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SYNOPSIS

The reactive gas assisted laser cutting process is influenced strongly by
characteristics such as: power mode (i.e. CW or pulsed), power density,
transverse mode, beam polarisation; set-up of operating system such as: beam
delivery optics, nozzle type, assist gas type and gas pressure, beam-focusing,
laser beam operating position (offset), and feedrate; and characteristics of
target material such as: conductivity, diffusivity, melting temperature, boiling
temperature, latent heat of melting and vaporisation, plasma formation,
exothermic chemical reaction with reactive gas O7, and relevant viscosities.
So many parameters are involved that inevitably laser cutting is a highly non-

linear process and consequently difficult to analyse or predict.

Relationships between the operational parameters and cut quality were
investigated empirically. As long as the cut can be initiated, change of focal
point offset distance does not greatly influence the size of the heat affected
zone (HAZ). The kerf surface roughness is slightly increased when the offset
distance is increased. The best focal point position, for cutting mild steel up
to 6 mm, is on the surface. Increasing the assist gas pressure reduces the HAZ
size slightly, reduces dross attachment and has little effect on the kerf surface
roughness. The effects are more pronounced on the mild steel than stainless
steel because of the higher viscosity of liquid phase stainless steel. A slower
feedrate increases both the HAZ size and the roughness of the kerf surface;

therefore, feedrate is chosen as the major control parameter in the cutting

system.
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Spark cone images from the workpiece lower surface are analysed. An
intense uniform cone was observed when a clean cut was performed. Sparser
spark cone images were characteristic of poorer quality cuts where dross

attachment disturbs the gas-metal mixture flow.

A hierarchically structured environment that integrates a knowledge-based
expert system, adaptive process control and pattern recognition techniques for
controlling the laser cutting process are developed. Knowledge of the laser
cutting process for different materials is organised and encoded into a rule-
based system. An adaptive control algorithm based on on-line recursive
parameter estimation and on-line control law synthesis was adopted for the
highly non-linear cutting process control. Cutting speed was selected as the
major control variable. Irradiance emitted from the cut front was used for the
feedback signal to this adaptive controller. The irradiance signal feeds the
recursive parameter estimator for system identification. Techniques of pattern
recognition, which have been well developed in coherent optics, were applied
to the cutting quality analysis by characterising the exit spark cone images of
the gas assisted laser cutting process. Images from the cutting processes were
grabbed, edge enhanced and correlated with a synthetic discriminant function
(SDF) filter which was synthesised from reference images known to give
good cut quality. The SDF discrimination performance was enhanced by
incorporating the Wiener filter into its construction, such that the in-class
image and out-of-class image were integrated into a single filter. Results from
digital simulations based on these pattern recognition algorithms are also

presented.
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1-1 Introduction

CO9 laser cutting delivers a high processing speed, narrow kerf width, small
heat affected zone (HAZ) on the cutting edges, capability of processing
traditionally difficult materials, and comparatively low operating costs. It has
been developed into an exceptionally effective and powerful materials
processing method that is used extensively by industry world-wide [1][2].

World wide investment into laser related processes enjoys continuous growth

[3][4].

The effectiveness of laser cutting processes depends on the control of laser
characteristics such as: power mode (i.e. pulsed or CW), power density,
transverse laser mode, and operating polarisation; set-up of operating system
. such as: beam delivery optics, nozzle type, assist gas type and pressure, beam
focusing, operating distance, and beam feed rate; and characteristics of target
material such as: thermal conductivity, thermal diffusivity, melting
temperature, boiling temperature, latent heat of melting and vaporisation,
plasma formation, heat of chemical reaction with reactive gas 07, and various
viscosities. So many parameters influence the performance of the laser cutting
process that inevitably it is highly non-linear and very difficult to analyse. In
order to establish an appropriate cutting model, to facilitate process control,
numerous investigations into the beam / workpiece interaction process have
been conducted. D. Schuocker [5][6], M. Vicanek et al [7], and M. J. Tasi et
al [8] have developed a model based on the nearly period striation patterns
that are found on the kerf side walls. Their laser cutting model is based on the
stability analysis of the melt flow over the transient cut surface. Through the

investigation of the dynamic behaviour of this thin film flow, they

2



characterised the thickness of this thin layer and the frequency range for a
stable cutting process. The model predicts the necessary feed rate required for
the laser cutting process. K. A. Bunting et al [9] used a cylindrical source
model to investigate the relationship between the incident power density, the
nozzle head and the resulting cutting speed. Bunting established a relationship
between the incident power density per unit thickness and the cut speed in
terms of the thermal properties of the material. P.G. Klemens [10] proposed a
semi-quantitative model to predict the processes. G. Chryssolouris et al [11]
and W. M. Steen [12] further simplified the analysis and proposed a simple
cutting model to predict the process. Theoretical analysis of laser-material
interactions are widely discussed in many books and papers in order to
understand and establish models for laser cutting processes, Carslaw et

al{13], Bass[14], Ready[15], Bertolotti[16], Duley et al{17], Cohen[18],
Duley et al[19].

Experimental investigations provide an alternative approach in understanding
laser cutting phenomena and a method with which to establish relationships
between the operating parameters and the cut quality. R. Fabbro et al [20], T.
T. Saito et al [21] analysed the beam absorption in laser processing of
materials. R. Jeanloz et al [22] investigated the temperature distribution in
laser heated materials. H.Y. Zheng et al [23] studied the relationship between
the kerf and the laser cut quality. Extensive studies into the relationship
between operating parameters and cutting quality have been undertaken by
many researchers, Nielsen[24], Alwan[25], Hussain[26]. Different techniques
utilising experimental results were adapted for laser cutting process control by

Zheng et al[23], Nagarajan et al[27], Tivin et al[28], Sellathamby et al[29].



Due to the great difficulty in analysing the complex laser cutting phenomena

and the non-linear laser cutting process - a different approach is thus needed.

As mentioned above, the phenomena in laser material processing have been
widely studied, the results are scattered in the literature and more or less
incomplete. Formula and data discovered by one researcher quite often may
not be correct or useful to another. Also, results may deviate from each other
significantly when different systems with different set-ups are used. An
algorithm that is system independent and set-up unrelated is therefore

required.

The recent and rapid development in artificial intelligence and expert systems
along with well established control techniques provide a satisfactory solution
for this requirement. A hierarchically structured control system that integrates
a knowledge-based expert system, adaptive process control and pattern
recognition techniques has been developed for a Ferranti MFKP 1.2kW CO7

laser manufacturing system to assist and control the cutting process.

Laser cutting process knowledge, for different materials, is organised and
implemented with a rule-based system. An adaptive control algorithm based
on on-line recursive parameter estimation and real-time control synthesis was
adopted for the highly non-linear cutting process control. Laser beam feedrate
was chosen as the system control input. Irradiance emitted from the cut front
was sampled and fed back to this adaptive controller and used as the input to
the recursive parameter estimator for system identification. A compensation
signal is then evaluated, based on the identified system dynamics, through the

synthesised controller and is output to the control actuator for system
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regulation. A pattern recognition technique that utilises cross correlation with
a synthetic discriminant function (SDF) filter was adopted and applied to the
cut quality control. Images of the exit spark cone that occurred during the
cutting process were grabbed, edge enhanced and cross-correlated with ideal
reference images encoded in the SDF filter. Digital techniques based on these
pattern recognition algorithms were developed to simulate the performance of
the proposed real-time optical implementation. The windows environment
was utilised for the graphical user interface. The rapid developments and vast
research in the personal computer (PC) industry provides both reliable
performance and competitive cost. The PC-based environment was thus
chosen for building the control environment for this CO7 laser cutting

manufacturing system.

In chapter 2, fundamental CO) laser theories are reviewed and the
characteristics of the practical laser manufacturing system are discussed.
Theoretical analysis of the laser-material interaction are then discussed and
reviewed. Basic laser cutting models are analysed and a reference model that
will be used for the adaptive controller is established. Experiments that
investigate the relationships between the process operating parameters, such
as feedrate, gas pressure, focal height offset distance, and the cut quality are
described and discussed in chapter 3. Analysis of the relationships between
the characteristics of the kerf surface striation patterns and the operation
parameters are presented in chapter 4. Investigations of the spark cone
images with respéct to cut process quality are discussed in chapter 5. Finally,
the whole control system development is described in both chapter 6 and
chapter 7. The knowledge-based expert shell and adaptive controller is first

described in chapter 6. The spark cone image evaluation system is described
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in chapter 7. Chapter 8 concludes with a discussion and suggestions for future

research.
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Nomenclature

a(w) = Atomic polarizability

A =Einstein 'A’ coefficient (sec-1)

c = Speed of light

C = Thermal conductivity

DT = Total dissipation (photons / cm3 sec)
e = Electron charge

E = Energy (J)

Eext = Extemal electric field on electron
Eint = Intemal electric field on electron
Ejoc = Local electric field on electron

F = Coupling efficient

H = Heat flux

IP  =Input power (Watt / cm3)
k = Extinction coefficient

k's1 = Transfer rate between level 5 & level 1 (sec-1)
k'15 = Transfer rate between level 1 & level 5 (sec-1)

K = Thermal diffusivity

Ksp = A =Spontaneous emission rate (sec'l)

K137 = Transfer rate between level 1 and level 32 (sec-1)
K2131= Transfer rate between level 21 and level 31 (sec-1)
K7231= Transfer rate between level 22 and level 31 (sec1)
K320 = Transfer rate between level 32 and level O (sec-1)

m = Mass of electron

n = Complex refractive index

ny = Molecular population (molecules / cm3)

N = Number of dipole per unit volume

P = Dipole moment of electron

P = Polarisation

r = Displacement of an electron in an electric field
R = Reflectivity

tg = Thermal time constant

tsp = Radiative lifetime (sec)
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v(x,t) = Temperature distribution

wo = Beam radius in front of focusing lens (mm)
wk = Focused beam radius (mm)
o = Rate of direct excitation of CO7 (sec-1)

€9 = Initial phase

M =Rate of direct de-excitation of CO7 (sec-1)
A = Wavelength of laser beam

p = Specific density

r = Damping coefficient of electron

(0] = Angular frequency of laser beam (rad / sec)

Subscripts:

conduction = Refers to conduction heat
convection = Refers to convection heat

CO7 = Carbon Dioxide

e = Electron energy

latent = Refers to latent heat

loss = Refers to energy loss

L = Refers to laser energy

R = Refers to chemical reaction energy

0001 = Vibrational mode

0,1,2,3,4,5,21,22,31,32 = Refers to energy levels
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2-1 Introduction

Since the first observation of the continuous wave (CW) laser action at
approximately 10 pm was reported in 1964 by Patel et al [1], the Carbon
Dioxide Laser (CO7 laser) has been intensively investigated and developed,

it is now one of the most powerful and efficient laser sources available.

Ranging from milliwatts to multi-kilo watts in CW operation, or to multi-
kilo hertz pulse repetition frequencies (PRF) in pulse-mode processing and
up to 30% efficiency [2], the CO7 laser has been widely adopted for various

applications which include:

. medical operation: eye and tissue surgery
. materials processing: welding, cutting, and surface engineering
. nuclear research: laser fusion

. military equipment: laser beam weapon

The feasibility and success of these applications relies on the physics of the
interaction between the laser and the workpiece. The quality of material
processing is determined by how effectively the laser energy is coupled into
the processed materials. This laser-material interaction is a function of

(1) laser characteristics: mode, PRF or CW, irradiance (Watt/cm?2),
polarisation, beam diameter, pointing stability;

(2) material specifications: reflectivity, absorption, emissivity, thermal
conductivity, diffusivity, melting temperature, vaporisation temperature,

latent heat of melting, latent heat of vaporisation, specific heat, density;
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(3) process factors: laser feedrate, ambient gas - type & pressure, focusing
height.

(4) beam delivery system: mirrors, polarizer, focusing lens.

This chapter examines basic laser theory in order to understand the
characteristics of the laser. This is followed by analysis of the laser-material
interaction and a laser cutting model is established as a reference model for
the adaptive control system. Finally, the relationships between the system

parameters and cutting quality are discussed.

2-2 Laser Fundamentals
2-2.1 CO3 Laser Operating Principle

The CO7 laser is a molecular laser, the energy levels relevant to laser action
are those that describe the internuclear vibrations of the molecule. The
internuclear vibrations of the molecule are the relative motions of the
constituent atoms. The CO7 molecule executes three basic internal

vibrations, the so-called normal modes of vibration. As described in figure
2-2.1.

(1) unexcited molecule: the molecules are at rest.

(i1) symmetric stretch mode: the atoms vibrate along the internuclear axis in

a symmetric manner.
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(iii) bending mode: the atoms vibrate symmetrically along an axis
perpendicular to the internuclear axis which includes two degenerate
vibration modes with equal frequency.

(iv) asymmetric stretching mode: the atoms vibrate asymmetrically along the

internuclear axis.

These four vibrational energy groupings include all the significantly
populated energy levels. The energy groupings are shown in figure 2-2.2.
Internal relaxation rates within these groups are considered to be infinitely
fast when compared with the rate of energy transfer between groups. In
reality the internal relaxation rates are at least an order of magnitude greater
than the rates between groups. [3]

The CO7 laser operates as a 4-level system. The basic operating principles
contain three stages which are described respectively as follow, refer to
figure 2-2.2:

1. Population inversion: the population inversion between the upper laser
level and the lower laser level of the COp molecules result from the
combination of the following effects:

(1)Direct excitation: the CO9 molecules are excited by direct electron
impact and are pumped from the ground state to the upper laser level
A((OOOI) level) which contains a single energy quantum of asymmetric

stretching mode vibration. The rate of kinetic energy transfer o is given by

*
o= Ecﬁ(sec‘1 ) (2-2.1)

EOOOI * no
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(2)Direct de-excitation: The reverse process of the above takes place when
molecules loose energy to the electrons and the electrons gain an equal
amount of kinetic energy. The rate of de-excitation 1 is calculated from o

by the relationship.

E 0001
Ee

N = aexp(——)(sec—1) (2-2.2)

(3)Resonant energy transfer: Resonant energy transfer between the CO7
(0001) and N7 (v=1) energy levels proceeds via excited molecules colliding
with ground state molecules. A large part of the excitation of the upper laser
level takes place via collisions between excited N2 molecules and ground
state CO2 molecules. The generally accepted value for this rate of energy
transfer k's1 and k'1 5, refer to figure 2-2.2, is 1.9x104 sec-1 torr-1 at 300k,
hence,

k's1 = 19000 PCO9 (sec-1)

kK'15 = 19000 PN» (sec-1)

(4)Radiative relaxation: i.e., the spontaneous radiative decay.

The Einstein 'A’ coefficient for the CO laser is:

A =é=0.2l3(sec‘1) (2-2.3)

This is not considered to be a major relaxation process in the CO» laser.
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2. Stimulated emission: To date there are nearly 200 CO2 laser oscillations
resulting from vibration rotation transitions among a number of low-lying
(Ev < 1eV) vibration levels in the ground electronic 1X state of the CO7
molecule. These oscillations cover the spectral range from 9 to 18 pm.

Among them, two of the strongest groups arise from the

(i) 0001 -> 1000 band: with band edge at 10.4 pm
(ii) 0001 -> 0200 band: with band edge at 9.4 um

Figure 2-2.3 details the laser transition diagram for the above two bands.
Considering a laser oscillator with two plane mirrors, one placed at either
end of an active medium, with one mirror partially transmitting, laser action
will normally be initiated by spontaneous emission that happens to produce
radiation whose direction is normal to the end mirrors and falls within the
resonant modes of the cavity. By assuming constant photon flux throughout
the cavity length and basing the calculation of stimulated emission on an
average unit volume, Moore[4] developed a mathematical model to describe
the stimulated emission. A radically improved model was developed by
Chatwin[3] which cqnsiders the transient development of waves
propagating within the volume and takes account of intensity gradients
when calculating the stimulated emission. A set of rate equations were

obtained as follows:

dni = ano—nNm+ Ksins — Kisni — Ky — Km{nl - .L“_enn} - Dr (2-2.4)
ns
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dnz _ Kspni+ Dt~ sz{nzl - Eem‘} - Kzzsl{nzz - Eem‘} (2-2.5)
dt n3i n3i

dns n2i n2
— = 2K 21314 n21 — —ens1 ¢ + K 22318 n22 — —eN31

dt nsi ns3i
(2-2.6)
+K132{n1 - ﬂenzz} - Kazo{mz - —n—sz-eno}
ns2 no
%=Yn4—an—Ksms+K15m (2-2.7)

3. Recovery: the molecules in the low levels return to the ground state by

fast radiationless decay.

N7 and He are usually mixed with CO7 as the working gas in the laser
system in order to raise the laser efficiency. The N2 molecules excited by
the electron impact are pumped up to the (v=1) state. These excited Np
molecules then collide with the ground state CO molecules and transfer
their excitation energy to the CO7 molecules, which excites them to the
(0001) state. This energy transformation contributes greatly to the
population inversion. The He molecules increase the speed at which CO9
molecules return to their ground state. This process decreases the number of
CO72 molecules retained in the lower level and therefore enhances the

population inversion.

2-2.2 Ferranti MFKP COj Laser Manufacturing System
Characteristics

The Ferranti MFKP CO7 Laser manufacturing system includes:

18



1. Ferranti MFKP CO2 laser head
2. Pulser unit - power supply
3. Heidenhain TNC 155AR NC controller
4. X-Y working table
5. Auxiliary subsystems:
(1) water cooling system
(2) gas control system
(3) air circulation system

(4) beam delivery system

A schematic is given in figure 2-2.4.

The Ferranti MFKP CO» laser is a slow axial flow type system (with a
periodic gas purging function). The characteristics of this system are
summarized as follows:

1. power range: two ranges - high/1200W, low/500W

2. operating mode: (1) continuous wave (CW)
(2) pulse mode:
(1) pulse length: 0.0001 ~ 9.9 sec
(ii) pulse separation: 0.0001 ~ 9.9 sec

3. laser mode: A laser cavity is an optical oscillator. When it is oscillating,
there will be standing electromagnetic waves set up within the cavity which
are defined by the cavity geometry in three dimensions; hence, longitudinal
and transverse modes characterise the laser output. The classification of

these Transverse Electrofnagnetic Mode patterns (TEMplq) is :
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p = Number of radial zero fields
1 = Number of angular zero fields

q = Number of longitudinal zero fields
Figure 2-2.5 illustrates some of the mode patterns.

Most of the slow flow (SF) lasers, such as the Ferranti MFKP laser, operate
with a nearly perfect TEMqq or TEM(* The Ferranti MFKP is designed
to be operated in the TEM(y. This was verified by the beam burn patterns
produced in a perspex target. The intensity distribution of this fundamental
mode (TEM(y) is shown in figure 2-2.6.

4. beam radius: [see figure 2-2.7]

The distance between the output collimating mirror and the final beam
delivery mirror is about 1 m. From this, it is estimated that the beam radius
in front of focusing lens is about 6mm. This estimation was confirmed by
the burn pattern generated in a perspex target under the nozzle without the

focusing lens.

5. spot size: Laser beam exiting the output window is a TEMq( (gaussian)
mode beam which has been described above. ® is defined as the radial

coordinate at which the intensity has fallen to 1/e2 times its maximum value.

Fourier Transform Method:

When a TEM wave passes through a lens, the image formed at its focal

plane is the Fourier Transform of the input wave function. By using this
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approach, the focused spot size of a gaussian beam can be evaluated:

The definition of a Fourier Transform is:

F(k)= | f(x)exp(-iknd (22.8)

for a gaussian distribution function:

f(x) = C exp(-ax2) (2-2.9)
where we define the radius of the beam R as the point where the intensity

has fallen to 1/e2 of it maximum value. In this case R = (a)-1/2,

Taking the Fourier Transform of this gaussian function

F(k) = f C exp(-ax2) exp(-ikx)dx

C +oo
= @172 &P (-k%/4a) | exp(-p2)dp (2-2.10)
where: T exp(-B2)dﬁ = (n)1/2
therefore :
F(k) = C(m)1/2 / () 1/2 exp(-k2/4a) (2-2.11)
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Figure 2-2.8 illustrates the result.

Defining w( as the radius of the beam in front of the focusing lens at which

the intensity has fallen to 1/e2 of its maximum value
1 112
Wo=2_C= (a)-1/
again wy the radius of the beam after the focusing lens

W == (Cm2/ @12)

therefore:
wi = 2(a)1/2 = 2/wq (2-2.12)

e.g. the incoming beam radius of this Ferranti CO7 laser is approximately

6mm, therefore we can calculate the spot size from the above formula
wk =2/wp =2/6=0.3mm

6. circular polarized output: by constructing a circular polarizer right after
the output window, the two-state randomly linear polarized beam is
transferred into a circular polarized beam. This circular polarized beam is
favoured for general laser processing of materials as the cut quality remains

the same no matter what the direction of the cut.

