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CW laser machining of hard ceramics—I.
Effects of three-dimensional conduction,
variable properties and various laser parameters
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Abstract—A three-dimensional conduction model has been developed to predict the temperature dis-
tribution inside the solid and the shape of a groove formed by partial evaporation of a semi-infinite body
using a moving CW laser with a Gaussian beam profile. This has application in laser machining where
material is removed by repeated scanning of a focussed beam on the workpiece surface. The governing
equations are solved using a finite-difference method on an algebraically-generated boundary-fitted coor-
dinate system. The groove shape and temperature distribution in the solid for both constant properties
and variable properties, for different speeds, for various laser power levels and for different beam profiles
are presented. The groove shapes for constant thermal properties are compared with a previous three-
dimensional boundary element conduction model solution and a quasi-one-dimensional conduction model
solution, in which the conduction losses were approximated using a simple integral method. The present
model compares well with the three-dimensional boundary element model for all ranges of laser parameters,
and. when thermal losses due to conduction are minor, the one-dimensional results are also in good
agreement. Experimental results were obtained for material removal rates and groove shapes on silicon
nitride, which were found to agree well with theoretical predictions for shallow grooves, For deeper grooves
in silicon nitride beam guiding (i.e. multiple reflections within the groove) comes into play and the
assumptions in the model are violated.
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1. INTRODUCTION

LasERS are routinely being used to produce holes, and
for scribing and cutting thin sections of hard and
brittle ceramics, but the application of lasers to
machine ceramics into desired shapes by removing
bulk material is relatively new. The feasibility of sev-
eral machining operations based on overlapping of
grooves, including turning, threading and milling has
been demonstrated with some ceramics [1, 2]. It is
clear from these works as well as the authors” own
that a number of phenomena interact in the grooving
process which arc not well understood and, thus,
make it impossible to predict the shape of single and
overlapping grooves accurately. Theoretical as well as
cxperimental investigations are necessary to under-
stand the importance of various parameters that
govern laser material interactions and influence the
groove shape and size,

Most of the theoretical work on laser-processing
heat transfer to date has centered on the solution of
the classical heat conduction equation for a stationary
or moving semi-infinite solid. Cases with and without
phase change and for a variety of irradiation con-
ditions have becn studied and reviewed in a previous
paper [3]. Although considerable theoretical research
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has been done on laser welding [4, 3] few theoretical
studies have been done on laser cutting and scribing.

Laser scribing or shaping with a moving laser was
modeled by Modest and Abakians [6] for irradiation
by a CW laser with a Gaussian distribution onto an
opayue semi-infinite solid. They assumed one-step
evaporation of material (without beam interference),
parallel laser beams, negligible reflection effects and
small heat losses (in order to employ a simple integral
method for conduction losses). Roy and Modest [3]
relaxed one of the most restrictive assumptions made
by Modest and Abakians [6] by including three-
dimensional conduction effects, showing that a more
accurate treatment of the conduction losses has a con-
siderable effect on the size of the groove formed by
evaporation, especially if scanning velocity is low
{resulting in higher conduction losses). However, sur-
face and bulk thermal properties were assumed con-
stant in that study.

Recently, Ramanathan and Modest [7] modeled the
situation of evaporative cutting for ceramics, includ-
ing variable thermal properties. They found that vari-
able property effects were relatively unimportant, even
for such strong variation in properties as found in
ceramics, provided that the constant property results
were evaluated at evaporation temperature. They
included conduction losses only normal to the surface
and modeled the problem using a simple integral
method. It was uncertain whether the weak depen-
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NOMENCLATURE
B,, B, constants U laser speed-to-diffusion parameter
C,.C,,C; constants Wy 1/e? radius of laser beam at focal planc
¢ specific heat w local radius of laser beam
Fy radiation flux density at center of beam Uy transient surface recession normal to
at focal plane surface
f functional variation of thermal X, y,Z Cartesian coordinates
diffusivity, o /% o x. ¥,z dimensionless Cartesian coordinates.
g functional variation of absorptivity, o/a,,
h ‘spec1ﬁc‘emhalpy’ Greek symbols
e heat of removal e
F irradiation flux vector i thermal dlﬁuswny ..
i3k unit vector in x. 1 and = directions o local effective absorptivity at laser
J Jacobian of transformation wavelength .
X thermal conductivity [3, fgr-ﬁeld beam divergence angle
n unit surface normali 0 d?t’feren.cc operator
N, evaporation-to-laser power parameter 0 dllmensmnless c'mhalpi)y.' .
Ny conduction-to-laser power parameter * wavglength of ldse.r radiation
N: N,, N: number of grid points in £,  and p . depsﬁy qfthe medium .
¢ direction N dlme.nsmnless computational
Q dimensionless irradiation flux vector at coordinates.
surface, F/F,
s(x,))  local groove depth Subscripts
S(x,y) dimensionless groove depth ev evaluated at cvaporation (or
It time, dimensionless time decomposition) temperature
T temperature &, n, { derivative with respect to this variable
T, reference temperature < cvaluated at ambient conditions, or
u laser scanning speed located far away.

dence of the predicted groove shape on the thermal
properties was duc to a deficiency in the integral
model. In a follow-up paper Ramanathan and Modest
[8] replaced the integral method with a more accurate
finite-differencing scheme to account for one-dimen-
sional conduction and variable thermal properties.
The results showed considerable differences for vari-
able properties, as compared to the results found in
Ramanathan and Modest [7].

