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ABSTRACT

The objective of this study is to build an effective computer program to simulate high

beam intensity laser drilling of metals. The study consists of four parts. In the JBrst part,

laser history and laser drilling simulation history are reviewed. In the second part, the

mathematical formulation is described, the physical model of laser drilling is discussed

and the simulation method is described. In the third part, the simulation parameters are

selected and simulation results are analyzed, then the calculation result is compared with

a GE experiment result, which shows the simulation is successful In the fourth part,

some conclusions are collected and recommendations for future programming are made.
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NOMENCLATURE

A  absorption coefficient

A(Mj) ambient pressure dependent coefficient

c  speed of light or specific heat

E  energy

E  electric field

/o' /i > /+»/- functions in determining recoil pressure

H  magnetic field

I  energy flux per unit area

la, labs absorped energy flux

IR reflected energy flux

k  thermal conductivity

Boltzmann's constant

Ly latent energy of evaporation

La, latent energy of melting

M  atomic mass

M1 Mach number

n  refractive index

refractive index of medium

Uj extinction coefficient

vm



p pressure

Pr recoil pressure

Po saturation pressure

Q heat production

R reflectance coefficient

T temperature

n boiling point temperature

nuk) temperature at grid

t time

V velocity

V:„Vy,V^ velocity components

Vrf drilling velocity

v„ melting velocity

drilling velocity due to evaporation

drilling velocity due to melting

x,y,z coordinate

a  absorption coefficient or angle between normal to the surface and laser

beam axis

(D angular frequency

X  wavelength

/X viscous coefficient

ix



£o dielectric constant in vacuum

7  incidence angle

p  density



Chapter 1

Introduction

I

Shortly after invention of the laser in 1960, industry started using it for

processing of materials. One of the first applications was drilling of a razor
I

blade by ruby laser used in production by the Gillette company in the early

1960s. In time, the laser's power increased, and its applications in industry

became widespread. At the present time nearly all production areas have

laser applications, from airplane engines to earring holes, from laser printers

to automobile transmissions. It would be hard to imagine the world without

laser applications. :

I

Laser drilling is one of the most important industrial applications. Material

removal rate, thickness of the recast layer and size ohhe heat affected zone

are some of the important engineering parameters. All these parameters are

determined by the mechanisms of interaction between the material and the

laser beam. In order to predict these parameters, we need to build an

adequate model for the mechanisms of laser material drilling.

The first industrial lasers were mby and Nd-glass lasers with typical pulse
I

duration of 1-10 ms, intensity of 10^ W / crn^ and pulse energy of 1-100 J.
I

Evaporation was suggested as a mechanism for material removal.



Estimations based on an energy conservation approach explained observed

results reasonably well. For example, for a Nd-YAG laser with 50 J, 1ms

pulse to drill a 3 mm deep, 300 fim wide hole, the ̂estimated absorbed

energy is E = m(cT^ +L,+LJ

= 7g/cm^7*10"^c/n^0.3cm(0.6J/gK*3000K + 5000J/g + 300J/g)«lOJ, which
I

requires an absorption coefficient equal to 10 J/50J=0.2. This is a pretty

reasonable value.

Then TEA CO^ lasers were developed in the 1970si The evaporation

dominant idea met a serious problem. For example,' for TEA COj laser with

0.5 J, 30 /is pulse to drill 0.7 mm deep, 150 /im wide hole, using the

evaporation method demanded absorbed energy i

£ « 7 * 10 ̂  gl* 10^ J / g ~ 0.5J, which requires hh absorption coefficient

value to 1. In fact, even the most absorbing material^ could not achieve a

perfect absorption coefficient. Therefore, an altemative mechanism for

material removal had to be suggested. Von Allmen [1] suggested

evaporation recoil driven melt flow as an altemative mechanism. Von

Allmen's model is an analytical steady state model tliat assumes piston-like

material ejection.



At approximately the same time, Q-switched Nd: YAG lasers and ruby lasers

were quickly developed. Pulse duration of Inj ~ lOOnj and high intensity
I

greater than 10®W /cm^ could be achieved with such lasers. Due to the short

pulse duration and high intensity, evaporation is a dominant mechanism for

material removal. Anisimov's model [2] can be successfully applied to

simulate this drilling. The repetition rates for these lasers were still small,

and therefore industrial drilling was impractical.

Recently, Q-switched lasers with high repetition rate (~4 KHz) have been

developed. Copper vapor lasers with a repetition rate of about 20 KHz and

relatively high pulse energy (about 20 mJ) have also been developed. These

high repetition rate, high pulse energy lasers can drill a hole in reasonably

short time (several seconds) in a metal sample with' a thickness of several

millimeters. Thus, it became practical to use such lasers in production.