22



7. remote control: the pulser unit has a built-in interface circuit which
enables the laser system to be adjusted remotely through an RS-232 serial
interface or parallel interface. That is, the pulsing condition can be
controlled through an external controller, like a PC, as is the case for this
particular CO2 laser manufacturing system. Figure 2-2.9 gives a schematic

of this particular arrangement.

The original idea of this remote control system is good for batch processing
where each batch of components requires different process parameter
settings. Because of the built-in shutter interlock, the time needed to change
the pulse parameters is quite long, about 200ms. On-line real-time control of
the pulsing condition is thus difficult. As most laser processing benefits
from operating the laser at a high PRF, real time control is difficult. Due to
the limitation on control of the P.R.F., the scan speed of laser beam

(feedrate) is , therefore, the major control parameter.

2-3 Laser - Material Interaction

When laser radiation falls onto a target surface during laser processing, part
of it is absorbed and part is reflected. The energy that is absorbed begins to
heat the surface. Due to different power density, pulse duration, and
different material characteristics ,which have been described above,
different physical processes will dominate the laser-material interaction.
When the power density is low, laser energy is absorbed within the "skin
depth", .and is transmitted to the main body of the target by thermal

conduction. As the power density becomes higher, the surface material
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quickly rises to its melting temperature; the melting process then dominates
the interaction. Melting without vaporization of the target is of particular
interest for welding applications. For different materials which have
different "thermal diffusivity”, there is only a narrow range of laser
irradiance, and pulse duration, suitable for each material for welding

applications.

As the power density gets higher, the surface temperature of the material
reaches its boiling temperature, and part of the material starts to vaporize.
When the laser power density becomes even higher, a small amount of
target material is vaporized and is heated to a high temperature. It thus
becomes slightly thermally ionized and produces an opaque high-
temperature plasma plume. During the gas assisted laser cutting process,
this plasma plume is blown away as soon as it is genérated, therefore, the
laser energy can be coupled into the workpiece surface and conducted down
to the material main body. The difference between temperatures in the
centre part of the interaction zone generates a transverse pressure gradient
which exerts a downward pressure on the melted material in the interaction
zone and ejects the liquid out from the interaction zone. The transverse
pressure gradient causes the liquid to flow in an outward direction. As the
amount of energy absorbed increases, a laser supported absorption (LSA)
wave occurs and propagates back towards the laser, which effectively cuts
off the laser light from the surface. Some experiments have been carried out

to demonstrate this effect by Schriempf et al [5].

At very high power density, the physical process is dominated by inverse

Bremsstrahlung. In this process, a photon of the laser light is absorbed by a
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free electron in the plasma. The electron is raised to a higher-lying energy
state in the continuum of states available to it. At the same time, an ion
recoils in order to take up the residual momentum. At still higher power
levels, collective plasma effects become important. In these effects, light is
absorbed by interaction with a number of plasma particles collectively,
instead of by a single electron. This leads to generation of ion waves in the
plasma, collective oscillations of charged particles in the plasma, or other
electromagnetic modes (i.e., reradiation of light at frequencies different
from the incident laser frequency). These collective plasma effects are of
particular interest to the development of laser-assisted thermo-nuclear

fusion.

These physical phenomena are schematically summarized in figure 2-3.1(a),
figure 2-3.1(b) and the approximate power ranges of laser power density at

which different processes dominate are listed in Table 2-3.1.

The maximum output power of this Ferranti MFKP CO, is 1200 watts.
Therefore the focused power density is approximately 106 (watt/cy2). The
dominant phenomenon is thus melting. In the gas assisted cutting process,
the tiny portion of the "skin depth" on the surface rapidly rises to the boiling
point and forms a plasma layer. Due to the strong gas jet effect, only a very
thin plasma layer exists. This thin plasma layer absorbs the laser energy and

re-radiates it into the metal workpiece causing it to melt.

In a laser cutting process, the energy absorbed by the material Will cause
changes of the phase of the material. And, this phase transition also

influences the amount of energy the material absorbs. Some people describe
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this kind of phenomenon as a cyclic effect [6]. Gas is commonly used for
cutting processes, especially when cutting thick materials, hence, forced
convection will occur. Also oxidization and bumning occurs when a reactive
gas, like oxygen, is utilized, for example, the cutting process of mild steel.
The parameters, such as feedrate (scan_rate) of laser beam, spot size /
focusing position, power intensity, will influence the amount of energy

absorbed by the material and will thus affect the cut quality.

The physical phenomena that control the laser cutting process are highly
non-linear and not directly amenable to analytical techniques. It is difficult
to develop a model which is able to incorporate all the above effects.

Starting from energy absorption, and the laser / material coupling effect and
temperature distribution, a simplified but adequate model is thereby
established in order to develop rules to control the laser parameters for

cutting materials with a different specification.

2-3.1 Absorption

Laser energy absorption of material, is not only dependent upon specific
characteristics of a certain material, but is also a function of incident power

intensity, induced surface temperature and surface roughness.
From the classical viewpoint, the process of optical absorption can be

described as an electro-magnetic field, which causes the electrons, within

the material, to be moved in the presence of damping or frictional forces.

26



For metals, the conduction band electrons interact with the optical electric
field, the resulting free electron motion is damped by collisions with the
vibrating lattice and so some of the light energy is transferred to the lattice.

It is in this manner that the material is heated.

H.A. Lorentz [7] and P.K.L. Drude [8] both treat the solid which interacts
with the light as a set of harmonic oscillators under the action of an external,
periodically changing force field. The description of absorption in a
dielectric material is due to the Lorentz-model, and in metal it is described
by the Drude-model.

The Lorentz - model:
Consider a bound electron in a solid irradiated by a laser beam of angular
frequency ® = 2mc/A. The position r of an electron of mass m (neglect the

finite mass the nuclei) due to the electrical field is described by:

mr + mrr + m0)02r = '.'CEIOC (2'3.1)

where:
mIT: the viscous damping force

moy2r: the Hooke's law restoring force

E,c: the local electrical field on the electron

one possible solution to (2-3.1) is:
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r=-(e/m)/ [ (P2 + ©2) -iL @] Ejpc (2-3.2)
The dipole moment induced by the motion of an electron is:

p = -re / (47€p)1/2 (2-3.3)
For a small excursion r, p is a linear function of the field, i.e.

p = aEjoc (47€()1/2 (2-3.4)
by (2-3.2), (2-3.3) and (2-3.4) we can define the atomic polarizability
a(0) = (€2/47€y.m) / [ (Vo2 + w2) -iT®] (2-3.5)

This is the microscopic polarizability pertinent to the local electrical field.

As for the macroscopic polarization, we can define it as:

P = Na€y<Ejoc> = €00 Eint (2-3.6)

for a free electron metal, <E|oc> = Ejpt. The external field Eex¢ is a
superposition of the macroscopic field Ejy; plus the induced macroscopic
polarization, i.e.

Eext = Eint + 4™P/8g = Ejp¢ ( 1 + 4™Na) = €E;jpy¢ (2-3.7)

This yields the result of €, the complex dielectric constant as:
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e =1+ (NeZ/mEp)/[ (Pg2 + 02) iT'®] =€; + i€y (2-3.8)
From (2-3.8), the real and imaginary parts of the dielectric constant are:

€1=n2-k2=1+ (Ne2/mép) . [(©Pg2 + ©2)/(®p2 + ©2)2 4 1202

(2-3.9)
€y =2nk = (Ne2/m30) ] [FOJ/ (&)02 + (02)2 + F2(D2] (2-3.10)
From (2-3.9), (2-3.10):
n2=2[ €12+ €22 8] (2-3.11)
K2=2[ €12+ €212 &y (2-3.12)

The Drude - model:

In metals, the optical properties are dominated by free electrons. Therefore,
the restoring force term can be set to zero. The real and imaginary dielectric
constants become:

€ =n2-k2=1-(NeZ/mEp) . [1 /(92 +T2) (2-3.13)

€y = 2nk = (Ne2/m€q) . [T @/ (04 + [2w2y) (2-3.14)
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2-3.1.1 Surface Temperature

The reflectivity R and the absorption coefficient o are related to n and k of

(2-3.11) and (2-3.12) by (Fresnel expression):

R = [(n-1)2 + k2] / [(n+1)2 + k2] (2-3.15)
o = 2wk / C = 4nk/A (2-3.16)
The definition of the dc conductivity of a metal is:

6=Ne2/ml (2-3.17)

By using (2-3.17), (2-3.13), (2-3.14) and assuming ®/I" << 1 (for light

frequency small compared to the electron - lattice collision frequency I),

gives:
e1=l-00/er (2-3.18)
€= 00/ €w (2-3.19)

By using (2-3.18), (2-3.19), (2-3.11), (2-3.12), (2-3.15) and (2-3.16) the

reflectivity R is:

R=1-2(2eow/c)l/2 | (2-3.20)
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This is also known as the Hagen - Rubens formula [9]. This formula allows
the evaluation of the IR reflectivity of a metal from its dc conductivity. The
conductivity ¢ decreases with increasing temperature, and R decreases with

increasing temperature.
Figure 2-3.2 describes the effect.

Therefore, more incident power will be absorbed when the surface

temperature is raised.

2-3.2: Surface Temperature Distribution .. Beam Location - Cut Front

See figure 2-3.2, due to the high reflectivity of metal, only a very thin layer
will be heated during the irradiation. Therefore, the one-dimensional model
can be used to analyze the temperature distribution on the metal surface
giving some estimate of the relationship between the cut front and focused

spot position.

By adopting Fourier heat transfer theory, for constant heat flux H, the

temperature distribution is: [10]

v(x,t) = %H K/ 2ierfc[x/2(Kt)1/2] | (2-3.21)

the temperature on the surface is given by:
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2H

v(0,t) = e (Kt/m)1/2 (2-3.22)

consider the beam to have a gaussian distribution H = Hg exp(-nr2), by
Rykalin [11]:

t
v(r,z,t) = 2P/[pC(4nK)1/2)] K 1/[(tg+ntlexpl-(z2/4Kt)-(r2/4k (to+t)1dt

0
(2-3.23)
where:
to = 1/4Kn
P = Hona2
The temperature distribution on the surface atr=0,z =0 is:
v(0,0,t) = P/[mpC(4nKtg)1/2] arctan(t/tg)1/2 (2-3.24)

now consider a non-constant heat flux that changes with respect to time

according to a time function f(t). By Duhamel's theory [10]:

t
v(x,t) = f f(1)d/at[F(x,t-t)dt (2-3.25)

)

where F(x,t) is the solution to the problem with constant heat flux,

this yields:
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t
v(x,t) = (K1/2/Knl/2) { (1/71/2)f(t-t)exp(-A2/4KI)dt (2-3.26)

(o)

The gaussian beam (I = Iy exp(-2r2/a2)) scans at speed V (where we can

d
calculate T = Vv’ d=spot diameter). This maybe simulated as a constant heat

flux which changes as a gaussian function with time. Therefore:
f(t)=Hp exp[-(t-1/2T)2/202] where -co < t < 400 (2-3.27)

but choosing & = (1/2 T)/(2r)1/2, the area under the curve is Ho(1/2 T)
then:
v(x,t) = (K1/2/Kr1/2) }(t1/2)Hoexp[-(t-'c-1/2 T)2/262] exp[-x2/4KT)dT
0
(2-3.28)
This was evaluated by Ruth[11] for any material. The result indicates that

the gaussian has a shape factor k = 0.758. The result is shown in figure 2-
3.3.

2-4 Non-Linearity in Laser Cutting

The cutting quality is controlled by the dynamic behaviour of the target

material within the interaction region.
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First of all, consider the energy flow condition within the interaction region.
Energy supply, Egypply, comes from two sources. The energy absorbed
from the impinging laser PAy, and the energy generated from the chemical
reaction between the reactive gas and the high-temperature target material
PR. The amount of energy absorbed from the impinging laser beam depends
on the magnitude of the laser power P, the absorption coefficient ¢, and

the interaction area s. That is:
PAL = asPL, (2-4.1)

The laser power P, depends on the condition of the optical resonator, the
operating gas mixture, the gas temperature, and the gas discharge voltage.
Owing to these factors the laser power will fluctuate with time t, P[, =
P1 (t). The absorption coefficient o. depends on the surface roughness and
the characteristics of the target material which is mainly a function of
temperature T. Therefore a=0(T, Sroughness)- As for the interaction area s,
initially, it will be determined by the optical set-up of the particular laser
system. As soon as cutting starts, the area of interaction will change as
plasma is generated and the melted material is blown away. So the

interaction area s=s(T). Thus, the absorbed laser energy is described by:

PAL = asPL, = o(T, Scondition)s(T)PL(Y) (2-4.2)

The energy generated from the chemical reaction between the reactive gas
and the target material PR depends on both the densities of the reactive gas
Pair and the target material pmetal, the reaction temperature T, and the

reaction area A. That is:
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PR = PRr(pPair» Pmetal> T> A) (2-4.3)

The density of the reactive gas is related to the gas velocity vyir and gas
temperature T. The density of the target material is also related to the
temperature T. Again the interaction area is a function of temperature T.

Therefore, the following relationship prevails:

PR =PR(Pair» Pmetal: T> A) = PR [Pair(Vair, T); Pmetal(T), T, A(T)]
(2-4.4)

Now consider the energy losses within the control volume Ejgggs. The
energy losses are mainly due to four factors. Heating of the target material -
conduction Heonductions melting, vaporizing and plasma formation of the
target material - latent heat Hjatent; forced cooling - convection from the
surface Heonvections and the heat loss during the removal process of melted
material Hpyx. Heating of the material relies on the material's
characteristics k, geometrical shape g, and the temperature of the material
T. That is, Heonduction=Hconduction(k, & T). The latent heat of the
material depends on its molecular characteristics. Convection loss relates to
the temperature T, surface area a, gas flow condition vgas.
Hconvection=Hconvection(T, a, vgas). Energy loss due to the loss of the
high temperature material blown away by the gas jet is related to the gas
velocity vgas, viscosity between gas and target material 1, temperature T.
Therefore, Hpylk=Hbulk(Vgas. M, T). Hence, the energy loss is described as

follows:
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Ejoss=Eloss[Hconduction(®.,T), Hiatent, Hconvection(T:a,vgas),
Hpulk(vgasn,T)] (2-4.5)

The combined effect of the energy gain and energy loss will determine both
the transient and steady state situation within the interaction region during a
laser cutting process. From the above analysis, the effects of the energy
input, like temperature change, affects the amount of energy gained by the
control volume. It also affects the amount of energy loss from the control
volume, which again affects the resulting temperature. This introduces non-
linearity into the system analysis. Further more, the non-steady flow
conditions affecting the removal of melted material adds an even greater

non-linearity to the process.

Periodic patterns are found on the cutting edge. A model based on the
dynamic stability of the molten layer will be described in chapter 5.
Simplified models based on a linear system are discussed in the next

section.
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2-5 Laser Cutting Model
Simple Lumped Heat Model:

Steen[12] proposes that during a gas-assisted laser cutting process, once the
penetration hole is made and the cut is started from the edge, then a
sufficiently strong gas jet will blow the molten material out of the kerf and
avoid the requirement to raise the temperature to the boiling point or above.

Therefore, the process can be approximately modelled as in figure 2-5.1.

By assuming that all the energy enters the melt and is removed before
significant conduction can occur. Considering the heat balance of figure 2-

5.1. The simple lumped heat capacity equation is derived as follow:
[P/tV] = wr/h { Cp AT + I+ m'Ly/} (2-5.1)

figure 2-5.2 shows the relationship

Cylindrical Source Model:

By considering the cutting operation as a result of the melting and / or
vaporization of the material by a éylindrical beam which transfers its energy
to the material through a moving circular spot, Bunting[13] et al have
developed a relationship between the power density incident on a material

and the resulting cut speed in terms of the thermal properties of the material.
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Refer to figure 2-5.3.
Starting from the temperature distribution equation given by Wells[14]

T(x,y) - To = (q/21hK) exp(ux/20)[kou(x2+y2)1/2/20] (2-5.2)
Bunting derived the equation for the relationship as follows:
q'/h = [2k(Tmp - To)/R2 J[1/1(s)] (2-5.3)

where:

1 24
I(s) = f rdr f [exp(-sr'cosB)] k()s(r'2 -2r'sin® + 1)1/2 4o

0 o
q =k1P where kj is the fraction of the incident energy transmitted

to material

h = thickness
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Figure 2-5.1: Simple Lumped Heat Model
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Approximate Ranges of Taser Power Density at Which Different
Processes Donnnate

Range for

visible and Range for
near-infrared laser CO, lascr
Process (W cm?) (W’cm?)
Melting ~ 10t ~10°
Vaporization 10 — 1S x 10" 10" =25 x 10
Laser-supported >1.8 % 0" >25 x 107
absorption wive
Plasma-inverse <10 ~—
Bremsstrahlung
Plasma-collective 10 «—

cilects

Table 2-3.1: Approximate Range of Laser Power Density at Which Different

Process Dominate
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Experiments, Results and Discussion - 1
Operational Parameter Analysis
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Nomenclature

a = laser - material interaction distance

b = kerf width

d = distance from the minimum spot waist

D = focused beam diameter calculated by diffraction limited method
E], =energy absorbed from laser beam

ER = energy generated from reaction between O2 and metal

f = focal length

m = mass (molar)

Patm = atmosphere pressure

Pc  =critical gas pressure

P1, = laser power

PR  =reaction energy

R = gas constant (molar)

t = time

T = temperature

vg = velocity of assistant gas

v, = laser beam feedrate

Ve =local sound velocity

Z = beam radius at distance d

a = absorption coefficient

Y = ration of specific heat (cp/cy)
A = wavelength

Hg = dynamic viscosity of assistant gas
pg  =density of assistant gas
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Pm = density of metal

Tg = shear stress acting on the molten layer
oo = focused beam radius
®] =beam radius in front of focusing lens

w(d) =beam radius as a function of distance
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3-1 Kerf Width - Focus Height / Gas Pressure Relationship

The kerf is formed during a laser cutting process, its width is a function of the
amount of laser energy absorbed during the process. The kerf width and
shape strongly influence the flow conditions of the assist gas when it passes
through the kerf. The assist gas flow rate controls the heat of reaction and
workpiece cooling rate. Finally, the flow conditions will also influence the
melt flow and material removal rate which influences the quality of the cutting

process.

The kerf width is determined by a combination of: beam spot size, beam
power density, gas flow conditions and material characteristics, which is
complex and cannot be resolved analytically. However, kerf width is usually

defined in terms of the laser beam spot diameter.

3-1-1 Theoretical Analysis

Consider a Gaussian beam propagating through a thin lens of focal length f.
The spot size of the focused beam is calculated as in sec. 2-2.2 and has a
radius of 0.3mm. The radius of the laser beam at different distances from the

focus is calculated via a simple triangular geometry as shown in figure 3-1.1
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W1=6mm
z W0=0.3mm

f=110mm d

Figure 3-1.1 Beam Diameter Calculation (Simple Geometry Method)

Z=w, +-‘f1—(col - w,) (3-1.1)

The results are shown in Table 3-1.1 and in figure 3-1.2.
Another method to calculate the radius of the spot size is the diffraction

limited method. The diameter of a focused beam is calculated by the

following equation from Hecht[1].

D= 1.22-—'1—di (3-1.2)

The diameter of the focused beam is calculated to be 0.475mm.

Equation 3-1.1 can be used to calculate the beam diameter at different

heights. The results are shown in Table 3-1.1 and in figure 3-1.2.

A third method (Yariv([2]) utilized to evaluate the spot size of the beam at

different heights in a homogeneous media is:
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0 (d)= | 14| 24 (3-1.3)
TN

where d is the distance from the minimum spot waist.

The results are also shown in Table 3-1.1 and figure 3-1.2.

