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Abstract: Laser assisted machining is an effective method to machine advanced materials with the added benefits of longer tool life and
increased material removal rates. While extensive studies have investigated the machining properties for laser assisted milling(LAML),
few attempts have been made to extend LAML to machining parts with complex geometric features. A methodology for continuous path
machining for LAML is developed by integration of a rotary and movable table into an ordinary milling machine with a laser beam
system. The machining strategy and processing path are investigated to determine alignment of the machining path with the laser spot.
In order to keep the material removal temperatures above the softening temperature of silicon nitride, the transformation is coordinated
and the temperature interpolated, establishing a transient thermal model. The temperatures of the laser center and cutting zone are also
carefully controlled to achieve optimal machining results and avoid thermal damage. These experiments indicate that the system results
in no surface damage as well as good surface roughness, validating the application of this machining strategy and thermal model in the

development of a new LAML system for continuous path processing of silicon nitride. The proposed approach can be easily applied in

LAML system to achieve continuous processing and improve efficiency in laser assisted machining.

Keywords: laser assisted milling, laser assisted milling device, silicon nitride ceramic; finite element analysis, heat transfer

1 Introduction

Advanced high-strength materials such as ceramics and
super-alloys have been applied in critical components of
aero-engines and gas turbines due to their exceptional
mechanical properties(i.e. high-temperature strength,
antioxidation properties and corrosion resistance). However,
the high cutting forces in these processes usually lead to
increased tool wear and low material removal rates which
causes inefficiency. Moreover, the need for excessive
amounts of cooling lubricants raises not only the processing
costs but also the environmental impacts. Laser assisted
machining(LAM) is an effective method for machining
materials that are typically difficult to machine. LAM uses
a high power laser to focally heat a workpiece prior to
material removal with a traditional cutting tool. At elevated
temperatures, the mechanical properties of the material will
change as the yield strength decreases and the material
deformation behavior changes from brittle to ductile. This
reduces tool wear during the traditional machining process
and improves both surface quality and productivity. Use of
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LAM also eliminates the need for cooling lubricants during
dry cutting by using LAM!,

Laser assisted machining includes both laser assisted
turning(LAT) and laser assisted milling(LAML). During
LAML, a proper cutting tool must be chosen and specific
process parameters must be selected due to the intermittent
cutting process and the significant impact of laser on the
workpiece and cutting tool. Many studies have examined
the feasibility and machining performance of LAML.
KONIG, et al®’, conducted LAML research on stellite,
establishing the feasibility of LAML. YANG, et all'®'!,
carried out LAML reaction sintered silicon nitride ceramics
research, the cutting force and edge crack can effectively
reduce by improving the method of controlling cutting
temperature. TIAN, et al''”, adopted TiAIN coated carbide
tool to LAML studied on Inconel 718, found that when
cutting temperature reach at 520 C, cutting force reduced
by 40%-50%, tool life increased one time and surface
roughness reduced to half of its original. BERMINGHAM,
et al'! investigated the wear processes during LAML of
hardened stainless steel, observed that tool coating
breakdown by abrasive and adhesive wear processes was
the dominant mechanism for tool failure and established a
simulation method to keep the workpiece heated properly.
WIEDENMANN, et al''* built a FEM simulation model to
compute the temperature field from laser radiation.
HASSAN, et al[ls], established a 3D simulation to optimize
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the process, obtained lower cutting force and tool wear.
KIM, et al'® examined cutting force and preheating
temperature prediction for laser assisted milling, prediction
equations were developed to calculate the parameters. In
addition, the development of laser assisted micro
milling(LAMM) has helped to solve problems such as low
material removal rates, rapid tool wear failure and poor
accuracy of part features through localized thermal
softening with the assistance of laser irradiation!'”,
MELKOTE, et al'"®], developed a LAMM setup capable of
producing three dimensional micro-scale features in
hard-to-machine materials. These results show good groove
dimensional accuracy and low tool wear rates. Other
experimental results for LAMM systems in the literature
indicate higher material removal rates, reduced tool wear
and lower forces!'*?!). However, the milling operation is
usually only in one direction, similar to LAML.

