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Abstract

beam in front of the cutting tool. The local softening of workpiece at the shear zone enables much easier plastic de-

Laser assisted machining (LAM) takes the advantages of local heating and softening of workpiece by laser

formation during machining. This paper reviews the up-to-date progress on LAM of ceramics. It covers the laser
beam integration with cutting tools, analysis of temperature distribution around the cutting region. material removal
mechanism, tool wear mechanism, and optimization of LAM. The benefit of LAM and its optimization are discussed in
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terms of material removal temperature.
Key words
CLCN: TG485

1 Introduction

The demand for higher strength and heat re-
sistant materials is increasing, particularly in indus-
try for aerospace applications. However these ma-
terials are often difficult to machine due to their
physical and mechanical properties such as high
strength and low thermal conductivity, which make
the cutting forces and cutting temperature higher
and lead to a shorter tool life. Because the flow
stress and strain hardening rate of materials nor-
mally decrease with increasing temperature due to
the thermal softening (as shown in Fig. 1), the
thermally enhanced machining becomes possible
while machining hard-to-machine materials'’.
Thermally enhanced machining (TEM) is a

2000 ODS.

xide dispell*sion strengthend
| Ni-Cr-Mo-steel

1200
Inconel 718
. Si,N -ceramics

_/TIAI6VY Y / '*}Hps =

iy,

800

00] pe—

Tensile strength /(N/mm?)

/
| stellite 6

0 1 Il Il 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400
Temperture 7'/°C

Fig.1 Effect of temperature on ultimate tensile strength

for various materials'"

Document Code: A doi

laser technique; laser assisted machining; thermally enhanced machining; material removal temperature
: 10.3788/CJL20093612.3299

process that uses an external heat source, such as

[2~5] 6~81 " and induc-

1 to heat the workpiece locally in front of the

plasma
[9

, laser beam, gas flame
tion
cutting tool during machining (Fig.2), which chan-
ges the material’s behaviour from brittle to ductile
and therefore allows difficult-to-machine materials

[0 Therefore,

to be machined with greater ease
the material removal rate and productivity can in-
crease. This paper reviews the TEM process of ce-
The review concentrates on laser assisted

machining (LAM) , because of the advantage of la-

ramics.

ser beam over other heat sources, such as its rapid
and local heating due to its controllable spot size and
intensive power density, which leads to a small
heat-affected zone and lower thermal distortion.
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Fig.2 Illustration of LAM in (a) turning and

(b) grinding operations-"!

2 Integration of a Laser Beam with Ma-
chining Applications

The laser beam is positioned in such a way as



3300 G 5|

# ot 36 &

to achieve a uniform temperature distribution at the
cutting edge without heating the cutting tool. This
position depends on the machining operations.
2.1 Turning

For the turning operation, it is relatively sim-
ple to integrate a laser beam with the lathe due to
the stationery nature of the cutting tool. The laser
beam variables are its position, spot size, incident
angle, and tool-beam distance. In most of the re-
ported works on laser assisted turning, the laser

beam is normal to the workpiece surface"*~ %,

as
shown in Fig.3. The advantage of this arrangement
is that the machining is easy and does not result in
heating of the machined surface, but the large tem-
perature gradient through thickness exists at the
cutting edge and the temperature might not be high
enough for a deep cut. Furthermore, the exposing
of cutting tool surface to the high surface tempera-
ture may be detrimental for cutting a workpiece
material which has a high chemical reactivity with

the cutting tool.