However, only one dimensional models that do not consider deep crater

formation and the related effects of multiple reflections on the distribution of

absorbed intensity are currently available. The goal of this thesis is to

develop a model which can simulate the actual situation.



Chapter 2
I

Approach Description

2.1 Physical model

2.1.1 Absorption of radiation

The simplest form of light is a monochromatic, linearly polarized plane

wave. This will, for most of our purposes, be a sufficient approximation

of a real laser beam. The electric field of a wave propagating in a

homogeneous and nonabsorbing medium can be represented as

exp[i(^ - at)] (2.1)

where z is the coordinate along the direction of propagation, a is the

angular frequency, and X is the wavelength. The last two quantities are

related through the phase velocity c/n,, c being the speed of light and n,

the refractive index of the medium by

X = {2Ttla){cln{) (2.2)

An expression analogous to (2.1) also holds for the magnetic field H.

Magnetic and electric field amplitudes are related by

Ha = EaTi^EaC \ (2.3)

with £(, being the dielectric constant in vacuum. On average, the electric

and magnetic fields each carry the same amount of energy. [1]



The energy flux per unit area of the wave is termed irradiance and given

by

/= ixH =ni£oc£o^ : (2.4)
I

I

The concept of a beam implies that the irradiance is maximum near the
t

optical axis and falls off laterally. The most common lateral distribution

is a cylindrically symmetric Gaussian :

/(r) = /oexp(-r^/vf^) (2.5)
I

where /„ is the irradiance on axis, and w is referred to as the beam radius.

The total power of the beam is then

P = mv^I^ I (2.6)
I

In absorbing media the real refractive index' must be replaced by a

complex index n = + in^. The meaning of (also called the
I  ■ •

extinction coefficient) becomes apparent when (2.2) is accordingly

modified and inserted into (2.1): The electric field, upon propagation over

a distance z, now decreases by a factor exp(ct)U2z/c), indicating that

some of the light energy is absorbed. The aijsorption coefficient for the

irradiance (2.5) is i '
I

a = —(111)idl I dz) = 2con21 x = / A (2.7)

The inverse of a is referred to as the absorption length.

The ratio R of reflected to incident irradiance is given by the Fresnel
I

expression,
I

I
I

5  1
I

I



R =
1 2n-1

<2.8)
n + 1 :

The reflectance and the absorption coefficient determine the amount of

beam power absorbed within the material. [1]

In opaque materials, where the material thickness is much larger than

absorption length, the fraction of energy absorbed is determined by the

quantity (1-R) alone, also known as the absorptance.

A = 1-/2 (2.9)

/ = (l-/2)/oexp(-pZ) ! (2.10)

2.1.2 Evaporation

Usually both melting and evaporation occur simultaneously under

conditions typical for laser experiments, since the latent heat of

vaporization is much larger than that of fusibn (typically, by a factor of

20-50 times). Thus, evaporation plays the most important part in the

energy balance. [2]

In this thesis, we simulate the interactions of laser radiation with matter at

moderate laser intensities. At these intensities, the temperature is usually

well below the thermodynamic critical point of the material. Under this

condition, a sharp boundary exists between the condensed and gaseous

I

phases, its thickness being on the order of the interatomic distance, and



the density of the vapor is several orders of magnitude less than in the

condensed phase. In the majority of cases of practical interest, light

absorption in the vapor is relatively small. To simplify the case, we

assume that the evaporation occurs in vacuum and the vapor does not

absorb the laser radiation.

When the vapor plume does not absorb the laser light, the processes in the

condensed and gaseous phases c^ be considered separately. We will

1

describe the temperature field in the condensed phase by the heat

i
conduction equation .

3 T '
pc — = div(kVT) + Qir, t) (2.11)

at

where I is the temperature, k is the thermal conductivity, c is the specific

heat, p is the density, and Q(r, t) is the heat production(per unit volume

per unit time) due to the absorbed laser radiation. In the general case, c
I

and k are temperature dependent, and the above equation is nonlinear.

