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Abstract

Waterjet guided laser processing is an internationally patented technique based on guiding a laser inside a thin, high-speed
waterjet. The process combines the advantages of laser processing with those of waterjet cutting and offers promise as a method
for processing thin and heat sensitive materials with a high degree of precision. An improved understanding of the complex interac-
tion between laser, waterjet, and workpiece is required to enable the process to achieve its potential. A model for waterjet guided
laser grooving of silicon is presented that treats the energy input of the laser, the cooling effect of the waterjet, and the melting
and removal of the silicon. The thermal process is represented in detail in the new method. The model is validated by comparisons
of simulation and experimental results, and the simulation provides insight regarding the details of the interactions among laser,
waterjet, and workpiece.

(0 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction significant interest in the development of models that can
describe the complex laser—material interactions well
Lasers of different types now are used in a variety enough to guide the selection of process parameters.
of material processing applications for a wide range of Since laser material processing is a transient process that
materials. Carbon dioxide, Nd:YAG, and Ti:sapphire involves transmission, absorption, and reflection of radi-
lasers have been applied in processes including welding,ant energy; conduction, convection, and radiation of
cutting, drilling, grooving, surface treatment, and thermal energy; temperature-dependent material proper-
ablation deposition. There appears to be no limit to the ties; moving boundaries; melting; fluid flow; vaporiz-
range of possible materials, which include metals, cer- ation; and gas dynamics; the selection and implemen-
amics, composite materials, polymers, semiconductors,tation of an appropriate model is challengirigd. 1).
and biological tissue. Lasers used in material processing In 1996 Mazumder et al[1] provided a review of
can be continuous wave or pulsed, with pulse widths laser materials processing modeling efforts including a
ranging from milliseconds to femtoseconds. list of 135 references and concluded that “a lot remains
The development of a process for a specific appli- to be accomplished for the thorough understanding and
cation is complicated by the multitude of process para- development of physically realistic models for many
meters involved. Historically, satisfactory process para- laser materials processing applications”. Among their
meters for a specific application have been based onspecific observations were that more work is required to
empirical knowledge and experience. Due to the increas-relax the limiting approximations of constant thermo-
ing use of lasers in commercial production and in the physical properties, improve modeling of combined con-
continuing development of new applications, there is vection and vaporization phenomena, and improve rep-
resentation of the coupling of heat transfer,
resolidification, and solute distribution in the molten
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Nomenclature

laser heat source term, W/m?®
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specific heat, Jkg K

diameter of waterjet guided laser, m
pulse frequency, cycles/s
convection heat transfer coefficient, W/m? K
laser power intensity, W/m?

thermal conductivity, W/m K
thickness, m

latent heat of melting, Jkg

Nusselt number

laser pulse output, W

Prandtl number

waterjet pressure, N/m?
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heat flux, W/m?

reflectivity of the materia

Reynolds number

temperature, K

ambient temperature, K

imaginary temperature, K

melting temperature, K

real temperature in the machined region, K
time, s

speed, m/s

subscript used to indicate a property of water
Cartesian system coordinates, m
absorption coefficient, m™*

local surface emissivity

dynamic viscosity, kg/m s

density, kg/m?®

Stephan—-Boltzmann constant, W/m? K*
pulse length, s

pressure loss coefficient

unit vector normal to the surface

unit vector parallel to the z axis
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heat source term for absorption of latent heat of melting, W/m?3

excess heat sum for a particular element, Jm?

phase changes associated with melting and resolidifi-
cation. The volume-of fluid method [5] was used to track
the solidHiquid interface, and a 1D gas dynamics model
was used to provide the pressure and temperature on the
melt surface. Material removal due to vaporization was
not taken into account. Good agreement was reported
between simulation and experimental material removal
rates for holes drilled in Hastelloy-X material with an
Nd:YAG laser. In 2000, a 1D heat conduction model
was developed by Gutierrez and Jen [6] and used to
investigate the effects of temperature-dependent thermal
properties. Gutierrez and Jen did not include any con-
sideration of phase changes.