Studies on heat conduction, processing mechanism, and
processing performance show LAML’s ability to improve
material processing performance, but it is limited to straight
machining, resulting in insufficient processing flexibility
and convenience. Conventional methods of LAML position
the laser spot on the processing regions in front of the
milling cutter transferring heat into the cutting zone
through conduction''®. Such a system is relatively easy to
construct by fixing the laser output device on the milling
machine. However, ceramic parts with complex geometric
shapes and structures cannot be processed using this
method because of this fixed position of the laser and
cutter. Additionally, thermal energy cannot be used for
material plastification in this system and therefore cannot
be transferred to the surrounding workpiece. These
limitations lead to a very high Ilaser spot center
temperatures. BRECHER, et al®?, developed an improved
LAML device, where the laser spot was not positioned
peripheral to the cutting zone but was projected onto the
cutting surface inducing local material plastification before
cutting. This approach has the advantage of high heating
efficiency by acting directly on the material to be removed
leading to energy savings and reduced impact on other
areas of the substrate. However, this method is complicated
because the laser must be integrated in the machine spindle
and synchronized with the cutting edge by discretization
and dynamic synchronization. BERMINGHAM, et al'*’),
proposed two low-cost methods to adapt a commercial
CNC milling machine for laser assisted milling, but the
device and tests were not implemented.

In this paper, we presented a practical approach for
building a laser assisted milling device with improved
flexibility and practicality without additional high auxiliary
equipment costs. A fixed laser and a rotating machine table
are integrated into an existing CNC milling machine to
allow LAML while eliminating the need to modify the
milling machine. The processing approach, fundamental
process investigations, and thermal simulations of the
newly designed LAML system are studied and reported

below.

2 Technological Concept for Laser Assisted
Milling System

The principle of laser assisted machining is represented
in Fig. 1. First, the laser irradiates the surface of the
workpiece, which is heated by conduction. The increased
temperature results in changes in the properties of the
material allowing it to be more easily removed by the
cutting tool. In conventional machines, the laser spot is
focused in front of the surface to be machined as shown in
Fig. 1. Before machining, the focusing optical fiber is
adjusted to improve the focus of the laser, thus improving
the heating of the material. The location of the laser spot
cannot be adjusted during machining due to the fixed
position of the laser.

C Principle of lasser assisted machining )
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Fig. 1. Schematic of laser assisted machining

In single-direction path machining, the relative position
of the milling tool and the laser spot do not need to be
changed after laser head adjustment. But for complex path
machining, the laser spot does not irradiate the location to
be machined once the processing direction changes as
shown in Fig. 2. This results in deviating from the
processing path for the laser and cooling of the material to
be machined. Therefore, for complex path machining, the
location of the incident laser must be changed during the
machining process in order to continue heating the
material.

There are two ways to alter the relative position of the
laser spot on the workpiece during processing. The
orientation of the incident laser beam can be adjusted, or
the direction of the tool path can be changed(Fig. 3(a)). The
first approach, the rotating laser solution, requires the laser
to move around the milling tool, so a complex optical
system or mobile laser head would need to be constructed
which would likely lead to equipment interference. This
approach is mainly limited due to difficulties in rebuilding
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commercial milling machines. The second approach, the
rotating table solution, involves altering the relative
direction of machining by making the machining path
coincide with the laser spot trajectory(Fig. 3(b)). This can
be achieved by appending a rotational axis to the device,
which alters the relative direction of the tool path.