For metals, however, at temperatures above the Debye temperature, c and

k can be taken as constants. [2] J

The vaporization of condensed matter cannot be described, even in a very
j

rough approximation, in terms of the "problem of Stefan" with a fixed

phase transition temperature. Actually, a solid(liquid) evaporates at any

temperature not equal tp.Q K. The evaporation rate strongly depends on



the temperature. This dependence, in the c^e under consideration, can be

written in the form;
I

V„=yoexp(-C7/r) I (2.12)
I

where V„ is the normal component of the evaporation front velocity,

U = ML^ I kg, is the latent heat of vaporization )per unit mass), is

Boltzmann's constant, M is the atomic mass, and Vq is a constant whose

value is of the order of the speed of sound in the condensed phase. [2]

2.1.3 Generation of recoil force and related melt motion

A condensed phase evaporates at any temperature exceeding 0 K.

Evaporated atoms leave the surface having some momentum. The law of

conservation of momentum requires that the surface has the same

I

amplitude but opposite momentum. If the flux of the evaporated atoms is

known, then evaporation recoil pressure is a product of the flux and the

average momentum of the evaporated atom.; Because of collisions part of

the evaporated atoms develop a component of velocity toward the surface.

This back-flux adds to the recoil pressure. When the surface temperature

is low, the vapor atoms leave the near-surface area due to diffusion. A
I

large part of the evaporated atoms retums tq the condensed phase. Then
1

the recoil force calculation requires detailedj solution of kinetic and

diffusion equations. However, in this case the evaporated atoms have
I

small average momentum and the recoil force is negligibly small. In a



majority of practical applications of lasers tor material processing, high
I

surface temperatures are reached. If the surface temperature is close to or
I

exceeds the boiling temperature, then a relatively high velocity gas-

dynamtc flow of vapor is established, and the recoil pressure can not be

neglected. The evaporated atoms have a non-Maxwellian distribution

function. After several collisions, which occur in a layer with a thickness

of several mean free paths, an equilibrium Maxwellian distribution

function is established. This new distribution function corresponds to a

gas dynamic flow of the vapor. The gerier^ scheine of the vapor flow in

the case of high surface temperatures is shown in Figure 2.1.

Knudsen

layer

Weak discontinuity

Vapor,
rarefaction

wave

Shock compressed
ambient gas

-j-\ Shock wave

Ambient gas

Vapor,
uniform flow Vapor - gas

interface

Figure 2.1. Schematic of surface evajporation



The flow to the right from the Knudsen layer is described by gas dynamics

equations. The solution for the one-dimensional flow is well known [6]. The

gas dynamics solution must be "connected" to the solution of transport

equations in the Knudsen layer. This provides the value of vapor flow Mach

number at the outer boundary of the Knudsen layer [7]. In the consideration

below it is assumed that the gas-dynamics equations are solved and the Mach

number is known.

Consider the steady state evaporation of a condensed phase into a vacuum.

Let us assign subscripts "0" and "1" to the surface and end of the Knudsen

layer, correspondingly, and choose the coordinate frame connected to the

evaporating surface with x-axis perpendicular to the surface and with positive

direction into the vapor. It is generally accepted [8] that the evaporated atoms

entering the Knudsen layer have a Maxwellian distribution function for the

positive component of velocity normal to the surface, v* > 0, with number

density no(To) equal to the density of the saWated vapor at surface

temperature To

/+=«o(To)
f  r \

^

2k kT^ j
exp

I
 . 2 2 2■(^x +yy +v,') y z

I  /
. Vx>0 (2.13)

IThe flow of vapor exiting the Knudsen layer has an equilibrium Maxwellian
I

distribution function

I

10 I



/l =«1

3/2 (■
m

exp
m

[iKkTj [~ IkT,■((V,-M,)'+V/+V/) (2.14)

The flow parameters n\, m, , and Ti at the end of the Knudsen layer are

unknown and must be determined. As mentioned above, we assume that the

flow velocity, u\, at the end of the Knudsen layer can be determined from the

gas dynamics solution, and with this consideration it is assumed known,
I

M, = MiC,(D = mJ^ I (2.15)
V  fn

where Mi is the Mach number, and Cs is the|speed of sound at the end of the

Knudsen layer.

In the case of evaporation into vacuum the picture shown in Figure 2.1 is

reduced to only the rarefaction wave. Thenj in accordance with the Jouguet

condition, the flow velocity at the end of the Knudsen layer is equal to the

ykTlocal speed of sound, m, = i '
m

In this approach one obvious complication ^ses: we know the distribution
I

function of the atoms evaporated from the surface,/+; however, the
1

distribution function of the atoms returning to the condensed phase from the

vapor,/., is unknown. To determine/ one has to solve Boltzmann's
I

I

equations. However, it is possible to guess this distribution function.
I

!

