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Abstract The ability of lasers to carry out drilling
processes in silicon carbide ceramic was investigated in
this study. A JK 701 pulsed Nd:YAG laser was used for
drilling through the entire depth of silicon carbide plates of
different thicknesses. The laser parameters were varied in
different combinations for a well-controlled drilling through
the entire thickness of the SiC plates. A drilling model
incorporating effects of various physical phenomena such
as decomposition, evaporation-induced recoil pressure, and
surface tension was developed. Such comprehensive model
was capable of advance prediction of the energy and time
required for drilling a hole through any desired depth of
material.

Keywords Nd:YAG laser - Silicon carbide - Ceramic -
Drilling

1 Introduction

Laser beams are extensively used in the manufacturing
industry for drilling, cutting, micromachining, welding,
sintering, and marking [1]. The high density of the beam
and excellent focusing characteristics of Nd:YAG lasers
have made it suitable for drilling different materials [2].
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Very small holes as well as holes with high aspect ratios can
be drilled by lasers. As it is a noncontact process, tool wear
is minimal compared to mechanical drilling and only
present in the form of laser maintenance [3].

The workpiece absorbs the incident laser energy which is
transformed mainly into heat. The material undergoes phase
transformations when the temperature increases above
decomposition temperature, decomposition products melt,
and recoil forces are produced, thus generating a hole.
Generation of the taper is a vital feature during the drilling
operation due to the intrinsic focusing characteristic of the
laser beam [4]. The diameter of the hole at entry is larger
than that at the exit giving a positive taper to most of the
drilled holes. Through engineering approaches such as
utilization of a lens of long focal length with longer focal
waist, such a taper can be minimized to an insignificant
order of appearance. Some of the ejected material can
resolidify and accumulate around the hole periphery
forming the spatter which is one of the undesirable effects
of laser drilling and requires subsequent finishing oper-
ations [5]. Innovative laser drilling techniques based on gel
casting methods have been developed for reducing the
deposition of spatter and strong alumina parts were
successfully produced by this technique [6].

Lasers in pulsed mode offer high peak powers in a short
time period, increasing thermal impact and enabling drilling
through thicker material [1]. Lasers are used for industrial
precision drilling for applications such as cooling holes in
gas turbine components [7]. Drilling of SiC is particularly
interesting to the semiconductor industry for the production
of cooling plates. Metals, alloys, organic as well as inorganic
nonmetals, ceramics, and composites can be drilled by lasers
[8]. Recently, excimer lasers have been widely used for
drilling purposes as each pulse eliminates only a thin layer of
the material leading to precise control over the drill depth
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and eliminating mechanical impact which poses a particular
problem to composites. Nd:YAG lasers have been used for
drilling holes in ceramics such as zirconia, which could be
used for making ornaments such as necklaces and earrings.
The effect of processing parameters on the heat affected zone
(HAZ) thickness, and tapering of the holes drilled in zirconia
ceramic has been studied [9]. As the ceramics are very
brittle, drilling of ceramics is associated with fracture and
crack generation [10]. Of the different available ceramics,
silicon carbide (SiC) has long been considered as an
outstanding material for high temperature, high power, and
high frequency applications [11]. Due to its high thermal
conductivity, mechanical hardness, excellent chemical resis-
tance, and low thermal expansion coefficient, drilling of SiC
is gaining popularity for different industrial needs. Besides
Sciti et al. [12], not much work has been reported on the
laser drilling of SiC. Hence, the present study aims at
understanding the physical phenomena underlying the
drilling of SiC ceramic by pulsed Nd: YAG laser and presents
a mathematical model for predicting the effect of laser
processing parameters on the depth of the drilling hole.

2 Experimental part

Conventional chemical vapor deposited (CVD) silicon car-
bide plates of 2 and 3 mm thickness were used for the drilling
study. A JK 701 pulsed Nd:YAG laser (1064 nm wavelength)
from GSI Lumonics, Rugby, England was used to drill SiC
plates of 2 and 3 mm thicknesses. The laser had the
capabilities to provide repetition rates varying from 0.2 to
500 Hz, pulse energy in the range of 0.1-55 J, and the pulse
width ranging from 0.3-20 ms. The laser processing
parameters such as peak power, pulse width, and repetition
rate were varied in several different combinations until
identification of a set of parameters that provided sufficient
interaction between the laser beam and the ceramic surface for
required through drilling of SiC plates. For this set of laser
processing parameters, multiple pulses were applied until a
through hole was drilled in SiC plates. It was observed that for
apower of 300 W, pulse duration of 0.5 ms, and repetition rate
of 50 Hz, a through hole in the 2 mm thick plate could be
drilled in approximately 0.5 s, while under the same
conditions, a through hole in the 3-mm thick plate was
produced in approximately 2.5 s. De-focusing of the laser
through a thicker plate decreases the actual fluence (energy
density) at the material front, and needed pressure to eject the
molten fraction of decomposed species increases with the hole
depth, thus leading to a decreased material removal rate while
proceeding through the thickness. Therefore, the drilling time
is not a linear function of the thickness.