In 1998, Zhang and Modest [7] performed experi-
ments in which they measured the energy required to

remove a unit mass of material, or ‘heat of remova’,
during laser drilling of ceramics. Experimental data were
obtained for holes drilled in three industrial ceramics by
use of millisecond pulsed CO, and Nd:YAG lasers and
for different power levels. Incident and reflected laser
energy as well as the mass of the ablated material were
measured, and conduction losses were estimated by use
of anumerical model [8]. For the lasers and power levels
tested, the heat of removal was not sensitive either to
laser wavelength or power level. Zhang and Faghri [9]
developed a therma model of the melting and vaporiz-
ation phenomenain laser drilling. Important assumptions
made were that incident laser energy all is converted into
heat at the surface, liquid metal flow is neglected, and
material properties are independent of temperature. In
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Fig. 1. Schematic mechanism for a waterjet to guide a laser beam
[24].

2001, Atanasov et a. [10] reported in a theoretical and
experimental study of the use of an Nd:YAG laser with
a 10 ns pulse width to drill ceramics. It was assumed
for the 1D theoretical model that vaporization occurs in
asingle step, i.e. that the material is transformed directly
from the solid to the vapor phase. Good agreement was
found between theoretical and experimental hole depths.
Zhang [11] also developed a numerica model for the
laser drilling of ceramics. It was assumed that the
properties of the ceramic material are independent of
temperature in the solid phase and that the ceramic vapo-
rizes in a single step without going through a liquid
phase. Zhang simulated the laser drilling of silicon car-
bide with an Nd:YAG laser having a pulse width of 50
ns and concluded that, for engineering materials with
moderate radiation penetration depths, the conduction
losses during such short-pulsed laser processing can be
quite significant. Ruf et al. [12] developed a ssimple ana-
Iytical model for laser drilling for the purpose of
revealing the influence of changing surface geometry on
ablation rates and Rodden et a. [13] performed experi-
ments to investigate the effect of the use of an assist gas
on the Nd:YAG laser drilling of titanium.

Laser cutting of metals is the most common and
widely used laser processing application. Nevertheless,
reports of efforts to improve the understanding, increase
the effectiveness, and extend the capabilities of this well-
developed laser process continue to appear [14-18]. The
recent research primarily has been directed toward
revealing the relationships between cutting speed, assist
gas pressure, and type of assist gas on material removal
rate and cutting quality.

The relatively recent development of ultra-short pulse
lasers, with pulse widths measured in picoseconds or
even femtoseconds, as opposed to the continuous wave
or millisecond pulse lasers associated with conventional

laser processing, also has spurred research. Ultra-short
pulse research efforts have been directed toward charac-
terizing the advantages of femtosecond lasers for precise
material processing [19]; revedling the relationship
between laser fluence and the depth and bottom structure
of the hole [20]; the determination of the optimum pulse
width, and the development of effective methods of laser
beam delivery [21]; the determination of ablation depth
associated with a single laser pulse, and the determi-
nation of the threshold fluence for the ablation of alumi-
num and silicon [22]; and the use of transmission elec-
tron microscopy to quantify the extent of the heat
affected zone [23].

In 1997, a module for coupling a laser beam with a
waterjet was patented by scientists at the Swiss Federd
Institute of Technology. As shownin Fig. 1, the coupling
module takes advantage of the fact that a ray of light
will follow a liquid stream due to the total internal
reflection of light at the water—air interface, a phenom-
enon discovered in 1842 by the French physicist Jacques
Babinet. The Swiss company Synova manufactures laser
systems based on the water jet guided laser technique
[24—-26]. The waterjet guided laser combines the advan-
tages of both waterjet and laser processing. However,
the water— aser—material interactions associated with the
process are not well understood, and no models have
appeared in the literature. The subject of the present
work is the development and experimental validation of
a model for waterjet guided laser grooving of silicon.

2. Modeling of waterjet guided laser grooving

The workpiece is a silicon plate of thickness L, with
its top surface in the z = 0 plane. The plate is exposed
a timet = 0 to the waterjet guided laser. Fig. 2 sche-
matically illustrates the coordinate system and workpiece
feeding mode.