End milling Laser
tool
N .
(\ QD Laser incident
orientation
(——
N
N

Fig. 2. Relative position of laser beam and milling tool
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(b) Adjusting the relative direction of machining

Fig. 3. Relative position of laser beam and milling tool

A rotating table can be used to rotate the workpiece by
two methods. One method is mount the rotate table on the
machine table as shown in Fig. 4(a). The milling tool
moves from A to B and the path changes from 4B to AB’
after the workpiece is rotated around the rotation center. In
this scenario the rotation center moves along the process
path as shown in Fig. 4(b). The z-axis rises, the milling tool
changes position, and the z-axis moves to the original
height to continue machining. This method is problematic

because it is inefficient and easy to introduce error while
the table moves. The second method is to install a
2D-movable worktable on the rotary table(Fig. 4(c))
allowing the rotation center to be concentric with the
spindle. Thus the rotating table only changes the relative
orientation of the workpiece to the milling cutter leaving
the moving table unchanged. In this case, the laser path
does not need to be changed, the system is simple and the
set-up is convenient. This paper establishes the practicality
of this new approach in LAML continuous path systems.
Upon the addition of a special rotational worktable, NC
processing codes need to be different from convention
codes. Because the relative position of the cutting tool and
the 2D-moving table do not change while rotating, the
three-dimensional movement NC-codes do not need to be
modified. The only modification needed is to add the
rotation axis to the NC-codes.

'_A'/ Workpiece
/I/Rotational table

| /*/ Machine table

(a) Type of rotation center moves
Sketch of rotational )
worktable

Initial rotation
center

(b) Milling path changes with the workpiece roating

Workpiece

Moving table

Rotational table

| /I/Machine table

(c) Type of rotation center

Fig. 4. Schematic diagrams of the worktable configuration

A schematic representation of the G-code programming
is shown in Fig. 5. OXY is the absolute coordinate system
for the milling machine and the processing path follows
A—B—C. The path of the laser center relative to the
milling tool center is parallel to the x-axis of OXY. When
processing to point 4, the laser heats along the path 4—B
so the target value of the rotation is ;. After processing to
point B, the destination of line BC is parallel to the OX-axis.
In absolute coordinate terms, the absolute angle value is —9
and the formula of conversion angle is

0 = arctan [M] , (1)

Xp =Xy
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where 6#—Rotation angle of the processing path,
x4, x3—Coordinate values of point 4 and B.
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Fig. 5. Improved schematic diagram

for coordinate transformation for LAML

As a result, the value of the computed angle between the
x-axis of the coordinate system and the original tool path is
the coordinate value of the fourth axis. When machining
free curves, straight-line segments are used to approximate
the desired path and the rotation angle between the line
segments are obtained using the above method. In order to
verify the accuracy of the code and the relationship
between the laser trajectory and the milling path,
VERICUT software is used to simulate the machining
process. The model is represented in the Fig. 6. The milling
tool is offset by the distance between the laser center and
the milling tool center to simulate the trajectory of the laser
spot. Therefore, the model can simulate the material
removal process of a NC program, optimizing the laser spot
position and size.

Fig. 6. VERICUT verification model

Multi-line, free curve machining and laser paths are
simulated, the results are shown in Fig. 7. The results
indicate that in straight-line machining, the processing path
overlaps the laser scan path, but at the turning point the
laser spot is outside the machining region while the table
rotates. This results from the distance between the laser
head and the milling tool. Consequently, the laser power
should be reduced or the laser shutter closed when the table
rotates to avoid damaging the workpiece. To accomplish
this, a laser shutter controlled by the NC system can be
used to prevent damage to the workpiece. When machining
a free curve, especially when the curvature is small, the
paths of the laser and the processing do not completely

overlap, so the effect of laser heating on the surface of
workpiece should be analyzed. After acquiring the laser
path by the VERICUT verification model, the temperature
and the stress field can be obtained by finite element
simulation in order to help select appropriate process
parameters.