Offset Distance 06mm| 1.1mm 1.6mm| 21 mm| 26 mm| 3.1 mm| 3.6 mm| 4.1 mm| 4.6 mm

2 bar (experiment) 0.613] 0637 0.73] 0.764| 0.806 0.82 092 0.958
3 bar (experiment) | Kerf 0.587 06 0.664; 0.741] 0.807| 0.848 0.94/ 0973 1.022
4 bar (experiment) | Width 0546/ 0.633 0.639| 0.716/ 0.788] 0.845/ 0.946| 1.014

1.046
Fourier-Gaussian (mm) 0.6666 0.6668 0.6672; 0.6676 0.6686| 0.6696| 0.6708| 0.6724] 0.674
Fourier-Straight 0.6666| 0.7116  0.763| 0.8146| 0.8662| 0.9178; 0.9692| 1.0208 1.124

Diffraction-Straight 0.474) 0526 0579 0632 0.684 0.736] 0.788 0.841 0.894

Table 3-1.1: Kerf Width vs. Focal Height Offset Distance

12 1
1 —&— 2 bar
0.8 —i&i— 3 bar
Kerf Width  _ % +‘; bar e
(mm) ' N ourfer- au.ssmn
04 1 —¥— Fourier-Straight
~—&— Diffraction-
02 1 Straight
0 } + } } $ $ } |

06 11 16 21 26 3.1 36 41 46
mm mm mm mm mm mm mm mm mm

Focal Height Offset Distance

Figure 3-1.2: Kerf Width vs. Focal Height Offset Distance

62



3-1-2 Experimental Set-up

The laser system set-up is as shown in figure 3-1.3.

CO2 Laser Head]

Beam Delivery System

TNC 1 “““ Laser Beam Assist
Controller y 4 ' _
I
Focal / |
Lens I f=110mm
l
Nozzle ] [ (h0 = 0.6mm)
t -~ Focal Height Offset Distance
Workpiece -

Figure 3-1.3: Laser Cutting Process Set-up

The focal point is adjusted to be 0.6mm, under the tip of the nozzle head
outlet. The process parameters are set as follows:

(1) material: 4 mm mild steel

(2) feed rate: 1420 mm/min

(3) assist gas pressure: 2 bar - 4 bar

(4) focal height offset distance: to be adjusted from 0 mm (right on the metal
surface) to 4 mm above the metal surface

(5) focusing length: convex-planar lens with focus length f=110 mm
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3-1-3 Results

The surface of the kerf wall approximates a periodic wave. The kerf width is
calculated as the mean between the narrower gap and wider gap. The result

is shown in figure 3-1.2 and summarized in Table 3-1.1.

3-1-4 Discussions

From the experimental results the following conclusions may be drawn. Kerf
width is inversely proportional to the assist gas pressure. This means that a
narrower kerf width is obtained when a higher gas pressure is used. As the
gas pressure is higher, the gas velocity is higher and the removal of the melted
material is rapid. Energy loss due to melt removal increases therefore the
volume of melt is reduced. As the thickness of the material is fixed, the kerf
width must be reduced. Kerf width is proportional to the offset height: this is
obvious from the results of the theoretical analysis. However, which method
is more accurate to represent the actual cutting process? The Fourier
Transform method for calculating the spot size of a focused Gaussian beam is
closer to the actual focused spot size when gas pressure reaches the lowest
value for cutting to be possible. As the gas pressure is increased, the
diffraction limit method gives a more accurate prediction of spot size. The
beam diameter at different offset heights was evaluated using the simple
triangular geometry method. This gives results closer to the actual

phenomenon than the Gaussian beam propagation method.
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3-1-5 Conclusion

Although the laser operates in the TEMgg mode, delivering a Gaussian laser
beam, the simple triangular geometry method gives the best prediction of spot
size at different offset hei-ghts. When the cutting process is performed using
normal and economical settings, that is lowest assist gas pressure, the Fourier
transform method gives a more accurate prediction of the effective focused

spot size.

3-2 Effect of Focal Height on Cut Quality

Cut quality is based on the combined evaluation of the Heat Affected Zone
(HAZ) on the cut edge and roughness of the cut surface. A small HAZ and

smooth kerf wall surface is the definition of a high quality cut.

The focal height position influences the diameter of the beam when the laser
beam impinges on the target surface. Consequently, this will determine the
irradiance (watt/cm2) of the focused spot, the width and shape of the kerf that

is formed during the process and the flow-dynamics within the kerf.

3-2-1 Theoretical Analysis

Recall from the previous chapter, the relationship between the focal height
offset distance and the resulting beam diameter, incident power density, and

kerf width. The results are illustrated in figure 3-2.1.
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Figure 3-2.1: Beam Diameter/Incident Power Density vs. Focal Height Offset

Distance
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The most obvious effect of the focal height is the variation of power density.
When the power density is lower than a certain level (106 watt/cm?2 for mild
steel), no cut will be possible. This is clearly shown in the experimental

results presented later in this chapter.

As long as the power density is high enough to perform the cutting process,
focal height offset distance does not greatly influence the cutting quality.
When the spot size is changed, although the kerf is wider or narrower, the
overall laser and material interaction condition remains the same but at
different scales. Therefore, when the focal height offset distance is changed,
the conditions in the cut region are changed, yet the conditions at the edge of

the cut region remain the same.

3-2-2 Experimental Set-up

The cutting process is set up, as illustrated in figure 3-1.3. The laser beam is
delivered from the laser head through the optical beam delivery system to the
nozzle head. The focal length of the convex-planar focusing lens fis 110mm.
The focusing point is 0.6 mm below the nozzle head. (hg=0.6mm)

Assist gas = 09 at a supply pressure of 2 bar

Beam power was held constant at 1150 watts

processed material= (1) mild steel (BS1449-CR4) (0.12%C, 0.6%Mn, 0.05 S,
0.05% P) thickness from 1 mm to 6mm. (2) stainless steel (S304) thickness

from 1mm to 4mm

Definition of each focal height offset distance is as follows:

67



Surface = focus point right on the surface®

Hj = i/6 * material thickness + 0.6

where:i=1,2,...6

Focal height offset distances used in each cutting process for different

material thicknesses are tabulated in table 3-2.1. (in mm)

Material thickness 1 mm 2 mm 3 mm 4 mm 5 mm 6 mm
Surface 0.6 0.6 0.6 0.6 0.6 0.6
H1 0.766 0.933 1.1 1.267 1.433 1.6
Nozzle |H2 0.933 1.267 1.6 1.933 2.267 2.6
Height |H3 1.1 1.6 2.1 2.6 3.1 3.6
Offset |H4 1.266 1.933 2.6 3.267 3.933 4.6
HS 1.433 2.267 3.1 3.933 4.767 5.6
H6 1.6 2.6 3.6 4.6 5.6 6.6

(Focal height offset = nozzle height offset - 0.6)

Table 3-2.1: Focal Height Offset Distance for Different Material Thicknesses

3-2-3 Results

The heat affected zone data measured is summarized in Table 3-2.2 and the
cutting surface roughness is summarized in Table 3-2.3. The results are also

shown in figure 3-2.2, figure 3-2.3 and figure 3-2.4.

+ When the focal point is on the surface the nozzle offset hg = 0.6mm;

hence, the generated focal height offsets should have 0.6mm subtracted from

them to get true value.
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surface

H1

H2

H3

H4

H5
Focal Height Offset Distance (mm)

H6

Material Thickness
MS 1mm| MS2mm| MS3mm| MS4mm| MSS5mm| MS6mm
Surface 0.604 0.183 0.256 0.282, 0.258! 0.34
Focal H1 1.362 0.306 0.242 0.2 0.324 0.377
Height H2 HAZ 1.491 0.227, 0.262 0.361 0.408, 0.378
Offset H3 Width 1.356] 0.293| 0.222 0.34 0.396 0.384
Distance H4 (mm) 1.063 0.287] 0.208 0.339 0.386] 0.991
H5 1.365 0.263, 0.224 0.365 X X
Hé6 1.202 . 0.901 0.752 X X X
Material Thickness
SS1mm| SS2mm| SS3mm| SS4mm
Surface 0.118| 0.133 0.205 0.329
Focal H1 0.124 0.166 0.247 0.382
Height H2 HAZ 0.176 0.149 0.256] 0.446
Offset H3 Width 0.177 0.428 0.267 0.413
Distance H4 (mm) 0.172 0.402 0.259 0.472
H5 0.163 0.424] 0.316 0.5
H6 0.155 0.166 0.347, X
Table 3-2.2: HAZ vs. Focal Height Offset Distance
( Laser Power = 1150 Watts )
—&—MS 1mm
——MS 2mm
—A—MS 3mm
oo MS 4mm
—¥—MS 5mm
~—&— MS 6mm

Figure 3-2.2: HAZ vs. Focal Height Offset Distance (mild steel)
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Figure 3-2.3: HAZ vs. Focal Height Offset Distance

(stainless steel)

Material Thickness
MS 2mm| MS 3mm| MS 4mm| MS 5mm| MS 6mm
Surface 1.52 4.8 9.5 19.3 13.7
Focal H1 Kerf X 4.3 14.1 38.4 19.3
Height H2 Wall 2.17 4.7 13.7 36.5 21.6
Offset H3 Surface 2.62 5.4 13.7 X X
Distance H4 Roughness 2.56 5.6 X X X
H5 1.3 8.5 X X X
H6 4.41 8.4 X X X

Table 3-2.3: Kerf Wall Surface Roughness vs. Focal Height Offset Distance
( Laser Power = 1150 Watts)

Roughness
(x0.01mm) ]

—&— MS 2mm
—{&— MS 3mm
—&— MS 4mm
—3— MS Smm
—¥— MS 6mm

0¥ + } + $ 4
surface  H1 H2 H3 H4 H5 H6
Focal Height Offset Distance (mm)

Figure 3-2.4: Kerf Surface Roughness vs. Focal Height Offset Distance
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3-2-4 Discussion

As long as the material is cut through, the focal height position does not
greatly influence the HAZ, nor does it significantly affect the surface
roughness. For mild steel up to 6 mm thickness, and stainless up to 4 mm
thickness, the best focus height position for obtaining good cutting quality is
right on the surface. The focused spot size generates the narrowest kerf width
and the smallest HAZ. When no cut occurs, the HAZ increases in size. This is
because the heat generated by the laser energy is absorbed and spreads
widely into the nearby region along the kerf. All of the absorbed energy

spreads out widely instead of being concentrated in a small spot region.

3-2-5 Conclusion

The best focal height offset distance for cutting thin steel (up to 6mm) is right
on the surface. Since this focused beam generates the smallest spot size this
gives the highest power density. Material inside the interaction zone is heated
up rapidly and easily removed by the assist gas jet without affecting the
neighbouring region. The focal height offset distance does not play a major

role in influencing the cut quality as long as the material is cut through.
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3-3 Effect of Feedrate on Cut Quality

Laser beam feedrate determines the interaction time between laser beam and
the material. It therefore determines the energy supply rate to the laser-
material interaction zone. This is the major factor that influences the quality

of the laser material cutting process.

3-3-1 Theoretical Analysis

In laser material cutting, heating of the material is caused by the energy

absorbed by the material. The energy absorbed is as follows:

E,=0-P, -t (3-3.1)
where:
(i) o is the absorption coefficient
(ii) Py is the laser power
oo s . o a

(iii) t is the interaction time. ¢ =—

VL
vl is the laser beam feedrate

a is the interaction distance, defined as the beam diameter

. a
Therefore, E, =0 -P-—
Vi

Vi
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From the above analysis, the amount of energy absorbed during the
interaction is inversely proportional to the laser beam feedrate. Hence, when
the laser beam feedrate is reduced, more energy will be absorbed per unit
area - thus more heat is generated and consequently, when the amount of
energy exceeds the permitted stable range, severe fluctuations in the
absorption of power will occur inside the cutting region. As a result of this
fluctuation, a rougher kerf wall surface is formed. For lower feedrates more

energy is absorbed by the parent material, this results in a larger HAZ.

3-3-2 Experimental Set-up

Figure 3-1.3 illustrates the cutting system set-up. The feedrate was adjusted
through the TNC 155AR NC controller. Process parameter settings were as
follows:
(1) material : as 3-2-2
(2) focal height offset distance: right on the surface (0.6 mm below nozzle)
(3) assist gas pressure: 2 bar (02)
(4) laser Power: 1150 Watts
(5) feed rate: the feedrate used is defined below:

(i) goodcut: the fastest feedrate obtained for each thickness

(ii) V1 -V6: Vi=Vgoodcut[1-i* (10%)] wherei=1to6

They are also listed in table 3-3.1.
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Material hickness, 1mm 2mm 3mm 4mm Smm 6mm

Vgoodcut 5200 2700 2000 1420 1200 950

Vi 4680 2430 1800 1280 1080 860

V2 4160 2160 1600 1140 960 760

Feedrate V3 3640 1890 1400 1000 840 670
(mm/min) V4 3120 1620 1200 860 720 570
\'A) 2600 1350 1000 720 600 480

V6 2080 1080 800 580 480 380

Table 3-3.1: Feedrate used for Different Cutting Conditions
and Material Thicknesses

3-3-3 Results

The heat affected zone (HAZ) thickness is defined in figure 3-3.1.

Work Piece
/ Plan View
/
Work Piece

,/ | End Elevation

Figure 3-3.1: Definition of HAZ Thickness
The HAZ data measured from each specimen is summarized in Table 3-3.2.

Surface roughness data is summarized in Table 3-3.3. The results are plotted

in figure 3-3.2, figure 3-3.3 and figure 3-3.4.
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Material Thickness
MS Imm| MS2mm| MS3mm| MS4mm| MS 5Smm| MS 6mm
Vgoodcut 0.604 0.183 0.256 0.282 0.258 0.34
V1 0.669 0.192 0.244 0.351 0.329 0.352
Feedrate V2 HAZ 0.756 0.244 0.284 0.34 0.348 0.363
Setting V3 (mm) 0.972 0.302 0.339 0.422 0.388 0.349
V4 1413 0.296 0.692 0.544 0.391 0.393
V5 1.669 0.305 0.993 0.917 0471 0.422
V6 2.006 0.846 1.598 0.935 0.632 0.351
Material Thickness
SSImm| SS2mm| SS3mm| SS4mm
Vgoodcut 0.118 0.133 0.205 0.329
V1 0.147 0.16 0.223 0.365
Feedrate V2 HAZ 0.153 0.22 0.305 0.386
Setting V3 (mm) 0.169 0.227 0.317 0.437
\'Z! 0.224 0.223 0.328 0.53
V5 0.254 0.289 0.454 0.58
A% 0.387 0.32 0.53 0.769
Table 3-3.2: HAZ vs. Feedrate
2.5 -
o4 —&—MS 1mm
~&—MS 2mm
HAZ (mm) 12 1 —A— MS 3mm
14 > MS 4mm
—¥—MS 5mm
05 e i MS 6mm
0+ + + ' + 4 1
goodc V1 V2 V3 V4 V5 V6
ut

Feedrate (mm/min)

Figure 3-3.2: HAZ vs. Feedrate (mild steel)
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Figure 3-3.3: HAZ vs. Feedrate (stainless steel)

Material Thickness
MS 2mm| MS 3mm| MS 4mm| MS 5mm| MS 6mm
Vgoodcut 1.52 4.8 9.5 19.3 13.7
V1 2.4 5.6 124 25.5 13.6
Feedrate V2 Kerf 2.02 6.1 19.2 25.4 10.5
Setting V3 Surface 3.02 8.9 24.7 31.9 10.6
V4 Roughness 3.98 12.4 21.3 31.9 11.8
VA 11.02 17.7 22.1 31.2 18.5
V6 11.95 18.7 24.8 37.5 24.7

Table 3-3.3: Kerf Surface Roughness vs. Feedrate
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Figure 3-3.4: Kerf Surface Roughness vs. Feedrate
(Laser Power = 1150 Watts)

3-3-4 Discussion

Both in mild steel and stainless steel laser cutting, the size of the HAZ
increases as the feedrate is reduced. This is because more energy is absorbed
per unit mass, therefore the temperature in the cutting region is higher. As
more energy enters the material adjacent to the kerf the HAZ becomes larger.
Surface roughness increases as the feedrate is reduced and energy absorption
exceeds the system stable range. Fluctuations inside the kerf are more severe

and the roughness of the kerf wall surface increases.

3-3-5 Conclusion

As the feedrate is decreased, more and more energy is absorbed in the

interaction zone. This causes both the magnitude of the HAZ and surface
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roughness to increase. For any particular assist gas pressure, focal height
offset distance and laser power there is an ideal laser beam feedrate which

delivers a good quality cut.

3-4 Effect of Assist Gas Pressure on Cut Quality

A high speed, reactive gas jet blows down through the nozzle head and kerf

and has the following effects:

(1) energy supply: chemical reaction between the O2 gas and the melted
metal particles.

(2) forced cooling : forced convection occurs as the high speed gas stream
passes the surface of the hot melt.

(3) melt removal: the friction between the gas and the melted metal causes the

gas stream to carry away the melted metal and eject it at the lower surface.

3-4-1 Theoretical Analysis

1. Energy supply:
The chemical reaction between the reactive gas and the melt generates
another source of heat in the interaction region. The amount of energy

generated is :

E,=py-b-d-p, v, (3-4.1)
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where: (i) b is the kerf width
(ii) d is the material thickness
(iii) pp is the material density
(iv) PR is the reaction energy

(v) v1, is the laser beam feedrate

In the laser cutting process, the liquid material inside the cutting region
remains contiguous until it is carried out through the lower surface of the kerf.
At this stage it mixes with the gas rapidly. Therefore, the assist gas pressure
will not greatly affect the reaction energy within the cutting region. As long as
the kerf width and material thickness remain the same, the energy released in

the kerf due to exothermic chemical reaction is quite small.

2. Cooling effect:
The forced convection that occurs when the gas flows over the hot metal
surface is small when compared to the heat loss through conduction and melt

removal in the cutting region.

3. Melt removal:
Melt in the cutting region is removed due to the net frictional force acting on
the molten layer. From Vicanek([3], Tsai[4], the shear stress generated by the

gas flow and acting on the molten layer is:

v, =(pu v /)" (34.2)

where: (i) d is material thickness

(ii) pg is gas density
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(iil) pg is the gas dynamic viscosity

>iv) Vg is gas velocity

The shear force generated by the gas flow increases as the gas velocity is
increased, that is a higher gas supply pressure. Hence, the melt will be
removed from the cutting region more rapidly and less melt will remain.
Therefore, less heat remains in the cutting region. Consequently, there is a
smaller heat affected zone. Thus the higher the nozzle gas supply pressure the
smaller the HAZ.

3-4-2 Experimental Set-up

The cutting system set-up is the same as sec. 3-2-2. The process parameter
settings are as follows:

(1) material: the same as sec. 3-2-2

(2) focal height offset distance: right on the surface

(3) feed rate: best cut for each thickness

(4) laser power: 1150 Watts

(5) assist gas pressure: The gas pressure is adjusted via the gas system
external valve. The settings were 1.5 bar, 2.0 bar(good cut), 2.5 bar, 3.0 bar,
3.5 bar. 4.0 bar and 4.5 bar.

3-4-3 Results

The measured HAZ data is summarized in Table 3-4.1. The kerf surface
roughness of each specimen is summarized in Table 3-4.2. The results are

also shown graphically in figure 3-4.1. figure 3-4.2 and figure 3-4.3.
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Material Thickness

Supply Pressure MS Imm| MS 2mm| MS 3mm| MS 4mm| MS 5mm| MS 6mm
1.5bar 0.783 0.2 0.305 0.281 0.443 0.311
2.0bar 0.604 0.183 0.256 0.282 0.258 0.34
2.5bar HAZ 0.5 0.2 0.259 0.272 0.296 0.308
3.0bar (mm) 0.531 0.187 0.236 0.346 0.318 0.31
3.5bar 0.493 0.191 0.233 0.1 0.284 0.317
4.0bar 0.358 0.154 0.226 0.1 0.353 0.295
4.5bar 0.442 0.157 0.201 0.25 0.303 0.317

Material Thickness

Supply Pressure SSImm| SS2mm| SS3mm| SS4mm
1.5bar 0.123 0.158 0.271 X
2.0bar 0.118 0.133 0.205 0.329
2.5bar HAZ 0.121 0.156 0.227 0.329
3.0bar (mm) 0.152 0.16 0.236 0.389
3.5bar 0.137 0.142 0.222 0.36
4.0bar 0.119 0.154 0.238)  0.329
4.5bar 0.147 0.146 0.239 0.365

Table 3-4.1: HAZ Thickness vs. Assist Gas Pressure
( Laser Power = 1150 Watts )

—— MS Imm
—&— Ms 2mm
—&— MS 3mm
w3 MS 4mm
—¥— MS 5Smm

0+ + + + + + 4
1.5bar 2.0bar 2.5bar 3.0bar 3.5bar 4.0bar 4.5pbar | —@&— MS 6mm

Assist Gas Pressure

Figure 3-4.1: HAZ vs. Assist Gas Pressure (mild steel)
( Laser Power = 1150 Watts)
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Figure 3-4.2: HAZ vs. Assist Gas Pressure (stainless steel)
( Laser Power = 1150 Watts)

Supply Material Thickness

Pressure MS 2mm| MS 3mm| MS4mm|{ MS 5Smm| MS 6mm
1.5bar X 6.7 X X 11.7
2.0bar 1.52 4.8 9.5 19.3 13.7
2.5bar Kerf 1.3 4.9 22.7 22.1 12.8
3.0bar Surface 1.45 4.8 16.2 22.2 9
3.5bar || Roughness 1.47 3.7 21.8 26.2 10.2
4.0bar 2.13 5.7 22.4 24 9.9
4.5bar 1.52 6.4 20.1 18 11.5

Table 3-4.2: Kerf Surface Roughness vs. Assist Gas Pressure
( Laser Power = 1150 Watts)
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Figure 3-4.3: Kerf Surface Roughness vs. Assist Gas Pressure

( Laser Power = 1150 Watts)

3-4-4 Discussion

For mild steel, the HAZ is slightly reduced by increasing the gas pressure.
This is because melt is removed more rapidly. Less melt is allowed to stay in

the cutting region. Also less dross is attached to the lower surface, the cut is

clean and the HAZ is small.