11 ^



Following a method suggested by Tamm [9] and Mott-Smith[10] one can

suggest that the retuming particles have a distribution function similar to that

at the end of the Knudsen layer. Thus, i

/o = /+ =«o(^o)
f

m

In kT.

y/2 .

exp
m

2kT„

<0

/i=«i

/< \3n
m

^2nkTi
exp

m

2kT^
((Vx-"i)^+v,

/- 2 , 2 , 2^
(Vx +V, +V, ) (2.16)

+v/) (2.17)

It is important that in order to determine the unknown parameters ni,Ti, and

P we do not need to solve the Boltzmann's equation . It is sufficient to use the

fact that the flow is stationary and the consepation laws of mass, momentum,

and energy fluxes hold within the discontimiity region. Thus,

Jvx/o(v)c?v=Jv^/i(v)Jv (2.18)

JvxVo(vMv=Jv,,ViWv I (2.19)

jv^v^Mv)dv=jvyfi(y)dv (2.20)

I
1  . ,

. . - . I

Equations (2.15) to (2.20) form a set of coupled equations for the calculation

of the flow parameters at the end of the Knudsen layer and the constant p. For
-  n nn • n n I •

the particular case of evaporation in vacuurn when Mi =1, according to
I

Anisimov's calculations [11], I

12
i



P=6.29; ri = 0.67ro; m = 0.31,no(ro) (2.21)

The pressure at the end of the Knudsen layer is p\=n\kTu and the total

momentum P = p\+mn\ ui^ = n\kT\ (l+yMi^). For evaporation in vacuum

Ml = 1 and using relations (2.21) we obtain P = 0.55 po (To), where po (To) is

the saturation pressure corresponding to the surface temperature Tq. The total

momentum equals the recoil pressure, p„ applied to the surface. Thus, p, =

0.55 po (To). For Mach numbers in the range 0.5 < Mi <1 the recoil pressure is

close to 0.55 po (Tq) - 0.6 po (Tq); Calculations show that for typical laser

interaction conditions with surface temperature close to or exceeding the

boiling point, the Mach number of the vapor flow is larger than 0.5 and,

consequently, the approximation p, ~ 0.55 po (To) is justified. It is known that

the saturation vapor pressure can be presented in following form

kToj
(2.22)

where B is an empirical constant, and t/ = is the latent heat of
kN.

• a

evaporation per single atom.

Finally, for the recoil pressure we have

UPR(ro) = A(M,)Bro-"^exp
kT,

(2.23)

13



where yt(Afi) is the ambient pressure deperident (through flow Mach number,

Ml, at the end of Knudsen layer) coefficient, which in our case is close to 0.55.

I  1

2.1.4 Multiple reflection

i

As the crater depth increases with the number of applied pulses, the part
)

of the beam reflected from the surface can be intercepted by the hole

surface from the opposite side. The larger the ratio of depth to radius the

higher the number of reflections and reabsorptions that an individual ray
I

in the beam can experience before it leaves; the drilled cavity. Obviously,
i

these multiple reflections and consequent rdabsorptions can affect the

distribution of the laser beam intensity absorbed at the hole surface, and
I

they must be taken into account. [5] '

A schematic of the multiple reflection moddl is shown in Figure 2.2.

14



a,-,7.

a

Rp

Figure 2.2 The multi-reflection model

We can calculate a,, from the given curve shape,

a = -a ta.n(slope). Then we obtain,

Yp =±7C-2ai+ap

Yk =-2ap+2a,+a.

Then, given = ibeam{x),ab

15

(2.24)

(2.25)



hi = h • COS a. • ab • (cos a,. (2.26)

=/o •( -(cosa,.)"-^ ) , (2.27)

0.2=hi-^^^rp n ah-{cosyp)

= /o -cos/p -O—ah-(cosa,)°-^)-aZ?• (cos/p)"-^ (2.28)

hp =h •(l-flZ7-(cosa,)°-^)-(l-ai.(cos7p)°'^) (2.29)
i

I ok = hp n cos7t • ab n (cosrj®-^

= Iq n cosy^ -(l-ab-(cosa,.)"'^)•

(l-d!Z?-(cos7p'';^)-aZ7,-(cos7j°-^ (2.30)

Through (2.26)~(2.30), we obtain the first absorption 7^,., the first

reflection 7^,, the second absorption 7^^, tlie second reflection 7^^ and

the third absorption 7^^.