Milling area

Path of laser
spot center

Workpiece

(a) Multi—line path

Path of laser
spot center

Milling area

- Workpiece

(b) Curve path

Fig. 7. Simulated laser scan and machining path

for LAML of continuous path

3 Thermal Modeling and Parameters
Selection for Laser Assisted Milling

3.1 Thermal modeling for laser assisted milling

In laser assisted machining, maintaining the material
removal temperature within a proper range is the most
important factor for high quality processing, especially
when machining ceramic workpieces. Therefore, thermal
analysis should be used to help selecting operating
parameters and to provide suggestions for the installation of
the system. The thermal model used for temperature
distribution in silicon nitride workpiece is based on a 3-D
transient heat conduction analysis of a moving Gaussian
heat source applied to the workpiece surface. The
workpiece in this case is hot-pressing sintering silicon
nitride ceramic, with dimensions of 17 mmx 17 mmx4 mm.
The diameter of cutting tool is Smm, the rotary table
rotation speed is 1/4 rad - s”'. The silicon nitride workpiece
is fixed on an insulated table so the bottom surface is
considered adiabatic. The boundary conditions include laser
heat flux, convection and radiation at the workpiece surface.
The convection condition is determined by free convection
and radiation exchange between the workpiece surfaces,
which is assumed to be a small surface in a large enclosure.
At the material removal zone, thermal energy generated by
material deformation and tool-workpiece friction is difficult
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to model but is assumed to be much less than the energy
input from the laser and is neglected in the model**..

Because the incident laser points obliquely onto the
workpiece, the laser spot is elliptical. Therefore, the laser
heat flux distribution changes relative to the workpiece
after rotating. This was accounted for in the simulation
using a coordinate transformation(Fig. 8). When the
movement table rotates after the laser spot moves from
point 4 to point B, the coordinate system X'OY’ of the
model rotates the same amount. The coordinate of point B
changes to B’ in the new coordinate system X'OY’.
The transformation formulas of point B’ in the new
coordinate system after rotation is

/7 .
Xy = X, cos 6 — y, siné,

@

Yo = X, 8in 6+ y, cos 6.

Y/
4
/
/
N X
N
Ny
Fig. 8. Coordinate transformation

in temperature field modeling

When the transformation is complete, the laser heat flux
function does not change. The temperature of the laser spot
center(7 ) and the farthest point from the cutting area to
laser center(7,,;,) is determined as reference temperatures in
order to measure the influence of laser heating. Ideally, T\,
should exceed the temperature at which the material
softens(900 ‘C) and Ty, should be below the melting
temperature of the material. Because i, and Ti,, may not
fall entirely on the node of the finite element model, the
node interpolation method was used to obtain accurate
temperature values. The interpolation process is shown in
Fig. 9, and T%, the interpolation temperature of point E, is
equal to

T, :%[TA(I—S)(I+t)+TB(1+s)(1+t)+
TC(I—s)(l—t)+TA(1+s)(1—t)}, 3)
where s=2|x, %J/(XD —Xxc),

= Z[J’E _%]/(J’A —Ye)

,,ﬁ,E
|
|

Fig. 9. Schematic of process for temperature interpolation

The model was corrected and verified using a
temperature measuring experiment'””. According to the
model, the maximum temperature is under the laser beam
with a large temperature gradient around the laser spot due
to the low conductivity of silicon nitride. Laser power has
the most significant impact on workpiece temperature, so
the appropriate laser power needs to be chosen to provide
the right amount of energy for material softening. Another
important parameter in LAM is the lead distance between
the laser beam and the cutting tool. As the lead distance
increases, the absorption of energy into the workpiece via
conduction increases which causes a significant
temperature decrease on the surface. Therefore, the cutting
area should be close to the laser spot, but the distance
between the two regions needs to be high enough to prevent
the tool body from being directly affected by the laser. Our
results show that temperature decrease while moving away
from the laser spot follows a Gaussian distribution.
Therefore, the diameter of the cutter should be limited to a
range less than the diameter of the laser beam. The laser
beam diameter, which has a significant effect on the
temperature gradient, should not be less than 3 mm.

Laser preheating on the edge of the workpiece is used to
increase the initial processing temperature and reduce the
yield strength of the material. The size of the laser spot
should not be too small, or excessive thermal stress could
lead to cracks, as shown in Fig. 10. As the performance is
limited by the small, two-dimensional testing stage,
vibrations caused by the large cutting force result in
increased tool wear and edge chipping. Therefore, relative
small cutting parameters are used to verify the feasibility of
the system. According to the machining parameters
characteristics mentioned above, a finite element model
was established as shown in Fig. 11 and the machining
parameters are outlined in Table 1. Two representative
paths, a continuous line and a curved path, were
investigated. The procedures for these machining paths are
as follows.