Under the set of parameters employed in the present work,
the repetition rate of 50 Hz over 0.5 s corresponded to 25

pulses, while over 2.5 s, it was equivalent to 125 pulses. The
visual observations ensured the creation of holes (Fig. 1) with
25 and 125 pulses in 2 and 3 mm thick plates, respectively.
As mentioned earlier, these holes were drilled with a lens of
longer focal length and longer focal waist to minimize the
tapering effect. But experimentally observed prediction of
the exact number of pulses required to produce through hole
during such laser-based rapid process remains a challenging
task. In light of this, development of a computational model
for such predictions is the most appropriate approach.
Furthermore, the computational model can be extended to
predict drilling parameters for plates of other thicknesses.
The physical processes taking place along the depth are
entirely different from those occurring at the surface. Efforts
are ongoing to incorporate them in the computational model
which will enable to predict the hole diameter at the surface,
and this will be presented in due course of time. However,
for the present study, the hole diameter is assumed to be
equivalent to the laser-spot diameter [13].

3 Computational approach: temporal evolution, recoil
pressure, and surface tension effects

During the drilling process, temperature at the surface of
the ceramic changes because of the absorbed laser energy.
To predict the depth of drilled hole, the surface temperature
profiles and associated thermal gradient within the material
were calculated. In order to estimate the temperature rise
during the ON time and the following temperature drop
during the OFF time, the ON and OFF times during drilling
under the present set of laser parameters were calculated
and along with the process parameters employed in the
present study are represented in Table 1. Table 1 also
represents the actual drilling energy required (3.75 J for the
2-mm thick plate and 18.75 J for the 3 mm thick plate),
which was calculated by multiplying the power (300 W) by
the total ON time (12.5 ms for the 2 mm thick plate and
62.5 ms for the 3 mm thick plate).

The computations were run until the hole was drilled
through the entire thickness of the plate (2 and 3 mm) and
were started with calculation of the maximum temperature
reached after the first pulse employing a three-dimensional
heat transfer flow model which was developed in COM-
SOL’s heat transfer mode [14] and was based on Fourier’s
second law of heat transfer:

OT(x,y,z,t)  k(T) [0*T(x,t) N O*T(y,1) N O*T(z,t)

ot ~ pC,(T) Ox? O? 022

(1)

where k&(T) and C,(7) are the variations in thermal
conductivity and specific heat as a function of temperature,
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Fig. 1 Front surface showing
drilled holes in a 2 mm and b
3 mm SiC plates

p is the density of SiC (3,100 kg/m3) [15], T is the
temperature field, ¢ is time, and x, y, and z are the spatial
directions. For improving the accuracy of calculations,
variation of thermal conductivity and specific heat as a
function of temperature (Fig. 2) were taken into account in
the model, and these properties were assumed to be constant

—k(T) <3T(x,y,0,t) 4 0T 00 8T(x,y,0,t)> — sal — eo (T(x,y, 0, t)4— T{})

Ox dy 0z
§=1 if0<¢<t,
6=0 if t >ty

after about 1,700 K [15] The latent heat of solidification was
accounted for by considering the variation of specific heat as
a function of temperature. At time =0, the initial tempera-
ture of 7=T,=300 K was applied. The balance between the
absorbed laser energy at the surface and the radiation losses
was given by:

where k(7)) is the temperature dependent thermal conductivity
of the material (W/mK), ¢ is emissivity for thermal radiation
(0.7) [15], I is the laser power intensity, 7, is the ON time, o
is Stefan-Boltzman constant (5.67x10~* W/m*K*), and « is
the absorptivity of the material. The term ¢ takes a value
of 1 when the time, ¢, is less than the pulse on-time, f,,,
and it is 0 when the time, 7, exceeds the pulse on-time.
Thus, the value of ¢ depends on the time, ¢, and ensures
that the energy is input to the system only during the pulse
on-time and cuts off the energy supply during the
following pulse off-time.