In the present paper a three-dimensional con-
duction model has been developed to predict the
groove shapes and temperature field during evap-
orative scribing of a solid with variable properties,
and subject to CW laser irradiation. The effect of
machining parameters-—Ilaser power, scanning speed
and beam profile are investigated. The boundary
element formulation used in a previous paper [3] by
the authors to solve the three-dimensional conduction
equation for a moving body is unsuitable for variable
properties within moving bodies, since this would
require computation intensive volume integrations.
Therefore, in the present paper the boundary element
method is replaced by a finite-difference formulation
with a boundary-fitted coordinate system. The tran-
sient form of the governing equation is used so that
time-varying laser irradiation conditions can also be
readily accommodated in future work. To validate the

theoretical model, silicon nitride (Si;Ni,) was chosen
as a typical ceramic material with its large variation
of thermal propertics. A 1500 W CO, laser was used
to cut several grooves at various power levels and
scanning speeds. Using available thermophysical
properties data the material removal rates and groove
shapes werc computed and compared with exper-
imental results.

2. THEORETICAL BACKGROUND

In order to obtain a realistic yet feasible description
of the evaporation front in a moving solid subjected to
a concentrated laser beam, the following simplifying
assumptions will be made :

1. The solid moves with constant velocity u.

2. The solid is isotropic.

3. The density variation with temperature in a solid
is negligible and therefore it is assumed constant in
the conduction equation.

4, The material is opaque, i.e. the laser beam does
not penetrate appreciably into the medium.

5. Change of phase from solid to vapor (or
decomposition products) occurs in a single step at
the evaporation (or decomposition) temperature T.,.
Real materials may display significantly different
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behavior such as liquefaction followed by evapor-
ation, decomposition into liquid and gas, gradual
evaporation over a wide range of temperatures, out-
gassing followed by microexplosive removal of solid
particles, etc. Assuming that the most important par-
ameter is the total amount of energy required to
remove material, referred to as ‘heat of removal’, the
present model should do quite well.

6. The evaporated material does not interfere with
the incoming laser beam and also ionization of the
gas does not occur, which is true for most cutting and
drilling applications at moderate power levels and in
the presence of a gas jet. The size of the ejected par-
ticles and the condensed vapor, if any, above the
workpiece 1s s0 small compared with the 10.6 ym laser
wavelength that the absorption and scattering over
the small beam travel length is insignificant. For cases
where there is partial blockage of the beam by the
ionized gas and ejected particles, the effects need to
be lumped into the absorptivity parameter.

7. Heat losses by convection and radiation are neg-
ligible as compared to the intensity of the incident
beam. These losses werc shown not to affect the
groove shape under all conditions [6].

8. Multiple reflections of laser radiation within the
groove are neglected. This is a limitation which
restricts the present model to shallow grooves or
materials with high absorptivities (even at grazing
angles), e.g. if the evaporation surface is rough. Mul-
tiple reflections of laser radiation within the groove
are addressed in a companion paper [9].

Under these conditions the transient heat transfer
equation for a solid (with constant density) moving
with a velocity u in the positive -direction under a
Gaussian laser beam (cf. Fig. 1) may be expressed in
terms of specific enthalpy as:

ch ch 7
== 4 u—_ =V {(axyVh); h:J cdT, ()
ot a% 7,
subject to the boundary conditions,
Laser
beam
Beam
ters waist

FiG. 1. Laser evaporation setup and coordinate system.
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x> +w, j->+ow, ZIo>+00: h=h, (2a)

F=5(% 7): aFh= —0 (poy VA) + (0, —ui*0) phe ;

(ta—ui* ) phy. > 0 (2b)

and an appropriate initial condition.

Boundary conditions (2b) state that the irradiation
absorbed at the surface is used up by conduction losses
into the solid and by evaporation, if present (if no
evaporation takes place, i.e. during warm-up, cool-
down and in regions too far away sideways from the
laser beam, &, —ui+fi = 0). At quasi-steady state, the
transient recession in the direction normal to the sur-
face (v,) will become zero (i.e. the evaporation front
will become stationary with respect to the laser), the
temperature field in the solid will become steady in
the frame of reference of the laser, and the energy
expended for evaporation will be reduced to
—ui~fph,.. Also, wherever evaporation takes place at
steady state, i+ < 0. In the present study, we are only
interested in a quasi-steady solution.

