing ﬂank wear.
The surface roughness improves as material removal
temperature is increased, from 1.7 mm in conventional
machining to 0.9 mm during LAM at 540 1C. As cutting
speed is increased to 3 m/s, the surface roughness increases
marginally due to increased tearing of the material. The
surface roughness does not change from 0.87 mm at feeds of
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Wear (mm)

0.8
V= 2.2m/s
fr= 0.1mm/rev

0.6

Vol.= 5000mm3

0.4
0.2
Notch (mm)

0
0

100

200

300
400
Tmr,ave (°C)

0.12

600

V=2.2m/s
fr= 0.1mm/rev

0.1
Wear (mm)

500

Vol.= 5000mm3

0.08
0.06
0.04
VBmax (mm)

0.02

VBave (mm)

0
0

100

200

300
400
Tmr,ave (C)

500

600

during LAM is lower than conventional machining, it
increases as Tmr,ave increases from 360 to 540 1C. An
increase in temperature creates a smaller temperature
gradient in the tool and VBave approaches VBmax values
as the primary ﬂank of the tool wears more uniformly.
With increasing temperature, a large decrease is also seen in
the maximum ﬂank wear on the secondary face and there is
a slight decrease in VBave on the secondary face. Above
400 1C, the difference between maximum and average wear
on the secondary face is not affected by increasing
temperatures.
Velocity effects: Increasing the velocity from 1 to 3 m/s is
beneﬁcial during LAM, in that notch wear is decreased by
a half (0.63 mm compared to 0.31 mm), which is contrary
to conventional machining results. Maximum and average
ﬂank wear on the primary face is also reduced (Fig. 14).
The average ﬂank wear on the secondary face is not
inﬂuenced as speed is increased, but the maximum ﬂank
wear on the secondary face is signiﬁcantly reduced at
speeds higher than 1.0 m/s.

VBmax (mm)

0.25

VBave (mm)

0.2

V=2.2m/s
fr= 0.1mm/rev
Vol.= 5000mm3

0.8
Wear (mm)

Secondary Wear (mm)

0.3

0.15
0.1
0.05
0
0

100

200

300
400
Tmr,ave (C)

500

fr= 0.1mm/rev
Tmr=540C
Vol.= 5000mm3

0.6
0.4
0.2
Notch (mm)

600

0
0

1

2

fr= 0.1mm/rev
Tmr=540C
Vol.= 5000mm3

Wear (mm)

0.08
0.06
0.04

VBmax (mm)

0.02

VBave (mm)

0
0

1

2
V (m/s)

3

4

0.3
Secondary Wear (mm)

4.4.2. Tool wear
The effects of various machining parameters on tool
wear are presented in this section.
Temperature effects: Increasing the material removal
zone temperature decreases the amount of notch wear from
0.58 mm in conventional machining to 0.36 mm with LAM
at 540 1C (see Fig. 13). The maximum ﬂank wear on the
primary face decreases with increasing Tmr,ave, and
although the average ﬂank wear on the primary face

4

0.12
0.1

0.075 and 0.1 mm/rev, but when the feed is increased to
0.15 mm/rev, a large increase is measured. Because of the
small diameter of these workpieces, slight chatter marks
were seen initially during the second cut at 0.15 mm/rev,
which ultimately may have adversely affected the surface
roughness. The surface roughness improves during LAM
according to the facilitated material removal caused by
laser heating. Also, due to the large beam diameter of the
CO2 laser, irradiation of the beam on the machined surface
reduces the sharpness the surface peaks and improves
surface roughness.

3

V (m/s)

Fig. 13. (a) Notch wear, (b) primary ﬂank wear, and (c) wear on the
secondary face measured at approximately 5000 mm3 of material removed
(L8, L16, L17, L11) (V ¼ 2:2 m=s, fr ¼ 0:1 mm=rev, d ¼ 0:76 mm).