Fig.3 Setup LAM with laser beam normal to
workpiece surface™®
Alternatively, the laser beam can be incident
on the chamfer surface’’ "' (as shown in Fig.4).
Higher and uniform reduction of cutting forces in
df17.18.20,21—\‘ Wlth an
appropriate control of the beam position on the

the three directions is achieve

chamfer surface, there is no change in microstruc-
ture from the heat remaining in the vicinity of the
machined surface and the tool does not directly con-
tact with the laser heated workpiece surface. Shin
et al."** ) used multiple distributed laser units
simultaneously heating both the workpiece and
chamfer surface to create the desired temperature
distribution through the depth of cut in the work-
piece which resulted in the longer tool life (Fig.5).
The laser spot size is required to cover the chamfer
surface to achieve uniform reduction of cutting

L7 however,

forces in the «, y. and z directions
even partial coverage of the chamfer surface by the

laser beam close to the machined surface can dra-

workpiece

Fig.4 Relative position of laser beam. workpiece, and

cutting tool in laser assisted turning operation.
(a) end-view; (b) side-view!'”!

second laser
heating the chamfer

first laser heating
the workpiece surface

tool and
tool holder

Fig.5 Laser assisted turning utilizing two laser units-?*

matically reduce the tool weart®’.

The position of the laser beam relative to the
tool is critical. Tool-beam distance together with
cutting speed determines the time interval between
the laser heating and cutting operation and there-
fore the temperature distribution at the cutting
zone. It is found that the larger reduction in the
cutting force is achieved with the laser spot posi-
tioned closer to the cutting tool when cutting hard-

1[21] [17]

ened stee , commercially pure titanium“'*’, and

%51 However, if the

high chromium white cast iron
tool-beam distance is too short, the tool may be
damaged by over heating, the chips may fly into the
laser beam, become molten, and drop onto the ma-

chined surfacel®"

. Therefore, the tool must be kept
at a minimum distance from the laser beam.
2.2 Milling

Integration of the laser beam while milling
with the rotating tool is a complicated task. Gener-
ally, the beam can be arranged separately to the
tool or integrated with the spindle.

For surface milling, the easiest way is to set
the beam in front of the tool in the feed direction as
shown in Fig.6. The limited spot size of the exter-
nal heat source limits the ability to cover the width
of cut by a single spot in most applications. There-
fore, the beam can only heat part of the cut width.
This could be the middle (position 1)" or tool en-
try point (position 2) or both entry and exit points
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(position 2 plus position 3) by two beams-*1. A
high power laser, multiple beams or line beam are
required to cover the width of the cutting zone (po-

sition 4)f-28~3%01

Fig.6 Illustration of integration of beam with cutting

tool for surface milling. (a) side view; (b) top view
Since the dynamic impact on the cutting tool as
the rotating tool intermittently engaging with
workpiece at the entry point causes significant vi-
bration and ultimately tool fracture, laser beam
heating at the entry point is more significant for
longer tool life and reduction of chatter. If the
beam is moved by additional motors, flexibility can
be achieved by aligning the beam with the feed di-

1”7 or by scanning the

rection of the cutting too
beam to cover the width of cutting zone.

Instead of heating the top surface of workpiece
with a separated beam, two concepts were proposed
to integrate the beam with the machine tool™!:*#],
and these were proposed for the in-situ laser mate-
rials processing (hardening, marking, etc.) during
machining. The integration of laser beam with ma-
chining tool can be achieved by 1) coupling the
beam in the front of the spindle by an interface ra-
dial to the tool axis; 2) the laser beam is delivered
axially through the spindle and the end beam tool
can be rotated with the spindle as shown in Fig.7.
2.3 Other Processing Processes

Laser preheating has been successfully inte-
grated with planning of AL O;™*, burnishing of
steels (as shown in Fig. 87%), dressing™ ™7,
grinding™®’ , and drilling™" in which the laser beam
locally heats the workpiece before the planning.
burnishing, and dressing tools and through centre-

hollow drill tool.

machine tool clamping

laser-tool  main spindle  device

laser beam
process gas

: : .F (axial)

S m—"t

(adiah (] |
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Fig.7 Concept of radial and axial beam delivery in
a milling machine"*"!
optical fiber

burnished surface

laser beam laser optic

v unburnished
~~a surface
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embedded springs elale e workpiece
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Fig.8 Setup for laser assisted burnishing™"
3 Temperature Distribution Due to La-
ser Radiation
The operating conditions of LAM need to be
controlled within an optimal range for each given
workpiece material to achieve good machining re-
sults in terms of longer tool life and better surface

