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Abstract

A method for crack-free machining of deep cavity in alumina is demonstrated using a low-cost CO, continuous wave (CW) laser. CO, laser
underwater machining has been found to result in reducing substrate defects such as recast layer, dross, cracking and heat damages that are
typically found in machining in air. Finite Element (FE) modelling technique and Smooth Particle Hydrodynamic (SPH) modelling technique
were employed to understand the effect of water on crack resistance and debris removal during underwater machining. Also the microstructures of
machined region were demonstrated to reveal different heating and cooling processes during laser machining in water and in air. The experimental
results indicated that the machined kerf width was strongly affected by the water layer thickness, whereas the kerf depth was controlled by both
the laser pass number and water layer thickness. The optimal average machining rate was up to 2.95 mm?3/min at a 60 W laser power.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Alumina is one of the most used structural ceramics in a
variety of applications ranging from microelectronics to pros-
thetics due to its desirable properties, such as high hardness, low
chemical reactivity, low mass density, low thermal and electri-
cal conductivity and ultra-fine finishing capability.! However,
these applications require fast processing, tight dimensional
tolerance and excellent surface finish. Therefore, processing
and manufacturing of alumina with high accuracy become very
important. Conventional ceramic machining techniques use dia-
mond grinding to remove the material, which often leads to
fracture, tool failure, low surface integrity, high energy con-
sumption, and tool wear. L2 Furthermore, the closed and complex
cavity machining poses more challenges to traditional machin-
ing techniques. As a result of the lacking of techniques for
machining high precision and complex shapes for ceramics,
laser beam machining techniques have been developed due to
the unique advantages of the laser processes, such as high energy
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density, non-contact machining, high feed rate, high precision,
and small heat-affected zone (HAZ).

Although CO; lasers and Nd:YAG lasers have been widely
used for machining of ceramics, defects such as cracking and
recast layers often occurred due to rapid cooling, high thermal
gradients and brittleness of the materials. Especially, the contin-
uous wave (CW) lasers were rarely used directly for machining
ceramics at room temperatures in air without forced cooling (i.e.
assist-gas) due to high stress developments caused by the seri-
ous heat generation in ceramics. Nisar et al. studied the effect
of continuous and pulsed laser beam modes on thermal-stress
developments in diode laser controlled fracture machining of
glass. They found that the short pulse lengths can reduce thermal-
stresses and arrest the crack propagation.’ Zeng et al. reported
laser carving of 3D structures in alumina substrates using a short
pulsed CO3 laser, by which a 15 mm x 14.27 mm x 2.5 mm cav-
ity was obtained within 50 min. They found the process quality
was mainly dependent on the parameters such as pulse repe-
tition rate, scanning speed, pulse energy, interval of scanning
lines and slicing thickness.* Hand et al. examined the parame-
ters for a nanosecond pulsed (60 ns) Nd:YAG laser crack-free
machining of yttria-stabilized tetragonal zirconia polycrstal (Y-
TZP) ceramics. They found that the combination of processing
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variables (at an average power of 11.3 W, a repetition rate of
30kHz and a scan speed of 50 mm/s) provides the optimum
material removal rate up to ~2 mm?>/min for machining Y-TZP
ceramics. Additionally, it was found that the pulse overlap has
a significant influence on the process efficiency and hence the
combination of scan speed and repetition rate should be care-
fully considered. Their experimental results showed that too
much pulse overlap or insufficient pulse overlap could create
low quality machined surfaces.” In order to improve the pro-
cess efficiency of nanosecond pulsed laser machining, Hand
etal. presented a method of nanosecond-laser post-processing of
millisecond-laser machined Y-TZP surfaces. A millisecond laser
(0.3-5ms) system was first used to provide a “rough machin-
ing” process with a high-speed material removal due to the high
average power available, in which the material removal rate was
up to 2.5 mm?3/s without significant cracking. However, the qual-
ity of the finished surface is limited by recast layer formation
and heat-affected zones, in particular surface micro-cracks. A
nanosecond laser (50-100ns) system was then used to finish
the “fine machining” process in a relatively short time.® The
nanosecond laser post-processing of millisecond laser machined
surface used two different sets of parameters to combine an opti-
mal material removal rate at 15 kHz for the removal of the recast
layers with a lower thermal impact machining at 60 kHz to fur-
ther reduce the extent of cracking.” However, the pulsed laser
ablation needed a high power source and machined surface had a
relatively high roughness due to the inherent profile of overlap-
ping of the pulses. Moreover, the dual-laser processing technique
would be costly for industrial applications. Tsai et al. devel-
oped a fracture-machining element technique for the milling
of closed cavities in alumina substrates,® which was based on
the controlled fracture machining technique.” It employed crack
propagation to achieve material removal and attained a high
material removal rate 0.15mm?>/s with less material melting
during process. However, the complicated system consisting of
dual lasers (a CO; laser and an Nd:YAG laser) was inevitable.
Most importantly, the process quality did not satisfy the indus-
trial requirements. A post-process for smoothing the surface was
essential before final uses. For a high process quality, picosecond
and femtosecond lasers have been applied in previous research,
but the material removal rates were very low (2.2 mm?>/min and
0.054 mm?>/min, respectively) and the expensive systems are
only suitable for micro-machining.!%-1