SiC has a very high absorptivity of 0.95 at 1,064 nm
wavelength (for Nd:YAG laser used in present case) and
1,298 K [15], and this value increases with temperature as
the depth of the drilled hole increases. The drilled hole is
partially filled with decomposed liquid and vapor species,
and the laser beam undergoes multiple reflections and

oT (x,y,L,t) OT(x,y,L,t) OT(x,y,L,t
() DT DT

absorption within the cavity and these phases (melt and
vapor species) for increased absorption of laser energy. Due
to a very high absorptivity of SiC (0.95) coupled with
further increased absorption due to these physical changes
within the laser—substrate interaction region, the resultant
absorption of the ceramic is almost instantaneously
expected to reach nearly 100%. Earlier, similar explanations
and assumptions during laser processing of a variety of
materials are adopted [16, 17]. Furthermore, for an
extremely short duration, high-energy density dynamic
process like laser—material interaction, it has been extremely
difficult to accurately conduct in situ measurements for the
instant at which the ceramic starts absorbing all the input
energy. In light of this, in the present study, it was reasonable
to consider the drilled hole as a black body with 100%
absorption. The convection taking place at the bottom
surface of the sample was given by:

)=h0@%L0—%% )

where L is the thickness of the sample which was taken as 2
and 3 mm for the two different SiC plates used in the
present study, and / is the heat transfer coefficient (W/m’K)
which was included as a function of temperature [18]. In

@ Springer

the short time scale used for laser processing, the heat flow
in the direction orthogonal to the laser beam can be
neglected. Thus, Egs. 1, 2, and 3, above could be
considered to represent the heat flow, radiation losses, and
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Table 1 Parameters for laser processing

Plate thickness ~ Operation time Number of

Drilling energy Pulse width (ON time) OFF time

Total ON time  Total OFF time

(mm) (s) pulses J) (ms) (ms) (ms) (ms)
2 0.5 25 3.75 0.5 19.5 12.5 487.5
3 2.5 125 18.75 0.5 19.5 62.5 2437.5

convection, respectively, taking place only along the z
direction, neglecting these phenomena in the x and y
directions. Incorporation of these effects in the x and y
directions will be dealt in subsequent work and will be

/

E:E+(TO_E)[1_ [exp

presented in the future. The solution of this model gave the
maximum surface temperature reached after the first pulse
which was input in Eq. 4, below to predict the temperature
reached after the laser is switched off [2]:

h(T) (T )togy h(T)\/a(T)toss
KTy Hl_erf< ) )H a

where T; is the temperature during heating of pulse i (K), T
is the ambient temperature of 300 K, 7. is the OFF time
between successive pulses (Table 1) and erf() is the error
function. The term «(7) is the temperature-dependent
thermal diffusivity of the material given by k(7)/pC,(T).
When the laser is active, the surface temperature is given by

[2]:
r—p 4380 Valin/z (5)

i—1 +7Z'd2 k(T)

where TILI is the temperature during cooling of the earlier
pulse (K) predicted from Eq. 4, above, a is the absorptivity
of the material mentioned above, P is the incident beam
power (300 W), d is the beam diameter (0.24 mm), and ¢,
is the pulse duration (ON time). The temperatures reached
during the ON and OFF periods of the successive pulses
were determined by repeatedly solving Egs. 4 and 5, until
the thickness of the plate was reached. The expressions for
the temperatures reached during the ON and OFF periods
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Fig. 2 Variation of thermophysical properties with temperature [15]

(Egs. 4 and (5), above) were valid as the heat transfer
occurring in the direction perpendicular to the laser beam
was not considered. As mentioned above, the processing
time being extremely small, these assumptions were
justified.