To evaluate the evolution of the temperature field and
the propagation of the groove, the time-dependent hesat
conduction equation is solved in the workpiece domain
subject to the appropriate boundary conditions. The gov-
erning equation written in terms of temperature T is

% = VIKMVT] + A + A (1)

where p is density, ¢, the heat capacity, t the time, k the
heat conductivity, A the laser heat source term, and A
appears as a heat source term when energy associated
with the latent heat of melting is being absorbed. For a
3D Cartesian coordinate system, Eq. (1) can be written
as

06T _ o[ 7], O[T
a ax[kmax] - ay[k(T)ay] @
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Fig. 2. Schematic depiction of coordinates and feeding mode.

o, _aT
+ az[kmaz] + A+ A

An explicit solution scheme is used in the simulation,
with central difference approximations for the spatial
derivatives and a forward difference approximation for
the time derivative. The temperature of a given volume
element after a specific time step is therefore found
explicitly from the known current temperatures of the
element and its neighbors. Short time increments are
required for explicit schemes in order to obtain stability
and accuracy. The stability criterion for this explicit
scheme is [27,28]

1- 2, + 2, + 2, At=0 (3
PC(AX)?  pC,(Ay)?  pcy(Az?]

which for an isotropic materia and a uniform grid can
be written simply as

pCu(Ax)?
At= > (4)

Since the heat conductivity k(T) is a function of tem-
perature, careful attention must be paid to the discretiz-
ation of a conduction term such as 0/9x[k(T)(0T/0x)] in
order to satisfy energy conservation. The grid points and
cell surfaces are shown in Fig. 3. In finite difference
form, 0/9x[k(T)(0T/0x)] can be written using three con-
secutive grid points X;_q, X, Xi+1 @S

T T f >
i-1 ) i ) i+1 b
Feed speed . .
i-172 i+1/2
Fig. 3. Grid points in x-direction.
T =T, Ti—T 4
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where two values of the heat conductivity, k.., and
ki_1/», have been introduced. The heat flux g;_,,, from X,
to X_, is

Ti_Tifl

i—1/2

Xi—Xi—1
which also can be expressed as

Ti—Ti 1
G-z Xi—Xi—1/2 n Xi—12—Xi—1 ©)

ki ki-1
With uniform grid spacing, Eq. (6) yields

2Kk
ki-1 + k

which has been called harmonic averaging [28]. In the
present simulation with non-uniform therma conduc-
tivity distribution, the heat flux across the face between
two finite difference cellsis calculated by the use of har-
monic averaging, rather than by use of arithmetic aver-
aging, so that energy conservation is guaranteed.

The following assumptions relate to the laser energy
input, the effect of the waterjet, and the temperature-
dependent material properties:

Ki—y2 = (7)

1. The laser power intensity at the workpiece is uniform
throughout the cross-section of the waterjet guided
laser. Because of the difference between the index of
refraction of water and that of air, the laser beam is
totally reflected at the air—water interface. After many
reflections, the assumption of uniform laser power
intensity at the workpiece is appropriate for waterjet
guided laser processing, instead of the assumption of
a Gaussian distribution that is widely used for tra-
ditional laser processing.

2. The material melting temperature is the maximum
temperature reached in the workpiece. The melting
and removal of material occurs element-by-element.
After an element of the material has reached the melt-
ing temperature and also has absorbed additional
incoming energy equal to the latent energy of melting,
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the element melts and is removed by the action of
the waterjet.

3. The fluid dynamics of the waterjet removal of molten
material is not considered.

4. The large temperature gradients generated by the
intensive laser heat source result in significant thermal
property variations. The thermal conductivity k and
specific heat ¢, of silicon are modeled as functions of
temperature T as follows [29,30]:

KT = ;g W/mK) 8

where A = 29,900, B =99, and T is expressed in K;

pcy(T) = (1.4743 + 0.17066T/300) (9a)
X 10° (J/m3* K), for T < 1683 K

and

pcy(T) = 2.432 X 10° (I/m° K),
for T > 1683 K.

The constant density value of p = 2330 kg/m? is used.

5. Detailed, temperature-dependent expressions for sur-

face reflectivity and absorption coefficient, the optical
parameters of interest, are not required.