Laser-assisted machining (LAM) is another alternative tech-
nique for machining of ceramics. During LAM, the workpiece
is heated intensely and locally by a laser beam, and then
machined with a conventional cutting tool.'? Due to the advan-
tage of lowered hardness and brittleness of the material at
elevated temperatures, LAM can achieve lower cutting forces,
reduced tool wear, higher material removal rates, and bet-
ter surface quality for various advanced ceramics, such as
alumina,13 silicon nitride,14 mullite,15 and magnesia-partially
stabilized zirconia.'® LAM includes laser-assisted turning and
laser-assisted milling.!” Laser-assisted milling has been success-
fully performed for milling of silicon nitride!®2! and alumina
ceramics.'? Unfortunately, effective cooling of the cutting tool,
optimisation of the machining process and flexible control of the

laser source to achieve complex pattern machining are the chal-
lenging tasks for laser-assisted milling,!” which limit LAM for
further industrial applications. Until now, laser beam machin-
ing is still considered as a desirable technique for machining of
hard-to-machine materials due to its unique advantages, such as
flexible machining process, compact system structure, control-
lable process parameters, and high material removal rate.

The main challenge for laser machining in air condition is
the heat accumulation and molten material resolidification onto
the machined surfaces, which cause serious HAZs and crack
initiation. In 1988, Morita et al. first reported the pulsed YAG
laser drilling of ceramics in water.”? They found that the recast
layer and cracks that were always formed during machining in
air could be avoided in underwater machining. Kruusing further
reviewed the advantages and disadvantages of water-assisted
laser processing and concluded that the underwater machining
techniques can be successfully applied to etching, cutting, sur-
face cleaning, and shock processing.?>>* In previous studies, the
Nd:YAG laser emitted at 1.06 pum was considered as an ideal
laser for underwater machining due to the low optical energy
absorption of water with respect to this wavelength.”>->% On the
other hand alumina and glass also have a low absorption for a
YAG laser compared with a CO, laser. Therefore, CO; laser
underwater machining was developed. The mechanism of CO,
laser underwater machining is different from that with a YAG
laser due to the high absorption of water for the 10.6 pm wave-
length CO; laser. During CO» laser underwater machining, a
proportion of the laser energy vaporises the water and forms a
conical keyhole in water allowing the laser beam to reach the
workpiece. Black et al. found that the thermal load during CO»
laser underwater cutting of ceramic tile was reduced by the inten-
sive cooling effect of water.>” Chung et al. employed a CO; laser
with galvanometer mirrors to achieve crack-free drilling and cut-
ting of Pyrex glass, where the defects of bugle, debris, cracks
and scorch often occurred during laser machining in air were
eliminated in underwater machining.?®%° Tsai et al. performed
a wide range of experiments on laser drilling and trepanning of
thin glass and alumina substrates in air and in water. They found
that the underwater drilling quality is much better than that in
air. Underwater drilling could prevent the micro-cracking and
reduce the HAZ.30

Although many investigations focused on the underwater
drilling and cutting of thin ceramic or glass substrates, few
studies pay attention to the cavity machining for alumina in
water, especially machining of mm-deep cavity. Many studies
discussed the mechanism of underwater laser processing, but the
benefits of the process have not been entirely revealed. More-
over, the machining parameters for CO; laser underwater milling
of deep cavity in alumina have not been studied before.

In this work, underwater machining of deep cavities in alu-
mina ceramic using a low-cost CO; continuous wave (CW) laser
was studied. Finite element modelling technique was employed
to study the temperature and resulting stress distributions during
laser machining in air and in water, in order to understand the
mechanism of underwater crack-free machining. The crack for-
mation during machining in air was also predicted based on the
FE simulated result and validated via experiments. The effect
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Fig. 1. Schematic diagram of experimental setup for underwater machining of alumina. The sample was submerged into the water at room temperature.

of fluid dynamics of water on debris removal was discussed to
explain the process of material removal causing smooth side wall
surfaces during underwater machining, with the aid of smooth
particle hydrodynamic (SPH) technique, which was applied for
the first time to study laser machining of ceramics. Then the
effects of water layer thickness and scanning pass number on
process quality and material removal rate were investigated.
Finally, some mm-deep polygon cavities machined underwater
with the optimised process parameters were demonstrated.