The energy intensity distribution, K, for a CW
focussed Gaussian laser beam having a waist w, at the
focal plane z is given by Kogelnik and Li [10]:

w\™! e §
— F — UETE TS ~
F <w§> 0 € v (3a)
where

wHE) = wi+ L (E—5)%, (3b)

defines the beam radius, w, away from focus and

p)

B = P_— (3¢)

is the far-field beam divergence angle for the diffrac-
tion limited case of a Gaussian beam. Also, F, =
2Pjmw} is the flux at the center of a Gaussian beam
at the focal plane, P is the total laser power, w, is the
1/e*-radius of the focal spot containing 86.5% of the
beam's energy. If the laser beam is visualized as con-
sisting of a bundie of rays having direction §(%, 7, 7),
perpendicular to the wave-front of propagation, then
§ can be related to the radius of the wave-front [11],
r.(2), as:

LI (.2 B '

SR JR@ -y T
w252

7(2) = (5"50)[1 + (gi:—,::)z] (4b)

The boundary conditions (2) are sufficient to solve
equation (1) for the enthalpy if the groove shape s is
already established and v, is zero. However, since the
groove shape is to be determined, two more conditions
are needed :

vy

=s(%5,5): hEP)=h,, if (v,—ui*H)>0
(5a)

and
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s(— o, 7) = 0. (5b)

Equation (5a) states that during evaporation (i.e.
when v, —ui+f > 0) the surface is at gvaporation
temperature.

To non-dimensionalize the governing equations
and boundary conditions the following non-dimen-
sional variables and parameters are introduced :

I~z . ,/;7-' . /=i . Ne
X= 28wy = 20w o= 25wy s = \/Zs/w()

Tl . t . — ! .
1= 2o 0wy f =/t g =/,

U uw, UpWy
= =, U= — SV ="
hes =1, J‘ ) cdT 9(Hu\/z Hpevy/ 2
7-/
\/EpocH ey —h) uphy, F
Ny="r——""7"—"N=-""75:Q=~ .
* ooy Fowy s o Q Fy

(6)

Physically, N, gives the ratio of power required to
evaporate material normal to the irradiation, and the
absorbed laser flux; N, approximates the ratio of
conduction losses, again for a surface normal to
irradiation, and the absorbed laser flux; U relates the
laser scanning speed to that of thermal diffusion into
the medium, and ¥, represents a similar non-dimen-
sional transient recession of the evaporating surface
with respect to the laser. The functions fand ¢ describe
the variable thermal diffusivity and absorptivity,
respectively. The factor \/2 appears_in some of the
dimensionless groups because 11'0/’\/2, the 1/e-radius
of a Gaussian beam. has been chosen as a charac-
teristic length scale in order to be consistent with the
previous works of the authors.

The non-dimensional form of the governing equa-
tion then follows as:

v — v ™
ct éx

and the boundary condition equations become :

o +w, yot+u, zo 4o 0=0; (8)

- .. N,
2= S(6,3): Q= —Nofi Vo+ (V, = Vi) 7

. N.
(Vn—Ui-ﬂ)—’UL >0 (9a)

0=1, if V,—Ui'a>0, and S(~o0,y)=0.

(9b)

Equation (7) with its boundary conditions (8) and
(9) form a complete set of dimensionless equations in
transient form for the solution of the groove shape
S(x. y) and enthalpy field 0(x, y,z). This set of equa-
tions is similar to the one used by the authors in a
previous BEM solution [3] except that the definition
of the dimensionless terms have been modified to
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accommodate variable properties, and transient terms
are included.

3. SOLUTION APPROACH

The governing equations with non-linear boundary
conditions applied to a complex groove geometry are
solved using finite-difference tecchniques with a boun-
dary-fitted coordinate system. The body-conforming
coordinate system simplifies the application of bound-
ary conditions, and nodal points are clustered in
regions of rapid change to improve solution accuracy.

3.1. Coordinate transformation

Explicit relations to map the physical domain,
(x, »,2). to a uniformly spaced rectangular coordinate
region, (&, n,{), will be described later. Symbolically,
the functional relations are:

x=x(& 000, y=yEnd,

z=z(&n 1), t=r1;
E=&x oz, n=ylxyz10),
{={x,v.2,0), T=1 10

The functional form of the metric quantitics
(&, = 6&fdx, & = 0&/dy, &, = 086z, etc.), required (o
transform an cquation from a physical coordinate
system to computational coordinates has been given
by Anderson er al. [12], and is repeated here for
convenience :
¢(x, y,z)

ey = W =Emrs)

Fx ez —peE) (v, — 12, (Ha)
& & &
’1.\' rll' r]:
Lo 4«
()"ng *)';‘5»7) ( —'.\',15§ +*\‘::u) (~\':,}': —X; yn)
=J| (yoze—yiz) (—xczo4xz) (y.—xv) |
(e, —3yz2) (=xez,+x,2¢) (X:p,—X,0)
(11b)
CVI = fxri\ 4}‘(5\' —:15: S = X _,VY"J‘ —ZIN-;
o= —x o=l -l (11c)

The mapping functions (10) need not be known
analytically ; the partial derivatives x., x,, x; are com-
puted using central difference formulas and then the
metric quantities can be obtained. The following
abbreviations are also defined for later use:

A" =Vy-Vy A¥ =V(-V{
AT =VEVL A" =Vn- V(.