The decomposition temperature of SiC is 3,103 K [19] at
which decomposition products immediately melt. The melt
depth (z;) from the surface at any instant was predicted from
the temperature profiles by tracking the depth at which this
decomposition temperature was reached. This depth was
used as a starting point for further calculations. However,
there was some loss of material at the surface due to
evaporation and the rate of evaporation j,; (kg/m?s) [20] is
given by:

me 112
. — T v
Ja = p(T) {kas]

where m, is mass of the vapor molecule (6.641 x 1072 kg/at
for SiC), Tj is the surface temperature, k is the Boltzmann
constant (1.38065x10> J/K), and p(Ty) is the saturation
pressure given by the Clausius—Clapeyron equation:

p(Ts) =Po exp[(Lv/kTe)(l - Te/Ts)] (7)

where p, is the ambient pressure (1.013x10° N/m?), L, is
latent heat of evaporation (530 kJ/mol for SiC) [21], and T
is the evaporation/decomposition temperature. The equiva-
lent depth of material evaporated was predicted from the
rate of evaporation by the relation:

(6)

i X increment in time
Zeva — 14 (8)
p
where p is the constant value of density of SiC (3,100 kg/m?)
[15] mentioned above, and this evaporated depth (zey.)
(Fig. 3) was subtracted from the melt depth (z,) to give the
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Fig. 3 Material evaporation with time for SiC drilling

available melt pool (z,,,). The amount of material evaporated
increased with time, as it depends on the surface temperature
which also increased with time during the ON time of each
pulse. At the same time, there is a drop in temperature at any
instant at the surface due to cooling of the melt pool by
evaporation which is predicted by [22]:

2zenaply 4\/a(T) <1 tin G
Zeval rotg Va(T) milremen in time

ATeva =
k(T)tde? "

©)

where z.,, is the depth of material evaporated as predicted
from Eq. 8, above, k(7 is the temperature dependent thermal
conductivity of the material (W/mK) [15] mentioned above,
and the term «(7) is the temperature dependent thermal
diffusivity of the material given by &(T)/pC,(T). This drop in
temperature was subtracted from the temperature predicted
by Egs. 4 and 5 above to give the actual surface temperature
at any given time instant as represented in Fig. 4. The
heating curve meanders because the temperature drops
during the OFF time and rises during the ON time of the
laser even after a drop due to the evaporation. The
maximum surface temperature reached, while drilling
the 2-mm thick plate was more compared to the maximum
surface temperature reached for drilling through the 3-mm
thick plate as more number of pulses (more time) were
required for drilling through the 3-mm plate compared to
the 2-mm thick plate.

Depending upon the thermodynamic conditions prevail-
ing during laser drilling, the decomposition of SiC may
produce several stoichiometric and/or nonstoichiometric
species such as Si(l), C(S), C(g), Si(g), Si3(g), Siz(g), SIC2 (2)
Si,C(g), and Si [12]. In situ detection of formation of these
species during extremely dynamic and short duration laser
drilling process is a challenging task and will be considered
in future efforts. However, the most likely reaction to

@ Springer
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Fig. 4 Heating curves for a 2 mm thick plate and b 3 mm thick plate

produce liquid species at the decomposition temperature is
the following reaction.

SiC =Sig) + Cg) (10)

The Gibbs free energy associated with this reaction
(—335.96 kJ/mol at 3259 K [23]) was used to determine
the energy loss due to dissociation. Due to the presence of
a minimum taper as mentioned above, the hole could be

assumed to have a cylindrical cross section (of volume
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Fig. 5 Dissociation Energy loss during SiC drilling
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sponds to 22.4x103 m?, there will be 2.019%10 *Xzya
moles in the volume Vo of the melt and the energy loss
due to dissociation (Fig. 5) is expressed as

Egiss = (0.6783 X zaya)J (11)

This energy loss was subtracted from the input laser
energy to give the effective laser energy for subsequent
pulses. The dissociation energy losses increased with time, as
it was a function of the melt depth which also increased with
time.

The ejection of the molten material can take place either
by the reactive recoil pressure due to the vapor or plasma of
the ambient medium and cannot take place by both the
mechanisms. At laser intensities of the order of 10° W/em,
the purely evaporational mechanism of material removal
takes place [24]. Thus the mechanism for material removal
is dictated by the laser beam intensity. However, for an
incident beam power of 300 W and beam diameter of
0.24 mm used in the present study, the laser intensity was
1.25x10* W/ecm which was far less than the intensity
required for the plasma pressure effect on material removal.
Hence, the effect of plasma pressure was neglected and
only the effect of evaporation induced recoil pressure on
material removal was considered.