2. Experimental procedure

Fig. 1 shows the experimental setup of the CO, laser under-
water machining system, which includes a Spectron CO, CW
laser (M? < 1.2) with a maximum laser power of 100 W, an x—y
galvanometer beam scanner, a focal lens with a focal length of
300 mm and a sample container with water. The specimen is 95%
alumina ceramic with a thickness of 8 mm. The major thermal
and mechanical properties of the material are listed in Table 1.
The sample was submerged in water at the room temperature.
The focused laser beam with selected process parameters was
delivered onto the workpiece through the water layer. The focal
plane position was set on the surface of the workpiece giving a
spot size of 0.5 mm. A computer aided design program was used
to set the scanning pattern and process parameters.

In this work, the effects of water layer thickness and scanning
pass number were investigated to understand the mechanism
of underwater machining. It was found that a 2 mm stationary
water layer was necessary to wet the alumina surface during

Table 1

Material properties of 95% alumina used in the work.3!
Properties Values
Mass density (kg/m?) 3720

1044.6 + 1742 x 104

x T—2796 x 10* x T2
5.5 4 34.5[0-0033x(T—273)]

Specific heat (J/kg K, to 1773 K)

Thermal conductivity (W/mK, to 1573 K)

Elastic module (GPa) 300
Poisson’s ratio 0.21
Secant coefficient of thermal expansion 8.2
(107K~ 1)

Melting point (°C) 2050
Vaporisation point (°C) 2980
Tensile strength (MPa) 220
Compressive strength (MPa) 2600

machining. The laser machining in air was also performed as a
reference sample for comparison. Two machining modes were
used in this work. The 30 mm straight lines by multi-pass scan-
ning were performed (Fig. 2(a)) to study the machining depth
and width at different water layer thicknesses and pass numbers.
Fig. 2(b) shows the mode of laser milling of cavity in alumina
to investigate the effect of water on machining quality including
recast layers and cracks. The scanning interval between machin-
ing lines was set as 0.25 mm, which is equal to the radius of
laser focused spot. Optical microscopy (Polyvar) was employed
to examine the morphology after laser machining and to mea-
sure the machining kerf width and depth for the quantitative
study. Scanning electron microscopy (SEM, Hitachi S-3400)
was used to capture the microstructure of laser machined region.
The roughness of machined surface was measured using a Wyko
NT1100 white light interferometer. The size distribution of the
particles suspending in water during machining was measured
by confocal laser scanning microscopy (Olympus OLS-3100)
after the suspension was dispersed and dried on a glass substrate.

3. Modelling approaches

In order to understand the effect of water cooling on thermal
behaviour in the machining process, a 3D finite element model
was developed to simulate the temperature field and resulting
stress characteristics during laser machining in air and in water.
ANSYS software was employed to solve this transient problem.
For the FE transient thermal analysis, it was assumed that the
difference between the thermal behaviours for laser machining
in air and in water was predominantly governed by the differ-
ent heat convection coefficients. The heat convection coefficient
of water (500-10,000 W/m2K) is 2-3 orders higher than that
of air (10-100 W/m2 K).2® In this work, the heat convection
coefficient of water was set as 1000 W/m? K, whereas the heat
convection coefficient of air was set as 100 W/m? K. The heat
convection was applied on all the surfaces of the model as a

boundary condition. The convection heat loss follows:?
oT

k— = —h(T — Tx) (1)
on

where T and i denote the room temperature and heat convec-
tion coefficient, respectively, and n is the normal vector point
outward from the surface. The ambient temperatures for air and
water were both taken as 27 °C.
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Fig. 2. The machining modes using in this work. (a) Straight line grooves by multi-pass scanning and (b) laser milling of rectangular cavities.

The CO; laser beam was assumed to have a TEMyg mode
and the phase changes during machining were ignored. The FE
transient thermal analysis was performed using the same process
parameters as in the experiment. The surface heat flux distribu-
tion, I(x, ), applied on the surface of workpiece was expressed
as

77,'7'0

@)

where ry is the radius of laser spot at focal plane position which
was set as 0.5 mm, and Py is the laser power arriving at the
workpiece surface. Although the 10.6 wm wavelength laser has
a static absorption coefficient of about 500 cm™! in water,>3 the
Beer-Lambert’s law was not used to calculate the value of trans-
mitted laser intensity on workpiece underwater due to complex
photo thermal interactions of the laser, water and the workpiece
during machining.?® In the FE model, the Py was set as the laser
output power. Considering the translational laser beam with a
velocity, v, along the x+ direction, Eq. (2) is transformed as.