(12)

A = VE-VE
AT = VE-Vp
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3.2. Grid generation

Corresponding to the physical space (x, y,z) a well
ordered rectangular computation domain (&, 7,{) is
set up with uniform grid spacing of A¢ = Ay = A{
= 1. The present study is limited to the case where
the absorbed irradiation is symmetric about the
center plane resulting in a symmetric groove. There-
fore, the grid is constructed on one side of the center
plane. In Fig. 2 the computational domain (&, 9, (),
which is a rectangular parallelepiped is shown
alongside the physical domain (x, y.z) bounded by
curved surfaces.

The computational coordinate system is con-
structed with N. x N, x N, nodal points in the region
bounded by the irradiated surface ({ = 1) and another
surface ({ = N.), far into the body not heated by the
laser. Unidirectional interpolation (in the {-direction,
in this case) using Hermite polynomials is used
between each grid point (£, #) on the boundary, { = 1,
and the corresponding point (£,7) on the opposite
boundary, { = N. [13, 14]. Since the Hermite interp-
olation functions are third-order polynomials, two
more conditions, i.e. continuity of the slopes of the ¢-
line at the two boundaries, are enforced. To simplify
the interpolation the {-coordinate (interpolation
direction) is replaced by a scaled coordinate v such
that 0 < v < 1. The interpolation scheme is defined
by:

v n.v) = Fir(&,n, 00+ F (1 -vr(,n, 1)
+F2(v)r\*(é» ", 0)_F2(1 ‘—V)l",(é, n, l)s
Fi(v) = (1-v)*(1+2v),

(13)
Fy(v) = (1-v)%, (14)
where r is the position vector,

r(E ) = x(En I+ (& )i+ n vk (15)

The out-of-surface directional derivatives are chosen
carefully as:

i

Physical Grid
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rv(és ", 0) = Cl 'l'(é, n, 1) _r(é’ n, O)li(éa n, 0) .

- 174

1 == 6

(¢ 1.0) Ve (16a)
(& n1) = Gl n, ) —r(& 0, 0)[I(¢, 1, 1):

1¢En1) =k (16b)

The magnitudes of the directional derivatives r, are
represented as C, or C, times the distance from point
(&,n,0) to (&,n,1). While r.(&,1,0) is perpendicular
to the irradiated surface, { =1, making the grid
orthogonal locally, r,(£, 1, 1) was chosen to be in the
direction of k. C, and C, must be less than 3 to avoid
loops and kinks in the v-line joining points (&, #,0)
and (&, 1, 1). C, and C, were chosen to be 0.3 and 1.5,
respectively, to ensure a smooth grid system under all
conditions. The nodes are spaced equally along the {-
line in the computational coordinate, but in physical
space the nodes are clustered near the irradiated
boundary v = 0 (i.e. { = 1) by introducing a stretching
parameter, C; = {1.05-1.1}, with the nodal locations
v({) found as the roots of

C¢ -1

= CFQWI’
(an

The v-coordinate is only used for the purpose of grid
generation and is again replaced by { in the subsequent
development of the equations.

Equations (13)-(17) uniquely assign a physical
coordinate (x, y, z) to each point in the computational
space having coordinates ({=1...N,), (1=1...N,)
and ({=1...N)).

Fi(1=v)+C F,(v) - C,F5(1-v)

{={l...N.} and O0<v<l.

3.3. Transformed equations

The governing equation is transformed to the
rectangular computational coordinate region. The
non-conservative form of the transformed equation is
lengthy but can be easily derived as [15]:

1 |
Tt
T

T

T

IERAEN

H

Computational Grid

FiG. 2. Physical and computational grid system.
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0c+ (& 4+ UED)0+(n,+ Un )0, + (L, + UL )0
= A0+ A"(f0,),+ AT (f0));
F A0+ O+ AT S 0)+(f0)]
+ A0, +(f0,)]

+f (V0,4 V30,4 VH,), (18
where
V¥ = —VED, Vig=—-Vy'D,
V¥ = -V{'D, (19a)
D = D1+ D'j+Dk:
D¥ = AN+ AV, + A

AN, + A 2x, + AT2x,., (19b)

o
D' = 4% Vit A'Wyw + A“I.)f:;

+ A2y, + A;Qy;; + A"Qy,,é, (19¢)
D7 = A%z e+ AVz,, + Az

+4920,, + A::Z:;: -+ A";'_):,;;. (19d)

The boundary conditions are also transformed to
computational coordinates :

Irradiated surface, { = 1:

9Q V= — N [F(A0. + A0, + 47°0,)]

e N e N
—EHUL) 3 GHUL) <0 (Q20)