For stainless steel, the extent of the HAZ remains the same as the gas
pressure is increased. Because the viscosity within stainless steel is much
higher. The high gas pressure (up to 4.5 bar) does not have such a significant
effect on the removal of the melt. Dross still remains on the lower surface

even under high gas pressure. Therefore, the HAZ is the same for most of the

settings.
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Surface roughness refnains the same, as the gas pressure is increased. Since
the gas pressure difference does not play an important role in the energy
balance of the cutting region. Although the melt removal rate is increased this
does not affect kerf surface roughness in any significant way. Therefore, the
melt removal pattern remains the same. That is, almost the same surface

roughness results even when the gas pressure is increased.

An examination of nozzle gas flow conditions

Normally, gas flow velocity is increased as it flows through a convergent
nozzle with sub-sonic speed. As the flow velocity reaches the local speed of
sound, V, the flow is choked and there will be no more increase in the flow
velocity no matter how much the gas supply pressure is increased. In this
particular nozzle head design, it is important to check whether or not the gas
flow becomes choked as the gas supply pressure is increased. When the gas
flow is choked, increasing the gas supply pressure will have no effect
downstream of the nozzle throat. The critical gas supply pressure P¢ is

calculated as follows:

The local sound speed is:

V= (3-4.1)

V= eum (3-4.2)
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For oxygen at room temperature (298.15K) exiting to 1 atm environment, the
critical gas supply pressure is about 3.8 bar. Experiments are also conducted
by using a hot wire anemometer. The results are plot in figure 3-4.4 where it
is found that the flow rate remain the same when gas supply pressure is higher
than 4 bar. This confirms the theoretical calculation and shows that the gas

flow is not choked until the gas supply pressure reaches 4 bar.

18 1

Flow Rate
(Relative
Value)

0 3 L 3 i +

15 2.0 25 3.0 35 4.0 45 5.0
bar bar bar bar bar bar bar bar

Gas Supply Pressure

Figure 3-4.4: Flow Rate vs. Assisted Gas Supply Pressure

3-4-5 Conclusion

Assist gas pressure influences the allowable cutting feedrate. For acceptable
cutting quality, a higher gas supply pressure enables a faster cutting rate. As
long as cutting is possible, differences in gas pressure exerts little influence

on the cutting quality, especially on the kerf surface roughness.
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For the same process settings, (laser power, laser beam travelling speed,
focus height offset position), a higher gas pressure gives a cleaner cut.
However, the HAZ and cutting surface roughness will not be greatly

improved.
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Nomenclature

c = specific heat

E[, = absorbed laser energy

ER =reaction energy

h = melton layer thickness

hfy = latent heat of the melt liquid
= thermal conductivity

= dynamic viscosity

n = interface area

p = pressure in the molten region

Pg = pressure within the gas stream

p = density of the melt

Rf  =radius of curvature of the interface

S = surface tension coefficient of the molten layer
t = time

T = temperature

T = shear stress tensor acting interface by the molten layer
u = molten flow velocity in the x direction

v = molten flow velocity in the y direction

A% = surface velocity
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4-1 Introduction

In most laser cutting, an almost periodic structure is observed on the kerf side
wall surfaces. Plate 4.1 illustrates a typical kerf surface pattern. Two distinct
layers with different striation frequencies (the bi-level layer) exist on the
surface. Generally, the upper layer of the bi-level exhibits a high striation
frequency and a lower striation frequency was found on the lower layer.
These two layers are separated by a nearly straight line during the whole cut.
The striations, on the kerf surfaces, are believed to be due to unsteady motion

of the melt whilst being removed from the kerf.

Arata et al [1] first described striation phenorﬁena by investigating laser
cutting of acrylic glass. Based on Arata's experimental result, Schuocker
[2][3] proposed a thin film flow model to explain and predict the striation
occurring in reactive gas assisted laser cutting. He pointed out that the erosion
takes place on a nearly vertical plane at the cut front. The cut front is covered
by a thin molten layer, that is heated by absorbing laser radiation and by the
exothermic reaction (oxidation/burning). The removal of material from this
layer is partially by evaporation but mainly by ejection of molten material due
to the shear stresses set up between the melt and the reactive gas jet flow.
The liquid layer formed at the cut front of the kerf can exhibit periodic
oséillations of its width and temperature, either by resonance with fluctuations
of the laser powert or reactive gas flow or the unstable nature of the molten

layer.

+ Radiation reflected from the workpiece can couple back into the optical

resonator and cause fluctuations in the laser power
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Following Schuocker's proposal, Vicanek et al [4] refined the former model
and concentrated on investigating the dynamic behaviour of the molten layer
based on film flow stability. By considering the stability of the molten layer
flow, he was able to predict the thickness of the molten layer and the striation

frequency with respect to the cutting speed and material characteristics.

Further improvements in the model by considering the balance of momentum
and energy and the effect of phase change at the interfacial boundary are
presented by Tsai et al [S]. He includes further non-linear kinematic equations
for the molten film thickness for a more complete analysis of the molten

layer.

Striations in the laser cut surface are undesirable as they reduce surface
quality. However, as they are almost implicit to laser cutting, understanding

their origin and development is important so that they can be controlled.

In addition to purely theoretical research, experimental data can be collected
and analysed; empirical relationships between the laser operational
parameters (such as feedrate, assist gas pressure, and focal point offset
position) and the striation characteristics are established and provide another

level of understanding.

91



4-2 Theoretical Analysis

4-2.1 Film flow stability analysis

From the model proposed by Schuocker [2][3], Vicanek [4] and Tsai [5], the
non-linear dynamic phenomena in reactive gas assisted laser cutting are
analysed numerically, with flow stability analysis techniques applied to the

thin molten layer generated on the cut front surface.

Figure 4-2.1 illustrates a simplified geometry of the transient cut surface.

Laser Beam
|
|
Feedrate (Vc) A . Z7L— Nozzle
I
. - Assist Gas
Gas Velocity (Vg)
e \\Nf/ 7Y
) h ——— Molten Layer
Workpiece . Thickness
N
"X

Figure 4-2.1: Simplified Geometry of The Transient Cut Surface

Following the analysis by Tsai [5], the equations that govern the thin film

flow system are:
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(i) boundary layer equations:

X

(8 v dv v) dp
p +U—+V =t

dy

{

+

.\ 9%2u 92y
o292

92y 92y

d x2+8 y2

[T, OT 9T\ , a2T+a2T
p dt Jdx OdYy d x2 0 y2

where:
¢ = the specific heat
k = the thermal conductivity

| = the dynamic viscosity

p = the pressure in the molten region

p = the density of the melt
t = the time

T = the temperature

)

(4-2.1)

)+ p g(1-7)@4-22)

(4-2.3)

(4-2.4)

u and v = the molten flow velocities in the x and y directions.

(ii) kinematic condition at the interface:

dh 9 h_

=V
ot d x
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where:
h is the molten layer thickness to be determined

V represents the surface velocity

(iii) mass conservation:

rhv+fmvv+(p—pg)n—(%n—’cgv)+7:—n=0 (4-2.6)
f

where:
Rf = the radius of curvature of the interface
pg = the pressure within the gas stream
s = the surface tension coefficient of the molten layer

T = the shear stress tensor acting interface by the molten liquid

(iv) energy conservation:

E +E,= —k(g—z + %) ‘n+mhy, (4-2.7)

where:
E[, = the absorbed laser energy
ER = the reaction energy
hfy = the latent heat of the melt liquid

n = the interface area
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Through the stability analysis detailed in [5], the thickness of the molten layer
as a function of cutting speed v, gas stream velocity Vg, workpiece thickness

d and material characteristics can be obtained from the followed two

equations:
S(7)+S,(h)k, =0 (4-2.8)
mh, =¢ 1333 087107t (4-2.9)

v (znkbrsms) 2

S,(E)ziKu(-Igi—l)/i7+(l— Ku)x (£, +E,) —vc(1+ﬁ)
3 3 phy, 6

- _ 2. (1_ _ _
52(17)=5pg(1 NAE, +Ex) 5 4p°801 2Y)v0h3+pg(1 v)
O Pr kA, 3u m
X(I_Lm_s_Ke),;z_ VT, | P
120 8Pr O

Theoretical predictions of striation frequency as a function of feedrate are

illustrated in figure 4-2.2.
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Figure 4-2.2: Striation Frequency as a Function of Feedrate

(Theoretical Prediction)

4-3 Experiment Set-Up

A coaxial type nozzle head was adopted for the cutting process. Figure 4-3.1
illustrates the experimental system set-up. The laser beam is focused onto the
workpiece through a convex-planar lens with diameter D and focal length f.
The focal point of the lens is positioned 0.6mm beneath the nozzle outlet.
Focal height offset position was adjusted by moving the nozzle head up and
down. Oxygen assist gas was supplied through the gas inlet on the top-side of
the nozzle head. The gas pressure was adjusted by means of a supply valve.
Laser beam feedrate was controlled by moving the nozzle head relative to the
workpiece via a CNC controller. Specimens are then measured by using a

contouring machine with a 10x lens.

96
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Lens

Gas Inlet

’

focalflength Gas Nozzle
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h0 o IV b offset height
| Workpiece

Figure 4-3.1: Coaxial Type Nozzle Set-up
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4-4 Results and Discussion

Frequency for the surface striation is presented in cycles/cm. Feedrates used
for different thicknesses of mild steel were set according to the following
equation:

Vi = Vgoodcut [1 - i*(10%)] Wherei=1t06 (4-4.1)

The feedrates used are listed in table 4-4.1:

Material Thickness Vgoodcut | V1 V2 V3 V4 %A V6
MS 5 mm Feedrate 1200 1080 | 960 840 720 600 | 480
MS 6 mm (mm/min) 950 860 | 760 | 670 | 570 | 480 | 380

Table 4-4.1: Feedrates For Different Cutting Conditions And Material
Thicknesses

4-4.1 Striation Frequency vs. Feedrate

Results of cut surface striation frequency with respect to different feedrate are

summarized in Table 4-4.2.

Feedrate Setting
Vgoodcut V1 V2 A% V4 \'A) V6
Smm exper.|| Striation | 29.11 | 28.64 | 34.29 | 29.88 | 28.86 | 27.22 | 28.02
Smm theory||Frequency| 105 125 137 165 190 232 280
6mm exper. 30.5 37.74 | 38.51 | 41.72 | 4225 | 36.28 | 37.02

Table 4-4.2; Striation Frequency vs. Feedrate (mild steel)
(Laser Power = 1150 Watts)
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Graphical representation is shown in Figure 4-4.1.

300 7
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Suriati 200 1 —&— 5mm experiment
iation
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100 —&—MS 6mm
50

Vgood V1 V2 V3 va V5 V6
cut

Feedrate (mm/min)

Figure 4-4.1: Striation Frequency vs. Feedrate
(Laser Power = 1150 Watts)

Plate 4.2 and plate 4.3 show the resulting kerf surface.
4-4.2 Striation Frequency vs. Assist Gas Pressure

Results of cut surface striation frequency with respect to different assist gas

pressure are summarized in Table 4-4.3.

Material Assist Gas Supply Pressure
Thickness 1.5bar | 2.0bar | 2.5bar | 3.0bar | 3.5 bar | 4.0 bar | 4.5 bar
5mm Striation | 24.72 | 29.11 26.43 | 27.01 30.03 | 29.71 31.34
6mm | Frequency| 38.04 30.5 39.73 | 43.86 | 42.63 53.3 34.26

Table 4-4.3: Striation Frequency vs. Assist Gas Pressure (mild steel)

(Laser Power = 1150 Watts)
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The graphical representation is shown in Figure 4-4.2.
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Figure 4-4.2: Striation Frequency vs. Assist Gas Pressure (mild steel)
(Laser Power = 1150 Watts)

From the results it can be seen that the cutting surface striation frequency
increases as the assist gas pressure increases. Plate 4.4 and plate 4.5 show the
resulting kerf surface.

4-4.3 Striation Frequency vs. Focal Height Offset Distance

Results of cut surface striation frequency with respect to different focal height

offset distances are summarized in Table 4-4.4.

Material Focal Point Off-set
Thickness Surface| HI | H2 H3 H4 H5
Smm Striation | 29.11 | 22.52 18.1 10.06 | 10.58 12
6mm |Frequency| 30.5 31.9 25.8 24.72 X X

Table 4-4.4: Striation Frequency vs. Focal Point Offset (mild steel)
(Laser Power = 1150 Watts)
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The Graphical representation is shown in Figure 4-4.3.
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Figure 4-4.3: Striation Frequency vs. Focal Point Offset
(mild steel) (Laser Power = 1150 Watts)

Plate 4.6 shows the resulting kerf surface. It is clear that the striation
frequency decreases as the focus point is adjusted to a higher position. That

means lower power density per area (watt/cm?2) and larger beam spot size.

The results of an investigation into the combined effect of focal height offset

position and gas pressure on 4mm mild steel are summarized in table 4-4.5.

Supply Focal Height Offset Distance

Pressure 0.6 mm|1.1 mm{1.6 mm|2.1 mm|2.6 mm|{3.1 mm|3.6 mm{4.1 mm|4.6 mm
2 bar | Striation | 27.06 | 22.31 | 19.74 | 18.85 | 16.05 | 14.02 | 14.66 | 14.39 X
3 bar |Frequency 27.72 | 23.35 | 20.08 | 20.06 | 16.74 | 13.64 | 12.76 | 13.35 | 14.11
4 bar 29.73 1 25.42 | 20.03 | 20.12 | 15.31 | 1543 | 14.55 | 13.67 | 13.4

Table 4-4.5: Striation Frequency vs. Focal Height Offset/Gas Pressure
(Laser Power = 1150 Watts)
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The graphical representation in shown in Figure 4-4.4.
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Figure 4-4.4: Striation Frequency vs. Focal Point Offset/Gas Pressure

(Laser Power = 1150 Watts)

From figure 4-4.4 it can be observed that although an increase in assist gas
pressure increases the kerf surface striation frequency. The focal height offset
position plays a major role in influencing the kerf surface striation frequency.
There appears to be a fixed relationship between the focal height offset
position and the striation frequency even when the assist gas pressure is

changed.

This can be explained, as when the focus height offset position is increased,
the laser beam spot size becomes larger. The volume of material to be melted
and removed increases as the kerf width becomes larger. Furthermore, the
power density decreases as the beam diameter increases. Also the gas flow

velocity reduces as the kerf width increases. These combined effects result in
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a coarser kerf surface and lower striation frequency. The increase of gas flow
velocity inside the kerf through increased assist gas pressure does not

compensate the effect induced by the increased beam spot size.
4-4.4 Striation Frequelicy vs. Material Thickness

Kerf surface striation frequency with respect to different material thicknesses

are summarized in Table 4-4.6.

Material Thickness
3 mm 4 mm 5 mm 6 mm 8§ mm
Striation Frequency] 18.55 19.64 20.1 28.79 34.11

Table 4-4.6: Striation Frequency for Different Thicknesses of Mild Steel
(Laser Power = 1150 Watts)

The graphical representation is shown in Figure 4-4.5.
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Figure 4-4.5: Striation Frequency vs. Mild Steel Thickness
(Laser Power = 1150 Watts)
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The experimental result show that in general, the striation frequency increases

as the material thickness becomes larger.

4-4.5 Striation Bi-Level Pattern Depth vs. Material Thickness

Results of the kerf surface striation depth distribution with respect to different

material thicknesses are summarized in Table 4-4.7.

Material Thickness
2mm | 3mm | 4mm | Smm | 6mm | 8mm
Depth(mm) | 0.465 | 0.735 | 0.922 | 0.879 | 1.006 | 0.911
Depth(%) 23.25 24.5 23.05 | 17.58 | 16.77 | 11.39

Table 4-4.7: Striation Bi-Level Pattern Depth vs. Mild Steel Thickness
(Laser Power = 1150 Watts)

These results are plotted in figure 4-4.6(a) and figure 4-4.6(b).
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Figure 4-4.6(a): Striation Bi-Level Pattern Depth vs. Mild Steel Thickness
(In mm)(Laser Power = 1150 Waits)
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Figure 4-4.6(b): Striation Bi-Level Pattern Depth vs. Thickness
(As a % of the Material Thickness)
(Laser Power = 1150 Watts)

From the above data, especially from figure 4-4.6(b), the resulting bi-level
depth changeé in a non-linear step-wise manner. As the material thickness
increases, for a number of material thicknesses the bi-level depth remains at
nearly the same level; when the thickness reaches a certain value, the bi-level
depth jumps to another level anq then stays approximately constant until the
material thickness reaches another critical value. Plate 4.7 shows the resulting
kerf surface.

4-5 Conclusion

Two distinct striation layers were found in most of the kerf surfaces for
material above certain thickness (about 2mm for mild steel). A higher
frequency and rougher-surface striation is found in the upper part of the bi-

level striation pattern where the effects of the laser beam dominate those of
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fluid dynamics. A lower frequency and smoother-surface striation is found in
the lower part of the bi-level striation pattern where the melt is blown and
ejected by the assist gas. A very smooth surface is observed on the kerf of

thin material where the kerf striation patterns almost disappear.

Higher frequency striations occurred when the assist gas jet pressure was
increased and the focal height offset was reduced. The depth of the bi-level
striation pattern implies that the system jumps from one stable state to another
for different thicknesses of mild steel, this non-linear behaviour cannot be

described by a continuous function.
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Plate 4.2: Striation Pattern vs. Feedrate (Smm mild steel)

(From Top: 1080, 960, 840, 720, 600, 480 mm/min)

Plate 4.3: Striation Pattern vs. Feedrate (6mm mild steel)
(From Top: 860, 760, 670, 570, 480, 380 mm/min)
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Plate 4.5: Striation Pattern vs. Assist Gas Pressure (6mm mild steel)
(From Top: 2 bar, 2.5 bar, 3.0 bar, 3.5 bar, 4.0 bar)
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Plate 4.7: Bi-Level Depth Pattern vs. Material Thickness
(From Top: 1, 2, 3, 4, 5, 6 mm mild steel)

111



CHAPTER 5

Experiments, Results and Discussions - 3
Spark Cone Analysis

5-1

5-3

Spark Cone - Cutting Quality Analysis .

Experimental Set-Up . ...

ResultsS . cvvveiriiiriivienienn,

5-3.1 Spark Cone Pattern .
5-3.2 Spark Cone Angle .

Discussion and Conclusion .

ooooooooooooooooooooooooooo

oooooooooooooooooooooooooooooooooooooooooooooooo

oooooooooooooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooooooooooooo

...............................................

ooooooooooooooooooooooooooooooooooooooooooo

112

113

114

116

116

121

125



5-1 Spark Cone - Cutting Quality Analysis

The reactive gas oxygen (O2) is normally used in mild steel cutting to assist
the cutting process and increase the cutting speed. Figure 5-1.1 illustrates a

coaxial type nozzle which is normally adopted in industrial applications.

Laser Power: P IDI
|| Lens
//
! Gas Inlet
|
I
f |

focus length | ‘ Gas Nozzle

l Assist Gas
0.6 mm ' /
_ — = -

h: offset height

| Workpiece

Figure 5-1.1: Coaxial Type Nozzle

The strong, reactive gas jet flows through the narrow kerf, liquid and
vaporized metal phases are ejected from the kerf outlet on the lower surface
due to the net frictional force between the gas stream and the melt and
between the melt and the solid metal as well as the pressure gradient

generated in the region.

113



When liquid and vapour of the processed metal are carried out through the
lower kerf outlet, the reactive assist gas and the metal liquid/vapour mix
expand rapidly as if they have passed through a convergent nozzle. A
characteristic spark cone is thus formed which is a function of the specific

kerf geometry and flow dynamics.