(9b)

The genera laser heat source A(zt) can be
expressed as
A(zt) = I()[1-R(M)]o(T) e “Mhe, 0 (10)

where | is the laser power intensity, R the reflectivity of
the material, o the absorption coefficient, z the distance
measured from the surface, n a unit vector normal to the
surface, and €, is a unit vector parallel to the z axis. The
laser power intensity is given by I(t) = P(t)/(1w?/4),
where P is the laser power output and d is the diameter
of the waterjet guided laser beam. The rectangular wave
shape of the laser power output P(t) is sketched in Fig.
4, where 7 is pulse length, and f is pulse frequency. The
laser beam may reflect multiple times after it enters the
waterjet, and very little energy is allowed to escape.
Consequently, independent of the reflectivity of the

|l

Ir Ir\ 7
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Fig. 4. Laser pulse output.
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material, the laser energy in the waterjet is nearly totally
absorbed by the silicon workpiece. Therefore, a value of
zero can be assumed for the surface reflectivity, elimin-
ating the need for a temperature-dependent expression.
With the reflectivity assumed to be zero, the expression
for A reduces to

A(zt) = I(Y)o e e, 0 (11)

The simulation begins with the use of a volumetric
heat source according to the preceding equation, with
a constant value for the absorption coefficient . The
absorption coefficient does not change significantly with
temperature until it increases greatly when the melting
temperature is reached. When the temperature of a
surface element reaches the melting temperature, the
subsequent laser heat input no longer is modeled as a
volume heat source, but instead is modeled as a surface
heat flux according to

Gin = (e, (12)

Consequently, a temperature-dependent expression for
the absorption coefficient is not required.

Convection and radiation heat losses take place at the
top and bottom surfaces of the workpiece, and the energy
losses at these boundaries are calculated by the use of

Qout = hC(T_Ta) + 86(T4_Tg) (13)

where h. is the convection coefficient, T, the ambient
temperature, o the Stephan—Boltzmann constant, and ¢
is the local surface emissivity. The side surfaces of the
workpiece are well beyond the region that is significantly
heated during the grooving process and are assumed to
be insulated.

One of the most important characteristics of waterjet
guided laser processing is the high cooling effect of the
waterjet. The heat transfer coefficient required to model
the waterjet cooling effect for the current simulation is
obtained from empirical Nu formulas reported in a
review article by Webb and Ma[31], in which the results
of many liquid jet heat transfer experiments were sum-
marized. Webb and Ma observed that the stagnation Nu
depends approximately on Pr" where n varies between
1/2 at asmall Pr to 1/3 at alarge Pr and recommended
the following formulas

Nu = 0.715ReV2Pro4, 0.15 < Pr < 3 (14a)
Nu = 0.797Re'2Prs, pPr > 3 (14b)

The heat transfer coefficient associated with the waterjet
cooling effect is calculated by use of Egs. (14a) and
(14b). For liquid water ranging from 0O to 100 °C, the
Pr ranges from about 13.0 down to 1.7. Since the heating
of the specimen is confined to the stagnation zone, the
heat transfer in the radial flow regionsis negligible since
the waterjet and the specimen initially are at the same
temperature. Consequently, it is not necessary to know
the Nu in the radial flow regions.
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After the temperature of any element of the workpiece
has reached the melting temperature, the additional heat
absorbed by the element, instead of increasing the
element temperature, is accumulated until it equals the
latent heat of melting for the element. After each time
step, the temperature of any element whose temperature
exceeded the melting temperature during the step is reset
to the melting temperature, and the excess heat is added
to an accumulating sum for the element concerned.
When this sum reaches the level needed to melt the
element, the phase transformation is assumed to occur;
the molten materia is assumed to be removed by the
waterjet; the element is not included in subsequent calcu-
lations, and the new machined surface moves to the next
element. The melting routine can be expressed math-
ematicaly as

nyAt

Qum = 2 PC(Tijs—Tm) (15)

npAt

where Q,, is the excess heat sum for a particular element,
T., the melting temperature, and n,At is the time at which
the melting temperature is reached. At some later time
n,At, the sum Q,,, reaches the value of the latent heat of
melting for the element; melting occurs, and the element
is removed by the waterjet.