I(x, y,1) = ioz X g—(((x—vz)2+y2)/r%)
JTrO

3

The governing equation for the simulation of temperature
fields has been established by the following heat diffusion
equation:3*

PT(x,y,z,t)  PT(x,y,z,1) *T(x,y, z,1)
k(T) 2 + 2 2
ox ay 0z
T (x, v,2,1)
_ pC(T)iy
ot 4)
0T (x,y,0,t 0T (x,y,0,t oT(x,y,0,t
KT (x,y )Jr (x, y )+ (x, 5,0,
ox ay 0z
=1I(x,y,1)

where k(7) is the temperature-dependent thermal conductivity,
p is the material’s mass density and c¢(7) is the temperature-
dependent specific heat as listed in Table 1. The initial condition
for the model was assumed to be an uniform temperature within
the bulk material given as T(x, y, z, 0) = T, where Ty is the room
temperature, 27 °C.

Based on the temperature field calculated by the FE tran-
sient thermal analysis, thermal-stress simulation was performed.
In the thermal-stress simulation, the FE model with ele-
ment SOLID70 for thermal analysis was transformed into the
SOLID185 that was used for structural analysis. The bound-
aries for structural analysis were assumed to be traction-free
for all surfaces. However, the elements with the temperature
above melting point, i.e. 2050 °C were eliminated before struc-
tural analysis in order to simulate the melt pool size and obtain
the accurate stress simulation. The thermal-stress was generally
considered as the main reason of crack generation and propaga-
tion during laser machining of brittle material.>> For the brittle
material, it was assumed that the main mechanism causing crack
formation followed the 1st strength theory, i.e. the tensile stress
larger than the tensile strength.>® Therefore, the Ist strength
theory was selected in this work as the fracture criterion.

A SPH model was also developed in this work to study
the hydrodynamic behaviour of interactions between water and
molten material during underwater machining. Using the SPH
method, the computational domain was divided into a set of dis-
crete particles. These particles have a spatial distance, known as
the smoothing length, over which their properties are smoothed
by a kernel function. Different from the standard FE methods,
SPH approximates physical quantities of each particle using the
kernel function. The most attractive nature of SPH method is
that it eliminates the need of computation termination due to
the possible large element distortion inherent in Lagrangian for-
mulation based FE methods.3” Therefore, it is more suitable to
simulating the fluid dynamics than the standard FE method.

The fluid in the SPH model was divided, and the properties
of each of elements were associated with its centre, which was
then interpreted as a particle. A particle i has a mass m;, position
ri, density p; and velocity v;. In SPH, the interpolated value of
any field, A, at position r is approximated by38:

)
Pi

- Ai
A = mi—WGF—Fi, h)
i
where Wis an interpolating kernel function, £ is the interpolation
length and the value of A at r; is denoted by A;. The sum is
over all particles, i with a radius 24 of r;. W, h) is a spline
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Fig. 3. The optical micrographs of CO; laser machined alumina cavity in air at a laser power of 60 W and a speed of 10 mm/s with drawn dimension of 5 mm x 5 mm,
in terms of (a) top of the cavity and (b) a close-up view of the recast layer on the bottom surface. The fracture appeared at the 4th scanning cycle.

based interpolation kernel function of radius 24, which is a c?
function that approximates the shape of a Gaussian function and
has a compact support. This allows smoothed approximations
to the physical properties of the fluid to be calculated from the
particle information. Thus, the particle approximation for each
particle j can be approximated by summing the contributions of
neighbouring particles i as follows:
- Ai o
AGF)) = Zmip—fW(rj —Fi.h) (6)
. L
1
The finial discrete forms of governing equations (i.e.

mass, momentum, and energy conservation equations) can be
expressed as follows>’:

d,Oj m; BW()C]' —x,-,h)
P D
dv? 5 ot . o\ aW(x; — x;, h)
a =T\t 7 ™
dE; o W(x; —x; h)
J J o o Jj — Ais
— == m(% — ) ——— "
i DY

where ¢ donates the time, x is the spatial coordinate, v* is the
velocity component, o®# is the stress tensor component, E is the
specific internal energy, and the subscripts o (¢ =1, 2, 3) and
B (B=1, 2, 3) are the component indices. Simulation solutions
were obtained by solving Eq. (7) in conjunction with equations
of state, material models and initial and boundary conditions.
This problem was solved by commercially available explicit
CFD software AUTODYN (issued by ANSYS Inc.).

4. Results and discussion
4.1. Effect of water cooling

Based on initial experimental trails, it was found at a laser
power of 60 W and scanning speed of 10 mm/s, high quality
machining of alumina ceramic can be realised, in which the heat
damage and recast layer were reduced to a low level and the
machining rate was relatively high compared with other parame-

ters. Fig. 3(a) shows the top-view of CO; laser machined alumina
cavity in air at a power of 60 W, a speed of 10 mm/s and 4 scan-
ning cycles with a dimension of 5mm x 5 mm. It was found
that fracture appeared frequently during machining in air below
10 scanning cycles due to the high thermal-stress caused by the
large amount of accumulated heating energy.*? The discoloured
recast layer on the bottom surface indicated the high temperature
(>3500 °C) during laser machining in air resulting in many sub-
oxides of aluminium generated.>* The micrograph of the recast
layer on the bottom surface is shown in Fig. 3(b). It can be
found that micro-cracks appeared in the recast layer and formed
a fine crack network, which indicates that the thermal dam-
ages in processing region were serious during laser machining
in air.