Upon ejection of the melt and vapour, where effective mixing with the oxygen
takes place, a strong reaction between the metal and the oxygen is initiated.
The high temperature results in burning of the metal particles. The buming
pattern, or more commonly named - spark cone, provides an easy and
effective method for a skilled technician to judge the quality of the cutting
process. Image processing devices that operate in the visible part of the EM
spectrum, connected to highly developed computers, facilitate effective digital

spark cone analysis.

5-2 Experiment Set-Up

The schematic diagram of the system set-up is shown in figure 5-2.1.
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Figure 5-2.1: Spark Cone Analysis System Schematics

A CCD camera is placed 50 cm away from the cutting point along the Y-
direction. The camera is positioned so that the cutting point is in the upper
centre part of the image, therefore most of the spark cone image is visible in
the 512x512 frame. Image signals from the CCD camera were transferred to -
both the monitoring TV beside the operator, for supervising the cutting
process - and the ITEX-150 frame grabber where images of the cutting spark
cone were grabbed for further analysis. When the operator initiates the cutting
process from the control console, sub-commands for trigging the spark cone
analysis sub-system were sent to the SUN workstation through the local
networking system. When the spark cone analysis sub-system activate signal

is acknowledged, the cutting process is started, commands are then sent to the
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ITEX-150 frame grabber to grab the spark cone images. These digital spark
cone images were then transferred through the internal bus link to the frame
store unit in the ITEX-150 frame grabber for temporary storage and through
the external bus link to the SUN workstation for immediate image analysis

and permanent storage.

Spark cone images from mild steel and stainless steel cutting, of different
thicknesses, were grabbed as a 512x512 pixel array. Image analysis was
performed digitally. Results were presented through SUNview/Openwin and
MATLAB, where a digital print-out function is available.

5-3 Results
5-3.1 Spark Cone Pattern:

Analysis of the spark cone histogram revealed that two or three different
intensity layers were distinguishable within the cutting spark cone. Plate 5-3.1
is a typical spark cone image from cutting mild steel. Figure 5-3.1 shows the
histogram of this spark cone image. For convenience, the spark cones are
considered to consist of two separate sub-cones, an intense concentrated
inner cone, and a lighter sparse outer cone. The relative; size of the inner and
outer cones were found to alter as a function of the dross attachment

conditions on the workpiece lower surface.
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Figure 5-3.1: Histogram of The Spark Cone Image From A Typical Mild
Steel Cutting Process
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Plate 5-3.2 to Plate 5-3.6 are spark cone images from mild steel of different
thicknesses (2mm to 6mm). These images were taken from a cutting process
with good kerf quality. That means, little or no dross attachment to the lower
surface (nearly dross free). The spark cones are very intense with virtually no
sparse sparks in the outer layer of the cone. Figure 5-3.2 is the histogram of
the 4mm result (where the value of the zero intensity has been removed). One
peak is clearly observed in the diagram. Plate 5-3.7 is a spark cone image of a
4mm mild steel cutting process with some dross attachment to the lower
surface. It is clear that there are some sparse sparks formed in the outer layer
of the cone. Figure 5-3.3 is the histogram of this spark cone image. It can

seen that there are three peaks present in the diagram.

Plate 5-3.8 to Plate 5-3.11 are spark cone images for different dross
attachment conditions for a 4mm mild steel cutting process. The plate runs
from plate 5-3.8, dross free, to plate 5-3.11 which exhibits severe dross

attachment. The smaller the sparse spark region the cleaner the cut.

For the stainless steel cutting process, since the melted liquid is more viscous,
dross is not easy to eliminate from the lower surface for most of the cutting
processes. Plate 5-3.12 to Plate 5-3.15 are spark cone images of stainless
steel cutting, with material thickness from 1mm to 4mm, these results gave
good cutting quality. Dross was present on the lower surface for every
process. Predictably, no intensive spark cone image is present, most of the
results exhibited a sparse spark cone pattern. Plate 5-3.16 to plate 5-3.19 are
spark cone images for different dross attachment conditions for stainless steel

cutting process. The plate runs from plate 5-3.16, almost dross free, to plate
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5-3.19 which exhibits sever dross attachment. The amount of intense inner

spark cone increases as the cut becomes better.
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Figure 5-3.2: Histogram of The Spark Cone Image of 4 mm Mild Steel -

Good Cut Process
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5-3.2 Spark Cone Angle

In mild steel cutting, the spark cone angle is defined as the angle of the inner
intensive cone, which is found in most mild steel cutting, especially good
quality cutting processes. Good quality cutting of mild steel is characterised
by a high irradiance intensive spark cone. The width of the kerf, roughness
condition on the cut surface and the assist gas pressure affect the blow-out
spark cone angle. The measured results of the spark cone angle under
different process conditions are summarized in Table 5-3.1(a), 5-3.1(b), 5-
3.1(c).

Supply Material Thickness

Pressure Imm | 2mm | 3mm | 4mm | Smm | 6mm
1.5 bar 123 X X 21 X X
2.0bar 133 27 28 23 18 10

2.5 bar || Spark | 117 28 X 24 X 14
30bar|| Cone | 116 31 30 23 X 12
3.5bar || Angle | 104 31 29 21 20 13
40bar| (deg) | 139 34 31 22 20 12
4.5 bar 129 31 29 23 18 11

Table 5-3.1(a) Spark Cone Angle for Mild Steel Cutting
With Different Gas Pressure (Laser Power = 1150 Watts)

Focal Point Material Thickness
Offset 3mm 4mm 6mm
H1 28 32 20
H2 Spark 18 32 30
H3 Cone 23 40 X
H4 Angle | 20 114 X
H5 (deg) 108 X X
H6 116 X X

Table 5-3.1(b) Spark Cone Angle for Mild Steel Cutting
With Different Focal Point Offset (Laser Power = 1150 Watts)
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Feedrate Material Thickness
Setting 2mm 4mm Smm
\"2! 120 50 39
V2 Spark 126 54 40
V3 Cone 130 48 40
V4 Angle 130 60 42
V5 (deg) 110 58 42
V6 90 65 X

Table 5-3.1(c) Spark Cone Angle for Mild Steel Cutting
With Different Feedrate (Laser Power = 1150 Watts)

Figure 5-3.4(a), 5-3.4(b), 5-3.4(c) are the graphic representations of the

above results.
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Figure 5-3.4(a): Spark Cone Angle for Mild Steel Cutting
With Different Gas Pressure (Laser Power = 1150 Watts)
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Figure 5-3.4(b): Spark Cone Angle for Mild Steel Cutting
With Different Focal Point Offset (Laser Power = 1150 Watts)

140
120
100

Cone —&—2mm

~&— 4mm
—a— 5mm

(deg) ,
20 4

Al V2 V3 V4 V5 Ve

Feedrate

Figure 5-3.4(c): Spark Cone Angle for Mild Steel Cutting
With Different Feedrate (Laser Power = 1150 Watts)
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Spark cone angles for different material thickness mild steel cutting processes

with good cutting quality are summarized in Table 5-3.2.

Material Thickness

1mm 2mm 3mm 4mm Smm 6mm

Cone Angle(deg) 133 27 28 23 18 10

Operational Parameters:

Supply Gas Pressure: 2 bar for all thicknesses

Focal Point Offset: 0 mm for all thicknesses (right on the surface)
Feedrate(mm/min] 5200 | 2700 | 2000 | 1420 | 1200 | 950 |

Table 5-3.2: Spark Cone Angle vs. Mild Steel Thickness
Figure 5-3.5 is the graphic representation of the data.
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Figure 5-3.5: Spark Cone Angle vs. Mild Steel Thickness
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5-4 Discussion and Conclusion

The spark cone pattern reflects the flow conditions of the liquid-gas mixture
blown out from the kerf. Hence the presence of dross on the lower surface
disturbs the exiting flow and thus the spark cone pattern. From the results

shown in the previous section the following conclusions are made:

1) Very intensive cones were observed when the kerf walls were clean and
dross free. Since there is no dross attachment on the lower surface, the
blown-out liquid-gas mixture flows out smoothly and establishes an intense
cone shape.

2) More and more sparse spark lines were formed as greater amounts of dross
were attached to the lower surface of the workpiece. The dross attachment
retarded and disturbed the flow. As a result, the spark cones became sparser.
3) The spark cone angle increases when gas pressure is increased until the cut
surface is clean. This can be seen from data of 1.5 bar to data of 2.0 bar.
Where at 1.5 bar most cuts have some dross attachment on the lower surface,
and become dross free at a pressure of 2.0 bar and above. When the cuts are
clean, the spark cone angle becomes stable.

4) Spark cone angles do not change as the feedrates are reduced. The spark
cone patterns are dominated by the gas dynamics within the cut region. Flow
conditions did not alter greatly when the feedrate was changed. Therefore, the
spark cone angle remain unchanged.

5) Spark cone angle increases as the focal point offset is increased. Kerf |
width increases as the focal point offset is increased. The amount of flow per
unit time is increased and results in a wider blow-out spread from the lower

surface.
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6) Spark cone angle decreases as the thickness of the material increases. As
the thickness of the material increases, the kerf effectively acts as a duct and
the flow inside the kerf tends to be fully developed. As a result, the angle of
the spark cone decreases.

7) In the stainless steel cutting process, due to the higher viscosity, dross
attachment remains on most of the workpiece lower surfaces, which disturbs
the exiting gas-metal mixture flow and causes a sparse spark cone.
Nevertheless, the relative size of the intense inner cone increases as the cut
quality improves. Due to the form of these sparse spark cones - the spark
cone evaluation system developed for assessing the cut quality - is more
effective when used for the mild steel cutting process than for stainless steel

cutting.
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Plate 5-3.1: Spark Cone Image of A Typical Mild Steel Cutting Process
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>late 5-3.2: Spark Cone Image of 2 mm Plate 5-3.3: Spark Cone Image of 3 mm
1i1d Steel Cutting Process - Good Mild Steel Cutting Process - Good

(Feedrate = 2700 mm/min) (Feedrate = 2000 mm/min)

Plate 5-3.4: Spark Cone Image of 4 mm
Mild Steel Cutting Process - Good

(Feedrate = 1420 mm/min)
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Plate 5-3.5: Spark Cone Image of 5 mm Plate 5-3.6: Spark Cone Image of 6 mm

Mild Steel Cutting Process - Good Mild Steel Cutting Process - Good

(Feedrate = 1200 mm/min) (Feedrate = 950 mm/min)
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Plate 5-3.7: Spark Cone Image of 4 mm Mild Steel Cutting Process With

Some Dross Attachment
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Plate 5-3.8: Spark Cone Image of Clean Plate 5-3.9: Spark Cone Image of Less
Cutting Process - Mild Steel Dross Cutting Process

: Plate 5-3.11: Spark Cone Image of Heavy
Dross Cutting Process Dross Cutting Process
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Plate 5-3.12: Spark Cone Image of 1 mm Plate 5-3.13: Spark Cone Image of 2 mm

Stainless Steel Cutting Process - Good

Plate 5-3.14: Spark Cone Image of 3 mm
Stainless Steel Cutting Process - Good
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Stainless Steel Cutting Process - Good

Plate 5-3.15: Spark Cone Image of 4 mm
Stainless Steel Cutting Process - Good



Plate 5-3.16: Spark Cone Image of Clean Plate 5-3.17: Spark Cone Image of Less
Cutting Process - Stainless Steel Dross Cutting Process - Stainless Steel

Plate 5-3.18: Spark Cone Image of Median Plate 5-3.19: Spark Cone Image of Heavy
Dross Cutting Process - Stainless Steel Dross Cutting Process - Stainless Steel
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Nomenclature

Cp  =thermal conductivity
= total radiated energy
= coupling coefficient
= latent heat of fusion

= latent heat of vaporisation

E

n

Lf

Ly

A = wavelength
m' = fraction of melt vaporised
P = incident laser power

p = density

t = thickness

T = temperature

\Y = cutting speed (feedrate)
w

= average kerf width
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6-1 Introduction

The laser cutting process is influenced strongly by characteristics such as:
power mode (i.e. CW or pulsed), power density, transverse mode, beam
polarisation; set-up of ‘operating system such as: beam delivery optics, nozzle
type, assist gas type and gas pressure, beam focusing, laser beam operating
position (offset), and feedrate; and characteristics of target material such as:
conductivity, diffusivity, melting temperature, boiling temperature, latent heat
of melting and vaporisation, plasma formation, exothermic chemical reaction
with reactive gas Op, and relevant viscosities. SO many parameters are
involved that inevitably laser cutting is a highly non-linear process and
consequently very difficult to analyse or predict analytically. Numerous
researchers have investigated these complex laser cutting phenomena in order
to establish an appropriate cutting model to describe and control laser cutting
processes. D. Schuocker [1][2], M. Vicanek et al [3], and M. J. Tasi et al [4]
proposed a laser cutting model based on stability analysis of the melt flow
over the transient cut surface. Almost periodic striation patterns were
predicted and found on the kerf walls. Through the investigation of the
dynamical behaviour of these thin film flow patterns they characterized, based
on operating parameters and target material characteristics, the thickness of
the thin layer and predicted the striation frequency range for stable cutting
processes. This gives a prediction of the laser beam feedrate. K. A. Bunting et
al [5] simplified the analysis assumptions and used a cylindrical source model
to investigate the relationship between the incident power density, the nozzle
head and the resulting cutting speed. Relationships between the incident
power density per unit thickness and the cut speed (feedrate) in terms of the

thermal properties of the target material were established for predicting and
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controlling the cutting processes. G. Chryssolouris et al [6] and W. M. Steen
[7] further simplified the analysis assumptions and proposed a simple cutting
model to predict the process. Theoretical analyses of the laser-material
interaction aimed at establishing models that facilitate control of the laser

cutting process are presented in [8]{9][10][11].

Many models and discoveries related to laser cutting processes have been
developed. Yet, the results are scattered in the literature and more or less
incomplete or inconclusive. Formulae and data generated by one researcher
quite often may not be correct or be useful to another because they are system
and set-up dependant. A control algorithm that is system independent and set-

up unrelated is thus needed.

The recent and rapid development in artificial intelligence and expert systems
along with well-established control techniques provide a satisfactory solution
to the problem. A hierarchically-structured control system that integrates a
knowledge-based expert system, adaptive process control and pattern
recognition techniques has been developed for a Ferranti MFKP 1.2kW CO»
Laser Manufacturing System. This is illustrated by figure 6-1.1.
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Figure 6-1.1: Knowledge-Based Adaptive Control Environment

Laser cutting process knowledge, for different materials, is organised and

implemented with a rule-based system. An adaptive control algorithm based

on on-line recursive parameter estimation and real-time control synthesis was

adopted for the highly non-linear cutting process control. The laser beam
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feedrate was chosen as the system control input. The magnitude of the
irradiance emitted from the cut front was detected and fedback to this
adaptive controller and used as the input to the recursive parameter estimator
for system identification. Pattern recognition that utilises cross correlation
with a synthetic discriminant function (SDF) filter was applied to the cutting
quality control. Images of the exit spark cone that occurred during the cutting
process were grabbed, edge enhanced and cross-correlated with ideal
reference images encoded into a SDF filter. Digital techniques based on these
pattern recognition algorithms were developed to simulate the performance of
a control system that has been designed for a real-time optical

implementation.

6-2 System Description

The adaptive control and tasking environment of the CO7 laser manufacturing

system consists of three sub-systems:
1. a pre-process KBMS expert shell
2. an adaptive process controller

3. a post-process quality analysis shell

6-2.1 General Implementation Description

The system is illustrated by figure 6-2.1.
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Figure 6-2.1: System Diagram of a Knowledge-Based Adaptive Control
Environment For a CO9 Laser Manufacturing System ( PC-Based Windows

Environment)

Knowledge of the initial best-process parameter settings for different laser
processes and materials are stored in the knowledge base. The spark cone
images are also stored in the knowledge base for post-process quality analysis

and subsequent exploitation in constructing the SDF's. A rule-based chaining
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inference engine and least square parameter estimation are used to relate

material selection to process parameter evaluation.

The laser operator communicates and operates the system through the
graphically based user interface (GUI). When the technician makes a query
for a specific laser process, for a particular material, the knowledge-based
expert shell searches through the data base using the embedded rules and
chaining methods and then displays the process parameter data via the GUIL
When the technician initiates the cutting process, the associated spark cone
SDF filter is called up from the data base and then loaded to the spark cone
image evaluation system built into the SUN workstation, the SUN is linked to
the controller via the network. The evaluation system stands by for post
process quality analysis. Meanwhile, initial best-estimate process parameter
settings are inferred from the knowledge base and sent to the controller.
Setting of laser power mode (i.e. pulsed or CW) and power range are
downloaded to the laser pulser unit. Feedrate settings are downloaded to the
TNC controller. The process is then initiated through the TNC controller.
During the laser cutting process, irradiance emitted from the cut front and
spark cone image are sampled and fedback to the adaptive controller and
spark cone image evaluator respectively. The irradiance emitted from the cut
front is used to regulate the cutting process in real-time; the spark cone data is

used to evaluate post process quality.
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6-2.2 Hardware Schematics

The adaptive control and tasking environment (ACTE) for this specific laser
manufacturing system, which is illustrated in figure 6-2.2, includes five sub-

systems:

Laser Manufacturing Sub-system

Intensity Image
Process
Interf:
erlace Monitoring
Sub-system Sub-system
Intensity Signal
Control

Signal $ Image Signal

SUN Workstation

PC Control System Spark Cone
Evaluation System

Figure 6-2.2: ACTE Laser Manufacturing System

1. laser manufacturing sub-system

2. PC control sub-system

3. SUN workstation spark cone image evaluation sub-system
4. process monitoring sub-system

5. interface sub-system
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1. laser manufacturing subsystem:

The main function of this sub-system is to generate, maintain, and regulate the
laser needed for the material processing operation. The diagram of this

subsystem is shown in figure 6-2.3.

Gas Mixing Unit Gas Suppl
as Mixing Uni as uPpy Cooling Unit
Unit
Pulser Unit y
Assist
Gas N Ferranti MIFKP 1.2kW Coolant
Suppl
PPy CO2 Laser Head
System .
: Vacuum
¥ Laser Beam Unit
Heidenhai
cidemaim X - Y Working Table
TNC 155AR Polarization
Nozzle
Control
NC Controller . Head
Unit

Beam Delivery Loop
Coolant/Water Loop
DC Supply Loop

Gas Loop

z
g I l |
3

NC Control Loop

Figure 6-2.3: Laser Manufacturing System

It includes the following components:

(1) Ferranti MFKP CO2 laser system:

(i) laser head
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(ii) pulser unit

(iii) gas supply unit

(iv) assist gas supply unit

(v) cooling unit (water/coolant)
(vi) vacuum unit (f)ump)

(vii) laser beam delivery system

(2) Heidenhain TNC 155AR NC working table:
(i) TNC 155AR NC controller
(ii) X Y working table

(3) Polarization control unit:
(i) Coherent 4 MIRROR ECQ module - depolarizer
(ii) A4890TS rotation stage

2. PC control subsystem:

The PC control subsystem is the central control unit, the core of the entire
system. This is where the knowledge base, adaptive controller and monitoring
system are hosted. The diagram of this subsystem is shown in figure 6-2.5. It

includes the following components:

(1) Viglen Vig IV 33 486 PC

(2) National Instrument AT-MIO-16F-5 . Mﬁlti-channel data acquisition card
(3) Licom serial communication card :

(4) R S PC 24 digital 1/0 card

(5) multi-protocol communication card
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Figure 6-2.4: PC Control System

3. SUN spark cone image evaluation subsystem:

Digital image analysis is executed on the SUN workstation, this simulates the
coherent optical techniques to analyze the spark cone image in order to
analyze the process quality. The diagram of this subsystem is shown in figure

6-2.5. It includes the following components:
(1) Sun IV sparc workstation

(2) ITEX 150 frame grabber
(3) TV monitor
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Figure 6-2.5: Spark Cone Evaluation System

4. Process monitor subsystem:

The monitoring sub-system acquires information during the process. The
central controller uses this information to effectively and correctly supervise
and control the processing in order to achieve best processing quality. The
diagram of this subsystem is shown in figure 6-2.6. It includes the following

components:

(1) cut front irradiance measuring unit
(i) fibre optic + optics head
(ii) photo sensor unit

(iii) signal conditioning unit

(2) spark cone image grabbing unit
(i) CCD camera + lens
(i) TV monitor
(iit) transmission cables

(iv) power supply
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Figure 6-2.6: Process Monitoring Sub-system
5. interface subsystem:
Several kinds of interfaces are built into this system. Communication
messages and control commands can then route through these interfaces. The
diagram of this subsystem is shown in figure 6-2.7. It includes the following

components:

(i) PC controller - laser pulser unit interface

(ii) PC controller - NC controller interface
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Figure 6-2.7: Interface Sub-system

6-2.3 Software Schematics

The software structure of the system is detailed as follows:

1. Pre-process KBMS expert subsystem:

Expertise regarding material recommendation, process parameter settings and

process quality judgement are provided through this KBMS expert sub-

system. The diagram of this subsystem is shown in figure 6-2.8.
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Figure 6-2.8: KBMS Expert Sub-system

It includes the following components:

(i) relational data base

(ii) deductive rule base

(iii) inference engine

(iv) adaptive parameter estimator

(v) man-machine interface

(a) explanation facility

(b) operation window/ control system

(vi) Inter-subsystem interface
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2. Adaptive Process Controller:

Information about the process is sampled and fed into the parametric
estimator for model construction. The resulting model is then used to
construct the controller and the appropriate control set-up is actuated through
the DNC interface upon the laser manufacturing system. The main function of
this sub-system is to maintain the laser processing stability within the required

specification. The diagram of this subsystem is shown in figure 6-2.9.