VBmax (mm)
VBave (mm)

0.25

fr= 0.1mm/rev
Tmr=540C
Vol.= 5000mm3

0.2
0.15
0.1
0.05
0
0

1

2
V (m/s)

3

4

Fig. 14. (a) Notch wear, (b) primary ﬂank wear, and (c) wear on the
secondary face measured at approximately 5000 mm3 of material removed
(L13, L11, L14) (fr ¼ 0:1 mm=rev, d ¼ 0:76 mm, T mr;ave ¼ 540 1C).
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Feed effects: Increasing the feed during LAM from
0.075 mm/rev decreases the notch wear, wear on the
primary face, and the wear on the secondary face
(Fig. 15). As feed is increased the difference between the
maximum and average ﬂank wear on the primary face
decreases. Actually, any effect that increases the temperature of the cutting tool will decrease the difference between
the maximum and average ﬂank wear by creating smaller
temperature gradients on the tool causing more uniform
wear of the cutting tool.
4.4.3. Chip morphology and residual stresses
Chip removal plays a vital role in determining the quality
of surface ﬁnish, and also in the amount of notch wear.
During conventional machining, the chips are very silvery
in color and form a fairly consistent curl. As speed
increases during conventional machining, the tightness of
the curl in the chips decreases. An increase in cutting speed
increases the temperature at the tool–chip interface and
reduces the friction, thus resulting in thinner chips and

Wear (mm)

0.8

V= 2.2m/s
Tmr= 540C
Vol.= 5000mm3

0.6

0.2
Notch (mm)
0

0.05

0.1
Feed (mm/rev)

0.12
Wear (mm)

0.15

0.2

V= 2.2m/s
Tmr= 540C
Vol.= 5000mm3

0.1
0.08
0.06
0.04

VBmax (mm)
VBave (mm)

0.02
0
0

0.05

0.1

0.15

0.2

Feed (mm/rev)
Secondary Wear (mm)

reduced the chip curl. During LAM, the amount of chip
curvature is diminished for the same speeds as conventional machining.
The chips formed are generally categorized as ‘‘shear
localized chips’’, which means the bulk of the chip material
is not strained, but small shear bands are formed during
removal of the chip as explained earlier. Due to the
increased machining temperatures associated with LAM,
the chips are brown, blue, or purple. The higher
temperatures increase the ductility of the material, and
decrease the amount of notching which occurs in the
cutting tool. The jagged torn edge caused by the lateral
ﬂow of the material during removal is larger during LAM
than conventional machining, but occurs more frequently
during conventional machining.
The residual stresses were measured after LAM using the
X-ray diffraction. Cu Ka radiation at the (420) lattice plane
was utilized. The measured residual stresses are about
200–300 MPa in the hoop direction and 90 to 220 MPa
in the axial direction. While it is known that turning
processes usually yield tensile residual stresses, the compressive residual stresses in the axial direction indicate that
LAM does not yield any adverse effect on the resultant
subsurface.

5. Economic analysis

0.4

0
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0.3

V= 2.2m/s
Tmr= 540C
Vol.= 5000mm3

0.25
0.2
0.15
0.1
VBmax (mm)
VBave (mm)

0.05
0
0

0.05

0.1
Feed (mm/rev)

0.15

0.2

Fig. 15. (a) Notch wear, (b) primary ﬂank wear, and (c) wear on the
secondary face measured at approximately 5000 mm3 of material removed
(LAM7, L11, L12) (V ¼ 2:2 m=s, d ¼ 0:76 mm, T mr;ave ¼ 540 1C).

Assume that one part requires the removal of 1 m axial
length of material, at a constant workpiece diameter of
25 mm and depth-of-cut of 0.76 mm (total volume removed
is 58,000 mm3). The ceramic tools are considered failed
when the notch wear measures over 1 mm in size, and the
carbide tool is assumed failed according to the Taylor tool
life equation developed in Novak [4]: VT 0:32 ¼ 1:90, where
the units of V and T are given in m/s and min, respectively.
This tool life equation assumes tool failure when ﬂank wear
is greater than 0.5 mm. The carbide conditions shown
compare to the following machining conditions:
V ¼ 0:5 m=s, fr ¼ 0:075 mm=rev, d ¼ 0:76 mm. Assuming
that changing the tool requires 4 min, a time per part
comparison has been made for each ceramic insert at 2.2
and 3.0 m/s. Ceramic tools decrease the machining time
by 50% over carbide inserts due to the much larger
surface speeds. LAM at 2.2 m/s will decrease the total
part machining time by 30%, while a time savings of 50%
can be achieved at 3.0 m/s due to signiﬁcantly less tool
changes.
It is assumed that operating cost will be $100/h for all
tests, and that use of the laser adds $30/h, accounting
for wall plug efﬁciency of the laser and depreciation. It is
also assumed that the square ceramic tool costs $31,
and has a total of eight cutting edges ($3.88/edge). The
carbide tool is assumed to cost $10.00, with four cutting
edges ($2.50/edge). At 3.0 m/s, savings of almost 50%
could be achieved by LAM at V ¼ 3:0 m=s, as shown in
Fig. 16.
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$60