Fig. 4 shows the cross-section SEM micrographs of the
machined cavity in air. It can be found that the recast layer on the
bottom of the cavity was significant and a crack propagated into
the base material (Fig. 4(a)), which could lead to a fracture of
the workpiece as the side surface indication. Fig. 4(b) shows the
microstructure of recast layer. The alumina grains in the recast
layer re-grew to be columnar along the direction of the incident
laser, in which the crack propagated along the grain boundary.
Fig. 4(c) shows a smooth recast layer surface on the bottom of
the cavity, where the micro-cracks appeared due to the serious
heat damages as the micrograph captured by optical microscopy
(Fig. 3(b)).

The CO; laser underwater machined alumina cavity using
the same process parameters is shown in Fig. 5. The thickness
of the water layer is about 4 mm above the top surface of work-
piece and 50 scanning cycles were applied for the 1-mm deep
cavity. Fracture and cracks were suppressed in the underwater
machining as shown in Fig. 5, which demonstrates that the water
cooling was beneficial to preventing heat damages.

Fig. 6 shows the cross-section SEM micrographs of the
machined cavity. It can be found that the recast layer was
insignificant and the side wall surface was smooth in underwater
machining as shown in Fig. 6(a). Fig. 6(b) shows the microstruc-
ture of recast layer, in which the alumina grains had no significant
change but a porous structure was formed. The porous structure
could reduce the strength of recast layer and base material, by
which the recast layer could be easily removed via mechanical
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Fig. 4. The SEM micrographs of CO; laser machined alumina cavity in air. (a) An overview of the cavity cross-section, (b) a close-up view of the recast layer
cross-section on the bottom of the cavity and (c) a close-up view of the recast layer surface on the bottom of the cavity.

Fig. 5. The optical micrographs of CO; laser machined alumina cavity in water at a power of 60 W, a speed of 10 mm/s and 50 scanning cycles with drawn dimension
of 5mm x 5 mm. (a) Top of the cavity and (b) a close-up view of the recast layer on the bottom surface. The thickness of water layer is about 4 mm.

post-processing. Fig. 6(c) shows the recast layer surface on the
bottom of the cavity, where micro-cracks were suppressed but
the roughness was increased due to the obvious voids. The differ-
ence in the microstructures of recast layer formed by machining
in air and in water indicates that the water has a significant effect
on chilling of the machined region.

In order to understand the difference in thermal behaviours
during laser machining in air and in water, an FE thermal and
structural analysis was performed. Fig. 7 shows the difference of
temperature and thermal-stress distributions between machin-
ing in air and in water. It reveals that, with the same process
parameters, underwater machining produced a lower maximum
temperature and smaller HAZ than machining in air (Fig. 7(a)

and (b)) and hence the maximum thermal-stress was reduced in
underwater machining (Fig. 7(c) and (d)), which was in agree-
ment with previous studies using analytical solutions.?$2° In
order to further investigate the thermal behaviour in different
ambient conditions, the FE simulated temperature and thermal-
stress distribution along the machining path across the melt pool
was plotted as shown in Fig. 8. It can be found that the melt pool
in water was smaller than that in air. The low maximum temper-
ature and steep temperature gradient in water produced a smaller
HAZ compared with that in air. Fig. 8(b) highlights the lower
compressive and tensile stress peaks in underwater machining.
During machining in air, the two tensile stress peaks near the
melt pool are greater than those in water, which implies that

Fig. 6. The SEM micrographs of CO, laser machined alumina cavity in water. (a) An overview of the cavity cross-section, (b) a close-up view of the recast layer
cross-section on the bottom of the cavity and (c) a close-up view of the recast layer surface on the bottom of the cavity.
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Fig. 7. Temperature fields and resulting stress distributions during laser machining in different ambient conditions. (a) Temperature field during laser machining in
air, (b) temperature field during laser underwater machining, (c) thermal-stress distribution during laser machining in air, and (d) thermal—stress distribution in laser

underwater machining.

cracking in air machining could be more easily initiated than
that in underwater machining due to higher heat energy diffused
into the base material. The tensile stress in front of melt pool
could induce the crack formation and propagation into the base
material to cause the fracture as shown in Fig. 3(a), whereas
the tensile stress behind the melt pool induces cracking during
molten material resolidification (as shown in Fig. 3(b)). Obvi-
ously, the two tensile stress peaks were suppressed in underwater
machining (as shown in Fig. 8(b)).