M0 Tt is found that the temperature is the

integrity
predominant variable affecting LAM process, as a
too high temperature may prematurely degrade the
cutting tool and cause workpiece subsurface dam-
age, while a too low temperature will not realize
the maximum benefit of the LAM™,

The material

removal temperature, T,

which is defined as the average temperature of ma-
terial as it enters the shear deformation zone!®”,
plays a key role in the LAM process. This needs to
be controlled to achieve the full benefits of LAM
without melting the workpiece or leaving undesira-
ble microstructure alteration in the machined work-
piece. Because the deformation behaviour of work-
piece material is strongly dependent on the temper-
ature, it is therefore essential to know the tempera-
ture distribution from the surface through the thick-
ness up to the cutting edge and optimize it in ac-
cordance with the machining parameters. The sur-
face temperature of workpiece subjected to laser ra-
diation can be measured by high speed, high-spatial

11.41~44]

resolution pyrometers- and infrared camer-
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as 2304 ~47)  The optimum surface heating temper-

ature by the laser can be determined by the tool
wear resistance and is about 1600~ 1800 K for Mo
and 1550 *+ 25 K for W,

A transient, three-dimensional heat transfer
model of the thermal response of rotating opaque
cylindrical workpiece (silicon nitride, SizN,) sub-
jected to laser radiation with and without the mate-
rial removal process has been developed by Rozzi et
al .F11-4=51 " The governing equation for a transient
heat transfer in a rotating cylinder in a cylindrical

coordinate system is written as

%%(’8 S agp( G k) =
ocrw it +pLV Ltpe, 2L, (D

where k is the thermal couductivity, pis the densi-
ty, c, is the specific heat, w is the workpiece rota-
tional speed, and ¢” is the volumetric heat genera-
tion, which is calculated as
7 =0, without material removal
J »  0.85(F.V,—F. V)
1‘1 a (dL?/10)

with material removal

s (D

where F. is the main cutting force, V, is the aver-
age workpiece velocity perpendicular to the cutting
tool over the depth of cut, F, is the friction force,
Vi 1s the average chip velocity on the tool rake
face, d is the depth of cut, and L; is the tool feed.

The external heating of the workpiece leads to
high temperature at the shear zone, which results
in a reduction in the shear flow stress of the work-
piece. Therefore, the heat generation due to the
plastic deformation in shear zone is reduced compa-

t=40 s, isotherm spacing=100 ‘C
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ring with the conventional machining process-**!.

By setting appropriate boundary conditions at
workpiece surface, centreline of the workpiece,
end faces of workpiece, in circumferential direc-
tion, material removal plane, and initial tempera-
turel***, the temperature field can be calculated.

The model analyses were validated by compa-
ring the predicted surface temperature histories
with the measured temperature using pyrometers
and infrared cameras over a wide range of operating

conditions with and without material removal

process''**, and by comparing the depth of heat-
affected zone for some alloys™’. The validated
thermal model reveals the temperature distribution
on the surface and through thickness (Figs.9 and
10). It shows large temperature gradient in all
three coordinate directions. With the beam incident
on the workpiece surface., temperature gradient ex-
ists through the depth of cut and becomes larger
with the greater depth of cut at the cutting plane.
This model was modified and applied to laser
assisted turning of cylindrical workpiece of semi-
021 - mullite™, Si;N, with

complex machined feature™” (24l

transparent ceramics
, Inconel 718 alloy
austenite stainless steel®’, and laser assisted mill-
ing of Inconel 718 alloy and Si;N,5%.