Thus at each specific point along the curve, we obtain the special first,

second and third absorptions. Addition of these three absoiptions gives
I

the incident energy for each point. Then wd can calculate the

corresponding temperature, drilling velocity and the new shape, which are

the topics of next section. |

16
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2.2 Mathematical model

The calculations will use the following assumptions:

1) The liquid is incompressible; |

2) Laser power is absorbed on the sample surface (no volumetric heat

generation), pressure and viscous dissipation terms are neglected in

the energy equation;

3) The material's thermophysical parameters are independent of

temperature and are different for solid and liquid phases;

4) The melt layer is approximated as a thin boundary layer;

5) The melt flow is quasi-one-dimensional along the sample surface and

the component of flow velocity normal to the sample surface is

assumed to be zero;

6) The influence of surface tension and gravity on the melt flow are

assumed to be insignificant compared to the effect of evaporation

induced recoil.

Assumption 2) is justified because the depth of laser radiation absorption in a

metal is much smaller than the characteristic dimension of the thermal field.
I

Future work can include temperature dependence of material parameters

disregarding the assumption 3) introduced to simplify numerical codes. The

I

approximation of a thin boundary layer 4) is justified by the numerical results
I

[15] showing that typical melt thickness in the beam interaction zone is much

17



smaller than the beam diameter. In future work assumptions 4) and 5) can be

removed and the three-dimensional flow field can be simulated. Assumption

I

6) is justified by the.numerical results reported previously [14, 15,17].

i

Taking into account the assumptions 1) - 3)^ the equations of conservation of

mass, momentum and energy can be written in following form:

divv = 0 (2.31)

(d V

dt
+ V grad V = -grad /? + /z Av

dT ^ ^ k
-fvgrad T = — V T

dt cp I

(2.32)

(2.33)

where v, p, c, T, and k are the velocity, density, specific heat, temperature and
I

heat conductivity of solid or liquid material,! p, is the melt viscosity, and p is

the pressure.

A mixed-type boundary condition is applied on the liquid - vapor boundary

— k
dT

dz
+ pV,,L^=a-R)I,

laser (2.34)
surf

where k is the heat conductivity of solid or liquid phase.
dz

is the

surf

temperature gradient at the surface, p is the density of condensed phase, Vdv is

the component of boundary velocity due to evaporation, R is the angular

18



dependent reflection coefficient for the lasdr wavelength, and /laser is the

intensity of the laser beam at the surface. Because for tj^ical welding

conditions the melt surface temperature is much lower than the material

critical temperature, the energy of evaporation of a single atom, U, can be
1

approximated as a constant. Then the component of boundary velocity due to

evaporation Vdv can be expressed by equation [16]
I

Vdv =Voexp(--^) ; (2.35)
^^surf

where Vb is a coefficient of the order of ma^itude of the velocity of sound,
I

and Tsurf is the local surface temperature.

!

The assumptions of the thin boundary layer 4) and one-dimensional character

of melt flow 5) allow integration of equation (2.31) over the melt thickness, h.

This gives an equation for drilling velocity,! Vd.

=~^|^-Vdv =-Vd^-Vd, (2.36)

Here Vm is the melt velocity along the sample surface, axis x is directed along

the sample surface and Vdm is the component of drilling velocity due to melt

motion. Note that the drilling velocity, Va, is directed normal to the sample
I

surface.

I
Application of the thin boundary layer assumption allows the pressure across

the molten layer, p, to be approximated by the evaporation recoil pressure, p^.

19



applied to the melt surface. Using the results presented in references [7,8] one

can show that the evaporation recoil pressure at the surface is related to the

surface temperature, Tsurfj according i to equation

kTs
(2.37)

utf

where A is an ambient pressure dependent coefficient, and Bq is an empirical

constant.

Then the momentum equation (2.32) can be written in following form:

^ + v fJ-
dt " dx* p dx* p dz^ (2.38)

Taking into consideration melt motion with an average velocity Vm determined

by equation (2.38) and normal to the surface motion of the melt surface with

velocity Vd determined by equations (2.35,2.37,2.38), the heat transfer

equations for the liquid and solid phases can be presented in the following

form:

<9r ^3 2d^
—  1-^ + v™3-r+Vd —=

o't ctx dz PiC,

2rr \T d^T

[dx'^'"^}

dT

PsCs

d^T d^T

(2.39)

(2.40)

Here the subscripts "1" and "s" refer to the liquid and solid phases and p ,c,T
I  i

and k are the density, specific heat, temperature and heat conductivity,

respectively. ; i

20,



The local absorbed laser beam intensity I^bs, required for the calculation of the

thermal field, is determined from the known intensity distribution and by

calculating the multiple reflection/absorption of the incident beam in the

drilled crater.