U

g0=1, if ({+U)<0 2h
Far upstream,
E=1:0=0 (22)
Far sideways,
n=N,:0=0 (23)
Far bottom,
{=N.:0=0 (24)
Far downstream,
E= N0, =E0,4n0,+00, =0 (25)
In the center plane,
n=1:0,=&0,+n0,+{0:=0. (26)

Equation (23) is used instead of a constant ambient
temperature boundary condition, 0 = 0, as the nodal
system is truncated at a finite distance downstream of
the laser heating zone. However, the boundary
surface, & = N, is constructed far enough from the
evaporating groove surface such that 8 is negligible.
Although we are interested in a steady state
solution, the equations required to solve for § will be
used in the transient form so that a time-iterative
solution procedure can be adopted. The non-linear
boundary condition (20) and equation (21) are
coupled and need to be solved simultaneously to get
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the transient surface recession velocity, {,, so that the
groove surface can be updated in a time-marching
fashion. An easier alternative approach to arrive at
the quasi-steady state solution is to use equation (20)
to calculate the temperature and use the following
equation to update the surface depth:

AS=sgn{(0—1DHB, c 51 if { <0; 27)

{, <0<ific0, where A= .

vl

The constants B, and B, are chosen suitably to achicve
convergence. While this procedure will not give the
correct transient groove depth and enthalpy, the solu-
tion will finally converge to equation (21) at quasi-
steady state when AS = 0 and {, = 0.

4. COMPUTATIONAL PROCEDURE

The transformed equation (18) in 0 is finite-differ-
enced and solved using an approximate factorization
(ADI-type) algorithm (Anderson et af. [12]). The
second-order accurate finite-difference for first,
second and mixed derivatives are represented as:

F:(0ijn = 200w =00 1) (28a)
OLSOANTju = M Sos ik H ) O i =0 0)
=it fio W06 —0, 01 (28b)
5;,{‘)‘5;{0)]&,;1\- = i[f}.;m‘i\(()m» u‘+\,k—0i [ ES Lk)
im0 — 01 00), (280)

where i, j, k represent grid point indices and ;. 4,,J;
represent finite-differencing in &, n, { directions respec-
tively.

At the boundary points where, at most, first-order
partials must be represented, a second-order accurate
one-sided difference was used to approximate 0,. The
second-order formula appropriate for the boundary
point (i, j. 1) on the surface { = | is:

5g(0)i.,.| = 5( - 0,;,‘.3 +4()L[.2 - 3():‘./. 1)- (29)

Second-order differencing must be used at the groove
boundary, { = 1, because the temperature change can
be very high into the body over the nodes even though
the nodes are placed closely. However, one-sided diff-
erencing of the coordinate values in the {-direction,
e.g. x., need only be first-order accurate because the
nodes are closely spaced.

The governing equation is then represented in
difference form as:
0n+ Vo 0::

e = 35(9"+1)+£f"(0"+ 1)
At
O+ 200 (30)

where # 1s the iteration level, and the difference oper-
ators & at internal nodes are defined as:
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L) = A7 f0.0} — (&, + UE)o.(0),
"%”7(0) = Amér]{.féqo} - (nf + U”x)éq(e)s

LH0) = A%5{ 6.0} — (L, + UL)s,(0)  (31a)

L0) = A™[6:4 f3,(0)} +3,{ f3:(0)}]
+AS[ A fO.(0)} +0:{ f5:(0)}]
+ A8, { OO} +8:{/5,(0)}]
+f[8:(OV3E+3,(Vn+3 (V] (31b)

Expressing 0 in incremental-form, "' = 6"+ A0, and
since L5 (0+A0) = L5(0)+ L4(AD), we get:

(1 — At Z4) (1 — ALY (1 — ATLH)(AD) = AR (),
(32a)

where

RO = LAY+ LY+ LX)+ LN, (32b)
which is the same as equation (30) if the higher-order
terms of order At? are neglected, since the time step
Az is small. At steady state, when A0 = 0, equation
(32) reduces to #(0) = 0. Note that all cross-deri-
vitives have been shifted to the right-hand side of
equation (32) to allow straightforward matrix inver-
sion. The above equation in three space variables is
split into three equations each containing one space
variable. The approximate factorization algorithm
(ADI-type) is thus implemented in three steps:

(1 — AT Z5)A0* = ATR ("), (33a)
(1— AT L") AO** = AO*, (33b)
(1— AT F)A0 = AO**, (33¢c)
0 = 0"+ A0 (33d)

The difference operators, &, #", £*, each give rise
to tridiagonal matrices when the algebraic difference
equations at all grid points are collected. The
algorithm, therefore, requires a series of scalar, tri-
diagonal inversions and can be implemented
efficiently.