Fig. 10. Cracks of workpiece induced by thermal stress
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ra(éfar;iv(fgggg;gfw are different because their distance from the edge changes
Laser heat flux as processing proceeds. Preheating of the laser for 25 s is
sufficient to reduce laser temperature fluctuation. As the
laser moves toward to the inside of workpiece, heat is
conducted over a wide range so T, and T, gradually
decrease. The temperature of the entire workpiece is high
and T, is above the softening temperature of 900 C.
Fixture insulated DAL SOLUTION L
boundary 09:25:32
Fig. 11. Schematic of process for temperature interpolation
Table 1. Machining parameters of LAML
Machining parameter Value
Laser power P/ W 110
Rotate speed # / (r * min ") 590
Feed rate /' / (mm * ") 0.05 —
Cutting depth a, / mm 02 5448 6po.a 7980 7896 8712 959 71034 1115 11971979
Laser diameter D; / mm 4 (a)25s
Preheating time £, / s 25 [U— 7 z0e

3.2 Continuous line path

A typical milling tool and laser heating path are shown in
Fig. 12. First, the laser is preheated at point 4’ before
processing and the milling tool started moving after the
laser temperature reached the material’s softening
temperature. The milling tool moves from A4 to B, followed
by a rotation of the laser center point from B’ to B”
after which processing continues. After the milling tool
reaches point C, the laser center point rotates from C’ to
C”, and the processing finishes after the milling tool
reaches point D. The temperature and stress fields of laser
heating obtained by simulation are shown in Fig. 13.

__ Machining
path
——— Laser path

Laser spot

—— Tmin

Milling tool

Workpiece
/

Fig. 12.  Continuous linear cutting and laser heating path

The temperature at the center of the laser spot is about
1300 C and the whole workpiece becomes hot after laser
heating due to its small size. Silicon nitride ceramics have
good performance at elevated temperatures with working
temperatures up to 1200 ‘C. This temperature can only be
achieved within the laser spot diameter and the ablated
material would be removed by milling tool while the
un-machined area keeps the material performance. 7,,;, and
Tmax vary with time, as shown in Fig. 14. T,,q and Ty are
the temperatures at the machining boundaries. 7,,q and Ty

8014 8607 920.1 97941038 1q08 1157 1216 12751335

(b)60's

NODAL SOLUTION our 7 2018

09:27:44

7809 0494 9159 gg33 1051 j11g 1186 |pey 13211540
(€)95s
Fig. 13. Temperature fields for line path heating

at different times
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Fig. 14. Temperature histories for 7}, and Ty,
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3.3 Continuous curve path

The continuous curve cutting and laser heating path are
shown in Fig. 15. Since the milling tool center is the
rotation center, the laser beam and the horizontal position
of the milling cutter remain unchanged along the path
coordinates. Within this path, the location of the laser spot
does not coincide with the milling cutter. The temperature
field distribution during laser heating is shown in Fig. 16.

— Machining | - Laser spot
path
——— Laser path
—-— Tin
Milling tool
/k <
/
Lo .
\ | - Workpiece
AN
Fig. 15. Continuous curve cutting and laser heating path
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80498639  922.8 9877 1041 1099 1158 1217 12761335

(b) 60s

AN
NODAL SOLUTION JuL 10 2015
16:29:17

7678 8401

9123 984,6 1056 1199 1201 1974 134614)8

(c)210s
Fig. 16. Temperature fields for curve path heating
at different times

The temperature of the incident laser beam area becomes
very high and the workpiece reaches 1420 C due to heat
conduction. The relative direction of the laser spot and
workpiece changes along the machining path, but Ti,, is
mostly unchanged. As the laser spot moves closer to the
workpiece boundaries, T, and T, gradually increase as
shown in Fig. 17. The edge of the laser spot is low in
energy so the temperature does not exceed the operating
temperature of the material. Toq and Ty are different
because of different distances between the workpiece
boundaries as processing proceeds. Both T,,q and Ty are
controlled to be above the softening temperature of 900 ‘C
by selecting milling parameters so the softened materials
can be removed by milling tool.
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Fig. 17. Temperature histories for T, and Ty