2.3 Numerical method of solution -

The equations presented in the section "Mathematical Model" are solved

numerically using an algorithm described by the flow chart shown in Figure

2.3.

1  I

21



Iqutdata
laser intaisitydistribud(Hi,I(x); I ►!
sanple surface coordinates (x,y)

BEGIN

V

N

END

V

Oufputdata ^
oata- sh^ coordmates (x,y)

calculation
cf absorbed lasCT intansity

U(xH<x,y)'^(x)

CMculalion of tenpaatuie
,  TW)
and melt vdodty

VJx)

CMculatiai of drilling vdodty,
yr=X.+V^

calculation of new
surface coodinates,

(x,y)

InaTMnHitN

true . raise
I>N

Figure 2.3. Flow chart for the calculation algorithm

A onc-dimcnsional grid is generated along the direction (x-axis) normal to the
I  I

laser beam axis with zero at the intersection of the laser beam axis and the

initial sample surface. The number of nodes | on the x-axis is 1000. The y-axis
I

is assumed to coincide with the laser beam axis. The values of the laser beam

intensity and the y-coordinates of the initial shape of the sample surface at the

22



nodes of the grid are introduced as the input data. Note that the values of y-
I  I

coordinate of the sample surface are continuous, unlike x-coordinate values,
I  n i

which are fixed to correspond to the grid.

i

Next, the absorbed laser beam energy is calculated at the nodes taking into

account angular dependence of the absorption coefficient and two subsequent

reflections. If the reflected ray intersects the;sample surface between the nodes
iv. . . . i ' . n

the calculated absorbed energy is assigned to; the closest intersection node.
.  n ; - ; n n ; n j n ■' ' -

^  . ' ' '

The calculated absorbed energy is used to compute the temperature distribution

along the normal to the sample surface at the; nodes. Because the heat
{  I

penetration depth is much smaller than the scale at which the shape of the crater
i  I

changes significantly, the heat transfer is computed in a one-dimensional

approximation along the normal.

I

An explicit difference scheme is used for the:temperature calculation. The

temperature T(i,k) is calculated from equations (2.39,2.40), with boundary

condition (2.34). Index i is the number of a node along the x-axis, and index k

is the number of a node in the direction norrnal to the sample surface.
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Tii,l) = nui) + 0.5-^ (r(/ -1,1) - T(i + l,l))v„ (0 +
ax (i) :

-^(2r(j,l) - T(i -1,1) - T(i+i,l))+ (2.41)
dx ii) . ;

4^(r(/,2) - (0 - p )
dz cpdz

i

Here dt is the calculation time step, ̂ic*(i) is the distance along the sample

surface between two points on the saniple surface corresponding to the

associated nodes, the temperature inside the sample is calculated using the

following difference scheme: '

T(i,k)=ni,k) + 0.5-^{T(i-l,ky-ni^l,k))v^(i) +
dx {i)

adt

dx (i)
- (2r(i, k) - T{i -1, )t) - r(i +1, it))+ (2.42)

adt{2T(i, k) - T(i, k-iy-T{i, k + l))

For the temperature calculations, the ihelt velocity Vm is assumed to be zero if

the temperature is below the melting point. For the regions with temperature

exceeding the material's melting point, the melt velocity is considered as known
\

from the previous time step. The difference representation of equation (2.38)

I

for the calculation of the melt flow velocity is as follows

dt

2dx\i) P  ; 1
•v„(0(v„.(i + l)-v„(i-l))

where h is the melt thickness at the point corresponding to the i-th node.
I  I

P Vm(0
P

(2.43)

I
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The drilling velocity is computed using the difference representation of

equation (2.36)

T/ +1) - v(i - l))h „ ,^d(0- T— -Vd^O)
2dx(i) I I

(2.44)

Then new coordinates of the i-th point on the sample surface are calculated:

-  : (2.45)
nx(i) = x(i) + Vd (i) cos(a)

ny(i) = y(0 + Vd (0 sin(a)

where a is the angle between the normal to the surface and the laser beam axis.

Finally the y coordinates of the sample surface are recalculated for the nodes on
!  ' '

the x-axis providing the sample suifaCe shape (drilled crater profile).