[ Knowledge Base ]

e N

Control Parameter Monitoring

Actuator Estimator Unit
S —

Set Point

G l Laser Cutting Process

Feedrate J Cut Front Irradiance

Figure 6-2.9: Adaptive Process Controller

It includes the following components:

(1) monitoring unit:
(a) data acquisition - intensity
(b) signal A/D conversion and analysis

(¢) man-machine interface
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(ii) Parameter estimator
(iii) Control actuator
(a) controller
(b) D/A converter
(c) DNC interface
(d) man-machine interface

(iv) Inter- subsystem interface

3. Post-process quality analysis and consultation sub-system:

Images of the cutting process are analyzed by this spark cone image
evaluation sub-system. Digital processing of these images enable the
knowledge expert sub-system to assess the quality of the process. The
diagram of this subsystem is shown in figure 6-2.10. It includes the following

components:

(i) Image acquisition - spark cone image
(ii) Image pre-processing
(iii) Image comparison:

(a) matched filtering

(b) half cone angle comparison
(iv) man-machine interface

(a) control screen

(b) consultation screen
(v) inter sub-system interface

The whole software structure is illustrated in figure 6-2.11.
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Figure 6-2.10: Quality Analysis Sub-system
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Figure 6-2.11: System Software Structure Diagram
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6-3 KBMS Expert Shell

what is an expert system:

Expert systems form a branch of Artificial Intelligence. One of the most
outstanding examples of expert systems is that of medical diagnosis. The
most representative and famous system is MYCIN [12][13]{14]. An expert
system developed at Stanford University to aid physicians in the diagnosis
and treatment of meningitis and bacteremia infections. Since then, numerous
systems were developed for different areas. PROSPECTOR [15] was
designed to provide consultation for geologists. HEARSAY II [16] was
developed for speech understanding. MOLGEN was used for analysis and
synthesis of DNA. And R.1. was developed to configure PDP and VAX
computer systems [17]. Many other expert systems have been developed for

mathematics, chemistry and engineering.

An expert system, which is a set of software modules, mimics the behaviour
of an expert in a particular pre-defined field of interest. Expert-system does
not necessarily mean that the piece of computer software will become an
expert itself, but emphasizes that the software contains knowledge of domain

experts.

components of an expert system:

Expert systems mainly include the following components:
i. The knowledge acquisition sub-system.

ii. The knowledge base.

iii. The deductive data base - temporary working memory.

iv. The inference engine.
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v. The explanation sub-system - interface.

vi. The learning sub-system.

tools for building expert system:

Basically, three kinds of tools are available for building an expert system:
i. conventional programming languages: like C, Pascal, FORTRAN

ii. artificial intelligence tools: like Lisp, Prolog

iil. expert system shells: like KAE

C was selected as the language to develop this system as it gave the following

advantages:

(i) comparatively high processing speed when compared with LISP and

Prolog

(i) it supports complex data structures and is able to process numerically
intensive problems quickly

(iii) compatibility and portability with different hardware

(iv) easier integration with different software packages

(v) no special hardware needed - cost effective

(vi) excellent low level hardware manipulation power

6-3.1 The Knowledge Base
Knowledge Base Structure: Laser-Material Interaction Analysis

Knowledge relating to laser cutting processes can be classified into two

categories: structured knowledge and heuristic knowledge. Structured
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knowledge represents the conceptual understanding of laser cutting
phenomena such as laser cutting models. Heuristic knowledge which contains
factual data, which can be represented in an IF-THEN form, such as
relationships between the cutting process quality and laser operating
parameters, and relationships between material characteristics and laser

processing suitability.

6-3.1.1 The structured knowledge:

This type of knowledge relates to the fundamental research into laser cutting
behaviour. Such as why the cut is formed and how it is formed. Through the
analysis of the cutting phenomena based on physical laws, mathematical
equations are formulated that describe and explain the interaction phenomena.
The mathematical equations that describe the behaviour of the system are
termed the laser cutting models. These models originate from two main
sources: theoretical analysis and experimental deduction (statistics) leading to

empirical models.

knowledge from theoretical analysis:

As mentioned in the previous section, many models have been developed to
explain the laser cutting phenomenon. Models that are suitable for on-line
process control must give a reasonably accurate process prediction and also
be sufficiently simple that they can be computed in real-time. Only then is

real-time control possible.

The Simple Cutting Model proposed by G. Chryssolouris et al [6] and W.
M. Steen [7] was adopted as one of the reference models. They assumed that

all the energy enters the melt and is removed before significant conduction
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can occur. Hence using a heat balance in the cutting region gives a simple

mathematical equation that describes the cutting process:
_ P :
(P/tVi=wE{C AT+ L +m L} (6-3.1)
n

where: Cp = thermal conductivity
1 = coupling coefficient
Lf = latent heat of fusion
Ly = latent heat of vaporisation
m' = fraction of melt vaporised
P = incident laser power
p = density
t = thickness
V = cutting speed (feedrate)

w = average kerf width

knowledge from experimental deduction (statistics):

Using regression analysis, data collected from experiments can be used to
establish useful experimentally based empirical models for the cutting
processes. Table 6-3.1 represents a set of feedrate data for mild steel
(BS1449-CR4) and stainless steel (S304) of different thicknesses. A graphical

representation is given in figure 6-3.1.

Material Thickness
Material Type Imm | 2mm | 3mm | 4mm | Smm | 6mm
MILD STEEL(hp) 5200 | 2700 | 2000 | 1420 | 1200 | 950
STAINLESS STEEL(hp)|Feedrate| 3500 | 3100 | 1300 | 900 X X
MILD STEEL(lp) (mm/min) 2320 | 1460 | 840 | 600 | 480 | 427
hp: 1150 Watts Ip: 500 Watts

Table 6-3.1: Best Cut Feedrate vs. Material Thickness
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Figure 6-3.1: Feedrate vs. Material Thickness

Using least square regression on the feed rate data experimental models for
the laser cutting process of these materials were obtained. For example, take
the feedrate - thickness relationship data of mild steel (high power) from
table 6-3.1, by using least square regression based on a cubic model, the

following equation is obtained:

Y =9040.0 - 4872.9X + 1054.8X2 - 78.056X3 (6-3.2)

6-3.1.2 The heuristic knowledge:
This type of knowledge relates mainly to the relationships between the
operating parameters and the cut quality. They also come from definitions /or

theoretical analysis and experience /or experimental deduction.
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knowledge from definitions /or theoretical analysis:

The quality of laser cutting processes is mainly defined by: the size of heat
affected zone (HAZ), the amount of dross attachment, the kerf width, the
surface roughness of kerf side walls and the kerf wall angle. Although the
quantitative definition of a good cut is relative, for different applications, the
following form of rules have general applicability; tolerances vary from one

process to another, these are handled through the data base. For example:

R11: IF HAZ > a THEN the cut quality is bad
R12: IF surface roughness < b THEN the cut quality is good

Knowledge relating to the operating conditions can be deduced and extracted
from the theoretical study of the cutting model. Take the simple cutting model

for example.

A=[P/tV]=w%{CPAT+Lf+m' L)=B (6-3.1)

For the material to be cut, A must be equal to or greater than B. By assuming
that the laser didn't cut through the target material (i.e. A < B), either the laser
power P has to be increased or the beam feedrate V must be decreased. Thus,

rules are implemented as:

R21: IF no cut & low power THEN increase laser power
R22: IF no cut & high power THEN reduce feedrate
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knowledge from experience /or experimental deduction:

The laser operator's experience plays an important part in determining the
cutting quality and time needed for such processes. Experienced technicians
can correctly adjust the operating parameters according to the phenomena
observed and they achieve this quite quickly. But an inexperienced operator
will take a lot of time using a trial and error approach. These skilled
technicians are the domain experts, their knowledge is implemented in the

following form:

R31: IF scale of spark cone sparsity > ¢
THEN the amount of dross attached is high
R32: IF the amount of dross attached is high &

laser power is okay

THEN increase the assist gas pressure

Relationships deduced from experimental data forms another source of
knowledge. For example, figure 6-3.2 shows the relationships between the
size of the HAZ and the feedrate and figure 6-3.3 illustrates the relationships
between the cut edge surface roughness and feedrate. Feedrates used in figure
6-3.2 and figure 6-3.3 for different thicknesses of mild steel were set

according to the following equation:
Vi =Vgoodcut [1 -i*(10%)] Wherei=1t06 (6-3.3)

The feedrates used are listed in table 6-3.2:
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Material Thickness
Feedrate Setting Imm 2mm 3mm 4mm Smm 6mm
Vgoodcut 5200 2700 2000 1420 1200 950

Vi 4680 2430 1800 1280 1080 860
V2 4160 2160 1600 1140 960 760
V3 Feedrate | 3640 1890 1400 1000 840 670
V4 (mm/min)| 3120 1620 1200 860 720 570
Vs 2600 1350 1000 720 600 480
V6 2080 1080 800 580 480 380

Table 6-3.2: Feedrates for Different Cutting Conditions and Material
Thicknesses (Laser Power = 1150 Watts)

2571
2 -+
—a— MS 1mm
) 151 —&—MS 2mm
HAZ Wit 1 —a—uS amm
1 - e MS 4mm
—¥—MS 5mm
0.5 e MS 6mm
O v v v v v T 1
Vgoodc V1 V2 V3 V4 'S \'/3]
ut

Feedrate (mm/min)

Figure 6-3.2: HAZ vs. Feedrate
(Laser Power = 1150 Watts)
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Figure 6-3.3: Kerf Surface Roughness vs. Feedrate
(Laser Power = 1150 Watts)

Rules can be deduced from analysis of this data, hence:

R41: IF feedrate decrease THEN HAZ increase

R42: IF feedrate decrease THEN surface roughness increase

Expertise relating material types and thicknesses to initial process parameter
settings and process quality assessment are then provided through the KBMS
expert sub-system. The diagram of this subsystem is shown in figure 6-2.8. It
includes the following components:

(i) relational data base

(ii) deductive rule base

(iii) inference engine

(iv) adaptive parameter estimator

(v) man-machine interface

. explanation facility

. operation window / control system
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6-4 Adaptive Controller

Phenomena within the laser cutting process are extremely complex and highly
non-linear. This complexity and non-linearity presents great difficulties in
analysizing the process in detail. Because of so many known and unknown
parameters involved in the phenomena, the system dynamics are barely
analytically predictable. Therefore, conventional control algorithms based on
analytical mathematical models are not adequate for controlling the laser

cutting processes.

From the analysis on the relationships between the cutting quality and the
cutting process parameters, steady state phenomena were observed during the
laser cutting process. For a good quality stable cutting process periodic
striations were found on the cutting edge surface, a uniform heat affected
zone, and characteristic spark cones were generated for good cutting
processes. All these phenomena are related to, and result from the
temperature dynamics of the target material within the laser-material
interaction zone during the laser cutting process. The combined effect of the
process parameters results in a steady state temperature fluctuation within the
cutting region which is confirmed from both the observation of the laser
cutting process results and the theoretical analysis of the striations. Therefore, |
cut front temperature was used for the feedback parameter in the control
process. Due to the non-linear nature of the laser cutting process, adaptive

control was applied to control the cutting process.

In 1899, Lummer and Pringsheim examined the distribution of the radiation

from a black body, i.e. the relative intensity at different wavelengths, by using
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an infra-red spectrometer and a bolometer consisting of a single platinum
strip. The results of the experiment form a set of curves that give the relative
intensities of the different wavelengths at different temperatures. These
curves show that as the temperature rises, the intensity of every wavelength
increases, and the intensities of the shorter wavelengths increase more
rapidly. This is known as the black body radiation law. Each temperature

exhibits a characteristic distribution of radiation.
From Stefan's Law,
E=0cT' | (6-4.1)
where: 6=5.7 x 10-8 Wm‘2K‘4, is called Stefan's constant
the total energy radiated from the black body at temperature T is proportional
to T4. This means that no matter how the process proceeds, the radiation
emitted from the workpiece is a function of the temperature only.
E=1(T) (6-4.2)
And from the Wien's Displacement Law,

AmT = constant (6-4.3)

where: (i) the constant is 2.9 x 10-3 mK

(ii) Ay, is the wavelength of the peak of the curve
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Also from the relationship between the height of the peak of the curve and the

temperature T, the following equation is obtained [18]:
E,, =T* (6-4.4)

Once these quantities are measured for a good quality cut the pattern of the
radiation is then fixed. As the "pattern" of the intensity-wavelength
relationship is fixed, the energy radiated from a black body for a certain
wavelength A, in band 3, at temperature T is fixed also. Which is expressed

as follows:
E)T = E)0A (6-4.5)

where: (i) EAT is the energy radiated in band A to A+8A (m'zs'l)
(ii) E), is the emissive power of a black body for the wavelength A at

temperature T

From the above analysis, the amount of energy absorbed by a photodetector is
proportional to its wavelength sensitivity range, distance from the radiation
source and the detector area. Therefore, by proper design of the optical head
(the absorbing area), fixing the distance between the absorbing head to the
laser cutting point and selection of the proper photo-sensor (the effective
response range, A to A+8A), the response of the photo-sensor is therefore

proportional to the temperature of the laser cutting point only. That is:

Presponse = f(T4) (6-4.6)
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Since the temperature within the laser cutting region consists a wide range of
temperatures, according Stefan's Law, the highest temperature contributes

most of the energy to the total response from the photo-sensor. That is:
— 4
I)response - f (Tmax) (6'4°7)

It may be concluded from the above analysis, that the intensity measurement
from the laser cutting region is a function of the temperature of the cutting
region and thus is an extremely useful parameter to feedback to the adaptive
controller and certainly produced successful results.

6-5 System Evaluation

simulation:

A simulation of a laser cutting process is first developed to validate the
KBMS adaptive control system. The adaptive controller was first tested

against the simple lumped heat model:

NP =wtVp[C,AT+L, +mL,] (6-5.1)

The control measurands are the laser power, P, and the workpiece

temperature, T. The simulation results are plotted in figure 6-5.1.
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Figure 6-5.1: Adaptive Controller Simulation Result

From the above figure, it can seen that the deviation between the temperature
set-point and the measured in-process temperature regulates the adaptive
controller to activate a correcting action and adjust the laser power to
minimise the difference.

experiment:

Mild steel of different thicknesses were first cut without activating the KBMS

adaptive control system. Laser power was set to high power (1150 watts),

assist gas pressure was 2 bar. The feedrate used in each cutting process was
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set to a constant speed, which was 900 mm/min. The resulting kerf surfaces

are illustrated in plate 6-5.1.
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Plate 6-5.1: Kerf Surfaces of Different Thicknesses Mild Steel
With Constant Feedrate (Without Activation of KBMS Adaptive Controller)

It is obvious from the plate that the quality of the kerf surface varies with the

material thickness.

4 mm mild steel was then cut with the KBMS adaptive controller activated.
The laser power was set to high power (1150 watts), the assist gas pressure
was 2 bar. The feedrate was first set to 900 mm/min. Figure 6-5.2 illustrates

the Irradiance-Time strip chart during the cutting process.
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Figure 6-5.2: Irradiance - Time Strip Chart
(With the KBMS Adaptive Control System)

It can be seen from the above irradiance-time strip chart that the irradiance
emitted from the cut front fluctuated in the beginning of the cut, when the cut
quality is poor, and then became stable when the cut quality improved. The

resulting kerf surface is shown in plate 6-5.2.
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Plate 6-5.2: Kerf Surface of 4 mm Mild Steel
(With the KBMS Adaptive Control System)

From the above plate it can be seen that the quality of the kerf surface
improved as the adaptive controller adjusted the laser beam feedrate

according to the measurement of the cut front emitted irradiance.

Plate 6-5.3 shows the resulting kerf surface for different thicknesses of mild
steel with the KBMS adaptive controller switched on, this should be

compared with plate 6-5.1.
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Plate 6-5.3: Kerf Surfaces of Different Thicknesses Mild Steel
(With Activation of KBMS Adaptive Controller)
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Hence, the adaptive controller dramatically improved cut quality by

optimising the feedrate.
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Nomenclature

o = absorption coefficient

f = focal length

f(x,y) =image function9

H(x,y)= filter function .

I(x,y) = intensity distribution

A = wavelength

N(p.q)= spectral density of the background noise
OR =incident angle of the read beam

Ow =incident angle of write beam

R(p,q)= reference beam

S*(x,y)= complex conjugate of the signal spectrum
tA(X,y)= amplitude transmittance of the input plane
U(x,y)= field distribution

w(x,y)= Wiener filter function

z = distance between planes
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7-1 Introduction

In gas assisted laser cutting, the workpiece is moved relative to the laser
beam or vice versa. The material is made molten by the focused beam and
then removed by a high pressure gas jet adjusted either coaxially or off-
axially with the laser beam. Figure 7-1.1 illustrates the coaxial arrangement,

which is normally adopted in industrial applications.

Laser Power: P I L. D - | Laser Beam
] -
+ufRET I S —]
SR B Assisst
Gas Inlet
f 1
focal length | Gas Nozzle

/ Assist Gas

. h: offset height
Workpiece

Figure 7-1.1: Coaxially Arranged Nozzle

A reactive gas is normally utilized for most ferrous-based metal targets to
enhance the cutting effect. When the high speed reactive O) gas flows

through the kerf and blows out from the nozzle-like lower surface, the high
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temperature liquid and partially vaporized metal bumns in the Oy gas. A
characteristic spark cone is thus formed which is physically dependant upon
the specific kerf geometry and gas dynamics. Process quality can be assessed

through the analysis of this spark cone image.

Coherent optical information processing has developed since the availability
of commercial lasers and the introduction of the first interferometrically
generated complex filter by Vander Lugt [1] in the early 1960's. Coherent
optical information processing may be exploited for pattern matching by
image cross-correlation. Many different algorithms have been developed and
optimised for particular problems, for example: classical matched filter
(CMF), phase only filter (POF), synthetic discriminant function filter (SDF),

minimum average correlation energy filter (MACE), and inverse filter, etc.