A first approximation of s (i.e. the groove shape) is
obtained using a simple integral method by neglecting
conduction parallel to the surface (quasi-one-dimen-
sional model); this makes the equations governing
groove depth first-order hyperbolic and, thus, they
can be solved with a simple forward stepping tech-
nique [6]. For known values of s new values of
absorbed flux Q are calculated ; then equations (33)
are solved along with the boundary condition equa-
tions to get the enthalpy 0. Wherever 8 > 1, the value
of s is increased and wherever § < I whilei'n <0, s
is decreased until the groove depth converges to a
steady value. The incremental (or decremental) value
for s is estimated using equation (27).
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5. NUMERICAL VALIDATION

To compare the results from the three-dimen-
sional conduction model with the one-dimensional
model, three different sets of parameter values were
chosen. While N, was kept constant at 0.1, N, values
of 0.05, 0.01, and 0.002 were used. The scanning vel-
ocity U was chosen such that Ux N, = 0.1, which
ensures a constant rate of energy deposition. Figure
3(a) shows the development of the groove centerline
for these cases and Fig. 3(b) shows the fully-developed
groove profile using the one-dimensional conduction
model, the present three-dimensional conduction
model and a three-dimensional boundary element
model [3]. For large values of the conduction par-
ameter N, the groove depth predicted by the three-
dimensional conduction model is smaller than that
predicted by the one-dimensional model, since the
one-dimensional conduction model underestimates
conduction losses by neglecting sideways conduction.
As N, is reduced to 0.002 and the scanning velocity
U is increased to 50 the conduction losses become
insignificant compared to the energy deposition and
the three-dimensional groove profile prediction
matches that of the one-dimensional groove profile.
From Fig. 3(a) it is noted that the three-dimensional
and one-dimensional conduction model predictions
are very close for negative x locations (i.e. when
the groove has just started forming), even at the
centerline, because of small conduction losses. The
present model agrees well with the three-dimensional
boundary element model results for all ranges of
laser parameters.

6. MATERIAL PROPERTY EVALUATION

To predict groove size for specific ceramic
materials, thermophysical properties are needed to
solve the equations described earlier. The ceramic
material considered in this study is hot-pressed silicon
nitride (Si;N,). The evaluation of the properties for
silicon nitride has been described extensively by
Ramanathan and Modest [7] and is briefly discussed
here. The properties used in this study are given in
Table 1.

Figure 4(a) shows thermal diffusivity data bands
for some types of silicon nitride based ceramics [16].
Such a large drop in thermal diffusivity with tem-
perature is common for many ceramic materials. The
low temperature thermal diffusivity (and con-
ductivity) is affected by porosity, phase content, and
free silicon content. Hot-pressed (HP) silicon nitride
generally has higher conductivity than reaction-sin-
tered (RS) silicon nitride due to higher density and
also varies little at high temperatures. The thermal
diffusivity data used here are the same as those of
Wallace [17] which was extended to the decompo-
sition temperature through curve fitting by Raman-
athan and Modest [7]. Curve-fits were done on the
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thermal conductivity and thermal diffusivity data
separately.

The specific heat of silicon nitride increases twofold
as the temperature is raised from room temperature
to decomposition temperature. However, it is a volu-
metric property and does not vary as much with
impurities and micro-structure as thermal diffusivity
or thermal conductivity. The specific heat data are the
same as those of Wallace [17] which were curve-fitted
by Ramanathan and Modest {7].

The heat of removal for 8i,N, was calculated based
on the following decomposition reaction given by

Table 1. Material properties for Si;N,

T 2151 K R 6206 kJ kg~ !

Cov 12945 kg™ K ! Aoy 0.15

ke RE¥Wm 'K « 023, 6<1

P 3250kgm™? &f e, 1.007 (1 —e~ 71137
kik., 1642/T+0.24

Singhal [18] and others, which state that silicon nitride
decomposes into liquid silicon and gaseous nitrogen :

Si,N,(s) = 3Si(l) + 2N, (g).

Wallace and Copley [1] and Yamamoto and Yama-
moto [19] also concluded that liquid silicon is formed
during cutting of silicon nitride with a CO, laser.
Wallace and Copely explained that above a tem-
perature of 2151 K the production of subsurface nitro-
gen at a pressure greater than 0.1 MPa causes the
sificon liquid layer to rupture and be ejected. The
JANAF tables [20] were used to calculate the enthalpy
change during the above reaction at 2151 K. The
enthalpy values for temperatures up to 2400 K were
also calculated for comparison and were found to
vary insignificantly over this temperature range. The
heat of removal would change considerably if the
silicon is evaporated at the atmospheric boiling tem-
perature of 3500 K. It was assumed that such high
temperatures are not reached and the enthalpy
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required to decompose silicon nitride at 2151 K into
liquid silicon and gaseous nitrogen was used in the
calculations.