As melted materia is removed, a machined region is
formed in the workpiece. The machined region deepens
and widens during processing, so the machined surface
is a moving boundary. On the machined surfaces, con-
vection boundary conditions are applied. For computing
convenience, a special technique is used to transform the
convection boundary conditions to a conductive dif-
fusion form, as sketched in Fig. 5 for a 1D case in the
x-direction. According to Fourier's law of heat conduc-

Tii Ti Tivi(Tim)

o
R A S

—_— e

X Ax

By

Fig. 5. Imaginary temperature T;,, = T; 4 1.

tion and Newton’'s law of cooling, the heat transfer bal-
ance across the surface is determined by
oT

—k—

X = hC(Ti - Tre) (16)

wall

where T, isthe real temperature in the machined region.
The finite difference expression for the derivative can be
written as

oT

— k&

_ Ti_Ti+1
=k Ax

wall

If the machined region is to the right of the element,
there is no material at i+1, and T, is referred to as the
imaginary temperature T,,. Thus, the finite difference
form of the heat transfer balance is

Ti_Tim _ B

k AX - hc(Ti Tre) (17)

An expression for T;,, can be found by rearranging the
above equation, which leads to

Tim = Ti_hc%((-ri_-rre) (18)
where h.Ax/k is the Biot number. Therefore, the convec-
tion boundary condition is used to determine an
expression for T, = T; . 1, Which is required for the sol-
ution of the temperature diffusion equation. As the sol-
ution proceeds and the groove is created, convection
boundary conditions are applied as needed to develop
expressions for temperatures at points just outside the
changing boundary of the machined region.

3. Simulation and experimental results

The new model is used to obtain simulation results
for waterjet guided laser grooving of silicon for feed
speeds of 0, 5, 50, 100, and 150 mm/s. Comparisons
between the simulation results and experimental results
obtained by use of the Synova Laser Microjet machine
are made for groove depth, shape of vertical cross-sec-
tion normal to the groove, and groove shape at the sur-
face of the workpiece. Detailed information about the
process of waterjet guided laser grooving revealed by
the ssimulation aso is presented. The influence of feed
speed on the shape of the cross-section parallel to the
groove, the temperature distribution and associated
groove profile at different instants during the grooving
process, and the pulse-by-pulse changes that occur dur-
ing the initial stage of the process are illustrated.

The laser parameters used include a pulse length of
0.2 ps; afrequency of 25,000 Hz; a laser beam diameter
of 50 um, and laser power intensity at the workpiece of
3.61 TW/m? For the low feed speed of 5 mm/s, the
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movement of the workpiece relative to the waterjet
guided laser during one laser period of 40 psisonly 0.2
pum, which is one-tenth of the finite difference grid spac-
ing. Therefore, 10 laser pulses occur in each finite differ-
ence cell for the 5 mm/s feed speed. For the feed speed
of 100 mm/s, one laser pulse occurs in every other cell.
The waterjet parameters include a pressure of 300 bar,
a nozzle diameter of 50 um, and a waterjet speed that
can be calculated by use of the formula

zpw)ljz
V,, = ol /"
L

where p,, is the waterjet pressure, p,, the water density,
and o is the coefficient of pressure loss, which ranges
from 0.95 to 0.99 depending on the nozzle [25]. For a
waterjet temperature of 50 °C, the water density p,, is
988.8 kg/m? resulting in a waterjet speed of about 240
m/s for the pressure of 300 bar.

In order to obtain an appropriate expression for the
heat transfer coefficient h. associated with cooling by
the waterjet, the Pr (Pr = c,.uw/k,) and the Re (Re =
puwVad/u,) are required. For a waterjet temperature of
50 °C, the specific heat ¢, is 4174 Jkg K; the dynamic
viscosity u,, is 5.62 x 107* kg/m s, and the thermal
conductivity k, is 0.664 W/m K. Consequently, the Pr
is 3.53, and the Re is 21,113. For these values of Pr and
Re, Webb and Ma [31] suggested that the stagnation Nu
is given by Eq. (14b), which leads to a value of 2.34
MW/ m? K for the heat transfer coefficient h,.