I
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Chapter 3

Simulation Results

In order to simulate the laser drilling successfully,, we have to select stable and

applicable parameters to use in the computer simulation. In this chapter, we will

decide how many reflections of the laser beam should be considered to get a

satisfactory result, what time step and grid spacing is appropriate, what is the effect of

different laser beam radial profiles, what is the effect of the incidence angle on the

drilling shape, what is the temporal distribution of temperature during the laser pulse

and what is the effect of melting flow on the drilling shape. Once these parameters

have been determined, a simulation will be performed for direct comparison with an

actual drilling experiment performed by the General Electric Corporation. [5]

3.1 Selection of parameters

3.1.1 Multiple reflections

Simulations were performed to determine the effect of one, two and three

reflections.

I  1

From Figure 3.1 and Figure 3.2, we see that we get much deeper drilling

with additional reflections. It is an expected result because there is still
'  I

substantial energy left after the first absorption. We also see that there is not

much difference between two reflections land three reflections. That is
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because after the second absorption most of the energy in the beam has been

absorbed. It is also important to note that the second and third reflections

cause a lateral displacement of the drilled hole for non-normal incidence

angles. So we conclude that it will be adequate to consider only three

reflections in the following simulations.

3.1.2 Beam profiles

Simulations were performed using both top-hat and Gaussian laser beam

profiles to determine the effect of beam profiles on the resulting drilling hole

shapes.

Here we simulate the laser intensity in two ways. One is the gaussian shape,

another is the top-hat shape. Both the Gaussian beam and the top-hat beam

have the same peak intensity and beam radius. The total beam energy is not

the same, the top-hat beam contains more energy than the Gaussian beam.

In Figure 3.3, we see that the Gaussian shape drills wider but shallower and

the top-hat shape drills narrower but deeper. So it is apparent that the

intensity distribution has a great effect on the drilling hole shape. If we just

reduce the intensity, but keep the same intensity distribution pattern, we will
I  1

get the same drilling shape although the depth will be shallower.
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The Gaussian beam result best matches the experiment and hence, we will

use a Gaussian beam profile in the Remaining calculations.
I  I

I

3.1.3 Angle of incidence ' '

Simulations were performed to compare the different results using 0 degree

and 60 degree laser beam incidence angles.

If the laser hits the target at 0 degrees, we obtain a symmetrical drilling hole,
1  1

just as shown in Figure 3.4. In practice, the incidence angle is often not

normal to the work piece surface. Here we will use an angle of 60 degrees,,

and find (Figure 3.5) that the drilling hole is displaced from the laser beam

axis. The slope in the left side is much.steeper than in the right side, hence

the drilled hole is not symmetric with respect to the laser beam axis. This is
I  I

caused by the multiple reflections;'most of second and third reflections are
I

I  t

absorbed by the right side as shown in Figure 3.2. So the left side receives
1  I

!

less energy, and the slope is much Steeper.

In the General Electrical Corporation experiment, a 60 degree incidence

angle was used. ' |

3.1.4 Pulse duration
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Simulations were performed using different laser pulse duration times (50ns,

ICQ ns, 150ns) to calculate the temporal temperature distribution during the

pulse. I

In all 3 cases, the temperature at the center point reaches steady values of

approximately 5400 K after 10 ns (Figure 3.6, Figure 3.7, Figure 3.8).

Hence, we can assume that the metal temperature is steady during the whole

laser pulse. We will use 100 ns for the calculation.

When we compare the drill hole shapes for these 3 cases, we find that the

drilling depth scales nearly linear with the duration time (Figure 3.9). This
I

occurs as a result of the steady temperature.

The center point evaporation during the whole laser pulse is shown in Figure

3.10. When the temperature reaches a steady value, the evaporation also

reaches a steady state. The Anisirnov article [2] also supports this

conclusion. I

i  i

The center point drilling depth during the whole laser pulse is shown in'

Figure 3.11. It, too, is nearly linear with time, and is also in agreement with
I  I

Anisimov's conclusion. [2]
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3.1.5 Time step and grid spacing ;

Simulations were performed using different time steps and grid spacing to

determine the best time step and grid spacing to use for the General Electric

comparison. ' I

\

i  I

Because of the numerical stability constraint (using an explicit difference

method, the heat diffusion coefficient times the time step divided by the

square of the grid spacing must be less than 0.5), we have to consider the

time step and the grid spacing simultaneously.