4.2. Effect of fluid dynamics

Fig. 9 shows the schematic diagram of interaction between
the CO, laser beam, water, and the alumina substrate during
underwater machining. When the laser was delivered onto the
water surface, a portion of the laser energy was absorbed by
water, in which a rapid heating and vaporisation process was
induced due to the high absorption of the water with respect to
the 10.6 wm wavelength CO; laser.3° During this process, many
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Fig. 8. (a) Temperature fields and (b) 1st principle stress distributions along machining path during laser machining of alumina in air and in water ambient.
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Fig. 9. Schematic diagram of interaction between the CO; laser beam, water,
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bubbles are generated and a keyhole in water was formed as a
channel for the other portion of energy penetrating.*! The energy
arrived onto the surface of alumina was absorbed to melt and/or
vaporise the workpiece surface. The molten material was ejected
from the machining region into the water due to the inherent
recoil pressure induced in the keyhole of the workpiece, as well
as the water vapour pressure. Then, the ejected molten particles
were removed by the water flow (as shown in Fig. 9).

Fig. 10 shows the photographic images of the interaction
between laser beam and water in the experiments. Fig. 10(a)
shows the water wave caused by the water evaporation, which
is important for molten particles removal from the machin-
ing region. Fig. 10(b) shows the bubble formation during laser
vaporising of water. The mean diameter of these bubbles is about
0.9 mm.

During underwater machining, the velocity of the ejected par-
ticles is much lower than that in air due to the presence of viscose
fluid, which would prevent the debris deposition. Therefore the
debris suspends in the water with a relatively long time. The
size distribution of the particles generated in laser underwater
machining is shown as Fig. 11, in which the measured parti-
cle number is up to 1000 shown in the inserted micrograph. The
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Fig. 11. Histogram of the size distribution of the particles generated in laser
underwater machining.

mean diameter of these particles is 220 nm. The histogram shows
that the number of the particles with the diameter up to 500 nm
is more than 50% of the total measured particle number. It indi-
cates that the major size distribution of the particles generated
in CO; laser underwater machining was in sub-microns.

The high recoil pressure caused by water evaporation would
benefit to prevent the recast and dross formation. Fig. 12 shows
the side wall surface of machined groove in air and in water,
respectively. Dross was evident on the side wall surface and a
significant recast layer was on the bottom of machined groove
for machining in air. However, these defects were eliminated by
underwater machining (as Fig. 12(b)), in which the side wall
surface was smooth and the recast layer on the bottom of groove
was insignificant.

Fig. 13 further shows the microstructure of the side wall sur-
face and the bottom of the machined groove in air and in water,
respectively. The grains in dross were mainly glassy phases as
shown in Fig. 13(a), which indicated that the molten material
was resolidified on the side wall surface during laser machining
in air. During machining in water, the grains on side wall sur-
face were almost same as the base material and a few of grains

Bubbles

LAY

Fig. 10. Capture of (a) water wave and (b) bubble formation during the interaction between CO; laser beam and water in experiments.
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Fig. 12. Side wall surface of the groove machined (a) in air and (b) in water.

were melted (as shown in Fig. 13(b)). This is due to the high
recoil pressure produced in water to prevent the molten material
resolidification. Fig. 13(c) and (d) show the microstructure of
recast layer on the bottom of the groove machined in air and in
water, respectively. The results were same as those of machined
cavity as shown in Figs. 4(b) and 6(b), i.e. the significant recast
layer with columnar grains formed during machining in air and
the porous structure produced in recast layer during underwater
machining.

Fig. 14 shows the roughness of the side wall surfaces
machined in air and in water. The arithmetical mean roughness
(R,) of the side wall surface machined in air (R, =13.16 pm)
is approximately 1.5 times higher than that of the side wall
surface machined in water (R, =5.12 wm). The average maxi-

mum height of the profile (R;) of the side wall surface machined
in air (R, =43.68 wm) is about twice that of the side wall sur-
face machined in water (R; =23.02 wm). This is due to the dross
adhered onto the side wall surface during machining in air. The
dross increased the surface roughness as the bulge appeared in
roughness plot (Fig. 14(a)). The measured surface roughness val-
idated that the underwater machining can prevent dross adhesion
and process a smoother side wall surface than that machined in
air.

Fig. 15 shows the cross-section of machined groove in air
and in water. The crack and fracture appeared after few passes
during machining in air (as Fig. 15(a)). However, the groove
machined in water had relatively high quality (as Fig. 15(b)),
demonstrating a high aspect ratio and crack-free machining.

Fig. 13. Microstructure of dross on the side wall surface of the groove machined (a) in air and (b) in water and cross-section microstructure of recast layer on the

bottom of the groove machined (c) in air and (d) in water.
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In order to understand the empirical hypothesis of the effect of
fluid dynamics (as shown in Fig. 9), a 2D fluidic transient smooth
particle hydrodynamic (SPH) model was developed. Fig. 16(a)
is the setup of the SPH model. The model was simplified to
only consider the process of melt ejection rather than the energy
absorption and phase transition due to the complicate process of
laser process and the limitation of the software. It was assumed
that the melt pool was formed for the developed model and the
molten material was ejected by the recoil pressure existed in the
melt pool. The initial velocity of the melt ejection was set as
20 m/s.*?