The thickness of the silicon workpiece is 675 um, and
the silicon material properties are given in Table 1.

The simulated and experimental values of groove
depths for feed speeds of 5, 50, 100, and 150 mm/s are
shown in Fig. 6. The simulated depth value obtained for
the extreme situation of zero feed speed, which corre-
sponds to drilling as opposed to grooving, also is plotted
in Fig. 6. Groove depth decreases sharply from 240 to
70 um as feed speed is increased from 5 to 100 mmy/s.
For feed speed above 100 mm/s however, groove depth
decreases very slowly with increasing feed speed. For
the simulation results, arange of depth values rather than
a single value is shown for the high feed speeds of 100

Table 1
Silicon material properties

Property Value

Density 2330 kg/m?®
Thermal conductivity Eq. (8)

Specific heat Egs. (9a) and (9b)
Melting temperature 1683 K

Latent heat of melting 1.79 x 10° J/kg
Convection heat transfer 100 W/m? K
coefficient

Absorption coefficient 50x10°m™?
(crystalline)

500 I SRR ---------- (o} 'Present‘simulafionS' 7
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0 50 100 150
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Fig. 6. Simulated and experimental results for groove depth vs. feed
speed.

and 150 mm/s. At these higher speeds, the bottom of the
simulated groove is not flat. Instead, the depth varies
over a narrow range along the length of the groove (Fig.
9). Each experimental depth value was determined from
adigital image of a view through an optical microscope
of agroove cross-section exposed by breaking the work-
piece perpendicular to the groove. The shapes of the bot-
toms of the experimental grooves are not known. I nspec-
tion of Fig. 6 reveals that the new simulation for waterjet
guided laser grooving produces groove depth values that
are in good agreement with experimental depth values
over a wide range of feed speeds.

The shape of the vertical cross-section normal to the
groove is illustrated in Fig. 7. Simulated and experi-
mental cross-sections for feed speeds of 5 and 100 mm/s
are shown in Fig. 7(a) and (b), respectively. For the
lower feed speed of 5 mm/s, the depths of the simulated
and actual grooves are in excellent agreement, with both
being about 240 mm. There is however, a noticeable dif-
ference in Fig. 7(a) between the shape of the simulated
and experimental cross-sections. For the higher feed
speed of 100 mn/s, there is excellent agreement between
the simulated and experimental results for both the depth
and shape of the cross-section, as shown in Fig. 7(b). It
should be noted however, that the bottom of the simu-
lated groove is not flat for the feed speed of 100 mm/s
(Fig. 9), with the groove depth varying between 50 and
80 um. The simulated cross-section selected for Fig. 7(b)
has a depth of 80 um, which corresponds very well with
the depth of the actual cross-section shown in Fig. 7(b).
The shape of the bottom of the experimental groove and
the associated variation of groove depth are not known.

The actual shapes at the workpiece surface of the
grooves produced by the Synova Laser Microjet for feed
speeds of 5 and 100 mm/s are shown in Fig. 8(a) and
(b), respectively. Inspection of Fig. 8 clearly reveals that
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Fig. 7. Simulated and experimental groove cross-sections for feed
speeds of (@) 5 mm/s and (b) 200 mm/s.

there is a relationship between feed speed and groove
quality. The groove edges produced at the lower speed
of 5 mm/s are very straight and smooth compared to
the relatively rough groove edges produced at the higher
speed of 100 mm/s. The corresponding simulation results
are not shown, because for both feed speeds, they are
essentially identical to the low speed experimental
results shown in Fig. 8(a). Although it correctly predicts
the groove width, the smulation fails to revea the
relationship between feed speed and groove quality illus-
trated in Fig. 8.