The material removal temperature ( T, ) is
critical for LAM process. The optimum of LAM op-
erations (longer tool life, better surface integrity
and damage-free part) can be ensured when T, is
maintained in a proper range, which is between
1270 and 1490 C for Si;N,, 900 and 1100 C for
partially-stabilized zirconia (PSZ)™, and 1043 and

1215 °C for mullite!***" , respectively . The model

¢ 0°(cuttmg plane),t 40 s, isotherm spacmg 100 'C
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Fig.9 Predicted temperature on the surface and through thickness at cutting plane (¢ =0°) and laser center (¢ =55") for

LAM of partially-stabilized zirconiat'*
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Fig.10 Temperature distribution through thickness for various depths of cut during LAM of Sis N, ")

analysis can optimize the cutting conditions to en-
sure that the material removal temperature is with-
in these ranges.

Since the laser preheating increases the tem-
perature of workpiece before cutting, phase trans-
formation may occur in the heated area. This area
is detrimental if it remains after cutting for some
alloys, for example the fatigue life is sensitive to
the hardness and microstructure in the subsurface
such for some workpiece materials as the Ti6Al4V
alloy". The model analysis can predict the thick-
ness of the phase transformation layer and select
the laser power to ensure that the phase transfor-

fL51:55-561 " Because

mation layer can be machined of
the material removal temperature decreases with
cutting speed due to the decreasing beam-workpiece
interaction time, therefore, the benefit of LAM,
such as force reduction and longer tool life, reduces

with increasing cutting speed 72!,

4 Machining of Ceramics with the Assis-
tance of a Laser Beam
Advanced engineering ceramics are increasing-
ly used in automotive, aerospace., military, medi-
cal, and other applications due to their high temper-
ature strength, low density., thermal and chemical

Fig.11 Morphology of chips formed during LAM of SizN,. (a) fragmented; (b) semi-continuous ; (c¢) continuous-

stability, and good wear resistance. Ceramics are
difficult to machine using conventional techniques
because of their hardness and brittleness*™ . Machi-
ning of theses ceramics is a high cost process be-
cause of the short tool life, which often results in
surface cracking and subsurface damage.

4.1 Material Removal Mechanisms and Chip

Formation

The strength of ceramics, such as SizN,, re-
duces at high temperature (as shown in Fig.1) due
to the softening of a glassy phase at the grain
boundaries. When the cutting tool is engaged with
the laser heated workpiece, the material can be re-
moved mainly due to the combination of brittle frac-
ture and plastic deformation"®*-*~%%J  The materi-
al removed with LAM of Si;N, is due to 1) plastic
deformation in the shear zone which is character-
ized by viscous flow of a glassy grain boundary
phase material and reorientation of the S Si;N,
grains and 2) segmentation of chips as results of the
initiation, coalescence, and propagation of interg-
ranular microcracks™?-%7,

There are three types of chip formed during
LAM of Si;N,; and mullite as shown in Fig.11. It is
found that the average near-chamfer surface tem-
perature ( T, )™ or average material removal
temperature ( T,... ) and ratio of feed force to main

1.26 mm

597



3304 LE = 4 ot 36 &
Table 1 Chip morphology, formation mechanisms, and formation conditions for LAM of Si; N, and mullite®®"]
) ) Conditions
Morphology Formation mechanisms - -
Siz Ny Mullite
Fragmented Brittle fracture Te.a<<1151 C F./F.>1, 800 C<<T,,..<<1000 C

Semi-continuous Local brittle fracture and plastic deformation 1151 C <<T,.,,<<1305 C F;/F.<<1, 1000 C <<T,;...<<1300 C

Continuous Plastic deformation

Tya>1329 C Fi/F.<1, T,.>1300 C

cutting force (F;/F.)™" plays a key role in the chip
formation for Si;N, and mullite as listed in Table 1.
The mechanisms have been confirmed by FEM anal-
ysist®7,
Despite that there is no continuous and semi-
continuous chip formed with LAM of PSZ, plastic
deformation occurs during chip formation in addi-
tion to brittle fracture™’. The plastic deformation
results from high temperature dislocation motion
and dynamic recrystalization that leads to smaller
grain size and preferred grain orientation in the
LAM surface® .
4.2 Cutting Forces and Specific Cutting Energy
The cutting zone stress decreases with increas-
ing material removal temperature and feed but is
not significantly dependent on the cutting speed
during LAMP®!,
force are independent of cutting time (or tool

All three components of cutting

wear) ., which is due to the formation of thin glassy
workpiece material which acts as a lubricant on the
wear land™* .