Total Cost

$50
$40
$30
$20
$10
$0
Carbide
0.5m/s

CONV

LAM

CONV

2.2m/s

LAM
3.0m/s

Laser Cost ($30/hr)
Tool Cost
Operating Cost ($100/hr)
Fig. 16. Total cost comparison when machining 1 m length (or
58,000 mm3) by conventional machining and LAM.

6. Conclusions
Laser-assisted machining (LAM) of Inconel 718 has been
characterized in terms of various heating and operating
conditions. Even though previous researchers have shown
the feasibility of LAM of metals, inefﬁcient laser heating
techniques (absorptivity 0.2), absence of thermal models
to predict the temperature ﬁelds, poor process control
without any temperature measurement, and consequently
insufﬁcient machinability beneﬁts (surface ﬁnish, tool wear,
etc.) led to absence of any further research on LAM of
metals. In order to overcome these problems, governing
root causes for the insufﬁcient gain of LAM over
conventional machining have been separated out and
minimized. A high absorptivity of CO2 laser energy in
metals has been accomplished by choosing a suitable
coating type, a right coating condition, and optimum
processing parameters. This value has been evaluated to be
equal to 0.80 through a systematic scientiﬁc study missing
previously. The effects of speed, feed, depth-of-cut, workpiece diameter, power, and initial workpiece temperature
on maximum temperature and material removal temperature have been studied. The results of LAM were
experimentally analyzed by changing operating conditions,
viz., feed and depth-of-cut. The surface temperatures
generated during LAM were measured using the radiation
pyrometer and have been shown to be well within
uncertainty bound of 710% of predicted temperatures.
The tool during LAM still appears to fail by notch wear,
but as the average material removal temperature increases,

the notch wear of the tool decreases. The average ﬂank
wear during LAM is signiﬁcantly lower than conventional
machining, but increases as temperature increases suggesting that a maximum beneﬁcial temperature may be
achieved before the tool rapidly fails by ﬂank wear. The
wear and chipping on the secondary face do not appear to
limit tool life as temperature increases. Speciﬁc cutting
energy decreases signiﬁcantly during LAM from conventional machining, but shows little change at material
removal temperatures between 360 and 540 1C. Surface
roughness improves two-fold as temperature increases
from room temperature to 540 1C. The elevated temperatures during LAM cause less pressure ﬂuctuations at the
DOC line caused by the jagged edge of the removed chip,
reducing the amount of notch wear to the tool.
As velocity is increased from 1.0 to 3.0 m/s, notch wear is
decreased by half, and primary ﬂank wear also decreases.
The maximum secondary wear is signiﬁcantly lower at
speeds above 2.2 m/s than at 1.0 m/s, although little change
is seen in the secondary wear above 2.2 m/s. An increase in
velocity reduces the speciﬁc cutting energy, but increases
the surface roughness slightly.
As the feed increases from 0.075 to 0.15 mm/rev, all types
of wear decrease. There is little change in the maximum
and average ﬂank wear on the primary face, but wear on
the secondary face is signiﬁcantly reduced as the feed
increases over 0.075 mm/rev. Changing the feed reduces the
speciﬁc cutting energy signiﬁcantly, and the surface roughness is increased at feeds over 0.1 mm/rev.
There are large economic beneﬁts to LAM, as the cost
for machining 1 m length of Inconel 718 decreases 66%
from conventional carbide machining and almost 50%
from conventional ceramic machining at 3.0 m/s. The time
to machine the same length is also decreased by similar
amounts.
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