For the high feed speed of 100 mm/s, the waterjet
guided laser advances 4 um between one laser pulse and
the next. The radius of the laser is 25 ym. If the grid
spacing used in the simulation was small enough, it
would be possible to observe a variation in the width of

(a)

Fig. 8. Top surface views of experimental grooves for feed speeds
of (@ 5 mm/s and (b) 200 mm/s.

the simulated groove of about 0.16 um for the 100 mm/s
feed speed. Since the grid spacing used in the simulation
for the x- and y-directions parallel to the workpiece sur-
faceis 2 um, avariation of 0.16 pm cannot be resolved.
However, since the variation of the actual groove width
observed in Fig. 8(b) isat least several times greater than
0.16 um, insufficient grid resolution is not the sole rea-
son that the relationship between feed speed and groove
quality is not revealed by the simulation. Some process
feature not included in the current model is responsible
for the appearance of the rough groove edges at the 100
mm/s feed speed that are observed in Fig. 8(b).
Detailed information about the waterjet guided laser
grooving process revedled by the new simulation is
presented in Figs. 9-12. The influence of feed speed on
the shape of the cross-section parallel to the groove is
illustrated in Fig. 9 for feed speeds of 5, 50 and 100
mm/s. The workpiece surface is at z = 0, and the center
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Fig.9. Groove shape in the central x—z plane for different feed
speeds.

of the workpieceisat x = 0. In Fig. 9, the relative move-
ment of the waterjet guided laser is from right to left.
The grooving process is initiated with the axis of the
waterjet guided laser positioned at x = 94 um and is
terminated with the axis positioned at x = —86 pm. In
each case, the total travel of the waterjet guided laser is
180 um. It can be observed in Fig. 9 that the grooving
process has reached a steady-state for each speed by the
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end of the first third of the simulation. Consequently, a
total travel distance of 180 um is more than adequate
for the simulation. The total number of laser pulses and
the total elapsed time are different for each feed speed
as shown in Table 2.

For each feed speed, a groove depth is obtained during
the early portion of the process that is greater than the
eventual steady-state groove depth. This transient effect
is most pronounced at the lowest feed speed and is least
pronounced at the highest feed speed. For the feed speed
of 5 mm/s, the maximum transient groove depth is about
455 um. During the early stage of the grooving process
a this low speed, the process is somewhat similar to
drilling. The drilling depth associated with the laser
power intensity of 3.61 TW/m? is 480 pum, as shown in
Fig. 6. As the waterjet guided laser continues to move,
even at the low speed of 5 mm/s, the process resembles
drilling less and less, resulting in a steady-state groove
depth significantly lower than the early maximum depth.

The steady-state groove depth for the 5 mm/s feed
speed is 240 um, and the bottom of the groove is flat
with no perceptible variation in the depth. In contrast,
the groove depth for the higher speed of 100 mm/svaries
between 50 and 80 um after the grooving process has
reached steady-state. The steady-state variation in
groove depth for the intermediate feed speed of 50 mm/s
is 5 um, with the depth ranging between 120 and 125
pm.

The temperature distribution and the groove profile at
an instant very early in the grooving process and at the
end of the process are displayed in Figs. 10 and 11 for
feed speeds of 5 and 100 mm/s, respectively. The view
in Figs. 10 and 11 is the same as the view in Fig. 9.
Since the fina laser pulse is chosen for Figs. 10(b) and
11(b), the associated groove profiles match two of the
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Fig. 10. Temperature distribution and groove profile for feed speed of 5 mm/s after (a) 100 and (b) 900 laser pulses.
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Fig. 12. Groove development during the first 20 pulses for feed speed
of 100 mm/s.

Table 2
Number of laser pulses and elapsed time for 180 um groove at different
feed speeds

Feed speed (mm/s)  Number of pulses Elapsed time (ms)

5 900 36
50 90 3.6
100 45 18

completed profiles shown in Fig. 9. Due to the cooling
effect of the waterjet, the heat affected zone is very nar-
row in all four illustrations contained in Figs. 10 and 11.
As aresult of the high energy input of the laser, the heat

affected zones contain high temperature gradients. The
maximum temperature of 1683 K in each illustration is
found near the edge of the groove profile. In each illus-
tration, the majority of the workpiece remains at the
ambient temperature of 300 K.

The temperature distribution and groove profile after
100 laser pulses at the feed speed of 5 mm/s are illus-
trated in Fig. 10(a). For 5 mm/s, the total number of
laser pulses is 900. The axis of the waterjet guided laser
beam, which began initially at x = 94 mm,, has moved
20 mm and is positioned at x = 74 mm after 100 pulses.
The temperature distribution and groove profile at the
end of the last laser pulse in the grooving process at 5
mm/s are shown in Fig. 10(b).