4 System Setup and Experimental Results

Processing and temperature simulations show that the
designed system and machining strategies are feasible. An
experimental system was set up to validate the design in
LAML of silicon nitride. The experimental system was
implemented by retrofitting an existing 3-axis CNC milling
machine as shown in Fig. 18. A rotary table was fixed on
the milling table such that the rotary center was concentric
with the spindle. A 2D worktable was then installed on the
rotary table so that the rotary table only changed the
direction of machining. The 2D worktable and the z-axis of
the milling machine make up the 3 axis for milling
operation. A 300 W continuous wave Nd: YAG laser was
used to generate the laser beam in front of a milling tool.
The laser beam was delivered through a fiber optic and
focused on the workpiece surface at an angle of about 60°.
A laser head fixture that can be used to adjust the relative
position between the laser and the workpiece was fixed to
the milling head. The diameter of the PCBN end milling
tool is 5 mm and can operate at higher temperature than
silicon nitride. During milling, the laser beam did not move
with the workpiece, instead the worktable rotated to change
the relative positions of the moving direction and incident
laser beam. Therefore, the relative positions of the laser
spot and the cutting edge were unchanged during milling.
Control of the laser shutter was integrated into the NC
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system to ensure the synchronization of the two subsystems
during LAML.

Spindle

Laser head

End mill
Adjustment device
Workpiece

Fixture

Moving table
Rotational table

Machine table

Improved experimental system
for continuous LAML

Fig. 18.

The machining parameters are the optimized parameters
from the simulations, as shown in Table 1. The continuous
line and curved machined workpieces are shown in Fig. 19.
The surface quality of the machined material is good and
there is no significant damage or cracks in the structure.

(b) Continuous curve cutting

Fig. 19. Workpiece of continuous path machined by LAML

The average surface roughness(Ra) of the machined
surfaces were measured by the instrument(PGI 1240 from
Taylor Hobson) at three position and the results are 0.2 pum
and 0.28 um, respectively. After processing, some laser
irradiated material is not removed by the tool, so there is
significant ablation present on the workpiece surface.

The results show that reasonable processing parameters
can be selected from a combination of path conversions,
NC codes verification, and temperature distribution
predictions. Using our new procedure, complex path
machining by LAML can be achieved with high machining
quality. Therefore, complex ceramic parts can be machined
by LAML in an efficient and cost-effective manner. Further
process analysis of this device will provide the necessary
application and parameter ranges for other materials and
machining conditions.

5 Conclusions

(1) An inexpensive and practical laser assisted milling
system is designed and established using a rotary table
integrated into a 3-axis machine tool and combined with a
laser system. The system has the ability to machine
complex continuous paths.

(2) Based on the coordinate transformation method,
NC-codes for the system are programmed to ensure that the
laser always heats the material ahead of the milling cutter.
The VERICUT verification model shows that the laser spot
is outside of the machining region as the rotating table
rotates, therefore the laser heating temperature should be
controlled to avoid thermal damage.

(3) A transient thermal model is established for laser
assisted milling of continuous line and curved paths. The
model can be used to select machining and laser parameters
to keep the temperature of the cutting area above the
softening temperature of 900 ‘C while machining silicon
nitride ceramics.

(4) Continuous paths are successfully machined on the
silicon nitride workpiece by an end milling tool with laser
heating. The roughness of the machined surfaces is 0.2 pum
and 0.28 pm for the straight line and curved path,
respectively. There are no apparent cracks on either
workpiece. The results prove the machining capacity of the
system and the feasibility of machining complex
workpieces.
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