' 1

I

Big time steps and grid spacing would red.uce the calculation time

dramatically, but they are often not convergent. So we will search for the

I  J

largest possible time step and grid spacing that leads to a satisfactory

I  I

convergence of the numerical solution.

i  1

We tried 3 different cases: 1) time istep = 2e-9 s, grid spacing = 2e-5 cm. 2)
1  I

time step = 5e-10 s, grid spacing = le-5 cin. 3) time step = 2e-l 1 s, grid

spacing = 2e-6cm. Figure 3.12 shows tha!t after just 200 laser pulses, the
J  , n n

temperature of case 1 and case 2 shows strong fluctuation, but case 3 is still

i
very smooth. This shows that case 1 and .case 2 are unstable and we will use

i  i

case 3. Case 3 is the best for our present computer (sparc5 workstation). If a
I  I

I  I

n  I I
I

i  i
'  I
1  I

I  I

i  I
I  i



faster machine were used, the time step and grid spacing could be made

smaller to obtain a iiiore accurate result. !

I  I

3.1.6 Melting i

Simulations were attempted to ev^uate the effect of the flow of molten

metal. ' '

I

I  1

When we account for the movement of rrielting metal (Figure.3.13), we find

that after 200 laser pulses, the drilling hole shows a small difference. For a

long drilling time, the melting effect may, become important, but our present

program is not stable for long time calculations that include melt flow.

Therefore, we could not confirm what the drilling difference will be after a

long drilling time. The nurnerical. method should be improved in future work

to allow for the effect of melting. '
•  I

I

I  I

In the experimental comparison, the melting effect will be neglected.
I

I

I  I

3.2 Drilling simulation results !

i  !
We will simulate an actual laser drilling experiment performed at the General

i  I
Electrical Corporation (GE), and will usejthe experimental parameters for the

1  I

simulation. The drilling material is steel, | the laser is CO^, laser peak

intensity is 10® W /crn^, the incidence angle is 60 degrees, the laser beam
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radius is 2-10 ̂ cm. We are not sure what is the GE experimental laser

duration or the total number of pulses used, but it does not affect the drilling
I

shape much. We will select 100 ns, and we use the Gaussian beam as the

beam profile.

i

I  I

We calculate the drill hole shapes for 1000, 2000, 3000,4000 and 5000 laser

pulses for both 0 degree and 60 degree incidence angles (Figure 3.14 and
I

Figure 3.15). We see that the total drilling depth is nearly the same, but the

drilling hole shape is very different As discussed above, it is the result of

the incidence angle and multi-reflection. !

I

Figure 3.16 is the experimental result from the General Electric Corporation.

We see that the calculated drill hole is ne^ly the same as the experiment

after 12000 pulses. In the right side, there is some melting deposition in the

experimental result. In our program, we assume the metal is either

evaporated or driven away by the melting. But in reality, some melting flow

will not be driven away by gas flow and will stay on the outside of the

drilling hole, and some evaporation will condense and drop to the outside of

the drilling hole. In our program, jve assume the thickness of metal is

infinity, but in reality it is limited, !and it Is often very thin. When the laser

beam drills through the metal, the center portion of the laser beam will just

pass through the hole without absorption Jand reflection. But in our program

3l i
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we always get some reflection from this section. We can see the left side

slope is shallower than the right side. It confirms our theory that multi-

reflection and reabsorption are important in the determination of drilling hole

shape. As a whole, the simulation satisfactorily predicts the drilling hole

shape, although the pulse duration and number of pulses is unknown. This

simulation method should be useful for predicting the shape of laser drilled

holes in a variety of industrial applications.
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Chapter 4

Conclusions and Recommendations

In Chapter 3, we calculated several different cases,to determine suitable

simulation parameters. Then we used these parameters to simulate one

experimental result of laser drilling performed by the General Electrical

Corporation. The simulation satisfactorily predicted the experimental hole shape.

From this study we draw the following conclusions:

1. Beam intensity distribution has a significant effect on the crater shape within
'  i

the assumption of constmt peak intensity. I

2. Multiple reflection and re-absorption must be taken into consideration in the

2D or 3D modeling of the hole profile. However, the heat transfer and

interface propagation can be modeled using a ID approximation under

typical processing conditions. ;

3. The axis of the hole, drilled with a large incidence angle, deviates
I  i

significantly from the laser beam axis because of multi-reflection and

I

reabsorption. '
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4. Comparison with the General Electric experiniental result shows that the

drilled profiles can be suecessfully simulated using the developed computer

code.

When we compare the results for melting code and no-melting code, we find that

after considering the melting, the drilling hole is deeper even after just 200 laser

pulses. When laser intensity is not very high or the laser pulse duration time is

long, the melting flow will have an even larger effect on the drilling shape. So,

for future calculations, we recommend that the melting movement effect be

included.

In our present program, we use a simple explicit difference method, which

determines the limitation in time step and grid spacing. We strongly recommend

a change to an implicit difference method, which will be stable for large time

steps and grid spacing.
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