Fig. 16 shows the process of melt ejection from the key-
hole during underwater machining. It was found that part of the
molten material was injected into the water and the other part
was ejected out together with some water (as shown in Fig. 16(c)
and (d)). The bubbles were also formed in water as depicted in
Fig. 16(d). The simulated results implied that the melt ejection
perturbed the water and may cause turbulence and laminar flows
in water.

Fig. 17 shows the fluidic velocity caused by melt ejection
in underwater machining. It can be found that the maximum
velocity was concentrated on the region near the ejecting front
and the water was pushed away from the ejecting path as shown

Integrity Loss
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in Fig. 17(a). Fig. 17(b) and (d) illustrates the details of water
flow characteristic under various water depths. The flow vector
close to water surface was directed to the normal of the water
surface (as Fig. 17(b)), which indicated that the water in this
region would flow to the water surface and hence cause ripples
on water surface. The laminar flow appeared at the middle of
the water depth (as Fig. 17(c)), by which the injected molten
particles would be carried away resisting to re-depositing on the
machined region. Fig. 17(d) shows the flow characteristic near
the machined region, which demonstrates the initial turbulence
formation of water flow. It was useful to induce the water into the
machined groove for chilling. The SPH simulated result shows
the significance of water flow for underwater machining, which
was in agreement with the empirical hypothesis as shown in
Fig. 9.

4.3. Effect of scanning pass number and water layer
thickness

The process efficiency of underwater machining depends on
the number of laser scanning cycles and the thickness of water
layer above the workpiece surface. Fig. 18 shows the effect of
water layer thickness on the machined kerf width and depth in
alumina substrate at a fixed 60 W laser power and 10 mm/s scan-
ning speed for 1-100 passes. It can be seen that the kerf depth
increases with the pass number but decreases with increasing
water layer thickness as shown in Fig. 18(a). The kerf width
reduces with the water layer thickening but keeps similar widths
for different passes at the same water layer thickness as shown
in Fig. 18(b). It indicates that the water layer thickness is a sig-
nificant parameter to determine the machining kerf width due to
the laser energy arriving on the workpiece surface varying with
the water layer thickness, whereas the number of passes gov-
erns the machined depth together with water layer thickness.
Fig. 19 shows the average machining rate, i.e. depth divided
by the pass number, which reveals that the depth rate exponen-
tially decreases with increasing number of passes. When the
pass number was up to 100, the machining rate approached
a constant that was only determined by the water layer thick-
ness, where the depth rate decreased with increasing water layer
thickness.

0.5 mm

Fig. 15. Cross-section of the groove machined (a) in air at a power of 60 W and a scanning speed of 10 mm/s for 4 passes and (b) in water at a power of 60 W and a

scanning speed of 10 mm/s for 80 passes.
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Melt Pool

Fig. 16. Time history of melt ejection during underwater machining at (a) O s, (b) 22.1 ps, (c) 51.6 s and (d) 110 ps.

For deep cavity machining, multi-pass is essential and hence
the process efficiency is mainly determined by the thickness
of water layer. For a thin water layer (<2 mm), the water can-
not always wet the alumina surface during machining, which
could cause a poor cooling effect and induce crack initia-
tion around the machining region. However, when the water
layer was greater than 5 mm, the machining rate was below
15 wm/pass at 60 passes or more, which was undesirable due
to the low process efficiency. The thickness of water layer is
suggested at 3—4 mm in the work, which could balance a good
surface cooling effect and a high machining efficiency. Also the
thickness of water layer provided an adequate space to remove
molten material particles. As shown in Fig. 19 the average
machining rate for this water layer thickness is always greater
than 20 pm/pass at 60 W laser power and 10 mm/s scanning
speed.

4.4. Laser underwater machining of polygon cavities

Based on the parameters discussed above, some polygon cav-
ities were machined underwater at a water layer thickness of
4-mm, a laser power of 60 W and a scanning speed of 10 mm/s
for 100 scanning cycles. Fig. 20 shows the optical micrographs

of CO; laser underwater machined alumina polygon cavities.
The crack-free machining of polygon cavities in alumina with
smooth machined side wall surfaces was achieved by the CO,
laser underwater machining. The thickness of these polygon
cavities is up to 2.36 mm.

The typical machining time for a square cavity with dimen-
sion of 5mm x 5 mm x 2.36 mm was about 30 min. Therefore,
the average machining rate for underwater machining with 60 W
laser power and 10 mm/s feed rate at 4 mm thick water layer
was 2.95 mm?3/min. Based on the experimental data in Fig. 19,
the machining rate at the first machining circle (i.e. the first
scanning cycle for whole cavity pattern scanning) should be
18.75 mm?3/min, which is close to pulsed laser machining in
air.* However, the machining rate reduces when the machined
depth of cavity increases as the water layer becomes thicker as
illustrated in Fig. 21. Therefore, the equivalent machining rate
was reduced.