The absorptivity in the evaporation zone was esti-
mated by assuming that the surface where the
decomposition takes place is at least partially covered
with a thin layer of liquid silicon (a product of the
decomposition reaction). The reflectivity of molten
silicon at the CO, laser wavelength, calculated from its
complex refractive index (m = 19.6 —20.4i) [21, 22], is
shown alongside the reflectivity of solid silicon nitride
at 1000°C and 10.6 um [23] in Fig. 4(b). The absorp-
tive index, &, for liquid silicon is so high that even a
thin film of liquid silicon (say, I um) is optically
opaque, and, therefore, the reflectivity of the interface
between the liquid silicon film and the solid silicon
nitride need not be accounted for. Absorptivities of
solid silicon nitride were measured at various tem-
peratures [23]. Based on these measurements an aver-
age absorptivity of 0.23 was used for the solid silicon
nitride surface which has not undergone decompo-

sition, and an average absorptivity of 0.15 was used
for the evaporating surface. Since the decomposition-
front surface is expected to be only partially covered
with a liquid silicon film through which nitrogen is
escaping, the actual local absorptivity should be in
the range 0.1 < o < 0.3 (based on extrapolating the
absorptivity of solid silicon nitride to be approxi-
mately 0.3 near the decomposition temperature).

7. COMPARISON BETWEEN EXPERIMENTAL
AND THEORETICAL RESULTS

To determine the range of applicability of the model
as applied to laser grooving of real ceramic materials,
several grooves were made on silicon nitride ceramic
for different power levels (600, 1100 and 1500 W) and
different scanning speeds (5, 10 and 20 em s~ '). The
samples were sectioned in half with a diamond blade
perpendicular to the scanning direction. Scanning
electron microscope (SEM) pictures of the groove
cross-sections on the two exposed surfaces were digi-
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tized resulting in two sets of groove cross-section data
for each groove. The experimental grooves were then
compared with those predicted by theory. The exper-
iments were performed with a 1500 W, fast axial flow
CO, laser, model Everlase S51, manufactured by
Coherent General. The setup consisted of a beam
delivery system that contains a focusing ZnSe lens and
a coaxial gas nozzle for assist gas, all housed in a beam
delivery pipe. The beam exiting from the laser cavity
is linearly polarized and a circular polarizer was used
to convert the beam to a circularly polarized one. The
warkpiece was mounted on a computer-controlled
workstation, model MT160, manufactured by Klinger
Scientific, that can be moved in the %- and y-directions
at predetermined speeds. The beam width is difficult
to measure accurately at focus. A 86.5%-energy beam
radius of 212 um at focus gave reasonably good agree-
ment between calculated and experimentally observed
groove width for silicon nitride over a range of powers
and spceds. This theoretical estimate of the bcam
radius was checked by measuring the intensity profile
of the expanded beam away from the focus with a
traversing thermocouple. The divergence of a beam
away from the waist is related to the beam width at
focus by a beam quality factor, M *, whose minimum
value is 1 for the diffraction limited divergence of a
pure TEM,, mode Gaussian beam. For a non-
Gaussian higher-order beam, the beam expansion
follows the hyperbolic relation [24]

wi(Z) = wi+ 5 (E—20)%

The beam radius, w, was measured as 6.27 mm at
a distance of 128 mm away from focus. This cor-
responds to a focussed beam waist of 212 ym for an M?
value of 3.1. Such an M ? value lies within the range
of values specified by the manufacturer for this type
of laser [25]. The intensity profile also appeared
smooth and ‘Gaussian-like’ although it is known to
contain some higher order non-Gaussian modes. For
calculation purposes the intensity profile was assumed
to be Gaussian. It was noted that the width of the
beam varies by only 5% at a distance of 1000 um
away from focus even for an M? of 3.8 which can be
considered to be an upper limit for these types of
lasers. As the grooves were cut with the beam focussed
on the surface of the sample and were shallower than
1000 um, the beam width was assumed constant and
the direction of the laser rays were assumed to be in
the direction of k, i.e. s = k.

To ensure that the quality of the beam exiting from
the nozzle is constant, all the experimental results
presented here were obtained during a single time
period in a single lot without disturbing the beam
delivery setup. A thorough statistical analysis of the
experimental error has not been done at this time.
However, it can be said that measuring the groove
outline from the SEM pictures is difficult and sub-
jective and may be the source for large errors. This is
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particularly true for deep grooves, if redeposition of
evaporated and ejected material occurs. For deep
grooves the error in groove depth measurement using
SEM pictures is estimated to be as high as + 5% and
for shallow grooves approximately + 3%. The overall
experimental uncertainty due to non-repeatibility of
processing conditions may be higher.

The volume removal rates for silicon nitride
obtained from the experiments are compared with
calculated values for effective absorptivity values (in
the ablation zone) of 0.15 and 0.20 in Fig. 5(a). These
estimates were made for the case of constant prop-
erties with the thermal diffusivity and specific heat
evaluated at the decomposition temperature. It was
observed experimentally that there is a distinct rise
in material removal rate at lower speeds while the
theoretically calculated variation in material removal
rates over the range of speeds is relatively small at any
given power. The experimentally observed rise is even
more pronounced at higher powers. Apparently, such
increase in material removal rate at lower speeds is due
to better coupling between the laser and the groove
surface : as the groove becomes deeper, beam trapping
due to multiple reflections inside the groove increases
the effective absorption. From the graph it is seen that
at lower powers and shallow grooves the decompo-
sition zone absorptivity appears to be about 15%. At
such low powers the grooves are shallow and beam
trapping due to diffuse reflections is very small and
beam trapping due to specular reflections is non-exist-
ent. However, at higher powers and slow speeds the
effective absorptivity could be as high as 25% for the
data shown. How much of that is due to specular
reflections and how much is due to diffuse reflections
is not known. This issue is discussed in a separate
companion paper [9].