As mentioned earlier, a melt pool comprising of liquid Si
produced due to the decomposition of SiC during the laser
irradiation is formed below the vaporization front, and the
expulsion of this molten material at very high velocities is
driven by the recoil pressure stimulated by some of the
decomposed species [25, 26]. However, the entire melt pool
measured from the surface was not available for expulsion.
Only the portion remaining after a fraction of the available
melt depth (z,,,) was expelled by the recoil pressure would
be the effective melt depth (z.g), and it will be available for
expulsion for the next time instant. The fraction of the melt
pool that is expelled by the recoil pressure will be predicted
in the later part of this section. The evaporation-induced
recoil pressure p, is given by [27]:

rd’p,  1.69 b 1
4aP _\/L_V(1+2.2b2> (12)
where b? = kT;/mL,. Thus, the predicted temperature
field assisted in determining the evaporation-provoked
recoil pressure at the surface during drilling through the
SiC ceramic using the physical model of melt hydrody-
namics proposed by Anisimov who also experimentally
verified the same [27]. According to Anisimov, when the
surface temperature exceeds the boiling point or the
decomposition temperature, the recoil pressure becomes
0.55ps, where py is the saturated vapor pressure (1.01325 x
10> N/m?). Under typical materials processing conditions
such as those encountered in drilling, this recoil pressure

exceeds the highest surface tension pressure and plays a
vital role in removal of material in molten state.

It can be seen from the heating curves shown above in
Fig. 4 that the maximum surface temperature reached for
drilling through the entire depth of 3 mm plate was more
than that reached while drilling through the 2-mm plate.
However, the maximum recoil pressure attained (Fig. 6)
was almost the same for both the cases (~3.73x10° Pa). It
can be observed from Eq. 12 that the recoil pressure
depends not only on the maximum surface temperature but
also on the laser power which was the same in both the
cases (300 W). The recoil pressure does not continuously
increase with surface temperature. Once a certain maximum
surface temperature was reached after some pulses and the
corresponding maximum recoil pressure was attained, then
the recoil pressure ceases to increase any further. After the
maximum recoil pressure was reached, even though there
was a slight drop in the recoil pressure, it was sufficient to
continue expulsion of the fraction of the molten part of the
decomposed species available at different time instants.

The melt pool shape is affected by the surface tension in
addition to the presence of recoil pressure [28]. It was
necessary to consider the surface tension effect, as it
modifies the pressure on the melt and affects the depth of
the drilled hole. The surface tension pressure depends on
the effective beam radius [25], which changes as it gets
defocused with the changes in the hole depth and is given

by [2]:

d 4A(Zegr + 6¢0)\
ot = — | 1 Mr et T T
Tl =3 [ * ( wd?

1/2

(13)

where A is the laser wavelength (1,064 nm), d; is the focal
length (120 mm), M* is the beam quality parameter
assumed to be 1 for a perfect Gaussian beam profile, and
zorr 1S the effective melt depth explained earlier. Beam
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Fig. 6 Recoil pressure variations with time for SiC drilling
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quality is a measure of the focusability of the laser used,
and beam quality factor is a standard measure used for the
same. In this study, it is assumed that the beam is initially at
full focus corresponding to a beam quality factor of 1. All
real beams tend to have an M’ value greater than 1.
Attempts are ongoing for accurate M? determination, and
they will be incorporated in future work. However, the
effect of the defocusing of the laser beam is taken into
account by determining the effective beam radius from Eq.
13 above. The melt available at the axis of the beam was
expelled with a velocity vey, given by [25]:

1 pr —
Lo t/rar, (14)
P

Vexp(t) = .
€

where 7. is the effective beam radius determined above in
Eq. 13, ¢ is the time, and 7 is the surface tension coefficient.
As the thermophysical properties of SiC control the
dissociation of SiC into its species, the SiC properties were
considered only until SiC dissociated into liquid Si after
which the properties of Si melt were taken into account.
Hence, the surface tension coefficient of liquid Si
(843 dyne/cm for liquid Si [29]) was considered as it
affects the expulsion velocity and hence the depth of the
drilled hole. The fraction of the effective melt depth that
was expelled at a certain time instant, d,, was obtained by
integrating the expelled velocity over time (Eq. 15) and the
depth of the hole was given by Eq. 16 [30],

t

di = | vexp(t) d t (15)
l

= Zd (16)

The step-wise procedure followed to achieve the final
depth is presented in Fig. 7, where it can be seen that the
material properties and dimensions along with the laser
processing parameters were used to solve the fundamental
heat transfer equation to obtain the preliminary tempera-
ture profiles and melt depth predictions. The input energy,
melt depth, and heating curves were altered due to the
losses taking place during the dissociation and evaporation
processes. The modified temperature profiles then assisted
in determining the recoil pressure and associated velocity
of expulsion of the melt leading to the final determination
of the hole depth and prediction of required number of
pulses. The evolution of the drilled hole with time and the
different stages of its formation are schematically repre-
sented in Fig. 8a, b, respectively.