The cutting forces and specific cutting energy
decrease with increasing laser power or surface
temperature while cutting ceramics such as mul-
lite™*, magnesia-partially-stabilized  zirconia
(PSZ)™¥, and SiyN, 27925621 hacause of the in-
creasing material removal temperature with laser
power, but are not significantly affected by the la-
ser-tool lead distance L, [59]. Not only the cutting
forces, but the ratios of the thrust force, feed
force, and friction force to the main cutting force
also decrease with increasing material removal tem-
perature during LAM of PSZ'™J, which suggests a
reduction in the friction coefficient at high material

200 pm
—

rake face

A =5

removal temperatures.
4.3 Tool Materials and Wear

Polycrystalline diamond (PCD) tool is not suit-
able for LAM because of its low carburizing temper-
ature (900 C)™¥ . Polycrystalline cubic boron ni-
tride (PCBN) has been used for LAM of Si; N, [%2-5%]
and PSZ™*, and carbide insert has been used for
LAM of mullite®® and Al O, ceramics. PCBN
tool shows significantly longer tool life than tung-
sten carbide tool when LAM of PSZ at the same cut-
ting conditions'®'. But Klocke et al. ' showed that
flank wear was smaller by using PCD tool than that
by using CBN tool during LAM of SizN,.

Flank wear is found to be the dominant tool

failure mode during laser assisted turning of ceram-
ics as shown in Fig.12. The tool life is much longer
during LAM than that in the conventional machining
of mullite”®. The flank wear is attributed to the
adhesion of the glassy grain-boundary phase to the
cutting tool. The bonding between the glassy phase
and cutting tool may be broken during machining
and this can result in tearing of the cutting tool ma-
terial®*%%1 .
Repeatingly, tool wear is strongly dependent
on the material removal temperature, and there is
an optimum material removal temperature for lon-
ger tool life. A short tool life below or above the op-
timum material removal temperature is due to an
insufficient reduction in workpiece strength and re-
duction of tool strength by overheating, respective-
ly®* . Therefore, tool life can be optimized by
maintaining the material removal temperature in
the optimum region.

The tool failure mode for laser assisted milling

200 pm
| |

Fig.12 (a) Schematic of tool wear; (b) flank face; (¢) nose during LAM of PSZ™*
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of SizN,is edge chipping at workpiece temperature
lower than the softening point of glass phase due to
the high and frequent dynamic impact on the cutting
edge when the tool is engaged with workpiece dur-
ing cutting. Gradual flank wear is the dominant tool
failure mode at high workpiece temperature and the
flank wear is significantly reduced with increasing
workpiece temperature up to a point, further in-
crease in temperature has less or negative influence

(27301 The maximum

on reduction in tool wear
workpiece temperature allowed for reducing tool
wear in laser assisted milling is higher than that in
laser assisted turning because of the lower tempera-
ture of insert as a result of shorter tool — chip con-
tact time in milling operation"*"' .

4.4 Surface Integrity

The integrity of the machined surface is as-
sessed by measuring surface roughness and observ-
ing surface or subsurface damage. Above a certain
temperature, the machined surface after LAM of
Siz N, is characterized by the build-up of irregular
glassy phase debris and the formation of cavities due
to #Si;N, grain pullout® . Similar to LAM of
PSZ™¥, the surface roughness is not sensitive to
the material removal temperature, but depends on
the size and distribution of Si;N, grains.