If variable properties are accounted for (Fig. 5(b))
it is observed that the theoretically calculated material
removal rates drop by 5-15%, the decrease being
more pronounced at lower speeds. This is the result
of two opposing effects. As the temperature decreases
away from the evaporation zone the thermal con-
ductivity increases resulting in higher overall con-
duction losses and less material removal rate. On the
other hand, since the heat capacity is lower at tem-
peratures below evaporation temperature, less heat is
required to heat up the material.

During the laser grooving process only a portion of
the laser energy is used to raise the temperature of the
removed material (sensible heat) and decompose the
material (latent heat). The rest is conducted into the
workpiece only to heat up the material below the
decomposition temperature and does not directly con-
tribute to removal of material. The approximate
theoretical estimate of heat losses are 43, 29, and 25%
of the absorbed power at beam power levels of 600,
1100 and 1500 W respectively. The above theoretical
estimate was made considering that 15% of the beam
power is absorbed and the thermophysical properties
are constant. Since the heat penetration depth is small,
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much of the heat that is conducted into the workpiece
is eventually utilized to decompose material. At higher
powers the removal process becomes more efficient.
While examination of material removal rates gives
an overall idea of the removal process from a heat
transfer point of view, the shape of the grooves as
predicted by theory and observed in experiments gives
additional insight into the material removal process.
Figure 6 shows the influence of two different beam
profiles on theoretical predictions of groove shape and
material removal rates assuming constant ther-
mophysical properties, comparing a Gaussian profile
and another flatter beam profile having the same
power (1100 W) and 86.5%-radius. Reduction in the
peak power of the beam results in a more even dis-
tribution of the laser energy, which in turn produces
a wider groove bottom as shown in Fig. 6(b). The
groove depth is reduced by 10% for the flatter beam
profile but material removal rate is increased by 3%.
All experimental grooves (cf. Fig. 7) are wide and
well rounded at the bottom. For shallow grooves (ie.

all grooves cut at 20 cm s~ ' and also the 600 W groove
cut at 10 cm s~ ') the theoretical predictions of groove
shape are very close to actual grooves. For such shal-
low grooves the depth of the heat-affected zone is
relatively large (due to lower groove surface area and
higher energy deposition per unit area) and side-ways
heat conduction makes the grooves wide at the
bottom. For deeper grooves at 1100 and 1500 W (cf.
Fig. 7) the predicted shapes (for a Gaussian beam and
without internal reflections) are somewhat less wide
at the bottom. For such deep grooves the redis-
tribution of the absorbed laser energy due to internal
reflections apparently deepens and widens the groove
as evident from the experimental data, and is
addressed in a companion paper [9].

Hard ceramics are brittle and prone to breakage
due to thermal shock. Under certain conditions of
temperature and speed unfavorable temperature
profiles and high cooling rates at the downstream end
may cause undesirable stress conditions leading to
material breakage. Although analyzing thermal stress
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is not within the scope of this work a qualitative
investigation into the temperature profiles was per-
formed. Knowing temperature profiles also gives a
theoretical estimate of the heat affected zone. Figure
8 shows the temperature profiles in the plane of sym-
metry for grooves cut at 1500 W and speeds of 5 and
20 cm s~ ', calculated using temperature-dependent
properties. It is observed that the temperature drops
at a slightly lower rate into the medium at slower
scanning speeds. For the present set of cutting par-
ameters the temperature drops by 50% over a distance
of about 50-75 um into the bulk material (i.e. 25—
30% of the beam radius). On the other hand, the
cooling rate (i.e. temperature decay in the x-direction)
at the trailing region is higher at slower scanning
speeds.

8. CONCLUSIONS

In this study we have modeled the problem of evap-
orative cutting of a material with a moving CW laser.

The effect of process parameters—laser power, scan-
ning speed and beam profile—were presented. Theor-
etical predictions of groove size were made using the
properties of hot-pressed silicon nitride and were com-
pared with experimental results. An estimate of the
three-dimensional conduction losses revealed that
heat loss by conduction can be between 25 and 45% of
the absorbed laser power, the losses being lower at the
highest power of 1500 W. If variable properties are
considered (instead of constant values evaluated at
the evaporation or decomposition temperature) the
material removal rate drops by 5-15%. For shallow
grooves, the agreement between theoretically pre-
dicted and experimentally measured material removal
rates and groove shapes for silicon nitride were
within the bounds of experimental uncertainty. For
deep grooves (high laser power and/or slow scan-
ning speeds) the present model underpredicts the
groove depth, since multiple reflections must be
accounted for, especially if the material has a high
reflectivity.
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