The availability of high purity photorefractive materials has now made it
possible to perform updateable real-time cross correlation[2][3]. The
frequency-plane correlation technique using Bismuth Silicon Oxide
Bi12Si0p9 (BSO) has been developed by several researchers[Herriau et
al[4], Cooper et al[5], and Young et al[6].] Based on a non-degenerate four
wave mixing interaction in the crystal, BSO, an updateable correlation may be
realised. Figure 7-1.2 illustrates the necessary optical system. This particular
pattern recognition technique is currently being constructed for the spark cone

image evaluation, as it is capable of assessing the images in real-time.
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u2(x,y)

Figure 7-1.2: Non-Degenerate Four Wave Mixing Correlator

A refinement of the matched spatial filter multiplexing technique was
suggested by Braunecker et al [7] and extended to the synthetic discriminant
function filter by Casasent et al [8]. The advantage of this formulation is that
it allows the on-axis correlation peak height to be controlled. Therefore, the
in-class and out-of-class images can be distinguished through the
measurement of the resulting cross-correlation peak height. A specific SDF
filter can be encoded, by using the good cut spark cone images for different
material thicknesses and different target materials. A high cross-correlation
peak from the process spark cone image and the filter indicates a good cut
quality. A low peak, on the other hand, indicates a poor cut quality. Digital
simulations of the optical processor are implemented and the results are

presented herein.
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7-2 Theoretical Analysis

7-2.1 Basic Operation Performed by Coherent Optical Information

Processing - the Fourier Transform

First, we refer to figure 7-2.1.

yl y2
— —
\ — | _x] x2
L = — ] |~
- - — */74— — —/——__:7/_ _
- I
_ — — S B . B
Positive N \L—1
Lens

Input Plane Output Plane
Figure 7-2.1: Optical Fourier Transform

An input transparency, (X1, y1) plane, is illuminated by a plane wave which is
converging toward the focus at the origin of the output plane (x3, y2). Using a
parabolic approximation to the spherical wavefront, we obtain a field

distribution in the (x1, y1) plane given by

/4
U,(x,)=U, exp[—fﬂ(xf + yf)]u (x,,3) (7-2.1)

where:

A: is the wave length
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tA(X1, y1): is the amplitude transmittance of the input plane

z: is the distance between the two planes

By using the Fresnel propagation law, the observed intensity in the output

plane (x2, y2) becomes:

2
1 T 27
Iz(xz,yz) = —Aszz- J J tA(xl,y,)exp[—/ﬂ(x,,\:2 + y,yz):ldxldy1 (7-2.2)
Now, we consider the set-up in figure 7-2.2.
yl y2
— —)
S x1 x2
— —
—— _;‘// /4//
N — Z z U4+
Input Plane Output Plane

Figure 7-2.2: Focal Plane to Focal Plane Fourier Transform

The input transparency is placed in the front focal plane of a positive lens and
the output intensity distribution is measured in the output plane which is
placed in the rear focal plane of the positive lens. A plane wave is used
instead of a spherical wave. This particular geometry also leads to the similar
relationship, as that of the previous set-up, between these two planes, which

is:

181



U, 7 .2
Uz(xz’yz)zﬁj J Ux(xl»)ﬁ)exp[_lﬁ(xlxz +)’1}’2):|dx1d}’1 (7-2.3)

where: f = is the focal length

That is, an exact Fourier Transform relation between the complex field in the
input plane and the complex field in output plane. From the above analysis, it
can be seen that a spherical lens can take the Fourier Transform of a complex
distribution of light.

7-2.2 Image Matching Through Spatial Filtering

Convolution Integral:

The convolution of two functions is a significant physical concept in many
diverse scientific fields. To be more specific, the convolution integral is given
by:

Y(&)=["_x(x)h(t —T)dT = x(t)*h(2) (7-2.4)

Function y(t) is said to be the convolution of the function x(t) and h(t).

The result of the convolution integral can be graphically explained as follow

steps:
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1.Folding: Take the mirror image of h(t) about ordinate axis

2.Displacement: Shift h(-t) by the amount t

3.Multiplication: Multiply the shifted function h(t-t) by x(1)

4.Integration: Area under the product of the h(t-t) and x(7) is the value of the

convolution at time t

Therefore, from the above analysis, the convolution of two identical functions
results in a triangle like shape, with a high peak, whose height depends on the

particular shape of the function.

By taking the Fourier Transform of the both side of the convolution integral:

[y@e ™ e =[ || x@h(e ~v)de e (7-2.5)

which is equivalent to:

Y(f)= [ x| [t -)e ™ Ade e (7-2.6)
By substituting 0=t-T, we conclude
Y(f)=["_x(@)e ™ FH(f)dr = H(f)X(f) (7-2.7)

The time domain convolution can therefore be calculated simply by:
multiplication of the two functions in the frequency domain, then inverse

Fourier Transform the result. This is also known as the convolution theorem.
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Correlation Integral:

The correlation integral is given as:
2(t) = [~ x(z)h(t +7)d7 (7-2.8)

Comparing the above expressions with that of the convolution integral, the
two integrals are closely related; the only difference is there is no folding of
one of the integrands in correlation. For the special case where either x(t) or

h(t) is an even function, convolution and correlation are equivalent.

Again, by taking the Fourier Transform of both sides, a similar result to that

of the convolution integral is obtained:
Z(f)=H(HX'(f) (7-2.9)

If x(t) and h(t) are the same function, the above equation is normally termed
the autocorrelation function; if x(t) and h(t) differ, it is called the cross-

correlation.

In the special case when x(t) is an even function then X(f) is purely real and
X(f)=X*(f). The Fourier Transform of the correlation is identical to that of
convolution integral. This is the case in most image processing problems,

where only the real part of the Fourier Transform is taken into consideration.
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7-2.3 Matched Filtering - With an Interferometrically Generated Filter:

When an incoming image f(x,y) is correlated with a reference image h(x,y),
which has been encoded into a matched spatial filter; the result g(x,y) is

related to the input through the simple convolution equation, where:

g, y) = [ [fE Mh(x—&,y-n)dE dn (7-2.10)

where h(x-§, y-1n) is the response of the filter at coordinates (x, y) to a unit
impulse (point source) at coordinates (§, 1). Using the Convolution Theorem

of Fourier analysis:
G(p.q)=F(p,q)H(p,q) (7-2.11)
where p and q represent the spatial frequency variables.

The output response of the filter will be the inverse Fourier Transform of
G(p,q). This operation is performed by placing another spherical lens behind
the filter at focal distance and measure the output from the rear focal plane.
The coherent optical processing arrangement is shown in figure 7-2.3. A
bright spot in the output plane indicates a high probability of similarity of the

two images, and low-light levels indicate a low probability of similarity.
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Figure 7-2.3: Coherent Optical Processing

The vital point of this matching technique is to establish an optimum filter
which will be able to recognise the similar images and the distinguish them
from dissimilar inputs. That is, to maximize the ratio of peak signal energy to

mean square noise energy given by the filter function as follow:

_kS"(p,q)

- 7-2.12
N(p,q) ( )

H(p,q)

where:
k = is a constant chosen to make I[H(p,q)! < 1 for a passive spatial filter
N(p,q) = is the spectral density of the background noise

S*(p,q) = is the complex conjugate of the signal spectrum

To realize this filter, we follow Vander Lugt's development. A Mach-Zehnder
interferometer is modified to record the phase information in a light
distribution by combining that distribution with a reference wave whose
amplitude and phase distributions are known. The system arrangement is

shown in figure 7-2.4.
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Figure 7-2.4: Modified Mach-Zehnder Interferometer

The Fourier Transform of the signal s(x, y) is to be found. As the system is

constructed, the output in the rear focal plane of the lens L1 is:

Gip.q= R(p,q) + S(p.g)12

= IR(p,12+IS(p,g)12 + R*(p,g)S(p.q) + R(p.9)S™(p.q) (7-2.13)
Where:

R(p,q): represents the light coming from the reference beam

S(p,q): is the signal spectrum
By adjusting both the amplitude and phase of R(p,q), the phase information of

S*(p,q) is contained in G(p,q) and can be recorded on film to realize the

optimum filter. This filter can therefore be placed in the optical system at
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plane Pp in figure 7-2.3. By taking the inverse transform of the light
distribution in Py the output is given by:

1 T j(px+
output = ——4n2HF(p,q)A(p,q)e"” Ddpdq
_1_ T F H‘ j[(z—b)p+(y—6)qld d
+ o (p.@)H (p,q)e pdq

L T i[(x+b) p+(y+c
+ 4—R2J‘ jF(p,q)H(p,q)ef[( b)p+(y )q]dpdq (7-2.14)

These three outputs are separated into three different locations. The third term
appears off-centre from the optical axis by an amount x = -b, y = -c, this is
the desired output from the filtering operation. By carefully selecting the b
value (b greater than the length of signal in the x direction) and placing the

output sensor properly, the result may be measured.

7-2.4 Spatial Filtering in BSO

The above algorithm relies on wet-processed holographic filters, and is
therefore only capable of processing small numbers of reference image sets.
It is therefore not suitable for the processing needs of iterative correlation,
which is necessary for identification of large numbers of different reference
images or for unconstrained recognition of three-dimensional objects. For

such applications the filter function must be programmable in real-time.
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By utilising the pattern analysis technique of image correlation, the height of
the output peak is a measure of the degree of similarity of the two images.
Recall the correlation theorem, the cross-correlation of two functions is
equivalent to a multiplication of their complex field amplitudes in the Fourier

plane, that is:
uj(x,y) X uj(x,y) = Ui (x,y).Uj(x"y") (7-2.15)

where X denotes the cross-correlation operation, Uj and Uj denotes the
Fourier Transforms. Through the use of the photoréfractive material (BSO), a
frequency-plane correlator capable of updating the filter function may be
realised. Figure 7-1.2 illustrates the frequency-plane correlator design. The
test input image uj(x,y) and the reference beam u3(x,y) both are placed in the
front focal plane. The lens generates the Fourier Transform of both uj and u3
at the photorefractive material (the BSO) which is placed in the back focal
plane. These two input fields interfere and produce a phase grating in the
photorefractive material. The complex modulation index of that grating, my 3,

is given by:

m. = 2U1(x"y')*U3(x")")
" oo f oy )

(7-2.16)

Since the distribution of u3(x,y) is uniform in the Fourier plane, the above

equation can be rewritten as:
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_2U,(x,y) *U,
(U, oy + 1)

(7-2.17)

3

Where U3 is the constant field amplitude of the reference beam and I3 is its
intensity. The input distribution Ul(x',y') is therefore encoded on a spatial
carrier whose wavelength is determined by the angle between the reference
beam and the zero spatial frequency component of the test input distribution.
To perform the image correlation which is a multiplication in the Fourier
plane, the photorefractive material is illuminated with the Fourier Transform
of the second input distribution, Up(x'y'). The zero spatial frequency
component of this distribution has to be arranged to be Bragg matched to the

grating carrier frequency which is given by:

. 0 Ay . O
sin(—*+) = —~sin(—=*> 7-2.18
( 5 ) N ( 5 ) ( )
where: AR = wavelength of the read beam

Aw = wavelength of the write beam
OR = incident angle of the read beam

Ow = interaction angle of the write beam

The reading field distribution Up(x"y') is then diffracted by the photo induced
grating on the photorefractive material to produce the output field distribution,

Uy(x',y'"). Which is given by:

Uy(xy") = Am'13Ua(x'y") (7-2.19)
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Where m'1 3 is the modified modulation index in the presence of the reading
beam and A is a parameter which depends on the material and operation

condition. The overall effect is to produce an output field of:
Ua(x.y) = ULy U2y )W(X'y) (7-2.20)

Where W(x',y') is a spatial frequency weighting function given by:

2A

W(x',y') =
U, + 15 +aUy (3

(7-2.21)

The parameter 'a' reflects the degree of interaction of the reading beam with
the grating. For a non-degenerate system, a << 1, the third term in the

denominator may be neglected. Therefore equation 7-2.21 becomes:

2A
U,y +15)

W(x',y')= (7-2.22)

Therefore, from the analysis, it can be seen that the photorefractive response
can produce the required field rﬁultiplication. That is the two-dimensional
correlation of the two input functions. For true correlation, the weighting
function is chosen to be spatially constant, i.e. IUj(x,y)2 << 13. And for
edge-enhanced correlation, the wéighting function is biased to high spatial
frequencies, i.e. IU1(x",y)I2 >> I3. Thus, by varying the intensity ratio of the
writing beams, the correlation function discrimination can be altered in real

time.
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7-2.5 Rapid Pattern Recognition by Using SDF Filter

A SDF filter can be specified as the vector inner product between the space
domain representation of the filter function, H, and the input training set
image, Xj, which satisfies the condition

xj(x,y)*H(x,y) = Cp (7-2.23)

where Cp is the desired, user specified, on axis value. By solving the

following equation:
a=R-1C, (7-2.24)

The weighting coefficients, of a, for the SDF filter can be determined. And
the SDF filter is thus formed as follows:

H(x,y)= iaix,-(x, y) (7-2.25)
i=1

This SDF filter can hereafter be used as the reference image in the above
system. By constructing the SDF from spark cone images obtained with good

cuts, the SDF filter can be used to assess the laser cut quality.
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7-3 Digital Implementation and Simulation of Spark Cone
Image Evaluation

7-3.1 Image Grabbing:
512 by 512 pixel images are grabbed through an ITEX 150 frame grabber and

then passed to the host computer for further digital processing. The hardware

connection is shown in figure 7-3.1.

aser Beam
TV

ssist Gas
‘/‘ _—

X coo
\Spa:k Cone ( DC )

ITEX 150
SUN Frame
Grabber
]
D

Figure 7-3.1: Spark Cone Evaluation System Diagram
The CCD camera is fixed on a framework attached to the nozzle head. The

distance between the cutting point and CCD camera is set at 50 cm for every

process. Zoom factor, f number and aperture of the camera are set to fix the
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conditions. The above arrangement will guarantee that the images formed on
the CCD camera have the same geometrical relation. Images of the spark
cone that form on the CCD camera are then transferred to the ITEX 150
frame grabber. Where, driven by commands from the host computer, they are
grabbed and temporarily stored in one of the four buffers. The stored images
are then transferred to the host computer for further analysis, they are also

displayed on a side-connected TV for process monitoring.

Plate 7-3.1 is a spark cone image of a 3mm mild steel cutting process. From
the analysis of its histogram, figure 7-3.2, it can be discovered that there are
several layers of different intensity within the spark cone. For convenience,
this spark cone is considered to consist of two separate sub-cones, an intense
and more concentrated inner cone, and a lighter and sparse outer cone. Edge
information of the inner cone is extracted to enhance the system
discrimination ability. A program is implemented to digitally simulate the pre-

processing.
7-3.2 Image Smoothing and Thresholding:

It can be seen from plate 7-3.1, that the outer cone consists of sparse spark
particles and spark lines. These sparse points and lines do not preserve any
consistent edge feature and present image processing difficulties and errors
on later spark cone comparisons. Therefore, a spatial-domain image
smoothing technique, neighbourhood averaging, followed by a thresholding
procedure, is applied to the incoming image to eliminate these sparse particles

and lines and explicitly present the inner cone.
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Figure 7-3.2: Histogram of The Original Spark Cone Image
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A 5X5 neighbourhood is used to generate the smoothed image. The grey level
at every point (x,y) on the smoothed image is obtained by averaging the grey-
level values of the pixels of the original image contained in the 5X5
neighbourhood of (x,y). That is:

gty == 3 f(n,m) (7-3.1)

2 (n,m)eS

where f(x,y): the original image
g(x,y): the smoothed image
S: the set of co-ordinates of points in the neighbourhood of the point

(x,y) including (x,y) itself
Plate 7-3.2 shows the smoothed image of plate 7-3.1.

Then the most populated intensity value (except value zero) is adopted as the
threshold value for the thresholding procedure. Plate 7-3.3 is the result of the

processing of plate 7-3.1. The inner cone is thus enhanced.
7-3.3 Edge Enhancement and Spark Cone Image Matched Filtering:

The abrupt change of grey-level value at the edges of an image are the high
frequency data, in the frequency-domain, of a specific image. A low noise
Difference of Gaussian (DOG) pass band algorithm was used to extract the
edge information from the spark cone. As mentioned in the previous section,

much work on the use of the photorefractive crystal Bismuth Silicon Oxide
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(BSO) has been done by Huignard and co-workers[4] who demonstrated a
Joint Transform correlator (JTC) configuration employing non-degenerate
four wave mixing in BSO. And later by Cooper et al, and Nicholson et al
when an alternative NDFWM was proposed. For this spark cone evaluation
system, the principle adopted basically follows the structure of the system
developed for industrial component inspection by Young et al [6]. A
hologram is written to the BSO by the interference of Uj, the Fourier
transform of uj the test image, and U3, a plane wave reference beam of
variable strength. Up, the Fourier transform of ujp, is diffracted from the
grating formed in the BSO to yield, after a further Fourier transform, the
correlation between U1 and U7 at plane P4. For the steady state and ignoring

any beam coupling, the grating is written as:

2U1'(fx,fy)eXP(_°;‘“z)U3 exp<‘°;wz>

U, (5, O expl=au,,2) +|Us[ exp(—ar,2) + aU, (fr, )] exp(-a, (d = 2))
(7-3.2)

where oy, O is the absorption coefficient of the write and read beams in the

m(fx, fy)=

BSO. A HeNe beam is used as the read beam and an Ar+ beam is used as the

write beam.
Since 'a’, the quantum efficiency of the interaction of the HeNe beam with the

grating is only about 0.06 of that of the Ar+ beam, the above equation

reduces to:
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2U1* (fr. fH)U3

DD g e P 13

(7-3.3)

where U3 is constant. (plane wave reference). Which is the same as equation

7-2.17. The beam ratio is defined as:

_ Amplitude _of _U,_peak_(at_zero_spatial _ frequency)
Amplitude_of _ plane_wave_reference_beam_U,

BR

(7-3.4)

When the beam ratio is set to a high value, for low frequency where U712 >>

IU3I2, equation (7-3.3) becomes:

m=—= (7-3.5)

Through the analysis on the frequency-domain, by Young [6], it was found
that when a high ratio was chosen, the BSO filter is formed to exhibit a
similar characteristic to that of a Difference of Gaussian (DOG) filter. Which

preserves the high-pass characteristic and enhances the effect of the edges.
Plate 7-3.4 illustrates the result of the process on plate 7-3.1 with BR=20,
7-3.4 Cone Comparison-Matched Spatial "Filtering

Following on from the discussion above. If the assumption of linearity is

made between the grating modulation and the locally generated space charge
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field in the material, the amplitude of the diffracted field directly behind the

grating, U4 will be proportional to m(fy, fy) and so can be written :
Us(Exfy)=mUn(Ex.fy) (7-3.4)

The Fourier transform of Uy gives the weighted correlation, ug, between ug
and up. When the beam ratio is set to a much higher value by attenuating the

plane wave reference, where (U112 >> [U3I2 then

m=—= (7-3.5)

Thus the low frequency components of Up are diffracted by the grating with
very low efficiencies. At higher frequencies, where [U1l=IU3|, the modulation
is nearer unity leading to the maximum diffraction efficiency. When the input
image and reference image are matched the Fourier Transform of Uy, i.e. ug,
produces a high intensity peak in the Output plane. By measuring the height
of this correlation output peak the similarity of the two images are assessed.
Figure 7-3.3 shows a typical result when an in-class image is correlated with

plate 7-3.4, it shows a very high peak at the centre point.
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Figure 7-3.3: In-Class Image Correlation Result

7-3.5 Constructing the Synthetic Discriminant Function (SDF) Filter

The xj(x,y) training set images for this SDF filter are chosen as the exit spark
cone images for high quality cuts produced for different thicknesses of mild
steel (in this case there are 6 images). The associated 6*6 correlation matrix,

R, is tabulated in table 7-3.1.
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Image(1mm) | Image(2mm) | Image(3mm) | Image(4mm) | Image(Smm) | Image(6mm)

Image(1mm) [ 20.834723 0.31505 0.714349 0.64313 0.811684 1.023015
Image(2mm) | 0.385307 7.344074 2.583085 2.043445 2.233399 0.199097
Image(3mm) | 0.787047 2.650561 7.207281 2.329284 2.993124 0.252366
Image(4mm)| 0.403891 2.157358 2.377481 7.466822 2.784486 0.418255
Image(5mm)| 0.518961 2.361227 3.18524 2.811242 8.4§0209 0.918933
Image(6mm) | 0.618913 0.240069 0.22605 0.543606 0.313862 17.085299

Table 7-3.1: Training Set Image Correlation Matrix

By solving equation (7-2.24):
a=R-1C, (7-2.24)

The weighting coefficients, of a, for the SDF filter are obtained, see table 7-

3.2
al a2 a3 a4 a5 a6
coefficient 0.382834 | 0.780977 | 0.643022 | 0.70765 0.405655 | 0.521982
Table 7-3.2: SDF Weighting Coefficient
The SDF filter is thus formed as equation (7-2.25):
N=6
H(x,y)= Y ax,(x,y) (7-2.25)

i=]

Plate 7-3.5 shows the resulting filter. Figure 7-3.4 illustrates the result when
an in-class image (this means similar image) is cross-correlated with the filter.
Figure 7-3.5 illustrates the result when an out-of-class image (a different

image) is correlated with the SDF. The peak height is only 10% of that of the
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in-class image. The spark cones quality can be assessed by measuring the

height of the cross-correlation function.
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Figure 7-3.4: In-Class Image Correlation Result (Good Cut)
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Figure 7-3.5: Out-Of-Class Image Correlation Result (Poor Cut)

7-4 Process Quality Analysis and Consultation Shell

The process quality analysis and consultation sub-system includes a cutting
spark cone image grabbing unit, an image pre-processing unit, an image
comparison unit, a results comparison analysis unit, an explanation unit to
explain the analysis result, and an interface to communicate with the human

operator.

o
)
(O8]
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Image Grabbing Unit:

The C programming language was used for the application program under the
unix environment. Specific function calls from the ITEX image processing
library were integrated into the application program to control the specialized
digital image processing card. Commands were issued through this image
grabbing unit from the operator or the central control unit to the ITEX 150 for

grabbing, transferring and displaying the spark cone images.