4.5. Potential improvements for high process efficiency and
quality

In order to further improve the process efficiency, substrate
position correction technique should be developed for con-
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Fig. 19. The effect of water layer thickness on machining rate in alumina
substrate at a fixed 60 W laser power and 10 mm/s scanning speed for 1-100
passes.

sistent water layer thickness with respect to machining site
throughout the machining process. The position of the work-
piece is corrected as the successive passes proceed. However,
the maximum machining depth using this method is limited by
the thickness of water layer above the workpiece surface, i.e.
4mm under the current optimised experimental setup. When
the machining depth is greater than this value, part of un-
machined workpiece surface will be higher than the water
surface, under which condition the water cannot spontaneously
flow into the closed cavities for chilling and heat damages will
occur.

Therefore, the forced water layer formation technique
should be developed for deeper closed cavities machining. The
schematic diagram of the process setup is shown in Fig. 22.
A water jet is applied to form a water layer on the workpiece
top-surface. The layer thickness is primarily determined by the
water flow rate employed. This setup can also solve the prob-
lem of the suspending particles scatter and absorb the laser light
during still-water machining, as the water continuously flows
under the high water pressure and a liquid circulation with fil-
tration is employed. The substrate position correction is applied
at the same time in order to meet the focal plane position. The
feasibility of this technique will be verified in our future work.

In addition to the pure water used in this work, other liquids
(e.g. salt, basic or acid solutions) have been used in previous
studies for chemical-assisted laser machining of hard-to-
machined materials. Compared with conventional laser thermal
machining, little thermal damage is induced in chemical-assisted
laser machining. Alumina ceramic is a compound made up of
aluminium atoms and oxygen atoms, which are in a very tight
array (i.e. hexagonal atomic structure in grains). Therefore, alu-
mina ceramic has a good corrosion resistance against most of
salts, bases and acids. However, the grain boundaries could
be easily etched since the glass phases and inclusions exist.*3
Furthermore, the laser activated photo-chemical and thermal-
chemical reactions may also occur within the machining site
to enhance the etching efficiency. In previous studies, chemical-
assisted laser micromachining, involving laser processing within
salt solution,* basic solution** and acid solution,*>**¢ has been
found to be able to produce smoother finished surfaces without
any detectable HAZ or recast layer than conventional laser ther-
mal machining. The same results were also found in laser wet
etching of alumina and its composite.***3 In order to introduce

Fig. 20. Optical micrographs of laser underwater machined polygon cavities including (a) square cavity, (b) circular cavity, (c) triangular cavity, (d) pentagon cavity,

and (e) prismatic cavity.
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Fig. 21. Schematic diagram of the change of water layer thickness with the depth of cavity increasing. (a) The first pass and (b) the n-th pass.
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Fig. 22. Schematic diagram of forced water layer formation technique with substrate position correction.

these advantages of laser wet etching into high average power
laser machining, chemical-assisted laser macro-machining of
structural ceramics will be investigated in our future work.

5. Conclusions

The CO; laser underwater machining was successfully
demonstrated for crack-free milling the mm-deep cavities in
alumina. It was found that the process quality in underwater
machining is much better than that in air. Underwater machining
has the capability of preventing the crack initiation and reducing
heat damages due to the water cooling effect. ANSYS software
was employed to understand the mechanism of crack resistance
in underwater machining. The differences in the temperature
and resulting stress distributions during laser machining in air
and in water were studied by the FE model, in which the crack
formation was predicted via the Ist principal strength theory.
The simulated results were in agreement with the experiments.
SPH modelling of interactions between water and molten mate-
rial ejection shows the behaviour and significance of water flow
in the underwater machining process. The machined side wall
surface in water was much smoother than in air as the effect of
water dynamics produced a high recoil pressure in machining
region to eject the molten material from the cavity and prevent

recast formation. The effect of water layer thickness and scan-
ning cycle number was studied in this work. It was found that the
kerf width was governed by water layer thickness whereas the
kerf depth was controlled by the scanning cycle number together
with the water layer thickness. The optimal water layer thickness
was proposed to be 34 mm above the surface of workpiece to
guarantee a sufficient cooling effect and a high material removal
rate. Also the thickness of water layer provided an adequate
space to remove molten material particles. Based on the opti-
mised parameters, several polygon cavities were demonstrated
by underwater machining at 100 scanning cycles, 60 W laser
power and 10 mm/s scanning speed with a scanning line inter-
val of 0.25 mm. The average machining depth is greater than
2-mm and the machining rate is up to 2.95 mm?>/min.
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