In Fig. 11(a), the temperature distribution and groove
profile after five laser pulses at the feed speed of 100
mm/s are displayed. For 100 mm/s, the total number of
laser pulses is 45. The axis of the waterjet guided laser
is a the same position for Fig. 11(a) that it is for Fig.
10(a). There are significant differences between the tem-
perature distributions and groove profiles displayed in
Figs. 10(a) and 11(a). In particular, the heat affected
zonein Fig. 11(a) does not reach the bottom of the work-
piece for the feed speed of 100 mm/s, whereas it does
in Fig. 10(a) for the much lower feed speed of 5 mm/s.

The complex pulse-by-pulse changes that occur dur-
ing the initiation of the groove for the 100 mm/s feed
speed are shown in Fig. 12. The groove profiles after
each of the first 20 laser pulses are displayed. At 100
mm/s, the workpiece moves 4 um during a single pulse
period of 40 ps, which is twice as large as the grid spac-
ing of 2 um. This 4 um distance between laser pulses
results in the 4 um horizontal spacing between the series
of 20 parallel lines that represent the successive leading
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edges of the advancing groove. During the first eight
laser pulses, the depth increases by 10 um per pulse, and
the changes in the groove profile follow a uniform pat-
tern. Beginning with the ninth pulse, the nature of the
development of the groove changes, and the maximum
groove depth occurs during the 11th pulse. During the
first few pulses, the boundary conditions are somewhat
similar to those for drilling, but by the ninth pulse, a
groove has developed and no materia surrounds the trai-
ling half of the waterjet guided laser. For a feed speed
of 100 mm/s, the grooving process reaches steady-state
by the 20th pulse. The section of the groove profile cre-
ated by pulses 15-20 will be reproduced at a different
position during pulses 18-23 and again during pulses
21-26, and so on. The resulting steady-state variation of
groove depth between 50 and 80 um can be observed
very clearly in Fig. 9.

4. Conclusions

A model of waterjet guided laser grooving of silicon
has been developed. The model has been validated by
comparisons of simulated and experimental results.
Simulation results for groove depth are in excellent
agreement with experimental results over arange of feed
speeds from 5 to 150 mm/s. The ssimulated shape of the
groove cross-section perpendicular to the groove also is
in excellent agreement with the experimental shape for
the feed speed of 100 mm/s. At the much lower speed
of 5 mm/s however, there are differences between the
simulated and experimental cross-section shapes. For 5
mm/s, the sides of the simulated cross-section are
dightly sloped, and the width of the cross-section
decreases with depth, whereas the decrease in the width
of the experimental cross-section with depth is less pro-
nounced. Excellent agreement exists between the simu-
lated and experimental values of the width of the groove
at the surface of the workpiece. The ssimulation does not
predict however, the decrease with increasing feed speed
in the quality of the edges of the groove. At the feed
speed of 100 mm/s, there is an observable roughness in
the edges of the experimental groove in contrast to the
straightness of the experimental groove edges at 5 mm/s.
The simulation does not reveal this relationship between
feed speed and groove quality. In order to capture this
relationship, it may be necessary to include in the model
the mechanical properties of the workpiece and the
momentum effects of the waterjet.

The new model also has revealed details of the process
of waterjet guided laser grooving that cannot be com-
pared with experimenta results. The influence of feed
speed on the shape of the cross-section parallel to the
groove is examined. It is found that the steady-state
depth of the groove is not constant for feed speeds of
50 mm/s and higher. The steady-state variation in groove

depth is only 5 um at the feed speed of 5 mm/s, but it
increases to 30 um at 100 mm/s. The temperature distri-
bution over the narrow heat affected zone at different
stages of the grooving process and for different feed
speeds are examined by use of the new simulation. The
complex pulse-by-pulse changes that occur as the groove
is created, also are examined. The simulation indicates
that a maximum depth is reached very early in the groov-
ing process that is larger than the eventual steady-state
groove depth.
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