Image Pre-processing Unit:

Digital image pre-processing techniques described in the theoretical analysis
section were adopted to process the reference image from the data base and
the image grabbed from the cutting process. First of all, images were
smoothed by the averaging window to remove the high frequency noise; that
is, the sparse lines and particles in the outer region. Then the smoothed
images were thresholded to emphasize the inner intense spark cone. Finally, a
digital technique which simulated the BSO method was used to extract the
edge information of the thresholded image. The reason for using the edge
information, is to generate a highly concentrated sharp peak for the two
matched images. The digital simulation of the BSO correlator is described
below:

(1) Normalize the energy of the image.
(2) Implement the Fast Fourier Transform on the image.

(3) Calculate the maximum Intensity and determine the Beam Ratio.
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(4) Implement the BSO equation (7-3.2)(high pass filter) on the images
(frequency domain). After this step, the images are ready for matched
filtering.

(5) Inverse Fourier Transform of the above result to obtain the cross

correlation.

Image Comparison Unit:

Cross-correlations of the pre-processed reference image and the pre-
processed grabbed laser process spark cone images were used to determine
the similarity between these two images. The correlation theorem described in
sec 7-2.2 was used to implement the correlation. Frequency domain results
obtained from the above pre-processing were multiplied and then inverse
Fourier Transformed to get the correlation result. A digital implementation

was used to simulate the optical cross-correlation operation.

Results Comparison Analysis Unit and Explanation Unit:

The matched filtering result for the two images presents a concentrated high
peak in the image plane if the two images are very similar; otherwise, there
will be no high peak value. By setting an appropriate threshold value to
examine the resulting image plane, the similarity between the reference image
and grabbed cutting spark cone images can be assessed. If the peak value is

greater than the threshold value, the process is said to have a similar quality
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to a good cutting process. If not, then the quality of the process is assessed to

be poor.

Interface Unit:

This is a graphical interface hosted by the SUN workstation for the system to
communicate with the human operator. An X-window environment was used
for the following advantages:

(1) mature and well developed package (built-in graphic interface library)

(2) hardware independent environment

(3) C language base environment for a uniform environment (i.e. UNIX)

The system diagram is illustrated as figure 7-4.1.
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Figure 7-4.1: Digital Software System Diagram
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7-5 Matched Spatial Filtering With Wiener Filter Based
Synthetic Discriminant Functions (SDF)

The Wiener filter (WF) algorithm has been successfully exploited for image
restoration and signal processing [9][10]. The algorithm has also been
adopted for optical pattern recognition and evaluated to have better
performance than that of CMF, POF, ACMF and conventional SDF. The WF
is particularly useful when a high similarity exists between the in-class image,
the image to be detected, and the out-of-class image which is to be rejected
[11].

A specific SDF filter can be encoded, by using the WFs formed from the
spark cone images recorded when cutting different thickness material. This
algorithm incorporates the advantages of both the WF and SDF, giving good
discriminatory capability between similar images, and a controllable
correlation output, respectively. A high cross-correlation peak between the
process spark cone image and the filter indicates a good cut quality. On the

other hand, a low peak indicates a poor cut quality.

7-5.1 Wiener Filter

Assuming a linear and shift invariant optical system, the general model of a

random point spread function image formation system can be written as:
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gy = | [ p(x—x,y—y)f(x.y)dxdy +n(x,)

= p(x,y)* f(x,y) + n(x,y)

where: f(x,y) = object image function
g(x,y) = recorded image
n(x,y) = detection noise (out-of-class image)
p(x,y) = random spread point function

* = denotes the convolution operation
An estimate of f(x,y) is given by:
FOey)=wix,y)*g(x,)

where: f' (x,y) = an estimate for f(x,y)

w(X,y) = filter function

(7-5.1)

(7-5.2)

The error between the estimated object function and the real function is:

e=|feey) - Foey)|

(7-5.3)

The Wiener Filter is constructed by minimising the above equation with a

least squares algorithm [12]. The Wiener filter is given by:
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P UL FGat ) + N G f ) F (i)

W(f..f,)= 3 3 5
P £ Pt + NG 1) + DS 1)

(7-5.4)

where:

D(frf,) = P(fs F)F (o [N (£ £) + N [P (f FOF (f f,) (T-5.5)

F, N, P and W are the Fourier Transforms of f, n, p and w respectively

superscript * = complex conjugate

In pattern recognition applications, the noise is uncorrelated, i.e. independent
noise, the correlation of the noise n(x,y) and the object function f(x,y) is zero.
That is:

n(x,y)® f(x,y)=0 (7-5.6)
f xy)®n(x,y)=0 (7-5.7)
where: ® = correlation operation

From the Correlation Theorem, equation (7-5.6), (7-5.7) may be expressed in

the frequency domain as:

N ([ f)F(f. f,)=0 | (7-5.8)
F'(fofIN(f..f)=0 (7-5.9)
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Hence, D(fx,fy) = (0 and the Wiener Filter transform function, W(fx,fy),

reduces to:

2 f)(j;’f;i 2
P +INGa £ 1|FCE 1)

W(f..1,)= (7-5.10)

It has the following properties:

(1) As the noise tends to zero, i.e. IN (f.» fy)[ — 0, the Wiener Filter, W(fx,fy),

reduces to:

P'(f.. 1))

W(f;,fy)= 2
|P(£.0 1)

(7-5.11)

Which is the transform function of an Inverse Filter. Therefore, when the

noise approaches zero, the Wiener Filter behaves like an Inverse Filter.

(ii) As the power of the object goes to zero (i.e. as |F (f. fy)| — 0) the Wiener

Filter produces zero modulation. This alleviates problems associated with the

zeros of |F (f.» fy)l and results in the Wiener Filter being well conditioned.

In optical correlation, the point spread function is replaced by the object
function, i.e. the in-class image function. The Wiener Filter transform

function, thus, becomes:
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F(f.f)

W(f.f))=
TN BTN TR

(7-5.12)

where: F(fx,fy) = in-class image function

N(fx,fy) = out-of-class image function

Which encodes the in-class image and the out-of-class image into one filter.
The filter so constructed has better performance than several traditional
filters, as has been evaluated in [11], especially in distinguishing similar
objects. This is particularly suitable for assessing the quality of the laser
cutting process through the analysis of it's spark cone image. In the laser
cutting process, spark cone images from a good quality cutting process and a
poor quality cutting process are quite similar. They differ only in the scale of
the sparser spark lines, a good cut has few sparse spark lines; whereas, a poor
cut has an extensive sparse spark structure. Compare plate 5-3.8 with plate 5-
3.11, in chapter 5, which depict the spark cone for a good cut and a poor cut,

respectively.

7-5.2 Laser Cutting Spark Cone Characterisation

From Plate 5-3.8 to plate 5-3.11 in chapter 5, which are spark cone images
for different dross attachment conditions for mild steel cutting processes. The
plates run from plate 5-3.8, dross free, to plate 5-3.11, severe dross
attachment. From these plates, it is found that the smaller the sparse spark

region the cleaner the cut. There is a high degree of similarity between the
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images of plate 5-3.8 and plate 5-3.9; however, one is for a clean cut and the
other has dross attached to the workpiece lower surface. It is for these
circumstances that the wiener filter formulation is extremely useful.

7-5.3 Matched Spatial Filtering With WF Based SDF

Wiener Filter Based SDF

The Wiener Filter transform function is described by equation (7-5.12):

F*(f,. f})
FCGa 1)+ NG £ 1P s

W(f.. f,)= (7-5.12)

By using the clean cut spark cone image as the in-class image and the low
dross cut spark cone image as the out-of-class image, the WF for a specific
thickness of mild steel cutting process was constructed. The quality of the
laser cutting process can then be assessed by cross-correlating this filter with
the process image. A high peak indicates a quality similar to the good cut. A
lower peak indicates a poor cutting quality. Figure 7-5.1 is the result from a 4
mm mild steel good cutting process, and figure 7-5.2 results from a poor

cutting process.
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Figure 7-5.1: Cross-Correlation Result From Good Cutting Process

Using a WF Filter - 4 mm Mild Steel

Figure 7-5.2: Cross-Correlation Result From Poor Cutting Process

Using a WF Filter - 4 mm Mild Steel
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The WF for different mild steel thicknesses was constructed by following the

above procedure.

In constructing a synthetic discriminant function (SDF) filter, H(x,y), the

following equation was solved to obtain the weighting coefficients.
a=R-lc, (7-5.13)

where: a = the SDF weighting coefficients
Cn = the desired on axis output value
R = the correlation matrix = ” fi(x,y) f].'(x, y)dxdy

where: fj(x,y), fj(x,y) are the i, jth training set images

Hence, the SDF is formed from:

H(x.y) =Y af(x,y) (7-5.14)
i=1 .

A WF based SDF was therefore constructed by incorporating the WF
transform function into equation (7-5.13) and solving for the required
weighting coefficients, a. However, non-uniformly distributed correlation
peak heights for in-class images may occur. As this significantly increases the
ratio between the highest in-class: correlation peak height and the lowest in-
class correlation peak height, it degrades the overall discrimination capability

of the filter. An iterative technique was used to adjust the relative peak
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heights so as to generate equal on-axis peak heights for all in-class

correlations. The following equation was used to perform this iteration:

a'=ad +0|C,-C, [p—) (7-5.15)
I

where: i = number of iteration steps

p = correlation peak height

o = damping coefficient

The threshold value was set to be one percent of the mean value of the
correlation peak heights. Iteration stops when all the correlation peak heights
fall within the threshold value. The resulting weighting coefficients were then
used to construct the WF based SDF. The final weighting coefficients for the

mild steel cutting process are tabulated in table 7-5.1.

al a2 a3 a4 a5 ab
0.382834 | 0.780977 | 0.643022 | 0.70765 | 0.405655 | 0.521982

Table 7-5.1: WF Based SDF Filter Weighting Coefficients

The resulting filter is shown in plate 7-5.1. This WF based SDF filter can thus
be used in an optical correlator to assess the quality of a mild steel laser
cutting process [13]. A high cross-correlation output peak, between the
process image and the filter, indicates good cut quality; figure 7-5.3 illustrates
the result. A low cross-correlation output peak indicates that the quality of the

process is poor; figure 7-5.4 illustrates the result.
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Figure 7-5.3: Cross-Correlation Result From In-Class Image

Using a WF Based SDF - 4 mm Mild Steel (Good Cut)
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Figure 7-5.4: Cross-Correlation Result From Out-of-Class Image

Using a WF Based SDF - 4 mm Mild Steel (Poor Cut)
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Constructing the WF With More Than One Out-of-Class Image

As mentioned previously, spark cone images generated during poor cutting
processes may be similar to those for good cutting processes. Consequently,
these images may make it difficult for the filter to distinguish a good cut
process from a poor one. A solution to this problem is to combine a greater
number of similar images from poor cutting processes into the construction of
the WF. Table 7-5.2 lists the relative output peak heights of the cross-
correlation between the process images and various Wiener Filters for 4 mm

mild steel.

Image from various quality laser cutting processes
Filter Good-Cut |Poor-Cut:1 [Poor-Cut;2 |Poor-Cut:3 |Poor-Cut:4 | Poor-Cut.5|Poor-Cut:6
WF-n2 [Cross- 1] 0.057624] 0.160671] 0.022425 0.175566| 0.185687| 0.321251
WF-n3 |Correlation 1] 0.095241| 0.154374| 0.118427| 0.024655; 0.147992| 0.301716
WF-n4 |Peak 1] 0.096979| 0.16576| 0.170749| 0.186851] 0.021176] 0.342648
WF-n5 [Height 1 0.10092| 0.166343] 0.158215 0.170746] 0.36685 0.017969

Table 7-5.2: Relative Cross-Correlation Peak Heights

In table 7-5.2, the various filters were constructed by combining two similar
images from poor cutting processes as the noise image for WF-n2, three
similar noise images for WF-n3, and so on. The results are presented

graphically in figure 7-5.5.
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The maximum out-of-class image (poor cutting process) cross-correlation

resulting from each filter is illustrated in figure 7-5.6.
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Figure 7-5.6: Maximum Out-Of-Class to In-Class Images Cross-Correlation
Peak Ratio
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By incorporating five similar spark cone images from poor cutting processes
into the filter construction, the maximum cross-correlation output peak from
the out-of-class image was 37% of that from the in-class image; hence,
discrimination is excellent. It was found that the WF-n3 Wiener filter,
constructed by incorporating three out-of-class images (poor cut images),
gave the best discrimination performance. This indicates that if too many out-
of-class images are incorporated into the filter, the information content
saturates beyond the optimum discrimination level and performance

deteriorates.

7-5.4 Conclusion

The Wiener Filter (WF) and Synthetic Discriminant Function (SDF)
algorithms are combined to construct a matched filter which can be used in an
optical correlator for assessing the quality of a laser cutting process. Images
from good quality cutting processes and poor quality cutting processes are
incorporated into the WF construction. This increases the filter's capability to
differentiate between spark cone images that indicate a good quality, from
very similar images that characterise a poor quality cutting process. With the
SDF formulation, WFs for different material thicknesses were built into a
single filter which is able to assess the quality of the cutting process for a
specific material, i.e. mild steel, through the analysis of the height of the
cross-correlation output peak. Furthermore, it was shown that the
discrimination capability of the WF could be enhanced by including several
out-of-class images. For these experiments three out-of-class images gave

optimum performance.
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7-6 Conclusion and Proposed Schematic for Optical
Implementation

Characteristically intense spark cones were formed during dross free cutting
processes. Sparse cones characterised processes where dross attached itself
to the lower surface of the workpiece. The quality of the laser cutting
processes can be evaluated by correlating the in-process grabbed spark cone
images with reference images and measuring the height of the correlation
peak. A high peak indicates a high similarity between images and a good cut
quality. The Synthetic Discriminant Function (SDF) filter can be utilized to
form an optimal filter for evaluating the quality of the cutting process. Spark
cone images of cutting processes on different material thicknesses were used
to construct an SDF filter, by calculating the SDF coefficients, an optimal
filter was constructed and used to assess the cutting quality for mild steel.
Figure 7-6.1 illustrates the design of an optical correlator with the SDF filter
as the reference image. This device is currently under construction and will be
capable of real-time control of the cutting process by monitoring the exit

spark cone images.
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Figure 7-6.1: System Diagram of Updateable Correlator
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Plate 7-3.3: Spark Cone Image Thresholding Plate 7-3.4: BSO Edge Enhancement




Plate 7-3.5: SDF Filter (Mild Steel Cutting)

Plate 7-5.1: WF Based SDF Filter (Mild Steel)
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8-1 Conclusion

The laser cutting process is influenced strongly by characteristics such as:
power mode (i.e. CW or pulsed), power density, transverse mode, beam
polarisation; set-up of operating system such as: beam delivery optics, nozzle
type, assist gas type and gas pressure, beam focusing, laser beam operating
position (offset), and feedrate; and characteristics of target material such as:
conductivity, diffusivity, melting temperature, boiling temperature, latent heat
of melting and vaporisation, plasma formation, exothermic chemical reaction
with reactive gas O, and relevant viscosities. SO many parameters are

involved that inevitably laser cutting is a highly non-linear process.

Theoretical analysis, based on laser - material interaction, provided a basic
model for the gas assisted laser cutting process. Empirical investigations of
the relationship between the cut quality and the operational parameters (i.e.
nozzle head offset distance which then determines the position of the focused
beam spot, assist gas pressure, and laser beam feedrate) also established

knowledge for laser cutting.

As long as the cut can be initiated, change of the focal height offset distance
does not influence the size of the heat affected zone (HAZ). The kerf surface
roughness is slightly increased when the offset distance is increased. The best
position of the focused laser beam spot, for cutting mild steel up to 6 mm in
thickness,-is on the surface. Increasing the assist gas supply pressure reduces
the size of the HAZ slightly; with little improvement on the kerf surface
roughness. In the gas assisted laser cutting process, assist gas supply pressure

is, therefore, normally set to an economic level. 2 bar is the optimum for this
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CO» laser cutting system. The effects are more pronounced on the mild steel
than stainless steel because of the higher viscosity of liquid phase stainless
steel. For the same reason, dross attachment is normally found in stainless
steel cutting; whereas, clean cuts are generally obtainable for mild steel.
Slower feedrate increases both the size of the HAZ and the roughness of the
kerf surface. That is, the cut quality is greatly affected by changing the laser
beam feedrate. Therefore, feedrate was chosen as the major control parameter

in the cutting system.

Spark cone images from the workpiece lower surface are analysed. An
intense cone was observed when a clean cut was performed. Sparser spark
cone images were characteristic of poorer quality cuts where dross

attachment disturbs the gas-metal mixture flow.

A PC based, hierarchically structured environment that integrates a
knowledge-based expert system, adaptive process control and pattern
recognition techniques for controlling a laser cutting process was developed
to assist the CO7 laser cutting process. Knowledge of the laser cutting
process for different materials, obtained from both theoretical analysis and
empirical investigation, is organised and encoded into a rule-based system.
An adaptive control algorithm based on on-line recursive parameter
estimation and on-line control law synthesis was adopted for the highly non-
linear cutting process control. Cutting speed was selected as the major control
variable. Irradiance emitted from the cut front was used for the feedback
signal to this adaptive controller. The irradiance signal feeds the recursive
parameter estimator for system identification. Techniques of pattern

recognition, which have been well developed in coherent optics, were applied
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to the cutting quality analysis by characterising the exit spark cone images of
the gas assisted laser cutting process. A digital software program was
developed, based on matched spatial filtering techniques using synthetic
discriminant function (SDF) implemented in the photorefractive material
(BSO), as the speciﬁc filter to assess the spark cone images generated during
the laser cutting process. Images from the cutting processes were grabbed,
edge enhanced and cross-correlated with a synthetic discriminant function
filter which was synthesised from reference images known to give good cut
quality. A high correlation peak, which indicates a good cut quality, is

generated when an in-class spark cone image cross-correlates with the filter.

The SDF discrimination performance was enhanced by incorporating the
Wiener filter into its construction, such that the in-class image, image from
good cutting process, and out-of-class image, image from poor cutting
process, were integrated into a single filter. It was found, through
experimental investigation, that the incorporation of three out-of-class images
gave optimum performance; if a greater number out-of-class images were

incorporated into the filter its performance degraded.

| 8-2 Future Work

In laser cutting, the most difficult task is to determine the optimal operational
parameters under different conditions for various materials. A precise,
effective, and generalised cutting model will greatly reduce the cost for the

complex control system and benefit academic researchers and industrial
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users. In studying the cutting phenomena, non-linear step-wise striation
patterns were observed on the workpiece kerf surfaces. This particular
phenomena provides another way of viewing the cutting process which will
be enormously assisted by the newly developed science of chaos theory.
Since, the non-linear, unpredictable nature of the laser cutting process lends

itself to a chaotic description.

Models established from Chaos theory should be incorporated into the
adaptive process controller to reduce the complexity of process models and

hence improve the overall system response.

By tuning the filter response using input scene noise the system can be made
to give a graded response rather than simply a binary accept/reject signal; this
should be exploited to create an adaptive discriminant capability that allows

the knowledge base to give a more measured assessment of quality.

Knowledge from laser cutting can be organised and built into a self-learning
system. Which can then be incorporated into the adaptive process controller
along with the spark cone image quality evaluation shell to provide a totally
self-learning system which can learn and adjust itself during the cutting

process and thus refine its knowledge base.

231



Appendix (A1l): Polarization Control Unit

Al.1 Introduction

The efficiency and quality of laser processing is greatly affected by the
direction of the polarization. Normally, the cutting process benefits from
adjusting the laser polarization parallel to the processing trajectory. The laser
beam polarization can be controlled by using a phase-shifting unit, integrated

with a control circuit, in the beam delivery system.

A1.2 Unit Design

The Forth axis of the CNC controller was used as the rotating axis, this can
be integrated into the control system by using another Heidenhain EXE602D.
The unit system diagram is shown in figure Al.1. A circularly polarized laser
beam enters the 4 mirror ECQ, which introduces a 1/4 & phase shift to the
beam, and converts the beam to a linear polarization state. The direction of
the resulting polarization is decided by the direction of the 4 mirror ECQ. The
desired processing direction of the polarization is controlled by rotating the 4
mirror ECQ with a rotation stage through the TNC controller. The integrated

control circuit is shown in figure A1.2.

232



Laser Beam
Cicular Polarization

Phase ShiftingUnit
(4 Mirror ECQ)

Rotating Stage

Laser Beam
Linear Polarization

( TNC Controllct]

Rotating Motor

Nozzle Head

Tachometer
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