Local cracks presented in the HAZ without cut-
ting indicate that the laser heating cycle introduces
high thermal stress in PSZ®*!. The thickness of the
cracking region increases with the material removal
temperature (laser power). If this thickness is
greater than the depth of cut, the crack may remain
in the subsurface, which is detrimental for the
properties of the machined part. Therefore, the
material removal temperature must be controlled to
produce a damage-free component by LAM.

The sudden impact and stress release between
cutting tool and workpiece when the cutting tool
enters and leaves the workpiece during milling of
ceramics (SizN,) result in workpiece edge chipping
at both the entry and exit edges. The workpiece
edge chipping leads to poor dimensional and geo-
metric accuracy and is the source of cracking. Al-
though the workpiece edge chipping can not be a-
voided completely, it can be reduced significantly
due to the increasing workpiece temperature during
laser assisted milling. Reduction of workpiece edge
chipping is the coupling effects of softening and
toughening mechanisms, the latter only takes positive

effect when temperature is above brittle/ductile transi-
tion temperature and below the global softening temper-
ature (between 1200 and 1400 C )™+,

Compressive residual stress is observed on the la-
ser assisted machined surface of Si;N; in both axial and

hoop directions™**'.

However its magnitude is smaller
than that produced by conventional grinding™*®®* be-
cause the softening of glassy phase can significantly re-
lieve the stress at the material removal zone™*’ . Klocke
e al.™ reported that the bending strength and the
Weibull modulus of Si;N, components made by LAM
were better than those by grinding.
4.5 Optimization and Energy Efficiency of
LAM of Ceramics

Optimum range of the material removal tem-
perature is determined by comparing the specific
cutting energy (u.), tool life, scrap rate (deter-
mined by the damage on the machined surface in the
form of cracks and spalling) , and surface roughness
as shown in Fig.13. The optimum material removal
temperature is in a range from approximately 900 to
1100 °C for PSZ,

Laser power, P, /W

100 150 200 250 300
100 1400 27— . T —
g u, Tool life !
sop 2°f Sl 2
£100f = /
g % ;
§60'1~80- §5' Scrap |
@ a0 f= 60F 2yl !
g = | /
= 40F 3 §
20 b e 3t '
20} F
g e P
ol OL @9 B s sphasca=as )

400 600 800 1000 1200 1400
Material removal Temperature 7' /C

Fig. 13 Effect of material removal temperature on specific

cutting energy, tool life, and scrap rate for PSZ

During LAM process, the energy absorbed by
the workpiece not only raises the temperature of
the material to be removed to the desired material
removal temperature, but also heats the material
near the removal zone. A preheating efficiency is
defined as the ratio of the minium power to heat the
material to be removed to the desired material re-
moval temperature to the total amount of energy
absorbed from the external heat source™. This ef-
ficiency decreases with increasing material removal
temperature because large amount of energy is was-
ted to heat materials outside the cutting zone. As a
metric, the preheating efficiency can be used to
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guide the configuration of laser beam, such as its
focusing location and position with cutting tool in
consideration of workpiece material’s thermo-phys-
ical properties.

5 Conclusion

LAM uses a laser beam as an external heat
source to heat and soften the workpiece and facili-
tates the machining of ceramics with conventional
cutting tool. Generally, it offers lower cutting
forces, longer tool life, and better machining sur-
face. The local temperature of material as it enters
the shear deformation zone plays an important role
in LAM process. It has to be maintained in the opti-
mum range to achieve the maximum benefit of
LAM. The integration of a laser beam with machi-
ning tool in milling operation is still a challenge. A
motor independent of the machining spindle is re-
quired to move the laser beam to travel the same
path as the cutting tool.

LAM is a complicated process, the laser beam
not only changes the flow stress, but also changes
the deformation behaviour of workpiece and friction
between chip and tool. So far, intensive experi-
mental works and modelling on temperature distri-
bution have been reported. Investigation into the
deformation behaviour of workpiece materials under
high temperature and high strain rate, friction be-
tween cutting tool and workpiece materials at high
temperature and chip separation are required to
fully understand the LAM process.
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