It can be observed from Fig. 8a that a 2-mm thick
plate was drilled through its entire depth in 0.41 s, while it
took 2.05 s to drill through the entire thickness of a 3-mm

@ Springer
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thick plate. Thus, only 21 pulses for a 2-mm plate and 103
pulses for a 3-mm plate were required to drill through the
entire thickness. The predicted total ON time (for a pulse
duration of 0.5 ms) corresponding to 21 pulses and
103 pulses was 10.5 and 51.5 ms, respectively. The
corresponding predicted drilling energy was obtained by
multiplying the power (300 W) by the total predicted ON
times for the 2 and 3 mm thick plates, and these drilling
energies have also been compared in Table 2. Therefore,
as can be seen from Table 2, computationally predicted
number of pulses and drilling energy was less than those
experimentally identified [25 pulses (3.75 J) for the 2 mm
plate and 125 pulses (18.75 J) for the 3-mm plate]. This
discrepancy is due to the fact that selection of number of
pulses during actual drilling was based on prior practical
experience in laser—materials interactions and visual
observations. It can be observed from Fig. 8b that in the
initial stages of drilling (until around time instant #,), the
recoil pressure expelled the material in the upward
direction and continued to do so for increased depth of
the drilled hole as the time progressed. Eventually, when a
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Fig. 8 a Evolution of drill depth with time. b Schematic for progression of hole formation during through drilling of ceramic

very thin layer of the material remained in the bottom (at
around time instant #3), the recoil pressure was able to
push most of the material in the downward direction
thereby reversing the direction of material expulsion in the
final stages of drilling. This happened due to the least
resistance to the recoil pressure by the small mass of
supporting material at the bottom. Finally, at around time

instant 74, all the rest of molten material was expelled and
a clean through hole was formed. Thus, the prediction of
exact number of pulses (for that matter pulse duration,
laser energy, etc.) to drill a required depth in a given type
of material under chosen set of laser processing parame-
ters would be extremely advantageous to conserve
substantial energy and time.

Table 2 Comparison between measured and predicted number of pulses and drilling energy

Plate thickness (mm) Number of pulses,casured

Number of pulsespcgicted

Drllhng CNCTZYmeasured (J) Drlllll’lg CNCTEYpredicted (J)

2 25 21
3 125 103

3.75 3.15
18.75 15.45
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4 Conclusion

Through drilling of silicon carbide was successfully
carried out using pulsed Nd:YAG laser. A comprehensive
theoretical model incorporating the thermal effects in
decomposing material, the effect of evaporation induced
recoil pressure, surface tension in expelling molten part of
the decomposed species, cooling of the surface due to
evaporation, and loss in energy due to dissociation assisted
in prediction of a drill depth under given processing
conditions. Such comprehensive approach distinguished the
model from many earlier works including that of Salonitis
et al. [2] who considered the drilling mechanism as the
melting and subsequent removal of a material volume and
Sciti et al. [12] who only considered the microstructural
surface modification of SiC as a function of laser processing
parameters without considering the actual physical phenom-
ena such as the effect of recoil pressure, evaporation losses,
and dissociation energy losses responsible for hole formation
as considered in the present study.

In the present study, the computational model specifi-
cally indicated that although 25 pulses (3.75 J) and 125
pulses (18.75 J) were employed, only 21 pulses (3.15 J)
and 103 pulses (15.45 J) were sufficient for drilling
through the entire thickness of 2 and 3 mm plates,
respectively, under the present laser processing conditions.
The maximum recoil pressure of ~3.73x10° Pa predicted
by the model was responsible for expulsion of the melt
pool during drilling. Even though the loss of material due
to evaporation at the surface contributed to only a small
fraction of the total depth drilled through the SiC plate, it
was essential to be considered as its magnitude depends
on the thermophysical properties of the material and the
processing conditions, and these losses could be signifi-
cant in the drilling of some other materials. Thus, the
model is capable of providing an advance estimate of the
number of pulses required to drill a desired depth in a
given material.
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